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Polyhydroxyalkanoates (PHAs) are a family of biodegradable polyesters accumulated by various microor-
ganisms. The halophilic microorganism Halomonas bluephagenesis has been developed as a production
platform strain for various PHAs, chemicals and proteins under open nonsterile and continuous con-
ditions. For the first time, H. bluephagenesis has been engineered to synthesize a copolymer of a short
chain length PHA (SCL PHA) and a long chain length PHA (LCL PHA) called, SCL-co-LCL PHA. This study
engineered H. bluephagenesis for synthesizing SCL-co-LCL PHA via B-oxidation inhibition and expression
of heterologous PHA synthase (PhaC). Sodium oleate was utilized as a structurally related carbon source
due to its low cost, long carbon chain length, unsaturated bonds and sustainability. The engineered
H. bluephagenesis successfully synthesized copolymers of 3-hydroxybutanoic acid (3HB) and 3-hydroxy-
9-octadecenoic acid (3H9Od) on sodium oleate. It could be grown to 8 g L™ cell dry weight (CDW) con-
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53 wt% P(3HB-co-6 mol% 3H90d) in 7 L fermenters. Subsequently, the thermal properties of this new
PHA were characterized. Finally, chemical click reactions were applied to modify P3HB3H9Od into an
rsc.li/greenchem organogel, and rare-earth modified fluorescent PHA was successfully prepared.

Green foundation

1. Our work advances green chemistry by engineering Halomonas to synthesize PHA from sustainable resources, namely glucose and oleate, offering a bio-
degradable alternative to traditional plastics and reducing reliance on fossil fuels.

2. We achieved green chemistry objectives by engineering Halomonas to produce P3HB3H90d. We enabled the strain to utilize sustainable carbon sources
and synthesize PHA with novel monomers. In shake flask studies, the engineered strain reached 8.1 g L~" CDW with 51.0 wt% P(3HB-co-11.6 mol% 3H90d).
In batch-fed study, the fermentation can be carried out under non sterile open conditions, thus reducing energy consumption.

3. To make our work greener, we could further optimize the fermentation process to improve yields and reduce energy consumption. Additionally, exploring
more strategies could enhance the synthesis of PBHB3H90d and expand its applications in various fields, thereby amplifying its positive impact on green
chemistry.

1. Introduction

Current environmental challenges include industrial pol-
lution, resource scarcity and climate change. Synthetic biology
offers innovative solutions for sustainable industrial develop-
ment, as it utilizes the design and optimization of metabolic
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PHAs, a family of natural polyesters synthesized by microor-
ganisms for carbon and energy storage as well as microbial
stress resistance,'®'* possess biodegradability, biocompatibil-
ity, optical activity and piezoelectricity, with potential appli-
cations in packaging, biomedicine, agriculture, and
biofuels.>*>*® Classified by monomer length, PHAs with
monomers containing over 14 carbon atoms are termed long
chain length PHAs (LCL PHAs) and are expected to be more
flexible than short chain length PHAs (SCL PHAs) composed
of C2-C5 monomers. Copolymers of SCL and LCL monomers
may surpass homopolymers with better properties.
Furthermore, PHAs with functional groups in monomers can
be chemically modified for additional properties.>**

PHA synthase (PhaC) is responsible for the polymerization
of the monomers. It exhibits diverse substrate specificities
across species and hosts."”*> Some broad-specificity PhaCs,
like PhaCy,3;, and PhaCpgs;-3, can synthesize various PHA
chain-lengths.””**” PhaC polymerization ability can also be
altered by specific mutations.

Microbial metabolism impacts monomer supply and thus
PHA types. Metabolic engineering has enabled PHA pro-
duction in organisms like Escherichia coli and yeast.*$?
Cupriavidus necator, a model PHA producer, has long been
engineered to synthesize diverse PHAs with or without
additional monomer precursors."®**"” Notably, fatty acids can
be easily converted into structurally related LCL PHA
precursors.*™°

Extremophiles hold great promise for industrial production
due to their ability to thrive under harsh conditions, reducing
contamination risks and energy consumption. Halomonas
bluephagenesis TD01, a moderately halophilic bacterium iso-
lated from the Aydingkol Lake in Xinjiang, China, grows opti-
mally in 60 g L™" NaCl at pH 8.5.*"*> These conditions effec-
tively suppress growth of other environmental bacteria, redu-
cing production costs and energy consumption.*’*?
Additionally, H. bluephagenesis can be grown to high cell dry
weight (CDW), and it has been engineered for enhanced bio-
production of various chemicals.**™*¢

This study aimed to engineer H. bluephagenesis to produce
SCL-co-LCL PHA containing unsaturated bonds from sodium
oleate and glucose via inhibiting p-oxidation and expressing
heterologous PhaCpssrqx replacing native PhaCrp. The
thermal properties and molecular weight of the PHA material
were characterized. Finally, it was chemically modified into an
organogel and rare-earth modified fluorescent PHA.

2. Materials and methods
2.1 Bacterial strains and cultivation conditions

All bacterial strains and plasmids used in this study are listed
in Table S1.f Wild type H. bluephagenesis TD01 was isolated
from the Aydingkol Lake, Xinjiang, China and stored at the
China General Microbiological Culture Collection Center
under collection number 4353. Escherichia coli S17-1 was
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employed for plasmid construction and vector donation
during conjugation.

For cell growth, E. coli was cultivated in 10 LB medium con-
sisting of 5 g L™" yeast extract, 10 g L™" tryptone and 10 g L ™"
NaCl. H. bluephagenesis TDO1 and its derivatives were cultured
in 60 LB medium consisting of 5 g L™" yeast extract, 10 g L™*
tryptone and 60 g L' NaCl. Both E. coli and H. bluephagenesis
were cultivated at 37 °C and 200 rpm. For solid medium, 15 g
L' agar was added on the basis of the liquid medium.

For PHA accumulation studies, H. bluephagenesis was culti-
vated in minimal medium (MM) consisting of 1 g L™" yeast
extract, 50 ¢ L' NaCl, 0.5 g L™" CO(NH,),, 0.2 g L™" MgSOy,,
3.83 g L' Na,HPO,, 1.5 g L' KH,PO,, 10 mL L™ trace
element solution III and 1 mL L™ trace element solution IV.
CO(NH,), and MgSO, were mixed to prepare solution I (50x),
while Na,HPO, and KH,PO, were mixed to prepare solution II
(50%). The composition of trace element solution III was: 5 g
L~! Fe(m)-NH,-citrate, 2 g L' CaCl, and 1 M HCL. The compo-
sition of trace element solution IV was: 100 mg L~
ZnS047H,0, 30 mg L™' MnCl,-4H,0, 300 mg L™' H;BO;,
200 mg L' CoCl,-6H,0, 10 mg L™' CuS0,-5H,0, 20 mg L™
NiCl,-6H,0 and 30 mg L™! NaMo00,-2H,0. Trace element solu-
tion IIT and trace element solution IV were mixed with water in
a ratio of 10: 1: 9, respectively, to become mixture solutions I1I
and IV. All solutions were sterilized and cooled to room temp-
erature before inoculation. A corresponding amount of glucose
was added, and the pH of the medium was adjusted by 5 M
NaOH according to the experimental design. Before the NaCl
concentration optimization, the NaCl concentration was 50 g
L' (50 MM), and it was optimized to 35 g L™ (35 MM). The
cultivation temperature was set to 37 °C and changed to 34 °C
after optimization.

Specifically, 25 mg L™" chloramphenicol, 50 mg L™ kana-
mycin and/or 100 mg L™ spectinomycin were added to main-
tain the stability of intracellular plasmids.

2.2 Plasmid construction and conjugation

Q5 high-fidelity DNA polymerase (New England Biolabs, Inc.,
USA) was employed for PCR amplification of DNA fragments. A
gel purification kit (Omega, USA) was used to purify DNA frag-
ments. Subsequently, fragments were cyclized using a Gibson
Assembly (New England Biolabs, Inc., USA). Primers were syn-
thesized by Beijing Xianghong Biotechnology Co., Ltd (China)
and Beijing Tsingke Biotech Co., Ltd (China). All DNA was
sequenced by Beijing Tsingke Biotech Co., Ltd (China). All
gene sequences mentioned in this study are listed in
Table S2.1 All the plasmids were derived from a pSEVA341
backbone,*” and the genes were controlled by the phaC promo-
ter from Ralstonia eutropha (or Cupriavidus necator).

Plasmids were firstly introduced into E. coli S17-1 via
chemical transformation, followed by conjugation to
H. bluephagenesis for plasmid transfers. Firstly, donor E. coli
and recipient H. bluephagenesis were cultured in 10 LB and 60
LB media, respectively, to the logarithmic phase. Cells were
collected via centrifugation at 2400g for 3 min, then resus-
pended and mixed in 35 pL 10 LB. Subsequently, the mixture
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was placed on a 20 LB plate (containing 20 g L™ NaCl).
Finally, after 6 h of growth, the cells were spread on a 60 LB
plate containing chloramphenicol and/or spectinomycin
depending on the resistance gene present on the plasmid.

2.3 Gene editing

Gene editing of H. bluephagenesis was achieved via a CRISPR/
Cas9 system.*® Plasmids harboring the Cas9 coding sequence
and homologous donor sequence were introduced into
H. bluephagenesis via conjugation, respectively. The formed
colonies were verified by PCR and sequencing. Finally, plas-
mids were removed by repeatedly subculturing in antibiotic-
free 60LB medium. All primers were synthesized by Xianghong
Biotech (China) or Tsingke Biotech (China). All DNA sequences
were determined by Tsingke Biotech (China).

2.4 Shake flask and fed-batch studies

Cells were firstly activated on a 60 LB plate, followed by two
rounds of cultivation in 60 LB at 37 °C to the logarithmic
phase as seed culture. Shake flask studies were conducted in
Mineral Medium (MM). Bacteria were cultured in 500 mL
shake flasks containing 50 mL of mixed culture medium.
Solution I, solution II, a mixture of solutions III and IV and
sodium oleate were added in the basic medium consisting of
NaCl and yeast extract, followed by adjusting the pH to 8.5.
Then, 5% of the seed culture was inoculated into the medium.
Finally, the bacteria were cultured for 48 h at a rotation rate of
200 rpm and the corresponding temperature according to the
experimental design.

Cells were grown overnight in 60 LB medium in 500 mL
shake flasks to obtain 300 mL seed cultures (ODgqo at 3-5) as
inocula in a fed-batch study conducted in a 7 L bioreactor
(NBS Bioflo3000, New Brunswick, USA). 3 L of batch medium
contained 35 g L™' NaCl, 20 ¢ L™ glucose, 0.67 g L'
7H,0-MgSO,, 4.13 ¢ L™! urea, 3.3 g L™' K,HPO,, 6.8 g L™*
12H,0-Na,HPO,, 10 mL L' trace element solution III and
1 mL L' trace element solution IV. Then, 30 g L' sodium
oleate was added to the medium and thoroughly stirred. A two-
stage and intermittent feeding strategy was adopted using
different feeding solutions. 250 mL of Fed Solution I contain-
ing 560 g L' glucose, 30.4 g L' urea, 3.16 g L™ K,HPO,,
8.48 g L™! 12H,0-Na,HPO,, 80 mL L™ trace element solution
III and 12 mL L™' trace element solution IV was used to
increase cell mass accumulation and PHA formation during
the first 16 h. Fed Solution II containing 560 g L™ glucose,
30.4 g L' urea, 40 mL L™ trace element solution III and
12 mL L™ trace element solution IV was added after exhaus-
tion of Fed Solution I. The flow rates of the fed solutions
depended on the residual glucose concentrations that should
be controlled between 8 and 12 g L™' measured using the
SANNUO medical glucometer (China). All fermentation media
were prepared without sterilization, and all batches were also
operated under unsterilized open conditions. The ODgg, of the
cultured bacteria was measured using a V-5600 visible light
spectrophotometer (Shanghai Yuanxi Instrument, China).
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2.5 Study on cell dry weight (CDW)

After the fermentation, cells were harvested by centrifugation
at 9600g (CR 21GIII, HITACHI, Japan) for 15 min. For each
sample, 30 mL of the fermentation broth was centrifuged in a
50 mL volume centrifuge tube that had been weighed in
advance. Then the harvested cells were suspended and washed
with 75% ethanol and distilled water, respectively. After 12 h
of lyophilization, the weight of the cells and the centrifuge
tubes was measured. The CDW was calculated from the differ-
ence in weights.

2.6 PHA analysis by gas chromatography and mass
spectrometry (GC-MS)

To assay the PHA, 35-45 mg of lyophilized cells or 15-30 mg of
extracted PHA were esterified at 100 °C for 4 h together with
2 mL of esterification mixture (3 vol% sulfuric acid and 2 g L™
benzoic acid in methanol) and 2 mL of chloroform.*® In this
process, the PHA polymer was hydrolyzed, and the monomers
were converted into methyl-hydroxyalkanoates for GC analysis.
P3HB powder (Sigma-Aldrich, St Louis, MO, USA) and
extracted PZHB3H90d were used as standard samples for com-
position analysis. After aqueous extraction, the organic phase
was analyzed using an Agilent 5977B GC/MSD instrument
(Agilent Technologies, Santa Clara, CA, USA) equipped with a
DB-5 column. The optimized GC detection procedure designed
for 3HB and 3H90d was as follows: the temperature program
began at 80 °C with a hold time of 2.5 min, then increased at a
rate of 35 °C min™" to 140 °C, and finally increased at a rate of
30 °C min™" to 300 °C with a hold time of 3 min at 300 °C.
High-purity helium was used as the carrier gas. The m/z values
of the characteristic ions of methylated 3H90d are 103 and
312.

2.7 PHA extraction and purification

Intracellular PHA was extracted using a Soxhlet extractor
(Soxtec™ 8000, FOSS, Hilleroed, Denmark) using chloroform
as the solvent. The process was conducted at 110 °C for 3 h,
followed by elution for 2 h and solvent recovery for 30 min.
Subsequently, the extracted PHA was dissolved in chloroform
and then precipitated with a six-fold volume of ethanol. After
centrifugation at 9600g for 15 min, the obtained PHA was
dried and then stored under anaerobic conditions.

2.8 NMR assay

Approximately 20-30 mg PHA samples were dissolved in
0.5 mL of deuterated chloroform for "H NMR and “C NMR
studies in a JNM-ECA600 nuclear magnetic resonance instru-
ment (JEOL, Japan). Chemical shifts were recorded in ppm,
calibrated to the signal of 0.03% v/v tetramethylsilane (TMS)
in the solvent to serve as an internal standard.

2.9 Gel permeation chromatography (GPC)

Sample molar masses and polydispersities were determined by
GPC using an LC-20AD instrument equipped with a GPC-804C
column and a refractive index detector (SHIMADZU, Japan).

This journal is © The Royal Society of Chemistry 2025
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PHA samples were dissolved in chromatography-grade chloro-
form to a final concentration of 2 mg mL™, followed by
filtration through a 0.22 pm nylon membrane filter (Jinglong,
China) to eliminate any particulate substance. The
mobile phase for the chromatography was HPLC-grade chloro-
form delivered at a flow rate of 1 mL min~" and maintained at
40 °C. A 40 pL aliquot of each sample was injected into the
column. Calibration of the GPC system was conducted
using a series of polystyrene standards with varying number-
average molar masses: 1 x 10%, 2 x 10%, 3 x 10*, 7 x 10%, 1.5 x
10% 3 x 10°, 7 x 10° and 1 x 10° respectively (Sigma-Aldrich,
USA).

2.10 Differential scanning calorimetry (DSC)

The DSC data of the polymers were acquired utilizing a
DSC-Q20 (TA instrument, USA). The experimental temperature
profile spanned from —80 °C to 200 °C, with a nitrogen purge
rate of 50 mL min~'. The processes were initially cooled to
—80 °C and subsequently heated to 180 °C at a heating rate of
10 °C min~". Subsequently, the samples were quenched and
were then reheated within the identical temperature range to
complete the second thermal cycle.

2.11 Thermal gravimetry analysis (TGA)

A TGA-50 instrument (SHIMADZU, Japan) was utilized to deter-
mine the thermal stability of PHA. Approximately 5-10 mg
samples were purged with nitrogen and heated at a rate of
10 °C min™" from ambient temperature to 600 °C.

2.12 Material chemical modification

For the crosslinking reaction, 1 g of PAHB3H90d, 36 pL of 1,2-
ethanedithiol and 0.01 g of Irgacure 2959 were dissolved in
10 mL of chloroform. The PHA solution was exposed to UV for
1h.

For the rare-earth modified PHA, 1 g of PZHB3H90d, 0.17 g
of N-acetyl-L-cysteine (NAL) and 0.005 g 2,2-bis(hydroxymethyl)
propionic acid (DMPA) were dissolved in a mixed solvent of
tetrahydrofuran (THF) and methanol with a volume ratio of
4:1. The solution was then exposed to UV for 30 min. After
the reaction, the precipitate was washed with methanol three
times to obtain purified NAL-grafted PHA. Subsequently, 0.6 g
of NAL-grafted PHA and 0.2 g of rare-earth salt [Eu(NO;); or Tb
(NO3);] were dissolved in 5 mL of THF and stirred under
heating at 70 °C for 4 h. After the reaction, the precipitate was
washed using deionized water three times to obtain the rare-
earth-modified PHA.

3. Results

3.1 Design and construction of the LCL PHA synthetic
pathway in H. bluephagenesis

In this study, sodium oleate was used as the structurally
related carbon source for the production of unsaturated LCL
PHA (Fig. 1). Low-cost sodium oleate was used due to its long
carbon chain length and the presence of a double bond in its
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Fig. 1 Construction of the P3HB3H9Od pathway in H. bluephagenesis
grown on glucose and oleate. The SCL-co-MCL PHA biosynthesis
pathway from glucose and oleate in H. bluephagenesis. FadA was
deleted to inhibit p-oxidation and redirect the metabolic flux towards
PHA synthesis. FadL: long-chain fatty acid transporter; FadD: fatty acid-
CoA ligase; FadE: acyl-CoA dehydrogenase; FadB: enoyl-CoA hydratase;
FadA: B-ketothiolase; PhaJ: enoyl-CoA hydratase; PhaA: p-ketothiolase;
PhaB: acetoacetyl-CoA reductase; PhaC: PHA synthase.

side chain. The native PhaC of H. bluephagenesis can only
polymerize SCL monomers,*"® thus a new PhaC was required
to accomplish the polymerization of LCL PHA in
H. bluephagenesis. Moreover, H. bluephagenesis’s ability to
utilize sodium oleate needs to be confirmed.

H. bluephagenesis was found to be able to utilize sodium
oleate, and it accumulated 25.6 wt% P3HB and 0.7 wt%
P3HHx in 3.05 ¢ L™" cell dry weight (CDW) from 5 g L™
sodium oleate when grown in shake flasks (Fig. 2a).
Subsequently, native PhaCyp in H. bluephagenesis was deleted,
and a plasmid harboring PhaCps.srqr, @ PHA synthase with
broad substrate specificity mutated (S325T, Q481K) from
PhaCps of Pseudomonas sp. 61-3, was introduced into
H. bluephagenesis (Fig. 2b). PhaCpssrqx has been previously
used to produce LCL PHA in P. entomophila.”®”” The recombi-
nant H. bluephagenesis was grown to 3.12 ¢ L~' CDW contain-
ing 27.1 wt% P3HB and 0.6 wt% P3HHXx from 5 g L™ sodium
oleate (Fig. 2a), and no PHA monomer with a longer carbon
chain length was detected. The results implied that
H. bluephagenesis possesses very strong fp-oxidation that can
convert most of the sodium oleate to acetyl-CoA, butyryl-CoA
and hexanoyl-CoA. Thus, FadA in H. bluephagenesis was
deleted to inhibit the p-oxidation. The PhaCyp and FadA
deficient strain was named H. bluephagenesis TXY21, and it
was unable to grow normally on sodium oleate as the sole
carbon source. After the shake flask study, a trace amount of
methyl 3-hydroxy-9-octadecenoate was detected in this FadA
deficient strain via gas chromatography-mass spectrometry
(GC-MS) (Fig. 2c and d). To identify the source of the signal
detected by GC-MS (Fig. S1t), intracellular PHA was extracted
to confirm the presence of P3BHB3H90d (Fig. S2a and S2bf).
The result confirmed that P3BHB3H90d was synthesized by
recombinant H. bluephagenesis.
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Fig. 2 Growth and PHA synthesis using H. bluephagenesis TD1.0 and its engineered strains cultured in an oleate-containing medium. (a and b)
Comparison of PHA produced by H. bluephagenesis TD1.0 and H. bluephagenesis TD1.0APhaC harboring pSEVA341-Pgre-phaCps-stak plasmid in a
50 MM containing 5 g L™ oleate. (c) The methyl ester of P3H9Od was detected in H. bluephagenesis TD1.0APhaCAFadA via GC-MS using splitless
injection. (d) Comparison between the mass spectrometry results of the samples and the database.

3.2 Engineering H. bluephagenesis for enhanced
P3HB3H90d synthesis

To achieve a higher proportion of 3H90d in PHA, a broader
range of PhaC variants with higher condensing ability should be
screened. Thus, six PhaCs reported to exhibit polymerization of
MCL and/or LCL PHA were expressed in H. bluephagenesis for
P3HB3H90d synthesis, respectively. Their protein sequences
and homology are shown (Fig. S31). Five of them were found to
produce P3HB3H90d in H. (Fig. 3a).
H. bluephagenesis expressing PhaCps grqk 0r PhaC437 Were grown
to a higher CDW and accumulated with a higher proportion of
3H90d in the PHA. Both PhaCpsgrox and PhaC,4;, originated
from Pseudomonas spp. grown at an optimal 30 °C, compared to
H. bluephagenesis, that grows best at 37 °C. This temperature
difference may have a significant negative impact on the PhaC
activity. It was found that PhaCpssrqx demonstrated superior
performance compared to PhaC,,3, at 34 °C (Fig. 3b), and the

bluephagenesis

10186 | Green Chem., 2025, 27,10182-10193

performances of both PhaC variants were enhanced at this temp-
erature. Similarly, Pseudomonas spp. grows at around 10 g L™
NaCl, compared to H. bluephagenesis, that grows best at 50-60 g
L™" NaCl. The difference in growth under various NaCl concen-
trations may affect the PhaC activity. In 35 g L™' NaCl-containing
mineral medium (35 MM), the proportion of 3H90Od in PHA was
approximately 1.4 times higher than that in 50 MM, and the
CDW was also higher (Fig. 3c), suggesting that conditions
between the optimal growth environments of Halomonas and
Pseudomonas were more conducive to P3H90d accumulation.
Additionally, the codon-optimized PhaCps.srokopt €xhibited a 1.7-
fold increase in 3H90d content in PHA compared to
PhaCps.stqr, and the wild type PhaCpg lacked the ability to con-
dense 3H90d in H. bluephagenesis (Fig. 3d).

In addition to deleting FadA to block the p-oxidation of
fatty acid salts, other f-oxidation enzymes in
H. bluephagenesis were also deleted (Table S3t). However, none
of these additional deletions resulted in a statistically signifi-

several
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cant increase in the proportion of 3H90d (Fig. S4a and S4bf).
Therefore, it was considered that FadA deletion was sufficient
for PBHB3H90d production in H. bluephagenesis.

The accumulation of PHA is a dynamic process involving its
synthesis and degradation. Enhanced PHA synthesis can also be

This journal is © The Royal Society of Chemistry 2025

achieved by reducing its degradation. There are three PHA depo-
lymerases in H. bluephagenesis, namely, PhazZ1424, PhaZ2133,
and PhaZ3536, abbreviated as PhaZ1, PhaZ2 and PhaZ3. The del-
etion of these depolymerases had no significant impact on

P3HB accumulation.>" This may be due to the rate of P3HB syn-
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thesis being much faster than its degradation rate, or due to
PhaZs possibly having specificity for other PHAs with different
chain lengths. The synthesis of P3H90d was inefficient, and the
depolymerization of this new PHA has not been studied.
Consequently, these three PhaZs were deleted individually or in
combination. The content of P3HB did not show significant
changes, while the content of P3H90d gradually increased
(Fig. 3e), demonstrating that the three PHA depolymerases were
indeed able to hydrolyze P3H9Od. The strain with all three
PhaZs deleted was named H. bluephagenesis TXY26.

PhaC is the most critical enzyme in PHA synthesis, and
both its quality and quantity have a significant impact on the
synthesized PHA. In the study of the key enzymes involved in
the P3HB3H90d synthesis pathway, overexpressing PhaC was
found to exhibit the highest enhancement of the proportion of
3H90d (Fig. S51). To enhance its expression beyond the levels
achievable with high-copy plasmids and strong promoters, and
to realize plasmid-free fermentation, we integrated the
PhaCpgstqropt gene into multiple chromosomal loci. After
inserting one copy of the gene at each selected locus, the
highest-performing strain was selected and used as the basis
for subsequent insertions at other loci.

Insertions of phaC were found to increase the proportion of
3H90d in the cells gradually (Fig. 3f). After inserting six copies
of phaCpssrqkopt into the chromosome, H. bluephagenesis
TXY32 harboring a plasmid expressing phaCpssrqropt Was
grown to 6.1 g L' CDW containing 42.1 wt% P(3HB-co-
7.6 mol% 3H90d) (Fig. 3f). More insertions of phaCs may
further lead to a higher proportion of 3H90d in the PHA.

View Article Online
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3.3 Medium optimization for enhanced P3HB3H90d
synthesis

Concentrations of glucose, urea and sodium oleate were opti-
mized for improved P3HB3H90d production. Single-factor gra-
dient experiments were conducted to assess optimized concen-
trations of urea (beyond what was included in solution I) and
sodium oleate, aiming to establish a preliminary range for
their optimal levels (Fig. 4a and b). The optimal dosage ranges
for additional urea and sodium oleate were found to be 0.5 g
L' and 8 g L', respectively. Based on these results, three con-
centration gradients were selected for glucose, urea, and
sodium oleate to conduct orthogonal experiments. Suitable
compositions in the shake flask medium included 30 g L™*
glucose, 10 g " sodium oleate and 0.5 g L™" additional urea
(Fig. 4c), which allowed growth to 6.7 g L~" CDW containing
50.4 wt% P(3HB-c0-10.8 mol% 3H90d).

3.4 P3HB3H90d production by H. bluephagenesis in a 7-liter
bioreactor

To combine plasmid stability, high gene expression level, and
antibiotic-free conditions in fed-batch studies, a plasmid back-
bone named pHbPBC was utilized to express phaC gene.>?
This plasmid backbone was constructed based on an endogen-
ous toxin-antitoxin system (Fig. 5a), enabling stable mainten-
ance without antibiotic selection and allowing high-level gene
expression.”® The plasmid was introduced into the
H. bluephagenesis TXY32 with the endogenous toxin-antitoxin
system knocked out, and the recombinant strain was named

a b
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Fig. 4 Medium optimization for enhanced P3HB3HOd synthesis by H. bluephagenesis TXY32 harboring pSEVA341-Pg.-phaCps_stakopt. The investi-
gation of the optimal dosage ranges for additional urea (a) and oleate (b). (c) Orthogonal experimental design for the addition of glucose, urea, and

oleate.
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harboring pSEVA341-Pgre-phaCps.stakopt and H. bluephagenesis TXY32E.

Culture conditions: 35 MM with 30 g L™ glucose, 10 g L™ oleate and 0.5 g L™ additional urea.

H. bluephagenesis TXY32E. The best performance of this strain
in the shake flask reached 8.1 ¢ L™" CDW containing 51.0 wt%
P(3HB-c0-11.6 mol% 3H90d) (Fig. 5b).

P3HB3H90d was produced in a 7-liter fermenter incubated
with H. bluephagenesis TXY32E under open unsterile conditions
using sodium oleate and glucose. H. bluephagenesis TXY32E
produced 28.1 g L™' CDW containing 52.7 wt% P(3HB-co-
6.03 mol% 3H90d) (Fig. 6), with an overall PHA productivity of
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0.31 g L™" h™". This result suggested the feasibility of industrial
production of P3HB3H90d using H. bluephagenesis.

3.5 Characterization of P3HB3H90d produced by
H. bluephagenesis

The "H nuclear magnetic resonance result of the high P3H90d
content containing PHA was studied (Fig. 7). The average mole-
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Fig. 6 Growth and PHA production using H. bluephagenesis TXY32E cultured in a 7-liter bioreactor. Culture condition: the culture medium is

described in section 2.4, pH = 8.5, 34 °C.
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cular weight of PZHB3H90d studied via gel permeation chrom-
atography (GPC) was found to be between 6 x 10 and 8 x 10*
Da with a polydispersity index (PDI) of around 1.8 (Table 1).
Since 3H90d is not the common substrate of PHA polymerase,
with the increasing proportion of 3H90d components in the
P3HB3H90d, the molecular weight of the polymer decreased
gradually. This may be due to the difference in the catalytic
activity of PhaC toward different substrates. That is, the
addition of the 3H90Od monomer affected the PHA polymeriz-
ation process, thereby hindering the elongation of the polymer
chain. Additionally, the molecular weight of PHA synthesized
by type II PhaC was lower than that of other PhaC types,**>*
and the molecular weight of PSHB3H90d was observed to be
relatively low. DSC and TGA showed that the glass transition
temperature (Ty), crystallization temperature (T.), and melting
temperature (Ty,) of P(3HB-co-10 mol% 3H90d) were —18.7 °C,
49.6 °C, and 166.0 °C, respectively (Fig. 8 and Table 1). TGA
showed that the decomposition temperature (Ty4) of P(3HB-co-
10 mol% 3H90d) was 283.5 °C (Table 1).

3.6 Chemical modification of P3HB3H90d

3.6.1 Preparation of P3HB3H90d organogels. Sodium
oleate as a substrate containing an unsaturated bond brought

the possibility of a variety of chemical modifications in the

View Article Online
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Fig. 8 Differential scanning calorimetry (DSC) thermographs of
P3HB3H90Od containing different proportions of P3H90d produced by
H. bluephagenesis TXY32E. (a) P3HB. (b) P(3HB-co-5 mol% 3H90Od). (c)
P(3HB-co-7.5 mol% 3H90d). (d) P(3HB-co-10 mol% 3H90d).

resulting PHA. 1,2-Ethanedithiol was used as a cross-linking
agent and Irgacure 2959 as photoinitiator to graft PSHB3H90d
dissolved in chloroform. After 1 h of UV treatment, the chloro-
form solution was transformed into an organogel with elasticity
(Fig. 9a). The organogel shrank sharply in size and cracked in
the middle after chloroform solution evaporation (Fig. 9b and c).
The dehydrated organogel swelled back to its previous size after
soaking in chloroform for 12 h, with the crack still visible
(Fig. 9d), demonstrating that the organogel had no self-healing
ability. The organogel derived xerogel may have application
potential in pollutant adsorption. Its hydrophobicity enables it

Table 1 Molecular weights and thermal properties of P3HB3H9Od produced by H. bluephagenesis TXY32E versus similar materials

Molecular weight Thermal properties
Samples M,, (x10* Da) PDI Ty (°C) T, (°C) Tm (°C) Tq (°C) Ref./sources
PHB 7.91 1.58 —-1.52 52.43 154.8 180 This study
P(3HB-co-5 mol% 3H90d) 7.84 1.76 —-20.52 47.46 168.0 282.9
P(3HB-c0-7.5 mol% 3H90d) 6.99 1.79 —18.58 52.76 159.7 281.9
P(3HB-c0-10 mol% 3H90d) 5.94 1.88 —18.66 49.63 166.0 283.5
P(3HB-c0-11.17 mol% 3HD) 7.05 1.66 -2.07 154.71 27
P(3HB-c0-15.96 mol% 3HDD) 6.61 1.76 —1.47 155.84
P(3HB-c0-13.74 mol% 3HTD) 7.16 1.64 -3.49 149.56

10190 | Green Chem., 2025, 27,10182-10193
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Fig. 9 Organogels of P3HB3H9Od. (a) The organogel prepared by
P3HB3H9Od. (b and c) The organogel observed during solvent volatiliz-
ation. (d) Reswelling of the organogel. The preparation method is
described in section 2.12.

to adsorb organic pollutants from water, offering an eco-friendly
solution for environmental remediation.

3.6.2 Rare-earth-modified P3HB3H90d.
Fluorescent materials play a significant role in various fields

fluorescent

P3HB3H90d

NAL-g-P3HB3H90d

Rare-earth-modified
P3HB3H90d
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such as fluorescent probes, bioimaging, and sensors. Rare
earth fluorescent materials possess advantages such as long
fluorescence lifetimes and sharp emission spectra. Combining
PHA with rare-earths holds the potential to reduce the biologi-
cal toxicity of rare earth ions, thereby expanding their appli-
cation in the biomedical field.****~>” According to the method-
ology described in section 2.12, rare-earth-modified
P3HB3H90d was obtained (Fig. 10a). The modified PHA fluor-
esced under ultraviolet light (Fig. 10b), indicating that the
rare-earth ions had been grafted onto P3BHB3H90d. Rare-earth
modified fluorescent PHA can be prepared into nanoparticles
to target specific tissues or organs, like tumor tissues.
Additionally, it can serve as a drug carrier, enabling in vivo
tracking of drug distribution and release.

4. Conclusions and discussion

Recombinant H. bluephagenesis with deletions of native
PhaCrp, FadA and PhaZ123 combined with the expression of
heterogenous PhaCps stqkope Was successfully constructed for
the synthesis of PAHB3H90d from glucose and sodium oleate.
The highest 3H90d proportion in P3HB3H90d reached was
11.6 mol%.

This study expanded PHA diversity and laid the foundation
for MCL/LCL PHA synthesis by H. bluephagenesis. Future
studies should focus on optimizing the production process to
improve the P3BHB3H90d yield, exploring more double bond
modifications to tailor its properties for specific applications,
and conducting in-depth studies on its biodegradability and
environmental impact to promote its commercialization and
sustainable development.

SH

)J\ oH
N

* Eu/ Te3*

Fig. 10 Rare-earth modified fluorescent P3HB3H9Od. (a) The preparation of rare-earth fluorescent PHA. (b) The fluorescence of Eu** and Te®*

grafted PHA. The preparation method is described in section 2.12.
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This study proposed four green advances that collectively
established a greener paradigm for unconventional PHA bio-
synthesis compared with conventional ones. First, sodium
oleate was employed, as it is a low-cost, bio-derived feedstock
with long aliphatic chains and inherent unsaturation, elimi-
nating the need for chemical pre-modification. This is an
improvement over traditional processes that rely on expensive
purified substrates or non-renewable petrochemical deriva-
tives. Second, this study introduced Halomonas bluephagenesis
as a microbial chassis for the biosynthesis of LCL PHA.
Notably, this platform operates under harsh conditions and
can utilize seawater for fermentation, reducing freshwater con-
sumption, energy requirements and the environmental foot-
print compared to conventional systems.*> In previous studies,
Pseudomonas entomophila was utilized to produce LCL
PHA,***” which typically required strictly controlled sterile
conditions, leading to higher freshwater and energy demands.
Additionally, the Halomonas strain achieved higher cell density
and better PHA yield, showing superior incubation efficiency.
Third, the chromosomal integration of phaC coupled with
toxin-antitoxin stabilized plasmids achieved high-level gene
expression without the use of antibiotics. This eliminated the
risk of antibiotic release into the environment, reducing poten-
tial ecological harm. Finally, click chemistry was used for PHA
modification. The thiol-ene click reaction-based modification
of PHA contributed to green chemistry by enabling efficient
functionalization under mild conditions with high selectivity
and atom economy, minimizing energy consumption and
waste generation.”® However, the use of an organic solvent
remained a drawback in terms of green chemistry. These inte-
grated innovations collectively created an eco-efficient pro-
duction system for unconventional PHA and new applications.
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