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A review on poly(3-
hydroxybutyrate-co-
3-hydroxyhexanoate)
[P(3HB-co-3HHx)] and genetic
modifications that affect its
production

Hui Jia Tang, Soon Zher Neoh and Kumar Sudesh*

Ecobiomaterial Research Laboratory, School of Biological Sciences, Universiti Sains Malaysia, Pulau
Pinang, Malaysia

Polyhydroxyalkanoates (PHAs) have garnered global attention to replace

petroleum-based plastics in certain applications due to their biodegradability

and sustainability. Among the different types of PHAs, poly(3-hydroxybutyrate-

co-3-hydroxyhexanoate) [P(3HB-co-3HHx)] copolymer has similar properties

to commodity plastics, making them a suitable candidate to replace certain

types of single-use plastics, medical devices, and packaging materials. The

degradation rate of P(3HB-co-3HHx) is faster than the commercial petroleum-

based plastics which take a very long time to be degraded, causing harmful

pollution to both land and marine ecosystem. The biodegradability of the

P(3HB-co-3HHx) is also dependent on its 3HHx molar composition which in

turn influences the crystallinity of the material. Various metabolic pathways like

the common PHA biosynthesis pathway, which involves phaA, phaB, and phaC,

β-oxidation, and fatty acids de novo synthesis are used by bacteria to produce

PHA from different carbon sources like fatty acids and sugars, respectively.

There are various factors affecting the 3HHx molar composition of P(3HB-co-

3HHx), like PhaCs, the engineering of PhaCs, and the metabolic engineering of

strains. It is crucial to control the 3HHx molar composition in the P(3HB-co-

3HHx) as it will affect its properties and applications in different fields.

KEYWORDS

polyhydroxyalkanoate, poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) [P(3HB-co-
3HHx)], metabolic pathway, PHA synthase, engineering of PhaCs

Introduction

Petroleum-based plastics are used in our daily life due to their characteristics like

being cheap, light, resistant to chemicals, and convenient (Loo and Sudesh, 2007). Due to

those desirable characteristics, they are applied in many sectors, such as packaging,

medical equipment, household utensils, construction, etc. However, it was estimated that

more than a million tons of plastic waste are being disposed into land and marine

OPEN ACCESS

EDITED BY

Leilei Zhu,
Tianjin Institute of Industrial
Biotechnology (CAS), China

REVIEWED BY

George Guo-Qiang Chen,
Tsinghua University, China
Venkateswer Reddy Motakatla,
Colorado State University, United States

*CORRESPONDENCE

Kumar Sudesh,
ksudesh@usm.my

SPECIALTY SECTION

This article was submitted to Industrial
Biotechnology, a section of
the journal Frontiers in
Bioengineering and Biotechnology

RECEIVED 29 September 2022
ACCEPTED 16 November 2022
PUBLISHED 05 December 2022

CITATION

Tang HJ, Neoh SZ and Sudesh K (2022),
A review on poly(3-hydroxybutyrate-
co-3-hydroxyhexanoate) [P(3HB-co-
3HHx)] and genetic modifications that
affect its production.
Front. Bioeng. Biotechnol. 10:1057067.
doi: 10.3389/fbioe.2022.1057067

COPYRIGHT

© 2022 Tang, Neoh and Sudesh. This is
an open-access article distributed
under the terms of the Creative
Commons Attribution License (CC BY).
The use, distribution or reproduction in
other forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution
or reproduction is permittedwhich does
not comply with these terms.

Frontiers in Bioengineering and Biotechnology frontiersin.org01

TYPE Review
PUBLISHED 05 December 2022
DOI 10.3389/fbioe.2022.1057067

5

https://www.frontiersin.org/articles/10.3389/fbioe.2022.1057067/full
https://www.frontiersin.org/articles/10.3389/fbioe.2022.1057067/full
https://www.frontiersin.org/articles/10.3389/fbioe.2022.1057067/full
https://www.frontiersin.org/articles/10.3389/fbioe.2022.1057067/full
https://www.frontiersin.org/articles/10.3389/fbioe.2022.1057067/full
https://www.frontiersin.org/articles/10.3389/fbioe.2022.1057067/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fbioe.2022.1057067&domain=pdf&date_stamp=2022-12-05
mailto:ksudesh@usm.my
https://doi.org/10.3389/fbioe.2022.1057067
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://doi.org/10.3389/fbioe.2022.1057067


environment yearly due to improper disposal (Alabi et al., 2019;

Masry et al., 2021). When exposed to sunlight and wind, plastic

wastes are broken down into microplastics, causing toxic effects

on aquatic life and human health (Bajt, 2021).

The use of bio-based plastics as one of the alternatives to

replace single-use petroleum-based plastics may be one of the

options for solving this issue. There are several potential bio-

based plastics, such as polyhydroxyalkanoates (PHAs),

polylactides (PLA), polysaccharides, etc. Among the bio-based

plastics, PHAs have been reported to have interesting properties

like biodegradable, thermoplastic, renewable, and can be tailored

to fit various applications attracted both academic and industrial

(Sudesh and Iwata, 2008). PHA was first discovered by Lemoigne

in Bacillus megaterium (Lemoigne, 1926). The timeline of the

P(3HB-co-3HHx) developments is shown in Figure 1. PHAs are

bio-based polymers produced by a wide range of microorganisms

under deprived nutrients and excessive carbon sources

(Anderson and Dawes, 1990; Fukui and Doi, 1998). They are

deposited as intracellular granules and function as energy or

carbon reservoir (Anderson and Dawes, 1990; Sudesh et al.,

2000). Figure 2 shows the PHA granules in cell cytoplasm

synthesized by Cupriavidus necator transformant under phase

contrast light microscope.

PHAs can be divided into three groups, short-chain-length

PHA (SCL-PHA) of 3–5 carbon units, medium-chain-length

PHA (MCL-PHA) of 6–14 carbon units, and a mixture of

both SCL- and MCL-PHA of 3–14 carbon units (Sudesh

et al., 2000). Examples of SCL monomeric units are 3-

hydroxybutyrate (3HB) and 3-hydroxyvalerate (3HV), while

MCL monomeric units are 3-hydroxyhexanoate (3HHx) and

3-hydroxydodecanoate (3HD) (Sudesh, 2012). Example of the

mixture of SCL- and MCL-PHA is poly [(R)-3-hydroxybutyrate-

co-(R)-3-hydroxyhexanoate] P(3HB-co-3HHx). The monomers

incorporated into PHA polymers will affect the thermal and

physical properties of the PHAs produced.

Poly(3-hydroxybutyrate) [P(3HB)] homopolymer is brittle,

stiff, has high crystallinity, and low elongation at break, causing it

to be limited in many applications (Yu, 2007). This drawback of

PHA homopolymers can be overcome by copolymerizing

P(3HB) with MCL monomers for better properties (Noda

et al., 2005). For instance, the incorporation of MCL-PHA

monomer like 3HHx into P(3HB) results in P(3HB-co-3HHx)

copolymer, which has elastomeric properties such as high

elasticity, low crystallinity, and high elongation at break. The

flexibility of this copolymer can be varied depending on the

3HHxmolar compositions (Asrar et al., 2002). P(3HB-co-3HHx)

with 17 mol% 3HHx molar fraction was also reported to have

similar properties as low-density polyethylene (LDPE) (Doi,

1990; Doi et al., 1995).

PHA synthase (PhaC) is the key enzyme in PHA production

since it is responsible for catalyzing the polymerization of PHA

monomers into PHA polymers. In addition, it also determines

the monomer composition integrated into the PHA polymer,

which will impact the properties of the PHA produced. Based on

the substrate specificities of PhaC and subunit composition,

PhaCs are categorized into four main classes: class I, II, III

and IV. Class I, III and IV PhaC prefer SCL-PHA monomer,

whereas class II PhaC prefers MCL-PHA monomer. Class I and

II PhaCs are single-unit enzymes. Class III consists of two

subunits, PhaC and PhaE, while class IV consists of PhaC and

PhaR (Rehm, 2003).

This present paper reviews the properties, metabolic

pathways of P(3HB-co-3HHx) production, factors affecting

the 3HHx molar composition in P(3HB-co-3HHx) copolymer,

and potential applications of P(3HB-co-3HHx).

Properties of P(3HB-co-3HHx)

P(3HB-co-3HHx) copolymer consists of two monomer

compositions, which are 3HB and 3HHx. The chemical

structure of P(3HB-co-3HHx) is shown in Figure 3.

P(3HB) is a homopolymer of SCL monomer unit consisting

of four carbon atoms and is the most common type of PHA. It is

reported that the properties of P(3HB) are approximately similar

to commercial plastics such as polypropylene in terms of tensile

strength and Young’s Modulus (Sudesh and Iwata, 2008).

However, the elongation at break of P(3HB) is 5% which is

way lower than polypropylene which is 400% (Sudesh et al.,

2000). Themelting temperature (Tm) of P(3HB) is approximately

180°C, and the degree of crystallinity is 55–80% (Holmes, 1988).

Due to its brittleness, stiffness and high Tm, P(3HB) has poor

processability and limits applications.

On the other hand, 3HHx is a MCL monomer unit that

consists of six carbon atoms. Since 3HHx has a longer alkyl side

chain, it cannot crystallize in the 3HB lattice and hence, avoiding

the isodimorphism phenomenon. MCL-PHAs are amorphous in

contrast to crystalline SCL-PHAs. MCL-PHAs exhibit

elastomeric properties, soft, low Tm, low glass transition

temperature (Tg), low tensile strength, and high elongation at

break (Yu, 2007; Reddy et al., 2022).

The mixture of SCL- and MCL-PHA has superior thermal

and mechanical properties than PHA homopolymers. Compared

to SCL-PHA and MCL-PHA, the mixture of SCL- and MCL-

PHA results in lower Tm, lower degree of crystallinity, and higher

elongation at break (Doi et al., 1995; Kellerhals et al., 2000; Noda

et al., 2005).

The flexibility of P(3HB-co-3HHx) also depends on 3HHx

monomer compositions (Shimamura et al., 1994). As 3HHx

monomeric units increase, it becomes more flexible, softer,

and has better processability. Hence, its improved properties

and processability attract industrial attention for various

applications, especially in packaging and single-use plastic.

The physicomechanical properties of P(3HB-co-3HHx) with

different 3HHx molar fractions have been summarized in

Table 1. In general, as the 3HHx molar fraction increases, the
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Mw, Tm, Tg, Young’s modulus, and tensile strength decrease,

whereas the elongation at break of the copolymer increases.

Biodegradability of P(3HB-co-3HHx)

Previous research has established that P(3HB-co-3HHx)

can be biodegraded in aerobic environments such as

seawater, freshwater, soil, and domestic compost (Morse

et al., 2011). Under aerobic conditions, P(3HB-co-3HHx)

is degraded into water and carbon dioxide. On the other

hand, anaerobic biodegradation has also been carried out

using PHB depolymerase, whereby P(3HB-co-3HHx) is

degraded into water and methane (Abe and Doi, 1999; Lee

and Choi, 1999). P(3HB-co-3HHx) takes around six months

to be degraded in seawater (KANEKA Corporation, 2019).

There are a few factors that affect the biodegradation of PHA

copolymers, such as the environment, the microbial

community, types of PHA monomer composition,

temperature, and humidity.

The rate of PHA degradation increases as the degree of

crystallinity decreases (Morse et al., 2011). Morse and co-

workers reported that the films made from P(3HB-co-3HHx)

with 10 mol% of 3HHx had a faster degradation rate than

those with 3.8 mol% of 3HHx. Furthermore, Volova and co-

workers reported that the biodegradability of P(3HB-co-

3HHx), a PHA copolymer was faster than P(3HB), a PHA

homopolymer (Volova et al., 2017). This is because P(3HB)

has higher crystallinity than P(3HB-co-3HHx), leading to a

lower degradation rate. Moreover, it was reported that the rate

of enzymatic degradation of P(3HB-co-3HHx) film by P(3HB)

depolymerase gets higher as the 3HHx content increases to

15 mol% (Shimamura et al., 1994). When the 3HHx mol% in

the P(3HB-co-3HHx) increases, the degree of crystallinity of

P(3HB-co-3HHx) decreases, thereby increasing the

biodegradation rate of the polymer. It is also reported that

the degradation rate of the amorphous polymer was faster

than that of highly crystalline polymer (Molitoris et al., 1996).

Besides that, Wang and co-workers reported that P(3HB-

co-3HHx) polymer surface morphology could affect its

biodegradation rate. Molitoris and co-workers reported

that the degradation was faster on PHA with fissures on

its surface than on PHA with a smooth surface (Molitoris

et al., 1996). A porous and rough surface tends to have a

faster degradation rate as it facilitates the attachment of

lipase or bacteria to the film to begin the degradation

process (Wang et al., 2004).

Metabolic pathway of P(3HB-co-
3HHx) production

The most common PHA biosynthesis pathway consists of

three genes which are β-ketothiolase (PhaA) coded by phaA gene,

NADPH-dependent acetoacetyl-CoA reductase (PhaB) coded by

phaB gene and PhaC coded by phaC gene (Anderson and Dawes,

1990). The acetyl-CoA from various pathways like fatty acid β-
oxidation, glycolysis, and many more will first be converted to

acetoacetyl-CoA by PhaA. The acetoacetyl-CoA will then be

reduced to (R)-3-hydroxybutyryl-CoA [(R)-3HB-CoA] by

PhaB and followed by incorporation into PHA by PhaC

(Figure 4).

FIGURE 1
Timeline of the P(3HB-co-3HHx) developments (Lemoigne, 1926; Shimamura et al., 1994; Fukui et al., 1998; Asrar et al., 2002; Fukui et al., 2002;
Tsuge et al., 2004; Loo et al., 2005; Budde, 2010; Wong et al., 2012; Insomphun et al., 2014; Volova et al., 2016; Murugan et al., 2017; Purama et al.,
2018; Thinagaran and Sudesh, 2019; Zhang et al., 2019; Tan et al., 2020; Tan et al., 2022)
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When fatty acids are used as carbon sources, fatty acids will

be converted to acyl-CoA by acyl-CoA synthetase (FadD). Acyl-

CoA will be oxidized to trans-enoyl-CoA catalyzed by acyl-CoA

dehydrogenase (FadE) followed by hydration into (S)-3-

hydroxyacyl-CoA by enoyl-CoA hydratase (FadB). (S)-3-

hydroxyacyl-CoA will then be oxidized into 3-ketoacyl-CoA

by 3-hydroxyacyl-CoA dehydrogenase (Had). Lastly, 3-

ketoacyl-CoA thiolase (FadA) will convert 3-ketoacyl-CoA

into acyl-CoA with two carbon atoms lesser, releasing one

acetyl-CoA. This acetyl-CoA can be converted to PHA using

the previous pathway. Six carbons of (S)-3-hydroxyacyl-CoA or

(S)-3-hydroxyhexanoyl-CoA [(S)-3HHx-CoA] will be converted

into (R)-3-hydroxyhexanoyl-CoA [(R)-3HHx-CoA] by (R)-

specific enoyl-CoA hydratase (PhaJ). (R)-3HHx-CoA will then

be incorporated into P(3HB-co-3HHx) by PhaC (Figure 4)

(Tsuge, 2002).

Another engineered pathway involving the formation of

P(3HB-co-3HHx) is the fatty acids de novo synthesis pathway,

where sugar is used as the sole carbon source. This pathway

begins with sugar which will be converted to pyruvate via

glycolysis and decarboxylated into acetyl-CoA by pyruvate

dehydrogenase. The acetyl-CoA will be converted into

acetoacetyl-CoA by PhaA. The acetoacetyl-CoA formed will

be reduced to (S)-3-hydroxybutyryl-CoA [(S)-3HB-CoA] by

Had followed by conversion to crotonyl-CoA by crotonase

(Crt2). Crotonyl-CoA will either be converted to (R)-3HB-

CoA by PhaJ or butyryl-CoA. The (R)-3HB-CoA will be

incorporated into P(3HB-co-3HHx) as 3HB. The crotonyl-

CoA will be reduced to butyryl-CoA by crotonyl-CoA

reductase (Ccr). The butyryl-CoA will be converted to 3-

oxohexanoyl-CoA followed by reduction to (S)-3HHx-CoA by

Had. (S)-3HHx-CoA will be converted to 2-hexenoyl-CoA by

Crt2 and then hydrated to (R)-3HHx-CoA by PhaJ. (R)-3HHx-

CoA will be incorporated into P(3HB-co-3HHx) by PhaC as

3HHx (Figure 4) (Zhang et al., 2019).

Factors affecting the 3-
hydroxyhexanoate (3HHx)
compositions of P(3HB-co-3HHx)

PhaCs

One of the main factors affecting the 3HHx molar

composition is the PhaC. PhaC is the most important protein

in PHA biosynthesis because it determines the type of PHA

produced (Sudesh et al., 2000). Hence, many researchers have

dedicated their time in search of a good naturally

occurring PhaC.

As mentioned above in the introduction, class I, III, and IV

PhaCs could only incorporate SCL-PHA monomers, while

class II PhaCs could incorporate MCL-PHA. There is also a

particular group of class I PhaC that will incorporate both

SCL- and MCL-PHA monomers into the PHA polymer

produced (Neoh et al., 2022). For example, PhaCs from A.

caviae (PhaCAc), Rhodococcus aetherivorans I24 (PhaC1Ra and

PhaC2Ra), PhaC from mangrove soil (PhaCBP-M-CPF4),

Chromobacterium sp. USM2 (PhaCCs) and Pseudomonas

sp. 61–3 (PhaC1Ps and PhaC2Ps) (Doi et al., 1995; Fukui

and Doi, 1997; Matsusaki et al., 1998; Bhubalan et al., 2010;

Budde et al., 2011; Foong et al., 2018).

A. caviaewas one of the first bacterial strains to be discovered

to produce P(3HB-co-3HHx) (Shimamura et al., 1994). PhaCAc

possesses substrate specificity for copolymerizing both 3HB-CoA

and 3HHx-CoA into P(3HB-co-3HHx) copolymer using

alkanoic acids and olive oil (Doi et al., 1995). Heterologous

expression of PhaCAc in C. necator mutant, PHB−4, and

FIGURE 3
Chemical structure of P(3HB-co-3HHx). ‘x’ and ‘y’ indicate
the repeating units of monomer.

FIGURE 2
Phase contrast microscopic image of PHA granules in C.
necator mutant Re2058 harboring plasmid pHT1 with phaC from
Chromobacterium sp. USM2 (phaCCs) containing P(3HB-co-3mol
% 3HHx) copolymer after cultivating in minimal medium at
30°C, 200 rpm for 48 h with 0.54 g/L of urea as nitrogen source
and supplemented with crude palm kernel oil (CPKO).
Magnification: 1000 ×. The PHA content produced was 60 wt%.
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TABLE 1 The physicomechanical properties of P(3HB-co-3HHx).

3HHx composition
(mol%)a

Tg (°C)
b Tm (°C)c Tensile strength,

MPa (Thickness)
Young’s
modulus, MPa

Elongation at
break, %

Molecular weight, Da Source

Mn

(× 105)d
Mw

(× 105)e
PDIf

1 ± 0 ND ND ND ND ND 6.0 ± 0.0 15.3 ± 0.5 2.6 ± 0.1 Tan et al. (2020)p

3 ± 0 ND ND ND ND ND 4.2 ± 0.2 14.0 ± 0.8 3.3 ± 0.3 Tan et al. (2020)p

3 ± 0 ND ND ND ND ND 6.5 ± 0.2 17.3 ± 0.5 2.7 ± 0.0 Tan et al. (2020)p

4 −1 164 ND ND ND 2.99 ± 0.04 5.47 ± 0.60 1.66 Murugan et al. (2017)p

5 0 151 ND ND ND 1.0 1.9 1.9 Doi et al. (1995)

5 −3 125; 143 ND ND ND 4.6 15.8 3.3 Loo et al. (2005)

6 ± 0 ND ND ND ND ND 4.3 ± 0.2 12.7 ± 1.2 2.9 ± 0.1 Tan et al. (2020)p

7 −1 132 ND ND ND 1.7 4.5 2.65 Foong et al. (2018)p

7 ± 0 ND ND ND ND ND 5.9 ± 0.7 18.7 ± 1.7 3.2 ± 0.1 Tan et al. (2020)p

10 −1 127 21 (0.1 mm) ND 400 1.2 3.04 2.6 Doi et al. (1995)

11 ± 1 ND ND ND ND ND 2.5 ± 0.1 8.4 ± 1.2 3.3 ± 0.3 Tan et al. (2020)p

11 ± 0 ND ND ND ND ND 5.9 ± 0.3 18.3 ± 1.9 3.1 ± 0.1 Tan et al. (2020)p

12 ND 170 18.3 ± 1.8 (25–30 μm) 1286.4 ± 90.8 3.6 ± 0.1 0.14 0.44 ± 19 3.10 ± 0.05 Volova et al. (2016)

12 −9 163 ND ND ND 2.63 ± 0.16 6.01 ± 0.34 2.30 Murugan et al. (2017)p

13 −9 160 ND ND ND ND ND ND Murugan et al. (2016)p

13 ± 0 ND ND ND ND ND 2.2 ± 0.2 8.0 ± 0.2 3.6 ± 0.2 Tan et al. (2020)p

14 ± 1 ND ND ND ND ND 3.3 ± 0.1 7.7 ± 0.4 2.3 ± 0.0 Tan et al. (2020)p

15 0 115 23 (0.1 mm) ND 760 2.1 7.92 3.7 Doi et al. (1995)

15 −12 156 ND ND ND 0.39 ± 0.04 6.85 ± 0.65 1.77 Murugan et al. (2017)p

16 0.9 116.1; 131.5 ND ND ND 2.89 ± 0.16 4.45 ± 0.46 1.5 ± 0.1 Thinagaran and Sudesh (2019)p

17 −2 130 ND ND ND 6.62 11.92 1.8 Shimamura et al. (1994)

17 −2 120 20 (0.1 mm) ND 850 5.1 11.22 2.2 Doi et al. (1995)

17 ND ND ND ND ND 1.05 ± 0.40 2.60 ± 0.52 2.50 Murugan et al. (2017)p

17 −1.6 113.4; 129.5 ND ND ND 2.76 ± 0.08 4.37 ± 0.54 1.6 ± 0.1 Thinagaran and Sudesh (2019)p

18 −22 167 ND ND ND 2.6 8.6 3.3 Foong et al. (2018)p

18 −0.3 110.6; 125.6 ND ND ND 2.40 ± 0.07 3.58 ± 0.09 1.5 ± 0.0 Thinagaran and Sudesh (2019)p

18 ND ND ND ND ND 3.2 ± 0.2 6.9 ± 0.7 2.2 ± 0.1 Tan et al. (2020)p

19 −4 111 ND ND ND 0.4 3.32 8.3 Doi et al. (1995)

19 0 145 ND ND ND ND ND ND Murugan et al. (2016)p

19 ND ND ND ND ND 1.57 ± 0.00 3.30 ± 0.00 2.10 Murugan et al. (2017)p

19 −1.7 99.6; 113.3 ND ND ND 1.84 ± 0.19 2.77 ± 0.31 1.5 ± 0.0 Thinagaran and Sudesh (2019)p

(Continued on following page)
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TABLE 1 (Continued) The physicomechanical properties of P(3HB-co-3HHx).

3HHx composition
(mol%)a

Tg (°C)
b Tm (°C)c Tensile strength,

MPa (Thickness)
Young’s
modulus, MPa

Elongation at
break, %

Molecular weight, Da Source

Mn

(× 105)d
Mw

(× 105)e
PDIf

20 −4.79 107.72 ND ND ND 4.4 7.5 1.7 Purama et al. (2018)p

24 −2.0 109.7 ND ND ND 1.81 ± 0.30 2.7 ± 0.42 1.5 ± 0.1 Thinagaran and Sudesh (2019)p

24.6 ND 167 21.6 ± 0.8 (25–30 μm) 1207.5 ± 21.4 4.1 ± 0.1 0.11 0.60 5.42 Volova et al. (2016)

25 −4 52 ND ND ND 2.12 7.42 3.5 Doi et al. (1995)

27 −1 120 ND ND ND ND ND ND Murugan et al. (2016)p

28 −2.29 85.33 ND ND ND 3.2 5.8 1.8 Purama et al. (2018)p

32 −1 88 8 ± 1 101 ± 6 856 ± 21 2.24 ± 0.20 3.47 ± 0.18 1.55 ± 0.06 Wong et al. (2012)p

43 −4 86 5 ± 1 75 ± 9 481 ± 47 0.72 ± 0.05 1.17 ± 0.06 1.63 ± 0.03 Wong et al. (2012)p

43 ND 176 19.0 ± 0.3 (25–30 μm) 938.0 ± 14.1 5.0 ± 0.1 0.08 0.31 3.88 Volova et al. (2016)

55 ND 171 6.6 ± 0.3 (25– 30 μm) 311.4 ± 21.8 13.6 ± 0.3 0.17 0.70 4.10 Volova et al. (2016)

56 −6 86 1 ± 1 12 ± 2 368 ± 1 0.82 ± 0.06 1.20 ± 0.10 1.45 ± 0.01 Wong et al. (2012)p

60 −11 ND <1 ± 1 3 ± 1 424 ± 23 1.26 ± 0.03 2.11 ± 0.13 1.75 ± 0.07 Wong et al. (2012)p

65.7 ND 173 7.8 ± 0.7 (25–30 μm) 209.5 ± 17.0 140.6 ± 5.5 0.17 0.68 3.90 Volova et al. (2016)

68 ND 172 7.4 ± 0.7 (25–30 μm) 217.0 ± 11.3 177.0 ± 4.8 0.14 0.72 4.84 Volova et al. (2016)

70 −12 ND <1 ± 1 <1 ± 0 1075 ± 158 1.37 ± 0.16 2.27 ± 0.2 1.66 ± 0.03 Wong et al. (2012)p

a3HHx, 3-hydroxyhexanoate.
bTg, glass transition temperature.
cTm, melting temperature.
dMn, number average molecular weight.
eMw, weight average molecular weight.
fPDI, polydispersity index (Mw/Mn); ND, not detected. Asterisk (p) indicates the data are obtained from Ecobiomaterial Laboratory, School of Biological Sciences, Universiti Sains Malaysia, 11800, Pulau Pinang, Malaysia.
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Pseudomonas putida GPp104 could produce P(3HB-co-3HHx)

with a maximum 22 mol% of 3HHx using octanoate and 40 mol

% of 3HHx using hexanoate respectively (Fukui & Doi, 1997).

The recombinant strain A. eutrophus (PHB−4/pJRDEE32d13)

harboring phaCAc could produce P(3HB-co-3HHx) with 4 mol%

of 3HHx content using olive oil (Fukui and Doi, 1998). Kahar

and co-workers reported that recombinant strain C. necator

PHB−4 harboring pJRDEE32d13 inserted with phaCAc could

accumulate P(3HB-co-3HHx) with 5 mol% of 3HHx content

from soybean oil (Kahar et al., 2004).

Budde and co-workers reported two different PhaCs,

PhaC1Ra and PhaC2Ra, in R. aetherivorans I24 (Budde et al.,

2011). The heterologous expression of PhaC1Ra and PhaC2Ra in

recombinant C. necator could produce P(3HB-co-3HHx). The

study showed that recombinantC. necator strains, Re2000 and Re

2001, expressing PhaC1Ra and PhaC2Ra, respectively, could

produce P(3HB-co-3HHx) using hexanoate and octanoate.

Re2000 and Re2001 could produce 11.5 mol% of 3HHx and

18.9 mol% of 3HHx from hexanoate, respectively, while

producing 6.6 mol% of 3HHx and 10.4 mol% of 3HHx from

octanoate, respectively (Budde et al., 2011). This result showed

that PhaC2Ra produced P(3HB-co-3HHx) with higher 3HHx

content than PhaC1Ra from fatty acids.

PhaCBP-M-CPF4 was discovered in mangrove soil metagenome

at Balik Pulau, Malaysia. It has wide substrate specificity as it can

incorporate both SCL-PHA and MCL-PHA. The heterologous

expression of PhaCBP-M-CPF4 in C. necator PHB−4 produced

P(3HB-co-3HHx) with 7 mol% of 3HHx from CPKO and

18 mol% of 3HHx when co-fed with fructose and sodium

hexanoate (Foong et al., 2018). Besides C. necator PHB−4,

another C. necator PHA-negative mutant strains, H16ΔC,
Re2058, and Re2160 harboring phaCBP-M-CPF4 were reported

to be able to produce P(3HB-co-3HHx) ranging from

3–18 mol% of 3HHx from CPKO (Tan et al., 2020).

Chromobacterium sp. strain USM2 was discovered in

Langkawi, Malaysia (Yong, 2009). It was reported that PhaCCs

heterologous expressed in C. necator PHB−4 could synthesize

P(3HB-co-3HHx) copolymer with 4 mol% of 3HHx using CPKO

(Bhubalan et al., 2010). In addition, Pseudomonas

sp. 61–3 isolated from soil possesses two different PhaCs,

PhaC1Ps and PhaC2Ps. It could incorporate 3HB and 3HA

units of C4 and C12 when supplemented with sugars and

alkanoic acids. The heterologous expression of PhaC1Ps and

PhaC2Ps in P. putida GPp104 and C. necator PHB−4 could

produce P(3HB-co-3HHx) with 3HHx ranging from 1 to

16 mol% from alkanoic acids (Matsusaki et al., 1998).

Based on the above, it is clear that PhaCs can affect the 3HHx

molar composition of P(3HB-co-3HHx) produced. The

difference in 3HHx molar composition is due to the substrate

specificity of the PhaC towards 3HHx. Some PhaCs with higher

FIGURE 4
Metabolic pathway of P(3HB) and P(3HB-co-3HHx) production (Sudesh et al., 2000; Tsuge, 2002; Zhang et al., 2019). Abbreviation: PHA,
polyhydroxyalkanoate; PhaA, β-ketothiolase; PhaB, NADPH-dependent acetoacetyl-CoA reductase; PhaC, PHA synthase; FadA, 3-ketoacyl-CoA
thiolase; FadB, enoyl-CoA hydratase; FadD, acyl-CoA synthetase; FadE, acyl-CoA dehydrogenase; FabG, 3-ketoacyl-CoA reductase; 3HB-CoA, 3-
hydroxybutyryl-CoA; 3HHx-CoA, 3-hydroxyhexanoyl-CoA; PhaJ, (R)-specific enoyl-CoA hydratase; Had, 3-hydroxyacyl-CoA dehydrogenase;
Crt2, crotonase; Ccr, crotonyl-CoA reductase; CcrMe, crotonyl-CoA carboxylase from Methylorubrum extorquens; EmdMm, ethylmalonyl-CoA
decaroboxylase from Mus musculus.
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substrate specificity towards 3HHx tend to produce P(3HB-co-

3HHx) with higher 3HHx, and some PhaCs with lower substrate

specificity towards 3HHx will lead to lower 3HHx. This may be

due to the substrate entrance channel and the binding pocket of

the PhaC where folding of the amino acid forming both substrate

entrance channel and binding pocket are better in binding to

3HHx-CoA and hence, incorporating into P(3HB-co-3HHx).

However, this is yet to be reported as to date, there is no co-

crystal structure of (R)-3HHx-CoA with PhaC, but there is a co-

crystal structure of PhaCs with CoA, which was reported by Chek

and co-workers elucidating how the CoA group is bound to the

binding pocket of PhaCCs-CAT (Chek et al., 2020). The

comparison of the production titers of the P(3HB-co-3HHx)

from different researchers is shown in Table 2.

Engineering of PhaCs

Besides naturally occurring PhaCs, engineering existing

PhaCs could also affect the 3HHx molar composition in

TABLE 2 Production titers of P(3HB-co-3HHx).

Bacterial strains Carbon sources PHA content
(wt%)

3HHx monomer
composition (mol%)

Production
scale

References

A. caviae Olive oil ND 17 3 L fermenter Shimamura et al. (1994)

A. caviae Alkanoic acids and
olive oil

27 25 500 ml flask Doi et al. (1995)

Pseudomonas putida GPp104 harboring
phaCAc

Hexanoate 38 40 500 ml flask Fukui and Doi (1997)

A. eutrophus (PHB−4/pJRDEE32d13)
harboring phaCAc

Olive oil 76 4 500 ml flask Fukui and Doi (1998)

P. putida GPp104 harboring phaC1Ps Alkanoic acids 43 16 500 ml flask Matsusaki et al. (1998)

C. necator PHB−4 harboring phaC-JAc Fructose 39 1.6 500 ml flask Fukui et al. (2002)

C. necator PHB−4 harboring pJRDEE32d13
harboring phaCAc

Soybean oil 71–74 5 10 L fermenter Kahar et al. (2004)

C. necator strains, Re2001 harboring
phaC2Ra

Hexanoate 48 18.9 250 ml flask Budde et al. (2011)

C. necator Re2058/pCB113 Palm oil 73 19 2 L fermenter Riedel et al. (2012)

C. necator Re2160/pCB113 CPKO 45 68 250 ml flask Wong et al. (2012)

C. necator Re2058/pCB113 PO 67 27 13 L fermenter Murugan et al. (2017)

C. necator PHB−4 harboring phaCBP-M-CPF4 Sodium hexanoate 44 18 250 ml flask Foong et al. (2018)

C. necator Re2058/pCB113 Date seed oil and date
molasses

10 28 250 ml flask Purama et al. (2018)

C. necator Re2058/pCB113 SPO 33 34 250 ml flask Thinagaran and Sudesh
(2019)

C. necator Re2160/pHT1-CBP-M-CPF4 CPKO 63.3 18 250 ml flask Tan et al. (2020)

C. necator PHB−4 harboring phaCCs CPKO 63 4 250 ml flask Bhubalan et al. (2010)

CPKO, crude palm kernel oil; PO, palm olein; SPO, sludge palm oil; ND, not detected.

TABLE 3 Commercialized P(3HB-co-3HHx), its production strains, carbon sources, the name of company, production scale, and applications.

Production
strains

Carbon sources Company Scale
(ton/year)

Applications References

A. caviae, recombinant
C. necator

Natural oils from
canola and soy

Danimer Scientific,
United States

10,000 Bottles, recyclable paper,
and board products

Danimer Scientific, (2022)

Recombinant
C. necator

Vegetable oils KANEKA, Japan 5000 Straws, cutlery, shopping bags,
makeup container, and packaging materials

KANEKA The Dreamology
Company, (2022)

Recombinant
C. necator

Waste cooking oil RWDC, Singapore and
United States

4000 Cutlery, cups, bags, utensils,
food containers, and drinking straws

RWDC Industries, (2022)

Recombinant
C. necator

Crops and kitchen
waste

Bluepha, China 1000 Cutlery, straw, packaging, coating,
textiles, polymer films, 3D printing inks,
and aquarium water restoration

Bluepha, (2022)
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P(3HB-co-3HHx). In vitro evolution system can be used to

improve the activity and broaden the substrate specificity

of PhaC.

Kichise and co-workers had selected PhaCAc for in vitro

evolution as it can produce P(3HB-co-3HHx) copolymer

from plant oils or alkanoic acid. In vitro evolution of PhaCAc

was carried out using error-prone PCR, and as a result, two

PhaCAc mutants (E2-50 and T3-11) were obtained, which

had improved 3HHx incorporation. The PhaCAc mutants

(E2-50 and T3-11) in E. coli LS5218 could synthesize

P(3HB-co-3HHx) with higher 3HHx content, which was

18 mol% of 3HHx and 16 mol% of 3HHx, respectively

compared to wild-type with 10 mol% of 3HHx using

sodium dodecanoate. P(3HB-co-3HHx) accumulated was

3-fold higher than the wild-type PhaCAc. It was

discovered that E2-50 and T3-11 have the single amino

acid substitution of N149S and D171G, respectively

(Kichise et al., 2002).

Tsuge and co-workers further studied the synergistic effects

of PhaCAcmutants, N149S and D171G double mutation (NSDG)

inC. necator PHB−4 for PHA production. The NSDGmutant was

able to produce P(3HB-co-3HHx) with 3HHx as high as 18.1 mol

%, which was higher than the wild type with 12.2 mol% using

sodium octanoate. Besides sodium octanoate, the NSDG mutant

could also produce P(3HB-co-3HHx) with 5.2 mol% of 3HHx

from soybean oil, which was higher than the wild type with only

3.5 mol% of 3HHx. The NSDG mutant could also produce

P(3HB-co-3HHx) with 2.90 × 106 Da from sodium octanoate,

which is near to ultrahigh molecular weight PHA (UHMW-

PHA), and it is suitable for making strong films and fibers (Iwata,

2005; Tsuge et al., 2007). N149S mutation increased the

incorporation of 3HA into PHA polymer and the molecular

weight of the polymer, whereas D171G mutation increased PHA

accumulation. Hence, the synergistic effect of N149S and D171G

double mutation on PHA production was higher than predicted

(Tsuge et al., 2007).

PhaCCn belongs to the type I PHA synthase, which shows

substrate specificity towards (R)-3HA-CoAs with the acyl

chain length of C3–C5. The alanine residue at position

510 may define the substrate specificity and the properties

of the enzyme. Tsuge and co-workers found out that the

performance of saturation point mutagenesis at position

510 in PhaCCn using a PCR-based method could drastically

impact the substrate specificity and polymerization activity

for in vivo PHA biosynthesis in E. coli and C. necator PHB−4.

The co-expression of the mutant PhaCCn and PhaJAc in E. coli

LS5218 in the presence of fatty acids could produce P(3HB-co-

3HHx) with 0.7 mol% 3HHx content, which was higher than

that of the wild-type with only 0.2 mol%. Besides E. coli, C.

necator PHB−4 harboring mutant PhaCCn produced P(3HB-

co-3HHx) with as high as 1.6 mol% 3HHx compared to the

wild type of 1.2 mol%. This study also showed that the

molecular weight of PHA produced by mutant PhaCCn was

higher than the wild type (Tsuge et al., 2004). In addition,

Chuah and co-workers reported that saturation point

mutagenesis at position A479 in PhaCCs could enhance

substrate specificity for 3HHx. A479 in PhaCCs

corresponded to A510 of PhaCCn and was selected as the

site of saturation point mutagenesis. It showed that the A479S

mutation could increase 3HHx content to 6.6 mol%, 4-fold

higher than the wild-type with only 1.6 mol% 3HHx. Besides

that, mutation of A479T and A479G showed a 2.8-fold and

1.6-fold increment of 3HHx compared to wild-type PhaCCs

(Chuah et al., 2013).

Metabolic engineering of PHA-producing
strains

Another factor affecting the 3HHx molar composition is

metabolic engineering through the genetic modification of

microbial strains. It can involve genes from various pathways,

including PHA-related and non-PHA-related genes.

Firstly, the deletion of phaB in the pha operon could affect the

3HHx monomer supply and hence, affect the 3HHx molar

composition of the P(3HB-co-3HHx) produced. Budde and

co-workers reported that the deletion of phaB from the

genome of C. necator could result in the disruption of the

3HB-CoA synthesis pathway (Budde, 2010). Based on

Figure 4, PhaB is an important enzyme for supplying (R)-

3HB-CoA from acetoacetyl-CoA due to its high catalytic

efficiency and expression (Zhang et al., 2019). Budde and co-

workers reported that C. necator strains Re2058 and ΔphaB genes

mutant, Re2160, were evaluated for their performances through

high cell density P(3HB-co-3HHx) production from palm oil. As

a result, Re2058 and Re2160 accumulated 17 mol% of 3HHx and

30 mol% of 3HHx, respectively (Budde et al., 2011). Disruption

in the 3HB-CoA synthesis pathway leads to lower 3HB-CoA and

hence increases the 3HHx molar compositions in the P(3HB-co-

3HHx) copolymer produced.

Besides that, modification of the acetoacetyl-CoA reduction

step in engineered C. necator could affect the 3HHx molar

composition in P(3HB-co-3HHx) from sugars. Zhang and co-

workers managed to produce P(3HB-co-3HHx) with 22 mol% of

3HHx content from glucose using C. necator strain NSDG-GG

harboring phaJ4a with ΔphaB1 because deletion of phaB1

affected the flux for (R)-3HB-CoA and (R)-3HHx-CoA

formation. They introduced had and crt2 into the phaB locus

in the pha operon to increase the 3HHx monomer composition

without significantly affecting PHA synthesis. Based on Figure 4,

acetyl-CoA can be converted to 2-hexenoyl-CoA via fatty acid de

novo synthesis pathway. In that pathway, acetoacetyl-CoA will be

converted to crotonyl-CoA by Had and Crt2. At this stage,

crotonyl-CoA will be hydrated to (R)-3HB-CoA by PhaJ, or

crotonyl-CoA will be reduced to butyryl-CoA by Ccr,

respectively. Butyryl-CoA will then be converted to 2-
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hexenoyl-CoA to produce (R)-3HHx-CoA. Zhang and co-

workers have further enhanced the fatty acid de novo

synthesis pathway by adding crotonyl-CoA carboxylase from

Methylorubrum extorquens (CcrMe) and ethylmalonyl-CoA

decarboxylase from Mus musculus (EmdMm) (Zhang et al.,

2019). Both CcrMe and EmdMm create an alternative pathway

towards the formation of butyryl-CoA, which will eventually be

converted to (R)-3HHx-CoA and hence, increasing the 3HHx

molar composition in the P(3HB-co-3HHx) copolymer produced

(Figure 4).

In addition, the deletion of FadB will disrupt (R)-3HB-CoA

synthesis, leading to the formation of (R)-3HHx-CoA by

PhaJ. Insomphun and co-workers reported that the disruption

of fadB1 in engineered C. necator harboring phaJ could enhance

the (R)-3HHx-CoA supply from 6-carbons trans-2-enoyl-CoA

(2-hexenoyl-CoA) catalyzed by PhaJ and increase the

copolymerization of (R)-3HHx-CoA in P(3HB-co-3HHx)

copolymer. It was shown that 3HHx monomer composition

was increased by around 1–1.5 mol% (Insomphun et al.,

2014). Originally, trans-2-enoyl-CoA formed will be converted

to (S)-3-hydroxyacyl-CoA or (R)-3-hydroxyacyl-CoA by FadB

and PhaJ, respectively. When trans-2-enoyl-CoA is catalyzed by

FadB, it is converted to (S)-3-hydroxyacyl-CoA, which will lead

to the formation of acyl-CoA and acetyl-CoA, and eventually, the

acetyl-CoA formed will be converted to (R)-3HB-CoA. (R)-3HB-

CoA will then be incorporated into P(3HB-co-3HHx) as 3HB,

hence might lower the 3HHx molar composition in P(3HB-co-

3HHx). When FadB is deleted, there will be no formation of (S)-

3-hydroxyacyl-CoA, hence favoring the hydration of 2-hexenoyl-

CoA to form (R)-3HHx-CoA (Figure 4). This will increase the

ratio of (R)-3HHx-CoA to (R)-3HB-CoA, leading to higher

3HHx molar composition.

Besides that, the fatty acid β-oxidation pathway could be

modified to increase 3HHx molar composition by inserting 3-

ketoacyl-CoA reductase of E. coli (FabGEc). Taguchi and co-

workers co-expressed phaCAc and fabGEc in E. coli, and as a

result, the 3HHx molar composition of P(3HB-co-3HHx)

increased from 0 to 14 mol%. Besides that, they also co-

expressed a class II PhaC, PhaC from Pseudomonas sp. 61–3,

which is known to have substrate specificity towards MCL-PHA

monomer with fabGEc, resulting in an increase of 3HHx from 0 to

12 mol% (Figure 4) (Taguchi et al., 1999). This is probably due to

the ability of FabGEc to catalyze the conversion of 6-carbons of 3-

ketoacyl-CoA to (R)-3HHx-CoAwhich will then be incorporated

into P(3HB-co-3HHx) by PhaC.

Furthermore, the overexpression of PhaJ using plasmid could

enhance 3HHx monomer composition in P(3HB-co-3HHx).

Kawashima and co-workers reported that insertion of phaJAc
with phaCNSDG in C. necator strain could produce 10.5 mol% of

3HHx, which is 6.6-fold higher than the C. necator strain

harboring phaCNSDG only (Kawashima et al., 2015). Tan and

co-workers also co-expressed phaJ1 from Pseudomonas

aeruginosa with phaCBP-M-CPF4 in C. necator transformants

which could produce 3HHx as high as 14 mol%, which is

higher than C. necator transformants harboring phaCBP-M-CPF4

with only 6 mol% (Tan et al., 2020). PhaJ is involved in fatty acid

β-oxidation, whereby it creates an alternative pathway for

supplying (R)-3HHx-CoAs to be incorporated into P(3HB-co-

3HHx), hence increasing the 3HHx molar composition. It

catalyzes the hydration of (R)-2-hexenoyl-CoA from fatty acid

β-oxidation and hydrates them to (R)-3HHx-CoA (Figure 4)

(Fukui et al., 1998). This showed that the expression of PhaJ

could lead to more (R)-3HHx-CoA production by enhancing the

channeling pathway from fatty acid β-oxidation and hence,

increasing 3HHx mol% in P(3HB-co-3HHx). Besides that,

expression of PhaJ from Streptomyces sp. CFMR7 (PhaJSs) was

reported to increase the 3HHx molar composition from 4 mol%

and 7 mol% to 12 mol% and 18 mol% using palm oil and crude

palm oil, respectively (Tan et al., 2022).

Applications of P(3HB-co-3HHx)

P(3HB-co-3HHx) has been extensively utilized in making

straws, shopping bags, cutlery, containers, food packaging, coffee

capsules, fishery items, biomedicine and adhesive due to its

biodegradability and lack of toxicity (Qiu et al., 2021). Table 3

shows P(3HB-co-3HHx) production strains, carbon sources, the

name of the company, the production scale, and their

applications.

KANEKA Corporation has collaborated with Seven-Eleven

Japan Corporation and THE NORTH FACE cafes to use straws

made of P(3HB-co-3HHx) in the cafe area. Cutlery made from

P(3HB-co-3HHx) by KANEKA Corporation is also available at

FamilyMart convenience stores to promote the utilization of

environmental-friendly materials (KANEKA Corporation,

2021a). Moreover, ITO EN Corporation has used the

telescopic straws of “Oi Ocha Tea,” made of P(3HB-co-3HHx)

and sold in Japan’s supermarkets (KANEKA Corporation,

2021b). Furthermore, JALUX corporation adopted shopping

bags made of P(3HB-co-3HHx) in the BLUE SKY stores at

Japan’s airports (KANEKA Corporation, 2021c).

Besides that, KANEKA has collaborated with Shiseido

Company to use P(3HB-co-3HHx) copolymer as cosmetics

packaging material. For example, the case of AquaGel Lip

Palette is made of biodegradable P(3HB-co-3HHx), and this

product has been sold since the 2020s (KANEKA

Corporation, 2020). P(3HB-co-3HHx) is also applied in

compostable capsules. Capsul’ in Pro, a manufacturer, has

launched a Zero Impact capsule where the capsule is made of

100% biobased P(3HB-co-3HHx) derived from plant oils

(Magazine, 2021). It provides an oxygen barrier to protect the

flavor and aroma of coffee for 12 months. However, this capsule

is still under development and has not been published.

Due to its biocompatibility and bioresorbable, the P(3HB-co-

3HHx) copolymer is also suitable to be used as a scaffold for
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tissue engineering (Chang et al., 2014). It can be biocompatible

with various cell types: smooth muscle cells, fibroblasts,

osteoblasts and bone marrow cells (Qu et al., 2006a; Yang

et al., 2011; Yu et al., 2012). To test in vitro biocompatibilities,

rabbit bone marrow cells were injected into P(3HB-co-3HHx) 3D

scaffolds, and it was discovered that P(3HB-co-3HHx) performed

best in terms of bone marrow cell attachment and proliferation

(Chen and Wu, 2005). Scaffolds provide physical support and an

artificial extracellular matrix (ECM) that promotes cell adhesion,

proliferation and differentiation (Bryant and Anseth, 2003).

Zhao and co-workers reported that P(3HB-co-3HHx)

composite scaffolds produced via the 3D printing technique

could improve their bioactive and osteogenic characteristics by

enhancing the regeneration of bone in the defected calvarium of

rats (Zhao et al., 2014). Ang and co-workers reported that

blending of P(3HB-co-3HHx) with silk fibroin (SF) could

improve the proliferation and osteogenic differentiation of

human umbilical cord-derived mesenchymal stem cells (hUC-

MSCs), which is a potential biomaterial for bone tissue

engineering (Ang et al., 2020). Besides that, due to its

elasticity, the P(3HB-co-3HHx) biomaterial could resist

systemic pressure and support cell growth, making it a

potential tissue-engineered blood vessel (Qu et al., 2006b). It

is a potential biomaterial to replace synthetic blood vessels during

surgeries and reduce the risk of infection.

In addition, P(3HB-co-3HHx) can be utilized as a drug

delivery system in cancer treatment due to its biodegradability

and nontoxicity. A combination of P(3HB-co-3HHx) with folic

acid and loaded with etoposide could improve the medication

delivery to tumors (Chang et al., 2014). Another application is

P(3HB-co-3HHx) nanoparticles filled with an insulin

phospholipid complex to make a form of insulin that has a

long-acting release to treat diabetes. Peng and co-workers have

made a thermosensitive hydrogel filled with P(3HB-co-3HHx)

nanoparticles that can be injected and broken down through

biological processes (Peng et al., 2013). This allows insulin to be

released slowly and steadily. Due to the long-term basal insulin

release by this combination of nanoparticle and hydrogel, which

might reduce the frequency of injections of patients, this may

assist not just the elderly with diabetes but also patients from

other age groups.

Conclusion

In conclusion, P(3HB-co-3HHx) copolymer is a type of PHA

capable of replacing petroleum-based plastics in different

applications like single-used plastics, medical devices, and

packaging due to its similar properties and biodegradability. It

has a superior biodegradation rate compared to petroleum-based

plastics, hence leaving no or little pollution. P(3HB-co-3HHx)

can be produced by PHA-producing microorganisms through

various pathways like the PHA biosynthesis pathway involving

phaA, phaB, and phaC, β-oxidation, and fatty acids de novo

synthesis dependent on the carbon source fed during cultivation.

However, the properties of P(3HB-co-3HHx) are dependent on

its 3HHxmolar composition. Hence, it is necessary to control the

3HHx molar composition of the P(3HB-co-3HHx) produced by

using different PhaCs, engineering of PhaCs, and metabolic

engineering of bacteria for P(3HB-co-3HHx) to be applied.

With more knowledge and information regarding PhaCs and

the metabolic pathway on PHA biosynthesis, P(3HB-co-3HHx)

with the desired 3HHx molar composition can be produced,

making them more suitable for their respective applications.
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Sugar fatty acids esters are popular compounds widely used in both the nutritional,
cosmetic and pharmaceutical industries due to their amphiphilic structure and
consequent ability to reduce the surface tension of solutions. Furthermore, an
important aspect in the implementation of any additives and formulations is their
environmental impact. The properties of the esters depend on the type of sugar used
and the hydrophobic component. In this work, selected physicochemical properties
of new sugar esters based on lactose, glucose and galactose and hydroxy acids
derived from bacterial polyhydroxyalkanoates are shown for the first time. Values for
critical aggregation concentration, surface activity and pHmake it possible that these
esters could compete with other commercially used esters of similar chemical
structure. The investigated compounds showed moderate emulsion stabilization
abilities presented on the example of water-oil systems containing squalene and
body oil. Their potential environmental impact appears to be low, as the esters are
not toxic to Caenorhabditis elegans even at concentrations much higher than the
critical aggregation concentration.

KEYWORDS

polyhydroxyalkanoates (PHA), sugar esters, cosmetic industry, Caenorhabditis elegans,
environmental impact, surface activity

Introduction

The demand for various emulsion systems and lubricants for skin care and protection is
increasing every year (Farias et al., 2021). It became even more significant in recent years due to
the fight against the COVID-19 pandemic–when the frequency of disinfection has become an
inseparable part of everyone’s life (Masen, 2020; Patruno et al., 2020; Dini and Laneri, 2021).
Therefore, the pharmaceutical and cosmetic industries are constantly working on perfect water-
oil (W/O) systems that are less irritating to skin, are more stable in temperature and time, and
are even capable of delivering bioactive compounds (Fabbron-Appas et al., 2021). At the same
time, the impact of these systems on the environment is not without significance. Emulsions
used in the industry should have physical and chemical parameters allowing them to be easily
decomposed to not harm living organisms (Dini and Laneri, 2021; Tang et al., 2022). In order to
meet these requirements a perfect combination of the oil phase and the emulsion stabilizer
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needs to be sought. Sugar fatty acid esters (SFAE) seem to be fair
candidates for supporting suchW/O systems. Their chemical structure
and physicochemical properties, provide numerous applications in the
pharmaceutical, cosmetic and food industries, including dietary

supplements (Kumar, 2005; Łopaciuk and Łoboda, 2013; Blanc,
2015). The foremost important feature these chemicals offer in the
formulation of products (i.e. creams, gels, foams, etc.) are their ability
to decrease interfacial tension and to stabilize emulsions. Sometimes
they are even accompanied by antimicrobial characteristics (Hill and
Rhode, 1999; Van Kempen et al., 2013; Lucarini et al., 2016; Shao et al.,
2018). These surfactant features can be manipulated either by the
number of–OH groups within a sugar component, the length or
modification of an aliphatic chain, which together can be described
by hydrophilic-lipophilic balance (HLB) values (Sharma and
Sarangdevot, 2012; Lémery et al., 2015; Pe et al., 2017). The
hydrophobic component may be branched, include unsaturated
bonds, additional hydroxylic groups or other desirable
functionalities (van Kempen et al., 2014; Zhou et al., 2014; Riecan
et al., 2022). Worth mentioning is a fact that global surfactant market
size was 39,901 million USD in 2019 and is projected to grow to
52,417 million USD by 2025 (Tortilla et al., 2019).

Having the above in mind, our attention was drawn by a family of
bacterial polyesters, namely polyhydroxyalkanoates (PHAs), as a source of
easily modifiable hydroxyacids, used here as the hydrophobic component
of SFAEs. Polyhydroxyalkanoates are synthesized by bacteria in response
to environmental stress from various carbon sources and so far around
150 different building blocks are incorporated in their structure
(Steinbiichel and Steinbiichel, 1995). The PHA monomers, namely
(R)-3-hydroxylated fatty acids, are promising components for SFAEs
synthesis with intrinsic antimicrobial and anticancer potential (Snoch
et al., 2019; Snoch et al., 2021). Their structure–a hydroxyl group at the 3rd

position–allows for furthermodifications by decorating themolecule with
the desired functionality (i.e. via an ether or an ester bond). Moreover,
these sugar esters can be synthesized with an aid of biocatalysis, using
enzymes such as lipases or esterases (Ansorge-Schumacher and Thum,
2013; Khan and Rathod, 2015; Pappalardo et al., 2017; Staroń et al., 2018),
enabling preparation of true green additives. We have followed this path
and employed biocatalysis in synthesis of our novel esters. However, little
is known about their physicochemical characteristics.

This work describes surface activity of biotically synthesized sugar
esters in comparison with their aliphatic counterparts (Figure 1). Their
hydrophobic part was originated from bacterial poly–(R)–
3–hydroxynonanoate–co–heptanoate (PHN). Firstly, we provide data
on critical aggregation concentration (CAC), the point, conventionally
chosen, where an increase of the surfactant concentration does not lead to
a significant further reduction of the surface tension (Garofalakis et al.,
2000) of the investigated compounds. Additionally, we performed simple
tests of their emulsifying abilities with popular ingredients in cosmetic
industry as skincare oil and squalene. Next, determination of emulsion
stabilizing properties of these systems enabled us to verify industrial
potential application of the SFAE as emulsifier. Finally, performing
toxicity assay on Caenorhabditis elegans provided prognosis about the
final key issue: potential environmental impact of the investigated
stabilizers (Place, 2020; Ali and El-Ashry, 2021; Lanzerstorfer et al., 2021).

Materials and methods

Sugar esters used in this study

Sugar esters of aliphatic nonanoic acid along with a mixture of (R)-3-
hydroxylated nonanoic acid and heptanoic acids (mPHN, derived from
PHN) of glucose, galactose and lactose were obtained and characterized as

FIGURE 1
Scheme of the research and it's workflow.
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described in our previous works. In search of effective anticancer
agents—novel sugar esters based on polyhydroxyalkanoate Monomers
(Snoch et al., 2021). The composition of new synthesized compounds is
presented in Table 1, the yields and their purity are presented in
Supplementary Table S1.

Determination of surface activity of
synthesized compounds

The surface tension has been measured for different batches of
synthetized compounds by using pendant drop shape analysis method
by two apparatus. First apparatus: a home-made experimental set-up
described in detail in (Para et al., 2006), with experimental error equals
to 2 mN/m, was used. The Young–Laplace capillary equation was
fitted to the digitally recorded drop image. Measured surface tension
value corresponds to the value of the best fit (note: it is as the only

unknown parameter in this equation). The dynamic surface tension
measurements were performed every 5 s. Measured equilibrium
surface tension corresponded to the obtained steady-state time after
adsorption, which was depended on surfactant concentration. The
studied solutions of surfactant were mixtures of sugars mono and
diesters, which can differ by number of hydrophobic hydrocarbon
chains. As a consequence, the kinetic curves for different drops of the
same solution did not often overlap. That is why the experimental
values for one solution are the mean values from all the recorder
dynamic curves. As second apparatus a commercial tensiometer
(PAT–1M, Sinterface, Berlin, Germany), with experimental error of
0.2 mN/m, was used. (Kairaliyeva et al., 2017). The PAT-1M apparatus
allows for an accurate control of the droplet area (or its volume) by a
syringe pump, driven by a feedback loop software based on the drop
imaging. The dynamic interfacial tension versus time on a freshly
formed drop is measured during the ageing of the interface while
keeping the drop volume constant (11 µL). The equilibrium interfacial

TABLE 1 Composition of enzymatically obtained sugar esters used in this work.

Compound namea Type of mono/diester Amount of mono/diester (%) Mean molar mass (g mol–1)

C9-glu c9 75.8 370.57

c9c9 24.2

C9-gal c9 91.0 352.68

c9c9 9.0

C9-lac c9 89.4 497.31

c9c9 10.6

mPHN-glu c9 20.0 406.98

c9c9 09.8

c7 16.3

c7c7 32.9

c9c7 21.0

mPHN-gal c9 20.5 401.61

c9c9 27.0

c7 25.6

c7c7 15.0

c9c7 11.9

mPHN-lac c9 24.6 584.22

c9c9 18.9

c7 06.3

c7c7 21.5

c9c7 28.8

a) C9-glu: a mixture of mono and diesters of glucose nonanoate, C9-gal: a mixture of mono and diesters of galactose nonanoate, C9-lac: a mixture of mono and diesters of lactose non-aoate, mPHN-

glu: a mixture of PHN monomers originated glucose mono and diesters, mPHN-gal: a mixture of PHN monomers originated from galactose mono and diesters, mPHN-lac: a mixture of PHN

monomers originated lactose mono and diesters.

• c9-monoester containing one nine carbon atom chain

• c7-monoester containing one seven carbon atom chain

• c9c9-diester containing two nine carbon atom chains

• c7c7-diester containing two seven carbon atom chains

• c9c7-diester containing one nine and one seven carbon atom chain
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tensions are obtained from these data at long period of time. The
greatest experimental error is mainly connected with small differences
in composition from batch to batch so we present all experimental
points and determined the critical aggregation concentration (CAC).
All surface tension measurements were performed at 295 K. For all the
experiments, ultrapure water—produced from the Millipore Direct-Q

® 5UV purification system (18 MΩ cm−1), was used. Its surface tension
measurement provides a value of 72.5 ± 0.2 mN/m, stable for at least
2 hours at 20°C meaning negligible amount of surface-active
impurities.

Determination of hydrophilic- lipophilic
balance

Hydrophilic-Lipophilic Balance was determined according Griffin
method by using following equation (Griffin W.C., 1954)

HLB � 20x
hydrophilic groupmolecular weight

total surfactantmolecularweight
(1)

Emulsion stability

The ability of the SFAE to stabilize water–oil (W/O) systems was
estimated by measuring time of phase separation in each performed
emulsion. The experiment was conducted under following protocol: 5 g
of each SFAE solutions were prepared as water phase and mixed with
0.5 g of oil phase: squalane or popular commercially available skincare
oil- Bambino® respectively. Concentrations of the SFAE in solutions were:
0.5 × CAC, 1.0 × CAC 1.5 × CAC respectively. The skincare oil consisted
of: glycine soya oil, paraffinum liquidum, parfum, ethyl linolate, ethyl
oleate, tocopherol, propylene glycol, propyl galate, citric acid, BHA,
according to the manufacturer label in the unknown proportions. The
mixtures were mixed in shaker at 25 C for 20 min and mixed vigorously
with Vortex for another 1 min to ensure the phases were mixed
sufficiently (An et al., 2019; Li and Xiang, 2019).

Caenorgabditis elegans toxicity assay

Potential environmental impact of the investigated compounds was
tested by treating Caenorhabditis elegans according to following
protocol adapted from WormBook (Stiernagle, 2006) and (Djapovic
et al., 2021). Briefly, synchronized worms (L4 stage) were suspended in a
medium containing 95% M9 buffer (3.0 g of KH2PO4, 6.0 g of
Na2HPO4, 5.0 g of NaCl, and 1 mL of 1 mol L–1 MgSO4 × 7 H2O in
1 L of water), 5% LB broth (10 g L–1 tryptone, 5 g L–1 yeast extract, and
10 g L–1NaCl), and 10 μg mL–1 of cholesterol. The experiment was
carried out in 96-well flat-bottomed microtiter plates (Sarstedt,
Nümbrecht, Germany) in the final volume of 100 μL per well.
Suspension of nematodes (25 μL containing 25–35 nematodes) was
transferred to the wells of a 96-well microtiter plate, where 50 μL of the
mediumwas previously added. Next, 25 μL of a solvent control (DMSO)
or 25 μL of a concentrated solution was added to the test wells. The
examined esters were dissolved in DMSO to obtain stock solutions than
added to the wells with worms. The final concentrations of the
compounds were 2.0, 1.5, 1.0, 0.5, 0.25 and 0.125 mgmL–1. The final

concentration of DMSO in each well was 1% (v/v) Subsequently, the
plates were incubated at 25 C for 2 days. The fraction of dead worms was
determined after 48 h by counting the number of dead worms and the
total number of worms in each well, using a stereomicroscope
(SMZ143-N2GG, Motic, Wetzlar, Germany). As a negative control
experiment, nematodes were exposed to the medium containing 1%
(v/v) DMSO.

Results

After preparative synthesis, purification and drying the
obtained SFAE were analyzed using UHPLC-MS (QQQ) in both
selected ionic mass (SIM) and multiple reaction monitoring
(MRM) modes. The obtained peaks from ESI+, i.e. (M + Na)+

adducts, were integrated so their peak areas enabled us to calculate
fractions of mono and diesters. Mean molar masses of SFAE
mixtures were calculated as well. The obtained results are
presented below in Table 1.

Instead of the critical micelle concentration (CMC), we decided to
use the more general term—critical aggregation concentration
(CAC)—because the LC-MS analysis shows that the synthesised
compounds are in fact mixtures of mono and diesters with
different percentage compositions (See Table 1) and undefined
stereochemistry of the resulting esters. As the concentration of the
surfactants tested increases, the surface tension does not transition
sharply to a constant value, as is the case with pure mono-component
surfactant solutions, but gradually changes marginally
(Supplementary Figure S1). We used as CAC values the
concentration at which the slopes of the curves connecting the
experimental points significantly change shape and the surface
tension for subsequent concentrations does not differ significantly
(dashed lines in Figure 2). Despite the large scatter in the data obtained
especially for the galactose derivatives, the experimental results of the
solutions of the different batches, obtained on the two apparatus,
coincide, and the trend in the differences in surface activity between
the simple esters and mPHN derivatives is the same (Figure 2). The
lactose derivatives are the most surface active, followed by galactose
and the least glucose, as evidenced by the increasing values of the
critical aggregation concentration (Table 2). A comparison of the
aliphatic sugar esters and the corresponding mPHN derivatives shows
that the mPHN derivatives are more surface active (Figure 3). In our
case the quality of the anomers (α or β) in the tested solutions was not
determined. Nevertheless, literature data indicate that the
stereochemistry of the sugar derivatives can affect the surface
tension. For example, ß anomers are more effective surfactants
than α anomers, and differences in surface tension can be as high
as 8 mN m–1. This is a result of differences in the ability to form
intermolecular hydrogen bonds with other ester molecules and the
surrounding water molecules (Nilsson et al., 1998). As a consequence,
the sugar moieties’ hydrophilicity, surface activity and solubility are
altered, which can result in the presence of relatively large aggregates
in solution, but too fine (below 300 nm) to cause visible turbidity in
solutions (Nilsson and So, 1998; Larsson et al., 2019). Clearly, this is an
issue that will require additional research in the future.

The pH of the solutions tested for simple sugar derivatives and
mPHN-lac ranged from 5.2 to 6.8, which is characteristic of aqueous
solutions in contact with carbon dioxide. Only in the case of mPHN-
glu and mPHN-gal were the solutions slightly acidic (pH = 4.0 ± 0.2),
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so surface tension measurements were carried out for these solutions
(C = 1 mmol L–1) in the presence of 0.1 mol L–1 NaCl. Increasing the
ionic strength did not result in significant changes in surface tension
(e.g. from 34.8 mNm–1 in H20 to 33.1 mNm–1 in 0.1 mol L–1 NaCl for
mPHN-gal and from 34.5 mN m–1 in H20 to 32.6 in 0.1 mol L–1 NaCl),
which are within the experimental limit of the apparatus error
(2 mN m–1). This may indicate that surface-active ionic compounds
are absent from the solution. In contrast, measurements in 0.1 mol L–1

NaOH solution resulted in a significant increase in surface tension
(e.g. for mPHN-gal it increased to a value of 42 mNm–1 and for
mPHN-gal to 58.6 mNm–1). This may be due to the different
susceptibility to hydrolysis - the released organic acids dissociate in
an alkaline environment and, as ionic surfactants, show much lower
surface activity. In addition, the different degree of hydrolysis may be
due to the different content of α and ß anomers.

Both glucose and galactose esters CAC values were much lower than
the referenced CMC glucose monooctanoate (10.5 mmol L–1) and higher
than glucose monodecanoate (0.71–1.5 mmol L–1) (Lee et al., 2018), which
directly correlates with the chain length of the hydrophobic component of
SFAE. Interestingly, C9-lac and mPHN-gal ester mixtures are somewhat
identical to the commercial sucrose monodecanoate (SM-1000), the CMC
of which was 0.56 mmol L–1. In general CACs of the mPHN derived esters
obtained are higher than their counterparts in the literature, giving slightly
lower interfacial tension values. The differencewas observed formPHN-lac
which CAC is much lower than sucrose and lactose caprate (c10), laurate
(c12) and even oleate (c18). Although mPHN-lac can be compare to
Tween 80 (γ = 0.01 mmol L–1, 38 mNm–1). (Lee et al., 2018) (Lucarini
et al., 2018) (Ye et al., 2016). All the synthesized based SFAE have their
measured surface tension at the similar level (varying for the lowest of γ =
25.2–23.5 mNm–1 for C9-gal to the highest of γ = 32–28mNm–1 for
mPHN-lac, without any visible trend, Table 2). The HLB indexes
calculated are lower for mono carbohydrates in both groups when
compared to lactose esters. However, when hydrophobic component is
considered, the HLB indexes are larger by 1–3 units for the aliphatic
SFAEs. All the HLB values were in range of the referenced compounds
(Table 2) regardless of whether the calculations took into account the
content of mono- or diesters.

On the basis of the obtained interfacial tension profiles, it was
possible to draw equilibrium concentrations curves, thus to determine
aggregation concentrations (Figures 2A,B). The curves for different
concentrations, but with a similar profile and little difference in values,
are indicative of aggregation or micelle formation. They also provide
indirect information on how the presence of mono- and diesters of
c7 and c9 chains affects the ability to reduce surface tension. It is
noticeable that the shape of each curve is depended on the sugar
component (glucose and galactose vs. lactose esters, Figures 2A,B). In
both cases the slopes of lactose esters were steeper than in these of
glucose and galactose esters mixtures, which may be related to the
difference in the size of the hydrophilic sugar heads. (Gaudin et al.,
2019). Moreover, the slope of the curve for the mPHN-lac mixture was
steeper than C9-lac (containing 89.4% monoester, 10.6% diesters),
which may be related to the higher ratio of diesters in the mPHN-lac
mixture (containing 30.8% of the total monoesters of c9 and c7 and
69.2% of the total of c9c9, c7c7, c9c7 diesters).

Taking into account the composition of the tested mixtures and
contribution of diesters, we would expect lower ranges of CAC
concentrations. Similar to those presented in Table 2 e.g. sucrose
oleate. As can be seen, the presence of additional c9 or c7 chains in
the hydrophobic component does not translate directly into
properties comparable to twice as long aliphatic chains of other
esters. It can be partially explained by the catalytic action of the
lipase, which decorates a sugar moiety by attaching hydrophobic
components on the opposite sides of the carbohydrate. There is also
uncertainty when it comes to decorating sugars with (R)–
3–hydroxylated fatty acids by the action of lipase, whether the
final structure of the resultant SFAE is as described above for the
aliphatic appendixes or it reassembles this of rhamnolipids (sugar +
(R) –3-hydroxylated fatty acid + (R)–3-hydroxylated fatty acid).
Moreover, the mere presence of hydroxyl group of monomers can
also influence the branching of the entire molecule and disrupt the
hydrophobicity of a carbon chain. (Hollenbach et al., 2020).
Therefore, more detailed studies are needed in order to
elucidated the final structure of the produced esters and also
their behaviour on the molecular scale.

FIGURE 2
The surface tension dependency on surfactants concentration (A) C9-glu black circles; C9-gal red circles; C9-lac green circles (B) mPHN-glu black
triangles; mPHN-gal red triangles; mPHN-lac green triangles. The intersection of the lines indicates the concentration at which the slope of the surface
tension isotherms changes significantly, which is conventionally taken as CAC.
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Emulsion stability

Basing on a series of 5-min films and images taken up to 48 h of water/
oil systems containing different concentrations of the tested SFAEs, it was
not possible to measure the thickness of the emulsion layer and thus
determine the stability index of the emulsion (Supplementary Figure S2).
This was due to the short lifetime of the emulsion. However, depending on
the type of ester, its concentration, and the composition of the oil phase,
emulsion systems formed and maintained from several minutes to 1 hour
(Table 3.). Emulsions containing squalene were less stable. W/O control
systems containing no esters blurred after only a fewminutes. On the other
hand, systems containing SFAEs based on body care oil turned out to be
more durable, as they had a diverse composition and contained co-
surfactants such as alcohols. Furthermore, in most cases, differences in
the durability and consistency of emulsions can be observed. They depend

on the concentration of SFAEs in aqueous solutions. The higher the SFAE
concentration, the more stable and homogeneous the system was. Systems
containing C9-glu and C9-gal proved to be the most stable. The least stable
system contained C9-lac. Emulsions based on mPHN-glu and mPHN-gal
esters proved to be less stable than those originated from nonanoic acid. In
contrast, the emulsions containing mPHN-lac exhibited a higher
persistence than mPHN-glu, mPHN-gal and C9-lac. The maximum
lifetime of the investigated homogeneous emulsion systems (Table 3
emulsion quality assessment 3, Supplementary Figure S2) was 60min.
These were systems containing a commercial baby care oil. However, some
remaining emulsions were visible and even more stable: 180min for
mPHN-glu, mPHN-gal and mPHN-lac to 1440min for C9-glu, C9-gal,
C9-lac. In W/O systems that contained squalane, after 60 min, the quality
rating were 2 or 1, respectively. These lifetimes are definitely too short to
make them competitive against other surfactants used in the industry, such

TABLE 2 Physicochemical properties of the synthetized sugar esters and reference compounds.

Compounds used in this study

Compound name CAC Surface tension γ HLB griffin for each SFAE component pH

(mmol L–1) (mN m–1) c9 c7 c9c9 c7c7 c9c7

C9-glu 2.7 31.5–24.5 11.25 – 7.83 – – 5.39

C9-gal 2 25.2–23.5 11.25 – 7.83 – – 5.33

C9-lac 0.56 29.2–25.8 14.2 – 11 – – 6.29

mPHN-glu 1.4 35–26 11.72 12.79 8.7 9.81 9.22 3.92

mPHN-gal 0.56 37–32 11.72 12.79 8.7 9.81 9.22 4.12

mPHN-lac 0.016 39–28.5 14.41 15.27 11.49 12.57 12.01 6.8

Referenced compounds

Compound name CMC/CAC Surface tension γ HLB Griffin References

(mmol L-1) (mN m-1)

octyl- B-D- glucoside 21.2 31 12.32 Gaudin et al. (2019)

nonyl- B-D- glucoside 6.9 29.6 11.7

Glucose monooctanoate (c8) 10.15 26.37 11.76 Zhang et al. (2015)

Glucose monodecanoate (c10) 0.71 30.49 10.77

Glucose monodecanoate (c10) 1.5 25.5 10.77 Hollenbach et al. (2020)

Lactose caprate (c10) 2.5 40.6 14.8 Lee et al. (2018); Lucarini et al. (2018)

Lactose laurate (c12) 0.55 40.4 14.1

Sucrose Laurate (c12) 1.2 19.7 8.19 Ye et al. (2016)

Sucrose oleate (c18) 0.0345 29.6 10.1

Tween 80 0.01 38 15

α-D-Glucose laurate (c12) 0.13 41.2 3.8 Garofalakis et al. (2000)

α-D-Maltose laurate (c12) 0.12 35.9 4.5

Lactose tetradecanoate (c14) 0.041 38.6 4.3

Sucrose monooctanoate (c8) SM- 800 ® 6 28.7 15.8

Sucrose monooctanoate (c10) SM- 1000 ® 0.57 32.9 –

Sucrose monooctanoate (c12) SM- 1200 ® 0.29 33.5 –
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as Tween 80, Triton-X, Span 20, Span 60, polyethylene glycol (PEG).
However, noteworthy is that commercially available products very often
contain combinations of various surfactants e.g. Tween 80- polyoxoethylene
sorbitan monooleate or Triton X-100-consisted of PEG and p-tert-
octylphenol. Usually investigated W/O systems are based on
combinations of two or more different ionic and/or nonionic surfactants
and other co-surfactants i.e. alcohols and fatty acids, that make together the
emulsions even more stable and extend their lifetime. (Watanabe et al.,
2018). (Li and Friberg, 1982; McClements and Jafari, 2018). This approach
should be investigated with our biocatalytically synthetized SFAE.

Although the expected lifetime of a commercially acceptable emulsion
should be counted in days up to 1 month, the prepared hereW/O systems
did not perform well more than 24 h. We can explain this either by poor
stabilizing properties of the SFAEs or their too-low concentrations used in
preparation W/O systems, as well as lack of other co-surfactants. The
calculated concentrations of the investigated surfactants present in the
emulsions were between 0.001% and 1.0% m/v respectively (from 0.5 to
1.5 x CAC) while usually used concentrations of surfactants from the
literature are between 0.1% and 5.0% m/v (Feng et al., 2022) but rarely
calculated on their CAC or CMC values. That makes our system difficult
to compare. Moreover, literature mentions several different techniques
used for emulsion preparation i.e. shaking, ultrasoundmixing, microwave
pulsing, (Taha et al., 2020; Hyde et al., 2021), magnetic mixing, high
pressure homogenization (Li and Xiang, 2019), and syringe mixing
(Koursari et al., 2020). In recent years, even use of solid stabilizing

particles (Pickering emulsions) became more popular. Nanomaterials
derived from natural sources are an interesting alternative or
supplementary for this application. (Velásquez-Cock et al., 2021). In
order to compare our surfactants for their feasibility in applications other
than described below (drug delivery purposes), studies should be
conducted in greater concentrations and with other additives.

The ideal W/O system used in the cosmetic or pharmaceutical
industry should arise from natural sources, and also should be able to
form stable and durable emulsions. Emulsions need to be stable
enough to be stored at room temperature. Most importantly, they
should be biodegradable and biocompatible. When it comes to drug
delivery systems, their life time longer than 48–72 h is not advisable
either. Another crucial factor is emulsion bioaccessibility. That means
easy absorption by the epithelial surfaces, passing through cell
membranes but not damaging them. (Production of green
surfactants: Market prospects | Elsevier Enhanced Reader) The
micelles protecting the structure of the drug from enzymes and/or
pH changes should be able to release it gradually to the tissues.
(Felzenszwalb et al., 2019). The micelle-building components ought to
be easily degraded or removed from the body and easily decomposed in
the environment. (Tovar-Sanchez et al., 2020) (Hunt, 2017) (Fagan and
Portman, 2014). Undoubtedly, the studied SFAEs show some emulsion-
stabilizing properties, but in order to give these W/O systems the desired
longer lifespan, further optimization of SFAEs concentration, oil phase
composition, mixing methods and addition of co-surfactants is required.

FIGURE 3
The comparison of surface activity of biocatalytically synthesizedmPHN sugar esters with their aliphatic counterparts. Respectively for glucose (Panel A),
galactose (Panel B) and lactose (Panel C) derivatives.
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(McCartney et al., 2019). The emulsion stabilizing properties of the
investigated SFAE may not be spectacular, nevertheless sometimes
desired if there is a need of administration of a less stable formulation
to a patient preparedminutes prior injection/topical application. The used
SFAE were already shown to exhibit anticancer properties, which
increase their possibility to be applied in the medical industry (Tuvia
et al., 2014).

Environmental impact of sugar fatty acid
esters

Caenorhabditis elegans is a multicellular, non-parasitic model
organism that is a valuable research object for testing the effects
of various industrial chemicals such as anti-cancer drugs and
antibiotics (Judy et al., 2019; Wittkowski et al., 2019). Every year,
mankind supplies a huge amount of industrial wastewater and with
it–surfactants (Production of green surfactants: Market prospects | Elsevier
Enhanced Reader; Akbari et al., 2018; Felzenszwalb et al., 2019; Tovar-
Sanchez et al., 2020). Therefore, there is a need for continuous monitoring
of their impact on organisms living in soil and groundwaters (Ebele et al.,
2017; Rathi et al., 2021). The usefulness of nematodes representatives is
manifested in a fast life cycle, easy multiplication and obtaining a large
number of individuals in subsequent generations, the possibility of
long–term storage of larvae and eggs in laboratory conditions. They do
not require continuous breeding, and the procedure for synchronizing the
life cycles of individuals in a population is simple. In addition,
Caenorhabditis elegans feed on an easily available source of
food–bacteria E. coli. The most important from the human point of
view, is the presence of simple organ systems: nervous (nerve ring),
blood, protonfridial, gonads, and the ability to assess not only the size
of the population under themicroscope, but also the ability to activelymove
individuals in the population. Therefore, nematodes can be indirect

bioindicators of the influence of the tested substances on the natural
environment (Fagan and Portman, 2014; Hunt, 2017). Having the above in
mind, toxicity of the tested sugar esters against Caenorhabditis elegans was
assessed by observing the nematodes under a microscope after 48 h of
exposure. Based on the mobility of Caenorhabditis elegans their viability
was assessed. Actively moving organisms were considered living, non-
moving organisms were considered dead, and barely moving organisms
were considered alive as well (having in mind, that the compounds could
have a negative effect on worms) (Figure 4).

Observations of the nematodes allowed us to conclude that the
obtained SFAEs do not pose a major threat to Caenorhabditis elegans
at the given time of exposure. Only the highest concentrations

TABLE 3 Emulsion stability of two exemplary water/oil systems in time. Numbers-colors and their intensity is a scale referring to the intensity of a particular emulsion.
Exemplary photos of the formed emulsions Supplementary Figure S2. a) Control- W/O systems with no SFAE addition b) squalene as oil phase with SFAEs as stabilizers
c) baby care oil as an oil phase with SFAEs as stabilizers.

FIGURE 4
Toxicity of the sugar esters against Caenorhabditis elegans after
48 h exposure.

Frontiers in Bioengineering and Biotechnology frontiersin.org08

Snoch et al. 10.3389/fbioe.2023.1112053

25

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1112053


(2.0 mg ml–1) of themixtures reduced nematodes populations up to 15%
but 1.5 mg ml–1 was already not effective. The concentrations of the
esters per the well ranged from 0.0625 to 2.0 mgml–1 which correspond
to theirmolar concentrations of: C9-glu 0.186.14–5.69 mmol L–1; C9-gal
0.162–5.312 mmol L–1; C9-lac 0.125–4.0 mmol L–1; mPHN-glu
0.142–4.544 mmol L–1; mPHN-gal 0.148–4.744 mmol L–1; mPHN-lac
0.119–3.816 mmol L–1, respectively. We have previously reported that
SFAE esters based on nonanoic acid and PHN monomers show
anticancer potential. The reported consternations (IC50) of these
compounds that were found to be effective against certain cancer
lines (In Search of Effective Anticancer Agents—Novel Sugar Esters
Based on Polyhydroxyalkanoate Monomers-W. Snoch et al., 2021. pdf)
are at the levels of being non-toxic to Caenorhabditis elegans. For
example, the effective IC50 for Du145 and HTB140 cell lines after 24 h
exposures to all tested SFAE were below 0.25 mgml–1 (i.e. IC50 range
respectively 0.09–1.5 mmol L–1for cancer cells and 0.5–2.5 mmol L–1,
respectively for reference healthy cells).

Sugar esters belong to the group of non-ionic surfactants. The
presence of a hydrophobic fatty acid tail and a hydrophilic sugar head
give them an amphiphilic character. The chemical structure itself does
not, in general, pose a direct threat to the entire organism of nematode.
However, this amphiphilicity and the ability of compounds to lower
the surface tension of solutions may permeabilize cell membranes
(Tuvia et al., 2014; McCartney et al., 2019). On the other hand, the
presence of long carbon chains (such as c18 steric acid) increases the
solubility of individual compounds in water (e.g. in industrial
wastewaters) (Vinarov et al., 2018). All this together causes the
entry of undesirable substances from the environment into the
cells, an increase in the concentration of H+ ions, free oxygen
radicals, herbicides, pesticides or salts (which can cause an osmotic
shock), which in turn may direct the cells to the apoptotic pathway
(Shao et al., 2018; Cavanagh et al., 2019; Appah et al., 2020; Liu et al.,
2021; Martins-Gomes et al., 2022). In addition, the hydrophobic
components of the SFAE tested do not exceed 9 carbon atoms,
which may be another advantage compared to other commonly
used esters based on acids with a chain length of c12, c16 or c18
(e.g. Span 20, Span 80, PEG 20– Sorbitan monolaurate (SPEG), Tween
20, Tween 80). Since increasing the chain length of the hydrophobic
component also increases the toxicity of SFAE (Bunchongprasert and
Shao, 2020). For comparison, the toxicity of other structurally similar
allose-based esters to Caenorhabditis elegans with various carbon
chain lengths n = 2, 4, 6, 8 was in the between 0.2 and
1.0 mmol L–1 (Sakoguchi et al., 2019).

In addition, every cosmetic or drug carrier potentially used in the
industry must be thoroughly tested in terms of toxicology, before it
goes to preclinical research (the smallest, largest harmful dose, and
chronic administration of the compound), at every possible stage, not
only cellular, but also more complex living organisms (Dent et al.,
2018; Bopp et al., 2019). The highest tested levels of the SFAE
(2.0 mg ml–1 around 6.0 mmol L–1) that reduced Caenorhabditis
elegans populations ~15% were near to CMC values. At the same
time, the range of surfactants concentrations used in the water phase,
to design model emulsion systems, were 0.5–10-fold CAC.
Information obtained about minor negative effects of the esters on
tested nematode in this concentration range opens the possibility for
further application trials. However, it should be remembered that the
SFAE molecules building micelles have a different concentration and
organization than those dispersed in the buffers in which the
Caenorhabditis elegans were used. They may behave differently and

show a different level of toxicity, therefore more detailed investigation
is foreseen for the future (Khamkar, 2011; Kaur et al., 2016; Rusanov,
2018; Bunchongprasert and Shao, 2020).

Conclusion

The physicochemical properties of the obtained sugar esters were
characterized which enabled their application potential evaluation. The
obtained CAC and surface tension values correspond to compounds with
a similar structure from the literature (such as SM-800, lactose caprate, or
glucose monodecanoate). Also, the ability to create water–oil systems
based on popular cosmetic ingredients, such as squalene and the
commercial skincare oil confirmed application potential of the tested
esters. However, the process of forming and testing these emulsions should
be further optimized. It would be necessary to test a series of different oil
components, as well as co-surfactants, in order to compare their emulsion
stability indexes, size of the micelles formed and their behaviour.

In future prospective, it is worthy to focus on assessing the toxicity
of not only the compounds themselves, but entire SFAEs based stable
emulsion systems. Extending these experiments to such aspects as
influence the of SFAE on increasing the vulnerability of
Caenorhabditis elegans for these emulsion systems and repeat it in
unfavourable water and soil conditions (presence of pesticides,
inorganic salts, low pH, osmotically active substances). Even
assessing susceptibility to opportunistic organisms would be
valuable. From pharmaceutical and medical points of view, a key
step is to answer questions about the mechanisms of the esters
interaction with cells and/or model organisms, including the
permeabilization of cells and intracellular membranes, and the
ability to reversibly modulate endothelial electrical resistance
(TEER), would be of great value. (Lucarini et al., 2018) Nematodes
should be examined in more detail in terms of the impact of SFAE, and
emulsion systems stabilized by them, on their internal organs, such as
the endocrine and nervous systems, and also the ability to reproduce.
(Ebele et al., 2017; Alfhili et al., 2018)
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Exploring Class I
polyhydroxyalkanoate synthases
with broad substrate specificity for
polymerization of structurally
diverse monomer units
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2Department of Biological Sciences, College of Science, University of Idaho, Moscow, ID, United States,
3Graduate School of Science, Technology and Innovation, Kobe University, Kobe, Japan, 4Bioplastic
Research Team, RIKEN Center for Sustainable Resource Science, Wako, Japan

Polyhydroxyalkanoate (PHA) synthases (PhaCs) are key enzymes in PHA
polymerization. PhaCs with broad substrate specificity are attractive for
synthesizing structurally diverse PHAs. In the PHA family, 3-hydroxybutyrate
(3HB)-based copolymers are industrially produced using Class I PhaCs and can
be used as practical biodegradable thermoplastics. However, Class I PhaCs with
broad substrate specificities are scarce, prompting our search for novel PhaCs. In
this study, four new PhaCs from the bacteria Ferrimonas marina, Plesiomonas
shigelloides, Shewanella pealeana, and Vibrio metschnikovii were selected via a
homology search against the GenBank database, using the amino acid sequence
of Aeromonas caviae PHA synthase (PhaCAc), a Class I enzymewith awide range of
substrate specificities, as a template. The four PhaCs were characterized in terms
of their polymerization ability and substrate specificity, using Escherichia coli as a
host for PHA production. All the new PhaCs were able to synthesize P(3HB) in
E. coli with a high molecular weight, surpassing PhaCAc. The substrate specificity
of PhaCs was evaluated by synthesizing 3HB-based copolymers with 3-
hydroxyhexanoate, 3-hydroxy-4-methylvalerate, 3-hydroxy-2-methylbutyrate,
and 3-hydroxypivalate monomers. Interestingly, PhaC from P. shigelloides
(PhaCPs) exhibited relatively broad substrate specificity. PhaCPs was further
engineered through site-directed mutagenesis, and the variant resulted in an
enzyme with improved polymerization ability and substrate specificity.

KEYWORDS

PHA synthases, broad substrate specificities, molecular weight, blast, copolymer

Introduction

The bacterial polyesters polyhydroxyalkanoates (PHAs) are considered excellent bio-
based plastics and have been demonstrated to be biodegradable in various environments
such as compost, soil, freshwater, and marine water (Suzuki et al., 2021). A myriad of
microorganisms can synthesize PHA as an intracellular carbon and energy reserve under
stressful conditions (Anderson and Dawes, 1990). Poly[(R)-3-hydroxybutyrate], P(3HB), is a
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major member of the PHA family and has been extensively studied
since its discovery in 1926 (Lenz and Marchessault, 2005). Despite
these merits, it is still challenging for PHA to compete with
petroleum-based plastics because of the inherent flaws in P(3HB).
The poor material properties of P(3HB) (Lehrle andWilliams, 1994)
such as its high crystallinity and narrow processing temperature
window have greatly hampered the entry of this polymer into the
commercial world. Fortunately, 3HB-based copolymers (Tsuge
et al., 2005; Mizuno et al., 2010; Mierzati et al., 2020; Furutate
et al., 2021) have been proven to overcome the material property
limitations of P(3HB) to a certain extent, and have been used as a
remedy for problems related to plastics (Sivashankari and Tsuge,
2021).

PHA synthases are key enzymes involved in PHA
polymerization (Sudesh et al., 2000). Based on the substrate
specificities and subunit compositions of PHA synthases, they are
categorized into four classes (Rehm, 2003). Class I and II PHA
synthases are homodimers of the PhaC subunits. Class I PHA
synthases, represented by the Ralstonia eutropha enzyme, mainly
polymerize short chain length (scl)-monomers (C3-C5), whereas
Class II PHA synthases, represented by the Pseudomonas aeruginosa
and Pseudomonas putida enzymes, polymerize medium chain length
(mcl)-monomers (C6-C14). Class III PHA synthases such as
Allochromatium vinosum and Synechocystis sp. PCC
6803 consists of two heterosubunits (PhaC and PhaE). Class IV
PHA synthases, represented by Bacillus megaterium and Bacillus
cereus, are similar to Class III PHA synthases and possess two
subunits (PhaC and PhaR). Similar to Class I synthases, Class III and
IV PHA synthases preferentially polymerize scl-monomers (C3-C5).

PhaCs with broad substrate specificities are attractive
biocatalysts for PHA synthesis because they can naturally
copolymerize different monomers to produce polymers with
desirable physical properties. PhaC from Aeromonas caviae
(PhaCAc) can naturally synthesize poly(3HB-co-3-
hydroxyhexanoate) [P(3HB-co-3HHx)] from vegetable oils and
fatty acids (Kobayashi et al., 1994; Shimamura et al., 1994; Doi
et al., 1995; Tsuge et al., 2007a; Tsuge, 2016), distinguishing it from
other Class I PhaCs because it exhibits polymerization activities
toward 3HBmonomers and mcl 3HHxmonomers (Kobayashi et al.,
1994). Therefore, PhaCAc is a marketable biocatalyst to produce
P(3HB-co-3HHx) copolymers. The potential of PhaCAc has been
fortified through evolutionary engineering with the development of
the PhaCAcNSDG variant (Tsuge et al., 2007b). The PhaCAcNSDG
variant has amino acid substitutions of asparagine 149 by serine
(N149S) and aspartate 171 by glycine (D171G) and was shown to
have the ability to synthesize the P(3HB-co-3HHx) copolymer with
an enhanced 3HHx fraction compared to the wild-type enzyme, as
well as recognize and incorporate other monomer units, such as 3-
hydroxy-4-methylvalerate (3H4MV) (Tanadchangsaeng et al., 2009)
and 3-hydroxy-2-methylbutyrate (3H2MB) (Watanabe et al., 2015).
In addition, the molecular weight of P(3HB) synthesized by
PhaCAcNSDG was higher than that of the wild-type enzyme
(Tsuge et al., 2007b). These properties of PhaCAcNSDG variant
are desirable for the development of PHA as an industrial
biomaterial, making it a promising biocatalyst.

The partial crystal structures for several PhaCs have been solved
(Wittenborn et al., 2016; Chek et al., 2017; Kim et al., 2017; Chek
et al., 2020). The differences in the catalytic properties of these

enzymes can be possibly due to their different structures (Chek et al.,
2019). Although the crystal structure of PhaCAc has not yet been
solved, a basic understanding of the enzymatic capability of PhaCAc

could be elucidated using in silico homologymodeling (Harada et al.,
2021). Additionally, the use of structural information, namely the
comparison of the amino acid residues that constitute the substrate-
binding pocket of PhaCs, led to the generation of further engineered
PhaCAcs (Harada et al., 2021).

PhaCAc and its PhaCAcNSDG variant are biocatalysts that
produce PHA polymers with desirable material properties;
however, the number of other naturally occurring PhaCs with
broad substrate specificities are limited, hindering the
development and commercial mass production of desirable
PHAs. Thus, it is necessary to identify other novel PhaCs with
broad substrate specificities to enable industrial-scale production of
PHA copolymers to completely replace petroleum-based plastics.
PhaCs, which can synthesize high-molecular-weight PHA, is
essential to produce PHA as practical materials. The currently
available PhaCAc is highly sensitive to ethanol (Hiroe et al.,
2015), which is a metabolite of some bacteria, including
Escherichia coli, and functions as a chain transfer agent to
terminate polymerization reactions (Tsuge, 2016), resulting in the
synthesis of relatively low-molecular-weight PHA when using E. coli
as a production host. These low-molecular-weight PHA polymers
have less desirable physical properties than their high-molecular-
weight counterparts. Despite the unique ability of PhaCAc to
polymerize various monomers, the relatively low molecular
weight of PHA produced in recombinant E. coli using this
enzyme has room for improvement.

In this study, to explore novel PhaCs with high polymerization
ability and broad substrate specificity, four new PhaCs were
identified by a bioinformatics approach using the PhaCAc amino
acid sequence as a template for a basic local alignment search tool
(BLAST) and included PhaCs from the bacteria Ferrimonas marina,
Plesiomonas shigelloides, Shewanella pealeana, and Vibrio
metschnikovii. PhaC proteins were individually expressed in
E. coli LSBJ to synthesize P(3HB) and 3HB-based copolymers
containing 3HHx, 3H4MV, 3H2MB, and 3-hydroxypivalate
(3HPi) units. Furthermore, the effects of mutagenesis on
polymerization activity and substrate specificity in the highest-
performing PhaC enzyme were investigated.

Materials and methods

Bioinformatic analysis

A BLAST-protein (BLASTP) search was performed against the
protein sub-sections of the National Center for Biotechnology
Information (NCBI) and DNA Data Bank of Japan (DDBJ)
databases using the PhaCAc amino sequence as a template
(Accession No. BAA21815) (Altschul et al., 1990). PhaCs with
more than 85% similarity index and an identity index of 50%–

60% in the BLASTP search were targeted as potential PhaCs with
broad substrate specificities. Among the various PhaCs from
different organisms that satisfied the criteria in the BLASTP
search, four PhaCs were selected based on the diversity of the
N-terminal region for further evaluation. Phylogenetic analyses
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were performed using the maximum likelihood method in MEGA11
(Tamura et al., 2021) and the protein sequences were aligned using
ClustalW. This analysis involved six amino acid sequences: PhaCAc,
four newly selected PhaCs from BLASTP, and PhaC from Ralstonia
eutropha (WP_011615085) as an outgroup.

Bacterial strain and plasmid

Four PhaC amino acid sequences were chosen based on the
BLASTP search results. These phaC genes were chemically
synthesized with optimized codon usage in E. coli by Eurofins
Genomics Co. Ltd. (Tokyo, Japan) for plasmid construction and
evaluation. E. coli LSBJ, a fadB fadJ double-deletion strain of E. coli
LS5218 [fadR601, atoC (Con)] (Tappel et al., 2012a), was used as the
host strain for PHA biosynthesis. This strain is an ideal host for non-
native PHA production because of its ability to take up a wide variety
of substrates to be incorporated into PHA homo- and copolymers,
and bench-level scale-up methodologies available for overall
production (Tappel et al., 2012b; Levine et al., 2016; Pinto et al.,
2016; Fadzil et al., 2018; Furutate et al., 2021; Scheel et al., 2021). A
broad-host-range plasmid pBBR1MCS-2 (Kovach et al., 1995)
harboring the genes encoding the PhaCs to be evaluated, the lac
promoter region, the (R)-specific enoyl-CoA hydratase gene from A.
caviae (phaJAc), the 3-ketothiolase gene (phaA) from Ralstonia
eutropha H16, and the acetoacetyl-CoA reductase gene (phaB)
from R. eutropha H16, termed pBBR1-phaCsABReJAc, was used
for the expression of PhaCs (Supplementary Figure S1). For
phaAB expression, the R. eutropha pha promoter and terminator
regions were located upstream and downstream of their genes,
respectively. To enhance the supply of 3HHx, 3H4MV, and
3H2MB monomers, the plasmid pTTQ-PCT (Furutate et al.,
2017) containing the propionyl-CoA transferase (PCT) gene from
Megasphaera elsdenii (pct) (Taguchi et al., 2008) was introduced into
the E. coli LSBJ strain (Supplementary Figure S1).

Cell culture conditions

Initially, recombinant E. coli LSBJ was incubated overnight at
37°C with reciprocal shaking (160 rpm) in a 50 mL baffle flask
containing 20 mL of lysogeny broth (LB) medium as a seed
culture. The LB medium contained 10 g/L Bacto-tryptone (Difco
Laboratories, Detroit, MI, United States), 5 g/L Bacto-yeast extract
(Difco Laboratories), and 10 g/L NaCl. For plasmid maintenance
throughout the initial incubation period, 50 mg/L of kanamycin and
50 mg/L of carbenicillin were added.

Inoculations for PHA production were started with 5 mL of seed
culture added to 500 mL shake flasks containing 95 mL of modified
M9 medium (Furutate et al., 2021) (final volume:100 mL and 5%
inoculum). The modified M9 medium comprised of 17.1 g/L
Na2HPO4·12H2O, 3 g/L KH2PO4, 0.5 g/L NaCl, 2 mL of 1 M
MgSO4·7H2O, 0.1 mL of 1 M CaCl2, and 2.5 g/L Bacto-yeast
extract. For plasmid maintenance during PHA production,
50 mg/L of kanamycin and 50 mg/L of carbenicillin were added.
Additionally, 1 mM isopropyl-β-D-thiogalactopyranoside (IPTG)
was used to induce phaJ and pct gene expression. The P(3HB)
homopolymer was synthesized from 20 g/L glucose, which was

added at the beginning of the culture at 30°C for 72 h. For the
synthesis of 3HB-based copolymers, the total incubation time was
set to 76 h, in which an initial step for 4 h at 30°C with reciprocal
shaking (130 rpm) was performed before the addition of IPTG,
precursors, and glucose, and further cultured for 72 h. Hexanoic
acid, 4-methylvaleric acid, trans-2-methylbut-2-enoic acid (tiglic
acid), and 2,2-dimethyl-3-hydroxypropionic acid (3-hydroxypivalic
acid), which had previously been converted to their respective
sodium salts, were used as precursors for the 3HHx, 3H4MV,
3H2MB, and 3HPi units, respectively (Füchtenbusch et al., 1998;
Tanadchangsaeng et al., 2009; Watanabe et al., 2015). These
precursors are known to inhibit cell growth, and a high
concentration of glucose can repress phaJ and pct genes,
otherwise induced by IPTG. Thus, lower concentrations of
glucose and the precursors were added intermittently to the
culture medium (at 4, 28, and 52 h). A total of 7.5 g/L glucose
(2.5 g/L each time) and 0.6 g/L precursors (0.2 g/L each time) were
added throughout the main incubation period. Finally, cells were
harvested by centrifugation and lyophilized for further analysis. The
relationship between the precursors used and biosynthesized
polymers is shown in Figure 1.

Site-directed mutagenesis

To construct mutated phaCPs, a substitution (N175G) was
introduced into the gene by overlap extension PCR (Supplementary
Figure S2) (Warrens et al., 1997). The primers for amino acid
substitution were designed and chemically synthesized as follows:5′-
GGCGGCCGCTCTAGAACTAGTGGATCCCGGGGCAA-3′ and
5′- CACTAAGTTTTGACCGCCGTTCTCCAAGGT-3′ for an
amplification of the 1.4-kb fragment, 5′-GCGCTTGGAGGCCGG
CACCG-3′ and 5′- GTGACCTTGGAGAACGGCGGTCAAAAC
TTA-3′ for an amplification of the 2.3-kb fragment. The underlined
sequence in the primer indicates the codon used to replace Asn175
(AAT) with Gly (GGC). The resulting plasmid carrying the mutated
gene was introduced into E. coli LSBJ along with pTTQ-PCT for PHA
biosynthesis analysis.

Analysis of PHA

The dry cell weight was gravimetrically measured after
centrifuging the culture medium at 6,000 × g for 10 min at room
temperature three times (once for collecting the cells, discarding the
medium, and twice to wash away the remaining salts with water) and
lyophilized for approximately 3 days.

PHA content, PHA yield, and 3HAmonomer composition were
determined by gas chromatography (GC) using a Shimadzu GC-
2014s instrument (Shimadzu, Kyoto, Japan) with a flame ionization
detector. Lyophilized cells were methanolyzed to convert PHA into
3HA-methyl ester constituents in the presence of 15% sulfuric acid
for GC analysis. The methanolysis reaction was carried out at 100°C
for 140 min, except for 3H2MB- and 3HPi-containing polymers, for
which the reaction time was set to 8 h to increase the reaction yield.
The methanolyzed samples were allowed to cool to room
temperature, and 1 mL of deionized water was added to separate
the polar components from the non-polar components. The non-
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polar fraction containing 3HA-methyl ester was filtered, and an
equal volume of chloroform solution containing 0.1% (w/v) methyl-
n-octanoate as an internal standard was added to prepare the final
sample for GC analysis. The samples were injected through the GC
capillary column InertCap 1 (30 m × 0.25 mm, GL Science, Tokyo,
Japan). The column temperature was initially set at 90°C for 2 min,
increased to 110°C at a rate of 5°C/min, and then increased to 280°C
at a rate of 20°C/min. The signal peak areas obtained were calculated
for the total PHA content and 3HA monomer composition.

The molecular weight of P(3HB) synthesized using various
PhaC enzymes was determined by gel permeation
chromatography (GPC) using a Shimadzu Nexera GPC system
with an RI-504 refractive index detector (Shodex, Tokyo, Japan)
equipped with two KF-406 LHQ joint-columns (at 40°C, Shodex,
Tokyo, Japan). Chloroform was used as the mobile phase at a flow
rate of 0.3 mL/min. The sample concentration and injection volume
were set at 1 mg/mL and 10 μL, respectively. Polystyrene standards
with low polydispersity were also analyzed as reference standards to
construct a calibration curve.

Results and discussion

Identification of new PhaC enzymes using
BLAST

A BLASTP search was performed against the protein sub-
sections of the NCBI and DDBJ databases using the amino acid
sequence of PhaCAc, the first enzyme characterized by the natural
copolymerization of 3HB and 3HHx monomers to PHA
copolymers. Four PhaCs from the bacteria Ferrimonas marina
(Katsuta et al., 2005), Plesiomonas shigelloides (Ferguson and

Henderson 1947; Janda et al., 2016), Shewanella pealeana
(Leonardo et al., 1999), and Vibrio metschnikovii (Lee et al.,
1978) were selected for further evaluation, because of the
diversity of the N-terminal region such as positions 149 and
171 in PhaCAc. These PhaCs were identified as Class I PHA
synthases, which have a high potential for synthesizing scl-mcl
PHA copolymers in a manner similar to PhaCAc, based on their
homology. Although these bacteria were discovered long ago, their
ability to produce PHA has not yet been studied.

A comparison with the amino acid sequence of PhaCAc

revealed that the four PhaC enzymes identified in this study
shared 85%–91% similarity and approximately 55% identity
with PhaCAc (Table 1). Multiple sequence alignment of PhaCs
is shown in Figure 2. All new PhaCs have a PhaC box sequence at
the active site, which is typically described as G-X-C-X-G-G
(where X is an arbitrary amino acid), and cysteine (Cys319 in
PhaCAc) is the active center (Nambu et al., 2020). In PhaCAc,
the active sites Cys319, Asp475, and His503 have been proposed to
form a catalytic triad (Tsuge et al., 2007a), which are all conserved
in the newly identified PhaC enzymes. In contrast, PhaC from P.
shigelloides has a primary sequence of approximately 30 amino
acid residues greater than that of others and exhibits relatively low
sequence homology in the C-terminal region. The phylogenetic
tree shown in Figure 3 indicates that PhaC from F. marina is
closely related to PhaCAc, whereas PhaC enzymes from S. pealeana
and V. metchniskovii are evolutionarily distinct. PhaC from P.
shigelloides is neither closely related nor evolutionarily distant
from PhaCAc. To the best of our knowledge, no study has explored
PhaC enzymes isolated from these bacteria for PHA production.
Thus, genes encoding the four PhaC enzymes were chemically
synthesized with optimized codon usage in E. coli. The DNA
sequences are included in Supplementary Information.

FIGURE 1
Chemical structure of PHA copolymers and precursors.
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TABLE 1 Four PhaCs characterized in this study.

PhaC from Abbreviation Accession Protein size (amino acids) Homology to PhaCAc

Identity Similarity

Ferrimonas marina PhaCFm WP_067661665 592 58% (341/585) 91% (534/585)

Plesiomonas shigelloides PhaCPs WP_116546999 623 54% (324/595) 86% (512/595)

Shewanella pealeana PhaCSp WP_012154995 584 53% (303/564) 88% (499/564)

Vibrio metschnikovii PhaCVm WP_154168902 590 52% (306/580) 85% (494/580)

PhaCAc: PhaC from Aeromonas caviae (Accession BAA21815) with a protein size of 594 aa.

FIGURE 2
Multiple sequence alignment of PHA synthases (PhaCs) from Aeromonas caviae, Ferrimonas marina, Plesiomonas shigelloides, Shewanella
pealeana, and Vibrio metschnikovii. The active site residues of PhaCAc, cysteine (C319), aspartic acid (D475), and histidine (H503) are highlighted in blue. For
the PhaCAcNSDG variant, the positions of two amino acid substitutions (N149 replaced with S and D171 replaced with G) are highlighted in orange.

FIGURE 3
A phylogenetic tree of PhaCs rooted by outgroup (PhaC from Ralstonia eutrophus, WP_011615085). Sequences were aligned using ClustalW, and
the phylogenetic tree was generated using MEGA11 software. PhaCs from Aeromonas caviae (BAA21815), Ferrimonas marina (WP_067661665),
Plesiomonas shigelloides (WP_116546999), Shewanella pealeana (WP_012154995), and Vibrio metschnikovii (WP_154168902) were used. Bootstrap
values (expressed as percentages of 1,000 replications) are shown at the branch points. Scale bar = 0.2 substitution per amino acid position.
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P(3HB) synthesis in recombinant E. coli
expressing PhaC enzymes

The biosynthesis of P(3HB) from 20 g/L glucose using one of
the four PhaC enzymes is summarized in Table 2. P(3HB)
accumulation ranging from 38.4 wt% to 54.2 wt% was achieved
using the new PhaC enzymes, which was comparable to PhaCAc

and its variant PhaCAcNSDG. Thus, all newly identified PhaC
enzymes showed great potential as biocatalysts for P(3HB)
production. However, PhaCs from P. shigelloides (PhaCPs)
showed the highest P(3HB) accumulation among the wild-type
PhaCs tested.

The molecular weight is a crucial aspect in determining the
suitability of a material for various commercial uses (Sudesh et al.,
2000). The weight-average molecular weight (Mw) is more closely
related to material properties than the number-average molecular
weight (Mn). For PHA, ultrahigh molecular weight polymers can
form strong fibers (Tsuge, 2016), thus meeting the requirements
for practical use. In addition, a low polydispersity index (PDI)
(Tsuge, 2016) also plays a significant role in determining the
suitability of PHA for specific applications. However, not all PhaC
enzymes can synthesize PHAs with high Mw and low PDI. In this
study, PhaCPs synthesized P(3HB) with an ultrahigh Mw, which
exceeded 3 × 106, with a relatively low PDI below 1.5 (Table 2).
Moreover, the other two identified PhaC enzymes from F. marina
and S. pealeana could also synthesize P(3HB) with Mw of
approximately 2 × 106 with PDIs ranging from 1.3 to 1.5.
PhaCVm from V. metschnikovii proved to be an exception, with
PDI >2.5. The currently available PhaCAc is highly sensitive to
ethanol (Hiroe et al., 2015), which is a metabolite of some bacteria,
including E. coli, and functions as a chain transfer agent to
terminate polymerization reactions (Tsuge, 2016), resulting in
the synthesis of relatively low-molecular-weight PHA. The new
PhaCs reported in this study may be less sensitive toward ethanol,
thereby producing PHA with high Mw and low PDI. These new
PhaC enzymes, especially PhaCPs, exhibited superiorMw and PDI

values compared with PhaCAc and its NSDG variant, which could
benefit PHA processing and material properties.

PHA copolymer synthesis by recombinant
E. coli expressing PhaC enzymes

The new PhaC enzymes were evaluated for their substrate
specificities alongside PhaCAc and its NSDG variant for
incorporating 3HHx, 3H4MV, 3H2MB, and 3HPi monomers.
Biosynthesis was performed using four precursors (hexanoic acid, 4-
methylvaleric acid, tiglic acid, and 3-hydroxypivalic acid) in the
presence of glucose (Figure 1). These precursors are toxic to cells,
thus inhibiting cell growth and subsequently lowering PHA
accumulation in bacteria. As PHA production is associated with cell
growth (Sudesh et al., 2000), it is imperative to eliminate or reduce the
risk of toxicity induced by such precursors. Therefore, the precursors
were introduced into the culture medium after 4 h, once substantial cell
growth was achieved, mainly for better tolerance (Furutate et al., 2021).
Meanwhile, a high glucose concentration can cause catabolic repression
of phaJ and pct genes induced by IPTG (Furutate et al., 2021); thus, the
glucose concentration was maintained at a minimum to promote cell
growth only. Glucose and its precursors were intermittently added to
allow for better uptake of the second monomer, with no or fewer
unanticipated effects on the cells. The details of the biosynthesis results
are summarized in Tables 3–6.

All PhaCs, except PhaC from S. pealeana (PhaCSp), were able to
incorporate all targeted monomers (3HHx, 3H4MV, 3H2MB, and
3HPi). PhaCSp copolymerized 3HB with 3HHx or 3HPi, but not
3H4MV or 3H2MB. The number of PhaC enzymes with broad
substrate specificity is scarce; thus, the new PhaC enzymes reported
in this study are highly intriguing for future studies. Furthermore, PHAs
containing α-carbon methylated units are potentially attractive bio-
based materials (Füchtenbusch et al., 1998; Furutate et al., 2021); thus,
PhaCs with the ability to polymerize 3H2MB and 3HPi are of great
interest. PhaCPs demonstrated superior performance in the

TABLE 2 Biosynthesis of P(3HB) from glucose by E. coli LSBJ expressing various PhaCs.

PhaC Dry cell wt. (g/L) P(3HB) content (wt%) P(3HB) yield (g/L) Molecular weight

Mw (×105) PDI

A. caviae 2.66 ± 0.02 39.8 ± 1.4 1.06 ± 0.04 8.5 ± 0.4 2.58 ± 0.36

A. caviae 3.83 ± 0.04 60.1 ± 4.3 2.30 ± 0.15 13.2 ± 0.5 2.45 ± 0.17

NSDG variant

F. marina 2.77 ± 0.04 42.3 ± 1.1 1.17 ± 0.04 24.0 ± 3.0 1.39 ± 0.12

P. shigelloides 3.31 ± 0.02 54.2 ± 1.0 1.80 ± 0.03 34.4 ± 2.7 1.46 ± 0.13

P. shigelloides 3.59 ± 0.07 63.5 ± 1.4 2.28 ± 0.07 31.8 ± 5.9 1.37 ± 0.04

NG variant

S. pealeana 2.39 ± 0.02 38.4 ± 5.0 0.92 ± 0.13 22.6 ± 1.6 1.54 ± 0.25

V. metschnikovii 3.08 ± 0.10 49.0 ± 2.2 1.51 ± 0.12 19.7 ± 1.5 2.62 ± 0.10

E. coli LSBJ harboring pBBR1-phaCsABReJAc was incubated in the modifiedM9medium containing 20 g/L glucose as a carbon source. The values of dry cell weight, PHA content, andmolecular

weight were the averages of three independent experiments. P(3HB): poly(3-hydroxybutyrate). The NSDG variant of A. caviae PhaC had a double mutation of N149S and D171G. The NG

variant of P. shigelloides PhaC had a single mutation of N175G. PDI is polydispersity index (Mw/Mn).
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polymerization of 3HPi to PhaCAc. Additionally, all PhaCPs-expressing
strains showed higher PHA content than PhaCAc-expressing strains.
Therefore, the potential of PhaCPs was further explored using site-
directed mutagenesis.

Generation and evaluation of PhaCPsNG
variant

In vitro evolution of PhaC is a powerful approach for
enhancing the productivity and quality of PHA (Kichise et al.,
2002; Taguchi and Doi, 2004). For instance, PhaCAcNSDG, a
variant of PhaCAc, exhibits enhanced performance (such as

production yield and substrate specificity) compared to that of
the wild-type enzyme (Tsuge et al., 2007b). In addition, various
studies have proven the efficacy of PhaC engineering in PHA
production towards the formation of super biocatalysts for tailor-
made PHAs (Taguchi and Doi, 2004; Nomura and Taguchi,
2007). Therefore, PhaCPs, which exhibited the best
performance among the new PhaCs, were selected for site-
directed mutagenesis to study their potential positive effects
on PHA production. Considering that the double mutation of
PhaCAcNSDG, amino acid substitutions of N149S and D171G
drastically enhanced the performance of the enzyme (Tsuge et al.,
2007b; Harada et al., 2021), similar efforts were adopted to
generate a PhaCPs variant. According to the alignment

TABLE 3 Biosynthesis of P (3HB-co-3HHx) by E. coli LSBJ expressing various PhaCs from glucose and hexanoic acid.

PhaC Dry cell wt. (g/L) PHA content (wt%) PHA yield (g/L) PHA composition (mol%)

3HB 3HHx

A. caviae 1.93 ± 0.04 16.9 ± 0.8 0.30 ± 0.01 86.7 ± 0.8 13.3 ± 0.8

A. caviae 2.12 ± 0.02 25.2 ± 1.3 0.51 ± 0.03 78.2 ± 1.4 21.8 ± 1.4

NSDG variant

F. marina 1.92 ± 0.03 23.6 ± 1.2 0.45 ± 0.02 90.5 ± 1.0 9.5 ± 1.0

P. shigelloides 1.78 ± 0.04 19.1 ± 0.3 0.34 ± 0.01 89.1 ± 1.2 10.9 ± 1.2

P. shigelloides 1.80 ± 0.05 11.9 ± 0.7 0.21 ± 0.12 90.0 ± 0.2 10.0 ± 0.2

NG variant

S. pealeana 1.68 ± 0.06 12.2 ± 0.5 0.20 ± 0.01 89.5 ± 0.5 10.5 ± 0.5

V. metschnikovii 1.82 ± 0.01 18.7 ± 0.9 0.34 ± 0.02 96.0 ± 0.2 4.0 ± 0.2

E. coli LSBJ harboring pBBR1-phaCsABReJAc and pTTQ-PCT was incubated in the modified M9 containing 7.5 g/L glucose (2.5 g/L × 3 times) and 0.6 g/L hexanoic acid (0.2 g/L × 3 times),

which were added at 4, 28, and 52 h. The values of dry cell weight, PHA content, and PHA composition were the averages of three independent experiments. The NSDG variant of A. caviae

PhaC had a double mutation of N149S and D171G. The NG variant of P. shigelloides PhaC had a single mutation of N175G. 3HB: 3-hydroxybutyrate; 3HHx: 3-hydroxyhexanoate.

TABLE 4 Biosynthesis of P (3HB-co-3H4MV) by E. coli LSBJ expressing various PhaCs from glucose and 4-methylvaleric acid.

PhaC Dry cell wt. (g/L) PHA content (wt%) PHA yield (g/L) PHA composition (mol%)

3HB 3H4MV

A. caviae 1.66 ± 0.04 17.8 ± 1.2 0.30 ± 0.03 95.4 ± 0.3 4.6 ± 0.3

A. caviae 1.68 ± 0.01 18.0 ± 1.4 0.30 ± 0.02 93.7 ± 0.5 6.3 ± 0.5

NSDG variant

F. marina 1.92 ± 0.02 27.0 ± 2.9 0.52 ± 0.06 98.5 ± 0.1 1.5 ± 0.1

P. shigelloides 1.78 ± 0.03 20.9 ± 0.8 0.37 ± 0.01 97.5 ± 0.2 2.5 ± 0.2

P. shigelloides 1.86 ± 0.01 16.6 ± 4.9 0.31 ± 0.10 96.3 ± 0.1 3.7 ± 0.1

NG variant

S. pealeana 1.69 ± 0.01 18.4 ± 1.2 0.31 ± 0.02 100 ND

V. metschnikovii 1.85 ± 0.02 20.7 ± 2.1 0.38 ± 0.04 98.1 ± 0.4 1.9 ± 0.4

E. coli LSBJ harboring pBBR1-phaCsABReJAc and pTTQ-PCT was incubated in the modified M9 containing 7.5 g/L glucose (2.5 g/L × 3 times) and 0.6 g/L 4-methylvaleric acid (0.2 g/L ×

3 times), which were added at 4, 28, and 52 h. The values of dry cell weight, PHA content, and PHA composition were the averages of three independent experiments. The NSDG variant of A.

caviae PhaC had a double mutation of N149S and D171G. The NG variant of P. shigelloides PhaC had a single mutation of N175G. 3HB: 3-hydroxybutyrate; 3H4MV: 3-hydroxy-4-

methylvalerate.
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(Figure 2), PhaCPs naturally contain a serine residue at the
corresponding position of 149 in PhaCAcNSDG. Thus, a single
amino acid substitution was performed in PhaCPs in which
asparagine 175 was changed to glycine (N175G). The resultant
variant was termed PhaCPsNG, and its PHA production ability
was examined.

Interestingly, PhaCPsNG showed enhanced P(3HB)
synthesis, while maintaining a high molecular weight
(Table 2). PhaCPsNG exhibited enhanced activity for the
incorporation of the α-methylated monomer 3H2MB
compared with the parent enzyme and PhaCAcNSDG
(Table 5). This indicates the potential of PhaCPsNG to surpass
the currently best-performing enzyme (PhaCAcNSDG) for the

incorporation of the 3H2MB monomer. Moreover, PhaCPsNG
was shown to have a better ability to incorporate 3H4MV and
3HPi than the parent enzyme but less so than PhaCAcNSDG
(Table 4 and Table 6). Finally, PhaCPsNG exhibited an almost
similar level of 3HHx incorporation as the parent enzyme, which
was inferior to PhaCAcNSDG (Table 3).

Conclusion

In conclusion, four Class I PhaC enzymes from different
bacteria were identified using BLASTP and were characterized
for PHA production. To the best of our knowledge, this is the

TABLE 5 Biosynthesis of P (3HB-co-3H2MB) by E. coli LSBJ expressing various PhaCs from glucose and tiglic acid.

PhaC Dry cell wt. (g/L) PHA cont. (wt%) PHA yield (g/L) PHA composition (mol%)

3HB 3H2MB

A. caviae 2.02 ± 0.04 23.1 ± 0.6 0.47 ± 0.02 95.7 ± 0.1 4.3 ± 0.1

A. caviae 2.33 ± 0.03 29.5 ± 2.6 0.69 ± 0.06 95.1 ± 0.2 4.9 ± 0.2

NSDG variant

F. marina 2.30 ± 0.08 31.9 ± 1.2 0.74 ± 0.05 99.3 ± 0.0 0.7 ± 0.0

P. shigelloides 2.21 ± 0.08 29.5 ± 2.6 0.76 ± 0.05 97.9 ± 0.2 2.1 ± 0.2

P. shigelloides 2.24 ± 0.03 30.0 ± 1.2 0.67 ± 0.03 94.6 ± 0.1 5.4 ± 0.1

NG variant

S. pealeana 1.88 ± 0.06 20.3 ± 0.3 0.38 ± 0.01 100 ND

V. metschnikovii 2.31 ± 0.03 30.4 ± 2.7 0.72 ± 0.01 99.5 ± 0.0 0.5 ± 0.0

E. coli LSBJ harboring pBBR1-phaCsABReJAc and pTTQ-PCT was cultured in the modified M9medium containing 7.5 g/L glucose (2.5 g/L × 3 times) and 0.6 g/L tiglic acid (0.2 g/L × 3 times),

which were added at 4, 28, and 52 h. The values of dry cell weight, PHA content, and PHA composition were the averages of three independent experiments. The NSDG variant of A. caviae

PhaC had a double mutation of N149S and D171G. The NG variant of P. shigelloides PhaC had a single mutation of N175G. 3HB: 3-hydroxybutyrate; 3H2MB: 3-hydroxy-2-methylbutyrate.

TABLE 6 Biosynthesis of P (3HB-co-3HPi) by E. coli LSBJ expressing various PhaCs from glucose and 3-hydoxypivalic acid.

PhaC Dry cell wt. (g/L) PHA cont. (wt%) PHA yield (g/L) PHA composition (mol%)

3HB 3HPi

A. caviae 2.01 ± 0.03 16.3 ± 1.4 0.33 ± 0.03 94.2 ± 0.6 5.8 ± 0.6

A. caviae 2.07 ± 005 19.4 ± 1.2 0.40 ± 0.03 79.9 ± 1.1 20.1 ± 1.1

NSDG variant

F. marina 2.22 ± 0.04 23.1 ± 0.3 0.51 ± 0.01 97.5 ± 0.6 2.5 ± 0.6

P. shigelloides 1.98 ± 0.05 16.7 ± 1.3 0.33 ± 0.03 89.8 ± 0.4 10.1 ± 0.4

P. shigelloides 1.91 ± 0.22 15.0 ± 2.7 0.29 ± 0.06 88.4 ± 0.5 11.6 ± 0.5

NG variant

S. pealeana 1.80 ± 0.08 9.7 ± 0.1 0.17 ± 0.01 97.9 ± 0.4 2.1 ± 0.4

V. metschnikovii 2.15 ± 0.03 24.2 ± 0.9 0.52 ± 0.02 97.2 ± 0.2 2.8 ± 0.2

E. coli LSBJ harboring pBBR1-phaCsABReJAc and pTTQ-PCT was incubated in the modified M9 medium containing 7.5 g/L glucose (2.5 g/L × 3 times) + 0.6 g/L 3-hydroxypivalic acid (0.2 g/

L × 3 times), which were added at 4, 28, and 52 h. The values of dry cell weight, PHA content, and PHA composition were the averages of three independent experiments. The NSDG variant of

A. caviae PhaC had a double mutation of N149S and D171G. The NG variant of P. shigelloides PhaC had a single mutation of N175G. 3HB: 3-hydroxybutyrate; 3HPi: 3-hydroxypivalate.
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first report to characterize PhaC enzymes from F. marina, P.
shigelloides, S. pealeana, and V. metschnikovii. These PhaCs
exhibited a relatively high potential for polymerizing P(3HB) in
recombinant E. coli. PhaC enzymes identified in this study, with
the exception of PhaCSp from S. pealeana, were able to
incorporate all the targeted monomers, namely 3HHx,
3H4MV, α-carbon methylated 3H2MB, and α-carbon
dimethylated 3HPi. Among the four new PhaCs, PhaCPs

from P. shigelloides displayed the best performance; thus, we
attempted to further improve their attributes through protein
engineering. The resultant variant PhaCPsNG exhibited
superior capability in polymerizing the 3H2MB monomer
compared to PhaCAc and its NSDG variant. Furthermore,
PhaCPsNG showed the enhanced synthesis of P(3HB) with
ultrahigh molecular weight and low PDI. Finally, these newly
identified PhaC enzymes show great versatility, suggesting their
potential as workhorse enzymes for the industrial-scale
production of 3HB-based copolymers.
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Acetobacteraceae as
exopolysaccharide producers:
Current state of knowledge and
further perspectives

Julia Wünsche and Jochen Schmid  *

Institute for Molecular Microbiology and Biotechnology, University of Münster, Münster, Germany

Exopolysaccharides formation against harmful biotic and abiotic environmental
influences is common among bacteria. By using renewable resources as a
substrate, exopolysaccharides represent a sustainable alternative to fossil-
based polymers as rheological modifiers in food, cosmetics, and
pharmaceutical applications. The family of Acetobacteraceae, traditionally
associated with fermented food products, has demonstrated their ability to
produce a wide range of structural and functional different polymers with
interesting physicochemical properties. Several strains are well known for their
production of homopolysaccharides of high industrial importance, such as levan
and bacterial cellulose. Moreover, some Acetobacteraceae are able to form
acetan-like heteropolysaccharides with a high structural resemblance to
xanthan. This mini review summarizes the current knowledge and recent
trends in both homo- and heteropolysaccharide production by
Acetobacteraceae.

KEYWORDS

bacterial exopolysaccharides, Acetobacteraceae, acetan-like biopolymers, bacterial
cellulose, levan, xanthan-like biopolymers

1 Introduction

The biosynthesis of carbohydrate polymers is a common characteristic of both
prokaryotic and eukaryotic organisms. Extracellularly secreted glycosides are classified as
exopolysaccharides (EPS). Major functions include the protection against environmental
influences such as desiccation, osmotic stress, phagocytosis, or antibiotics. Furthermore,
intercellular interactions like cell recognition and surface adhesion are also promoted
(Suresh Kumar et al., 2007; Corbett et al., 2010; Moradali and Rehm, 2020). EPS are
known for their high diversity in terms of physicochemical and rheological properties
(Hundschell and Wagemans, 2019).

EPS are either classified as homopolysaccharides or heteropolysaccharides based on their
general chemical complexity. Although homopolysaccharides consist per definition of only
one kind of monomer, the linkage pattern usually varies a lot resulting in branched (e.g.
glycogen) and unbranched (e.g. cellulose) polymer structures. Heteropolysaccharides, on the
other hand tend to have highly complex structures as they are composed of at least two
different sugar moieties. Additionally, polymers can be further decorated with organic and
inorganic moieties such as acetyl, pyruvyl, glyceryl, succinyl, and sulphate constituents
(Sutherland, 1990; Freitas et al., 2011; Nwodo et al., 2012). Along with the conformation of
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glycosidic linkages, a vast amount of potential structures emerge,
giving rise to a wide range of physicochemical properties (Freitas
et al., 2011).

Those variable material properties in combination with a high
natural water-binding capacity are one of the main reasons for the
broad commercial potential of EPS, representing an alternative to
replace petrochemical polymers in current applications
(Kamaruddin et al., 2021). However, only a rather limited
number of microbial EPS can be regarded as industrially
established, e.g. hyaluronan, xanthan, pullulan, dextran and
gellan gum (Sutherland, 1998; Heinze et al., 2006; Osmałek et al.,
2014; Singhsa et al., 2018; Schilling et al., 2020; Meliawati et al.,
2022). Low titers and yields, as well as expensive downstream
processing, result in high production costs and consequently
impede the industrial establishment of new strains and polymers.
Thus, EPS are up to now mainly used in high-value niche products
in cosmetics, food, and pharmacy (More et al., 2021). This applies in
particular to the Gram-negative Acetobacteraceae which are mainly
known for the production of fermented food products like vinegar,
kefir, or acetic acid production but have also demonstrated their
ability to produce structurally different EPS with interesting
physicochemical properties (La China et al., 2018).

This mini review aims to summarize the knowledge of
homopolysaccharides and heteropolysaccharides production in
Acetobacteraceae with regard to the current state of strain
development, bioprocess optimization, and knowledge of
rheological properties to evaluate the status quo and provide a
further outlook on this particular group of promising
biopolymers. Since the phylogenetic classification of
Acetobacteraceae is not finalized and currently consists of
47 genera in April 2022, the classification of the original
publication is used in this article (Parr et al., 2014).

2 Homopolysaccharide production in
Acetobacteraceae

2.1 Levan

Acetobacteraceae are known for their production of high-
value homopolysaccharides such as levan. Levan synthesis is
widespread within the family of Acetobacteraceae and was
reported for numerous organisms including the genera
Neoasaia, Kozakia, and Gluconobacter (Kornmann et al.,
2003; Hermann et al., 2015; Hövels et al., 2020; Anguluri
et al., 2022). Its formation is catalyzed by an extracellular
enzyme named levansucrase (LS, EC 2.4.1.10). By cleaving
sucrose, LSs are capable of polymerizing the emerging
D-fructose monomers to β-(2,6) linked polyfructans (Öner
et al., 2016; Xu et al., 2019). Meanwhile, D-glucose as a
sacrificial substrate is metabolized and used for bacterial
growth resulting in a theoretical maximum levan yield of
0.5 gLev/gSuc. Based on the evaluation of phylogenetic clades
in Acetobacteraceae, two types of LS with different ecological
relationship could be distinguished, differing in yield and
molecular weight (Jakob et al., 2019). Levan is currently
highly requested as a stabilizer, emulsifier, and flavor
enhancing agent in food applications (Öner et al., 2016).

Up to now, investigations on levan production by
Acetobacteraceae focused mainly on the characterization of wild-
type strains which might be explained by the large number of levan-
producing strains in this particular family as well as high titers
already obtained under non-optimized cultivation conditions
(Table 1). Comparatively low titers of 6.3 g L-1 and 7.3 g L-1 were
reported for cultivations in shake flask experiments for
Gluconobacter cerinus DSM 9533 and Neoasaia chiangmaiensis
NBRC 101099, respectively. Slightly higher titers of 7.8 g L-1 were
obtained under identical conditions for Kozakia baliensis
DSM 14400 (Jakob et al., 2012). However, for all strains carbon
yields remained at a low level of approximately 0.1 gLev/gSuc.
Anguluri et al. (2022) reported a final titer of 35.0 g L-1 for the
same Neoasaia chiangmaiensis strain after increasing the final
sucrose concentration up to 250 g L-1. Despite increased product
titers, in both studies carbon yields of only 0.10 and 0.14 gLev/gSuc were
achieved, respectively. For Gluconacetobacter diazotrophicus PA1 5 a
decent titer of 24.8 g L-1 was obtained showing similar carbon yields
(0.16 gLev/gSuc). Significantly higher yields of 0.33 and 0.38 gLev/gSuc
were observed for the species Acetobacter xylinum NCIM
2526 and Gluconobacter frateurii TMW 2.767, respectively (Jakob
et al., 2012; Semjonovs et al., 2016). Recently,
Tanticharoenia sakaeratensis TBRC 22 was identified as a
promising alternative production strain with a final levan titer of
24.7 g L-1 using 200 g L-1 sucrose as the initial substrate
concentration (Aramsangtienchai et al., 2020). By plasmid-based
overexpression of the native LS gene sacB in Gluconobacter
japonicus LMG 2417, LS activity could be successfully increased
2.5-fold compared to the wild-type strain, resulting in higher space-
time yields and titers (Hövels et al., 2020). In general, in-depth
investigations on bioprocess optimization approaches for levan
production in Acetobacteraceae seem to be rare and mainly
limited to the identification of the best media compositions so far
as extensively reviewed by Öner et al. (2016).

Levan formation is controlled by LS as the only enzyme in the
biosynthesis process (Schmid, 2018). Depending on the available
fructosyl acceptor molecule, the enzyme catalyzes hydrolysis,
transfructosylation (in the presence of small oligosaccharides)
and polymerization (in the presence of a increasing fructan
chain) (Li et al., 2015). In consequence, defined process
conditions are essential to push the reaction equilibrium towards
levan formation while avoiding product degradation. Several studies
in Gram-positive and Gram-negative bacteria demonstrated the
importance of the right temperature settings during cultivation
and the influence of metal ions, which need to be carefully
determined for each LS respectively (Park et al., 2003;
Rairakhwada et al., 2010; Tian et al., 2011; Belghith et al., 2012).
Moreover, the optimal length of the fermentation process has to be
carefully evaluated since the equilibrium naturally tends towards
hydrolysis with the depletion of sucrose as the substrate during the
cultivation (Chambert et al., 1974; Hernandez et al., 1995). In a
recent study of Anguluri et al. (2022), the authors could show that a
longer process time of 96 h resulted in a significant product decrease
for Kozakia baliensis DSM 14400 in comparison to 48 h of
cultivation. In contrast, 96 h of fermentation increased yields for
Neoasaia chiangmaiensis NBRC 101099 by 32 %, thus underlining
the need for further strain-specific bioprocess optimization
approaches.
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TABLE 1 Overview of homopolysaccharides producing Acetobacteraceae.

EPS Strain Titer
[g·L-1]

Yield
[gEPS/gSub]

Cultivation conditions in the selected study [g·L-1] Reference

Levan Gluconobacter cerinus
DSM 9533

6.3 0.08 20 sodium gluconate, 3 yeast extract, 2 peptone, 3 glycerol, 10
mannitol, 80 sucrose, pH 6.0

Jakob et al., 2012

50 mL cultivation volume in shake flasks, 30°C, 24 h, 180 U min-1

Levan Neoasaia chiangmaiensis
NBRC 101099

7.3 0.09 20 sodium gluconate, 3 yeast extract, 2 peptone, 3 glycerol, 10
mannitol, 80 sucrose, pH 6.0

Jakob et al., 2012

50 mL cultivation volume in shake flasks, 30°C, 24 h, 180 U min-1

35.0 0.14 250 sucrose, 0.5 yeast extract, 0.5 polypeptone, 0.73 Na2HPO4, 0.115
citric acid, 0.05 MgSO4 (%, w/v)

Anguluri et al., 2022

40 mL cultivation volume in shake flasks, 30°C, 140–200 rpm

Levan Kozakia baliensis
DSM 14400

7.8 0.10 20 sodium gluconate, 3 yeast extract, 2 peptone, 3 glycerol, 10
mannitol, 80 sucrose, pH 6.0

Jakob et al. (2012)

50 mL cultivation volume in shake flasks, 30°C, 24 h, 180 U min-1

Levan Gluconobacter cerinus
DSM 9533

56.7 0.23 250 sucrose, 0.5 yeast extract, 0.5 polypeptone, 0.73 Na2HPO4,
0.115 citric acid, 0.05 MgSO4 (%, w/v)

Anguluri et al. (2022)

40 mL cultivation volume in shake flasks, 30°C, 140–200 rpm

Levan Gluconobacter frateurii TMW
2.676

30.0 0.38 20 sodium gluconate, 3 yeast extract, 2 peptone, 3 glycerol, 10
mannitol, 80 sucrose, pH 6.0

Jakob et al. (2012)

50 mL cultivation volume in shake flasks, 30°C, 24 h, 180 U min-1

Levan Tanticharoenia sakaeratensis
TBRC22

24.7 0.25 5 peptone, 5 NaCl, 1.5 meat extract, 1.5 yeast extract, 200 sucrose Aramsangtienchai et al.
(2020)

5% bacterial culture, 37°C, 60 h, 180 rpm

Levan Gluconacetobacter
diazotrophicus PA1 5

24.8 0.17 LGIMmedia with 150 sucrose, supplemented either with 3 (NH4)2SO4

or 1.5 tryptone/yeast extract
Stephan et al. (1991),

Molinari and Boiardi
(2013)1.5 L working volume fermentation, 30°C, 15–20 L h-1, pH 6.0

Levan Acetobacter xylinum
NCIM 2526

13.2 0.33 40 sucrose, 20 bacteriological peptone, 1.0 (NH4)2SO4, 1.0 KH2PO4,
1.0 MgSO4·7H2O

Srikanth et al. (2015)

28°C, 60 h

BC Gluconacetobacter sp. RKY5 5.52 0.37 15.0 glycerol, 8.0 yeast extract, 3.0 KH2PO4, 3.0 acetic acid Kim et al. (2007)

1 L working volume in a rotary biofilm conductor, 30°C, 96 h,
15–35 rpm

BC Gluconacetobacter
intermedius SNT-1

12.6 0.63 20 glucose, 5 yeast extract, 5 polypeptone, 2.75 Na2HPO4, 1.15 citric
acid monohydrate, pH 6.0

Tyagi and Suresh (2016)

Static conditions, 30°C, 120 h

BC Gluconacetobacter xylinus
PTCC 1734

1.8 0.03 Hestrin-Schramm, Yamanaka or Zhou media with either date syrup,
glucose, mannitol, sucrose, or (food-grade) sucrose

Mohammadkazemi et al.,
(2015)

28°C, 168 h, 150 rpm

1.9 0.01 20 carbon source (glycerol, sucrose, mannitol, fructose), 5 peptone, 5
yeast extract, 2.7 Na2HPO4, 1.15 citric acid

Jalili Tabaii and Emtiazi,
(2015)

30 mL working volume, static cultivation, 28°C, 480 h, pH 6.0

BC Gluconacetobacter xylinus
ATCC 23770

10.8 n.a. Cotton-based waste textiles, 2.5 D-mannitol, 0.5 yeast extract, 0.3
peptone, pH 5.0 (%, w/v)

Hong et al., 2012

8.3 0.66 12 wheat straw hydrolysate, 0.3 peptone, 0.5 yeast extract
(%, w/v)

Chen et al., (2013)

Static cultivation, 30 °C, 168 h

(Continued on following page)
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2.2 Bacterial cellulose

In addition,Acetobacteraceae are associatedwith the biosynthesis of
β-(1,4) linked polyglucans which are referred to as bacterial cellulose
(BC). Due to the absence of hemicellulose and lignin as present in its
eukaryotic plant counterpart, BC is known to be of extremely high
purity. Moreover, due to the lack of required energy-intensive
downstream processing which is essential for plant-derived cellulose,
BC typically demonstrates a low amount of inorganic impurities
(Klemm et al., 2011). In applications, BC is valued for its high
crystallinity and superior mechanical strength (Nakayama et al.,
2004; Castro et al., 2011; Ul-Islam et al., 2012). All of these
properties are highly desired in current product development and
makes BC an excellent biocompatible material for pharmaceutical
products. High potential is reported for wound dressing materials,
drug delivery systems and packing materials (Czaja et al., 2006; Abeer
et al., 2014; El-Gendi et al., 2023). In order to address this trend, current
research focus on in situ (optimization during fermentation) and ex situ
(optimization of existing microfibers) BC properties modifications
(Stumpf et al., 2018; Cazón and Vázquez, 2021). Addition of 30%
(v/v) aloe vera gel for instant resulted in significantly increased
mechanical strength and water absorption capacity (Saibuatong and
Phisalaphong, 2010).

Traditionally, BC is generated in the air-liquid interface in static
fermentation processes. By accumulation on the surface, a gelatinous
layer around bacterial cells is formed (Cannon and Anderson, 1991;
Jonas and Farah, 1998). In consequence, maximum yields positively
correlate to the surface area (Masaoka et al., 1993). However, this
leads to several practical problems during production, e.g.
insufficient oxygen supply and long lasting fermentations, or a
barely separable mixture of biomass and polymer (Shoda and
Sugano, 2005; Hsieh et al., 2016). Especially when it comes to
industrial scale-up, these issues limit the economic feasibility.
Production in large scale are therefore conducted in modified
horizontal lift, gas lift, rotary discs and membrane bioreactors
(Shi et al., 2014). Titers of 6.2 g L-1 BC were achieved by using a
rotary biofilm conductor with eight discs (Kim et al., 2007).
However, it has to be mentioned that the optimal static process
conditions are often not met completely in those set-ups.

In order to reduce manufacturing costs, optimization
approaches focus nowadays more on the establishment of low-
cost media and the investigation of alternative raw materials in
order to replace glucose, fructose or glycerol as established substrates
(Jalili Tabaii and Emtiazi, 2015; Mohammadkazemi et al., 2015;

Molina-Ramírez et al., 2017; Revin et al., 2018; Saleh et al., 2021; El-
Gendi et al., 2022). Tyagi and Suresh achieved remarkable titers of
12.6 g L-1 for BC with Gluconaceteobacter intermedius SNT1 on
sugarcane molasses (Tyagi and Suresh, 2016). Numerous further
publications indicate the high potential of this approach, including
the redirection of waste streams and by-products of chemical
processes (Hong et al., 2012; Chen et al., 2013; Vazquez et al.,
2013; Barshan et al., 2019). In addition, BC can also be produced in
submerge cultivation systems through agitated or aerated
bioreactors with respectable titers between 15 and 20 g L-1 BC
(Kouda et al., 1998). However, the occurrence of unintended
cellulose-deficient mutants and therefore a decline in product
titers have been reported in several studies (Vandamme et al.,
1998; Jung et al., 2005; Matsutani et al., 2015). Moreover, higher
oxygen supply during cultivation was demonstrated to alter BC
morphology towards granule and pellet formation, thus affecting
material properties (Singhsa et al., 2018). Recent trends also focus on
the impact of additives and co-cultivations in order to optimize both
BC titers and rheological properties. Positive effects were
demonstrated for pullulan, whose supplementation resulted in
improved mechanical polymer properties and 4.4-fold increased
BC yield (Hu et al., 2022).

Contrarily to the previously discussed levan-type polyfructans,
BC biosynthesis and polymerization is more complex as it is
organized in a cellulase synthase operon consisting of at least
four different genes (Römling and Galperin, 2015). Several
studies aimed to increase and optimize BC production on a
molecular level. In order to enable metabolization of sucrose as a
cheaper carbon source, a recombinant sucrose synthase was
successfully expressed in Acetobacter xylinum BRP 2001. By this,
final titers on glucose as carbon source could be doubled to 8 g L-1

(Nakai et al., 1999). Furthermore, 28-fold increased BC formation
was demonstrated for Acetobacter xylinus ITZ3 after the successful
genomic integration of the β-galactosidase lacZ, thus adding lactose
to the group of potential substrates (Battad-Bernardo et al., 2004).
Heterologous expression studies might present one way to overcome
the prominent issue of long lasting cultivation by
Komagataeibacter spp. Imai et al. (2014) demonstrated BC
production via the much faster growing Escherichia coli by
heterologous expression of the cellulase synthase complex
subunits cesAB as well as the cyclic-di-GMP diguanylate cylase
dgc of Gluconacetobacter xylinus (Imai et al., 2014). Recently, for
the first time, a CRISPR-Cas tool was successfully applied in
Komagataeibacter spp. The study of Huang et al. (2020), used a

TABLE 1 (Continued) Overview of homopolysaccharides producing Acetobacteraceae.

EPS Strain Titer
[g�L-1]

Yield
[gEPS/gSub]

Cultivation conditions in the selected study [g�L-1] Reference

BC Gluconacetobacter xylinus
NRRL B-42

10.0 0.5 2.0 glycerol/cane molasses, 0.5 peptone, 0.5 yeast extract, 0.27
disodium phosphate, 0.115 citric acid (%, w/v), pH 6.0

Vazquez et al. (2013)

Static cultivation, 5:1 (volume flask: volume media), 28°C, 336 h,
pH 5.0

BC Komagataeibacter
medellinensis

3.3 0.17 1/2/3 carbon source (glucose, sucrose, fructose), 0.5 yeast extract, 0.5
peptone, 0.5 Na2HPO4, 0.267 citric acid (%, w/v)

Molina-Ramírez et al.
(2017)

100 mL working volume, static cultivation, 192 h, pH 6.0
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CRISPRi-based approach to downregulate galU, which controls the
metabolic flux between the BC synthesis and the pentose phosphate
pathway. By minimizing the expression level of galU, BC of higher
crystallinity was obtained, although enhanced material porosity as
an severe adverse effect was documented as well (Huang et al., 2020).

3 Heteropolysaccharide production in
Acetobacteraceae

The formation of heteropolysaccharides within the family of
Acetobacteraceae has been investigated in several publications

FIGURE 1
Overview of acetan-like heteropolysaccharide production in Acetobacteraceae. (A) Schematic comparison of selected acetan-like
heteropolysaccharides produced by Acetobacteraceae including acetan, a yet unnamed heteropolysaccharide by Kozakia baliensis, AM-1, and xanthan
(Jansson et al., 1975; Tayama et al., 1985, 1986; Edwards et al., 1999; Brandt et al., 2018). The xanthan-like core structure is marked for all polymers. Figure
created with BioRender.com. (B) Taxonomy tree of EPS-producing Acetobacteraceae. Levan producing strains are marked in light green, levan and
acetan-like heteropolysaccharides producing strains in dark green, bacterial cellulose producing strains in yellow, bacterial cellulose and acetan-like
heteropolysaccharide producing strains in brown and only acetan-like heteropolysaccharide producing strains in light red. Figure created with iTOL
(Letunic and Bork, 2021).
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(Brandt et al., 2016; Škraban et al., 2018; Rath et al., 2022). Interestingly,
many if not all of the yet elucidated heteropolysaccharides in this family
are structural related to acetan, whose production was first described in
Acetobacter xylinum (Figure 1). Acetan consists of a molar subunit ratio
of 4 : 1: 1 : 1 (glucose, mannose, glucuronic acid, rhamnose). In addition
to the cellulose-like backbone with a trisaccharide branching sidechain
at every other glucose monomer, the first two monomers of the side
chain, identified as mannose and glucuronic acid, are identical in
sequence and linkage pattern to the core structure of xanthan gum
(Jansson et al., 1975; Couso et al., 1987). However, the further side chain
composition and acetyl- and pyruvation pattern differs, giving rise to
variety of structures and different rheological properties (Tayama et al.,
1986; Brandt et al., 2018; Rath et al., 2022). This resemblance is also
displayed by a high degree of homology between the
heteropolysaccharides encoding genomic regions in
Acetobacteraceae and the xanthan biosynthesis cluster of
Xanthomonas campestris (Becker et al., 1998). Genetic
alignments demonstrated a strong homology for aceA of
Acetobacter xylinum and gumD from Xanthomonas campestris,
both of these so-called priming glycosyltransferases in
heteropolysaccharides synthesis initiating the assembly of the
repeating unit at an undecaprenyl-pyrophosphate lipid anchor
(Griffin et al., 1994; Schmid and Sieber, 2015). Moreover, a more
recent study of Brandt et al. (2016) compared and confirmed
homologies in the underlying heteropolysaccharides
biosynthesis clusters of Kozakia baliensis DSM 14400 and
NBRC 16680, Gluconacetobacter diazotrophicus PA1 5,
Komagataeibacter xylinus E25 and Xanthomonas campestris
ATCC 33913. Although all of the examined clusters showed
high structural similarities, variations in numbers and size of
the predicted genes and clusters were revealed, explaining the
strain-dependent differences in the resulting polymer structures.

Xanthan gum is highly requested in industrial applications as a
viscosifier due to its pseudoplastic behavior, high salt tolerance and
thermostability amongst others properties (Chaturvedi et al., 2021).
Similar beneficial rheological characteristics have also been
described for the structure-related heteropolysaccharides of
Acetobacteraceae, although studies in this field are rather
limited. Already in 1989, the first rheological
characterization of acetan was performed (Morris et al.,
1989). Moreover, rheological behavior investigations of
heteropolysaccharides produced by Kozakia baliensis
confirmed pseudoplastic behavior and high viscosity (Brandt
et al., 2018). Although the first results appear to be promising,
further in-depth rheological studies are absolutely required in
consideration of the rather insufficient data situation.

With regard to strain cultivation, respectable titers for
heteropolysaccharides production in Acetobacteraceae wild-type
strains have been reported. A titer of 5.4 g L-1 acetan was obtained
under controlled cultivation for Gluconoacetobacter entanii (Velasco-
Bedrán and López-Isunza, 2007). Significantly higher titers of 11.3 g L-1

gluconacetan were achieved for Gluconoacetobacter xylinus I-2281,
likewise under controlled fermentation conditions in bioreactors and
using fructose as the main carbon source (Kornmann et al., 2003). In a
recent study based on an systematic optimization by use of
experimental design, the putative gluconacetan titer for
Gluconoacetobacter sp. could be even increased to 25.4 g L-1

although the parallel formation of second ribose-containing

heteropolysaccharides could not be completely precluded (Rath
et al., 2022). By using glycerol as the carbon source, the authors
aimed to minimize the formation and accumulation of undesirable
oxidized compounds such as gluconates, which affect the pH of the
fermentation broth and contaminate the final polymer. The oxidation
of sugar and alcohols within the respiratory chain mechanism in the
outer membrane is a characteristic feature of Acetobacteraceae (Adachi
and Yakushi, 2016). As the formation of numerous (by-) products is
a main issue for Acetobacteraceae, the right choice of carbon
source and cultivation conditions are critical for EPS production and
should be investigated further. Moreover, cultivation of
Gluconacetobacter hansenii LMG 1524 in a media consisting of
glycerol as the main carbon source and ammonium sulphate as the
corresponding nitrogen source resulted in amaximum titer of 1.22 g L-1,
in comparison to other examined carbon and nitrogen sources
variations (Valepyn et al., 2012). This once more underlines the
importance of strain-dependent bioprocess optimization as the
authors were also able to demonstrate that lower temperatures at
25°C and a slightly decreased pH value of 5.0 favored EPS over cell
biomass production. Cultivation in the presence of two initial carbon
sources (glucose and fructose) and 200 mg L-1 of magnesium resulted in
a titer of 3.9 g L-1 for Kozakia baliensis NBRC 16680 in shake flasks
(Brandt et al., 2018). Additional magnesium has previously been shown
to positively affect heteropolysaccharides production in
Pseudomonadaceae (Vargas-García et al., 2001). However, in the
previously mentioned study of Brandt, significantly increased EPS
production in Kozakia baliensis due to the presence of magnesium
could not be confirmed.

4 Conclusion and further perspectives

The increasing demand for healthier and more sustainable
products as driven by the customers, offers a unique chance to
increase the replacement of petrol-based compounds and
chemicals in a broad range of applications. Hugh potential
can be assumed for EPS which possess the required material
properties for usage in food, cosmetic and pharmaceutical
applications. This applies especially to EPS produced by
Acetobacteraceae, whose homopolysaccharides levan and BC
have shown promising material properties. Due to their
structural resemblance to xanthan, acetan-like
heteropolysaccharides are also highly interesting.

However, for industrial scale-up processes and in order to enhance
economic feasible production, future researchmust address the need for
higher titers and carbon yields as well as utilization of second-
generation feed stocks to produce both homopolysaccharides and
heteropolysaccharides. In addition, investigation and improvement
of rheological polymer properties via genetic engineering or fine-
tuned formulations are also highly desired to promote future
application development for acetan-like polymers.
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Tailoring the HHx monomer
content of P(HB-co-HHx) by
flexible substrate compositions:
scale-up fromdeep-well-plates to
laboratory bioreactor cultivations

Lara Santolin1†, Isabel Thiele1†, Peter Neubauer1 and
Sebastian L. Riedel1,2*
1Technische Universität Berlin, Institute of Biotechnology, Chair of Bioprocess Engineering, Berlin,
Germany, 2Berliner Hochschule für Technik, Department VIII – Mechanical Engineering, Event
Technology and Process Engineering, Laboratory of Environmental and Bioprocess Engineering, Berlin,
Germany

The enhanced material properties exhibited by the microbially
synthetized polyhydroxyalkanoate (PHA) copolymer poly(hydroxybutyrate-
co-hydroxyhexanoate) [P(HB-co-HHx)] evidence that this naturally
biodegrading biopolymer could replace various functionalities of established
petrochemical plastics. In fact, the thermal processability, toughness and
degradation rate of P(HB-co-HHx) can be tuned by modulating its HHx
molar content enabling to manufacture polymers à-la-carte. We have
developed a simple batch strategy to precisely control the HHx content of
P(HB-co-HHx) to obtain tailor-made PHAs with defined properties. By adjusting
the ratio of fructose to canola oil as substrates for the cultivation of
recombinant Ralstonia eutropha Re2058/pCB113, the molar fraction of HHx
in P(HB-co-HHx) could be adjusted within a range of 2–17 mol% without
compromising polymer yields. The chosen strategy proved to be robust
from the mL-scale in deep-well-plates to 1-L batch bioreactor cultivations.

KEYWORDS

bioplastic, PHA, polyhydroxyalkanoate, poly(hydroxybutyrate-co-hydroxyhexanoate),
Ralstonia eutropha, substrate-flexible, biodegradable, scale-up

1 Introduction

From the poles to the deep ocean basins, plastic pollution has reached every remote
corner of our planet. While marine and freshwater ecosystems are threatened by up to
23 million tons of plastics entering the oceans each year, the petrochemical plastics industry
is thriving and plastic production could reach over 600 million tons produced by 2030
(Borelle et al., 2020; MacLeod et al., 2021). To counter this threat, legislations must be
enacted to curb plastic waste generation and promote the transition to more environmentally
friendly yet competitive materials (Gutschmann et al., 2022a).

A key role in this group is played by polyhydroxyalkanoates (PHAs), microbially produced
bioplastics that are stored by various microorganisms from various carbon sources as energy and
carbon storage compounds. The most common type of PHA is the homopolymer
polyhydroxybutyrate (PHB) that was shown to degrade in various environments to CO2 and
water (Narancic and O’Connor, 2019). However, this thermoplastic is very crystalline and has a
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high melting point (175°C) which is close to its degradation
temperature, making the processing window too small and limiting
its practical application (Noda et al., 2005). To be of a real value as
replacement for commodity plastics, copolymerization of HB units with
longer chain length monomers is often targeted, which reduces the
melting temperature and weakens the crystalline structure by steric
hindrance (Grigore et al., 2019). Poly(hydroxybutyrate-co-
hydroxyhexanoate) (P(HB-co-HHx)) is one of such copolymers and,
while biodegradability of PHAs in each environment is strongly affected
by the monomer composition and post-processing, this copolymer also
shows full biodegradability in soil and seawater (Narancic and
O’Connor, 2019; Riedel and Brigham, 2020; Amasawa et al., 2021).
Many efforts have been made to genetically modify the PHA operon of
the model organism for PHA production, Ralstonia eutropha, in order
to produce P(HB-co-HHx) from related carbon sources, where HHx
precursors are generated from intermediates of the ß-oxidation of fatty
acids, like palm oil (Budde, et al., 2011b; Riedel et al., 2014), as well as
from unrelated carbon sources such as sucrose and CO2 (Arikawa et al.,
2017; Tanaka et al., 2021). The strain R. eutropha Re2058/pCB113 was
engineered with an heterologous PHA synthase (phaC2 from
Rhodococcus aethivorans) and an enoyl-coA hydratase (phaJ1 from
Pseudomonas aeruginosa) to accumulate P(HB-co-HHx) when fed with
raw materials containing fatty acids (Budde, et al., 2011a; Riedel et al.,
2012; Saad et al., 2021; Gutschmann et al., 2022b), whereas it
accumulates only PHB when fed with sugars (Santolin et al., 2021).
The utilization of oily substrates by the strain is realized via the natural
secretion of lipases that mediate the hydrolysis of the triacylglycerols
forming natural emulsions that may also be stabilized by extracellular
polysaccharides (Gutschmann et al., 2021). The great interest reported
on P(HB-co-HHx) relates with the possibility of tailoring the
physiochemical properties of this bioplastic targeting specific
applications by adjusting the HHx molar fraction of the copolymer
(Selli et al., 2022).

In the current study we report a very simple batch strategy that
enabled to precisely control the HHx molar content in tailor-made
P(HB-co-HHx) copolymers employing varying mixtures of fructose
and canola oil with a fixed final carbon content for better
comparison. An upscale of the method from the mL- to the
L-scale starting in deep-well-plates and moving on to shake flasks
and finally to lab-scale bioreactors proves the robustness of our
approach.

2 Materials and methods

2.1 Bacterial strain

All experiments were conducted with the engineered R. eutropha
strain Re2058/pCB113 that produces the copolymer P(HB-co-HHx)
when grown on oleaginous feedstocks (Budde, et al., 2011b). The
strain was stored in 20% (v v-1) glycerol at −80°C.

2.2 Seed train

Tryptic soy broth (TSB) media, agar plates and mineral salt
media (MSM) compositions have been described previously
(Gutschmann et al., 2019). Ralstonia eutropha Re2058/

pCB113 was streaked from a cryoculture on a TSB agar plate and
incubated for 3–4 days at 30°C. A single colony from the plate was
used to inoculate 10 mL TSB using a 125-mL Ultra Yield Flask
(Thomson Instrument Company, United States), equipped with an
AirOtop membrane (Thomson Instrument Company,
United States). TSB was always supplemented with 10 μg mL−1

gentamycin sulfate and 200 μg mL−1 kanamycin sulfate. The
preculture was incubated at 30°C and 200 rpm shaking speed for
approximately 17 h or until an OD600 of 5 was reached. The main
cultures in MSM were inoculated to an initial OD600 of 0.05.
Fructose or canola oil (Edeka Zentrale AG and Co. KG,
Germany) were used as carbon sources and urea was used as the
sole nitrogen source in theMSM. The explicit amounts are described
in the text. All chemicals were purchased from Carl Roth GmbH and
Co. KG (Germany) unless stated otherwise.

2.3 Calculation of C/N ratio

Specific carbon and nitrogen concentrations (g L−1) and carbon-
to-nitrogen ratios [C/N (g g−1)] were used for all experiments. See
Supplementary Material for calculations.

2.4 Deep-well-plate cultivations

24-deep-well-plates with square shape wells and a maximum
volume of 11 mL (Duetz-MTPS, Adolf Kühner AG, Switzerland)
were used in this study. To ensure identical cultivation conditions
for the deep-well-plate replicates, 50 mL of each media with each
chosen fructose to canola oil ratio was prepared and inoculated from
TSB overnight cultures (see above), and then 3 mL of culture was
transferred into each of the wells. To obtain a defined and
comparable canola oil concentration in the different wells, the
medium was pre-emulsified with gum arabic (GA) before
sterilization using an adapted method from Budde et al. (2011a):
each medium was prepared by mixing the phosphate buffer, water
and K2SO4 with the desired amount of canola oil and adding GA to a
final concentration 0.3% (w v−1). The mixture was homogenized
with an Ultra-Turrax T25 (IKA-Werke GmbH and Co. KG,
Germany) for 1 min at 8,000 rpm. After emulsifying the oil, the
media was autoclaved, and the remaining media components were
added from sterile stocks. GA was chosen as the emulsifier as it has
been shown not to support growth of R. eutropha (see
Supplementary Figure S1). Plates were incubated for 72 h at 30°C
and 225 rpm in an orbital shaker with 50 mm amplitude. Culture
volume and incubation conditions were chosen according to
manufacturer’s instructions to ensure sufficient oxygen supply.
Biological triplicates were performed for each condition.

2.4.1 Evaluation of suitable C/N ratio
In the first series of experiments, growth at four different carbon

concentrations: 0.5%, 1%, 1.5%, and 2% (w v−1) of fructose and total
carbon equivalent concentrations of canola oil: 0.25%, 0.5%, 0.75%, and
1% (w v−1) was evaluated with a fixed amount of 0.744 g L−1 urea as
nitrogen source, resulting in C/N ratios of about 5, 11, 17, and 22 (g g−1).
For increased C/N ratios of about 22, 45, 68, and 90 (g g−1), the same
carbon concentrations were tested with 0.186 g L−1 urea.
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2.4.2 Evaluation of different fructose to canola oil
mixtures

A regular distribution of different ratios of canola oil to fructose as
well as each sole carbon source were tested to determine their effect on
cell growth and PHA accumulation and composition. Seven different
mixtures of fructose and canola oil, namely, 1:0, 5:1, 2:1, 1:1, 0.5:1, 0.2:1,
and 0:1 [carbon ratio fructose to canola oil (g g−1)], all yielding a final
carbon content of 5 g L−1 were used in combination with 0.46 g L−1 urea
to reach the selected C/N ratio of 22 (g g−1).

2.5 Shake flask cultivations

Four different mixtures of fructose and canola oil were selected
from the deep-well-plate cultivations and upscaled to 100 mL
cultures, applying the exact same cultivation strategy at this scale.
Cultivations were performed in 500-mL DURAN baffled flasks
(DWK Life Science GmbH, Germany) sealed with AirOtop
membranes to ensure sufficient oxygen supply. These
cultivations, performed in biological triplicates, were incubated at
30°C and 200 rpm in an orbital shaker (50 mm amplitude) for 72 h
and sampling was performed every 24 h. The cultivations were then
repeated doubling the amount of carbon content available to 10 g L−1

but maintaining the C/N ratio by also doubling the urea
concentration to 0.92 g L−1.

2.6 Bioreactor cultivations

P(HB-co-HHx) production with fructose and canola oil mixtures
was upscaled to 1-L bioreactors using six Multifors2 parallel benchtop
bioreactors with two six-blade Rushton impellers (Infors AG,
Switzerland). The cultivation temperature was kept constant at 30°C
and the pH was maintained at 6.8 ± 0.1 using 1 M H3PO4 and 2M
NaOH for pH control. The initial stirring speed was set to 200 rpm,
whereas the initial flow rate was set to 0.05 vvm. Via an automatized
cascade, aeration was increased up to 0.5 vvm and later stirring was
increased up to 1,500 rpm in order to prevent DO values from dropping
below 40%. Foam was mechanically broken as described previously
(Riedel et al., 2012). Six different mixtures of fructose and canola oil, all
yielding a final carbon content of 10 g L−1 and a C/N ratio of 22 (g g−1)
were used to produce sufficient amounts of P(HB-co-HHx) copolymers
with varying HHx monomer content for polymer characterization.

2.7 Analytical methods

For quantification, the entire 3 mL culture was taken from the
deep-well-plates at the end of the cultivations, while for cultivations
in shake flasks and bioreactors, 5 mL samples were taken at each
sampling point. For cell dry weight (CDW) determination the
samples were collected in pre-weighed 15-mL tubes and
centrifuged for 15 min and 4°C at 8,000 × g. The pellets were
washed with 3.5 mL cold deionized (DI) water and 1.5 mL cold
hexane to remove residual oil and then resuspended again in 2 mL
DI water, frozen at −80°C and dried for 48 h by lyophilization
(Gamma 1–20, Martin Christ Gefriertrocknungsanlagen GmbH,
Germany).

The PHA content and composition of the dried cells were
determined using a methanolysis protocol and gas chromatography
as previously described (Bartels et al., 2020). Residual cell dry weight
(RCDW) was defined as CDW minus PHA content in g L−1.

During bioreactor cultivations, fructose and NH3 concentrations
were measured from the supernatant of centrifuged samples. For
fructose measurement, 750 µL of supernatant was washed twice by
mixing with 750 µL of cold hexane in a 2-mL Eppendorf tube and
shaking for 15 min in an overhead shaker (Rotator Drive STR4,
StuartScientific, Cole-Parmer, Germany). Centrifugation was
performed at 8,000 × g for 2 min and the bottom phase was
collected. The washed supernatant was then filtered through an
0.2 µm PES syringe filter and fructose concentration determined via
HPLC-RID. Chromatography was performed with 20 µL injection
volume at 80°C for 62 min on an Agilent Hi-Plex Ca column. The
eluent was DI H2O with an 0.6 mL min−1

flux. Unfiltered and
unwashed supernatant was measured using the Cedex Bio HT
Analyzer (Cedex Bio HT Analyzer, Roche Diagnostics
International AG, Switzerland) to determine NH3 consumption.

2.8 Determination of molecular weight
characteristics of the produced PHA

Molecular weight distribution of the PHA polymers was
determined by size exclusion chromatography (SEC) from CDW
samples as described previously (Thiele et al., 2021).

3 Results

3.1 Determination of a suitable C/N ratio in
deep-well-plate cultivations

The choice of a suitable C/N ratio is crucial for matching the
monomer composition of P(HB-co-HHx) to the substrate mixture
supplied as, with excess carbon sources, only the preferred substrate
will be used so that the effects of different mixing ratios will be
negligible. Different C/N ratios, in the range of 5–90 (g g−1) were
investigated in deep-well-plates with a working volume of 3 mL and
the results are shown in Figure 1.

Increasing final biomass and PHA content values were observed
with increasing C/N ratios from 5 to 22 (Figures 1A, B). For fructose, no
increase in these values was observed when the C/N ratio was further
increased above 22 (Figure 1C), indicating that the added fructose was
not consumed. In the case of canola oil (Figure 1D), a stagnation of the
achieved biomass was only observed above a C/N ratio of 68 (g g−1).
PHA values showed, that cells growing on fructose accumulated only up
to about 50 wt% of PHA, while cells growing on canola oil were able to
accumulate up to 80 wt% of PHA, which explains why, with canola oil,
more carbon source was consumed and final biomass values
increased with increasing C/N ratios above 22 (g g−1). As
expected, the final CDW values were about four times higher
in the first series of experiments (Figures 1A, B), where the added
urea concentration was four times higher than in the second
series of experiments (Figures 1C, D), with the same C/N ratio.

For the following experiments with fructose and canola oil
mixtures, a C/N ratio of 22 (g g−1) was chosen, as both carbon
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sources were to be completely consumed in order to determine the
effects of different mixture ratios on the HHx content.

3.2 Evaluation of the impact of different
mixtures of fructose and canola oil on the
P(HB-co-HHx) composition in deep-well-
plate cultivations

Seven fructose and canola oil mixtures, all with a total carbon
content of 5 g L−1, were used to test the effect of varying substrate
ratios on the molar compositions of P(HB-co-HHx) in 24-deep-
well-plates with a working volume of 3-mL (see Figure 2).
Depending on the amount of canola oil, the HHx content
increased linearly from 0 mol% when no oleaginous feedstock
was available to 16 mol% with canola oil as the sole carbon
source (see Supplementary Figure S2 for linear correlation).
Comparable final biomass values over 4 g L-1 with 65–90 wt%
PHA were observed with all mixtures except when fructose was
supplied as the sole carbon source. With a maximum accumulation
of 57 wt% PHA, the final biomass values of pure fructose cultures
showed the lowest CDW accumulation.

3.3 Upscaling and optimization of mixed
substrate cultivations to shake flask scale

Four of the previously tested mixtures, namely, 5:1, 1:1, 0.5:1,
and 0:1 [carbon ratio fructose to canola oil (g g−1)], were scaled
up, following the same cultivation strategy (C/N ratio and total
carbon content), to 100 mL working volume in shake flask
cultivations. When utilizing the same final carbon content as
in deep-well-plates cultivations (5 g L−1), comparable biomass
values were obtained (see Supplementary Figure S3).
Nevertheless, in the three mixtures with the higher canola oil
contents, a decrease in the PHA content between 48–72 h was
observed showing also an increased HHx content at the end of the
cultivation in comparison with the previous deep-well-plate
experiments. To avoid premature degradation of the PHA
granules and to achieve higher final yields, it was decided to
double the used carbon content to 10 g L−1 while maintaining the
C/N ratio of 22 (g g−1) (see Figure 3). With this approach,
comparable results were achieved in terms of PHA content
and composition as with the deep-well-plate cultivations,
while the final biomass yield was approximately doubled (see
Table 1).

FIGURE 1
Evaluation of C/N ratios in 3-mL deep-well-plates for R. eutropha Re2058/pCB113 cultivations using fructose or canola oil as carbon source and
urea as nitrogen source. Cell dry weight (CDW; g L−1), PHA content of CDW (PHA; wt%) and HHx content of PHA (HHx; mol%) achieved after 72 h of
cultivation with different C/N ratios (g g−1) are shown. Left graphs show the results of low C/N ratios achieved with 0.744 g L−1 urea and different (w v−1)
concentrations of fructose (A) and total-carbon-equivalent canola oil concentrations (B). Right graphs show the results of high C/N ratios obtained
with the same fructose (C) and canola oil (D) concentrations and 0.186 g L−1 urea. CDW error bars indicate standard deviation from biological triplicates.
PHA and HHx error bars represent standard deviation from duplicate measurements of pulled samples [in (C,D) the scarce amount of sample was only
sufficient for a single measurement].
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3.4 Upscaling the production of molar-
specific P(HB-co-HHx) to 1-L bioreactor
cultivations

To demonstrate the scalability of our approach, 1-L bioreactor
cultivations were carried out transferring the cultivation strategy from
shake-flask cultivations (constant C/N ratio and total carbon content).
Again, a linear correlation was found between the amount of canola oil
and fructose used and the HHx content obtained (see Supplementary
Figure S2). With final biomass values between 9–13 g L−1 and PHA
contents between 60–88 wt%, the final yields were slightly better than in
the previous shake flask cultures (Figure 4). The data showed that
fructose was not consumed at least during the first 24 h of cultivation,
suggesting that canola oil was consumed first, and the cells later
switched to fructose as the non-preferred carbon source (Figure 5).
In the three cultures with the highest fructose ratios, residual fructose
concentrations were measured between 3–5 g L-1, indicating that the
cells would have reached slightly higher PHA contents with slightly
lower HHx molar contents if the cultivations had been operated for a
longer period. In these three cultures nitrogen depletion also set in later
than in cultures with higher canola oil ratios (see Supplementary
Figure S4).

3.5 Comparison between deep-well-plate-,
shake flask- and bioreactor-scale

When comparing the final CDW values at all scales investigated,
a slight increase in biomass yields was observed when moving from
deep-well-plates to shake flasks and from shake flasks to bioreactor
cultivations (see Table 1). Accordingly, when twice the total amount
of carbon was added in the second shake flask run, the final CDWs
approximately doubled. Within each scale, biomass values were

comparable throughout all mixtures, whereby the values were
slightly higher with higher canola oil contents. PHA values were
comparable at all scales, with a general increase in polymer
accumulation (from 60%–90%) measured with increasing canola
oil contents. A linear correlation between the canola oil content in
each mixture and the final HHx molar content was observed at all
scales (see Supplementary Figure S2) showing that it was possible to
tailor P(HB-co-HHx) by only applying different fructose and canola
oil mixtures. When higher polymer yields were obtained (shake flask
with 10 g L−1 CC vs. shake flask with 5 g L−1 CC and bioreactor vs.
shake flask with 10 g L−1 CC), slightly lower molar HHx contents
were observed.

3.6 Characterization of P(HB-co-HHx)
copolymers

Molecular weight characteristics of the produced copolymers
after 72 h of cultivation in shake flask and bioreactor scale were
determined by size exclusion chromatography. A decrease of the
molecular weight with increasing scale was noticeable, whereas no
marked decrease in Mw was observed with increasing HHx contents
(Table 2). Only the shake flask cultivations containing 5 g L−1 carbon
as substrate showed a slight decrease in the Mw of about 10% with
increasing HHx molar fraction. When the final carbon content was
doubled from 5–10 g L−1 in shake flask cultivations, a clear decrease
in the final Mw, up 35% was observed. In bioreactor cultivations,
where higher PHA contents per CDW were reached compared to
shake flask cultivations, the lowest molecular weights around 3.5 ×
105 Da were obtained. The polydispersity index Đ, around 2.5, was
comparable along the scales. During bioreactor cultivations no clear
decrease in the Mw was observed over time (see Supplementary
Table S1).

FIGURE 2
Impact of different fructose to canola oil mixture ratios on the composition of P(HB-co-HHx) in 3-mL deep-well-plate cultivations with R. eutropha
Re2058/pCB113 using urea as nitrogen source. Cell dry weight (CDW; g L−1), PHA content of CDW (wt%) andHHx content of PHA (mol%) achieved after 72
h with different mixtures with a final carbon content of 5 g L−1 and a C/N ratio of 22 g g−1 are displayed. The carbon ratio (g g−1) of fructose to canola oil is
indicated for each mixture. CDW error bars indicate standard deviation from biological triplicates. PHA and HHx error bars represent standard
deviation from duplicate measurements of pulled samples.
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4 Discussion

We have developed a simple and robust batch strategy to control
the molar HHx content in P(HB-co-HHx) from the 3-mL deep-well-
plate to 1-L bioreactor scale. Since R. eutropha Re2058/
pCB113 produces the copolymer only when grown on oleaginous
feedstocks but not when using sugars (Budde et al., 2011b), mixtures
of fructose and canola oil were chosen to tune the monomer
composition of P(HB-co-HHx). While most published studies to
date vary the concentration of one substrate while using a fixed
concentration of the respective sugar or oleaginous feedstock
(Murugan et al., 2016; Murugan et al., 2017; Purama et al., 2018),
we orientated our studies on consistently using the same total carbon
content and C/N ratio for all mixtures, achieving comparable CDWs
and PHA contents with all mixtures that were reproducible along all

scales (7–13 g L−1 CDW and 60–88 wt% PHA respectively). The
strategy succeeded in tuning HHx monomer contents from
2–17 mol%, showing a linear correlation, validated at all scales,
with the canola oil content in each mixture.

It has been shown that carbon sources containing a higher
abundance of MCFAs (medium-chain fatty acids, 6–12 carbons)
lead to a higher incorporation of HHx precursors than using plant
oils holding LCFAs (long-chain fatty acids, 13–21 carbons) like canola
oil as used in this study (Mifune et al., 2008; Budde et al., 2011a). Per
fatty acid, only onemolecule of 3HHx-CoA can be formed, thus shorter
fatty acids lead to a lower ratio of 3HB-CoA to 3HHx-CoA as fewer
acetyl-CoAmolecules are released from β-oxidation (Riedel et al., 2014).
Date seed oil with 19.1% C12:0 (lauric acid) or crude palm kernel oil
(CPKO) containing 3% C8:0, 3% C10:0%, and 48% C12:0 produced
P(HB-co-HHx) with 39 and 44 mol% HHx, respectively (Murugan

FIGURE 3
100-mL shake flask cultivations with R. eutropha Re2058/pCB113 using fructose and canola oil mixtures as carbon source and urea as nitrogen
source. Final yields of cell dry weight (CDW; g L−1), PHA content of CDW (PHA; wt%) and HHx content of PHA (HHx; mol%) after 72 h are shown in (A) as
well as values every 24 h for each cultivationwith 5: 1 (B), 1: 1 (C), 0.5: 1 (D), and 0: 1 (E) fructose to canola oil ratio. All cultivations had a final carbon content
of 10 g L−1 with a C/N ratio of 22 g g−1. The carbon ratio of fructose to canola oil (g g−1) is indicated for each mixture. Error bars indicate standard
deviation from biological triplicates.
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et al., 2016; Purama et al., 2018). Using CPKO in combination with oil
palm tree trunk sap in shake flask cultivations, Murugan et al. obtained
from 31 up to 68 wt% of PHA at 4.2–7.1 g L−1 CDW, and comparatively
higher HHxmolar ratios from 14–27 mol% (Murugan et al., 2016). In a
follow up study, three substrate mixtures of palm olein and fructose
were chosen, to obtain P(HB-co-HHx) with lowered HHx contents
from 4–15 mol% in bioreactor cultivations (Murugan et al., 2017). Here,
the effect of increasing the sugar to oil ratio to effectively lower the HHx
fraction was proved as palm tree trunk sap, containing only 17%
fructose of the total sugars with a large fraction of glucose, was
replaced by pure fructose. Ralstonia eutropha is only able to
metabolize fructose and no glucose (Sichwart et al., 2011). Further,
date molasses, containing over 50% fructose, and date seed oil mixtures
were also used in bioreactor cultivations reaching varying CDW
concentrations from 1.7–6.9 g L−1 CDW, up to 49 wt% of PHA and
broader HHx molar ratios from 2–28 mol% (Purama et al., 2018).

All abovementioned studies, even if they achieved lower biomass
yields due to the use of less urea as nitrogen source (about half of this
study) and less comparability along the testedmixtures, are based on the
same principle and prove that it is plausible to extend our strategy to
other feedstocks. Another different approach to control the HHx

fraction of P(HB-co-HHx) on a molecular level was presented by
controlling the expression of the phaJ gene of R. eutropha, involved
in the generation of HHx precursors, showing that copolymers with
HHx molar contents ranging from 2.8–10.7 mol% could be obtained
(Miyahara et al., 2021). Arikawa et al. recently reported the tailored
production of P(HB-co-HHx) withHHx contents up to 36 mol% by the
deletion of the ß-ketothiolase gene together with the overexpression of
the (R)-specific enoyl-Coa hydratase and PhaC synthase (Arikawa and
Sato, 2022).

As in the studies mentioned above, an increase in the molar
HHx content was observed in mixtures with increasing
oleaginous substrate concentrations. Furthermore, in
accordance with the literature (Budde et al., 2011a; Riedel
et al., 2015), a decrease in the HHx content was measured
over the course of the cultivation. Whether growing on a pure
oleaginous feedstock or in combination with fructose, during the
growth phase less HB precursors will be formed in comparison to
the production phase as acetyl-coA flows into the TCA cycle and
less HB precursors are formed. In this context, it is reported that
high intracellular CoA concentrations inhibit PhaA, leading to a
slower rate of HB-CoA synthesis (Oeding and Schlegel, 1973).

TABLE 1 Comparison of biomass, PHA content and composition obtained among all studied scales with R. eutropha Re2058/pCB113 usingmixtures of fructose and
canola oil as carbon source and urea as nitrogen source with an applied C/N ratio of 22 g g-1. For deep-well-plate cultivations, CDW measurements represent
means from triplicate cultivations and PHA and HHxmeasurements represent means from duplicate measurements of pulled samples. For shake flask cultivations,
measurements represent means of triplicate cultivations. ± are indicating standard deviation.

Fructose: Canola oil [g g−1] Scale Total carbon [g L−1] CDW [g L−1] PHA [wt%] HHx [mol%]

1: 0 3-mL deep-well-plate 5 3.4 ± 0.2 56.9 ± 2.0 0.0

10: 1 1-L bioreactor 10 9.7 66.5 2.3

5: 1 3-mL deep-well-plate 5 4.1 ± 0.8 63.9 ± 3.7 3.7 ± 0.3

100-mL shake flask 5 3.9 ± 0.3 57.3 ± 4.7 4.1 ± 0.5

100-mL shake flask 10 7.1 ± 0.1 61.3 ± 1.3 4.4 ± 0.2

1-L bioreactor 10 9.0 58.6 4.3

2: 1 3-mL deep-well-plate 5 4.8 ± 0.3 78.1 ± 0.9 5.7 ± 0.2

1-L bioreactor 10 10.5 60.4 6.5

1: 1 3-mL deep-well-plate 5 5.1 ± 0.8 79.7 ± 1.8 8.9 ± 0.2

100-mL shake flask 5 4.6 ± 0.4 63.6 ± 2.5 9.2 ± 0.2

100-mL shake flask 10 8.1 ± 0.3 69.7 ± 2.1 8.9 ± 0.2

1-L bioreactor 10 10.9 70.4 7.5

0.5: 1 3-mL deep-well-plate 5 4.0 ± 0.5 76.4 ± 1.9 11.2 ± 0.2

100-mL shake flask 5 4.7 ± 0.2 65.3 ± 3.0 14.6 ± 0.2

100-mL shake flask 10 9.0 ± 0.5 73.1 ± 2.4 12.6 ± 0.3

1-L bioreactor 10 12.3 75.7 11.4

0.2: 1 3-mL deep-well-plate 5 4.6 ± 1.3 77.6 ± 4.8 14.3 ± 0.7

0: 1 3-mL deep-well-plate 5 4.4 ± 0.8 89.7 ± 2.3 16.1 ± 0.7

100-mL shake flask 5 4.0 ± 0.3 66.5 ± 2.6 21.9 ± 1.4

100-mL shake flask 10 8.6 ± 0.6 72.9 ± 1.3 16.5 ± 0.8

1-L bioreactor 10 12.9 88.0 14.3
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When PHA storage is triggered by nutrient limitation or stress
conditions, more HB precursors will be incorporated into the
polymer, gradually levelling off the relative concentration of HHx
monomers. Additionally, oil is preferred over sugars which
contributes to the higher contents of HHx at the beginning of
the cultivation when this substrate is being consumed.
Monitoring of the fructose concentration in the medium
showed that fructose was not consumed at least in the first
24 h of cultivation, which was also observed in other studies
(Murugan et al., 2017). The fact that no dissolved oxygen peak (or
dropping of the stirring cascade) was observed around the
timepoint when the strain started to consume fructose (data
not shown) as the second preferred carbon source suggests a
smooth transition from one substrate to the other with the strain
presumably being able to assimilate both canola oil and fructose
simultaneously.

In general, a higher PHA content of up to 88 wt% was obtained
when the carbon source was of oleaginous origin, whereas only
about 60 wt% PHA could be obtained with fructose alone as
substrate. This is due to the fact that the utilization of fructose in
this strain is less efficient than the utilization of oleaginous
feedstocks. After the conversion of fructose to two pyruvate
molecules via the Entner-Doudoroff pathway, one molecule of
CO2 is released for the conversion to each acetyl-CoA by the
pyruvate-dehydrogenase while no carbon in the form of CO2 is
lost in the ß-oxidation of oils. In addition, the strain Re2058/
pCB113 was engineered to utilize plant oils efficiently, boosting
the synthesis of HHx monomers (Budde et al., 2011b).

When higher polymer yields were obtained (shake flasks with 5 g
L−1 carbon content vs. shake flasks with 10 g L−1 carbon content and
shake flasks with 10 g L−1 carbon content vs. bioreactor cultivations),
slightly lower molar HHx contents were observed. This could be due to
the degradation of the HB-rich polymer ends after 48 h in the first case,
which was observed when only half of carbon was applied, presumably
due to depletion of the carbon sources. In the second case, a faster
growth in the bioreactor in comparison to the shake flasks supported by
a better overall physiological state (pH- and O2-control) may have

enabled the cells to further consume the fructose present in the media,
leading to more HB-monomers being incorporated to the polymer
chain, thus decreasing the final HHx content.

During cultivations in the bioreactor, CDW values were
obtained that were higher than the theoretical yield, which

FIGURE 5
Comparison of CDW, PHA, and HHx accumulation- and fructose
consumption curves during 1-L bioreactor cultivations of R. eutropha
Re2058/pCB113 for tailor-made P(HB-co-HHx) production using
mixtures with decreasing fructose to canola oil ratios as carbon
source and urea as nitrogen source. Cell dry weight (CDW; g L−1), PHA
content of CDW (PHA; wt%), HHx content of PHA (HHx; mol%) and
fructose concentration (Fructose; g L−1) values are shown over the
course of the cultivation for each mixture with a final carbon content
of 10 g L−1 and a C/N ratio of 22 g g−1. The carbon ratio of fructose to
canola oil (g g−1) is indicated for each mixture.

FIGURE 4
Final yields of 1-L bioreactor cultivations for tailor-made P(HB-
co-HHx) production with R. eutropha Re2058/pCB113 using fructose
and canola oil mixtures as carbon source and urea as nitrogen source.
Cell dry weight (CDW; g L−1), PHA content of CDW (PHA; wt%)
and HHx content of PHA (HHx; mol%) after 72 h are shown for each
mixture with a final carbon content of 10 g L−1 and a C/N ratio of 22 g
g−1. The carbon ratio of fructose to canola oil (g g−1) is indicated for
each mixture.

Frontiers in Bioengineering and Biotechnology frontiersin.org08

Santolin et al. 10.3389/fbioe.2023.1081072

55

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1081072


can be explained by evaporation during sterilization of the media
and thereby a concentration of the carbon sources, as well as by a
slight misestimation of the carbon content of canola oil
(Table 1).

In this study, no significant change in the molecular weight with
different HHx fractions was observed when the carbon source
concentration was 10 g L−1. In the shake flask cultivation, where
a lower substrate concentration of 5 g L−1 was used (Supplementary
Figure S3), a decrease of the molecular weight of the copolymer with
increasing HHx fraction was observed, contradicting the results
obtained by Murugan et al. (2017) who obtained an increasing Mw.
Purama et al. (2018) reported an overall decreasing trend of
molecular weights between 8.3 and 5.8 × 105 Da with increasing
HHx fractions between 5 and 28 mol%. Additionally, they observed
a narrower polydispersity index of 1.7 compared to our study, which
was around 2.17–2.61. Generally, the bulkier HHx is assumed to
reduce the synthase turnover rate leading to lower molecular weights
(Murugan et al., 2017). Moreover, when the substrate concentration
was doubled, the glycerol concentration from oil cleavage by
secreted lipases of R. eutropha also increased. Glycerol reportedly
acts as a chain terminator and could thus be the cause of the lower
molecular weight observed during these cultivations (Ashby et al.,
2012).

5 Conclusion

The simple and robust approach presented in this study
using mixtures of fructose and canola oil can be used to
produce P(HB-co-HHx) with precisely controlled

compositions. The strategy, which allows the HHx content to
be adjusted between 2–17 mol%, proved to be scalable from the
mL-scale in deep-well-plates to the L-scale in bioreactors. At all
scales, high PHA contents of over 60 wt% were obtained with
comparable molecular weight properties. However, to increase
the overall yields of tailor-made P(HB-co-HHx), a fed-batch
process needs to be developed for the different substrate
mixtures.
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TABLE 2 Molecular weight characterization of samples after 72 h of 100-mL shake flask and 1-L bioreactor cultivations with R. eutropha Re2058/pCB113 using
mixtures of fructose and canola oil and urea as nitrogen source with an applied C/N ratio of 22 g g-1. Mw = weight-average molecular weight, Mn = number-
average molecular weight, Đ = polydispersity index. Measurements represent means from duplicate measurements. ± are indicating minimum and maximum
values.

Fructose: Canola oil [g g−1] Scale Total carbon [g L−1] Mw × 105 [Da] Mn × 105 [Da] Đ [-]

10: 1 1-L bioreactor 10 3.51 1.42 2.47

5: 1 100-mL shake flask 5 6.2 ± 0.1 2.5 ± 0.3 2.5 ± 0.2

100-mL shake flask 10 4.0 ± 0.3 1.6 ± 0.2 2.5 ± 0.2

1-L bioreactor 10 4.0 ± 0.1 1.6 ± 0.1 2.4 ± 0.0

2: 1 1-L bioreactor 10 3.2 ± 0.0 1.3 ± 0.0 2.4 ± 0.0

1: 1 100-mL shake flask 5 6.1 ± 0.1 2.8 ± 0.1 2.2 ± 0.0

100-mL shake flask 10 4.8 ± 0.7 1.8 ± 0.1 2.6 ± 0.3

1-L bioreactor 10 3.5 ± 0.0 1.5 ± 0.0 2.3 ± 0.0

0.5: 1 100-mL shake flask 5 5.8 ± 0.1 2.7 ± 0.1 2.2 ± 0.0

100-mL shake flask 10 4.8 ± 0.3 2.2 ± 0.3 2.2 ± 0.2

1-L bioreactor 10 3.6 ± 0.1 1.7 ± 0.1 2.2 ± 0.1

0: 1 100-mL shake flask 5 5.6 ± 0.1 2.5 ± 0.3 2.5 ± 0.2

100-mL shake flask 10 4.2 ± 0.8 1.6 ± 0.9 2.1 ± 0.1

1-L bioreactor 10 3.4
± 0.1

1.5 ± 0.0 2.3 ± 0.0
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Polymeric nanoparticles (NPs) present some ideal properties as biomedical
nanocarriers for targeted drug delivery such as enhanced translocation
through body barriers. Biopolymers, such as polyhydroxyalkanoates (PHAs) are
gaining attention as nanocarrier biomaterials due to their inherent
biocompatibility, biodegradability, and ability to be vehiculized through
hydrophobic media, such as the lung surfactant (LS). Upon colonization of the
lung alveoli, below the LS layer, Streptococcus pneumoniae, causes community-
acquired pneumonia, a severe respiratory condition. In this work, we convert PHA
NPs into an antimicrobial material by the immobilization of an enzybiotic, an
antimicrobial enzyme, via a minimal PHA affinity tag. We first produced the fusion
protein M711, comprising the minimized PHA affinity tag, MinP, and the enzybiotic
Cpl-711, which specifically targets S. pneumoniae. Then, a PHA nanoparticulate
suspension with adequate physicochemical properties for pulmonary delivery was
formulated, and NPs were decorated with M711. Finally, we assessed the
antipneumococcal activity of the nanosystem against planktonic and biofilm
forms of S. pneumoniae. The resulting system displayed sustained
antimicrobial activity against both, free and sessile cells, confirming that tag-
mediated immobilization of enzybiotics on PHAs is a promising platform for
bioactive antimicrobial functionalization.

KEYWORDS

polyhydroxyalkanoates, antimicrobial nanoparticles, antimicrobial materials,
enzybiotics, drug delivery

1 Introduction

Nanocarriers, or colloidal systems for therapeutic applications, play a prominent role in
current biomedical research. Their most common formulation is nanoparticulate
suspensions, which, due to their nano size, effectively cross different body barriers,
depending on their chemical nature (Jia et al., 2020). Ideally, these biomedical
nanocarriers should be biocompatible, biodegradable, with optimal bioavailability, and
display sustained bioactivity over time (Li and Loh, 2017). Polymers are materials of
interest in the biomedical field due to the design flexibility based on their diversity in
chemical nature, synthesis methods, and functionalization approaches (Banik et al., 2016).
Although initial research focused on using chemically synthesized polymers such as poly
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(ε-caprolactone) or polylactic-co-glycolic acid (Cabeza et al., 2017;
Amararathna et al., 2022), biopolymers have recently gained interest
due to their inherent biocompatibility, biodegradability, and
potentially sustainable production processes (Blanco et al., 2021).

Among them, polyhydroxyalkanoates (PHAs), or bacterial
polyesters, have been studied for biomedical applications. They
are polymers of 3-hydroxyalkanoic acids bearing a wide range of
substituents, being the most common aliphatic groups (Mezzina
et al., 2021). This confers the resulting polymers a relatively high
hydrophobicity, which is advantageous for their vehiculization
through challenging body barriers, such as the lung surfactant
(Guagliardo et al., 2018; Cañadas et al., 2021). PHAs are
naturally synthesized by bacteria as carbon reservoirs in the form
of cytoplasmic granules (Kniewel et al., 2019). These granules are
covered by a layer of granule-associated proteins (GAPs), mainly
synthases, depolymerases, and phasins. The latter are surfactant
proteins that coat the hydrophobic polymer, providing a compatible
interface with the hydrophilic cytoplasm (Maestro and Sanz, 2017).
Their surface-active properties have been extensively studied due to
their ability to interact at hydrophilic-hydrophobic interfaces such
as the air-water interface, the polymer-buffer interface, with
bacterial lipid extracts, or with lung surfactant models (Tarazona
et al., 2019a; Mato et al., 2019). These proteins, or their engineered
versions, have been used as affinity tags towards PHA-based
materials. For instance, a small peptide of 48 amino acids, MinP,
was designed based on the binding moiety of phasin PhaF from
Pseudomonas putida. MinP maintains the global binding capability
of the whole protein (Mato et al., 2020). Phasin-mediated
immobilization has been demonstrated both in vivo, where the
PHA synthesis, protein production, and binding to the polymer
take place simultaneously within the cytoplasm of the bacterial host;
and in vitro, where proteins are immobilized onto previously
formulated materials (Moldes et al., 2004; Bello-Gil et al., 2018;
Mato et al., 2020). The in vitro approach is more suitable to ensure
endotoxin removal from both the polymer and the protein when
targeting biomedical applications (Dinjaski and Prieto, 2015), as well
as to tightly control protein load. This approach becomes
particularly challenging when the molecule to immobilize is an
enzyme, which calls for orientated attachment to maintain its
bioactivity. Some approaches based on other GAPs such as
protein fusion with synthases and depolymerases have been
developed for biomedical applications (Lee et al., 2005; Gonzalez-
Miro et al., 2019). However, despite the advantages that phasin
system provides, it has been scarcely applied to formulate
antimicrobial materials: only one study has previously focused on
phasin-mediated immobilization of antimicrobials on PHA by using
phasin PhaP from Cupriavidus necator to immobilize an
antimicrobial peptide onto a PHA polymer for wound healing
(Xue et al., 2018).

Regarding antimicrobial applications, the rise of antibiotic
resistance is one of the major challenges Global Health is facing
in the next decades (Murray et al., 2022). This has fueled the
development of new antimicrobial strategies to bypass antibiotic
resistance (Rojo et al., 2022). One of such new approaches are
“enzybiotics” or enzymatic antimicrobials. These antibacterial
proteins are usually phage endolysins, peptidoglycan-degrading
enzymes that, when exogenously applied against bacteria,
produce a fast bacterial death due to cell wall disruption and

subsequent osmotic shock (Murray et al., 2021). They present
several advantages over antibiotics: i) activity against antibiotic-
resistant strains and biofilms; ii) spontaneous resistance is less likely
to occur than with antibiotics; and iii) their specificity is easily
tunable by protein engineering, thereby reducing possible side
effects on the healthy microbiota (Vázquez et al., 2018).
However, their rather short in vivo half-life (20–60 min) may
hamper their therapeutic use (Loeffler Jutta M. et al., 2003).
Thus, the development of tailored formulations has become a
hotspot to improve the therapeutic properties of this new kind of
antimicrobials (De Maesschalck et al., 2020), as proved by the recent
efforts towards the immobilization or encapsulation of enzybiotics
(Miao et al., 2011; Nithya et al., 2018; Gondil et al., 2020; Urbanek
et al., 2021; Vázquez et al., 2021). Streptococcus pneumoniae remains
the main cause of bacterial respiratory infections in children and the
elderly worldwide (Sempere et al., 2020). Its biofilm lifestyle,
together with the high percentage of antibiotic-resistant strains
and insufficient coverage of serotypes in vaccination, are some of
the reasons behind its inclusion in the priority list for the
development of antimicrobials elaborated by the World Health
Organization (World Health Organization, 2017). Nevertheless,
enzybiotics have proven to be a powerful tool to overcome
antibiotic resistance on this pathogen (Vázquez et al., 2018).

Within this context, the aim of this work was to develop a
platform for affinity immobilization of enzybiotics on PHA-based
materials that allows the antimicrobial activity of the enzyme to be
maintained. Thus, we fused the antipneumococcal lysin Cpl-711, a
very efficient enzybiotic against this pathogen (Díez-Martínez et al.,
2015), to the minimal PHA affinity tag MinP (Mato et al., 2020) and
developed a procedure to immobilize such fusion protein (M711)
onto preformed PHANPs. Finally, as a proof of concept, we assessed
the antipneumococcal potential of such functionalized material.

2 Materials and methods

2.1 Materials

The poly-3-hydroxyoctanoate-co-3-hydroxyhexanoate (hereinafter
PHA) copolymer, with a respective monomer molar ratio of 94% and
6%, was kindly supplied by Bioplastech Ltd (Dublin, Ireland).

2.2 Bacterial strains, media, and growth
conditions

The bacteria and plasmids used in this study are listed in Table 1.
P. putida and Escherichia coli strains were grown on lysogeny broth
(LB) medium at 30 or 37°C respectively, with shaking (200 rpm).
Kanamycin (Km) or ampicillin (Amp) were added when needed at a
final concentration of 50 μg mL−1 (Km) or 100 μg mL−1 (Amp). The
PHA accumulation conditions for P. putida cultures were as
described in (Mato et al., 2020). Briefly, the biomass from a
20 mL LB overnight culture was pelleted and washed with
120 mM NaCl, and then used to inoculate fresh 0.1 N
M63 medium (with 15 mM sodium octanoate as carbon source)
to an OD600 = 0.3 (Mato et al., 2020). S. pneumoniae R6 was grown at
37°C without shaking in Todd-Hewitt broth (Difco, NJ,
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United States of America) with 2% yeast extract. S. pneumoniae
P046 for biofilm assays was grown in C medium (Lacks and
Hotchkiss, 1960) containing 33 mM potassium phosphate buffer
pH 8.0 (CpH8) at 37°C without shaking. Blood agar plates
(trypticase soy agar plus 0.05% defibrinated sheep blood) were
used to culture S. pneumoniae in solid medium. Solid media for
E. coli and P. putida cultures were LB-agar plates containing the
corresponding antibiotic, and incubated at 37°C or 30°C,
respectively.

2.3 DNA techniques

The synthetic genem711, comprising the MinP PHA affinity tag
directly fused to Cpl-711 (Supplementary Figure S1A) (thus
M711 chimeric protein) was purchased from ATG:Biosynthetics
(Merzhausen, Germany), and cloned at the NdeI-HindIII restriction
sites in a pSEVA238 expression vector (Silva-Rocha et al., 2013). The
resulting vector (pFB85) was then transformed either by heat shock
into E. coli BL21 (DE3) competent cells or by electroporation into P.
putida PP00_01 cells according to the methods described previously
(Mato et al., 2020).

2.4 Protein techniques

2.4.1 Protein production
The production of Cpl-711 or M711 was carried out by

culturing the corresponding E. coli or P. putida strain and
inducing at an OD600 = 0.6 by the addition of 0.5 mM
isopropyl-β-d-thiogalactopyranoside (IPTG) for Cpl-711, or
1 mM 3-methylbenzoate (3-MB) for M711. Incubation was
then prolonged overnight at room temperature (RT). Cells
were subsequently harvested by centrifugation (10,000 × g,
20 min, 4°C), resuspended in the binding buffer (20 mM
sodium phosphate pH 6.0, 1.5 M NaCl) with two tablets of

protease inhibitor (Roche, Switzerland) per 10 mL of
resuspended culture, and disrupted three times in a French
Press (at ≈ 1,000 psi). Cell lysates were clarified by
centrifugation (10,000 × g, 20 min, 4°C) to remove cell debris,
and the remaining DNA present in the lysate was further
eliminated by precipitation with 4% (w/v) of streptomycin
sulfate under magnetic stirring (200 rpm, 20 min, 4°C) and
further centrifugation (10,000 × g, 20 min, 4°C).

When the production of M711 was done in P. putida PP00_01
(pFB85) under PHA-accumulation conditions, the procedure was
the same but the binding buffer additionally contained 1.6 mM
sodium dodecyl sulfate (SDS) and the cell lysates were incubated for
2 h at 30°C with shaking (200 rpm) to promote M711 detachment
from the PHA granules.

2.4.2 Protein purification
Proteins were purified based on Cpl-711 affinity towards the

diethylaminoethyl (DEAE) group, a structural analogue to its
natural ligand, choline (Sanz et al., 1988). The clarified cell
extracts were loaded onto a DEAE-Sepharose column (HiTrap
DEAE FF 5 mL, GE Healthcare, United States) equilibrated with
binding buffer, then were washed with the same buffer and finally
eluted with elution buffer (20 mM sodium phosphate pH 6.0,
1.5 M NaCl, 4% choline). The eluted protein fractions were
analyzed by SDS-PAGE (12.5%) and dialyzed against 20 mM
sodium phosphate buffer pH 6.0, 150 mMNaCl. This was also the
buffer in which the antibacterial activity was tested (hereinafter
“activity buffer”).

Protein concentrations were calculated fromA280 with themolar
extinction coefficient as predicted with ProtParam (Gasteiger et al.,
2005) (126,865 M−1 cm−1 for Cpl-711, and 140,845 M−1 cm−1 for
M711).

2.4.3 N-terminal sequencing
To verify the identity of the purified proteins, N-terminal

sequencing was performed. Samples from different

TABLE 1 Plasmids and bacterial strains used in this study.

Plasmid Description Plasmid

pTRD762 pUC derivative plasmid bearing the gene encoding Cpl-711 under the control of the T7 promoter. AmpR Díez-Martínez et al.
(2015)

pFB85 pBBR1 derivative plasmid bearing the gene encoding M711 under the control of the XylS/Pm system. KmR This study

Strain Description Reference

E. coli BL21 (DE3)
(pTRD762)

Strain for the production of Cpl-711 Díez-Martínez et al.
(2015)

E. coli BL21 (DE3) (pFB85) Strain for the production of M711 This study

P. putida PP00_01 P. putida KT2440 Δpha, with PP_5003 (phaC1) integrated at the Tn7 site, which produces bare PHA granules,
without the presence of GAPs

Mato et al. (2020)

P. putida PP00_01 (pFB85) P. putida PP00_01 harboring the plasmid for M711 production, which produces M711 immobilized onto PHA
granules

This study

S. pneumoniae R6 Laboratory standard strain. D39 derivative (serotype 2); Non-encapsulated Hoskins et al. (2001)

S. pneumoniae P046 S. pneumoniae R6 derivative, lytA::kan lytC::ermC. Non autolytic strain of S. pneumoniae Moscoso et al. (2006)
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M711 production culture conditions were subjected to SDS-
PAGE (12.5%) and then transferred onto methanol activated -
polyvinylidene fluoride (PVDF) membranes in a semidry
transfer device (Biorad, CA, United States) soaked in
transfer buffer (25 mM Tris, 192 mM glycine, 20% methanol,
pH 8.3) for 1 h 15 min at 15 mV. The resulting transferred
membranes were stained with Ponceau S stain (ThermoFisher,
MA, United States), and the visible protein bands were
subjected to N-terminal sequencing by Edman degradation
(Edman and Begg, 1967) in a Protein sequencer (Applied
Biosystems, Procise 494, CA, United States), as performed
by the Protein Chemistry service from the Margarita Salas
Center for Biological Research.

2.5 Preparation of PHA granules

The PHA granules from P. putida PP00_01 (pFB85) were
isolated as previously described (Dinjaski and Prieto, 2013).
Bacteria from 20 mL cultures grown overnight under PHA-
accumulation conditions were harvested (12,000 x g, 20 min,
4°C), resuspended in 8 mL of 15 mM Tris-HCl pH 8.0, and
disrupted twice in a French press (≈1,000 psi). The resulting
suspension was centrifuged (12,000 x g, 30 min, 4°C) and the
supernatant was layered over 5 mL of 55% glycerol. The
suspension was centrifuged (18,000 x g, 30 min, 4°C), and the
granules were isolated with a Pasteur pipette from the glycerol-
buffer interface. Granules were washed twice with 15 mM Tris-HCl
buffer, pH 8.0.

2.6 PHA nanoparticle procedures

2.6.1 Nanoparticle formulation
PHA solid nanoparticles (PHA NPs) were produced by the

nanoprecipitation method as previously reported (Beck-Broichsitter
et al., 2010). 100 mg of PHA were dissolved in 50 mL of acetone, and
the solution was added dropwise onto 10 mL of distilled water
placed on ice water while magnetically stirred (250 rpm). The
resulting suspension was vacuum evaporated at 65°C for 5 min to
remove the acetone. The PHA NPs were then leveled to 10 mL of
distilled water and stored as a 10 mg mL−1 PHA NPs stock solution
at 4°C for up to 7 days.

2.6.2 Loading M711 onto PHA NPS
To functionalize PHA NPs with M711, 100 µL of the

10 mg mL−1 NPs stock solution were centrifuged (13,000 x g,
30 min), resuspended in 100 µL of a 250 nM M711 solution in
activity buffer, and incubated in an orbital shaker (800 rpm,
30 min). The resulting M711-NPs and protein mixture was
centrifuged (13,000 x g, 30 min), washed with activity buffer, and
the pellet and supernatant fractions were evaluated for protein
content by SDS-PAGE (12.5%).

2.6.3 Nanoparticle characterization
The Attenuated total reflectance Fourier transform infrared

spectroscopy (ATR-FTIR) spectrum was evaluated before (PHA
NPs) and after protein functionalization (M711-NPs) to confirm

protein incorporation. Briefly, 100 μL of PHA NPs or M711-PHA
NPs were centrifuged (13,000 x g, 30 min) and freeze-dried. The
lyophilized NPs were analyzed in a Perkin–Elmer (Spectrum One)
spectrometer equipped with an ATR accessory. Spectra were
recorded in the range from 4,000 to 400 cm−1 by 4 scans and
with a resolution of 4 cm−1.

The PHA NPs formulations were evaluated for their size
distribution by Dynamic light scattering (DLS) in terms of
hydrodynamic diameter (DH) and polydispersity index (PDI) in
the activity buffer at 25°C. Measurements were taken in a Malvern
Nanosizer NanoZS (Malvern, Worcestershire, United Kingdom)
equipped with a 4 mW He-Ne laser (λ = 633 nm), with a
scattering angle of 173°. Likewise, the zeta (ζ)-potential was
measured by laser Doppler electrophoresis (LDE) using the
Zetasizer NanoZS. Each measurement was performed in
triplicate. Data are presented as the mean ± standard deviation.

To evaluate the stability of the NPs functionalized with either
M711 or just Cpl-711 (i.e., specific binding versus unspecific
adsorption), equimolar amounts (250 nM) of each protein were
incubated with 1 mg of PHA NPs. Then, the pellet fraction after
centrifugation (13,000 x g, 30 min) containing the loaded NPs, was
resuspended in the activity buffer containing Triton X-100 (0.01%,
0.1% or 1%) and incubated for 2 h at RT, which has been reported as
an efficient strategy for MinP release from PHA granules (14). The
resulting suspensions were centrifuged (13,000 x g, 30 min) and
evaluated for protein release by SDS-PAGE (12.5%).

Likewise, the eventual release of M711 from the NPs was
assessed by incubating M711-NPs for up to 4 h at 37°C in
activity buffer, centrifuging them (13,000 x g, 30 min) and
measuring protein release at the supernatant by
spectrophotometry at 280 nm.

2.7 Antibacterial activity assays

2.7.1 On resting cell suspensions
Early-exponential phase cultures of S. pneumoniae R6 (OD550 ≈

0.3) were centrifuged (2,100 x g, 20 min, 4°C), washed, and
resuspended in half the initial volume of activity buffer. 180 μL
of this resting cell suspension was added to each well in a microtiter
plate and then mixed with 20 μL of a protein solution (M711 or Cpl-
711) at the desired concentrations or just activity buffer. The plate
was incubated at 37°C and OD550 was monitored for 1 h with a
VersaMax microplate absorbance reader (Molecular Devices, CA,
United States). After the incubation time, viable bacterial cell counts
were performed by 10-fold serial diluting in activity buffer and
plating onto blood agar plates.

Alternatively, the antibacterial activity of NPs formulations was
assayed in test tubes by mixing 900 μL of the S. pneumoniae
P046 resting cells prepared as described in the previous
paragraph with 100 μL of i) activity buffer; ii) PHA NPs; iii)
M711-loaded PHA NPs (M711-NPs); or iv) equimolar amount of
free M711. The tubes were then incubated at 37°C for 4 h and
samples were taken every hour to perform viable cell counts. All
samples were also observed under the microscope after staining with
BacLight LIVE/DEAD kit (Invitrogen, MA, United States) according
to the manufacturer’s instructions, in an epifluorescence microscope
Leica DM4 B (Wetzlar, Germany) using a ×100 phase-contrast
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objective, a Lumencor light source and an L5 filter system for green
fluorescence observation. Images were analyzed using LAS X
software from Leica.

2.7.2 On biofilm
To pre-form S. pneumoniae P046 biofilms, this strain was grown

in CpH8medium to OD550 ≈ 0.5–0.6 (≈108 CFU mL−1) and 100-fold
diluted in CpH8 medium. 200 µL aliquots of this dilution were
added into each well of 96-well polystyrene plates (Costar 3,595,
Corning, NY, United States). These cultures were then statically
incubated for 16 h at 37°C to allow the biofilms to form. After that
time, the planktonic cells were aspirated and the OD550

corresponding to the total growth was measured using a
microtiter plate reader (Molecular Devices, CA, United States).
To evaluate the biofilm disaggregation activity of the loaded NPs,
a crystal violet (CV) quantification assay was used (Domenech et al.,
2015). The biofilms were thoroughly washed with activity buffer,
and the remaining sessile cells were then incubated for 4 h at 37°C
with different treatments in activity buffer: PHA NPs, M711-NPs,
250 nM M711, or just buffer as a control. Following the
disaggregation treatment, the planktonic fraction was removed
and the remaining biofilm was stained with 50 µL CV (1% w/V)
for 15 min, rinsed twice with 200 µL of water, and finally solubilized
with 200 µL 95% ethanol. The resulting CV suspension was
measured at OD595 to evaluate the remaining biofilm. Viable cells
were quantified from mechanically disaggregated biofilms in
unstained wells.

Alternatively, antibiofilm activity was observed by Confocal
Laser Scanning Microscopy (CLSM) (42). In this case, biofilms
were grown on glass-bottomed dishes (WillCo-dish; WillCo
Wells B.V., Netherlands) using the same conditions as specified

before. After incubation, the supernatant was removed, and the
treatments were applied in a total volume of 1 mL. CLSM
observations were done after LIVE/DEAD BacLight staining with
a Leica spectral SP8 confocal microscope and analyzed with the LAS
X software. Images represent the x–z projections from XZY stacks at
5-µm intervals planes.

2.8 Statistical analysis

Data were obtained from, at least, three independent
experiments. One-way ANOVA followed by Tukey’s post hoc test
was used for multiple comparisons as implemented in GraphPad
InStat version 8.0. We indicate significant differences as p < 0.05 (*),
p < 0.01 (**), and p < 0.001 (***).

3 Results and discussion

3.1 Soluble production and antimicrobial
characterization of the tagged enzybiotic
M711

A transcriptional fusion between the PHA affinity tag MinP
(Mato et al., 2020) and Cpl-711 (Díez-Martínez et al., 2015) was
designed (termed M711) to produce an antipneumococcal protein
able to bind to PHA-based materials while remaining functional
(Supplementary Figure S1). The new fusion protein (M711) was
expressed either in E. coli BL21 (DE3) or P. putida PP00_01 from
pFB85 (Table 1). When expressed from any of the hosts in rich
medium (LB), the subsequently purified fractions showed two

FIGURE 1
SDS-PAGE images from the M711 purification processes. Lane 1:
Molecular weightmarkers; lane 2: Cpl-711; lane 3: M711 produced in P.
putida PP00_01 (pFB85) in LB medium. The asterisk indicates a
proteolytic product.; lane 4: Molecular weight markers; lane 5:
soluble cell extract of P. putida PP00_01 (pFB85) grown PHA
accumulating conditions; lane 6: isolated granules containing M711
produced in P. putida PP00_01 (pFB85) under PHA accumulating
conditions. The black arrow indicates the expected size of M711
(44 kDa).

FIGURE 2
Antimicrobial activity of M711 indicated as logarithmic units of
viability reduction regarding an untreated cell suspension. Resting
cells were treated with 2-fold dilutions of antimicrobial proteins. Cpl-
711 treatments are indicated in dark grey bars; Cpl-711d (light
grey bars) means Cpl-711 exposed to SDS during the same time as
M711 detached from granules; and cells treated with M711 are
indicated in green. An asterisk indicates p < 0.05 according to one-
way ANOVA followed by Tukey’s post hoc test.
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bands on SDS-PAGE (Figure 1, lane 4). In neither P. putida nor
E. coli did the lower band correspond to the expected size of M711
(43 kDa), but rather to an approximately 40 kDa truncated protein.
To identify this product, this lower band was subjected to
N-terminal sequencing. The resulting N-terminal amino acid
sequence (LVKLE) did not correspond to the expected
N-terminus of M711 (MAGKK) but to the C-terminus of the
MinP moiety plus the first 3 amino acids of the linker sequence
(Supplementary Figure S1B), indicating proteolytic degradation.
To prevent this proteolysis, M711 was expressed in P. putida
PP00_01 under PHA accumulation conditions to associate the
MinP-tagged protein onto the granules concomitantly to its
synthesis. In this way, the expressed protein would be expected
to immediately bind the granules, so then it would remain
protected from the potential protease activity. Using this
approach, a single band was obtained, and its N-terminal
sequence was as expected for M711 minus the processed first
methionine (AGKKN, Figure 1, lane 2). This demonstrates direct
protein immobilization onto PHA as a powerful tool for the
expression of labile proteins.

The protein immobilized onto P. putida PHA granules was
released by incubating cell extracts with SDS detergent (1.6 mM). In
this way, a soluble, full version of M711 was obtained to later be
bound to NPs formulated in vitro. The released protein was purified
by affinity chromatography on a DEAE-Sepharose column (see
Materials and methods).

The antibacterial activity of purified M711 was assessed and
compared with that of Cpl-711. An additional control of SDS-
treated Cpl-711 (Cpl-711d) was also included to exclude the
effect of SDS exposure, which could be potentially detrimental to
the enzyme. Significant differences were only observed at the two
lowest concentrations tested when comparing Cpl-711 withM711 in
equimolar concentrations, showing a slight decrease in killing
activity (of ~1 log killing) (Figure 2). No remarkable differences
were observed by optical density decrease either (Supplementary
Figure S2). This implies that the fused MinP tag does not

dramatically hinder the antimicrobial activity and confirms the
methodology’s efficiency in producing the tagged enzybiotic M711.

3.2 M711-NPs physicochemical
characterization

The main infection niche of S. pneumoniae is the pneumocytes
of the epithelial lung alveoli, below the LS layer (Julio et al., 2022).
This means that an inhaled drug conjugate targeting pneumococcal
cells, such as the one tested here, should be able to travel through the
upper and lower airways to reach the alveoli. Then, the system
should be translocated through the layer of LS without losing the

FIGURE 3
Size distribution of PHA NPs and M711-NPs. (A) Size distribution of PHA NPs right after preparation (black circles) and after 7 days of storage at 4°C
(grey squares). (B) Size distribution of M711-NPS right after preparation (dark green circles), and after 7 days of storage at 4°C (light green squares).

FIGURE 4
Protein retention at PHA NPs loaded with Cpl-711 (grey bars) or
with M711 (green bars). Bars indicate the percentage of the initial
protein load that remains immobilized on PHA NPs after elution with
increasing concentrations of Triton X-100 as calculated by SDS-
PAGE.
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loaded drug. The LS is a challenging body barrier consisting of a
layer of phospholipids (92%) and hydrophobic proteins (8%) that
avoid alveolar collapse during the respiratory mechanics reducing
surface tension, as well as plays a role in immune innate defense
(Hidalgo et al., 2017).

The ability to reach the lung alveoli is mainly determined by the
NP’s size. NPs with DH > 5 μm are usually retained in the upper
airways. Those ranging between 1–5 μm reach the lower respiratory
tract by deposition, while those with DH ≤ 1 μm arrive at the lung
alveoli by Brownian diffusion (Hidalgo et al., 2017).

The second condition, crossing the LS layer, depends on a
combination of variables including size, shape, and the chemical
nature and surface chemistry of the NPs (Hidalgo et al., 2015).
Vehiculization through this surfactant layer needs the formation of
an LS corona around the cargo so that it can translocate to the
subphase. As LS is mainly composed of lipids, hydrophobic NPs
have a better chance of interaction. Also, cationic or neutral NPs are
preferred to anionic NPs that can sequester positively charged LS
proteins, thus resulting in surfactant dysfunction (Arick et al., 2015).
Accordingly, the ability of PHA NPs to translocate through the LS
has been experimentally proven (Cañadas et al., 2021). Not only
PHANPs have been demonstrated to translocate through the LS, but
also phasins, such as PhaF, from which the MinP tag is derived, have
proven to interact with the LS (Mato et al., 2019).

Taking all the above mentioned into account, the PHA NPs
formulation hereby tested was designed to meet those requirements.
PHA NPs were obtained by nanoprecipitation (see Materials and
methods 2.5) without the use of any stabilizer. The presence of
surfactants may, on one hand, stabilize NPs systems, but, on the
other hand, it interferes with phasin binding (Zhao et al., 2016).

Indeed, preliminary results of protein fractionation between
supernatant and surfactant-stabilized PHA NPs showed that the
detergents intensely interfered with protein binding (Supplementary
Figure S3). M711 was then bound to bare PHA NPs by incubating
the tagged enzybiotic with the NPs. The incorporation of M711 on
the NPS (M711-NPs) was confirmed by ATR-FTIR (Supplementary
Figure S4). PHA NPs presented a unimodal distribution with mean
DH = 431 ± 14 nm (Figure 3A), which remained stable for a week
(final DH = 458 ± 15 nm, also unimodally distributed). Likewise, the
size distribution of NPs (M711-NPs) was unimodal but with a larger
DH (548 ± 12) (Figure 3B) as measured right after preparation,
meeting the size targeted for an eventual alveolar delivery of the NPs.
However, the M711-NPs showed a bimodal size distribution after
7 days of storage at 4°C in the activity buffer, with mean sizes at each
peak of 392 and 531 nm.

This latter result shows that M711-NPs tend to interact with
each other and aggregate over time but still maintaining the size
requirements for an alveolar delivery MP system. Another
interesting remark is the size increment of M711-NPs as
compared to that of PHA NPs. Given the dimensions of the
crystal structure of Cpl-1 (PDB 2IXU, 67.99 Å × 61.77 Å x
40.08 Å), which is 92% identical in sequence to Cpl-711, a
difference in DH of roughly 70 nm would indicate that several
layers of protein were formed around the NPs. Although these
broad layers of proteins are formed over PHA granules in vivo by
the oligomerization of phasins through their leucine zipper
motives (Tarazona et al., 2019b), these were removed in the
design of MinP (Mato et al., 2020). It is however rather well
established that the formation of a non-specifically associated
protein corona at the NP’s surface is a common phenomenon

FIGURE 5
Antibacterial activity of M711-NPs against S. pneumoniae P046. (A) Time-killing profile of logarithmic units of viability reduction of free M711 (grey
line), M711-NPs (green line), or blank PHANPs (black line). (B) Fluorescentmicroscopy images of resting cell suspensions after 4 h of incubation with each
treatment. No cell viability alteration was observed in untreated cells or cells treated with PHA NPs (green cells indicate metabolically active cells).
Meanwhile, cells treated with M711-NPs and free M711 were strongly affected in viability, and only the remaining M711-NPs (indicated by black
arrows) could be seen under the microscope. Scale bars are 10 µm.
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in protein-crowded solutions and biofluids (Lima et al., 2020). The
existence of unspecific binding between the PHA NPs and the Cpl-
711 moiety other than that driven by MinP was analyzed by
assessing protein binding and release induced by exposure to
Triton X-100 by SDS-PAGE. This detergent is known to
effectively detach proteins from PHA granules, and it would
also somehow mimic the surfactant environment at the LS
(Olmeda et al., 2015; Mato et al., 2020). Indeed, the Cpl-711
attached to PHA NPs. However, a concentration-dependent
elution was observed for Cpl-711 upon treatment with Triton
X-100, while the amount of M711 retained in the NPs remained
almost unchanged (at ≈ 80% of total protein) (Figure 4), in
agreement with previous results (Mato et al., 2020). Taking this
into account, a possible binding scheme could be the soft and hard
corona model (García-Álvarez and Vallet-Regí, 2021), in which
proteins bound to the PHA NPs via the MinP tag are tightly bound
to the NPs while those bound via unspecific interactions of Cpl-711
are loosely attached. The fact that in the presence of surfactants
such as Triton X-100 only small amounts of M711 are detached
could correlate with smaller cargo losses during an eventual
translocation at the LS. Furthermore, the aggregation effect
observed when stored in an aqueous solution is likely to be
prevented in the presence of LS, where the non-specifically
bound protein would be released.

Also related to the colloidal stability of the system, PHA NPs
showed a ζ-potential of –4.37 ± 0.34 mV, which was further reduced
upon functionalization down to –7.46 ± 0.58 mV. Particulate
systems are generally accepted to be stable with a ζ-potential
of ±30 mV (Pochapski et al., 2021). In this case, a balance
between the charge needed for stabilizing the system for long-
term storage and the charge desired for facilitated transport
through the LS (neutral or cationic) should be addressed. Our
values are rather neutral, which was nevertheless expected given

the absence of charged moieties in PHA (Abid et al., 2016; Lee et al.,
2022).

3.3 M711-NPs antimicrobial characterization

After proving the suitable physicochemical properties of M711-
NPs, the antibacterial activity of the system was evaluated. Indeed,
the immobilization of enzymes is very challenging, due to the need
of maintaining the three-dimensional structure of the protein and its
orientation to keep the biological activity. Because S. pneumoniae
presents spontaneous autolysis when reaching the stationary growth
phase, an autolysin-devoid pneumococcal strain P046 (Moscoso
et al., 2006) was used to assess the antibacterial activity of the M711-
NPs over time. Determination of the Minimal inhibitory
concentration could not be performed due to the turbidity
provided by the NPs. Thus, we directly assessed the M711-NPs
with S. pneumoniae resting cells.

In a killing activity assay prolonged for 4 h (Figure 5) the free
M711 outperformed both blank NPs and M711-NPs, with a
killing curve that peaked already after 1 h. PHA NPs had a
little killing effect on their own, while M711-NPs with a
protein concentration equivalent to that of the free
M711 treatment displayed a time-dependent sustained
antibacterial activity. M711-NPs reached a killing activity of
2.2 units (Figure 5A), meaning that ≈99% of the S.
pneumoniae cells were eliminated. Fluorescence microscopy
results (Figure 5B) showed the aggregation of PHA-NPs
around the cells without producing any apparent alteration in
cell viability (green cells, Figure 5B). Conversely, after 4 h of
incubation with M711-NPs, no cells could be observed, but only
the remaining M711-NPs, which further confirmed bacterial cell
lysis.

FIGURE 6
Antibiofilm activity of M711-NPS system. (A) Biofilm disaggregation and viable cells count from mature biofilms treated for 4 h with activity buffer,
PHANPs, M711-NPs, or freeM711 in equimolar amounts (250 nM). Black bars indicate the remaining biofilm as assessed by CV staining, white bars indicate
growth controls of the planktonic cell from the biofilm well, and grey bars indicate the number of viable cells in each biofilm per well. Asterisks indicate
different levels of signification following a one-way ANOVA with a Tuckey post hoc test comparing each treatment with the control. (**) p < 0.01;
(***) p < 0.001. (B) CLSM of untreated and treated biofilms with PHA NPs, M711-NPs, or free M711 for 4 h. Images are the views of the maximal projection
on the x-z plane. Scale bars indicate 25 µm.
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The MinP tag had been previously used to functionalize PHA
granules in vivo leading to active immobilized enzymes (Mato et al.,
2020). However, this is the first time this tag has been used to immobilize
an enzyme in vitro while preserving its activity. While the conversion of
small chemicals by enzymes immobilized on PHA granules can occur at
the functionalized granule itself, the antibacterial drug delivery
formulations usually imply the release of the active molecule.
However, our results strongly suggest that the antimicrobial activity
was due to the protein attached to the particle since no protein was
detected by spectrophotometric measurements at 280 nm on the
supernatant of M711-NPs incubated for up to 4 h at 37°C. The lack
of release would also explain the observed lag in the activity kinetics
(Figure 5A). Different causes could be argued for the kinetic retardation
assuming the lack of cargo release, for example i) the steric hindrances
partially blocking the access of immobilized enzymes to their substrate; ii)
a lesser number of target bacteria reachable by clustered (immobilized)
enzybiotics regarding an equimolar concentration of free enzymes, able to
diffuse as individual molecules; iii) as multiple layers are probably formed
as suggested by the increment in particle size, probably only the
outermost layer displays an effective antimicrobial activity. Indeed, this
behavior has been observed upon irreversible immobilization of
enzybiotics. Recently, a study comparing covalent binding and simple
adsorption of the antistaphylococcal enzybiotic AuresinePlus ontoPLGA/
chitosan fibers concluded lower and slower death rates for the
permanently immobilized material than in the case of the enzybiotic-
releasing material (Urbanek et al., 2021). However, a sustained activity
due to immobilized, more stable enzybiotic could be preferred to a fast
release in a clinical setting (Gao et al., 2011). Indeed, amajor advantage of
irreversible immobilization may be the protection of the enzyme against
proteolytic activities (e.g. as observed in Figure 1). In contrast, in a self-
releasing system, the released enzybiotic would still be susceptible to such
degradation and would probably have a short residence time within
the body.

Because the activity of the M711-NPs is thought to need the direct
contact between the loaded NPs and bacteria, the antibacterial activity of
the NPs was assessed on a solid substrate (biofilm). Due to this sessile
lifestyle, the contact between the NPs and the S. pneumoniae cells will be
more intimate than that on cell suspensions. Importantly, S. pneumoniae
is able to form stable biofilms associated with up to 80% of chronic
infections and persistent conditions (Wolcott and Ehrlich, 2008). The
disaggregation of the biofilms was 13% for PHANPs, 50% for theM711-
NPs, and 77% for the free M711 treatment, with respect to an untreated
control biofilm (Figure 6A), as assessed by CV staining. These results
were further confirmed by CLSM, where observations indicated that the
thickness of the biofilm was reduced from ≈25 µm to ≈15 μm, ≈5 µm or
up to unmeasurable levels, when treated with PHA NPs, M711-NPs or
free M711, respectively (Figure 6B). In terms of antibacterial activity, the
viability reduction of the biofilms was significantly decreased by 0.5, 1.2,
and 2.3 logarithmic units for PHA-NPs, M711-NPs, and free M711,
respectively (Figure 6A). Altogether, these results indicate thatM711-NPs
display pneumococcus biofilm disaggregation activity despite the absence
of enzybiotic release (Figure 5). Moreover, the reduced specific activity of
the immobilized enzybiotic, is compensated by other functional
advantages of immobilization, such as an increase of in vivo half-life
regarding the administration of the free enzyme or by an enhanced ability
to be vehiculized through the LS, as demonstrated for PHA NPs, in a
possible M711-NPs inhaled formulation.

4 Conclusion

In this work, we proposed tag-mediated immobilization of
enzybiotics as a method for the antimicrobial functionalization of
PHA-based materials. We first achieved the in vivo
immobilization of the fusion protein M711 onto PHA
granules, which prevented the proteolytic degradation
observed for the soluble production of the protein in two
different heterologous hosts. This demonstrates in vivo PHA
immobilization as a tool for the production of labile proteins.
The protein purified from the granules through detergent
washing was able to bind again onto preformed PHA NPs
in vitro, and the functionalized NPs displayed antibacterial
activity against both sessile and planktonic S. pneumoniae
cells. Although the specific antimicrobial activity of M711-NPs
was slightly reduced as compared with equimolar amounts of the
free enzyme, this is expected to be compensated by other
therapeutical properties of the NPs formulation, such as a
prolonged half-life or the enhanced translocation through
body barriers (e.g., the LS, as described for PHA NPs). These
advantages remain however to be explored in future studies.
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Continuous bioreactor
production of
polyhydroxyalkanoates in
Haloferax mediterranei

Mariana Parroquin-Gonzalez and James Winterburn*

Department of Chemical Engineering University of Manchester, Manchester, United Kingdom

In this work, the viability of continuous poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV) production with controlled composition in Haloferax
mediterranei when fed volatile fatty acids is demonstrated. Continuous
fermentations showed to greatly outperform batch fermentations with continuous
feeding. Operating the bioreactor continuously allowed for PHBV productivity
normalised by cell density to increase from 0.29 to 0.38mg L−1 h−1, in previous
continuously fed-fed batch fermentations, to 0.87 and 1.43mg L−1 h−1 in a continuous
mode of operation for 0.1 and 0.25M carbon concentrations in the media
respectively. Continuous bioreactor experiments were carried out for 100 h,
maintaining control over the copolymer composition at around 30mol% 3-
hydroxyvalerate 3HV. This work presents the first continuous production of PHBV
in Haloferax mediterranei which continuously delivers polymer at a higher
productivity, compared to fed-batch modes of operation. Operating bioreactors
continuously whilst maintaining control over copolymer composition brings new
processingopportunities for increasingbiopolymerproduction capacity, a crucial step
towards the wider industrialisation of polyhydroxyalkanoates (PHAs).

KEYWORDS

bioreactor, fermentation, continuous, Haloferax mediterranei, polyhydroxyalkanoates,
Poly(3-hydroxybutryrate-co-3-hydroxyvalerate)

1 Introduction

With the high demand for plastics production worldwide and its associated processing and
disposal problems there is an increasing interest in developing more environmentally friendly
alternatives, including biodegradable plastics produced from a renewable source (Plastics-Europe,
2021; European Commision, 2022). Polyhydroxyalkanoates (PHAs) are a family of bioplastics
that can be produced by a large range of microorganisms and possess similar mechanical
properties to widely used plastics such as polypropylene and polyethylene (Doi et al., 1989;
Renard et al., 2004; Platt, 2006; Khanna and Srivastava, 2008). The homopolymer poly-3-
hydroxybutyrate (PHB) is one of the most commonly produced PHAs. However, when adding
the 3-hydroxyvalerate (3HV) monomer into the chain to form the copolymer poly-3-
hydroxybutyrate-co-3-hydroxyvalerate (PHBV) the high crystallinity of the PHB is disrupted
and a more malleable and flexible polymer is created which presents suitability for a broader
range of industrial applications (Anjum et al., 2016).

The main restrictions on PHA industrial scale-up lies on their relatively high production cost,
with the estimated PHAmarket price ranging between 2.4 and 5.5 USD per kg while the petroleum-
based alternatives cost around 1 USD per kg (Gholami et al., 2016; Crutchik et al., 2020). A large
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proportion of the costs are associated with creating sterile conditions,
substrate carbon source refinement, use and disposal of solvents for
polymer extraction and the low productivity, yields and other
limitations such as short production campaigns and downtime for
batch changeover of batch/fed-batch modes of operation (Arcos-
Hernández et al., 2013; Kumar et al., 2016; Kourmentza et al., 2017;
Chen and Jiang, 2018). Halophilic microorganisms have been suggested as
suitable PHAs producers at a lower financial cost; the high salinity of the
production medium needed (150–200 g/L of salts) for halophiles to grow
minimises the risk of contamination, removing the need for sterile
conditions and facilitates operation allowing for open vessels and low
contamination risk continuous process (Chen and Jiang, 2018; Mahler
et al., 2018; Kasirajan and Maupin-Furlow, 2021). Furthermore, the
downstream process can be hugely simplified, extracting the polymer
by simple osmotic shock when the cells are transferred into an isotonic
media, removing the need for toxic and expensive solvents (Oren, 2010;
Koller et al., 2017).

In most microorganisms, the 3HV percentage in PHBV is limited
by the precursor toxicity with compositions above 50% being hard to
obtain (McChalicher and Srienc, 2007; Han et al., 2015). However,
Haloferax mediterranei can produce PHBV naturally without the need
of precursors and can utilise a wide range of cheap carbon sources as
substrate making it one of the preferred halophilic archaea for PHA
production (Chen et al., 2006; Huang et al., 2006; Koller et al., 2007; Pais
et al., 2016; Alsafadi and Al-Mashaqbeh, 2017; Montemurro et al.,
2022). In addition, polymer composition could vary frombatch to batch
delivering a product with fluctuating mechanical properties. It has been
shown that by feeding amix of C4:0 and C5:0 volatile fatty acids (VFAs)
the polymer composition can be controlled; in a fed-batch fermentation
the 3HV content is directly proportional to the fraction of C5:0 fed
(Ferre-Guell and Winterburn, 2018).

With sterilisation, extraction and carbon substrate simplified,
the next productivity improvement can come from the operation
mode selected. In addition to the fermentation time itself, batch
operations include long periods of downtime, during which
equipment is cleaned and sterilised, media is prepared, and a
new inoculum is grown. This contributes to delayed product
delivery or the need to set up several batches in series which
complicates the process and requires more capital investment or
result in less overall production from a given facility. Continuous

fermentations present an attractive alternative with an ease to
control the fermentation allowing for a constant polymer harvest
with a single longer production campaign.

A semi-continuous, fed batch,mode of operation has previously been
tested, where the fermentation was continuously fed a mix of C4:0/C5:
0 VFA in order to keep the concentration in the media constant, without
an outlet stream (Parroquin Gonzalez and Winterburn, 2022). This
strategy led to a productivity increase (12.8 mg L-1 h-1) when
compared to a pulse-feeding fed batch strategy (3.4 mg L-1 h-1) (Ferre-
Guell and Winterburn, 2018; Parroquin Gonzalez and Winterburn,
2022). However, the amount of polymer produced over time in the
continuously fed fed-batch fermentation (CFFB) was limited by the
reactor volume, increased cell density over time and accumulation of
other metabolites and by-products, in addition the downstream process
associated to a batch operation was still present. It has been shown that
fully continuous operation can further increase the process productivity
and simplify the operation generating a more industrially attractive
process (Garcia Lillo and Rodriguez-Valera, 1990; Chen and Jiang,
2018; Amstutz et al., 2019). Therefore, a fully continuous fermentation
is the crucial next step in improving polymer production. This has already
been implemented for other PHA producing species showing promising
results, including the genetically engineered Halomonas TD01 (Yu et al.,
2005) and Ralstonia eutropha (Fu et al., 2014). Haloferax mediterranei
and the process described here present an opportunity for a non-
engineered species that can operate under non-sterile conditions.

When performing a continuous fermentation, the genomic stability of
the culture might be at risk. There are some halobacteria known to have
high genomic stability. In 1990, Garcia Lillo & Rodriguez-Valera
performed a continuous fermentation with Haloferax mediterranei for
3 months at a dilution rate of 0.12 h-1 which roughly corresponds to
370 generations. Afterwards they tested the PHB production of the strain
and did not observe any significant difference from the original strain
deeming Haloferax mediterranei as a stable culture for continuous
operations (Garcia Lillo and Rodriguez-Valera, 1990).

The work presented in this paper details the first effort to
continuously produce PHBV using Haloferax mediterranei in a
continuous mode of bioreactor operation with VFAs as substrate,
with the aim of further improving process productivity.
Bioreactors were continuously fed a mix of C4:0/C5:0 VFAs
maintaining steady state carbon concentration, cell density
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and biopolymer concentration in the media, proving the viability
of the process. Following this continuous bioreactor operation
strategy improved both productivity normalised by optical
density (OD) and yields, presenting a process that has the
potential to be more industrially attractive. This work
represents a crucial step for the wider industrialisation of
biopolymer production.

2 Materials and methods

2.1 Microorganism and fermentation
conditions

Haloferax mediterranei (DSM 1411, ATCC 33500) obtained from
the Leibniz Institute DSMZ-GermanCollection ofMicroorganisms and
Cell cultures, was used for all experiments. Cryovials of working stock
were stored at −80°C. The seed culture was initiated by reviving the
cryovial content in 20 mL minimal synthetic media (MSM)
supplemented with 10 g/L of glucose and incubated during 24 h at
37°C and 200 rpm (INNOVA 42, New Brunswick Scientific). This was
then transferred to a 1 L shake flask with 200 mL MSM supplemented
with 10 g/L of glucose and incubated for further 36 h at 37°C and
200 rpm. Prior to starting the fermentations, cells were centrifuged to
remove all media supplemented with glucose. For a final cultivation
phase, the cells were resuspended in 200 mL MSM with 0.1 M carbon
concentration of C4:0/C5:0 mix with a 50/50 ratio and inoculated for
48 h. This final cultivation phase was designed to adjust the cells to the
fatty acids and reduce the lag phase at the beginning of the fermentation
in the reactor. Finally, the cells were centrifuged at 7,000 rpm for 10 min
and the supernatant was discarded. The pellet was then resuspended in
fermentation media and added to the corresponding bio reactor.

The composition of the minimal synthetic media (MSM) was (g/L):
156.0 NaCl, 13.0 MgCl2 · 6H2O, 20.0 MgSO4 · 7H2O, 1.0 CaCl2 · 6H2O,
4.0 KCl, 0.2 NaHCO3 and 0.5NaBr asmarine salts; 0.5 KH2PO4, 0.005 (g/
L) FeCl3 and 1.0 (mL/L) trace elements solution SL6 (10×) as supplements;
2.0 NH4Cl to supply the desired amount of nitrogen and 49.6 (mL/L) 1,4-
piperazinediethane-sulfonic acid (PIPES) as pH buffer. The trace elements
solution contained (g/L): 2.0 ZnSO4 · 7H2O, 0.6 MnCl2 · 4H2O,
6.0 H3BO3, 4.0 CoCl2 · 6H2O, 0.2 CuCl2 · 2H2O, 0.22 NiCl2,
0.6 Na2MoO4 · 2H2O. In all cases, the pH of the media was adjusted
to 6.8 with NaOH or HCl solutions and with no sterilisation prior to use.

Butyric (C4:0) and pentanoic (C5:0) acid with a ≥99% purity
from Sigma-Aldrich were used in all fermentations.

2.2 PHA bioreactor fermentations

A 3-L cylindrical bioreactor (Applikon Biotechnology, 1 Rushton
turbine, 3 baffles, 2.2 H/D ratio) with an initial working volume of 1.2 L
was used for all fermentations. The temperature was maintained at 37°C,
the pHkept at 6.8 using 3MHCl solution, air was delivered at 0.75 vvmand
an agitation cascade with stirring speed between 200 and 800 rpm was set
up to maintain the dissolved oxygen at 20% [26]. C4:0/C5:0 (56:44mol%)
VFAs were used as the carbon substrate, the media had the corresponding
amounts added to constitute the 0.1 and 0.25M working concentrations.

Fermentations were continuously fed MSM media supplemented
with a mix of C4:0/C5:0 (56:44 mol%) of 0.5 and 0.4 M respectively for

the 0.1 and 025M working concentration respectively. Both inlet and
outlet streams were pumped with a Watson Marlow (IP31) pump with
flowrates adjusted accordingly to the fermentation specifications.
Samples for analytical measurements were taken from the outlet
stream. No significant salt deposits were observed inside the tubing
for the duration of the fermentations. Outlet broth was stored in a cold-
room prior to polymer extraction.

2.3 Downstream: PHBV extraction

PHA from Haloferax mediterranei can be isolated by osmotic
shock. To extract the polymer for quantification and composition
analysis, 2 mL of sample broth was centrifuged in an Eppendorf tube
at 13,000 rpm for 5 min and the supernatant was discarded. The
pellet was resuspended in 1 mL of 0.1% w/v Sodium Dodecyl
Sulphate (SDS) (Sigma Aldrich) and vortexed for 1 min. This
process was repeated 3 times to eliminate the light pink colour
associated with Haloferax mediterranei fermentation broth. Finally,
cells were washed one last time with distilled water and left to dry in
a drying oven at 60°C. No evidence of PHBV degradation was
observed, with no discernible difference in concentration detected
using GC between polymer extracted immediately after sampling
and that obtained from samples stored in a cold room for a period of
time prior to extraction as shown in Figure 2.

2.4 Analytical techniques

2.4.1 Determination of optical density
Optical density was used to measure cell growth as specified in

(Parroquin Gonzalez and Winterburn, 2022). 1 mL samples of
fermentation broth were taken every 24 h. The sample was
centrifuged for 5 min at 13,000 rpm, the supernatant retained for
HPLC analysis, and the cells resuspended in a 10 w/v NaCl solution.
The measurements were carried out by a US-visible spectrometer at
600 nm (UV mini-1240, UV-vis spectrometer, Shimadzu).

2.4.2 Dry cell weight (DCW) and biomass
Due to the high salinity of the media, dry cell weight could not be

determined by standard solvent evaporation. 10 mL of sample were
analysed following the procedure detailed by (Parroquin Gonzalez and
Winterburn, 2022). Samples were centrifuged for 10 min at 7000 rpm
and supernatant discarded. The pellet was then resuspended in 10%w/v
NaCl solution. This process was repeated three times before transferring
the samples to a ceramic crucible. Samples were then dried to constant
weight, weighed and then all organic matter burnt at 400°C for 4 h in a
P300 furnace (Nabertherm). This process degrades all organic matter
leaving the salts in the crucible. The dry cell weight was calculated as the
difference between the dry weight (salts plus organic matter) and the
burnt sample (salts only). Biomass was calculated as the difference
between DCW and PHA concentration.

2.4.3 PHA quantification and composition analysis
with GC-FID

For sample preparation the method described by (Braunegg
et al., 1978) was followed. 2 mL of sample were centrifuged, and the
supernatant discarded. The pellet was then washed 3 times with
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0.1% w/v sodium dodecyl sulphate (SDS) (Sigma Aldrich) solution
before a final wash with distilled water. The pellet was then
transferred to a pressure tube and left to dry. Once dried, the
sample was treated at 95°C for 140 min with a chloroform:
methanol:sulfuric acid solution (2:1.85:0.15 v/v) supplemented
with 5 g/L of methyl benzoate as an internal standard. Following
this procedure, 2 mL of water were added, and the mix was vortexed
and left to settle. After settling the lower layer (organic phase) was
extracted with the use of a syringe, filtered (0.45 μm PTFE filter) and
transferred to a GC vial.

Gas chromatography with a flame ionization detector (GC-FID),
a 30 m × 0.25 mm × 0.25 µm Zebron ZB-SemiVolatiles Capillary GC
column capillary column (SGE Analytical Science) was used to
analyse the PHA concentration. The method consisted of an
initial temperature of 100°C for 3 min, followed by a ramp of
25°C/min to 200°C, followed by a second ramp of 30°C/min to
220°C, maintaining this temperature for 2 min. Helium was used as
carrier gas. Standards were prepared from Methyl-(R)-3-
hydroxybutyrate and Methyl-(R)-3-hydroxyvalerate (Sigma
Aldrich) to create calibration curves.

2.4.4 Determination of PHBV microstructure
by NMR

Nuclear Magnetic Resonance (NMR) (B500 MHz Avance II+,
Bunker), was used to determine the microstructure of the PHA
produced by analysing the presence of HV and HB monomers
and their distribution in the copolymer which can be identified by
the position of the 1H and 13C present. The results allow
calculation of the D value (Eq. (1)) which gives an idea of the
relative proximity of HB*HV and HV*HB groups. A large D value
corresponds to a block polymer structure while values close to
1 indicate a random polymer structure (Kamiya et al., 1989). The
D value is given by:

D � FHBHB × FHVHV

FHBHV × FHVHB
(1)

Where FHBHB represents the fraction of 3HB adjacent to 3HB
monomer units, FHBHV represents the fraction of 3HB adjacent to
3HV monomer units, FHVHV represents the fraction of 3HV
adjacent to 3HV monomer units, FHVHB represents the fraction
of 3HB adjacent to 3HV monomer units.

2.4.5 Quantification of fatty acids with HPLC, yields
The supernatant from each OD sample was analysed to determine

carbon substrate (VFA) content. Samples were passed through 0.45 µm
Nylon filters before being transferred to HPLC vials. The C4:0 and C5:
0 concentrations were quantified by High Performance Liquid
Chromatography (HPLC) (Ultimate 300 Dionex HPLC system,
Thermo Scientific) using an Aminex HPX-87H (Biorad) column and
UV detector. The mobile phase used was 0.5 mMH2SO4. The operating
temperaturewas 50°C, 1.0 mL/minflow rate and 220 nmUVwavelength.
Pure valeric and butyric acid were used to prepare standards.

Product yield (YPHA/S) and Biomass yield (YX/S) were calculated
with the following equations YPHA/S = [PHA average]/ΔS and YX/S = X

total/ΔS. Where X represents the total biomass in g/L, = [PHA average]
shows the average PHA concentration in g/L and ΔS the substrate
consumed in g/L.

2.4.6 Carbon consumption and feeding rate
calculation

HPLC analysis results were used to obtain the fatty acid
consumption rate which was calculated as the difference in VFA
between two readings. The amount of VFA fed between samples was
also taken into consideration. Substrate consumption was calculated
as ΔS = [VFA]feed–[VFA]outlet stream for each 24 h period.

The feed flow rate (mL h-1) was calculated as the product of
reactor volume (mL) and dilution rate (h-1). The dilution rate was
selected based on previous experiments as the expected specific
growth rate for each 24 h period. The feed concentration (g mL-1)
was determined based on the measured carbon consumption (g) and
total volume fed over a 24 h period (mL).

3 Results and discussion

The results of two fully continuous bioreactor fermentations are
presented, to prove the viability of a continuous mode of bioreactor
operation for PHBV production inHaloferax mediterranei when fed
a mix of C4:0/C5:0 volatile fatty acids (VFAs). Firstly, operating
conditions, e.g., feeding rate, feed carbon concentration and steady
state OD, are determined followed by discussion of continuous
fermentation data and the analysis of the PHBV produced.

3.1 Design of continuous operating
conditions

A continuous strategy, with feeding and broth removal, was
designed to keep the cell density and carbon concentration constant
inside the bioreactor. Two experiments were completed with a mix
of C4:0/C5:0 VFAs at different media substrate concentrations;
experiments A and B were performed at 0.1 M and 0.25 M
carbon concentration respectively.

The natural PHBV production in Haloferax mediterranei is
growth associated; maximum production occurs during the
exponential growth phase (Koller et al., 2007). When looking to
maximise productivity, elongating that exponential productive
growth phase is of interest. When working in fed-batch and
continuously fed fed-batch (CFFB) strategies, the maximum cell
density observed was around OD 35 with exponential growth
occulting in the range 8–35 OD (Ferre-Guell and Winterburn,
2019; Parroquin Gonzalez and Winterburn, 2022). Based on this
a steady state OD between 10–12 was chosen for the continuous
fermentations. These values fall at the beginning of the exponential
phase which not only guarantees PHA production but also results in
a relatively straight forward steady state at which to control and
maintain the fermentation vs. a higher, late exponential stage, OD.
Whilst operating at higher OD is possible it would require
significantly greater dilution rates, achieved with high and
difficult to control inlet and outlet flow rates.

To establish a steady state cell density and carbon
concentration inside of the reactor for the duration of the
continuous fermentation, the outlet stream had to be set to
match cell growth rate and carbon consumption rate. The
inlet stream was set to match the outlet stream to maintain
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constant working volume in the reactor. The flowrates and
feeding rate were initially calculated based on the growth rate
in the CFFB fermentations averaging the same carbon
concentration in the media. Both experiments were initially
fed a C4:0/C5:0 (56:44 mol%) 0.3 M of carbon mix, same
concentration as the CFFB experiments (Parroquin Gonzalez
and Winterburn, 2022). However, with a continuous stream of
cells leaving the reactor and hence limiting their natural
exponential growth phase, cell growth and carbon
consumption rates decreased when compared to CFFB
fermentations and the outlet flow rate had to be adjusted;
accordingly, experiments A and B had an outlet flow of
5.3 and 9.2 mL h-1 respectively. Once the outlet flow was
stablished, the inlet flow had to be adjusted to keep the
volume inside the reactor constant. The new consumption rate
was calculated by analysing the carbon concentration change in
the media over a 24 h period, samples were analysed by HPLC. A
consumption rate of 54.1 and 30.9 mg h-1 were obtained for
experiments A and B respectively. Research conducted in
Haloferax mediterranei shows its preference for C4:0 over C5:
0 during the growth phase (Ferre-Guell and Winterburn, 2019).
Additionally, it has been documented that cells exhibit faster
growth when the carbon concentration in the media is
maintained at 0.25 M (Parroquin Gonzalez and Winterburn,
2022). As expected, B shows faster cell growth, as evidenced
by the higher flow rate out (Table 1) which suggests that the cells
are at a stage that further favors the consumption of C4:0 over C5:
0. The carbon consumed is not only used by the cells for biomass
growth but also for PHA production and formation of other
fermentation products; experiment A shows slower growth with
higher PHA production and a larger carbon consumption rate
when compared to experiment B, a faster growing culture with
less PHA production and lower carbon consumption. Figure 1

shows the consumption rate trends for the CFFB fermentation at
increasing OD as well as the consumption rate values for
experiments A and B. Knowing how much carbon had been
consumed over that period as well as the required flowrate rate
needed to keep the volume in the reactor at steady state, the final
feeding concentrations for each experiment were calculated;
experiments A and B where fed a media supplemented with
0.515 and 0.390 M of carbon respectively. The final design
parameters used are presented in Table 1.

3.2 Continuous fermentation results

Results from two continuous fermentations are presented;
experiments A and B were performed at steady state 0.1 M and
0.25 M carbon concentration in the media respectively. Both
reactors were inoculated so that the initial cell density in the
reactor would be within the desired 10–12 OD mark.
Immediately following inoculation, the inlet and outlet streams
were turned on and the continuous fermentation was initiated
maintaining the working volume inside each bioreactor constant
at 1.2 L. Both experiments were sampled every 24 h for 100 h; the
data obtained for OD, VFA concentration in media, PHBV and 3HV
concentration is presented in Figure 2. As desired, for both
experiments A and B, each sample presented an OD value within
the 10–12 mark. The carbon concentration in the media was
successfully kept at 0.1 and 0.25 M of carbon concentration
respectively through the 100 h analysed showing that the feeding
concentrations and rates described in Table 1 were correctly
calculated. In addition, both the concentration of the polymer
and the 3HV fraction obtained remained constant over time. All
these constant values demonstrate that steady state was successfully
kept. Figure 2 shows steady state carbon concentration, cell density
(OD) and polymer production remained constant for the duration
of the continuous experiment. While the experiments presented in
this work only lasted for 100 h, Haloferax mediterranei has been
shown to be a stable culture for continuous processes with no
genomic alterations observed after 3 months (Garcia Lillo and
Rodriguez-Valera, 1990).

For the operations presented in this work, the continuous feed
flow prevented salt deposits forming and salt accumulation was not
observed in the tubing system, allowing for the feeding solution to
include the required salts. This presents an additional advantage for
the continuous operation granting greater control and assuring the
fermentation is continuously provided the needed amount of
micronutrients. While the high salinity might present an
industrial scale up limitation due to potential for corrosion and
salt build up, the experimental work presented in this paper shows
that when there is a continuous flow of media salts do not
accumulate, further careful material selection for bioreactor
vessels and pipework can mitigate the corrosion risk when
scaling up.

Overall, the results presented demonstrate that not only a
continuous fermentation of Haloferax mediterranei is viable, but
the PHBV produced is obtained continuously with constant
concentration and 3HV fraction. This presents a huge industrial
advantage as fermentations could be kept running for longer (at least
3 months), as opposed to being limited by the end of the exponential

FIGURE 1
Volatile fatty acid consumption (g/L) plotted against cell density
(OD). In black, results from the continuously fed fed-batch (CFFB)
fermentations (Parroquin Gonzalez and Winterburn, 2022). Orange
circle and green square consumption for experiments A (0.1 M)
and B (0.25 M) respectively.
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cell growth or by-products accumulation in batch fermentations,
with product being harvested continuously whilst maintaining
consistent material properties and quality. Continuous operation
also minimises downtime, maximising the production possible from
a given equipment asset.

3.3 PHA production and quantification in
continuous fermentations

The main advantage of a continuous mode of operation is the
ability of product to be harvested continuously. Figure 3 shows

the total amount of PHBV and volume of broth obtained
throughout the 100 h sampled. An average of 130 mL of broth
containing 250 mg of PHBV were obtained daily from
experiment A. Experiment B delivered an average of 220 mL
containing 376 mg of PHBV. By the end of the continuous
production time more than 600 mL had been extracted from
experiment A with a total of 1.2 g of PHBV produced while
1,100 mL and 2 g of PHBV were produced in experiment B
(Figure 3).

Three different productivities were calculated for both
experiments to characterise the fermentation and be able to
compare them with the results previously obtained for CFFB

TABLE 1 Fermentation design parameters.

Exp Media
concentration

(M)

Working
Volume

(L)

Steady
state
OD

Dilution
rate (h−1)

Flowrate
out

(mL h−1)

Feeding
concentration
(M of Carbon)

VFA
consumption
rate (mg h−1)

C4:0
consumption
rate (mg h−1)

C5:0
consumption
rate (mg h−1)

A 0.1 1.2 10–12 0.0044 5.3 0.515 54.1 27.2 26.9

B 0.25 0.0076 9.2 0.390 30.9 22.3 8.6

FIGURE 2
Bioreactor fermentation time course showing experiments (A, B) (top to bottom) corresponding to steady state carbon concentrations in themedia
of 0.1 and 0.25 M. The circles represent OD (600 nm), squares indicate VFA concentration (mol/L), empty triangles show C4:0 concentration (mol/L),
asterisks represent C5:0 concentration (mol/L). The light bars represent the PHBV concentration while the dark bars represent the PHV concentration
(g/L).
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operations (Table 2). Overall productivities of 9.6 and 17.2 mg L-1 h-1

for experiments A and B respectively were obtained. A productivity
normalised by OD of 0.87 and 1.43 mg L-1 h-1 OD−1 was calculated
for experiments A and B respectively. Finally, a steady state
productivity of 77.5 and 71.3 mg L-1 h-1 for A and B respectively
was obtained.

The overall productivity for CFFB fermentations was
10.0 and 12.8 mg L-1 h-1 when fed 0.1 and 0.25 M of carbon
respectively (Parroquin Gonzalez andWinterburn, 2022). For the
experiments at 0.1 M VFA the overall productivity calculated is
numerically equal for CFFB and continuous fermentations
(Table 2) while in the 0.25 M experiments there is a 34%
increase in overall productivity from 12.8 mg L-1 h-1 in CFFB
to 17.2 mg L-1 h-1 in the continuous process. However, while
these values are mathematically calculated in the same manner
accounting for the total polymer mass produced in the total
working volume during the total fermentation time, the
significance is of the value is different; the CFFB total
fermentation time goes from the start to the actual end of

the fermentation life (fermentation reaching stationary
phase) while the continuous total time only accounts for the
100 h tested while the fermentation could have continued for a
much longer time at least tripling the CFFB time. In addition,
the polymer produced in the continuous fermentations was
made by a lower total cell count with the total cell density
staying between 10–12; in the CFFB the amount of polymer
produced increases proportionately with the cell density going
up to 34 OD.

To be able to compare productivities, the overall productivity is
normalised by the maximum OD obtained. When comparing these
values, the productivity normalised by OD increased from 0.29 to
0.87 mg L-1 h-1 OD−1 (331%) and from 0.38 to 1.43 mg L-1 h-1 OD−1

(453%) for 0.1 and 0.25 M carbon concentration respectively for
CFFB and continuous fermentation (Table 2). In this work, only one
OD value was tested in continuous operation, higher cell densities
could be tested in the future to further improve the overall
productivity.

Steady state productivity and production rates were also
calculated and are presented in Table 2. These values correspond
to the 24 h period between samples and can be useful when
comparing fermentations at different working volumes. Steady
state productivities of 77.5 and 71.3 mg L-1 h-1 were obtained for
experiments A and B respectively. One of the main features of
continuous fermentations is the constant product delivery; steady
state production rates of 9.9 and 15.8 mg h-1 were obtained for
experiments A and B respectively.

Biomass yields of 0.07 and 0.32 (g g-1) were obtained for
experiments A and B respectively. As for the PHA yield, values
of 0.18 and 0.51 (g g-1) were obtained for experiments A and B
respectively (Table 2). In the CFFB experiments conducted at the
same carbon concentration the biomass yields obtained were of 0.29
(g g-1) for both 0.1 and 0.25 M fermentations and PHA yields of
0.73 and 0.63 (g g-1) were calculated for 0.1 and 0.25 M
fermentations respectively (Parroquin Gonzalez and Winterburn,
2022). Experiment A did not show an improvement in terms of yield
while experiment B presented an improved biomass yield and
maintained a similar value for PHA yield. It is important to
know than in CFFB cells were allowed to grow all the way to
stationary phase producing polymer at higher cell density.
Engineering the Haloferax mediterranei cells with an additional
phaCAB operon and exploring higher cell density continuous
fermentations can be ways to further increase the yields.
However, even with the lower yields observed the greater
productivity normalised by OD, continuous production and
elimination down time associated with batch changeover means

FIGURE 3
Total volume extracted, and polymer produced by continuous
fermentations for experiments A (0.1 M) and B (0.25 M).

TABLE 2 Parameters for the PHBV produced in Haloferax mediterranei grown in different VFA constant concentrations and operation conditions.

Operation
mode

Carbon
concentration

(M)

Time
(h)

PHBV
(g L−1)

Total PHBV
produced

(g)

Overall
Productivity
(mg L−1 h−1)

Maximum
OD

Productivity
normalised
by OD (mg
L−1 h−1 OD−1)

Steady state
productivity
(mg L−1 h−1)

Steady state
production
rate (mg h−1)

YX/S
(g
g−1)

YPHA
(g
g−1)

A Continuous 0.1 104 1.86 1.2 9.6 11b 0.87 77.5 9.9 0.07 0.18

B Continuous 0.25 97 1.71 2.0 17.2 12b 1.43 71.3 15.8 0.32 0.51

Aa Fed-batch 0.1 260 5.27 9.5 10.0 34 0.29 N/A N/A 0.29 0.73

Ba Fed-batch 0.25 383 4.73 9.4 12.8 34 0.38 N/A N/A 0.29 0.63

aValues for continuously fed fed-batch fermentations were taken from Parroquin Gonzalez and Winterburn (2022).
bAverage OD values at steady state.
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the continuous process is a more attractive mode of operation
compared to fed-batch.

An in-depth techno-economical assessment for PHBV
production via fermentation has been published (Policastro
et al., 2021). In this study the productivity and 3HV fraction
of different PHBV processes are compared. It is known that
PHBV copolymers with 30–60 mol% 3HV composition are
elastic and soft which makes them desirable over other
polymeric compositions that are less elastic and brittle
(Sudesh et al., 2000; Anjum et al., 2016). Furthermore, 3HV
fractions higher than 30 mol% have a lower melting temperature,
increasing the gap between melting and degradation
temperatures facilitating their moulding into desired goods
(Lauzier et al., 1992; Khanna and Srivastava, 2005). However,
3HV factions in Haloferax mediterranei are limited by precursor
toxicity with higher than 15% are difficult to achieve; 3HV
fractions higher than 40 mol% rarely being reported
(Fernandez-Castillo et al., 1986; Chen et al., 2006). Overall
productivities associated with these processes range between

9 and 360 mg L-1 h-1 with the highest values obtained when
glucose or starch are used as carbon sources (Don et al.,
2006; Hermann-Krauss et al., 2013). While said productivities
are numerically larger than those presented here, when using a
mix of C4:0 and C5:0 VFAs as carbon source it is possible to
control the 3HV fraction and obtain compositions as high as
99.5 mol% without toxicity limitation (Ferre-Guell and
Winterburn, 2018). 3HV plays an important role in the
market price with higher fractions being more desirable.
Furthermore, most processes use a batch operation mode
hence process productivity is limited by fermentation cycles
with time between batches having a large impact in overall
production and product pricing. Having steady state PHBV
production capacity makes the process more efficient despite
the relatively low productivities. Whilst further process
development is still required to further increase productivity
in order for this system to become industrially viable, overall the
productivities reported here confirm that a continuous
fermentation in which high 3HV fractions are achievable has

FIGURE 4
Top to bottom: (A) PHBV structure highlighting each carbon of the chain: Bi and Vi carbons correspond to PHB and PHVmonomers respectively. (B)
Characteristic chemical shifts for each carbon and proton in the PHBV molecule. (C) C-NMR and (D) H-NMR spectrums of experiments A and B.
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a greater potential than the previously conducted batch
fermentations.

With higher productivities, production rate and yields obtained
for experiment B, it is shown that a higher carbon concentration in
the media is recommended, whilst keeping in mind that
concentrations close and above to 0.4 M will become toxic for
Haloferax mediterranei (Parroquin Gonzalez and Winterburn,
2022).

3.4 Polymer structure

Nuclear magnetic resonance (NMR) was performed to
determine the copolymer structure and to confirm the presence
of PHB and PHV in the copolymer. Figure 4 shows the chemical
shifts obtained in the 13C-NMR and H-NMR spectrums. With the
integrated value of the peaks corresponding to HB-HB, HB-HV,
HV-HV and HV-HB neighbouring units, the D values were
calculated, see Table 3. With a D values close to 1; 1.12 and
1.02 for experiments A and B respectively, a random polymeric
structure is suggested for both experiments A and B (Žagar et al.,
2006) (Table 3). Given that C4:0 and C5:0 were continuously co-
fed the assimilation of the substrate and addition of PHB and PHV
monomers into the PHBV polymeric chain would occur
concurrently creating a chain with a random structure. A
random allocation guarantees a well-mixed polymer with
enhanced mechanical properties; with PHB being a more brittle
and less elastic material it is not desirable to have long sections of it
in the polymer chain (Anjum et al., 2016).

4 Conclusion

This work shows for the first time that continuous PHBV
production in Haloferax mediterranei when fed volatile fatty
acids is viable. Controlling and maintaining a steady state carbon
concentration and cell density in the reactor resulted in a
significant productivity normalised by OD improvement with
respect to previous fed-batch strategies tested. When performing
fermentations following this regime, productivity normalised by
OD increased from 0.29 to 0.38 mg L-1 h-1 in continuously fed-
fed batch fermentations to 0.87 and 1.43 mg L-1 h-1 when
continuously operated for 0.1 and 0.25 M carbon concertation
in the media respectively. Production rates of 9.9 and 15.8 mg h-1

for 0.1 and 0.25 M carbon concertation respectively were
achieved, showing continuous product delivery is possible.
Presenting the first continuous fermentation for PHBV
production in Haloferax mediterranei, this paper offers a step
towards the wider industrialisation of PHBV production by
fermentation, offering a process that is relatively straight

forward to operate and produces a relatively high product
concentration.
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TABLE 3 D values for polymer structure characterisation.

Experiment D Value Polymer composition

A—0.1 M 1.12 Random

B—0.25 M 1.02 Random
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production of short-chain-length
polyhydroxyalkanoates in
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involvement of IbpA inclusion
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Designing cell factories for the production of novel polyhydroxyalkanoates (PHAs)
via smart metabolic engineering is key to obtain à la carte materials with tailored
physicochemical properties. To this end, we used the model medium-chain-
length-PHA producing bacterium, P. putida KT2440 as a chassis, which is
characterized by its metabolic versatility and stress tolerance. Different PHA
biosynthetic modules were assembled in expression plasmids using the Golden
gate/MoClo modular assembly technique to implement an orthogonal short-
chain-lengh-PHA (scl-PHA) switch in a “deaf” PHA mutant. This was specifically
constructed to override endogenous multilevel regulation of PHA synthesis in the
native strain. We generated a panel of engineered approaches carrying the genes
from Rhodospirillum rubrum, Cupriavidus necator and Pseudomonas
pseudoalcaligenes, demonstrating that diverse scl-PHAs can be constitutively
produced in the chassis strain to varying yields from 23% to 84% PHA/CDW. Co-
feeding assays of the most promising engineered strain harboring the PHA
machinery from C. necator resulted to a panel of PHBV from 0.6% to 19%
C5 monomeric incorporation. Chromosomally integrated PHA machineries
with high PhaCCn synthase dosage successfully resulted in 68% PHA/CDW
production. Interestingly, an inverse relationship between PhaC synthase
dosage and granule size distribution was demonstrated in the heterologous
host. In this vein, it is proposed the key involvement of inclusion body protein
IbpA to the heterologous production of tailored PHA in P. putida KT2440.

KEYWORDS

Pseudomonas putida, synthetic biology, polyhydroxyalkanoates, modular cloning
assembly, IbpA inclusion body protein
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1 Introduction

Polyhydroxyalkanoates (PHAs) are biotechnologically useful
natural polyesters produced in many microorganisms. PHAs
function as an intracellular carbon and energy storage reservoir
with physical and mechanical properties that make them promising
bioplastics with many possible applications (Zheng et al., 2019).
Optimal PHA production generally occurs when a deficit exists in
the nutritional conditions of the cell, with the deprivation of
nitrogen being the most widely applied in bioproduction
strategies (Kim and Lenz, 2001; Mahato et al., 2021; Ronďošová
et al., 2022). Hydrophobic PHA accumulates in roughly spherical
cellular inclusions called PHA granules that are segregated from the
cytoplasm by a surface layer of amphipathic phasin proteins and

other granule-associated proteins (Jendrossek, 2009). The Gram-
negative P. putida KT2440 has been extensively studied as
archetypal producer of medium-chain-length PHA (mcl-PHA)
containing monomers of 6–14 carbon atoms in length (C6-C14)
(Mezzina et al., 2021). The P. putida pha genomic locus contains the
genetic machinery (Supplementary Figure S1, panel A) which along
with its metabolic flexibility, allows for the production of mcl-PHA
from a variety of substrates, including both PHA-like aliphatic fatty
acids as well as PHA-unrelated carbon sources (Figure 1) (Cheng
and Charles, 2016; Koller et al., 2017).

In contrast to P. putida, many bacterial species are capable of
producing short-chain-length PHA (scl-PHA) with monomers of
3–5 carbon atoms in length (C3-C5) from PHA-unrelated carbon
sources (Figure 1). For example, the production of polyhydroxybutyrate

FIGURE 1
Routes for PHA production. Comparison of routes for scl-PHA production in many bacteria (left) and mcl-PHA production in Pseudomonas putida
(right). Scl-PHA production requires the PhaA 3-ketothiolase and PhaB acetoacetyl-CoA reductase in addition to the PhaC synthase. Mcl-PHA 3-
hydroxyacyl monomers are produced in Pseudomonas putida by de novo synthesis of fatty acids from PHA-unrelated substrates and ß-oxidation of fatty
acids, allowing for the production of mcl-PHA from diverse carbon sources from diverse carbon sources (shown with brownish color).
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(PHB) from sugars in C. necator requires the 3-ketothiolase PhaA to
condense two glycolysis-derived acetyl-CoAmolecules into acetoacetyl-
CoA, and the acetoacetyl-CoA reductase PhaB to reduce acetoacetyl-
CoA to four carbon 3-hydroxybutyryl-CoA, the substrate for PhaC
synthase (Figure 1). Acetyl-CoA for PHB synthesis can also be provided
by other carbon sources, such as the degradation of amino acids or ß-
oxidation of fatty acids (Jendrossek and Pfeiffer, 2014). Some bacteria,
such as Rhodospirillum rubrum, are capable of producing
heteropolymers of both, scl-PHA with monomers of 4 and 5 carbon
atoms, as well as mcl-PHA by incorporating 3-hydroxyhexanoate-CoA
or 3-hydroxyheptanoate-CoA monomers when provided with
medium-chain-length fatty acids (hexanoate) as the carbon source
(Brandl et al., 1989; Jin and Nikolau, 2012; Godoy et al., 2023).
Importantly, in addition to the supplied substrate and metabolic
determinants, organism-specific PhaC synthase(s) determine the
length monomers that can be incorporated into the polymer due to
differences in substrate specificity (Kim et al., 2017). Thus, the class I
PHA synthases, PhaC1 from Cupriavidus necator and PhaC2 from R.
rubrum are generally able to incorporate monomers containing up to
5 or 7 carbons in length, respectively (Brandl et al., 1989). In contrast,
the class II PHA synthases from P. putida can incorporate a wide variety
of monomers of lengths between 6 and 14 carbons to produce mcl-
PHAs. As mentioned above, wild type P. putida does not naturally
produce scl-PHAs, which is likely due to the substrate specificity of its
PHA synthases along with a metabolic propensity to produce longer
chain 3-hydroxyacyl-CoAmonomers (Huisman et al., 1989; Kim et al.,
2017).

Pseudomonads gained special interest due to their metabolic
versatility, adaptability to endogenous and exogenous stresses.
Specifically, P. putida KT2440 has become a model organism for
biotechnological, environmental and industrial applications due
to the presence of different genome-scale metabolic models and
high advances in synthetic biology and metabolic engineering
fields (Mezzina et al., 2021). In fact, several studies have
demonstrated the use of P. putida as a chassis for the
heterologous expression of scl- or mcl-PHA machinery from
other bacteria (Matsusaki et al., 1998; Clemente et al., 2000;
Ouyang et al., 2007; Cha et al., 2020). For orthogonal scl-PHA
production in this strain apart from the deletion of the native pha
locus, the expression of phb genes is required (Figure 1) (Prieto
et al., 2016). However, the majority of these studies were based on
the heterologous inducible expression systems of phb gene
clusters, which are not useful for scaling up processes. Digging
into the optimization of the constitutive scl-PHA production in
P. putida, in this work we have used as microbial chassis the
PP05_01 strain with the entire native pha genomic locus deleted
(Mato et al., 2020). To enhance the capacity for designing,
building and testing of heterologous constitutive expression
systems with different strengths, we adapted our Golden gate/
MoClo modular assembly cloning method for obtaining plasmids
suited for constitutive PHA production at different rates in P.
putida (Blázquez et al., 2023). These approaches allowed us not
only to control the monomer composition, but to identify the
inclusion body protein IbpA as an important partner for
heterologous production of scl-PHA in P. putida KT2440. We
demonstrated an inverse relationship between PhaC synthase
dosage and granule size/number distribution in the heterologous
host driven by IbpA.

2 Materials and methods

2.1 Bacterial strains, media and culture
conditions

Bacterial strains and plasmids used in this work are listed in
Table 1 and Supplementary Table S1 respectively. Unless otherwise
indicated, E. coli and P. putida strains pre-cultures were grown in
lysogeny broth (LB) at 37°C and 30°C respectively, at 200 rpm.
Streptomycin (75 μg/mL), ampicillin (100 μg/mL), kanamycin
(50 μg/mL), gentamycin (10 μg/mL), chloramphenicol (34 μg/
mL), IPTG (0.5–1 mM) and Xgal (40 μg/mL) were added as
required. Solid media were made by the addition of 1.5% (w/v) agar.

For PHA production standard laboratory methods were
performed as previously described (Manoli et al., 2022). Briefly,
P. putida strains were grown overnight in LB, the cells were washed
twice with 0.85% saline solution and adjusted to an optical density of
600 nm of 0.3. Then, P. putida cells were grown for 24 h at 30°C and
200 rpm in 0.1 N M63, a nitrogen-limited minimal medium (13.6 g/
L KH2PO4, 0.2 g/L (NH4)2SO4, 0.5 mg/L FeSO4·7H2O, adjusted to
pH 7.0 with KOH). This medium was supplemented with 1 mM
MgSO4, a solution of trace elements/Goodies (composition 1000X:
2.78 g FeSO4·7H2O, 1.98 g MnCl2·4H2O, 2.81 g CoSO4·7H2O, 1.47 g
CaCl2·2H2O, 0.17 g CuCl2·2H2O, 0.29 g ZnSO4·7H2O dissolved in
1 L water), 15 mM sodium octanoate or 20 mM glucose as the
carbon source (C/N ratio was maintained at 40 mol/mol).
Concerning the inducible Ptrc cultures 1 mM IPTG was used
from the beginning of the assays. Culture growth was monitored
in shaking Erlenmeyer flasks of 250 mL (maintaining a volume to air
ratio of 1/5) by measuring optical density at 600 nm (OD600) using
a portable spectrophotometer (ThermoFisher Scientific).

2.2 Transformation of Pseudomonas putida
strains by electroporation

Pseudomonas putida strains were transformed following the
protocol described by Choi et al. with some adaptations (Choi
et al., 2006). Briefly, the strains of P. putida KT2440 and PP05_
01 were grown overnight in 5 mL of LB at 30°C and 200 rpm and
subcultured into 50 mL of LB to an OD600 between 0.5–1.0. These
cultures were pelleted at 3,200 ×g for 8 min, washed five times with
300 mM sucrose and resuspended in 500 μL of 300 mM sucrose.
100 μL of cell suspension were mixed with 100 ng of desired
plasmid and transferred to a 2 mm gap electroporation cuvette.
After a pulse of 25 μF, 2.5 kV and 200Ω; 900 μL of room
temperature LB was added and transferred to a 100 × 16 mm
round-bottom polypropylene tube and incubated for 1 h at 30°C,
200 rpm. 5 μL and 100 μL of the transformation cultures were
plated on LB agar plates containing the corresponding antibiotic for
the plasmid maintenance and grown at 30°C.

2.3 Molecular biology reagents

Plasmid DNAminipreps were made using the High Pure Plasmid
Isolation Kit (Roche) following the manufacturer’s protocol. Genomic
extractions of P. putida KT2440, R. rubrum ATCC11170, C. necator
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H16 and P. pseudoalcaligenes CECT5344 were performed with the
illustra bacteria genomicPrep Mini Spin Kit (GE Healthcare). DNA
agarose gel bands, PCR products and digestion products were purified
with illustraTM GFX PCR DNA and Gel Band Purification Kit (GE
Healthcare). DNA concentration was measured using a NanoDrop
2000 Spectrophotometer (ThermoFisher Scientific). The Golden gate
restriction enzymes, BbsI (BpiI) and BsaI (Eco31I) were from
ThermoFisher Scientific. Phusion DNA polymerase, T4 DNA
ligase and all other restriction enzymes were from New England

Biolabs. The MoClo toolkit was a gift from Sylvestre Marillonnet via
Addgene (Kit #1000000044) (Weber et al., 2011; Werner et al., 2012).

2.4 Adapted golden gate/MoClo protocol

Golden gate/MoClo assembly is a hierarchicalmethod requiring the
establishment of a library of promoter + RBS, CDS and terminator parts
(level 0) that are assembled into higher order promoter-CDS-

TABLE 1 Strains used in this study.

Strains Relevant characteristics References

Pseudomonas putida

KT2440 Wild-type strain derived from P. putida mt-2 cured of the pWW0 plasmid Bagdasarian et al. (1981)

PP05_01 KT2440 derivative strain with pha cluster deleted (PP_5003-PP_5008) _CECT 30020 Mato et al. (2020)

PP00_02 Kmr, PP05_01 derivative strain expressing Ptrc:phaCCn-phaACn-phaBCn genes,
integrated into the genome (via mini-Tn5 transposon) using the pMAB26 plasmid

This work

PP00_03 Kmr, KT2440 strain expressing Ptrc:phaCCn-phaACn-phaBCn genes integrated into the
genome (via mini-Tn5 transposon) using the pMAB26 plasmid

This work

PP01_02 Gmr, PP05_01 derivative strain harboring 14f:BCD2-phaCCn-rnpBT1; 14a:BCD2-
phaACn-rpoC;14a:BCD2-phaBCn-λT1 at attTn7 site

This work

PP05_12 Gmr, PP05_01 derivative strain harboring 14a:BCD2-phaCCn-rnpBT1; 14a:BCD2-
phaACn-rpoC;14a:BCD2-phaBCn-λT1, at attTn7 site

This work

PP05_15 Gmr, PP01_02 derivative strain with ibpA locus deleted (PP_1982) This work

PP05_16 Gmr, PP05_01 derivative strain harboring 14a:BCD2-phaCCn-rnpBT1; 14a:BCD2-
phaACn-rpoC;14a:BCD2-phaBCn-λT1; 14a:BCD2-phaP1Cn-rnpBT1, at attTn7 site

This work

KT2440 (pGG128) Kmr, KT2440 strain harboring pGG128 empty plasmid This work

PP05_01 (pGG128) Kmr, PP05_01 strain harboring pGG128 empty plasmid This work

PP05_01 (pSS126) Kmr, PP05_01 strain harboring pSS126; 14a:BCD2-phaC2Rr-λT0; 14a:BCD2-phaARr-
λT0; 14a:BCD2-phaBRr- λT0

This work

PP05_01 (pRK216) Kmr, PP05_01 strain harboring pRK216; SynPro16-phaCCn-rnpBT1; SynPro16-
phaACn-rpoC; SynPro16-phaB1Cn-T500

This work

PP05_01 (pMM85) Kmr, PP05_01 strain harboring pMM85; 14a:BCD2-phaCCn-rnpBT1; 14a:BCD2-
phaACn-rpoC; 14a:BCD2-phaBCn-λT1; 14a:BCD2-phaP1Cn-rnpBT1

This work

PP05_01 (pMM106) Kmr, PP05_01 strain harboring pMM106; 14a:BCD2-phaC5Pp-rnpBT1; 14a:BCD2-
phaA3Pp-rpoC; 14a:BCD2-phaBPp-λT1; 14a:BCD2-phaP1Pp-rnpBT1

This work

PP05_12 (pMM194) Kmr, Gmr, PP05_12 strain harboring pMM194; 14a:BCD2-ibpAPp-rnpBT1 This work

PP05_15 (pMM194) Kmr, Gmr, PP05_15 strain harboring pMM194; 14a:BCD2-ibpAPp-rnpBT1 This work

PP01_02 (pBDN2-GFP) Kmr, PP01_02 strain harboring pBDN2-GFP, empty plasmid Blanco et al. (2023)

PP01_02 (pBDN2-
PhaP)

Kmr, PP01_02 strain harboring pBDN2-PhaP, harboring the PhaP1Cn Blanco et al. (2023)

Escherichia coli

DH5αλpir Tcr, cloning host; DH5α lysogenized with λpir phage. Host strain for oriR6K plasmids Zobel et al. (2015)

DH10B Spr, cloning host; F-, mcrA Δ(mrr hsdRMS-mcrBC) Φ80dlacΔM15 ΔlacX74 deoR
recA1 araD139 Δ(ara-leu)7697

Invitrogen, Thermo Fisher Scientific, United States of
America

HB101 (pRK600) Cmr, Conjugation helper strain; F− λ− hsdS20(rB
- mB

-) recA13 leuB6(Am) araC14
Δ(gpt-proA)62 lacY1 galK2(Oc) xyl-5 mtl-1 rpsL20(Smr) glnX44 (AS)

Boyer and Roulland-Dussoix (1969)

R. rubrum ATCC 11170 R. rubrum type strain Pfennig and Trüper (1971)

C. necatorH16 DSM 428 C. necator H16 Makkar and Casida (1987)
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FIGURE 2
Golden gate/MoClo schema. (A). Golden gate/MoClo assembly cloning schema of levels 0, 1 and 2 as visualized by concentric plasmid
constructs for the creation of a typical assembly containing three transcription units (TUs). Level 0: Promoter, CDS, and terminator parts cloned
into level 0 plasmids pICH41295, pICH41308 and pICH41276, respectively. The Level 0 parts used are shown. The four nucleotide 5′ overhang
BbsI ligation fusion sites are indicated for each level 0 part. Level 1: Three TU constructs in level 1 plasmids for positions 1, 2 and 3 by plasmids
pICH4732, pICH47741 and pICH47751, respectively. Four nucleotide 5′ overhang BsaI ligation fusion sites for linking each of the TUs are
indicated. Level 2: Final assembly of three TUs into plasmid pAGM4673 along with the inclusion of the end-linker from plasmid pICH41780 (not
shown, provides fusion sites for ligation of 5′ TTAC and 5′ GGGA) to occupy positions 4–7. Four nucleotide 5′ overhang BbsI ligation fusion sites
flanking the three TUs are indicated. (B). Example genetic design schematics of Golden gate/MoClo level 2 plasmid assemblies for the expression

(Continued )
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terminator transcription units (TU, level 1) and finally into assemblies
containing 1 to 7 transcription units (level 2, Figure 2). The parts
comprised the essential units needed to assemble the heterologous
expression constructs for PHA production (i.e., phaC synthase, phaA 3-
ketothiolase, phaB acetoacetyl-CoA, phaP phasin) from C. necator, P.
pseudoalcaligenes and R. rubrum. Non-CDS parts included synthetic
constitutive promoters of varying strengths. These promoters contained
RBS sequences by the inclusion of the two Shine-Dalgarno sequences/
RBSs in the bicistronic translational coupler BCD2 for the low
expression promoter BG28/14a from Zobel et al. (level 0 plasmid
pSS15) or the AGGGGG RBS for the moderate expression promoter
SynPro16 from Tiso et al. (level 0 plasmid pRK154) (Zobel et al., 2015;
Tiso et al., 2016). Following the design of SynPro16 validated by Tiso
et al., the presence of the upstream insulating terminator λT0 was
maintained in this promoter part. These two promoters were chosen for
the assemblies used in the proof-of-concept experiments described
below as they were expected to confer low and moderate constitutive
expression in P. putida due to the published descriptions of their
activities (Zobel et al., 2015; Tiso et al., 2016). Finally, parts were made
for five rho-independent terminators with efficiencies of ≥98%,
including the natural terminators λT0, rrnB_T1, rnpB_T1, rpoC and
the synthetic T500 (Stueber and Bujard, 1982; Lutz and Bujard, 1997;
Yarnell and Roberts, 1999; Larson et al., 2008; Cambray et al., 2013).

Golden gate/MoClo plasmids were constructed followingWeber
et al. with some modifications and recently updated by Weber et al.
(2011), Blázquez et al. (2023). For Level 0 plasmid construction,
every part was PCR amplified with DNA oligos designed using
Benchling (www.benchling.com) with the following characteristics:
a tail containing the BbsI recognition site followed by the
corresponding four nucleotide fusion site, 21 bp of minimal
length for target complementarity, 50°C of minimal Tm for that
region and a maximal Tm difference of ±1.5°C between both oligos.
Promoter and CDS sequences were PCR amplified from C. necator
H16, R. rubrumATCC11170, P. pseudoalcaligenesCECT5344 and P.
putida KT2440 genomic DNA or plasmid templates. Terminator
sequences were PCR amplified from E. coli DH5α genomic DNA or
plasmid templates. Oligo primers, templates and references for all
Golden gate level 0 PCR amplifications are listed in Supplementary
Table S2. Where needed DNA domestication (removal of naturally
present internal BbsI or BsaI restriction sites was carried out using
the strategy of Engler et al. (2008). This strategy generated PCR
subparts with 5’ cohesive end fusion sites overlapping the internal
restriction sites to be eliminated. The primers used for PCR
contained synonymous substitution point mutations in the fusion
nucleotides of a BbsI site that eliminate the restriction site upon
ligation in the golden gate level 0 reaction. PCR products were
purified using a gel purification kit following manufacturer
instructions. Golden gate digestion-ligation reactions were set up
with 100 ng of level 0 acceptor plasmid (position abc, pICH41295;
position def, pICH41308; or position gh, pICH41276;
Supplementary Table S1) and the corresponding amount of gel

purified PCR product to achieve a 2:1 insert-vector molar ratio; 10 U
BbsI, 400 U T4 DNA ligase and 1 mM ATP in Buffer G (10 mM
Tris-HCl pH 7.5, 10 mM MgCl2, 50 mM NaCl and 0.1 mg/mL
bovine serum albumin; ThermoFisher Scientific) in a reaction
volume of 20 μL. The reaction was incubated in a thermocycler
with four cycles of 37°C for 10 min and 16°C for 10 min followed by
65°C for 20 min. A 100 μL aliquot of chemically competent E. coli
DH5α was then transformed by heat shock with 5 μL of the Golden
gate reaction. Transformed cells were plated on LB-agar
supplementedwith 75 μg/mL streptomycin, 0.5 mM IPTG and
40 μL/mL X-gal and grown overnight at 37°C for selection of the
disruption of a-complementation ß-galactosidase activity. Several
white colonies per transformation were transferred to 4 mL LB
medium with 75 μg/mL streptomycin and grown overnight at
37°C for plasmid purification. The extracted plasmids were
digested with BsaI to check for the presence of the correct insert
size and confirmed by sequencing with primers RK81 and RK82
(Supplementary Table S2).

For Level 1 construction of TUs, the reaction mix contained
100 ng of acceptor plasmid (depending on the TU position,
Supplementary Table S1), the three level 0 plasmids containing a
promoter plasmid part, a CDS plasmid part and a terminator
plasmid part in a 2:1 donor plasmid:acceptor plasmid molar
ratio; 10 U BsaI, 400 U T4 DNA ligase and 1 mM ATP in Buffer
G in a reaction volume of 20 μL. The reaction was incubated in a
thermocycler for four cycles of 40°C for 10 min and 16°C for 10 min,
then at 50°C for 10 min and 80°C for 20 min. Reactions were
transformed into E. coli DH5α and plasmids prepared as for level
0 golden gate reactions except that 100 μg/mL ampicillin, 0.5 mM
IPTG and 40 μL/mL X-gal were present for selection. The extracted
plasmids were digested with BbsI to check for the presence of the
correct insert size and sequenced with primers RK155 and RK156
(Supplementary Table S2).

Level 2 assembly reactions were carried out with 100 ng of acceptor
plasmid (pAGM4673, RK2 origin of replication providing some range
in copy number in pseudomonads estimated to be maintained at 30 ±
10 copies per genome equivalent in P. putida, Supplementary Table S1),
the corresponding end-linker plasmid depending on the number of TUs
to be inserted, each level 1 plasmid in a 2:1 donor plasmid:acceptor
plasmid molar ratio, 10 U BbsI, 400 U T4 DNA ligase and 1 mM ATP
in Buffer G in a reaction volume of 20 μL. The reaction was incubated in
a thermocycler with four cycles of 37°C for 10 min and 16°C for 10 min
followed by 65°C for 20 min. Reactions were transformed into E. coli
DH5α as for level 0 golden gate reactions except that 50 μg/mL
kanamycin was added for selection. Red-white color selection was
carried out (red color canthaxanthin produced by its operon in the
cloning site of pAGM4673) and several white colonies were transferred
to 4 mL of liquid LB medium with 50 μg/mL kanamycin for plasmid
minipreps. The extracted plasmids were confirmed by digestion with
DraIII or EcoRI and sequenced using primers RK157 and
RK158 (Supplementary Table S2).

FIGURE 2 (Continued)
of PHBmachinery from R. rubrum (pSS126), Pseudomonas pseudoalcaligenes (pMM106) andCupriavidus necator (pRK216, pMM85, pFB52). The TU
assemblies contain the PHA synthase, thiolase, reductase, and optional phasin genes with their promoters and terminators indicated. Genetic design
glyphs follow the Synthetic Biology Open Language (SBOL) visual standard for elements: promoter, RBS, CDS, terminator and assembly scar.
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2.5 Strains construction for deletion,
complementation assays, and chromosomic
integration

For ibpA gene deletion, the pEMG knockout system was used,
generating the PP05_15 strain. ibpA encodes a small heat shock
protein, located in PP_1982 locus. Two pairs of primers (MM388-
MM389, MM390-MM391, Supplementary Table S2) were designed
to amplify the flanking fragments of the ibpA locus. An overlap PCR
was carried out giving a product of 1.6 kb and was cloned into
pEMGplasmid using EcoRI and BamHI restriction enzymes. For the
first and second recombination steps, we followed the protocol
described above. In this case for the confirmation of the second
recombination event, external pair of primers (i.e., MM392-
MM393) of to be deleted region were used.

For IbpA complementation assays, the PP05_15 strain was
transformed with pMM194 plasmid (obtained using Golden gate/
MoClo strategy) that contains the ibpA gene under the low strength
14a promoter and the BCD2 element. PHA accumulation assays
were then performed as stated below.

For the co-localization experiments one multipurpose vector
was constructed, with a phasin fusion position tags and under the
control of the inducible Pm promoter. For the in vivo co-localization
experiments the pBDN2 vector was used, since it contains the

cloning site for the phasin between two SapI restriction sites
(Blanco et al., 2023). Then, PP01_02 strain was transformed with
the pBDN2 derived plasmids (i.e., empty, including only the msf-
GFP, as negative control and harboring the wild type PhaP1Cn). The
resulting strains were inoculated at OD600 nm of 0.3 under PHA
accumulating conditions and were allowed to grow until the
polymer accumulation was visible (i.e., OD600 = 0.7). At this
point the cultures were induced with 1 mM 3MB for the
expression of the fusion protein phasin-GFP (Mato et al., 2020).

To facilitate the single-copy genes into bacterial chromosome
(i.e., for the generation of PP05_12 and PP01_02 strains), an adapted
for Golden gate broad host range mini-Tn7 vector (pRK99) was
used. The genome integration is based on a neutral and naturally
evolved attTn7 site, located downstream of a highly conserved glmS
gene (Zobel et al., 2015). A four parental mating process was carried
out from overnight LB precultures of E. coli CC118λpir bearing
pMM175 and pFB52 plasmids (donor strains), E. coli HB101
(pRK600) (helper strain), E. coli DH5aλpir (pTnS-1) (leading
transposase strain), and P. putida PP05_01 (recipient strain). The
transconjugants were selected on cetrimide agar containing 10 μg/
mL gentamycin plates and incubated at 30°C for 18 h. The next day
few colonies were picked on LB kanamycin, to verify the loss of the
plasmid and LB gentamycin and incubated at 30°C for 18 h. Few
gentamycin resistant and kanamycin sensitive clones were selected

FIGURE 3
Transmission electron microscopy photos of heterologous PHA production. Pseudomonas putida PP05_01 strains expressing heterologous PHA
machinery grown for 24 h in PHA production conditions with 15 mMoctanoate. Scale bars represent 1 μm. Abbreviations: R. r.: Rhodospirillum rubrum,
C. n.: Cupriavidus necator, P. p.: Pseudomonas pseudoalcaligenes.
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to verify the correct insertion of the transposon into the attTn7 stie
and checked via colony PCR and sequencing (Zobel et al., 2015).

2.6 PHA quantification and monomer
composition

For PHA quantification, 20 mL of each P. putida strain grown in
PHA production conditions (see 2.1 section) for 24 h were centrifuged
for 30 min at 3,200 ×g. Cells were washed once with 0.85% NaCl and
lyophilized for 24 h. Lyophilized pellets were weighed to obtain the cell
dry weight (CDW) of total biomass. PHA monomer composition and
PHA content were determined by Gas Chromatography-Mass
Spectrometry (GC-MS) of the methanolysed polyester (Braunegg
et al., 1978; Revelles et al., 2016; Manoli et al., 2022). In each
condition, at least two independent biological replicates were
performed. Where the statistical error was higher of 10%, four
biological replicates were performed. During the methanolysis
process, two technical replicates were included for each biological
sample. 2–5 mg of lyophilized cells were resuspended in 2 mL of
methanol acidified with 3% (v/v) H2SO4 for scl-PHA analysis, and
resuspended in 2 mL of methanol containing 15% (v/v) H2SO4 for mcl-
PHA analysis. 2 mL of chloroform containing 0.5 mg/mL 3-
methylbenzoic acid was added to the samples as an internal
standard. Samples were boiled in a screw-capped tube at 100°C for
4 or 5 h to assay scl-PHA or mcl-PHA, respectively. After cooling, the
mixture was washed twice by adding 1 mL of distilled water, centrifuged
for 10 min, and followed by the removal of the aqueous phase. The
organic layer containing the resulting methyl ester of each monomer
was analyzed by GC-MS using an Agilent 7890A GC equipped with a
DB-5HT capillary column (30 m length, 0.25 mm internal diameter,
0.1 µm film thickness) andmass data were acquired and processed with
an Agilent 5975C mass spectrometer. Samples (1 μL) of the organic
phase were injected with helium as carrier gas at a ratio of 1:10 with
1 part sample to 10 parts helium, and the oven temperature was
programmed to remain at 80°C for 2 min and then increased at a rate of
5°C/min up to 115°C for the efficient separation of peaks. The
temperature of the injector was 250°C. Spectra were obtained as
electron impacts with an ionizing energy for MS operation of 70 eV.
Standard curves with known quantities of PHB (Sigma-Aldrich) or poly
(3-hydroxyhexanoate-co-3-hydroxyoctanoate) (Bioplastech, Ltd.)
dissolved in chloroform were used to calculate the monomer
composition of the extracted polymers.

Monomer composition was also analysed by NMR. For these
experiments, the used solvent was deuterated chloroform
(chloroform-d 99.8%) that contains 0.03% (v/v) tetramethylsilane
(TMS) (CDCl3) (ref. 225,789 from Sigma-Aldrich). Proton NMR
spectra (1H-NMR) were recorded using a 90° pulse experiment
under the following acquisition parameters: 128 scans with a fixed
receiver gain value of 287, spectral width of 12.0164 ppm, 32,768 points
in the time domain, and acquisition time of 2.27 s. COSY spectra were
recorded using the standard Bruker sequence cosygpqf. Spectra were
recorded under the following acquisition parameters: fixed receiver gain
value of 1290, 128 scans and a spectral width of 13.0177 × 13.0177 ppm.

The 1D (1H), 2DCorrelated Spectroscopy (COSY) NMR spectra
of the extracted polymers were recorded on Bruker AV III 600 MHz
spectrometer (Bruker, Rheinstetten, Germany) using a XI 600 MHz
S3 5 mm probe with Z-gradient in CDCl3. The resulting NMR

spectra were processed by Mestrelab MNova software (Version
14.2.3–29241). Phasing and baseline correction were manually
completed.

According to 1H-NMR and COSY assays (Supplementary Figure
S3), the signals assigned to the protons of the HB monomer are
methyl at 1.27 ppm (4), methylene at 2.50 ppm (2) and methine at
5.25 ppm (3), and the protons assigned to the mcl-HAmonomer are
methyl at 0.90 ppm (9), methylene groups of the side chain at
1.28 and 1.59 ppm (8), methylene group at 2.50 ppm (6) and
methine at 5.25 ppm (7).

2.7 Granule extraction and identification of
key associated proteins

For granule extraction, cultures grown under PHA-producing
conditions for 24 h as mentioned above were harvested by
centrifugation for 20 min at 10,000 ×g. Cells were resuspended in
15 mM Tris-HCl pH 8.0 buffer and then disrupted twice using
French Press (at ≈ 1 000 psi). PHB granules from pellets
(resuspended in 15 mM Tris-HCl pH 8.0) were purified by two
subsequent glycerol density gradient centrifugations at 18,000 ×g for
40 min. The first gradient consisted of 6 mL of sample layered over
3 mL of 85% glycerol and 6 mL of 50% glycerol. Granules were
isolated after centrifugation with a Pasteur pipette at the glycerol
50%–85% interface. The second gradient consisted of 3 mL of
granule fraction from the first gradient over 4 layers of 3 mL of
glycerol at 85%, 80%, 60%, and 40% glycerol. Granules were isolated
after centrifugation from the glycerol 40%–60% interface.

For granule-associated protein detection, independent granule
isolations were normalized to the same PHB content by PHA
quantification as explained above. Aliquots containing 22.5 μg of
PHB from each extraction were run onto 12.5% SDS-PAGE gels and
stained using BlueSafe (Nzytech).

For N-terminal sequencing of granule-associated proteins, these
SDS-PAGE (12.5%) gels were transferred onto methanol activated-
polyvinylidene fluoride (PVDF) membranes in a semidry transfer
device (Biorad) soaked in transfer buffer (25 mM Tris, 192 mM
glycine, 20% methanol, pH 8.3) for 1 h 15 min at 15 mV. The
resulting transferred membranes were stained with Ponceau S stain
(ThermoFisher), and the visible protein bands of selected proteins were
subjected to N-terminal sequencing by Edman degradation in a protein
sequencer (Applied Biosystems, Procise 494).

2.8 Microscopy assays

Cultures were routinely visualized with a 100× phase-contrast
objective using an epifluorescence microscope Leica DM4B
(Wetzlar, Germany) and images were taken with an attached
camera (Leica DFC345 FX). Where needed a filter system L5 was
used for GFP observation. In order to fix cells and achieve a correct
superposition of images from the different channels, microscope
slides were covered by a thin layer of 0.1% poly-L-lysine. Then, 5 µL
of the cell suspension was deposited on the covered slide and
immediately observed under microscopy.

For Transmission electron microscopy (TEM) experiments,
P. putida cells previously grown during 24 h under M63 0.1 N
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minimal medium supplemented with 15 mM octanoate, were
harvested and washed twice with 1 X PBS. Then, the cells
were fixed for 1 h in 3% glutaraldehyde in PBS and washed
twice with PBS. Samples were post-fixed in 1% osmium
tetroxide and 0.8% potassium ferricyanide for 1 h at 4°C.
Samples were washed with PBS prior to dehydration with an
increasing gradient of ethanol (30%, 50%, 70%, 80%, 90% and
100%) of 10 min per step. Samples were embedded in LX112 resin
and were polymerized for 48 h at 60°C. 60–80 nm sections were
placed in copper grids of 75 mesh and stained with 5% uranyl
acetate for 15 min and lead citrate for 3 min. Samples were
viewed in a JEOL 1230 TEM and images were taken with a
CMOS TVIPS 16 mp camera.

To determine the size of PHA granules from TEMmicrographs,
50 cells of each engineered strain were selected, in which PHA
granule diameters were measured using ImageJ software. In each
case, 100 granules with sharp boundaries were selected and
analyzed. Thus, to avoid measuring cells in different section
plans, only granules from cells with a size of 0.9-1 x 2–2.2 µm
(width x length) were considered (Galán et al., 2011).

3 Results

3.1 Generating a Pseudomonas putida
chassis for customized constitutive scl-PHA
production

The chassis applied in this work was the PHA-deficient strain (P.
putida KT2440 Δpha, named as PP05_01). This lacks the native pha
gene cluster, including phaC1ZC2DFI that encodes the two PHA
synthases, the depolymerase, the transcriptional activator PhaD and
the two phasins (including promoters and regulatory regions that
drive the expression of pha genes) (Supplementary Figure S1 and
Supplementary Table S3).

Phenotypic evaluation of the PP05_01 (Δpha) strain
confirmed that it does not produce PHA as determined
microscopically by the complete lack of PHA granules when
cultured in LB or 0.1 N M63 supplemented with 15 mM
octanoate (Supplementary Figure S1) and by the lack of
detectable PHA by GC-MS (Table 2). Growth of the PP05_
01 strain was highly similar to wild type. Comparison of the
two strains revealed lower relative CFUs in the wild type
(Supplementary Figure S1). This was expected due to the
allocation of metabolic resources towards PHA production in
the wild type that were instead dedicated to biomass accumulation
in the Δpha strain (De Eugenio et al., 2010a; Manoli et al., 2022).

Since PP05_01 strain will be the foundation for implanting an
orthogonal, synthetic phb gene cluster designed for constitutive scl-
PHA production, we firstly validated the scl-PHA production capacity
when carrying an inducible monocopy system that allows the
production of the PHA machinery in the presence of an inducer.
Thus, we chromosomally inserted via mini Tn5 transposon the Ptrc:
phaCCn-phaACn-phaBCn cluster from C. necator driven by the Ptrc
promoter inducible by IPTG. Two strains were obtained on wild
type background and pha null, PP00_03 and PP00_02, respectively.
By initial screening of PP00_03 using octanoate as carbon and energy
source, we obtained 60% PHA/CDW, composed of 43%C4, 4%C6 and

53%C8 (data not shown). For the purpose of this study, the influence of
different carbon sources under nitrogen limited conditions on PHA
accumulation was evaluated in the resulting pha null background strain
PP00_02 (Table 2). The best PHA accumulation was observed when a
fatty acid precursor such as octanoic acid was used compared to glucose
or acetate. In fact, PP00_02, lacking the pha cluster, reached high
amounts of PHA accumulation with octanoate (e.g., nearly 70% PHA/
CDW) and 50% of PHA/CDW under glucose conditions. Taking into
account the toxicity effect of acetate and the low growth performance
under these conditions (e.g., reaching up to 0.3 g/L total biomass),
PP00_02 produced slight amounts of 3% PHA/CDW. Taken together,
these experiments validated the PP05_01 chassis as modifiable to enable
orthogonal constitutive PHA production.

3.2 Custom golden gate/MoClo assembly
for constitutive pha expression constructs

For the installation of efficient constitutive PHA production
machinery, we aimed to develop a modular, extensible system for
the creation of PHA gene expression constructs that would be easy
to deploy with the chassis strain. To this end, we adapted the
Golden gate/MoClo assembly cloning technique to rapidly
generate gene expression constructs organized in synthetic
operons containing multiple transcription units with the
minimum phb genes needed (Weber et al., 2011; Blázquez et al.,
2023). The resulting synthetic phb clusters followed the modular
structure shown in the synthetic phb orthogonalization pathway
(Figure 2), which enabled interchangeability of genetic parts across
modules as needed.

Since dosage of the different synthetic phbmodules is crucial for
proper functioning of the PHA machinery (Hiroe et al., 2012; Li
et al., 2016; Li et al., 2017), we varied the strength of synthetic
promoters driving the expression of these genes using low (14a) and
medium (SynPro16 or SP16) strength constitutive promoters,
previously validated in P. putida (Zobel et al., 2015; Tiso et al.,
2016; Blázquez et al., 2023). During the strains’ construction, we
considered the specificity of the phb module as a potential tool for
diversification of the monomeric content and possibly different
catalytic capacities of these enzymes in a heterologous chassis.
For this, the wild type genes were obtained from bacteria able to
produce different types of scl-PHA (i.e., R. rubrum, P.
pseudoalcaligenes and C. necator). Numerous plasmid-based
synthetic phb modules were generated and tested (Figure 2,
Supplementary Table S1), each module contained the three
minimal phb transcriptional units necessary for PHB production
(i.e., PHA synthase, phaC; 3-ketoacyl-CoA thiolase, phaA; 3-
ketoacyl-CoA reductase, phaB).

We assessed the production of scl-PHA (i.e., consisting of
C4 or C5 monomers) and mcl-PHA (i.e., consisting of
predominantly C6 and C8 monomers) following 24 h of growth
in 0.1 N M63 minimal medium supplemented with 15 mM
octanoate as the sole carbon source. The strain PP05_01
(pSS126), expressing the PHA machinery from R. rubrum
under the low strength 14a constitutive promoter, yielded ~25%
CDW of PHB (Table 3). TEM images of PP05_01 (pSS126) strain
revealed that most cells contained a single PHB granule occupying
a large proportion of the cytoplasm (Figure 3). To improve the
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granule stability, in the same construct the three phasins from R.
rubrum (i.e., A3283Rr, A2817Rr, A2111Rr) were additionally
expressed under the SynPro16 promoter generating the PP05_
01 (pRK182) strain. However, no major effect on the overall PHA
production properties were observed by yielding 25% PHB/CDW
(Table 3).

Similarly, the PHA machinery of P. pseudoalcaligenes
(pMM106) and C. necator (pMM85) were expressed under the
14a constitutive promoter reaching 45%–84% PHA/CDW,
respectively (Table 3; Figure 3). These were encouraging results,
since we were able to obtain similar PHA content from C. necator
genes expressed in a constitutive multicopy system compared to the
inducible monocopy strain PP00_02 (Table 2). From TEM images,
we could confirm that cells producing PHB generally contained
multiple PHB granules that occupied the majority of the
intracellular space (Figure 3). We also tested the influence of
expressing the PHA machinery of C. necator under the moderate
SynPro16 promoter (PP05_01 (pRK216)). However, assessing
PP05_01 (pRK216) under the same growth scenario, there was
no apparent improvement in the PHA production capabilities
compared to the pMM85 plasmid (47% PHB/CDW, Table 3). In
general, the PHA machinery constructs with SynPro16 promoter
showed a more variable phenotype compared to 14a constitutive
promoter. This can be also observed by the TEM images, where
several cells harboring pRK216 did not produce PHA, leading to an
overall decrease of the %PHA/CDW quantified by GC-MS analyses
(Figure 3). Considering the unstableness issues raised by the

SynPro16 promoter, in this study, we did not pursue the
combination of the different genetic parts with this expression
system.

As a product of a synthetic pathway involving four enzymes, PHA
content relies heavily on the activity and relative ratios of these enzymes
and the applied growth conditions. Thus, the best candidate strain
harboring C. necator PHA machinery was tested for the feasibility to
produce tailored PHA towards diverse personalized applications. For
this purpose, several nutritional scenarios were planned for the
production of copolymers (i.e., PHBV) in PP05_01 harboring
pMM85 with the wild type phbCn cassette. As listed in Table 4, a
panel of PHBV copolymers was successfully obtained with varying C4:
C5 compositions. In fact, co-feeding with 5 mM propionic acid yielded
35% of PHA/CDW with 3% C5 monomeric composition while 1 mM
undecenoic acid co-feeding yielded 44% PHA/CDW with 19% of C5.
Overall, we demonstrated the successful deployment of custom
assembled plasmids to produce à la carte PHB/PHBV polymers in
the engineered P. putida strains.

3.3 Phenotypic evaluation of
chromosomally integrated PHB constructs

For scale up processing the ideal strain would not rely on
antibiotic resistance for plasmid maintenance nor the use of an
inducer for expression of the heterologous cassette. Additionally, the
chromosomic PHA machinery integration would result to a more

TABLE 2 PHA yield following 24 h of growth under the corresponding conditions using 0.1 N M63 minimal medium. The data correspond to the mean values and
standard deviations of four biological replicates (with two technical replicates for the methanolysis analysis). Residual biomass indicates the biomass free of PHA.
N.D.: not detected *data obtained from (Manoli et al., 2022).

Conditions Strains Total biomass (g/L) PHB (%CDW) PHA (g/L) Residual biomass (g/L)

15 mM octanoate PP05_01 0.56 ± 0.07* N.D.* N.D.* 0.60 ± 0.10*

PP00_02 1.40 ± 0.09 69.39 ± 7.12 0.97 ± 0.09 0.48 ± 0.08

20 mM glucose PP00_02 0.68 ± 0.05 48.96 ± 4.15 0.33 ± 0.04 0.35 ± 0.03

30 mM acetate PP00_02 0.34 3.46 ± 0.46 0.01 ± 0.00 0.32 ± 0.00

TABLE 3 Properties of heterologous PHA production in Pseudomonas putida chassis strain. GC-MS analysis of PHA content in 0.1 N M63 minimal medium
supplemented with 15 mM octanoate for 24 h. The data correspond to the mean values and standard deviations of at least two independent biological replicates.
TR.: Traces; N.D.: not detected.

Strain Total CDW (g/L) PHA
(%CDW)

PHA (g/L) Residual biomass
(g/L)

%C4 %C6 %C8

KT2440 (pGG128; empty plasmid) 1.42 ± 0.01 61.73 ± 1.25 0.88 ± 0.01 0.54 ± 0.02 N.D. 7.11 ± 0.14 92.89 ±
0.14

PP05_01 (pGG128; empty
plasmid)

0.43 ± 0.05 N.D. N.D. 0.43 ± 0.05 N.D. N.D. N.D.

PP05_01 (pSS126; R.r. phaCAB) 0.67 ± 0.01 23.11 ± 1.04 0.15 ± 0.00 0.51 ± 0.02 99.57 ± 0.07 <0.5 <0.5

PP05_01 (pRK182; R.r. phaCABP) 0.60 ± 0.03 25.37 ± 1.59 0.15 ± 0.02 0.45 ± 0.01 100.00 TR. TR.

PP05_01 (pRK216; C.n. phaCAB) 0.87 ± 0.04 47.13 ± 2.83 0.41 ± 0.05 0.46 ± 0.00 99.87 ± 0.02 <0.5 <0.5

PP05_01 (pMM85; C.n. phaCABP) 1.32 ± 0.10 84.31 ± 0.12 1.11 ± 0.08 0.21 ± 0.02 98.45 ± 0.54 0.98 ± 0.32 0.56 ± 0.21

PP05_01 (pMM106;
P.p. phaCABP)

0.68 ± 0.02 44.90 ± 0.08 0.30 ± 0.01 0.37 ± 0.01 100.00 TR. TR.
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stable and homogeneous phenotype compared to plasmid. For this
reason, a strain was generated to efficiently produce PHB in a
monocopy constitutive expression system inserted in the P.
putida chromosome. As a starting point, the phb cassette from C.
necator was specifically inserted into the attTn7 loci of P. putida
PP05_01, generating the PP05_16 and PP05_12 strains (Table 1).
PP05_16 strain contained the four genes necessary to drive PHB
synthesis under the low strength constitutive promoter 14a and
PP05_12 did not contain the PhaPCn phasin (please refer to Table 1
and (Supplementary Table S1) for strains, plasmids and genomic
information).

As expected, under the same growth conditions supplemented with
15 mMoctanoate, themonocopy expression of the phbCn cassette led to a
decrease in percent PHA/CDW accumulation (Table 5) that was also
reflected in a decrease in total biomass (12%–15% by PP05_12 and
PP05_16 versus 84% with pMM85 plasmid). To improve on PHB
productivity observed in PP05_12 and PP05_16, the PP01_02 strain
was generated. PP01_02 harbored the same phb cassette as PP05_12 in
the attTn7 chromosomic locus but with the phaCCn synthase under
control of a stronger 14f promoter (Table 5; Zobel et al., 2015). PP01_
02 resulted in 69% PHA/CDW accumulation, which by NMR
quantification we confirmed that 92% of the produced polymer was

FIGURE 4
Impact of synthase dosage on granule number and size. (A, B). TEM images of PP01_02 and PP05_12, respectively under standard PHA
accumulation conditions supplemented with 15 mM octanoate. (C). Granule size distribution obtained from 100 granules measured from TEM images
using ImageJ software, PP01_02 (green) and PP05_12 (orange). (D). SDS - PAGE gels of granule extractions. Lane 1 MW marker; lanes 2–3: PP05_
12 independently extracted PHB granules; lanes 4–5: PP01_02 independently extracted PHB granules. MWof the corresponding GAPs are indicated.
Precision Plus Protein Standards (Biorad) was used as a molecular weight marker using Tris-Glycine 4%–20% conditions.

TABLE 4 PHA yield of PP05_01 harboring pMM85 (C.n. phaCABP) following 24 h growth with 0.1 N M63 supplemented with 20 mM glucose and co-fed with the
indicated odd length fatty acids. The data correspond to the mean values and standard deviations of two independent biological replicates.

Conditions Total biomass (g/L) PHA (%CDW) PHA (g/L) Residual biomass (g/L) %C4 %C5

not-cofed 0.97 ± 0.04 39.04 ± 3.09 0.38 ± 0.04 0.59 ± 0.03 100 N.D.

1 mM propionic 0.95 ± 0.03 33.00 ± 1.05 0.31 ± 0.00 0.64 ± 0.03 99.41 ± 0.01 0.59 ± 0.01

5 mM propionic 0.98 ± 0.08 34.61 ± 2.72 0.34 ± 0.05 0.64 ± 0.02 96.91 ± 0.61 3.09 ± 0.61

1 mM undecenoic 1.08 ± 0.12 44.26 ± 2.83 0.48 ± 0.08 0.60 ± 0.04 81.36 ± 4.52 18.64 ± 4.52
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C4 and 8% C6 monomer (Supplementary Figure S3). Altogether, we
successfully obtained a battery of chromosomic integrated PHB
constructs that resulted in tuned PHA productivities (e.g., from 12%–
69% PHA/CDW). These observations strongly suggested the impact of
pha synthase dosage on PHA yield and monomeric composition.

3.4 Impact of PHA synthase dosage on
number and size distribution of granules and
the identification of a granule-associated
heat shock protein

It is well known that PHA synthesis is tightly controlled by a
number of regulatory networks that govern PHA content, granule
size and distribution in cells (recently reviewed by (Mitra et al.,
2022)). However, the heterologously produced phasins in
engineered strains did not show an obvious influence over PHA
production properties or granule size (Table 3; Figure 3).

To elucidate other factors that might impact granule number and
size (i.e., synthase dosage), TEM microscopic photos were taken after
24 h of growth using 15 mM octanoate as the sole carbon and energy
source. For this, PP05_12 and PP01_02 strains were used, expressing
the pha synthase under the control of 14a (low strength) and 14f (high
strength) promoters, respectively. Figure 4 shows that low synthase
dosage in the PP05_12 strain, generated a heterogeneous cell
population, with several cells without PHB inclusions and others
with few, but large PHB granules. However, high synthase doses in
the PP01_02 strain resulted in a more homogeneous population of cells
that contained numerous smaller granules. Granule size analysis of the
PP05_12 strain showed a broader size distribution with an average size
of 300 nm, while PP01_02 strain had a narrower size distribution with a
smaller average size of 180 nm (Figure 4C).

To further confirm the relative increase in PhaC synthase
expression, granule preparations were extracted and run on SDS-
PAGE to estimate GAPs present on the granule surface (Figure 4D).
To ascertain that the same granule quantity was run on the gels,
methanolysis of granule preparations were performed to quantify the
actual amount of PHB in each preparation. The control experiments
with the empty plasmid may be found in the Supplementary Figure
S2. As expected, PP05_01 (pGG128) strain did not produce any
detectable PHA and, thus, no granule formation was visible in the
SDS-PAGE gels (Supplementary Figure S2). Comparing with the
control band pattern, the presence of acetoacetyl-CoA-reductase

PhaB (26 kDa) and acetyl-CoA-transferase PhaA (40 kDa) in both
strains’ granule preparation resulted challenging. This could be
explained to some extent by their low abundance in the granule
surface since they were expressed under the low 14a promoter’s
strength. However, as expected, the PP01_02 strain with a higher
strength promoter for PhaC synthase (64 kDa) showed higher levels
of PhaC protein than PP05_12 (Figure 4D). N-terminal sequencing of
the 64 kDa band confirmed that this corresponded to PhaC.

In this granule preparations, we could observe a repeated pattern of
a co-increased protein dosage of approximately 10 kDa protein together
with the increase in PhaCCn. Interestingly, this low molecular weight
protein was also observed in the granules’ extraction harboring the PHA
machinery fromR. rubrum (Supplementary Figure S2). To elucidate the
identity of this unknown protein, we performedN-terminal sequencing.
A protein BLAST of “TTAFSLAPLF” against the P. putida
KT2440 proteome revealed the presence of the small heat shock
protein, lbpA (PP_1982).

3.5 Involvement of inclusion body protein
IbpA in PHA production

Small heat-shock proteins (sHSP), are characterized by a
molecular mass of 12–43 kDa, and function as ubiquitous and
diverse molecular chaperones that prevent protein aggregation
under heat shock conditions. Two sHSP from E. coli, IbpA/B
have been previously reported to bind to the inclusion bodies of
recombinant proteins (Han et al., 2006). IbpA is also considered a
stress-related chaperone with an intrinsic holdase activity. This
ATP-independent holding function allows them to bind to
denatured and partly unfolded proteins under stress conditions.
The proteins bound to sHSPs are maintained in a refolding-
competent state and are thereby protected from irreversible
aggregation (Han et al., 2006; Roy et al., 2014).

To assess the involvement of IbpA on bacterial PHAmachinery,
an ibpA deletion mutant was constructed in the PP01_
02 background, generating strain PP05_15. Phenotypic evaluation
of PP05_15 showed no major impact on the growth capacity at 30°C
compared to the parental PP01_02 strain (e.g., similar residual
biomass, Table 5). These results are in agreement with previous
observations to ibpA deletion mutant in KT2440, where the growth
was only significantly affected at 40°C (Krajewski et al., 2013).
Looking at the PHA profile properties, PP05_15 revealed no

TABLE 5 PHA yield in PP05_01 modified strain following 24 h growth with 0.1 N M63 supplemented with 15 mM octanoate as the sole carbon source. N.D.: not
detected. Mean values and standard deviations of at least two independent biological replicates are shown. *Data derived from NMR quantification.

Plasmid Total biomass (g/L) PHA (%CDW) PHA (g/L) Residual biomass (g/L) %C4 %C6 %C8

PP05_01 (pMM85) 1.32 ± 0.10 84.31 ± 0.12 1.11 ± 0.08 0.21 ± 0.02 98.45 ± 0.54 0.98 ± 0.32 0.56 ± 0.21

PP05_16 0.69 ± 0.02 14.56 ± 1.16 0.10 ± 0.01 0.59 ± 0.01 100.00 N.D. N.D.

PP05_12 0.63 ± 0.02 11.78 ± 0.97 0.07 ± 0.01 0.56 ± 0.01 100.00 N.D. N.D.

PP05_12 (pMM194) 0.62 ± 0.01 15.10 ± 1.81 0.09 ± 0.01 0.53 ± 0.01 100.00 N.D. N.D.

PP01_02 1.02 ± 0.04 68.51 ± 5.78 0.70 ± 0.06 0.32 ± 0.06 92* 8* N.D.

PP05_15 1.07 ± 0.05 63.47 ± 4.86 0.68 ± 0.04 0.39 ± 0.07 95.88 ± 1.25 2.80 ± 0.79 1.31 ± 0.49

PP05_15 (pMM194) 1.00 ± 0.05 65.29 ± 1.68 0.65 ± 0.05 0.35 ± 0.00 97.82 ± 0.06 1.51 ± 0.01 0.67 ± 0.07
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major differences concerning the PHA accumulation profile
compared with the parental strain, PP01_02; 63.5% PHA/CDW
versus 68.5% PHA/CDW, respectively (Table 5). These observations
are in accordance with the recombinant E. coli IbpA/B null strain
behavior, which also slightly affected PHA production, when carried
the C. necator PHA machinery (Han et al., 2006). To look closer on
the involvement of the IbpA deletion on granule size distribution,
TEM analyses were performed (Figure 5A). In fact, PP05_15 strain
showed a broader granule size distribution with an average size of
about 300 nm compared with 180 nm of PP01_02 (Figure 5C).
Finally, the influence of IbpA over other granule-associated
proteins was analyzed by granule extraction assay (Figure 5D).
As expected for granules extracted from the ibpA null (PP05_15)
strain, the 10 kDa band corresponding to IbpA disappeared, while
showing little change in the other bands corresponding to GAPs
involved in PHA production (i.e., PhaC). It is worth mentioning that
during the extraction procedure granules from the PP05_15 strain
appeared to be more aggregated and adherent compared to granules
from PP01_02. This aspect could be explained, at least to some
extent, from the deletion of IbpA, which could lead to higher protein
aggregation.

Complementation assays with pMM194 plasmid were performed
by introducing the ibpA gene expressed by the constitutive 14a
promoter:BCD2 element. Similar PHA production properties were

obtained by the complemented strains PP05_12 (pMM194) and
PP05_15 (pMM194), reaching 15% and 65% PHA/CDW, similar
to the parental strains (Table 5). This could be explained to some
extent by the low dosage of complemented IbpA. We cannot discard
that higher IbpA dosage could lead to higher PHA content to the
engineered strains. Even though nomajor effect was observed by PHA
production, TEM images revealed that PP05_15 (pMM194)
successfully reverted the granule formation pattern, with a clear
tendency towards smaller granule size compared to PP01_02 strain
(Figures 5B, C). Additionally, granule extraction assays confirmed that
the presence of IbpA by pMM194 resulted in less granule aggregation
(data not shown) and a re-appearance of the IbpA band to the SDS-
PAGE (Figure 5D).

IbpA/B seem to exhibit several different functions depending on
physiological conditions, among them it has been ascribed that these
phasin-like proteins might function as a phase stabilizer at the interface
of hydrophilic cytoplasm and hydrophobic PHB granules when this
polymer is heterologously produced in E. coli (Han et al., 2006). To
elucidate if the presence of IbpA in the granule could inhibit the binding
of otherGAPs, we tested the binding of the PhaP phasin fromC. necator
to scl-PHA granules. For this, PhaP1Cn was fused to the green
fluorescent protein (msf-GFP) and heterologously expressed in the
PP01_02 strain (Figure 6A). For the co-localization experiments, as
expected, the control PP01_02 strain harboring (pBDN2-GFP), empty

FIGURE 5
Impact of IbpA deletion on granule number and size. (A, B). TEM images of PP05_15 and PP05_15 (pMM194), respectively under standard PHA
accumulation conditions supplemented with 15 mM octanoate. (C). Granule size distribution obtained from 100 granules measured from TEM images
using ImageJ software, in green PP01_02, blue PP05_15 and purple PP05_15 (pMM194). Scale bars represent 1 µm. (D). SDS - PAGE gels of granule
extractions. Lane 1 MWmarker; lanes 2: PP05_12; lane 3: PP01_02; lane 4: PP05_15; lane 5: PP05_15 (pMM194). TheMWof the corresponding GAPs
are indicated. BlueStar Prestained protein marker (Nippon Genetics) was used as a molecular weight marker using Tris-Glycine 4%–20% conditions.
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plasmid including only the msf-GFP, showed a diffuse cytoplasmic
fluorescence surrounding the scl-PHA granules (Figure 6B). This
observation confirmed the non-binding affinity of msf-GFP towards
scl-PHA. As anticipated, the scl-family phasin (e.g., PhaP1Cn in pBDN2-
PhaP plasmid) showed a co-localized fluorescence to the polymer, thus,
maintaining its ability to bind to scl-PHA even in the presence of IbpA
(Figure 6B).

4 Discussion

4.1 P. putida as a PHA production chassis

Pseudomonas putida is a model bacterium for mcl-PHA
production with a complex regulatory system driving the
expression of genes encoding the PHA machinery. When grown
on fatty acids, transcription of pha locus genes is augmented when
compared to growth on simple carbon sources (De Eugenio et al.,

2010b; Wang and Nomura, 2010; Manoli et al., 2020). Additionally,
the Crc catabolite repression regulator influences transcription of
phaC1 such that its transcription is inhibited in balanced carbon/
nitrogen conditions (La Rosa et al., 2014). While other global
transcriptional factors, including RpoS, PsrA and GacS/GacA also
influence transcription of genes in the pha locus, though their
precise roles remain to be fully elucidated (De Eugenio et al.,
2010b; Mezzina et al., 2021). In fact, from previous works from
our group, we showed a complex interactome among key
components of PHA production (i.e., PhaF-PhaD) (Tarazona
et al., 2020). However, a deletion of the entire pha locus
disengages these regulatory functions from the native production
of mcl-PHA, making orthogonal PHA production independent of
cellular regulators of gene expression. Nevertheless, we cannot
discard the involvement of other cellular components during the
heterologously expressed scl-PHA machinery. A full pha locus
deletion chassis strain can then serve to host heterologous pha
expression constructs. This allows for à la carte production of

FIGURE 6
Co-localization experiments in the scl-PHA chassis (PP01_02). (A). Schematic representation of pBDN2-PhaP vector. (B). Fluorescence images with
phase contrast (PC) amd GFP, left panel PP01_02 (pBDN2-GFP) negative control of binding, the strain that expresses the msf-GFP gene and right panel
PP01_02 (pBDN2-PhaP) that expresses the PhaP1 from Cupriavidus necator. The scale bar corresponds to 3 µm.
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bespoke PHAs in P. putida using custom expression constructs
coupled with growth of the resulting strain on any number of carbon
sources.

There have been numerous examples of the production of
orthogonal PHA in pha null Pseudomonas through the heterologous
expression of pha genes. These include the expression of phaC synthase
genes from scl-/mcl-PHA producing C. necator, Rhodobacter
sphaeroides, Nocardia corrallina, Thiocystis violacea, or various
pseudomonads in Δpha mutants of P. putida to generate scl- and
mcl-PHAs with unique compositions (Huisman et al., 1991; Preusting
et al., 1993; Timm et al., 1994; Lee et al., 1995; Dennis et al., 1998;
Matsusaki et al., 1998; Clemente et al., 2000; Ouyang et al., 2007).
Another study created a P. putida KT2440 phaC1-, ΔphaZ, phaC2- Ω
interposonmutant and used thisΔpha strain as a host for the functional
screening of soil metagenomic cosmid clones to identify novel PHA
synthases (Cheng and Charles, 2016). Our work expands upon these
previous investigations by generating a sequence-confirmed P. putida
KT2440Δpha locus chassis, PP05_01 strain coupled with the advantage
of using a highly flexible assembly cloning system for the generation of
custom, stable and constitutively produced scl- and mcl-PHAs.

Pseudomonads can utilize direct PHA precursor pathways to
convert fatty acids and PHA unrelated carbon sources (i.e., acetate,
ethanol, glycerol, sugars, etc.) via ß-oxidation and de novo
synthesis of fatty acids, respectively, into various (R)-3-
hydroxyacyl-CoAs (Figure 1). In contrast, R. rubrum, P.
pseudoalcaligenes, and C. necator are limited in their ability to
channel fatty acid metabolites into PHA and instead PHA
production relies upon the availability of acetyl-CoA derived
from the catabolism of carbon sources (Senior and Dawes,
1971; Budde et al., 2010). The creation of the PP05_01 chassis
strain lacking the entire pha locus allows for the decoupling of the
natural cycle of mcl-PHA production and consumption that is an
integral part of energy apportionment and central carbon flux in P.
putida (Escapa et al., 2012). As mentioned above, mcl-PHA
production in P. putida is connected to central and peripheral
metabolic pathways. The PP05_01 chassis is not subject to
catabolite repression of PHA machinery expression and thus,
avoids the dependence on certain carbon sources for PHA
production. Generally, a nutritional imbalance (i.e., excess
carbon and/or the limitation of nutrients such as nitrogen)
favors PHA production in P. putida (Madison and Huisman,
1999). This imbalance is most significant for PHA production
when substrates other than fatty acids are used as carbon sources
(Sun et al., 2007; Wang and Nomura, 2010; Follonier et al., 2011).
In the presence of fatty acids, nitrogen limitation is not necessary
for PHA production, yet greatly improves PHA yields (Poblete-
Castro et al., 2012). Notwithstanding, for our studies in the
majority of cases, PHA production was carried out in nitrogen
limited conditions with octanoate as the sole carbon source.

4.2 Expanding the range of PHA production
in P. putida

The modular and hierarchical nature of biological designs
reveals new possibilities for the development of rational and
standardized mechanisms in order to improve the engineering
process of specific biological solutions. DNA assembly is a widely

used method to build synthetic genetic circuits. Traditionally, these
cloning strategies were performed by digestion and ligation of DNA
fragments using BioBricks or Gibson assembly. However, these
approaches require specific designs for each step that can hamper
complete standardization and parts reuse. Modular Cloning
(MoClo) methodology has emerged as a powerful tool for
standardizing the assembly of genetic parts. MoClo is based on
Golden gate cloning, which allows simultaneous and directional
assembly of multiple DNA parts.

PHA polyesters can be derived from over 150 different (R)-3-
hydroxyalkanoic acid monomers, giving rise to a huge variety of
physical and mechanical properties in the resulting polymers
(Steinbüchel and Valentin, 1995; Hazer and Steinbüchel, 2007).
Production of orthogonal PHAs in P. putida greatly expands the
envelope of polymer diversity. Due to its metabolic flexibility and
ability to use a variety of substrates, such as fatty acids or aromatic
compounds, it is expected that our P. putida toolkit can be exploited to
generate new and useful PHAs (Linger et al., 2014; Blázquez et al., 2023).

By using Golden gate/MoClo technology, we demonstrated the
successful production of PHB and PHBV copolymers in P. putida
PP05_01 through the expression of heterologous PHB machinery
from R. rubrum, P. pseudoalcaligenes or C. necator. Indeed, since the
synthetic phb clusters used in this study followed the same brick
structure, this could enable the interchangeability of the genetic
parts across the modules, if needed. Thus, we could discover the best
synthetic parts’ (i.e., promoter, RBS, CDS) combination for most
optimal PHA production. Additionally, the involvement of phasins
in PHA accumulation and granule stability was studied, suggesting
that the presence of these proteins in a heterologous host is not
crucial. The absence or presence of phasins did not demonstrate
significant differences in PHA accumulation and granule formation.
However, we observed that the dosage of PhaC in the chromosome
integrated constructs significantly impacted PHA production in
several ways. In this sense, we identified interesting patterns: i)
higher scl-PHA production, ii) production of a panel of PHAs with
increased mcl-PHA (predominantly C6) composition (i.e. 90%
C4 and approximately 10% mcl-PHA, iii) more numerous and
smaller size granules, and iv) that the presence of the small heat
shock protein IbpA augments heterologous PHA production.

4.3 IbpA is an additional player in PHB
granule stability

IbpA/B belong to the alpha-crystalline type small heat-shock
proteins (sHSP) with a molecular mass of 12–43 kDa, and are
known to act as holding chaperones (Krajewski et al., 2013; Roy
et al., 2014). Most chaperones possess intrinsic holdase activity,
where the ATP-independent holding function is used to bind
unstable proteins and prevent the formation of dysfunctional
aggregates. Then, misfolded proteins can be transferred from holdase
chaperones to downstream ATP-dependent chaperones. These use
energy from ATP hydrolysis to power conformational changes in the
chaperone, which promotes unfolding, refolding, or translocation of
bound substrate proteins as part of their processing. Therefore, the
combined action of molecular chaperones may increase the cellular pool
of native proteins while minimizing inactive proteins and potentially
harmful protein aggregates (Jewett and Shea, 2006).
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Indeed, two sHSP from E. coli, IbpA/B have been previously
reported to bind to the inclusion bodies of recombinant proteins.
Han and collaborators demonstrated that a recombinant E. coli
IbpA/B deletion mutant led to significant changes in PHB granule
morphology, whereby they were shown to become distorted and
wrinkled (Han et al., 2006). Therefore, it was suggested that in the
absence of IbpA/B, PHB granules were expected to bind more cytosolic
proteins in a non-specific manner compared to the parental strain. For
this, IbpA/B in E. coli were proposed to act as phasin-like proteins that
function as a phase stabilizer at the interface of the hydrophobic PHB
granules and the hydrophilic cytoplasm (Han et al., 2006).

In this work, we constructed a viable IbpA null, PP05_15 strain.
Even though the phenotypic evaluation revealed no major changes in
PHA production, differences were observed in granule size
distribution. Indeed, in the absence of IbpA, the tendency was
towards overall larger granules compared to parental PP01_
02 strain. Interestingly, this granule size distribution of PP05_15 is
quite similar to PP05_12 (containing low PhaC synthase expression),
suggesting that the deletion of IbpAmay decrease the effective level or
function of PhaC. We did not observe an obvious lower PhaC
synthase level in the granule extracts of PP05_15 compared to
PP01_02, indicating that the IbpA either modulates the function of
PhaC by allowing its proper folding or operates on granule size in a
PhaC-independent manner. Whether or not the PhaC/other granule-
associated proteins could be partially aggregated in the PP05_15 strain
was not determined, yet our findings confirmed the importance of
IbpA protein in granule size determination and GAPs localization.

Altogether, in this study we demonstrated that P. putida optimized
cell factories can be used for the production of tailored scl-PHA. Our
results also suggest that native mcl-PHA regulatory network might be
different to that of orthogonal scl-PHA system and we cannot discard
the involvement of non-envisaged players such as IbpA.
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Degradation kinetics of medium
chain length
Polyhydroxyalkanoate degrading
enzyme: a quartz crystal
microbalance study

Fabien Millan and Nils Hanik*

Institute of Life Technologies, School of Engineering, University of Applied Science and Arts Western
Switzerland, Sion, Switzerland

This study investigates the enzymatic degradation processes of different classes of
polyhydroxyalkanoates (PHAs), a group of biopolymers naturally synthesized by
various microorganisms. Medium chain length PHAs (mcl-PHAs) are distinguished
biopolymers due to their biodegradability and diverse material properties. Using
quartz crystal microbalance measurements as a valuable tool for accurate real-
time monitoring of the enzymatic degradation process, the research provides
detailed kinetic data, describing the interaction between enzymes and substrates
during the enzymatic degradation process. Thin films of poly-3-hydroxybutyrate
(PHB) and polyhydroxyoctanoate copolymer (PHO), containing molar fractions of
about 84% 3-hydroxyoctanoate and 16% 3-hydroxyhexanoate, were exposed to
scl-depolymerases from Pseudomonas lemoignei LMG 2207 and recombinant
mcl-depolymerase produced in Escherichia coli DH5α harboring the plasmid
pMAD8, respectively. Analyses based on a heterogeneous kinetic model for the
polymer degradation indicated a six-fold stronger adsorption equilibrium constant
of mcl-depolymerase to PHO. Conversely, the degradation rate constant was
approximately twice as high for scl-depolymerases acting on PHB. Finally, the
study highlights the differences in enzyme-substrate interactions and degradation
mechanisms between the investigated scl- and mcl-PHAs.

KEYWORDS

polyhydroxyalkanoates, depolymerase enzymes, quartz crystal microbalance,
degradation kinetics, biodegradable polymers, enzymatic degradation

Introduction

Polyhydroxyalkanoates (PHAs) are aliphatic polyesters naturally produced by several
microorganisms, including Bacillus, Pseudomonas, Azotobacter, Hydrogenomonas, and
Chromatium. These microorganisms synthesize PHAs intracellularly for carbon and
energy storage, typically through the fermentation of carbon-rich substrates. The
accumulation process often occurs under unbalanced growth conditions such as carbon
excess and limitation of essential elements like phosphorus, nitrogen, or oxygen (Raza et al.,
2018). Based on the number of carbon atoms in their monomers, PHAs can be grouped into
subclasses. Short-chain length PHA (scl-PHA) consists of monomers with three to five
carbon atoms, while medium-chain length PHA (mcl-PHA) contains monomers with
6–14 carbon atoms.
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A distinctive characteristic of PHAs lies in the vast range of
physicochemical, mechanical, and thermal properties they can
exhibit, owing to the broad substrate specificity of PHA
polymerases and the myriad of potential monomers (Matsumoto
et al., 2009; Amstutz et al., 2019). This versatility has placed PHAs as
the largest group among natural polyesters (Kim et al., 2007). The
advent of genetically engineered strains and innovations in carbon
sources and feeding strategies further enhances our ability to
produce tailored PHAs with a more recent focus on the
production of mcl-PHAs and their industrial applications
(Tortajada et al., 2013; Oliveira et al., 2020; Muthuraj et al., 2021;
Reddy et al., 2022). Consequently, these polymers find applications
in diverse fields, from bioplastics and biomaterials to medical
implants and biofuels (Hazer and Steinbüchel, 2007; Brigham
and Sinskey, 2012; Panchal et al., 2013; Li et al., 2016).

The proliferation of petroleum-based plastics in the
environment has raised pressing concerns due to their prolonged
persistence (Singh and Sharma, 2016). Both terrestrial and marine
ecosystems face the mounting challenge of plastic debris
accumulation, with marine regions being especially burdened by
sizable aggregations known as “plastic gyres” (Derraik, 2002; Law,
2017; Drzyzga and Prieto, 2019). The widespread occurrence of
microplastics, tiny fragments resulting from larger plastic
breakdown or direct release, intensifies the issue, affecting a great
number of species across diverse habitats (de Souza Machado et al.,
2018; Hanik et al., 2019; Soo et al., 2021). Current recycling and
waste management efforts address only a portion of the total plastic
waste, leading to increased calls for sustainable alternatives. In this
context, biobased polymers like PHAs are gaining attention. PHAs
are naturally produced by microorganisms and, crucially, are
biodegradable. Their ability to serve as a direct replacement for
many petroleum-based plastic applications while offering a reduced
environmental footprint makes them a promising candidate in the
quest for sustainable materials. Although PHAs available on the
market are more expensive than those derived from petroleum, they
have the advantage of not necessarily being derived from
nonrenewable energy and fossil raw materials. Their production
is not only possible from edible substrates such as sugars or vegetable
oils but also substrates obtained from agricultural and food industry
waste (Khardenavis et al., 2007). From a financial and
environmental point of view, a considerable potential for
optimization exists for the manufacturing processes, mainly with
the use of bioenergy, biocatalyst, and carbon source from waste
(Chen, 2009; Chen et al., 2020). The integration of PHAs into
industrial and consumer applications could not only reduce the
inflow of non-degradable plastics but also provide a model for how
bioengineering can offer tangible solutions to pressing global
environmental issues.

However, there are still many economic and technological
challenges to overcome in the field of PHAs (Wang et al., 2014).
One of them is to develop unique and tailoredmaterial properties for
specific applications. For example, the degradability of biopolymers
is an essential property which needs to be well adapted for
biomedical or packaging applications (Gumel et al., 2013; Keskin
et al., 2017; Kalia et al., 2021). Biopolymers can undergo degradation
through different mechanisms, which depend on the polymer
structure and exposure conditions. Physical and chemical
degradation are the two main types of degradation. Physical

degradation results from physical changes, such as thermal
embrittlement and environmental stress cracking. Chemical
degradation occurs through chemical reactions, with common
examples including photo-induced, thermal, thermal-oxidative,
solvolytic, hydrolytic, and biological degradation. Understanding
the mechanisms of biodegradation is essential for designing more
sustainable and environmentally friendly materials (Meereboer
et al., 2020; Silva et al., 2023). In this regard, the monitoring of
the biopolymers degradation has become a key area of research.

Secretion of PHA depolymerases by microorganisms represents
one of the possibilities for the biodegradation of extracellular PHA
in the environment. While many extracellular scl-PHA
depolymerases have been purified and well characterized
(Handrick et al., 2001; Braaz et al., 2003; García-Hidalgo et al.,
2012), only few mcl-PHA depolymerases have been described so far
(Schirmer and Jendrossek, 1994; Gangoiti et al., 2012; Martínez
et al., 2015). These enzymes play a crucial role in the biodegradation
process, as they catalyze the breakdown of the larger polymer
molecules into smaller units that can be metabolized by
microorganisms. Several techniques have been developed for
monitoring the enzymatic degradation of plastics, such as
turbidimetric powder and film assay (Timmins et al., 1997a;
Timmins et al., 1997b), Taylor dispersion analysis (Chamieh
et al., 2015), and Blue-ray-based micromechanical
characterization (Ceccacci et al., 2017). However, these
techniques often suffer from time-consuming sample preparation
and complex experimental set up. Some require the polymer to be
formulated into stable suspensions or free-standing films which
limits their application to specific mechanical polymer properties for
monitoring the enzymatic degradation. One tool that has been
proven to be useful for this purpose is the quartz crystal
microbalance (QCM). Based on the inverse piezoelectric effect
the QCM can be used to measure very small changes in the mass
of a material in real time (Sabot and Krause, 2002; Marx, 2003).
QCM sensors are commonly 5 or 10 MHz AT-cut quartz crystals
with gold electrodes on both sides that vibrate in the thickness-shear
mode during measurements, where the two surfaces move in an
antiparallel fashion. The use of these sensors as microbalances is
based on the linear relationship between the resonance frequency
variation and the mass variation of the quartz crystal, which can be
described by the Sauerbrey equation (Eq. 1), where Δ? and ?0
represent the normalized frequency variation and the resonant
frequency of the fundamental mode, respectively. The active area,
the density, and the shear modulus describe the crystal used for the
measurement and are represented by A, ρq, and µq, respectively. The
corresponding mass variation is represented by Δm (Sauerbrey,
1959; Johannsmann, 2015).

Δf� − 2f2
0

A
����
ρqμq

√ Δm (1)

Applying this equation to a quartz crystal with a fundamental
resonance frequency (RF) of about 5 MHz, assigns a change in the
RF of 1 Hz to a mass variation of about 17 ng on the sensor surface.
This information is useful for designing experiments that use QCM
to monitor the degradation of biodegradable plastics, such as PHA.
QCMs have been used to study the enzymatic degradation of
polyester films in several scientific publications. Yamashita et al.,

Frontiers in Bioengineering and Biotechnology frontiersin.org02

Millan and Hanik 10.3389/fbioe.2023.1303267

99

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1303267


used the combination of QCMwith atomic force microscopy (AFM)
to study interactions between an enzyme and a biopolymer film at
the molecular level Yamashita et al. (2005). In our experimental set
up, a continuously circulating enzyme solution is introduced into a
fluidic cell and brought in contact with a PHA coated sensors. The
changes in the RF due to the degradation of PHA are monitored
over time.

Various models have been developed to characterize the
depolymerization kinetics of enzymes, taking into account
different mechanisms, kinetics, and environmental factors. The
heterogeneity of the reaction (i.e., the interaction between a soluble
enzyme and an insoluble substrate in the case of PHA films)
requires more complex models. The observed degradation
behavior was found to be inconsistent with classical Michaelis-
Menten homogenous enzymatic kinetic where both enzyme and
substrate are considered as soluble. At high enzyme
concentrations, the reaction rate becomes inversely proportional
to the enzyme concentration. The heterogenous kinetic model
proposed by Mukai et al., assumes that the depolymerase first
binds to the substrate surface and then hydrolyzes polymer chains.
However, if the adsorption process is faster than the rate-limiting
hydrolysis, surface crowding limits the unhindered access of the
enzymes catalytic domain to the substrate. This eventually leads to
a decrease in the degradation rate of the poly-3-hydroxybutyrate
(PHB) film when increasing the enzyme concentration (Mukai
et al., 1993). This kinetic model successfully described the
experimental data reported for the enzymatic degradation of
PHB films by several PHB depolymerases. However, to the best
of our knowledge, this approach was never applied to other classes
of PHA polymers and their corresponding depolymerases.

In this study, we apply the QCM technique to model the
degradation kinetics of PHA films from different PHA classes.
The model we use was adapted from Mukai et al. and can be
written in the form of the rate equation (Eq. 2), where υ0 represents
the highest degradation rate observed for the corresponding
enzyme concentration [E]0. The adsorption equilibrium
constant and the degradation rate constant are represented by
K et k’, respectively.

v0 � k′K E[ ]0
1 +K E[ ]0( )2 (2)

We characterize mcl-PHA degradation and compare it with scl-
PHA degradation by their respective depolymerases. As far as we
know, this is the first detailed study of the enzymatic degradation of
mcl-PHA in direct comparison of scl-PHA degradation. In this
approach the QCM technique is especially useful as the mcl-PHAs
are commonly highly amorphous polymers which are not readily
available as free-standing films or stable polymer suspensions
(Jendrossek and Handrick, 2002). Based on our experiments, we
find a distinguished difference between the scl- and mcl-PHA
depolymerases investigated. The results highlight the importance
of understanding not only the molecular structure of the enzyme
and its substrates but also their degradationmechanism. The applied
analytical method allows to distinguish the parameters for
adsorption equilibrium and degradation rate, providing a deeper
understanding of the key features of the PHA degradation by their
specific depolymerases.

Materials and methods

PHB powder was purchased from Biomer (Germany) and
polyhydroxyoctanoate copolymer (PHO), containing molar
fractions of about 84% 3-hydroxyoctanoate and 16% 3-
hydroxyhexanoate as determined by gas chromatography, was
kindly provided by Prof. Dr. Manfred Zinn (University of
Applied Science and Arts Western Switzerland). All other
chemicals and reagents were purchased from Sigma-Aldrich
(Switzerland) and used without any further purification.

Strains, plasmid, media, and cultivation
conditions

Pseudomonas lemoignei LMG 2207 was kindly provided by Prof.
Dr. Dieter Jendrossek (Stuttgart University, Germany) and received
on filter paper blots. The filter paper blots were stored at 4°C. The
strain was used for all cultivations in the following sterilizedminimal
medium (adapted from Stinson and Merrick, 1974): Disodium
succinate (15 mM), KH2PO4 (33 mM), Na2HPO4 × 2 H2O
(33 mM), NH4Cl (18 mM), MgSO4 × 7 H2O (2 mM), FeCl3 ×
6 H2O (0.037 mM) and CaCl2 × 2 H2O (0.045 mM).

Escherichia coli DH5α [supE44, ΔlacU169 (Ø80lacZΔM15),
hsdR17, recA1, endA1, gyrA96, thi-1, relA1] was used as host for
the expression of modified mcl-depolymerase from Pseudomonas
fluorescens GK13 with the previously described plasmid pMAD8
(Ihssen et al., 2009). The preculture and agar slant was performed in
LB-Amp medium: 5 g L−1 yeast extract, 10 g L−1 tryptone and 5 g L−1

NaCl, 100 mg L−1 ampicillin. The bioreactor cultivation was
conducted in Terrific Broth (TB): 24 g L−1 yeast extract, 12 g L−1

tryptone, 4 mL L−1 glycerol, 0.25 mL L−1 PPG 2000, 0.017 M
KH2PO4 and 0.072 M K2HPO4, 100 mg L−1 ampicillin.

Colony selection for producers of scl-
depolymerases

In order to identify colonies of P. lemoignei producing
extracellular scl-depolymerases, colonies were incubated on the
solid media supplemented with 1.5% w/v of PHB powder at 30°C
for 72 h. The selected colonies, distinguished by a circular halo
around them, were used to inoculate precultures.

Preculture preparation

Pseudomonas lemoignei LMG 2207 was cultivated in shake flasks
for precultures. For the preparation of the minimal medium,
CaCl2 × 2 H2O, FeCl3 × 6 H2O, NH4Cl, and MgSO4 × 7 H2O
were autoclaved separately and mixed at room temperature to avoid
the formation of precipitates. The resulting solution was
supplemented with 5 g L−1 of disodium succinate. A gas-liquid
ratio of 5 was respected for all cultivations to keep sufficient
microbial culture aeration. Colonies from solid media plates were
selected for medium inoculation. These cultures were incubated at
30°C and 160 RPM in an orbital shaker incubator. The biomass
growth was monitored by measuring the optical density at 600 nm
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(OD600) of 1 mL samples. The incubation was stopped once the
desired OD600 was reached.

In a similar way, E. coli DH5α strain harboring the plasmid
pMAD8 was streaked on LB-Amp Agar at 37°C and incubated
overnight, providing single colonies to inoculate LB-Amp medium.
The precultures were cultivated overnight at 37°C with 200 RPM
agitation.

Batch cultivation with pH shift

For the optimization of scl-depolymerases production from P.
lemoignei in a 3 L benchtop bioreactor (KLF, Bioengineering), the
cultivation was carried out as reported by Terpe et al. (1999). A
preculture of 200 mL with an OD600 of 1.0 was used to inoculate the
main culture medium to obtain an OD600 of approximately 0.1. The
fermentation was separated into biomass accumulation and
depolymerase production phases, differentiated only by the
pH setting of 6.3 and 7.6, respectively. The pH adjustment was
realized by adding smaller volumes of NaOH 5 M or H3PO4 5 M.
Furthermore, the process parameters were set to a temperature of
30°C, a stirring speed of 400 RPM, and an aeration of 2 vvm with air.
The pO2 was prevented to fall below 30% by addition of O2 to the
inlet gas. Samples of 5 mL were taken regularly during the whole
cultivation. The OD600 of samples was measured to follow the
biomass growth and to apply the pH shift during the late
exponential phase. Moreover, the enzyme activity was measured
on crude culture medium samples with a spectrophotometric
enzyme assay.

For the expression of mcl-depolymerase by E. coli harboring the
plasmid pMAD8, a stock solution of 0.17 M KH2PO4 and 0.72 M

K2HPO4 was separately autoclaved and added to the main solution
together with the ampicillin. Cultivation conditions in the 3 L
benchtop bioreactor were set to 37°C, a pH of 7.0 (adjusted with
NaOH 5 M and H3PO4 2 M), an aeration of 1 vvm, and agitation
starting at 700 RPM and gradually increasing to 1,200 RPM to
prevent the pO2 to drop below 30%. The bioreactor was
inoculated with 100 mL of the LB-Amp preculture. The OD600

was monitored and once it reached 6, the temperature was
reduced to 25°C and 0.5 mM IPTG was added for induction.
After 16 h of induction, cells were harvested and isolated by
centrifugation.

Spectrophotometric enzyme activity assay

To follow the production of extracellular depolymerases, the
enzyme activity was monitored using the model substrate para-
nitrophenyl butyrate (pNPB) according to the spectrophotometric
assay described by Rios et al. (2019).

Isolation and concentration of
depolymerases

For scl-depolymerases from P. lemoignei, the isolation of
extracellular enzymes was performed by centrifugation of the
crude culture medium at 2500 × g for 45 min at 4°C. The
enzymes present in the supernatant fraction were concentrated
by two consecutive ultrafiltration (UF) cycles using centrifugal
concentrator tubes of 15 mL with a 50 kDa molecular weight cut-
off regenerated cellulose membrane (Vivaspin Turbo 15 RC 50kDa,

TABLE 1 Degradation rates extracted from raw data processing according to the protein concentration for all degradation experiments.

Protein concentration [μg mL−1] Degradation rate ʋ0 [ng cm−2 s−1]

Degradation of PHB by scl-depolymerases 828.4 11.5

414.2 17.2

207.1 18.2

145.0 14.4

82.8 13.0

41.4 7.8

16.6 6.5

4.1 2.9

0.8 1.0

0.2 0.2

Degradation of PHO by mcl-depolymerase 122.2 7.0

24.4 8.7

12.2 7.1

2.4 2.3

0.5 0.8

0.1 0.2
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Sartorius). The concentrator tubes were filled with 10 mL of
supernatant and centrifugated 5000 × g for 15 min at 4°C for the
first concentration step and 7 min at 4°C for the second step.

For mcl-depolymerases from recombinant E. coli, the crude culture
medium was centrifuged at 7000 × g for 30 min at 4°C. The pellet was
resuspended in a lysis buffer consisting of 30 mM Tris-HCl (pH 8.0)
and 1 mM EDTA. The cells were disrupted using a French press at
1,000 bar for two cycles, keeping the mixture on ice throughout the
process. Themixture was then centrifuged at 9384 × g for 15 min at 4°C
to obtain the supernatant containing the depolymerase. The solution
was concentrated using a 30 kDa centrifugal concentrator tubes
(Amicon, Millipore). The final step of purification was performed
by preparative chromatography (Äkta start, Cytiva) using a high-flow
amylose resin (n°E8022S from neb, Bioconcept Ltd.).

Protein quantification

For protein quantification, a sample volume of 1 µL was directly
deposited onto the measurement pedestal of a Nanodrop
spectrophotometer (DS-11 FX +, DeNovix) and measured at
280 nm. As the exact composition of the mixture of
depolymerases was not known, the concentrations were
calculated based on the percent extinction coefficient of bovine
serum albumin provided by the device manufacturer
(0.667 L g−1 cm−1).

PHA thin film preparation

PHA solutions were prepared for the coating step of thin films
on quartz crystal sensors. Surface electron microscopy (SEM) was

employed to support the development of a suitable coating
procedure (Supplementary Figure S1). The solution was made
from PHB powder or PHO film solubilized in trichloromethane
(1% w/v) and heated at 50°C for 1 h to fully solubilize the polymer. A
fraction of 10% v/v of toluene was added to the solutions to optimize
the evaporation speed and film thickness during the spin coating
process. For dynamic spin coating of quartz crystal sensors, the
speed of the spin coater (Ossila Ltd.) was set at 4,000 RPM and
140 µL of polymer solution was cast on the rotating sensor center.
The spinning was continued for 40 s, followed by drying the coated
sensor in a vacuum oven at 37.5°C and 50 mbar for 20 min. Finally,
the film was examined visually for any imperfections such as
irregularities, pinholes, or scratches.

QCM measurements procedure

Experiments were carried out with a QCM (Q-1, openQCM)
allowing the measurement of the RF, dissipation, and sensor
temperature. The sensor type was a 5 MHz quartz crystal with a
blank diameter of 13.95 mm, a frontal gold electrode diameter of
11.20 mm, an AT-fundamental cut, a quartz density of
2649.7 kg m−3, and one gold electrode on both sides. For data
acquisition and real-time monitoring, the openQCM Q-1 Python
Software (GUI Python version 2.0) was used.

Film stability assessment

Before any degradation experiment, the film stability was
assessed by monitoring the RF variations of coated quartz

FIGURE 1
Degradation of PHB thin films exposed to depolymerases from
Pseudomonas lemoignei LMG 2207 at various protein concentrations.
The heterogeneous degradation model was fitted to the observed
data through non-linear regression using the Levenberg-
Marquardt algorithm. The degradation rate measurement for an
enzyme concentration of Cprot = 82.8 µg mL−1 was carried out in
triplicate and the standard deviation was used to calculate the error
bars assuming a constant error.

FIGURE 2
Degradation of PHO thin films exposed to recombinant mcl-
depolymerases from Escherichia coli DH5α harboring the plasmid
pMAD8, at various protein concentrations. The heterogeneous
degradation model was fitted to the observed data through non-
linear regression using the Levenberg-Marquardt algorithm. The
degradation rate measurement for an enzyme concentration of
Cprot = 2.4 µg mL-1 was carried out in triplicate and the standard
deviation was used to calculate the error bars assuming a constant
error.
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sensors dispensed in circulating buffer solution. Chemical-resistant
tubes (Tygon 2375-C, Saint Gobain) of 1.6 mm inner diameter,
connected the measuring module to a magnetically stirred reservoir.
Phosphate buffer at pH 7 was introduced into the reservoir and a
constant flow was installed by a peristaltic pump, set to a flow rate of
0.5 mL min−1. Once the measuring chamber was filled,
measurements were started for 1 h. For acceptable frequency
variations in phosphate buffer (typically below 30 Hz), the
degradation experiment was started. Otherwise, another sensor
was calibrated, coated, and assessed.

Enzymatic degradation

The measuring chamber, the stirred container, and circulation
tubes were kept filled with the phosphate buffer solution to avoid air
bubbles. Enzyme solution was introduced into the stirred container
and mixed for 1 min at 700 RPM. Afterwards, the peristaltic pump
was switched on and set at a flow rate of 0.5 mL min−1. As soon as the
enzyme solution circulated, measurements were started. Finally,
once the enzymatic degradation was finished, measurements were
kept for approximately one more hour.

Results

The degradation of thin films made of PHB and PHO was
investigated using scl-depolymerases from P. lemoignei LMG
2207 and recombinant mcl-depolymerases from E. coli DH5α
harboring the plasmid pMAD8, respectively. To assess the
degradation process, QCM measurements were carried out. The
results revealed a sigmoidal degradation rate profile, consisting of an
initial acceleration phase, an inflection point representing the
highest degradation rate (υ0) and a subsequent deceleration phase
(Supplementary Figure S2). The raw data were analyzed to obtain
the degradation rate for each experiment and are compiled in
Table 1.

The impact of different enzyme concentrations on degradation
rate was investigated. The protein concentrations tested for PHB and
PHO films differed, with a wider range of 0.2–828.4 µg mL−1 for
PHB and a narrower range of 0.1–122.2 µg mL−1 for PHO.
Consistent with findings in the literature for scl-PHA, QCM
measurements revealed that the degradation rate initially
increased with increasing enzyme concentration, reaching a
maximum value, and followed by a decreasing degradation rate
with further increasing enzyme concentrations. The enzyme
concentration corresponding to the maximum degradation rate
was higher when using scl-depolymerases to degrade PHB thin
films than when using mcl-depolymerases to degrade PHO thin
films. According to these observations, results were analyzed using

the heterogeneous degradation model, which was fitted to the
observed degradation rate data through non-linear regression
with the Levenberg-Marquardt algorithm. Figures 1, 2 display the
observed data and the corresponding fitted models for the
degradation of PHB and PHO, respectively. We like to point out,
that in the case of the used experimental set-up, the observed mass
loss cannot directly be correlated with the hydrolysis rate of the
enzymes. Although both enzyme classes are known to primarily
produce water soluble monomers, dimers, and trimers as
degradation products (Abe and Doi, 1999; Handrick et al., 2004;
Martínez et al., 2015), the fragmentation of the PHA polymer into
non soluble degradation products would lead to their deposition on
the surface and would not be observed as a frequency change in the
QCM measurement. However, due to the stability testing prior to
each experiment in the absence of polymer degrading enzyme, mass
loss as observed by a resonance frequency increase can be attributed
to the degradation of the polymer by the enzyme into soluble
products. We therefore refer to the constant k’ of the
heterogeneous degradation model as degradation rate constant,
rather than hydrolysis rate constant as originally proposed by
Mukai et al. By applying the kinetic model, it was determined
that the maximum degradation rate for PHB films was
17.3 ng cm−2 s−1 and occurred at a scl-depolymerases
concentration of 245.6 µg mL−1. For PHO films, the maximum
degradation rate was 9.5 ng cm−2 s−1 and occurred at a mcl-
depolymerases concentration of 38.2 µg mL−1.

The kinetic constants were obtained through non-linear
regression analysis of QCM measurements and are compiled in
Table 2. The adsorption equilibrium constant (K) represents the
affinity of the enzyme to the substrate and reflects the initial
adsorption step of the depolymerization process. The higher K
value for mcl-depolymerases on PHO films compared to scl-
depolymerases on PHB films indicates a stronger affinity of the
mcl-depolymerases for the PHO substrate. Concerning the
degradation rate constant (k’), it reflects the enzymatic
degradation activity of the enzyme and represents the rate of
mass reduction after adsorption. The lower k’ value for mcl-
depolymerases compared to scl-depolymerases suggests that mcl-
depolymerases have a lower enzymatic efficiency in degrading PHO
films. These results indicate that the enzyme-substrate interactions
and degradation activity play key functions in the degradation of
PHB and PHO films by scl- and mcl-depolymerases.

Discussion

The interaction strength between an enzyme and its substrate is
represented by the constant K in the heterogeneous degradation
model. The QCM measurements showed that the K value was six
times higher for mcl-depolymerases and PHO when compared to

TABLE 2 Kinetic constants calculated by non-linear regression of experimentally observed data to the heterogeneous degradation model for the PHB and PHO
degradation.

Adsorption equilibrium constant (K) [mL µg−1] Degradation rate constant (k’) [ng cm−2 s−1]

Degradation of PHB by scl-depolymerases 0.004 69

Degradation of PHO by mcl-depolymerase 0.026 38
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scl-depolymerases and PHB. It indicates a stronger adsorption of
mcl-depolymerase to PHO than the adsorption of scl-depolymerases
to PHB. We attribute the differences in K values between these two
systems to the higher hydrophobicity of the PHO polymer.
Although structurally different, with a C-terminal substrate
binding domain for scl-depolymerases (Behrends et al., 1996)
and an N-terminal substrate binding domain for mcl-
depolymerases (Gangoiti et al., 2012), both enzymes have a
hydrophobic site that promotes absorption to the substrate.
However, the presence of longer aliphatic side chains of the PHO
polymer reduces the competitive effect of solvent absorption at the
polymer surface when compared to the more polar PHB surface
where water molecules will absorb to a higher extend, leading to a
lower number of absorbed enzyme molecules in the equilibrium
state.

The degradation rate of a biopolyester under the catalytic effect
of an enzyme is expressed by the constant k’ in the heterogeneous
degradation model. The QCM measurements showed that the k’
value was approximately twice as high for scl-depolymerases and
PHB than for mcl-depolymerases and PHO. Possible explanations,
apart from the different specific environments of the Serine-
Histidine-Aspartate motif (i.e., catalytic triad), can be found in
the different nature of the PHA-backbones. PHA hydrolysis takes
place at the ester forming carbonyl groups of the polymers. For mcl-
PHAs these are sterically more challenging due to their longer
aliphatic side chains. This sidechain length also reduces the
quality of the leaving group and the nucleophilicity of the
carbonyl group.

Considering the mechanism of the degradation of PHA as
proposed by Mukai et al., this leads not only to a reduced
maximum degradation rate for the mcl-depolymerase when
compared to the scl-depolymerases of this study but also to a
lower optimal enzyme concentration since the fast adsorption
accompanied by a relatively slow and rate-limiting hydrolysis
process leads to faster surface crowding by the absorbed enzyme
molecules on the substrate surface (Figures 1, 2).

In conclusion, we believe that these findings will support the
process of developing applications for mcl-PHAs and the critical
consideration of end-of-life scenarios. A low abundance of natural
mcl-PHA producers in the environment, concomitant scarcity of
mcl-PHA depolymerases and the observed lower degradation rate
constant when compared to scl-PHA depolymerases, invite to
consider new routes for monomer reutilization and upcycling.
In this respect, enzymatic engineering might offer a viable solution

to improve the enzymatic degradation of PHA depolymerases by
addressing their substrate binding and hydrolysis profiles.
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Marine biodegradation of poly
[(R)-3-hydroxybutyrate-co-
4-hydroxybutyrate] elastic fibers
in seawater: dependence of
decomposition rate on highly
ordered structure

Taku Omura1, Sakura Tsujimoto1,2, Satoshi Kimura1,
Akira Maehara3, Taizo Kabe1 and Tadahisa Iwata1*
1Graduate School of Agricultural and Life Sciences, The University of Tokyo, Bunkyo, Tokyo, Japan,
2Graduate School of Industrial Technology, Nihon University, Narashino, Japan, 3Niigata Research
Laboratory, Mitsubishi Gas Chemical Co., Inc., Niigata, Japan

Here, we report the marine degradability of polymers with highly ordered
structures in natural environmental water using microbial degradation and
biochemical oxygen demand (BOD) tests. Three types of elastic fibers (non-
porous as-spun, non-porous drawn, and porous drawn) with different
highly ordered structures were prepared using poly[(R)-3-hydroxybutyrate-
co-16 mol%-4-hydroxybutyrate] [P(3HB-co-16 mol%-4HB)], a well-known
polyhydroxyalkanoate. Scanning electron microscopy (SEM) images indicated
that microorganisms attached to the fiber surface within several days of testing
and degraded the fiber without causing physical disintegration. The results of BOD
tests revealed that more than 80% of P(3HB-co-16 mol%-4HB) was degraded by
microorganisms in the ocean. The plastisphere was composed of a wide variety of
microorganisms, and the microorganisms accumulated on the fiber surfaces
differed from those in the biofilms. The microbial degradation rate increased as
the degree of molecular orientation and porosity of the fiber increased: as-spun
fiber < non-porous drawn fiber < porous drawn fiber. The drawing process
induced significant changes in the highly ordered structure of the fiber, such
as molecular orientation and porosity, without affecting the crystallinity. The
results of SEM observations and X-ray measurements indicated that drawing
the fibers oriented the amorphous chains, which promoted enzymatic
degradation by microorganisms.

KEYWORDS

marine biodegradation, polyhydroxyalkanoate, Poly(3-hydroxybutyrate-co-4-
hydroxybutyrate), elastic fiber, highly ordered structure, molecular orientation,
porosity, biofilms

1 Introduction

Currently, 400 million tons of plastics, which are considered essential to our daily lives,
are produced annually worldwide, representing a historic growth in production (Plastics
Europe, 2016). At least 8 to 11 million tons of this plastic is released into the ocean each year,
and if no action is taken, this amount is estimated to increase four-fold by 2050
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(World Economic Forum, 2017; The Pew Charitable Trusts and
SYSTEMIQ, 2020). In recent years, the negative effects of marine
pollution, especially non-biodegradable plastics leaked into the
ocean, on marine life have become a global problem. Depending
on the location, plastic debris from fishing gear accounts for 10%–
90% of marine debris (Lebreton et al., 2018). For example, around
Korea, fishing gear generates approximately 75% of marine debris
annually (Jang et al., 2014), while in the open ocean, fishing gear
accounts for 50%–90% of marine debris (Hammer et al., 2012), most
of which is fiber. Fishing nets, fishing lines, ropes, and other fibers
used in fishing gear break during use and are lost or abandoned.
Subsequently, they unintentionally become entangled with marine
creatures and continue to function as fishing gear, known as the
ghost fishing cycle (ghost gear). Therefore, to address this problem,
there has been active development of plastic fibers that can be
completely degraded by microorganisms in the environment into
water and carbon dioxide, known as marine biodegradation.

To date, the biodegradability of plastics has been investigated
using compost, soil, and river water under aerobic and anaerobic
conditions in accordance with methods developed by
standardization organizations, such as the International
Organization for Standardization (ISO) and the American Society
for Testing and Materials International (ASTM International).
Compared with these media, the marine environment has fewer
microorganisms, resulting in slower or no decomposition (Wang
et al., 2021). Therefore, it is impossible to simply extrapolate the
results of standard testing to evaluate biodegradability in the marine
environment. The marine biodegradation of plastics has been
evaluated using seawater and biochemical oxygen demand
(BOD)-based tests (Kasuya et al., 1998; Nakayama et al., 2019) as
well as field tests at shore (Briassoulis et al., 2019; Lott et al., 2020).
These tests also investigate the effects of specific particle size, surface
area, and shape on biodegradation (César et al., 2009; Chinaglia
et al., 2018; Hino et al., 2023). In addition, polymer crystals (Nishida
and Tokiwa, 1992; Nishida and Tokiwa, 1993), lamellar thickness
(Koyama and Doi, 1997; Abe et al., 1998), and molecular orientation
(Cai et al., 1996; Yoo and Im, 1999; Cho et al., 2003; Fischer et al.,
2004; Komiyama et al., 2021) are some parameters that affect the
degradation rate of biodegradable plastics. Therefore, the rate of
biodegradation could be controlled by adjusting these parameters.
To use biodegradable polymers in fiber applications, the polymers
must possess enough strength which in turn can be tuned by
changing the drawing ratio and the orientation of the molecular
chains. However, multiple reports suggest that highly oriented
molecular chains of poly[(R)-3-hydroxybutyrate] (PHB), poly(ε-
caprolactone) (PCL), and poly(L-lactic acid) (PLLA) decreases
the hydrolysis rate (Mochizuki et al., 1995; Cai et al., 1996; Yoo
and Im, 1999; Cho et al., 2003; Fischer et al., 2004; Tsuji et al., 2007).
These papers cannot be directly compared because as the orientation
degree of the molecular chains increases, the degree of crystallinity
also increases significantly, making it unclear which of these
parameters affects the degradation rate. In fact, some studies
have shown that the microbial degradation rate of biodegradable
plastics decrease if the crystallinity is increased without orienting the
molecular chains (Nishida and Tokiwa, 1992; Nishida and Tokiwa,
1993).

Polyhydroxyalkanoates (PHAs) are one of the few biodegradable
plastics that can be degraded in the ocean, which is a critical issue

today, and is attracting particular attention because of its potential to
produce high-strength fibers (Iwata et al., 2004). A PHA copolymer
that includes a 4HB unit as the second constituent, poly[(R)-3-
hydroxybutyrate-co-4-hydroxybutyrate] [P(3HB-co-4HB)], is a
promising alternative to non-biodegradable elastic materials
owing to its ability to produce fibers with both strength and
elasticity, excellent environmental degradability, and
biocompatibility/absorbability (Omura et al., 2021; Murayama
et al., 2023). The crystals of P(3HB-co-4HB) are representative of
the Flory exclusion model because the 4HB units are excluded from
the crystals formed from 3HB units, and thus the crystallinity
saturates at a certain value (Kunioka et al., 1989; Doi et al.,
1995). Therefore, even when uniaxial stretching is performed,
there is no significant change in crystallinity, indicating that the
degree of orientation can be strictly controlled.

PHA crystals have two crystalline phases: an α-form and a β-
form (Yokouchi et al., 1973; Orts et al., 1990). In general, when
PHA crystallizes, it forms lamellae crystals of the α-form, which is
a thermodynamically stable crystalline phase. This form is easily
obtained by hot-pressing or casting films. In contrast, the β-form is
a stress-induced crystalline phase in uniaxially stretched PHA
films (Iwata et al., 2004). In previous research on PHA,
researchers have controlled not only the highly ordered
structure, such as the melt-cooled α-form and the stress-
induced β-form, but also the degree of crystallinity and porosity
of the material (Iwata et al., 2003; Tanaka et al., 2007; Kabe et al.,
2015; Phongtamrug and Tashiro, 2019; Komiyama et al., 2022).
Moreover, studies on enzymatic and environmental degradation
(Kumagai et al., 1992; Iwata et al., 1997; Kasuya et al., 1998) have
been conducted. However, research on the correlation between
these highly ordered structures and environmental degradability
remains insufficient. To investigate this relationship, it is necessary
to investigate the biodegradation of fibers with controlled highly
ordered structures in terms of not only degradation rate but also
BOD-curves changes.

The purpose of this study was to investigate the individual effect
of uniaxial orientation and porous structure on the microbial
degradation rate and BOD-based biodegradation of P(3HB-co-
16 mol%-4HB), which has a highly ordered structure and is
expected to be used in many environmental applications owing
to its elasticity. Three types of P(3HB-co-16 mol%-4HB) fibers, non-
porous as-spun, non-porous drawn, and porous drawn, with
different highly ordered structures were prepared by melt
spinning, and microbial degradation was performed using
seawater from Tokyo Bay. The degradation of each fiber was
evaluated using weight measurements, scanning electron
microscopy (SEM), wide-angle X-ray diffraction (WAXD), small-
angle X-ray scattering (SAXS), gel permeation chromatography
(GPC), and BOD testing.

2 Experimental study

2.1 Materials

P(3HB-co-16 mol%-4HB) with a weight-average molecular
weight (Mw) of 6.6 × 105 g/mol and polydispersity index (PDI)
of 2.9 was provided by Mitsubishi Gas Chemical Co., Japan.

Frontiers in Bioengineering and Biotechnology frontiersin.org02

Omura et al. 10.3389/fbioe.2023.1303830

107

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1303830


P(3HB-co-16 mol%-4HB) was obtained in the pure form and used
without further purification. The powder (5 g) was dissolved in
chloroform (500 mL) and cast into a film.

2.2 Processing of non-porous P(3HB-co-
16mol%-4HB) fiber

P(3HB-co-16 mol%-4HB) fibers were fabricated according to
the method described previously (Omura et al., 2021). The cast
film of P(3HB-co-16 mol%-4HB) (1.5 g) was placed in the
furnace of a melt-spinner (IMC-19F8; Imoto Manufacturing
Co., Japan) set to 150°C (i.e., lower than the melting
temperature of the lamellar crystals), melted for 1 min, and
then spun with an extruder rod at a rate of 1 mm/s. A nozzle
with a length to diameter (L/D) ratio of 3 and diameter of 1 mm
was used, and the fibers were taken up at a rate of 1.8 m/min. The
fibers were then stretched by hand until they necked and drawn
by five-fold at room temperature. The fibers obtained in this
experiment were not heat treated.

2.3 Processing of porous P(3HB-co-16mol
%-4HB) fiber

P(3HB-co-16 mol%-4HB) powder was melt-spun using the
same procedure as in 2.2. The melt-spun fibers were taken up at
a speed of 1.8 m/min in an ice water bath at 4°C. After isothermal
crystallization at 4°C for 72 h, porous fibers were obtained by
necking and drawing by 12-fold at room temperature using a
manual stretching machine. The fibers obtained in this
experiment were not heat treated.

2.4 Microbial degradation tests

Seawater used as the source of microbial inoculum was collected
from Tokyo Bay: Odaiba Seaside Park (35°37′41.1″N 139°46′16.5″E)
in Minato-ku, Tokyo, Japan. Table 1 shows the detailed conditions
under which the samples were collected.

Sediment (soil and sand) was also collected at the same
location the natural environmental water (seawater) was
collected. Sediment (2 kg) was added to 10 L of the natural
water and stirred well. An ethanol-sterilized polyethylene
mesh with a 122 µm gap was used to remove impurities, such
as leaves, stones, and wood, with stirring. The resulting water was
used as the test water.

Degradation tests were performed by adding approximately
20 mg of three P(3HB-co-16 mol%-4HB) fibers with different
highly ordered structures and 100 mL of test water to each open
container. The test was conducted at 25°C with agitation at a rate
of 30 rpm for a total of 28 days. Samples were collected every
7 days, ultrasonically cleaned to remove the biofilm from the fiber
surface, vacuum dried overnight at room temperature, and
weighed for weight loss measurements. For each fiber, three
different samples (n = 3) were collected every 7 days for
weight loss measurements, and the average and deviation were
calculated.

2.5 Media and culture conditions of bacteria

The total number of viable bacteria in the environmental water
was determined using the plate count method (Nishida et al., 1998).
Standard agar medium Daigo (23.5 g) and sodium chloride (29.2 g)
were added to 1 L of distilled water, and the pH of the solution was
adjusted to 7.0 using NaOH (1 mol/L) or HCl (1 mol/L) solution.
The solution was autoclaved at 121°C for 15 min and poured into
sterile polystyrene petri dishes to prepare the Luria–Bertani (LB)
medium. A 10-fold diluted sample solution was prepared by adding
100 μL of collected seawater to 900 μL of sterile artificial seawater
(NaCl: 29.2 g/L). This was repeated to prepare 100-, 1,000-, and
10,000-fold diluted sample solutions. Each sample solution (50 µL)
was plated on the standard agar medium and incubated at 25°C for
24 h. Colonies formed on the plate were counted, and the number
was expressed as colony forming units per mL (CFU/mL).

2.6 BOD-based test (BOD-biodegradability)

Biodegradation in the environmental water was evaluated using
a BOD measuring device (OxiTop IDS, WTW, and Germany). The
BOD test was performed by modifying the method of Suzuki et al.
(Suzuki et al., 2017) In a cultivation bottle (internal volume 250 mL),
100 mL of seawater was mixed with 100 µL of buffer solution
(Na2HPO4・2H2O 33.3 g/L, K2HPO4 21.8 g/L, KH2PO4 8.5 g/L,
NH4Cl 1.7 g/L), 0.5 g/L NH4Cl, 0.1 g/L Na2HPO4, and 5 mg/L
allylthiourea. The sample weight was 6-7 mg. BOD tests were
conducted in an incubator (25°C) for approximately 1 month,
and BOD data were acquired daily. BOD-biodegradability was
calculated using Eqs 1, 2:

BODbiodegradability %( )�BODs − BODb

ThOD
× 100 (1)

where BODs (mg) is the BOD value measured when the sample was
added, BODb (mg) is the BOD value measured in blank tests, and
ThOD is the theoretical oxygen demand (see Eq. 2).

ThOD mg( ) � w mg( )
M g/mol( )×

4x + y−2z
4

× 32 g/mol( ) (2)

where w is the initial sample weight (mg), and M is the molecular
weight of the monomer unit (CxHyOz) (g/mol).

The weight loss was calculated using Eq. 3:

Weight loss %( )�Wi −Wf

Wi
× 100 (3)

where Wi is the initial sample weight (mg) and Wf is the sample
weight after microbial degradation (mg).

2.7 Characterization

2.7.1 Scanning electron microscopy
The surface morphology of the fibers was observed using a

scanning electron microscope (JCM-7000, JEOL, and Japan)
operated at an accelerating voltage of 5 kV. Two different
methods were used to treat the fibers after microbial degradation
to obtain fibers with and without adhered bacteria. First, the
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collected fibers were soaked overnight in a 3% sodium chloride
formaldehyde solution, and samples with microorganisms attached
to the fiber surface were freeze-dried after solvent displacement with
ethanol/t-butanol and then analyzed with SEM. Second, the
collected samples were ultrasonically cleaned to remove the
biofilm adhering to the fiber surface and vacuum dried overnight
at room temperature. These samples were gold-coated using an ionic
stepper (MSP-1S, Vacuum Device Co., Japan) before observation.

2.7.2 Gel permeation chromatography
The molecular weights (Mw and number-average,Mn) and PDI of

the samples were measured using gel permeation chromatography
(GPC; RID-20A differential refractive index detector, Shimadzu).
Samples in chloroform were passed through columns (K-806M, K-
802) with a flow rate of 0.8 mL/min at 40°C. A calibration curve was
prepared using polystyrene (PS) standards (Shodex).

2.7.3 X-ray diffraction
Two-dimensional (2D) WAXD measurements were performed

using a Micromax-007HF system (Rigaku, Japan) equipped with a
CuKα irradiation source (λ = 0.15418 nm, operated at 40 kV and
30 mA), imaging plate reader (RAXIA-Di, Rigaku, Japan), and
imaging plates (BAS-SR 127, 2,540 × 2,540 pixels, 50 × 50 μm2/
pixel, Fujifilm Corporation, Japan). The distance between the
sample and camera was 83 mm, and the sample and detector
were placed in a vacuum chamber at room temperature. Single
fibers were measured with an irradiation time of 5 min. The
obtained 2D-WAXD diffractograms were converted to 1D-
WAXD patterns using the 2DP software (Rigaku) to determine
the crystallinity Xc and crystal orientation f(020).

2D SAXS measurements were performed on the BL03XU
beamline at the SPring-8 synchrotron radiation facility (Harima,
Japan) using an X-ray wavelength of 0.1 nm, and 2D diffractograms
were recorded on an array detector (PILATUS3 S 1M, Rigaku). The
distance between the sample and camera was 2,278 mm, and silver
behenate (BeAg) was used as the calibration sample. The sample and
detector were placed at room temperature and atmospheric
pressure. Single fiber measurements were performed with an
irradiation time of 1 s. The obtained 2D-SAXS images were
analyzed using the MDIP software. The long period, Lp was
obtained by analyzing the meridional region of the SAXS pattern.

3 Results and discussions

3.1 Details of P(3HB-co-16mol%-4HB) fibers

Details of the three types of P(3HB-co-16 mol%-4HB) fibers
prepared are shown in Table 2. The weight of the fibers used in the
degradation tests with seawater was approximately 20 mg, and the

corresponding fiber length and diameter are shown in Table 2. As-
spun and 5-fold drawn fibers were densely packed with polymer
chains inside the fiber. In contrast, fibers drawn by 12-fold after 72 h
of isothermal crystallization at 4°C had numerous discontinuous
pores of approximately 5 μm inside the fiber, which was equivalent
to a porosity of 45%. The crystals of P(3HB-co-4HB) are
representative of the Flory exclusion model, in which 4HB units
are excluded from crystals formed from 3HB units, and thus the
crystallinity saturates at a certain value (Kunioka et al., 1989; Doi
et al., 1995). This suggests that crystallization of 3HB unit is
inhibited by the 4HB unit randomly incorporated during
copolymerization, and thus crystallization can be controlled by
drawing and heat treatment. Moreover, it is possible to control
the degree of orientation without affecting the degree of crystallinity
by drawing and heat treatment, thus obtaining samples with
different degrees of orientation only. This enables a comparison
of the samples without considering the effect of crystallinity. The
2D-WAXD image (Supplementary Figure S1A) of the as-spun fiber
showed a ring pattern, indicating that the crystals were randomly
distributed and unoriented, with a crystallinity of 41%. In contrast,
the 2D-WAXD images (Supplementary Figures S1F, K) of both
drawn fibers (non-porous and porous) indicated that the fibers were
oriented in the α-form, with an orientation of 0.9 and crystallinity of
36% and 38%, respectively. In the previously reported uniaxial
drawing of PCL, the crystallinity increases from 40% to 64% with
drawing, and therefore it was impossible to simply attribute the
enzymatic degradation rate to either the molecular orientation or the
crystallinity (Mochizuki et al., 1995). However, in this study, the
crystallinity of the P(3HB-co-16 mol%-4HB) elastic fibers did not
change significantly before and after drawing, and thus the effect of
orientation only on the degradation rate could be evaluated. In
addition, the effect of the internal pores on the degradation rate
could be evaluated.

3.2 Effect of highly ordered structure on
marine biodegradability of P(3HB-co-16mol
%-4HB) fibers

To investigate the effect of morphology on the degradation rate,
the weight losses of three types of P(3HB-co-16 mol%-4HB) fibers
(non-porous as-spun, non-porous drawn, and porous drawn)
immersed in seawater from Tokyo Bay were evaluated. After
28 days of microbial degradation in seawater from Tokyo Bay,
the weight losses of the two types of drawn fibers (non-porous
and porous) were approximately 100%, indicating good marine
degradability (Figure 2). In the case of the porous drawn fiber,
the internal porous surfaces were exposed as the smooth external
surfaces were degraded by the microorganisms, further increasing
the exposed surface area, which likely contributed to the fast marine

TABLE 1 Details of the conditions and seawater sampled.

Type Place Date Time Weather Temp
/°C

Water temp
/°C

pH Viable microorganism counts
×105/CFU mL-1

Seawater Tokyo-bay Mar 2nd 14:00 Cloudy/Rainy 18 15 7.6 2.1
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degradation rate (Figure 4, discussed later). In contrast, the as-
spun fibers were not completely degraded in 28 days, and the
weight loss after 28 days was only 46%. In this study, the weight
of the fibers used was standardized to approximately 20 mg in
order to make comparisons by weight loss. Fiber length and
fiber surface area differ due to the thicker fiber diameter of the
as-spun fiber (850 μm) compared to the fiber diameter of the
two drawn fibers (about 300 μm). Since microbial degradation
generally proceeds from the surface, the rate of biodegradation
is strongly influenced by the surface area of the sample.
Therefore, microbial degradation of samples with different
surface areas must be evaluated by degradation rates
considering the surface area. The degradation rate was
3.3 mg/cm2/week for the as-spun fiber, 5.1 mg/cm2/week for
the drawn fiber (non-porous) and 5.5 mg/cm2/week for the
drawn fiber (porous), indicating that the degradation rate for
the drawn fibers (non-porous and porous) was about 1.5 times
faster than that for the as-spun fiber.

3.3 Effect of P(3HB-co-16mol%-4HB)
morphology on BOD biodegradation

Figure 1 shows that the P(3HB-co-16 mol%-4HB) fibers lost weight
in seawater. This indicated that the P(3HB-co-16 mol%-4HB) fibers
were hydrolyzed by microorganism-secreted enzymes into substances

with low molecular weights and high water solubility. However, weight
loss is not equivalent to complete biodegradation into water and carbon
dioxide. Therefore, the BOD test was conducted to confirm that the
fibers were broken down into water and carbon dioxide by the
microorganisms. The shape of the sample is reported to have a
significant effect on the BOD test (Komiyama et al., 2021; Hino
et al., 2023). It can be assumed that the faster the rate of enzymatic
degradation by microorganisms to low molecular weight compounds
(the faster the weight loss), the steeper the BOD-biodegradability curve.
Here, in addition to the reference, P(3HB-co-16 mol%-4HB) powder,
three types of P(3HB-co-16 mol%-4HB) fibers (as-spun non-porous
fiber, drawn non-porous fiber, and drawn porous fiber), with evaluated
microbial degradability by weight loss (Figure 1), were used to
investigate the effect of shape on the BOD test (Figure 2). For
P(3HB-co-16 mol%-4HB) powder and the two types of drawn
fibers, which showed 100% weight loss in 28 days, BOD-
biodegradability was approximately 70%–90% or more in 28 days.
This indicated complete biodegradation because the rest of about
10%–30% is considered to be used for biomass formation in
microorganism cells (Ohura et al., 1999). The rise of the BOD curve
during the period in which low-molecular-weight compounds are
completely degraded by microorganisms into carbon dioxide
depends on the shape of the sample. The rise was steepest for the
powder and flattened in the order of porous drawn fiber (with the
fastest weight loss rate) > non-porous drawn fiber > non-porous as-
spun fiber. As shown, the shape and highly ordered structure of the

TABLE 2 Detail of various P(3HB-co-16 mol%-4HB) elastic fibers with different higher-ordered structure.

As spun Non-porous Porous

Overall pictures

Cross section, SEM Image

Draw ratio, λ 1 5 12

Crystallinity, Xc/% 41 36 38

(020) orientation, f - 0.9 0.9

Weight/mg 15–19 18–20 15–19

Diameter/μm 850 312 364

Length/cm 2.2 14.1 16.1
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fibers had a remarkable effect on BOD biodegradation. In addition, the
BOD curves obtained for the three fiber types did not rise in the early
stage of the BOD test (5–10 days) because the surface area of the fiber
was smaller than that of the powder, and it took time for
the microorganisms on the fiber surface to form a
biofilm and oligomerize through enzyme secretion and enzymatic
hydrolysis.

3.4 Microorganisms on fibers after
biodegradation

To confirm whether the P(3HB-co-16 mol%-4HB) fibers were
degraded by microorganisms, the fibers were soaked in seawater and
then treated with formaldehyde without washing for SEM
observation. After 7 days, the P(3HB-co-16 mol%-4HB) fiber
surface was covered with a biofilm (Figure 3A). This indicated
that the P(3HB-co-16 mol%-4HB) fibers were not degraded
physically but by microorganisms. Interestingly, different forms
of microorganisms were accumulated inside the biofilm
(Figure 3B) and on the fiber surface where the biofilm had not
formed (Figure 3C). Round-shaped bacteria (cocci) were observed
inside the biofilm, while rod-shaped bacteria (elongated bacilli) were
found on the fiber surface where no biofilm had formed (Figure 3D).
In general, depolymerase-secreting microorganisms that
enzymatically degrade polymers may not always metabolize
water-soluble low-molecular-weight substances. In contrast,
microorganisms that do not participate in enzymatic degradation
may metabolize low-molecular-weight compounds. The diverse
microorganisms observed in the fibers after degradation
suggested that the P(3HB-co-16 mol%-4HB) plastisphere was
composed of diverse polyester degraders and microorganisms

that metabolized the byproducts of enzymatic degradation,
stabilized the biofilm, and preyed on other microorganisms,
meaning that they coexisted.

3.5 Morphological changes of P(3HB-co-
16mol%-4HB) fibers during marine
biodegradation

SEM images of the fiber surfaces showed that all ultrasonically
washed fibers were degraded by microorganisms (Figures 4A–F).
After microbial degradation, the surface of the as-spun fiber was
rough and irregular, indicating that microbial biodegradation
proceeded randomly (Figure 4G). In contrast, the two types of
drawn fibers had a stacked lamellar structure perpendicular to
the stretch direction (Figures 4H, I). Illustration of assumed
biodegradation patterns of fibers with different higher-order
structure are shown in Figure 5. This suggested that the lamellar
crystals were oriented by drawing and biodegradation proceeded
from the amorphous region of the fiber (Omura et al., 2021). This is
because the amorphous region of polymers is less dense and thus
more susceptible to attack than the crystalline region. As Abe et al.
has reported that the erosion rate of amorphous phase is much larger
than that of crystalline phase (Abe et al., 1998). By drawing and
orienting the fibers, the amorphous chains are also oriented, and
enzymatic degradation by microorganisms can easily proceed from
the amorphous chains. Therefore, the biodegradation rate of the
drawn fibers may be faster than that of the as-spun fiber.
Furthermore, in the porous drawn fiber, the numerous pores
inside the fiber are exposed, which increases the surface area. For
these reasons, among the fibers investigated, the porous drawn fiber
exhibited the fastest degradation rate (Figure 1). The results

FIGURE 1
Weight losses of P(3HB-co-16 mol%-4HB) fibers with different
highly ordered structures. Black: as-spun, red: non-porous drawn,
blue: porous drawn. Filled black circles: as-spun, red triangles: non-
porous drawn, blue squares: porous drawn.

FIGURE 2
Effect of sample morphology on BOD-biodegradability of
P(3HB-co-16 mol%-4HB) fibers in seawater from Tokyo Bay. Open
circles : P(3HB-co-16 mol%-4HB) powder, open diamonds: reference
cellulose, filled black circles: as-spun, red triangles: non-porous
drawn, blue squares: porous drawn.
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FIGURE 3
SEM images of (A) P(3HB-co-16 mol%-4HB) drawn elastic fiber (porous) with the biofilm attached after biodegradation in seawater for 7 days, (B)
microorganisms present in the biofilm, and (C) microorganisms on the fiber surface. (D) Schematic model of microorganisms in the plastisphere.

FIGURE 4
SEM images of P(3HB-co-16mol%-4HB) fibers before (A–C) biodegradation and (D–I) after 1 week in seawater from Tokyo Bay: (A, D, G) asspun, (B,
E, H) non-porous drawn, and (C, F, I) porous drawn.
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indicated that it was possible to increase the rate of marine
degradation by changing the highly ordered structure of the
fibers, such as fiber orientation and porous structure.

3.6 Changes in crystallinity with
biodegradation

As shown in Figure 4, P(3HB-co-16 mol%-4HB) fibers were
decomposed from the amorphous part. Therefore, we evaluated
the P(3HB-co-16 mol%-4HB) fibers after degradation using
WAXD and SAXS measurements (Supplementary Figures S1,
S2). In the 2D-WAXD image of the as-spun fiber before
biodegradation, ring diffraction of randomly distributed
crystals was observed (Supplementary Figure S1A). In
contrast, in the images of the two types of drawn fibers (non-
porous and porous fibers) before decomposition, diffraction of

lamellar crystals derived from the α-form oriented with the fiber
axis was observed (Supplementary Figures S1F, K). Notably, for
all fibers, only diffraction of lamellar crystals composed of the α-
form was observed, and diffraction of the β-form in a planar
zigzag structure was not observed. Iwata et al. reported that for
P(3HB) fibers with two types of molecular chains, α-form and β-
form, which are controlled and oriented, enzymatic degradation
of the β-form occurs at a faster rate than that of the α-form (Iwata
et al., 2006). However, because the β-form was not observed in the
fibers used for the biodegradation tests in this study, we discuss
the degradation of the crystalline (α-form) and amorphous
region. For all fibers, the crystallinity tended to increase with
degradation time (Figure 6A). This indicated that the relative
degree of crystallinity increased because biodegradation
proceeded from the amorphous region, and thus the
crystalline region remained intact. After biodegradation, the
crystallinity of the as-spun fiber did not change as much as

FIGURE 5
Illustration of assumed biodegradation patterns of fibers with different higher-order structures.

FIGURE 6
Changes in the (A) crystallinity, (B) (020) orientation, and (C) long period of P(3HB-co-16mol%-4HB) fibers resulting from biodegradation. Black: as-
spun, red: non-porous drawn, blue: porous drawn.
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that of the two types of drawn fibers (non-porous and porous).
This is because the amorphous and crystalline regions of the as-
spun fiber are randomly decomposed, whereas the amorphous
regions of the drawn fibers are preferentially decomposed, as
shown in Figures 4H, I. After 20 days of biodegradation, the
crystallinity of the non-porous drawn fiber decreased, which was
attributed to the decomposition of the lamellar crystals as well as
the progressive decomposition of the amorphous region. The
crystal orientation remained almost constant during
decomposition, and the orientation decreased just before the
end of decomposition (Figure 6B). This suggested that the
amorphous molecules that held the lamellae or stacked
lamellae in place were decomposed, which destabilized and
rotated the lamellae or stacked lamellae. Similarly, the long
period remained constant as decomposition proceeded
(Figure 6C). Yoo et al. reported a similar trend for the
hydrolysis of PCL (Yoo and Im, 1999), suggesting that the
crystals remain oriented to some extent, irrespective of
microbial degradation.

3.7 Changes in molecular weight with
biodegradation

To confirm whether enzymatic hydrolysis proceeded via surface or
bulk degradation, the molecular weight of porous drawn P(3HB-co-
16 mol%-4HB) fibers was determined (Figure 7). The molecular weight
did not change before and after the degradation test, suggesting that
microbial degradation progressed from the surface. Surface
decomposition proceeding intensively on the surface of the material
produces a continuous succession of water-soluble low-molecular-
weight compounds. In addition, degradation by hydrolysis requires
enzymes secreted by microorganisms, which cannot reach the inside of

the material owing to their size, and thus degradation proceeds only on
the surface of the material (Tsuji and Ishida, 2002). Von Burkersroda
et al. reported that the degradationmechanism of biodegradable plastics
changes from bulk degradation to surface degradation when the
thickness exceeds a critical value (Lcritical) (Von Burkersroda et al.,
2002). Considering that the fibers used in this study exceeded the critical
value (fiber diameter >100 μm), the enzymatic degradation of P(3HB-
co-16 mol%-4HB) fibers in seawater from Tokyo Bay likely proceeded
by surface degradation. In addition, we found that the highly ordered
structure of the fiber surface had a significant effect on the
degradation rate.

4 Implication

These results provide information not only for controlling
the degradation rate of biodegradable plastics, but also for future
internationally standardized biodegradability tests. The P(3HB-
co-16 mol%-4HB) elastic fiber prepared in this study shows not
only excellent marine biodegradability but also bio-
absorbability, and is expected to be applied to surgical
sutures. Even in the case of use as surgical sutures, which are
temporary fixative materials, the results obtained in this study
may be used to fabricate various fibers with controlled duration
(rate) of decomposition in vivo.

5 Conclusion

In this study, the effect of different highly ordered structures
on the marine degradability of P(3HB-co-16 mol%-4HB) elastic
fibers was investigated. The environmental degradation of
P(3HB-co-16 mol%-4HB) fibers in seawater from Tokyo Bay
was evaluated. The biodegradation rates of the three types of
P(3HB-co-16 mol%-4HB) fibers (non-porous as-spun, non-
porous drawn, and porous drawn) were different and
decreased in the order of porous drawn > non-porous
drawn > non-porous as-spun. BOD tests revealed that the
P(3HB-co-16 mol%-4HB) elastic fibers were completely
biodegraded by microorganisms in the ocean, which was
significantly influenced by the morphology of the fibers.
Microorganisms adhered to the fiber surface during
degradation, suggesting that microorganisms coexisted and
decomposed the fiber, indicative of microbial degradation. The
SEM images showed that fibers oriented by drawing had a stacked
lamellar structure perpendicular to the direction of drawing after
the degradation test. In addition, X-ray analysis revealed that the
crystallinity of the fibers increased after degradation, suggesting
that enzymatic degradation of biodegradable plastics proceeded
from the amorphous region, which was easily promoted by
increasing the orientation of the molecular chains.
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FIGURE 7
Change in the molecular weight, Mw, of non-porous drawn
P(3HB-co-16 mol%-4HB) fiber resulting from biodegradation. Black:
original fiber, red: 7 days, blue: 14 days, and green: 21 days.
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Plastics are essential in modern life, but their conventional production is
problematic due to environmental pollution and waste management issues.
Polylactic acid (PLA) is a widely used bioplastic that is bio-based and
biodegradable, making it a key player in the bioeconomy. PLA has been
proven to be degradable in various settings, including aqueous, soil, and
compost environments. However, monitoring and optimizing PLA
biodegradation remains challenging. This study proposes methods to improve
the quantification of PLA biodegradation by Amycolatopsis spp. Ultrasound
treatments (10 s) significantly improved the enumeration of viable
Amycolatopsis cells by breaking the pellets into quantifiable individual cells. A
separation technique combining ultrasound (120 s) and 40 μm cell strainers
effectively isolated PLA particles from biomass to quantify PLA weight loss.
This enabled the monitoring of PLA biofragmentation. Finally, CO2 production
was measured according to ISO 14852 to quantify mineralization. Integrating
thesemethods provides an improved quantification for PLA biodegradation along
its different stages. In a case study, this led to the construction of a carbon balance
where 85.1% of initial carbon content was successfully tracked. The developed
techniques for monitoring of PLA biodegradation are essential to design future
waste management strategies for biodegradable plastics.

KEYWORDS

Amycolatopsis orientalis, Amycolatopsis thailandensis, polylactic acid, aerobic PLA
degradation, biomass, carbon balance

1 Introduction

Plastics are essential in modern life, as they offer quality products for many uses. These
sophisticated attributes of synthetic polymers have led to an annual plastic production of
approximately 140 million tons (Teixeira et al., 2021). However, most conventional plastics
are fossil-based, causing environmental pollution and waste management problems. The
durability of plastics hampers their degradation in the biosphere, resulting in the long-term
retention of plastic waste in the environment (Shimao, 2001; Mayekar et al., 2023).
Chemical recycling is at its forefront as an economically viable technology for plastic
waste management (JRC Technical Report, 2023). However, these processes are often
energy intensive, for example, gasification requires a temperature up to 700°C (Shah et al.,
2023). In response to these challenges, stakeholders have taken a paradigm shift to leverage
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bioplastics that are environmentally friendly. However, not all
bioplastics are biodegradable, even if they are bio-based.
Polylactic acid (PLA) is a widely used bioplastic in the market
and accounts for 20.7% of global bioplastic production (European
Bioplastic, 2022). Owing to its bio-based and biodegradable
characteristics, it is one of the key players in the bioeconomy
(Butbunchu and Pathom-Aree, 2019). PLA has been proven to be
degradable in various controlled settings at the laboratory stage,
including aqueous, soil, and compost environments (Apinya et al.,
2015; Castro-Aguirre et al., 2017; Benn and Zitomer, 2018; Hobbs
et al., 2019; Choe et al., 2022; García-Depraect et al., 2023; Mayekar
et al., 2023). The Amycolatopsis genus, specifically Amycolatopsis
orientalis and Amycolatopsis thailandensis are the most dominant
PLA degraders in mesophilic conditions, which they accomplish by
secreting extracellular enzymes such as lipases, esterases and
cutinases to depolymerize ester bonds within the polymer (Li
et al., 2008; Chomchoei et al., 2011; Butbunchu and Pathom-
Aree, 2019).

However, most studies on bioplastics have utilized microbial
consortia isolated from local waste compost, activated sludge from
wastewater, dumping sites, and soil environments (Adhikari et al.,
2016; Hottle et al., 2016; Hobbs et al., 2019; Mayekar et al., 2023).
Due to their methodology based on the isolation of local bacteria,
these studies are difficult to reproduce. Further optimization under
controlled conditions, e.g., using pure microbial cultures and at
specific temperatures, could pave the way for reproducible biological
recycling. To optimize such a controlled biodegradation process,
accurate monitoring of this process is essential. Therefore, to
improve PLA biodegradation, it is required to be able to
accurately monitor the growth of degrading microbes, the weight
loss of the PLA and the production of biogas. Even though these
measurements seem evident, their implementation for aerobic PLA
degradation by Amycolatopsis species is still lacking from literature.

Both the quantification of viable cells and of PLA weight
reduction are hampered by the specific growth morphology of
bacteria from the Amycolatopsis genus. These bacteria form
branched filamentous structures that resemble a fungal aerial
mycelium. When grown on agar medium, these actinobacteria
form branch fragmenting into squarish and rod-shaped elements
(Tan and Goodfellow, 2015) and they exhibit pellet morphology in
liquid medium. When using the traditional viable plate count
method to quantify Amycolatopsis on agar media, the numerous
aggregated cells of pellets are perceived as an individual colony
forming unit. On the other hand, these pellets are difficult to
separate from bioplastics as is required for the quantification of
bioplastic weight loss.

This research proposes sonication treatment as the solution for
both quantification problems. In microbiology, sonication is
primarily used as an effective method for cell lysis and
elimination of biofilms from surfaces (Ganesan et al., 2015;
Dudek et al., 2020; Ferdous et al., 2021). The ultrasound
mechanism works by the propagation of sound waves from the
sonicator along the medium, which induces a distinctive pressure
difference. This causes the formation of high-energy gas bubbles,
also known as cavitations, with a localized temperature reaching
5000 K, which then quickly dissipates (Pitt and Ross, 2003). The
collapse of these gas bubbles radiates a shockwave that can release
the cells from the aggregated pellets into the planktonic form

(Ganesan et al., 2015; Branck et al., 2017). The intensity of the
ultrasound treatment is tuned by changing the amplitude,
temperature, and treatment time. As such, sonication treatment
was optimized in this study to balance the release of aggregated cells
to make them quantifiable against the inactivation of cells (Dudek
et al., 2020). With respect to the determination of PLA weight loss,
the commonly used powder form in the range of 125–250 µm
complicates the separation from the bacteria in the pellet
morphology. This range of powder is commonly used as it is
recommended by ISO 14 852 for plastic biodegradation studies.
However, this PLA powder cannot be separated from bacterial
pellets by centrifugation or filtration. Using the sonication
method can form a solution by breaking the pellets into
individual cells, making a separation based on particle size
possible. Therefore, this research studies the combined use of
sonication and filtration by cell strainers to determine the weight
loss of PLA powder.

A complete biodegradation process of plastic involves either the
determination of oxygen demand or carbon dioxide production
(CO2) (and methane, CH4). The biodegradation step in which these
processes occur, known as mineralization, determines the amount of
polymeric carbon that is microbially converted into CO2 (or CH4)
and biomass. Hence, monitoring of respirometry during
biodegradation is crucial to monitor the biogas produced as end
products (Choe et al. (2022). There is currently a wide array of
techniques to measure CO2 evolution including direct measurement
respirometry, gravimetric measurement respirometry and
cumulative measurement respirometry (Ruggero et al., 2019).
Owing to the slow CO2 evolution process for biodegradation of
plastics, an established standard based on biogas cumulative
measurement, ISO 14 852, was selected in this study. This
method allows reliable, yet simple quantification of CO2 based on
titrimetric measurements using barium hydroxide as a carbon
capture solution.

In this study, we focus on developing a set of methodologies
to monitor the degradation of PLA by A. orientalis and A.
thailandensis in aqueous conditions using PLA powder
ranging from 125 to 250 µm. Three methods have been
proposed to improve the monitoring of the biodegradation
process: 1) viable cell enumeration, 2) gravimetric weight loss
of PLA plastics, and 3) cumulative biogas quantification. In the
first methodology, low-frequency ultrasound (20 kHz, 50 W) was
used to enumerate the viable cell growth of the microorganisms
in their rich medium via process optimization using a series of
short exposure times of 5, 10, and 15 s. To validate the sonication
methods for cell enumeration, extracellular leakage was observed
using the optical density at 260 nm. Parameter estimation
analysis was performed to further characterize the differences
in observing cell growth with and without sonication, also in the
presence of PLA. Next, gravimetric PLA weight loss was
conducted to measure the PLA weight loss caused by bacterial
degradation. Because the biodegradation process involves a
mixture of PLA powder and aggregated cells, mechanical
separation using a cell strainer was adopted. To enable the
separation of these particles, a sonication method was
implemented to degrade aggregated cell pellets to smaller sizes
that passed as filtrate through these cell strainers, separating
them from the PLA in the retentate. Finally, the ISO

Frontiers in Bioengineering and Biotechnology frontiersin.org02

Yasin et al. 10.3389/fbioe.2024.1355050

118

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1355050


14 852 method was implemented to monitor CO2 production
from PLA degradation to quantify the mineralization process. A
simple carbon balance was calculated based on CO2 evolution. To
the best of our knowledge, this is the first effort to enumerate the
kinetic growth of A. orientalis and A. thailandensis, which will
serve as stepping stones for controlled biodegradation of PLA in
the future.

2 Materials and methods

The new methods that have been developed within this research
are described in the sections below. Specifically, the developed
method for the quantification of the viable cell population is
explained in Section 2.3 and the new method for studying PLA
weight loss is provided in Section 2.4. Moreover, the implementation
of the ISO method for quantifying cumulative biogas production in
the form of CO2 is provided in Section 2.5. The link between these
three experimental methods and the biodegradation process is
illustrated in Figure 1.

2.1 Strain and cultivation condition

Amycolatopsis orientalis and Amycolatopsis thailandensis were
acquired from the NITE Biological Research Center (NBRC), Chiba,
Japan. Storage and culturing of the strains were performed using
yeast extract medium (YEM) containing 4 g yeast extract (Millipore,
Merck, Darmstadt, Germany), 10 g malt extract (Carl Roth,
Karlsruhe, Germany), 4 g glucose (Thermo Scientific, Kandel,
Germany), and 20 g bacteriological agar (VWR International,
Leuven, Belgium) per liter. Stock cultures of the strains were kept
frozen at −80°C in YEM supplemented with 20% (v/v) glycerol
(Acros Organics, Geel, Belgium), and thawed at room temperature

prior to utilization. Purity plates for each microorganism were
prepared by spreading the stock on YEM agar plates, containing
20 g/L agar (NBRC), and incubating at 30°C for 5 days. Precultures
were prepared by transferring one colony from the purity plate into
75 mL of freshly prepared YEM broth, which was incubated at 30°C
for 5 days. The preculture was cultivated in 100 mL baffled shake
flasks while shaken at 180 rpm until the cells reached the
stationary phase.

In the biodegradation experiments, where PLA was used as the
sole carbon source, following cultivation in rich medium, the cells
were pelleted by centrifugation (4629 g for 20 min) and resuspended
in minimal medium (MM). Minimal medium composition per liter
was 200 mg magnesium sulphate heptahydrate (MgSO4.7H2O),
1600 mg potassium phosphate dibasic (K2HPO4), 200 mg
monopotassium phosphate (KH2PO4), 1000 mg ammonium
sulphate ((NH4)2SO4), 100 mg sodium chloride (NaCl), 20 mg
calcium chloride dihydrate (CaCl2.2H2O), 0.5 mg sodium
molybdate dihydrate (Na2MoO4.2H2O), 0.5 mg sodium tungstate
dihydrate (Na2WO4.2H2O), 0.5 mg manganese sulphate (MnSO4)
and 25 mg ferrous chloride (FeCl2.4H2O). All chemicals were
prepared as stock solutions under sterile conditions and were of
analytical grade. MM was freshly prepared prior to each experiment
by adding a proportionate amount of stock solution into sterile
distilled water under continuous stirring. The pH of the minimal
medium was 7.5.

2.2 Bioplastics

The PLA plastics used in this paper were IngeoTM 2003D
(NatureWorks © LLC, Minnetonka, MN, United States) and
Futerro PLA was provided by Futerro S.A. (Escanaffles, Belgium).
These bioplastics were originally in granulated form. Prior to all
experimental work, the PLA bioplastics were processed to transform

FIGURE 1
Representation of the link between themonitoringmethods and the various phases of the biodegradation process (adapted from Yasin et al. (2022)).
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the granules into powder (Choe et al., 2022; García-Depraect et al.,
2022). PLA granules (100 g) were ground together with alternate
layers of dry ice (200 g, IJsfabriek, Belgium) using a commercial
blender (Krups Blender, Prep Expert S7000; 1,000-W). A total of
15 grinding cycles (5 min grind; 3 min rest) was used to avoid
overheating of the appliance and reduce sublimation.

The grounded PLA powder was dried overnight at room
temperature. Finally, manual sieving using stainless steel sieves of
100, 125, 150, and 250 µm (Test Sieve ISO 3310/1, Fisherbrand) was
conducted to classify the powders based on particle size. The particle
size used was from 125 to 250 µm as recommended by ISO
14 852 for aerobic aqueous conditions. These particles were
sterilized with 70% ethyl alcohol prior to working under aseptic
conditions.

2.3 Viable cell enumeration

2.3.1 Sonicator treatment for quantifying
viable cells

Sonication was implemented to decompose the flocs formed by
A. orientalis and A. thailandensis into planktonic cells for
enumeration. Experiments were conducted in 75 mL YEM in
baffled shake flasks at 180 rpm and 30°C for 5 days. Samples of
900 µL were taken regularly and sonicated at 100% amplitude for 5,
10 and 15 s in a 1 mL Eppendorf tube using a Fisherbrand Model
50 Sonic Dismembrator with 1/8” probe. Samples were then serially
diluted and plated on YEM agar (100 µL sample per plate for each
dilution). Each sample was taken in quadruplicate and a comparison
was made with samples without sonication. Agar plates were
incubated at 30°C for 5 days. Similar experiments were conducted
to monitor growth of both strains in a setting for biodegradation,
where PLA served as the sole carbon source. Considering longer
degradation for PLA would take place, this experiment lasted
for 14 days.

2.3.2 Growth characteristics
The growth characteristics were quantified by performing a

parameter estimation with the model of Baranyi and Roberts
(1994) on the experimental data. This parameter estimation led
to the identification of the initial population density (N0), the lag
phase duration (λ), the maximum specific growth rate (μmax) and the
maximum population density (Nmax). The model equations are
formulated as follows:

dN t( )
dt

� Q t( )
1 +Q t( ) · μmax · 1 − N t( )

Nmax
( ) ·N t( )with N t � 0( ) � N0

dQ t( )
dt

� μmax · Q t( ) with Q t � 0( ) � Q0

λ � ln 1 + 1/Q0( )
μmax

where Q is the physiological state of the cell and its initial condition
is Q0. This physiological state is used to describe the lag phase of the
bacteria. The model parameters were estimated using the function
lsqnonlin of MATLAB (MathWorks) while the viable cell counts
were transformed as follows: n(t) � ln (N(t)), to stabilize the
variance (Smet et al., 2017).

2.3.3 Effect of sonication on viability
To examine the applicability of sonicator treatments for cell

enumeration, the integrity of sonicated A. orientalis and A.
thailandensis cells was evaluated by measuring the leakage of
intracellular constituents to the supernatant (Huang et al., 2019;
Umair et al., 2022). Precultures (40 mL) were prepared in YEM,
inoculated and stored shaken at 180 rpm for 5 days at 30°C. On the
last day, the preculture was resuspended in 8 g/L sodium chloride
solution after centrifugation at 13,600 g for 15 min. For each strain
and treatment time, 1 mL of preculture was transferred into a sterile
1.5 mL Eppendorf tube three times. The tubes were subjected to
sonication for 5, 10, 15, 60 and 120 s. The samples were centrifuged
at 10,000 g for 10 min (4°C), and the supernatant of three identical
tubes was transferred into a 3 mL quartz cuvette to examine the
release of extracellular constituents at 260 nm (VWR UV-6300PC,
Haasrode, Belgium). Samples were prepared in triplicate, with
untreated samples as controls.

2.4 Gravimetric weight loss of PLA
bioplastics

2.4.1 Optimization of PLA and cell separation
following inoculation

Determining the weight loss of PLA powder is complicated by
the bacterial flocs that are difficult to separate from this powder. In
this study, a new method was developed to separate PLA powder
from the bacteria by sonicating samples followed by filtration with
40 μm cell strainers (nylon mesh, Fisherbrand). Optimization
studies were conducted to compare the percentage of PLA
recovery at sonication times of 30, 60, 120, 180, and 240 s. All
cell strainers were pre-weighed and covered with aluminum foil to
keep them clean. First, 4 g/L of PLA powder was re-suspended in a
10 mL preculture combined with 20 mLMM in a 50 mL Falcon tube
(Cellstart®, Greiner Bio-Lab, Vilvoorde, Belgium). The Falcon tube
was placed in an ice bath during sonication. Sonicated samples were
filtered by pouring them through the cell strainer and the cell
strainer was rinsed 5 times with 1 mL of ultrapure water using a
micropipette. Used cell strainers were dried at 55°C for 24 h and
weighed again to determine the amount of PLA powder in the
retentate. All samples were prepared in five replicates.

2.4.2 PLA biodegradation using Amycolatopsis
orientalis and Amycolatopsis thailandensis

To validate the developed method for quantifying PLA weight
loss, a PLA degradation study was implemented to compare
biodegradation of two PLA types (Futerro and NatureWorks) by
both microorganisms. The preculture was directly inoculated in the
system. Centrifuge tubes containing 40 mL of preculture were
sonicated at an amplitude of 100 for 10 s to homogenize them.
Then, 1 mL was transferred to a disposable cuvette (Polystyrene,
Fisherbrand™) to determine the absorption at 595 nm. The
measured optical density ODi was used to determine the
inoculation volume Vi required to achieve the same cell density
after inoculation according to the following equation:

Vi � Vr ·ODr

ODi
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In this equation the reference volume Vr and reference optical
density ODr were fixed to 10 mL and 0.173. Petri dishes (∅
90 Gosselin, Fisher Scientific) were filled with 120 mg of PLA, Vi

mL of inoculum and 30-Vi mL of minimal medium and incubated
at 30°C.

On the fourth week of inoculation, Petri dishes were removed
from the incubator. The content from each Petri dish was
transferred to a 50 mL centrifuge tube and any residue was
removed from the Petri dish by adding 5 mL ultrapure water and
using a cell scraper, after which it was added to the centrifuge tube.
The PLA degradation was then quantified using the method in
Section 2.4.1 using a treatment time of 120 s. Gravimetric weight loss
for the residual PLA was determined by weighing the PLA samples
(KERN Precision balance, EWJ 300–3). In this way, the residual PLA
in the samples, which determines the extent of degradation, could be
measured. The weight loss of PLA was determined by using the
equation below. Blank samples were prepared for both types of
bioplastics using only minimal medium and PLA powder without
bacteria. All samples were prepared in four replicates.

PLA loss %( ) � Wi −Wf( )
Wi

× 100

where Wi is the initial weight of the PLA powder g) and Wf is the
final weight (i.e., after degradation) g).

2.5 Cumulative biogas quantification via
CO2 evolution

The PLA biodegradability was assessed following the ISO
14852 standard. The biogas production from the aerobic
biodegradation was monitored by determining cumulative CO2

production. Therefore, an experimental system was used
consisting of: 1) a controlled flow of CO2-free air, 2) a bioreactor
and 3) a CO2 scrubbing system (Baldera-Moreno et al., 2022; Choe
et al., 2022), as illustrated in Figure 2. This biodegradation setup was

implemented to monitor the CO2 evolution by A. orientalis using
two different carbon substrates: glucose (4 g/L) and PLA powder
(1 g/L, 120–250 µm), for 7 and 30 days, respectively. All samples
consisted of 200 mLMM and were inoculated with similar inoculum
concentrations, as described in Section 2.4.2 with Vr and ODr fixed
to 10 mL and 0.173 (in triplicate). The duplicate blanks contained
only the MM and cells. CO2-free air with less than 0.1 ppm-mol
(ALPHAGAZ™ 2, Air Liquide) was supplied through a 0.2 µm filter
at a flowrate of 0.05 lpm for each bioreactor using a flow meter. The
biodegradability test was performed in 250 mL bottles equipped
with a multi-inlet cap, stirred at 180 rpm and heated to 30 °C in a
water bath (IKA IBR RO 15, Fisher Scientific). The CO2 biogas was
transferred directly into a gas washing bottle filled with 300 mL of
barium hydroxide solution (12.5 mM) according to this reaction.
This led to the following reaction that decreases the pH of the
barium hydroxide solution:

Ba OH( )2 + CO2 → BaCO3 ↓ +H2O

Two CO2 scrubbing bottles were placed in series on the outflow
of every bioreactor bottle. At the time of sampling, the first bottle
was replaced by the second one and a fresh bottle was added. A
40 mL sample was taken from the first barium hydroxide bottle and
filtered through 0.45 µmmembrane filter (Filtropur S PES, Sarstedt)
to remove precipitate. The solution was titrated to pH 7 with 50 mM
HCl using a pH meter (Mettler Toledo, ECOLAB):

Ba OH( )2 + 2HCl → BaCl2 + 2H2O

The amount of HCl needed to achieve the equivalence point was
measured to determine the quantity of CO2 that was captured:

nCO2 � nBa OH( )2 −
nHCl

2

where nCO2 is the quantity of CO2 captured, nBa(OH)2 is the original
quantity of Ba(OH)2 in the scrubbing bottle and nHCl is the quantity
of HCl that would be required to neutralize this entire bottle to pH 7.
The mineralization (%) is calculated based on the amount (in mg or

FIGURE 2
Schematic of the setup used to monitor biodegradation based on carbon dioxide production in a single bioreactor. Triplicate samples are based on
three of these setups in parallel.
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mole) of CO2 captured in the sample (CO2,S) and in the blank
(CO2,B ) compared to the theoretical amount of CO2 produced when
fully oxidizing the carbon substrate (CO2,T):

Mineralization %( ) � CO2,S − CO2,B

CO2,T
· 100

At the end of the experiment, the PLA weight loss was
determined according to the method of Section 2.4 with a
sonication time of 120 s by distributing the bioreactor content
over 3 centrifuge tubes of 50 mL. Biomass was measured based
on dry cell weight determination after centrifugation. A carbon
balance was determined to track the fate of carbon content
conversion along the biodegradation process chain using carbon
fraction that 1) converted to CO2, 2) converted to biomass
(calculated based on the average biomass molecular formula of
CH1.7O0.4N0.2 according to Popovic (2019)), 3) undegraded
PLA and 4) unaccounted residual PLA.

3 Results and discussion

In this paper, three methodologies were developed to enhance
the monitoring of polylactic acid (PLA) degradation in aqueous
media by utilizing A. orientalis and A. thailandensis. These
methodologies are linked to the various stages of biodegradation
as illustrated in Figure 1 and include monitoring 1) viable cell
enumeration, 2) gravimetric weight loss of PLA plastics, and 3)
cumulative biogas quantification. Following these monitoring
methods, the carbon balance was computed.

3.1 Viable cell enumeration

To evaluate the performance ofA. orientalis andA. thailandensis
in the degradation of PLA under controlled conditions, it is crucial
to employ appropriate enumeration techniques to monitor cell
growth. To this end, a sonication method is developed in this

section. The developed technique was validated by measuring the
cell membrane integrity at 260 nm. This sonication method was
limited to improving the cell quantification and was applied directly
after taking sample. As such, it was not used in biodegradation
process itself and therefore did not affect the degradation process or
the final carbon balance.

3.1.1 Optimizing sonication for quantifying viable
cells growth

The first step was to determine the effect of sonication
treatments on the quantification of Amycolatopsis spp. during
population growth. Figure 3 presents the comparison between
three different treatment times (5, 10 and 15 s) and untreated
controls for both A. orientalis and A. thailandensis. The results
were analyzed with a two-way ANOVA (p < 0.05) that considers
treatment time and culturing time. For A. orientalis, this analysis
demonstrated that treating samples at any sonication time led to
significantly higher counts compared to untreated samples. On the
other hand, there was no statistical difference between the three
different treatment times for this strain. In the case of A.
thailandensis, there was no significant effect of treating the
samples for 5 s compared to untreated samples. Only when
treating samples for 10 or 15 s, a significant increase in the cell
count was found. Also, for A. thailandensis, there was no significant
difference between these two treatments. When combining these
sonication results, it is concluded that a minimum sonication time of
10 s is required to obtain a statistically significant improvement in
the quantification of A. spp. Figure 3 also indicates that the increase
in cell recovery due to sonication differs during different phases of
cell growth. The effect of sonication treatment on the
characterization of the various phases of growth is discussed in
Section 3.1.2. On average, the quantity of viable cells that was
detected (before logarithmic transformation) increased 7-fold for
A. orientalis and 6-fold for A. thailandensis compared to
untreated samples.

The sonication treatment successfully improved the
quantification of the total viable population by releasing

FIGURE 3
Effect of sonication on the quantification of viable (A) Amycolatopsis orientalis and (B) Amycolatopsis thailandensis cells through plate counts. The
effects of 5 (x), 10 (x) and 15 (x) s of sonicationwere compared to a control without sonication (x). Data points are the averages of four technical replicates.
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individual cells from agglomerates. When culturing A. spp., cells
agglomerate in the form of dense pinpoint flocs (Tan and
Goodfellow, 2015). These flocs appear as single colony forming
units when applying plate count methods. The ultrasound waves of
the sonication treatment apply strong shear forces on these flocs that
led to the release of agglomerated cells into the planktonic form. This
was visibly verified during the experiments as flocs were no longer
observed after the applied sonication treatments. Ultrasound has
been shown to effectively detach cells, which in this case resulted in
an increase in the number of enumerated cells (Huang et al., 2017).
Previous research has demonstrated that the use of sonication has a
combined deagglomerating and inactivating effect. The research of
Joyce et al. (2011) found these effects to be frequency dependent. In
their research, low frequencies such as 20 and 40 kHz were causing a
decrease in cell viability, rather than an increase in cultivability as
seen in this study. This difference could be due to the fact that Gram-
negative bacteria were studied in Joyce et al. (2011) whereas A.
orientalis and thailandensis are Gram-positive.

3.1.2 Effect of sonication on evaluating
growth kinetics

The effect of sonication on the characterization of growth kinetics
was studied. Figure 4 illustrates the change in microbial growth
kinetics as determined with or without sonicating the samples

before quantification through viable plate counts. Specifically, the
effect of 10 s of sonication was evaluated on the determination of the
initial population density, the lag phase duration, the maximum
specific growth rate in the exponential phase and the maximum
population density that is reached in the stationary phase. These
characteristics of microbial growth were determined by fitting the
model of Baranyi and Roberts (1994) on the experimental data that
was obtained and significant differences were analyzed between the
model parameters that quantify each of these growth characteristics.
The model parameters are compared in Table 1. The comparison was
made for A. spp. growing in a rich medium and in PLA that was
suspended in minimal medium (without any other carbon source
aside from PLA). In all cases, the growth curve that was found through
sonicating samples had higher population densities compared to
growth curves from the untreated control. This increase in the
measured cell densities is demonstrated by the initial cell densities
and maximum cell densities that are consistently significantly higher
when using ultrasound treated samples.

In the case of cell growth in PLA suspensions, there were no
significant differences in the lag phase duration or the exponential
growth rate. As such, the use of the sonication treatments leads to an
upwards shift of the growth curve. This represents the increased
detection of individual cells by applying sonication before further
sample processing during viable plate counts.

FIGURE 4
Effect of sonication on the measurement of growth kinetics of Amycolatopsis orientalis (A,C) and Amycolatopsis thailandensis (B,D) in rich medium
(A,B) and PLA suspension (C,D). A comparison ismade between cell quantification without sonication (x,—) and after 10 s of sonication (x,—). Data points
(x) have been fitted with the growth model of Baranyi and Roberts (1994) (−).
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When looking at the growth parameters of the A. spp. in rich
medium, also the lag phase duration and exponential growth rate are
defined differently when using sonication. These differences are
caused by the fact that the increase in cell recovery is not equal in all
phases of growth. The same phenomenon is seen to a lesser extent
for cells growing in a PLA suspension. Given that the sonicated
samples lead to an improved quantification of the individual cells,
the respective characterization of the growth phases is considered
more representative compared to untreated samples.

3.1.3 Effect of sonication on cell
membrane integrity

The last part of the evaluation of the sonication method was to
determine the effect of these treatments on the cell membrane
integrity. The cavitations that lead to the disaggregation of
flocculated A. spp. are known to cause damage to the bacterial
cell membrane. Li et al. (2016) found that ultrasound causes damage
on the cytoplasmic membrane of Gram-positive bacteria. This
membrane damage leads to leakage of essential intracellular
components such as DNA. Depending on the amount of damage,
cells will transition into a non-viable or non-culturable state, causing
them to be undetectable with the viable plate count method
(Böllmann et al., 2016). Therefore, the membrane damage caused
by sonication was studied for both A. orientalis and A. thailandensis.
Membrane damage was quantified by measuring the amount of
leakage of cytoplasmic components based on the absorbance of the
supernatant at 260 nm (Chen and Cooper, 2002). The results of
these absorbance measurements after treatments of 0, 5, 10, 15,
60 and 120 s are illustrated in Figure 5. The longest treatment times
of 60 and 120 s were included as cases with a high degree of

membrane damage for comparison. In the case of treatments of
120 s, no viable cells could be detected. As such, this can be
considered as a reference for membrane damage when all cells
are inactivated to a non-viable or non-culturable state. For both
strains, it is seen that there is a significant increase in the cell leakage
when long treatments of 60 or 120 s are applied. In the case of short
treatments of 5–15 s, there appears to be an increase in cell leakage
for both strains, but this was not found to be statistically significant.
As such, it is concluded that the use of sonication at the current
conditions leads to membrane damage, which causes part of the
population to become non-viable or non-culturable. However, in
case of short treatments, there is a much higher increase in the
quantity of colony forming units due to disaggregation of flocs than
there is a decrease in viability or culturability. As such, short
sonication times are beneficial to improve the accuracy of viable
plate counts and the selected treatment time of 10 s leads to a
desirable trade off between a significant amount of disaggregation
and an insignificant amount of membrane damage.

3.2 Gravimetric weight loss of PLA

The quantification of degraded PLA samples is an important
parameter in biodegradation. Separation between the PLA samples
and cells is crucial prior to measuring the polymer weight loss of
degraded samples. In this study, a PLA powder of 125–250 µm was
used in an aqueous medium. Based on these powders, a separation
method was first developed and then validated based on a case study in
which the biodegradation of PLA by A. orientalis and A. thailandensis
was compared for PLA from two different manufacturers.

TABLE 1 Evaluation of the growth characteristics of Amycolatopsis orientalis and Amycolatopsis thailandensis as evaluated without sample treatment
(control) compared to using 10 s of sonication before diluting and plating. Different superscript indices between parameters of the control and sonicated
samples indicate statistical differences (p < 0.05).

A. orientalis

Rich medium PLA

Control 10 s sonication Control 10 s sonication

n0 [ln (CFU/mL)] 11.7 ± 0.4a 15.3 ± 0.4b 14.3 ± 0.5a 16.3 ± 0.2b

λ [h] 16.3 ± 1.7a 8.0 ± 5.6b 40.2 ± 21.2a 38.8 ± 3.9a

μmax [1/h] 0.64 ± 0.15a 0.16 ± 0.04b 0.21 ± 0.61a 0.30 ± 0.16a

nmax [ln (CFU/mL)] 19.5 ± 0.2a 20.8 ± 0.2b 15.9 ± 0.3a 19.2 ± 0.1b

A. thailandensis

Rich medium PLA

Control 10 s sonication Control 10 s sonication

n0 [ln (CFU/mL)] 9.4 ± 0.3a 14.8 ± 0.7b 12.0 ± 0.7a 15.7 ± 0.4b

λ [h] 12.3 ± 2.3a 30.3 ± 12.2b 40.6 ± 31.9a 20.8 ± 25.6a

μmax [1/h] 0.24 ± 0.02a 0.32 ± 0.24a 0.06 ± 0.03a 0.04 ± 0.01a

nmax [ln (CFU/mL)] 19.9 ± 0.2a 20.7 ± 0.4b 18.4 ± 0.7a 20.2 ± 0.3b

Symbols: n0, initial population density; λ, lag phase duration; μmax, maximum specific growth rate in the exponential phase; nmax , maximum population density that is reached in the

stationary phase.
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3.2.1 Optimization of PLA and cells separation
A separationmethodwas implemented that relied on sonication to

disrupt cell agglomerates and to remove cells that are attached to the
polymer surface. The individual planktonic cells are then separated
from the larger PLA particles by using a cell strainer of 40 µm. This
method was optimized on samples containing A. orientalis and A.
thailandensiswith the PLA powder. The percentage of PLA recovery in
untreated samples was compared with samples treated by sonication
for 30, 60, 120, 180, and 240 s. As shown in Figure 6, untreated samples
had a recovery rate of about 125%. This overestimation of the recovery
rate above 100% indicates the inclusion of cell pellets in the measured
weight. The retention of agglomerated cells was visually confirmed
when analyzing the dried strainers. Statistical analysis using one-way

ANOVA (p < 0.05) revealed that all sonication treatments had a
significant effect on recovery compared to the untreated samples. As
such, the ultrasound waves were efficient in deagglomerating cells to a
size that was sufficiently small to pass through the cell strainer. On the
other hand, there was no significant difference between the percentage
of PLA recovery for any of the sonication treatment times for both A.
orientalis and A. thailandensis. As such, it appears to be unlikely that
an increased sonication time would lead to mechanical degradation of
the PLA powder and would cause an overestimation of the
biodegradation. As such, a sonication time of 120 s was selected to
decrease the risk of overestimations of the PLA weight under
conditions that would lead to stronger attachment or aggregation
of cells.

FIGURE 5
The effect of sonication time on the cell membrane integrity for (A) Amycolatopsis orientalis and (B) Amycolatopsis thailandensis. The membrane
integrity is quantified by determining the amount of cell leakage, which is proportional to the absorbance of the supernatant at 260 nm. Bars bearing
different letter indices have a statistically different mean (p < 0.05).

FIGURE 6
Percentage of PLA recovery at different sonication times, following inoculation with (A) Amycolatopsis orientalis and (B) Amycolatopsis
thailandensis. Bars bearing different letter indices have a statistically different mean (p < 0.05).
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The weight loss measurement requires an effective separation
technique to retrieve polymer residue from samples containing
biomass prior to weighing (Shah et al., 2008). The traditional
separation methods such as centrifugation and filtration that
were commonly employed to measure degraded plastics in the
form of films or sheets in aqueous environments (Ayar-Kayali
and Tarhan, 2007; Grause et al., 2022; Samat et al., 2023) were
not effective when suspension of cells and PLA powders were used.
The combination of a cell strainer and sonication proposed in this
method has proven to be effective to separate cells and PLA powders
at any treatment time tested compared to untreated sample.

When the PLA powder is reduced in size to particles smaller than
the cell strainer pore size, i.e., 40 μm, the PLA will pass through,
indicating that the first stage of degradation (biodeterioration) has
occurred. When assuming a spherical size of the PLA powder, particles
of 125–250 µm in diameter would have to be degraded respectively over
96% and 99% in volume to be able to pass through the 40 μm cell
strainers. As such, this method enables the quantification of the
biofragmentation step by monitoring PLA weight loss. This new
method for the quantification of plastic biodegradation is a new
application for cell strainers, which have already found applications
in various fields (Qiu et al., 2018; Takino et al., 2018; Wang et al., 2019).
To the authors’ knowledge, this is the first study reporting on the
combined use of cell strainers and sonication to analyze the
biodegradation of plastics. A previous study has determined the
residual quantity of PLA using a dialysis bag with at molecular
weight cut off of 10 kDa (Youngpreda et al., 2017). However, given
the small pore size, such a dialysis bag would not be suitable in the
current application to separate biomass from PLA.

3.2.2 PLA biodegradation by Amycolatopsis
orientalis and Amycolatopsis thailandensis

The combined application of 120 s of sonication and cell
strainers for separating degraded PLA samples was validated in a
biodegradation case study. In this study, two PLA types from
different manufacturers (NatureWorks and Futerro), were
incubated in the presence of A. orientalis and A. thailandensis for
biodegradation. Figure 7 depicts the comparison of gravimetric
weight loss after an incubation period of 4 weeks for both the
biodegraded samples and control samples. Although for A.
thailandensis there appears to be some increase in the weight loss
compared to the control samples, there is no statistical difference
between the untreated samples from either manufacturer and the
respective A. thailandensis-biodegraded samples. When using A.
orientalis on the other hand, there is a statistically significant
increase in weight loss to 43% and 64% for NatureWorks and
Futerro PLA, respectively. However, there was no statistical
difference between any of the results from the two manufacturers
under the same treatment conditions. The small quantity of weight
loss in control samples (2% and 9%) is in line with results from the
optimization study of the sonication time. As such, this is likely due
to some losses of particles during sample processing.

Whereas plastic biodegradation has been broadly studied, until
now there have been limited efforts in studying microbial
degradation of powdered samples. Instead, most research efforts
focus on the use of granulated particles or extruded films that
represent waste fractions and are easier to retrieve from samples
(Jarerat and Tokiwa, 2001; Jarerat and Tokiwa, 2003). The milling of

plastics to powders is however considered as pretreatment step that
can significantly enhance biodegradation by increasing the
accessible surface area (Yasin et al., 2022). In cases where
powdered PLA has been used, the biodegradation process was
monitored through different degradation parameters, such as
carbon dioxide production and biological oxygen demand, which
indicate the amount of carbon that was transformed into carbon
dioxide and the amount of mineralized oxygen, respectively (Benn
and Zitomer, 2018; Choe et al., 2022; García-Depraect et al., 2022;
López-Ibáñez and Beiras, 2022). While these measurements provide
information on the final stage of the biodegradation process,
i.e., biomineralization, the weight loss method is suitable for
monitoring the first steps of biodegradation, i.e., until
biofragmentation (Yasin et al., 2022). Therefore, the developed
method plays a crucial role in enabling researchers to obtain a
better view of the individual stages of the biodegradation process
when working with powdered plastics.

3.3 Monitoring the biodegradation process

Measuring biogas production serves for monitoring the final
stage of the biodegradation process to the end products,
i.e., biomineralization. In this study, biogas production was
monitored according to the standard method ISO 14 852 for
aerobic plastic biodegradation by determining the carbon dioxide
production. In combination with the separation method that was
proposed, a carbon balance was calculated by considering the carbon
conversion throughout the biodegradation process.

3.3.1 CO2 evolution
The production of biogas by A. orientalis on was studied when

using either glucose or PLA as a sole carbon source for respectively

FIGURE 7
Biodegradation of PLA from two manufacturers NatureWorks
and Futerro by Amycolatopsis orientalis or Amycolatopsis
thailandensis compared to non-biodegraded control samples. The
PLA weight loss was evaluated after sonication and separation
from biomass using a 40 μm cell strainer. Bars bearing different letter
indices have a statistically different mean (p < 0.05).
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7 and 30 days. Glucose was used as an easily accessible carbon source to
validate the implementation of the CO2 monitoring method. PLA on
the other hand was used to confirm the application of this method for
monitoring the various biodegradation phases of bioplastics and to
construct a carbon balance. A. orientalis was selected for the
experiments in this section following the promising results when
studying the weight loss of PLA during biodegradation. The profiles
for the cumulative production of CO2 by A. orientalis based on the two
carbon sources are presented in Figure 8. These profiles are the result of
comparing the averages of 3 samples for each carbon source with
2 blanks, where no carbon source was present.

In both conditions, the highest conversion rate of carbon to CO2

was approximately 60%, but this conversion happened faster when
glucose was used as carbon source. In the case of glucose, CO2

production was quantifiable within the first day of experimentation
whereas for the PLA samples it took over 15 days before the first CO2

production could be measured. For both carbon sources, CO2

production occurred in a close to linear process after this lag
period, although at a slower rate for the PLA samples. In the
case of glucose, the CO2 production rate decreased towards the
end of the experiment, indicating that all carbon had been
consumed. However, in the case of PLA the final samples still
followed a linear trend, indicating that there is more PLA present
that could be biodegraded. As such, a full biodegradation process
would have taken even longer than 30 days. However, since the goal
of the PLA-based experiments was to construct a carbon balance, full
conversion of all PLA was not desirable.

Whereas glucose is readily accessible for uptake by the A.
orientalis metabolism, as seen from the from the short delay until
CO2 production, this is not the case for PLA. Several steps are
required before biopolymers can be used by microorganisms, as the
polymer size and semi-crystalline structure hinder microbial attacks
(Yasin et al., 2022). As the PLA in these experiments had a powder
form with a large specific surface area, it can be assumed that
untreated PLA material with a much smaller specific surface area

would lead to an even longer time before CO2 production and that it
would occur at a slower rate. The slow biodegradation rate of PLA in
aqueous media has been commonly reported. In separate studies,
only 2.0%–8.7% of PLA was degraded after incubation of 28–365 h
in the presence of microbial community extracted from wastewater
plants (Massardier-Nageotte et al., 2006; Choe et al., 2022) and in
artificial aquatic system (Bagheri et al., 2017). The type of microbial
inoculum plays a key role in the degradation of polymers. In this
study, A. orientalis was used as it is a well-studied PLA-degrading
bacterium that secretes serine-like protease to degrade PLA. Given
that this process is marked by a slow CO2 production rate, it is
particularly suitable for monitoring with a cumulative measurement
method as described by ISO 14 852.

3.3.2 Carbon balance
To assess the progress of the various phases of PLA

biodegradation, a carbon balance was computed based on the
experiments conducted with A. orientalis in the previous section.
Figure 9 illustrates percentage of carbon from the initial quantity of
PLA that 1) has been converted to CO2, 2) has been converted to
biomass, 3) remains as undegraded PLA and 4) is unaccounted for.
From this analysis, 85.1% of the carbon from the initial PLA was
successfully tracked and measured. More than half (58.5%) of the
initial carbon content from PLA was mineralized into biogas, which
in this case was CO2. Meanwhile, 14.8% of the PLA led to the growth
of additional biomass. Finally, 11.8% of the PLA was retrieved from
the bioreactor on the final day of sampling. This sample represents
the undegraded mass of PLA, which was separated and measured
using the method described in Section 2.4.

By using a minimal medium containing only inorganic salts, the
only carbon source in the samples was PLA. As expected, a higher
biofragmentation rate of PLA was observed compared to the amount
converted into CO2. On the one hand, the former process reflects the
stage of biodegradation in which PLA powder is fragmented into
smaller particles by microbial attack. Any particle size larger than
the cell strainer was retained, whereas particles smaller than 40 µm
passed through andwere not accounted for in the residual PLA fraction.
Considering that PLA powder of 125–250 μm was used, any particle
that passed the strainer had already undergone substantial size

FIGURE 8
Biodegradation profile (expressed as percentual conversion into
CO2) of glucose (x) and PLA (+) by Amycolatopsis orientalis. Each data
point corresponds to the average of triplicate assays (except for blank,
which was prepared in duplicate).

FIGURE 9
Carbon mass balance % represented by the amount of initial
carbon content converted into, biomass (C-Biomass), carbon dioxide
(C-evolved CO2), residual (C- PLA residual) and undefined carbon
when using Amycolatopsis orientalis for PLA biodegradation.
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reduction. Thus, particle sizes smaller than 40 μm, oligomers and
monomers appear in the fraction of unaccounted carbon.

On the other hand, the cumulative CO2 production only
represents carbon that has been fully biodegraded until the final
stage of mineralization (García-Depraect et al., 2022). Any PLA
fractions that are larger than 1,000 Da cannot be taken up into the
cell and are therefore not yet accessible for mineralization (Sander
et al., 2023). As such, the fraction of PLA smaller than 40 µm and
larger than 1,000 Da are considered to be the product from the
biofragmentation that are broken down further in the
bioassimilation step. This PLA fraction forms the unaccounted
fraction of PLA, together with dissolved inorganic and organic
carbon. Given that the degradation of larger PLA particles to
oligomers, dimers, and monomers is slower than the enzymatic
degradation of monomers to CO2, it can be considered that the PLA
fraction undergoing assimilation makes up the majority of the
carbon that was unaccounted for.

4 Conclusion

This work proposes novel approaches for monitoring the viable
cell density and polymer gravimetric weight loss during PLA
biodegradation by A. orientalis and A. thailandensis. First, it was
demonstrated that the total population of viable cells can be
quantified more accurately by performing a 10 s sonication
treatment before diluting and plating the sample. Secondly,
powdered PLA was separated from biomass by performing a
120 s sonication treatment that breaks all cell agglomerates and
removes attached cells from the PLA surface followed by a filtration
step that retains the PLA on a 40 μm cell strainer while letting
biomass pass through. Finally, the ISO 14 852 method was
implemented to measure the cumulative production of CO2 as a
function of time. When combining these methods, an overview is
obtained of the carbon balance consisting mostly of 1) CO2, ii)
biomass, 3) PLA that is undergoing the biofragmentation stage to
form particles of a size less than 40 µm and 4) PLA that is
undergoing the bioassimilation stage towards fractions of about
1,000 Da that can be taken up within the cell membrane.

As such, integrating these newly proposed and existing methods
leads to an improved quantifying and understanding of the various
stages and aspects of PLA biodegradation by Amycolatopsis species.
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At the International Symposium on Biodegradable Polymers (ISBP2022) in Sion,
Switzerland, experts from academia and industry underscored the remarkable
progress in biobased and biodegradable polymers (BBPs) since their initial
commercialization around 50 years ago. Despite significant advancements,
the technology readiness level (TRL), market adoption, and industrialization of
BBPs is not yet competitive to conventional plastics. In this perspective, we
summarize the challenges and requirements for advancing the development and
industrialization of BBPs, drawing insights from international experts coming from
academia and industry, who had participated in the survey and podiumdiscussion
during the ISBP2022. In fact, BBPs grapple with persistent and emerging
challenges throughout the value chain. These challenges can be grouped into
four areas and involve i) the pursuit of sustainable feedstocks together with
efficient production and downstream processes as well as recycling technologies
and infrastructure; ii) meeting or revisiting product requirements by industry,
markets, and consumers; iii) navigating a non-level playing field in their
sustainability assessment (LCA) compared to conventional plastics; and iv)
struggling with underdeveloped and partially biased policy and financial
frameworks as well as lacking clear definitions, terminologies and
communication.

KEYWORDS

bioplastics, biopolymers, commercialization, sustainability, markets, companies,
application, regulation

1 Introduction to biobased and biodegradable
polymers (BBPs)

Conventional, fossil-based plastics have historically been designed for durability and
toughness affording long lasting products, which are, however, embedded in a linear
economy framework. While the non-degradability of conventional plastics is desirable in
the production and use phase, it has brought about issues at the end-of-life (EoL), that are
the limited recyclability and environmental pollution by persistent micro- and
nanoparticles. A significant body of evidence suggests adverse effects of microplastics
on humans and animal health, biodiversity, and soil quality, as well as their contribution to
climate change (WWFthe Ellen MacArthur Foundation and BCG, 2020; Marfell et al.,
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2024). Furthermore, global, fossil-based plastic production is
responsible for at least 4.5% of greenhouse gas (GHG) emissions
(Cabernard et al., 2022).

Consequently, much effort has been invested into the research and
development of BBPs to raise their technology readiness level (TRL) as
sustainable alternatives to conventional, non-biodegradable plastics.
Biodegradability is important for applications having an intended
use or likely fate of ending up in the natural and engineered (e.g.,
wastewater treatment, industrial composting) environments, such as
cosmetics and agricultural formulations (e.g., seed coatings and mulch
films), protective films for laundry and detergent pods, gras trimmer
lines, seedling pods, fishing gear, food packaging, e.g., coffee capsules,
tea bags, fruit and vegetable sticker, etc. But also, for products that
experience significant abrasion during use, such as shoe soles, tires,
artificial turf, protective coatings and paints, etc. (Bertling et al., 2018;
Bertling et al., 2021). Biodegradation of BBP-based products at their
EoL avoids the formation of persistent microplastics and results in
biomass, biogenic CO2 or methane (CH4). In addition, organic
recycling via industrial composting and anaerobic digestion can
valorise the biogenic carbon in BBPs in the form of methane and
compost for energy recovery, chemical and biogenic feedstock. Organic
recycling is particularly useful for post-consumer waste containing
significant organic loadings (e.g., food residues), and are thus
difficult to recycle mechanically and likely entering and
contaminating organic waste streams with non-biodegradable
(micro) plastics (European Commission, 2022). Importantly, BBPs
are also mechanically and chemically recyclable (Kumar R. et al.,
2023). Moreover, the biodegradability of BBPs can be leveraged for
creating a circular material and bioeconomy via a technical recycling
loop employing biotechnological and chemical recycling (see, e.g.,

reviews by García-Depraect et al., 2021; von Vacano et al., 2023).
Finally, BBPs show on average 20%–30% and up to 40%–50% lower
carbon footprints (cradle-to-gate) as compared to conventional, fossil-
based plastics (RCI, 2024; Vom Berg and Carus, 2024).

BBPs had created already some significant waves during the 1970ies
to 1990ies, “fuelled” by the oil crisis, and then during 2000–2010, due to
significant performance improvements in polymer properties and
production processes. The biodegradable polyesters PLA (polylactic
acid), PHAs (polyhydroxyalkanoates), and PBAT (polybutylene
adipate-co-terephthalate) have achieved to date the highest market
traction and production volumes (Figure 1). While PHA is a
natural, microbial biopolyester produced via fermentation (e.g., by
Kaneka, Danimer Scientific, BluePHA, RWDC Industries) (Koller
and Mukherjee, 2022), production of PLA is achieved via the bio-
chemical route employing fermentative lactic acid production with a
subsequent chemical polymerization (e.g., by Total-Energies and
Corbion, 2022, NatureWorks; Commerer, 2024; Teixeira et al.,
2023). PBAT is produced by BASF through chemical synthesis from
biobased and petrochemical feedstocks.

Despite their increase in technology readiness level (TRL)
together with their environmental as well as circularity
advantages, the market adoption of BBPs (excluding
polysaccharides) remain at low levels with a share of production
capacity of only about 0.2% (ca. 900 t/a) in 2023 compared to the
global plastics market (European Bioplastics, 2023). PLA holds the
largest share (75%) of the global BBP production volume (Figure 1)
and exhibits the highest market adoption with key applications in
3D-printing, FDA-approved medical implants and devices (Tyler
et al., 2016), fibres (carpet, textiles), mulch films, food packaging, etc.
(Fiori, 2014). Importantly, whilst PLA is only certified for industrial

FIGURE 1
Major biobased and biodegradable polymers (BBPs) with polyester backbone having thermoplastic properties segregated by type of feedstock,
manufacturing process (fermentation and chemical) and BBPs production volumes (European Bioplastics, 2023). Production processes at TRL seven to
nine contribute to the global BBPs production capacity (2023), lower TRLs are indicative to represent thematurity range. Technology readiness level (TRL)
definition according to the European Commission (EC, 2013). Renewable feedstocks from plant biomass, organic waste (TRL 5–6) but also from
animal-derived fats (TRL 4, e.g., Gutschmann et al., 2023) are indicated by the green leave icon. Source of TRL for biobased monomer production:
1Roquette Fères, 2024 (FRA), 2Cargill, 2021 (United States), 3Toray Industries, 2022. (JP), 4Origin Materials, 2024 (United States) and Ewing et al., 2022.
Abbreviations: Genetically modified, GM; polyhydroxyalkanoates, PHA; polylactic acid, PLA; polybutylene adipate terephthalate, PBAT; polybutylene
succinate, PBS; polybutylene succinate adipate, PBSA; succinic acid, SA; 1,4-butanediol, BD; adipic acid, AA; terephthalic acid, TA; lactic acid, LA.
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composting conditions, its biocompatibility in humans has been
demonstrated in vivo for medical implants (Da Silva et al., 2018).
While PHAs are widely biodegradable in natural and engineered
environments including somemedical applications (sutures made of
poly (4-hydroxybutyrate)), PBAT biodegrades in soil and under
home and industrial composting conditions. Polybutylene succinate
(PBS) only biodegrades under industrial composting conditions,
whereas its co-polymer with adipic acid (PBSA) shows similar
biodegradability to PBAT (for overview see Nova Institute, 2021).

In the last decade BBPs have gained further momentum through
the increased environmental awareness of consumers, customers,
and industry as well as by policy and governmental bodies. On the
other hand, successful applications and industrialization of BBPs are
still hindered by several key challenges that require solutions to yield
economically viable BBPs and BBPs-based products as sustainable
alternatives to conventional plastics. The identification and
elaboration of these key challenges in accelerating the
development and industrialization of BBPs have been discussed
by leading experts from academia and industry during the
International Symposium on Biopolymers (ISBP2022) in Sion,
Switzerland (see HES-SO YouTube channel, 2022).

2 Key challenges for the advancement
and industrialization of BBPs

Figure 2 lists the various challenges across the BBP value chain
that have been identified by experts during ISBP2022 and will be
discussed in more detail as follows.

2.1 Meeting the target product properties
(TPPs) and managing expectations

One key challenge for BBPs lies in achieving the TPPs demanded
by industry, customers, and consumers as well as regulatory bodies.
Meeting these TPPs is critical to trigger market demand and market
adoption. However, corporates may need to revisit and most likely
re-define their product requirements through the lenses of
sustainability and with the knowledge of the associated recycling
and other EoL challenges. Expectations of corporates are frequently
to obtain “drop-in” solutions that are biobased and radically change
the EoL properties but maintain all other features of the
“conventional” plastics (price, availability, stability, processibility,
user performance, etc.). In case of PLA, some successful polymer
processing developments for challenging application formats have
been made (Fiori, 2014), including foamed PLA as recently reported
by Sulzer (Commerer, 2024). Similarly, to enhance the toughness of
PBAT, a blend with PLA was shown to yield satisfactory properties
for various film applications (e.g., ecovio® by BASF). Similarly,
Danimer Scientific is blending PHA with PLA or other short-
chain length (scl-) PHAs to improve biodegradability and
processibility (Plastics Technology Online, 2024; Commerer,
2021). Developments in formulation, processing and (co-)
polymer composition will expand the applicability and product
portfolio of BBPs and thereby boosting their market adoption
(Park et al., 2024).

While ensuring biodegradation through microorganisms
constitutes an important EoL feature, the hydrolytic stability
during processing and application is often compromised.

FIGURE 2
Key challenges identified by academic and industrial experts at the ISBP 2022 in accelerating the development and industrialization of biobased and
biodegradable polymers (BBPs) listed across the value chain (grey boxes), including policy, regulatory and legislative framework.
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Consequently, adaptation and developments in formulations,
compounding, and processing conditions are often required. In
fact, process-induced degradation can have a significant effect on
BBPs, e.g., PLA (Velghe et al., 2023) and PHA (Yeo et al., 2018).
Contrary, higher stability requirements during processing and use,
negatively affect the biodegradability (for example, see: Mochizuki
and Hirami, 1997). For instance, impact modifiers and other
additives enforcing the polymer network can impair the
accessibility of enzymes and microorganisms and, thereby, the
effectiveness of polymer biodegradation (i.e., rate and/or extent).
Further research is needed to build knowledge on the structure-
function relationship of various PHA types linked to TTPs, e.g.,
tensile strength, and elongation at break (Choi et al., 2020).
Medium-chain-length (mcl-)PHAs have a broader property and
application range than scl-PHAs (Li et al., 2016) but only a couple
are at pre-commercial scale TRL 6 (Bioplastech, IRL; TerraVerdae,
CAN; Bioextrax, SWE). A production platform affording tailored
PHAs (e.g., mcl-PHA) at 10—200 g is in dire need for lab-scale
testing experiments. Availability of test material at kg scale is key at a
second stage, to conduct industrial application trials. A first
coordinated step in this direction has been initiated for PHAs by
the GO!PHA organization (online sample shop) and few industrial
compounders, such as Helian Polymers (NL).

2.2 Advancing and scaling of BBP production

2.2.1 Producing BBPs from alternative and more
sustainable feedstocks

Whilst PLA, PBAT, and PBS are synthesized via chemical
polymerization from their respective (fossil or biobased)
monomers, PHAs are produced intracellularly by
microorganisms, microalgae, and in transgenic plants (Koller and
Mukherjee, 2022). Commercially available PLA and PHAs, as well as
the biobased monomers for PBAT and PBS, are produced via
microbial fermentation using primarily first-generation
feedstocks, i.e., sugars and oils from crops (Figure 1). BBP
production processes utilizing more sustainable feedstocks
represent another challenge. In case of solid and liquid organic
waste streams, the typically heterogenous nature and (seasonal and
regional) variations in composition require the development of
efficient (and flexible) pre-treatment and fermentation processes
for both monomers (Mancini et al., 2020; Bibra et al., 2022; Song
et al., 2022) and biopolymers (Molina-Peñate et al., 2022; Kumar V.
et al., 2023). Concomitantly, metabolic engineering strategies (Wang
et al., 2023) and/or use of microbial mixed cultures (Pagliano et al.,
2021) have been developed at lab-scale to enhance the capacity of
microbial PHA producers and to synergistically utilize recalcitrant
and complex organic waste streams more efficiently.

Adopting and developing process strategies to handle complex
and varying feedstock compositions is essential in yielding constant
polymer (e.g., PHA) quality as well as appropriate productivity
(Wang et al., 2021). Also, establishing cost effective supply chains of
novel feedstocks is typically achieved through the economy of scale.
Bioprocesses using alternative, more sustainable feedstocks such as
organic waste streams and greenhouse gas (GHG) emissions are at a
lower maturity level, however, spreading from first proof-of-concept
(TRL 3) and small-scale laboratory prototypes (TRL 4) to larger

scale pilots (TRL 5 & 6) as well as to demo systems (TRL 7) and first-
of-a-kind (FOAK) facility (TRL 8). Commercial scale (TRL 9) is
reached only if volumes and quality meet customer demand. (Note,
the authors adopted the TRL definition recommended by the
European Commission, 2013) Importantly, due to lack of
publicly available process data, it remains difficult to conclude on
the actual TRL and if such BBPs production processes are operated
in an environment of pre-commercial scale (as required for TRL 7)
or if manufacturing issues have been solved to reach TRL 8. Notable
examples of startup companies demonstrating TRL five to six for the
fermentative production of scl-PHA from waste streams are Paques
Biomaterials (NL) using municipal wastewater (and sludge),
PlantSwitch (United States) and Venvirotech (ESP) using
agricultural waste. Newlight Technologies (United States)
announced to have advanced to a FOAK in 2019 with thousands
of tons of PHA per annum using methane rich emission gases from
industrial digestors (Bioplastics Magazine, 2020). In 2015, the
company reported a production volume of 45 t/a, a scaling factor
of about two orders of magnitude (Bioplastics News, 2015). Mango
Materials (United States) employs a similar technology for PHA
production from raw biogas and is close to demo system scale (TRL
7) with 5 t/a (Tullo, 2019). All the above companies produce scl-
PHAs, which have a limited application range (see Section 2.1).

2.2.2 Fermentation and downstream processes
Fermentation enables the direct biosynthesis of PHAs and

monomers for BBP production from various biobased feedstocks
(Figure 1), but current BBP production costs are 2–10 times higher
as compared to the chemical production of conventional, non-
biodegradable plastics. Besides cost reduction through sustainable
feedstock supply and pre-treatment (see Section 2.2.1), advancement
of fermentation technologies, production strains, and more efficient
DSP methods are needed to afford high quality PHAs and
monomers at competitive costs. The main process challenges,
particularly for PHAs, are summarized below.

• Increase of bioprocess productivity towards the chemical
industry’s performance metrics (i.e., 100 g/l/h (Lange,
2021)) by advancing and scaling continuous fermentation,
for example, which also affords tailored, high quality PHAs as
compared to fed-batch processes (Zinn et al., 2004; Hanik
et al., 2019; Dong et al., 2023). Realizing high cell density of
100 g/l in continuous fermentation, which is half of what has
been reported for fed-batch (Arikawa et al., 2018), together
with a growth rate of 0.5 h-1 and 80% PHA content, for
example, would yield a >20 fold higher productivity (of 40 g/l/h)
compared to the state-of-the-art in continuous PHA
production (Koller, 2018). Such bioprocess metrics would
also simplify the DSP of PHAs, reduce waste, and enable
direct processing of PHA-biomass (see Collet et al., 2022).

• Energy-efficient fermenters with high mass transfer rates (e.g.,
kLa), gas recycling, etc. Advance and scale aerobic (hydrogen-
oxidizing) fermentation systems (>TRL 5) for direct
conversion of CO2 (Miyahara et al., 2022; Lambauer et al.,
2023) with higher productivity.

• High carbon yields (≥90%) also for alternative feedstocks.
C-yield of ~99% in commercial scl-co-mcl-PHA production
from palm oil is possible (personal industry communication).

Frontiers in Bioengineering and Biotechnology frontiersin.org04

Börner and Zinn 10.3389/fbioe.2024.1406278

133

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1406278


• Optimal DSP methods depend on the type of PHA, and
monomer used in BBP production. Reduce DSP cost
contribution from ≥50% (Pérez-Rivero et al., 2019; Zytner
et al., 2023) to 20%–40% of total production costs (Straathof,
2011). Depending on the methods used, scl-PHA can be
recovered and purified today at costs of 1.1—5 €/kg PHA
(De Koning et al., 1997; López-Abelairas et al., 2015). Solvent-
free recovery of scl-PHA granules (Latex) may be 50% cheaper
(Bioextrax, 2023); yet, efficient and sustainable solvent-based
DSP methods are typically needed for mcl-PHAs (Hahn
et al., 2024).

• Reduce waste and valorise residual cell biomass for additional
revenue streams (e.g., Pesante and Frisont, 2023)

2.3 More value-chain overarching
collaborations through inter- and
transdisciplinary projects

To develop and scale technical solutions for the maturation of
the BBP value chain (Figure 2), interdisciplinary and
transdisciplinary projects are needed, including experts in
material and process engineering, environmental sciences,
biotechnology, regulatory affairs, marketing, and related fields.
While academia often lacks the technical information for
polymer processing and application properties (i.e., TPPs), the
industry frequently lacks the in-depth research and development
capabilities/capacities at the interdisciplinary level. Therefore,
translational R&D projects based on pre-competitive
collaborations between academia and industry will help to better
define technical targets and facilitates communication across the
value chain, including policymakers, and consumers.

2.4 A none-level playing field for BBPs vs.
conventional plastics

2.4.1 Learning curve effect: it takes R&D, capital
investments and time

Growing market shares and competitiveness depends on the
learning curve (or experience curve) effect, that is, learning-related
cost advantages are achieved by companies through increasing R&D
and capital investments (Liebermann, 1984; Lieberman, 1989).
Interestingly, the initial market demand of PLA was artificially
hyped by producers, which then led to disappointment by
customers and a drop in demand due to insufficient functionality
and performance (Befort, 2021). PLA capacities grew from 70′000 t/
a in 2003 to about 459′000 t/a in 2022 with an average market price
of about US$1.6—$2.3 per kg (Jem and Tan, 2020; Teixeira et al.,
2023). According to the Jem’s law (Jem and Tan, 2020), the PLA
demand has been doubling about every 3–4 years since 2007 and is
likely to exceed the current production capacity making it less cost
competitive to conventional plastics (<1–4 € per kg). This mismatch
of demand and supply as well as struggling to meet TPPs is, however,
normal for early-stage products, as they require further
developments, optimization and growth across the value chain to
profit from the learning curve and economy-of-scale effect. PHAs,
PBAT and PBS are in a similar learning curve dilemma. In

comparison, efficiency gains in oil supply and plastic production
resulted in significant cost reduction of 19%–37% per doubling of
the polyethylene (PE) production volumes (Simon, 2009). This
resulted in market prices of 2.5–4 € per kg in the 1970ies and to
around 1 €/kg PE by 2020 (Statista, 2023). A simple comparison
reveals that BBPs stand today at a similar product maturity level as
PE in 1970ies (not adjusting for currency inflation). Therefore, the
challenge for the BBP value chain to become competitive is to either
rapidly lower the production costs or to create a framework allowing
to accept these costs and/or to temporarily buffer them until
sufficient maturity is reached. Besides production costs, the
product environmental footprint has gained significance as both
policy and economic factor (Damiani et al., 2022). To accelerate the
defossilization and transformation of the plastics industry, it is thus
imperative to create a funding and policy framework that shortens
the learning curve of BBPs by funding of inter- and transdisciplinary
R&D as well as sector coupling and scaling projects, enabling the
creation of alternative business models together with capital
investments, incentives, standards, etc.

2.4.2 Developing a policy framework that
promotes innovation and scaling of sustainable
technologies and businessmodels is key to achieve
defossilization and circularity

Fermentation technologies can help transitioning from a fossil-
based, linear industry and society to a circular bioeconomy (Ewing
et al., 2022). Despite the many policy developments, such as the
European Green Deal, the EUs Circular Economy Action Plan and
Plastic Strategy, the Single-Use Plastic (SUP) directive, and the
European regulatory framework on Plastic Packaging Waste
Regulation (PPWR), there remains still “an urgent need for
clarity, predictability, and confidence in Europe and its industrial
policy” (The Antwerp Declaration for European Industrial Deal
Summit, 2024).

For example, while current LCA methods are sufficiently
developed to provide valuable insights into the sustainability and
circularity of different products and technologies, continuous
improvements in data quality, methodological consistency, and
incorporation of more circular economy metrics are necessary to
enhance the robustness, comparability, and reliability of LCAs.
“Poor data and outdated methods sabotage the decarbonization
efforts of the chemical industry” (Oberschelp et al., 2023). Existing
LCA studies do not address environmental or human health impacts
of neither non-biodegradable nor biodegradable (micro) plastics
(Jiao et al., 2024). Biodegradation as EoL in natural and engineered
environments is poorly or not quantifiable in current LCAs.
Establishing a level-playing field for both BBPs and conventional
plastics/polymers (Miller, 2022; Vom Berg and Carus, 2024) is
therefore crucial to all stakeholders across the value chain,
including policymakers, standardization, and certification bodies.
Such advancements in cradle-to-grave and cradle-to-cradle LCAs
will also create higher confidence for decision-making processes,
avoid green washing, establish coherent terminology as well as
transparent communication to consumers and for corporate
sustainability reporting, for example,.

Harmonizing definitions, bans, and targets as well as financing
mechanisms also at global scale will help to shorten the learning
curve effect and to accelerate scaling of plastic pollution and climate
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change mitigation strategies (WEFWorld Economic Forum, Insight
Report, 2024). According to SUP directive, the current EU definition
on natural polymers would ban products made of PBAT, PLA, PBS
and modified PHAs, for example, thereby strongly restricting their
applications. On the other hand, the PPWR will enforce from
2033 that compostable packaging be mandatory for tea/coffee
bags and capsules as well as for sticky labels attached to fruits
and vegetables. Also, harmonization of waste recycling targets is
needed together with developing the infrastructures to enable
collection, sorting and recycling of BBPs present in mixed waste
streams, for example. PLA is compatible with existing polyester
(PET) waste streams if its fraction stays below 1% (Total-Energies
and Corbion, 2022). Therefore, the handling of small BBP waste
streams currently hinders market introduction from an EoL point of
view and must normally reach sufficient volumes, so that their
identification, sorting, and processing is technically and
economically feasible (Kumar R. et al., 2023).

Although governmental funding and private investments in
clean tech and sustainable products is having its share, subsidies
for fossil fuels had a global record high of seven trillion US dollars
in 2022 (IMF Blog, 2023). The fossil fuel and oil industry also
receive financial compensations (Timperley, 2021). While
individual oil and plastics companies have received various
subsidies from three million to US$1.8 billion within defined
periods till about 2021 (Steenblik, 2021), the bioplastics industry
does not receive such incentives as of today and the
manufacturers and value chain members must solely carry
their financial responsibilities (Green dot Bioplastics, 2024).
On the other hand, bioplastics have been listed as “green
investments” by the EU’s Taxonomy Climate Delegate Act
(European Bioplastics, 2022). Moreover, carbon taxation
(ETC) and the EU’s Carbon Border Adjustment Mechanism
(CBAM) have the aim to put a fair price on the carbon
emitted during the production of carbon intensive goods,
which in turn should benefit BBPs having a lower carbon
footprint during production. The price of emission allowances
in the EU is fluctuating and had decreased from 100 € to less than
60 € per metric ton of CO2 (Statista, 2024). The current carbon
taxation levels (0.06 € per ton) do not confer a financial
advantage, as the significant price gap between conventional
plastics and current BBPs (with 20% to one magnitude higher
production costs) cannot be bridged.

3 Conclusion

Overall, it becomes apparent that the key needs and questions
for academia and industry are complementary and spread over
the entire BBPs value chain (Figure 2). BBPs are still at the early
learning curve towards maturity, facing challenges in
accomplishing the fit-for-purpose status, efficient production,
purification and processing with proven viability and superior
sustainability as well as resolving feedstock utilization and supply
chain challenges. BBPs are facing a non-level playing field
compared to the well-established oil and plastics industry in
terms of underdeveloped LCA methods, policies, funding, and
incentives, for example. Consequently, it is essential to
consolidate academic and industry efforts in inter- and

transdisciplinary projects to overcome these value chain
overarching challenges.
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