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a. BackgroundーTwo challenges in marine biodegradable 
plastics
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• The number of microbes in marine
environment is small.

• Biodegradation of biodegradable
plastics is very slow in marine
environments.

• Biodegradable plastics are gradually biodegraded
during use.
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a. BackgroundーFew marine biodegradable plastics



PHAs are produced and biodegraded in marine environments.
Biological carbon cycles for PHA exist in the marine environment.

Polym J 53, 47–66 (2021)
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a. BackgroundーPHAs are biodegraded in marine 
environments. 
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3. Mineralization
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a. BackgroundーBiodegradation mechanism and R & D 
strategy.

Abiotic and biotic
1. Deterioration

2. Degradation to low-
molecular mass compounds

E3
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1. R&D items of the project（E1, E2, E3, E4, SI）
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Current status

2. Current status and future goals
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CORE team(Academia)

PM promotes the systemization of elemental technology, reorganizes
the teams, and selects the themes to maximize the outcomes.

Since 2022, academic-industrial satellite teams are formed to accelerate the
social implementation of outcomes developed by the core team.

PM Gunma U Prof KASUYA

E1 E2 E3 E4 E1 E2 E3 E4

E1 E2 E3 E4
E1 E2 E3 E4

E1 E2 E3 E4

E1 E2 E3 E4E1 E2 E3 E4
E1 E2 E3 E4

E1 E2 E3 E4

SATELLITE teams (Companies and Academia)

3. Organization of R & D

Gunma U, Prof KASUYA

U Tokyo, Prof IWATA

JAMSTEC, Dr NOMAKI

RIKEN, Prof ABE

SISI

SATELLITE team SATELLITE team

SI SI

SATELLITE team SATELLITE team

Other external cooperating companies

Tokyo Tech, Prof  Tsuge
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Research Team 
1： Patrick Berk, Research Scientist, 

National Oceanic and Atmospheric 
Administration (NOAA)

Research Subject
Biodegradable plastic ocean surface mooring 
experiment on the NOAA observatory buoy

Sudesh Kumar, Professor, 
Universiti Sains Malaysia (USM)

Evaluation of biodegradation of biodegradable plastics on tropical mangrove 
forests.

Research Team 2：

Research Subject
Plastic debris 
in mangroves

Evaluation of biodegradation of materials 
developed in the PJ in mangroves

@  Malindo, Penang, 
Malaysia

4. International cooperation and science and
technology dialogue with the public

Installation of developed materials on NOAA buoys

Joint implementation with NEDO Moonshot ITO PJ
• Biodegradation assessments and Publicity Activities in Southeast Asia

• Degradation testing of marine biodegradable plastics (Malaysia, Thailand, and Indonesia)
• Workshops in Thailand and Malaysia (Fall 2024 scheduled)
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4. Science and technology dialogue with the public

As part of GIGA School x Deep sea, a new biodegradable material was installed 855 m off Hatsushima Island with more than 24,000
elementary school students and the Minister of MEXT via a live online broadcast.

A special exhibition, "The Sea: The Source of Life," was held at the National Museum of Nature and Science, Tokyo from July
15 to October 9, 2023. The exhibition raised awareness of the marine plastic problem and appealed to the public to reduce
environmental impact through biodegradable plastics. During the exhibition, 200,000 people attended.
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6. Goal of our project（2029）
① We create three or more new marine biodegradable plastics that exhibit 90%

biodegradability in seawater at 30 ˚C in 6 months after the switching function exerts.

② We demonstrate the biodegradability of these new marine biodegradable plastics
having the switching function in marine environments, including deep sea.

③ We create new marine biodegradable base materials made from biomass and carbon
dioxide. CO2

CO2+H2O

5. Time schedule for R & D

Fundamental technology development stage 1 Fundamental technology development stage 2

2020.10 2024.2                  2024.3 2029.3

Pilot-scale
R & D

2027

After finishing the project

2039

Social implementation

Market share 0-20 %

Coordination with company

2024

Lab-scale

20292022

Bench-scale
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7. Social implementation
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Clean earth cycle

Cool earth cycle

Recycle

Moonshot project

Trush



8. Major results regarding ongoing topics
E1, R & D of marine biodegradable base resins that 
can introduce switch function
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E1

R & D of marine 
biodegradable 
base resins Fixation of carbon dioxide

Toughening
Functionalization

Polysaccharide

Toughening
Plasticization/Biodegradability

Synthetic polymer Biodegradable building-block polymer



Unsaturated
side chain

Recombinant
R. eutropha

4-Pentenoic acid

Installing 
switch 

function

Hexanoic acid

P(3HB-co-3HV-co-3H4Pe)
42～78 mol% 8～3 mol%

Intracellular 
saturation 
reaction

Sugars +

In Ralstonia eutropha , the terminal 
double bonds of unsaturated fatty acids 
are easily reduced to saturated fatty 
acids.

P(3HB-co-3HHx-co-3H5He)

Unsaturated
side chain

Installing 
switch 

function

3～18 mol% 4～31 mol%
Intracellular 
saturation 
reaction

5-Hexenoic acid

Hexanoic acid

Sugars +

Recombinant
R. eutropha

E1 Base materials for installing switching functions
Development of multifunctional microbial polyester
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∆2,4,∆3,5-dienoyl-CoA isomerase

2,4-dienoyl-CoA reductase

PhaJ4a5-hexenoic acid

5-hexenoyl-CoA

2,5-hexadienoyl-
CoA

(S)-3-hydroxy-
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P(3HB-co-
3HHx-co-
3H5He

NADPHNADP+

?

47k
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Triple gene knockout strain ：
4-Pentenoic acid-added culture
→ Decline in PHA production

Recombinant enzyme by E. coli host

Identification of terminal unsaturated bond reductase

E1 Base materials for installing switching functions
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Development of multifunctional microbial polyester
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3-Hydroxybutanoic acid 3-Hydroxy-2-methyl 
butanoic acid

3-Hydroxy-2-methyl 
propionic acid

3-Hydroxypivalic acid

3HPi： 3-Hydroxypivalic acid 16

Conventional 
monomer

Toughness exceeding that of nylon 66（80 MJ/m3）

Development of multifunctional microbial polyester

E1 Base materials for installing switching functions
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③ Improved PHBH productivity

Direct PHA conversion from CO2

② Production of high PHBH concentration by jar culture
of C.necator MF01/JAc strain

Productivity
(g/L/h)

Culture 
time
(h)

3HHx
(mol%)

3HB
(mol%)

PHBH
(g/L)

Dry cell
(g/L)

0.3002055.494.651.561.4

0.59411913.886.258.471.0

Using H2:O2:CO2 gas as a raw material substrate, genetically modified strains of Ralstonia eutropha (C.necator) were 
cultured, and a production test of a new polyester with excellent marine degradability is conducted.
Clarifying the culture characteristics of recombinant strains and developing technology to efficiently produce polyester 
from CO2.
In particular, we will focus on the development of a culture method that enables the improvement of product concentration 
and speed, and the complete consumption of raw material gas.

Closed circulation gas culture system

Feed gas is
supplied to
the culture
medium in the
fermenter by
ventilation

Residual gas that is not utilized by the
bacteria and exhausted from the fermenter
is returned to the gas storage tank,
circulated and resupplied.

P(3HB-co-3HHx)[PHBH]
CO2

Recombinant
strain ① Evaluation of each of 4 PHBH accumulating

recombinant strains, selection of good strains

（2021）

（2022）

• Inorganic salts suitable for PHBH biosynthesis exploration of medium
composition

• Improvement of fermenter agitation performance (raw material gas
dissolution rate)

• Maintains low concentrations of inorganic nutrients
• Mass flow controller continuously replenishes feedstock gas 

with constant composition

Avoid
wasting
raw gas

0.689142.513.886.281.598.2

World Record: High polyester 
production from CO2 including P(3HB)

（2023）

【 Improvement of culture equipment and methods ①】

【 Improvement of culture equipment and methods ②】
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E1 Base materials for installing switching functions

Fermenter

Gas mixture
CO2 : H2 : O2 Gas

reservoir



Dissolving, coagulating, and drying cellulose gives 
transparent paperboard.
PCT/JP2020/039874

Compositionally identical with paper but more functional.

Ductile 3D shaping Up to 2 mm thickness

The cup holds water without inner film, 
which is necessary for the conventional 
paper cup.

A transparent cup made of cellulose

The brittleness of the material, which
had been a problem, was overcome by
improving molding and processing
techniques, and we succeeded in
preparing a complex-shaped
component composed entirely of chitin.

Gel Cup Gel Straw

Drying Drying

E1 Marine biodegradable plastics produced from polysaccharides
Biodegradable plastics from polysaccharides

18
Photo by Dr. Satoshi Kimura 
(The University of Tokyo)

• Molded into a cup shape, which is the expected shape for
actual use.• Demonstrated that the cup-shaped cellulose material
biodegrades by half in less than six months at the bottom of
the deep sea.• Large numbers of degrading microorganisms were
observed perforating on the surface of the material.



Xc / %Td5% / ºCTm / ºCTg / ºCMw/MnMn / g·mol-1

40245162801.614,100P(3HB-alt-Gly)

36241n.d.801.212,400P(3HB-alt-L-Ala)

42242n.d.851.35,300P(3HB-alt-D-Ala)

34248150551.316,700P(3HB-alt-β-Ala)

+

3-Hydroxybutanoic acid Aminocarboxylic acid Dimer monomer Ester amide alternating copolymer

E1 Development of biodegradable polyamide
Development of biodegradable polyamide
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Feedstock: dimeric monomers High molecular weight polyester-amide

P(3HB-alt-L-Ala)
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E2 8. Major results regarding ongoing topics
E2, Development of switching function to start 
biodegradation

Development of 
switching function Salt conc.

ORP
Pressure
Temperature

pH

Wearing



21

CO2

Easily
biodegradable

compounds

SO3

Biodegradability control by low oxidation-reduction potential (ORP) in marine environments

S SS SSS SS

Flowing out into marine environments

S SSS SS

Reductive
Cleavage

Biodegradation

Flexible film by melt-molding

PBSDT

E2 Switching triggered by difference in ORP
Reaching the seafloor sediment and degradation switch is turned on

PBSDT Physical Properties
PBSA analogues
Can be formed into films
Can be synthesized from 
commercial reagents

Normal seawater = non-degradable
Seabed (reducing environment)

Disulfide bond cleavage
Start of marine degradation

Before reduction 
degradation

Low-ORP（H2S）

High-ORPDegradation tests at 
different ORPs

Three 
weeks

19 % weight loss



Degradation test in seawater
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E2 Switching triggered by difference in pH
Reaching the sea, the degradation switch is turned on

Cellulose
triacetate (CTA)
coating Alkaline hydrolysis in

seawater with pH 7.5-8.3

No degradation
for high DS CA (CTA)

High pH environment causes acetyl
groups to be desorbed, allowing CA to
be degraded

PHBH degradation
triggered by CA
degradation

PHBH

Enzymatic hydrolysis cellulase
and PHB depolymerase
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Reduction of
surface CA
substitution to
1.3

Untreated

PHBH

CA
10 μm

10 μm

Before surfaces

8 weeks later

Degradation of CA exposes 
PHBH

Three-layer film
(CTHx 10 % of  blend)

Three-layer film (CTHx 20 % of blend)

20 %Non-blending

CTHx

Succeeded in improving interlaminar adhesion

Base resin properties are expressed through improved adhesion.
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E2 Switching triggered by wear (Enzyme)
Getting old and degradation switch is turned on

PCL, PBS, and PBSA also
succeeded in making enzyme-
embedded plastics by melt
blending.
PCL completely degraded in 6
hours and PBSA in 3 days.
PBS degrades 20% in 21 days.

Degradation of CaLB lipase-incorporated PCL, PBS, and PBSA in water

Development of enzyme (lipase)
embedded biodegradable
plastics

Degradation of biodegradable plastics
melt-mixed with cutinases in a buffer

BOD biodegradability curves of various
biodegradable plastics melt-mixed with
cutinases in seawater of Tokyo Bay

Successfully
reduced
degradation
time

Normal biodegradable plastics hardly
degrade in seawater, but enzymatic
embedded plastics proved to be more
degradable than cellulose.
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Degradation is triggered by wear, and biodegradation proceeds as endospores transform to 
vegetative cells.

E2 Switching triggered by wear (Enzyme)
Getting old and degradation switch is turned on

PESu degraded in the marine environment by spore-forming bacteria was 
eventually mineralized in the marine environment.



E3

ムーンショット型研究開発事業／第三回第四分科会（海洋生分解プラ）
20211124_13:50-14:15(25m), -14:35(20m)
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8. Major results regarding ongoing topics
E3, Biodegradation rate control 

Biodegradation 
rate control

Acceleration

Deceleration Material science

Material science
Biological factor
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Neuston in surface microlayer

On macrophytes

On stone

Marine snow

On fish

On plastic

C
ov
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ag

e

Microbial accumulation in the 
plastisphere

Microbes with high abundance
= Genome information of microbes involved in the

biodegradation.

SEM image of plastisphere
formed on the biodegradable
plastic surface.

Elucidate the biodegradation mechanism of
plastic and control the degradation rate.

Also investigate the plastisphere in non-
oceanic environments.

Biodegradable
plastics is exposed to
pond.

Seawater

E3 Plastisphere：Microbial flora formed on plastic surface

Metagenome analysis

Degradation rate control by biological factors



物質
CE1
A2
CH3
P4
SH5
HH6
C7
C8
AN9
AC10
P11
Y12
Negative control13
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Control substance candidates

Non-metric multidimensional scaling (nMDS) based on the Bray-
Curtis index. Numbers in the plot indicate the type of substance.
The area of the plot shows the biodegradation rate except for
seawater.

PBSA
No.2、No.5、No.6、No.7

PBSu
No.5、No.6 – also gave BOD-biodegradability for PBSu.

PLA
No.2、No.7、No.9 
Effect on increase in the degradation rate.

Addition of 10% plastisphere control substance candidate to the biodegradable base polymer.
The films were exposed to seawater and investigated weight loss and change in plastisphere.

E3 Biodegradation rate control by controlling plastisphere

MDS2

M
D

S1

Biodegradable 
plastics 
in ocean

Non-
degradable 

plastics in the 
ocean

Microbial 
synthetic plastics

Chemosynthetic biodegradable plastics

The plastisphere of Non-marine biodegradable
plastics close to that of marine biodegradable
plastics.→ Improving biodegradability

Degradation rate control by biological factors

Name



ムーンショット型研究開発事業／第三回第四分科会（海洋生分解プラ）
20211124_13:50-14:15(25m), -14:35(20m)
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E4 8. Major results regarding ongoing topics
E4, Validation and evaluation of biodegradability in 
laboratory and deep-sea environments 

Verification and
evaluation of marine
biodegradability

In vitro

In vivo In Shallow water
In deep-sea
Buoy

BOD biodegradability
Test condition



Types of marine biodegradation tests
In vitro
• Normal pressure (water tank, BOD)
• Pressurized (pressurized vessel)
In situ
• Shallow water
• Deepsea water
• Pelagic surface environment
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E4 Biodegradation tests of novel materials

Malaysia site

200 km 10 km

20 km

Installation sites / shallow sea

Installation sites / deepsea

Seawater sampling sites

Installation sites / surface water

Sites for degradation test and seawater sampling site
Deepsea 4 ★
Shallow water 4 ★
Pelagic surface 1 ★
Mangrove 1 ★
Seawater sampling 13 ★★
(One of them is collecting deepsea water at any time.)

Degradation testing was conducted in a variety of marine
environments.

Joint implementation with NEDO Moonshot ITO PJ
• Biodegradation assessments, Publicity Activities in Southeast Asia, and Information Exchanges

• Degradation testing of marine biodegradable plastics (Malaysia, Thailand, and Indonesia)
• Workshops in Thailand and Malaysia (Fall 2024 scheduled)
• Promotion committee meetings and joint workshops held (4 times / year)

Joint implementation with NEDO KUNIOKA PJ "Establishment of Evaluation Methods for 
Marine Biodegradability"
• Biodegradation assessments in the Deep Sea and Information Exchanges

• Conducting experiments in the deep sea using the Shinkai 6500
• Promotion committee meetings and joint workshops held (4 times / year)
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Plastic chambers deployed
on the deepsea floor

Between 2020 and 2022, six cruises were conducted to test the biodegradability of newly
developed materials on the deepsea floor.

This project is unique in that it tests biodegradability in situ on the deepsea floor, where
large amounts of plastic debris are deposited.

Deployment and recovery with the
manned submersible

E4 Biodegradation tests of novel materials

Sample installation at Mutsu Lab, 
Aomori Pref

Degradability testing began in Dec 2023 at
the Mutsu Lab.

Marine Center, Kyoto Prefectural
Agriculture, Forestry and Fisheries
Technology Center

Oki Coastal Lab., 
Shimane University

Immersion tests are scheduled to begin in
February 2024 at the Marine center, Kyoto Pref.

Immersion tests began in October 2023 at the
Oki Coastal Research Lab, Shimane University.

Sample installation 
at Oki

Free-flowing 
water tank

In situ In situ In situ

In situ In situ

In situ In  vitro

©JAMSTEC ©JAMSTEC ©JAMSTEC
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A method was developed to efficiently and rapidly
analyze large amounts of data.

Pipeline

Plastisphere DNA extraction De novo 
assembly

NGS
sequencing

Genome
constraction

Pipeline for genome quality control
Pipeline for analysis the genome and gene function

Marine PHBV plastisphere

The genome of a group of
PHBV-degrading
Gammaproteobacteria
was identified.
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Thioesterase Thioesterase 9 9 4 4 8 8 13 5 0 0 1 0 0 2 2 6 10 0
Lipase_2 Lipase_2 10 2 6 10 11 5 0 1 0 0 0 0 0 0 0 0 1 0
Abhydrolase_6 6_AlphaBeta_hydrolase 15 12 12 18 19 14 14 32 11 15 9 6 16 32 24 50 31 0
Bacterial_lipase Bacterial_lip_FamI.3 4 0 1 3 2 1 2 2 2 1 5 5 10 0 25 1 0 3
AlphaBeta_hydrolase AlphaBeta_hydrolase 2 5 2 2 4 4 1 3 3 0 6 3 5 3 4 9 8 0
Hormone-sensitive_lipase_likeHormone-sensitive_lipase_like 1 0 1 2 1 4 0 1 8 1 2 0 1 9 7 12 6 0
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The genome code many PHB depolymerase genes

The candidate of PHBV-degrading 
Gammaproteobacteria and their PHBV 
depolymerase genes were identified through 
meta-omics analysis.

Metagenome analysis of plastisphere

E4 Meta-omics analysis of plastisphere correlating with biodegradation



Different and diverse plastisphere microbiomes formed on a marine biodegradable plastic at different sea area. 
Genomes (MAGs) of dominant microbes were recovered from the plastisphere metagenomes. 

Growth of microbes related to biodegradation of plastic
Toward identification of enzymes for marine biodegradation
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E4 Meta-omics analysis of plastisphere correlating with biodegradation
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BOD biodegradation testing

Seawater

Sea-sand

2 
cm

2 cm

Polymer Stainless 
steel 
mesh

Pump

Tank experiment

• Weight loss
• Morphology of surface
• Mechanical properties
• Plastisphere analysis

E4 In vitro biodegradation tests of novel materials 

O2 CO2

By microbes

% =  ×
O2: Biological oxygen demand (BOD)
used for catabolism of compounds
ThOD： Theoretical oxygen demand

Biodegradable 
plastics
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8. Major results regarding ongoing topics
Research and development 

for social implementation (SI)
5. Social implementation of developed technologies

R

ゴミ

クールアースサイクル

クリーンアースサイクル ムーンショ ッ ト プロジェ クト

リサイクル

 CO2

PHA

M arine 
biodegradable 

bio-based 
 polymers 
(M BBP)

SI
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Controlling the biodegradation of plastics in the ocean by some compounds

Selection of L compounds

＜ L compound addition concept ＞

In soil

Search for marine degradation accelerators
that attract microorganisms and accelerate
degradation

Large number of microbes 
⇒ Fast biodegradation

 Small number of microbes 
⇒ Slow biodegradation

In seawater

Effective utilization of 
food-waste

Soybean-derived mass-
produced products,
Rice bran, ...

Candidates
Addition of soybean-
derived mass-produced 
products (C, J, K) gave 
it good biodegradability
(Target value: 90%)

0
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主
剤 A B C D E F G H I J K

PH
BV

W
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t l
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%
)

Collapsibility test of resin added with L 
compounds (A-K)(Water tank, 3 months, 
10% of each additive)

Establishment of technology for dispersion of degradation
accelerator(L compound)s in biodegradable resins and molding
technology

• Film molding by inflation method (assuming packaging films, etc.)
• Improvement of dispersion by optimization of composition and 

blending of the third component

Combination of decomposition and initial
mechanical properties*.
*： JIS Z1702
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①外房海水(水槽浸漬) ②浅海浸漬

A:Soy-derived products 10%.B: Soybean-derived product
10% + 3rd component 5 % (Sample thickness: 50 µm)

Disintegrability in various types of seawater (4 months)

①
②

Sampling 
site

3.BOD-biodegradation (+)2.Abiotic degradation1.Effect of casein

CO2

H2O

• Diversity ↑
• Amt ↑

Degradation rate control by biological factors

R & D for social implementationSI

日清紡ケミカル株式会社
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Efficient production of functional PHAs

Biosynthesis of PHA with hydroxyl groups on the side chain

O

O

OH

O
HO

SCoA

O
HO

e-caprolactone

SCoA

O
HO SCoA

O
HO

4HB-CoA
SCoA

O
HO

OH

3,6DHHx-CoA

6HHx-CoA

Develop PHA polymerases that efficiently polymerizes 3,6DHHx-CoA produced from  caprolactone by metabolism

Acquisition of PHA polymerase mutants with 2- to 3-fold increase in 3,6DHH ratio

Host: C. necator mutant Carbon source: 15 g/L Fructose, 2.5 g/L ε-caprolactone

Ratio of 3,6DHH
(mol%)

PHA
(g/L)

Dry cell
(g/L)PHA synthases

3.343.865.86Control
10.40.592.94Mutant A
2.913.094.80Mutant B
4.242.804.50Mutant C
9.022.304.96Mutant D
6.513.275.40Mutant E

Synthesis of PHA for installing switching functions

R & D for social implementationSI



37

Development of manufacturing technology for marine-timed biodegradable fibers with properties that are practical for
industrial applications

SI

Biodegradable fibers

Development of enzyme addition technology

Biodegradable polyester fibers
PBS and PBAT were selected from the viewpoints of mass production and strength. 650 MPa tensile strength was 
achieved with PBS by optimizing the spinning conditions.

6.3 times elongation
0.1% embedded strong

0.1% embedded weak
Without

6.5 times elongation
0.1%
without

6.5 times elongation

PBS fiber with 0.1% cutinase

（１）Lipase （３）Cutinase（２）Albumin

Optimization of enzymatic blending method has achieved suppression of decrease in fiber properties in enzyme-
embedded (0.1%) PBS spinning.

伸度 / %

強
度

/ M
Pa

Development of enzyme production technology
The investigation of mass-producing enzymes with both thermostability and degrading activity is underway.

Melt spinningMixing temp : 130℃
Mixing time : 3min

Cutinase embedded

・Melting temp：160℃

PBAT
pellets

Cutinase
powder

(dry)PBAT HiC

cut

Marine degradability of high-strength
fibers by utilizing the technology of
embedding degradative enzymes in
resins.

Marine biodegradability test
will be conducted.

R & D for social implementation
St

re
ss

 / 
M

Pa

Strain / % Strain / % Strain / %
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External cooperation

Development of evaluation methods for 
biodegradability of marine biodegradable plastics

Development of an analytical system capable of accurately
measuring biodegradability employing a flow-type system
and search for new materials with marine biodegradability.

Evaluate the marine biodegradability of cellulose
materials that have been given functions and
composited as packaging materials

The aim is to achieve compatibility between practicality
and switch functionality.

etc.・・・

Other cooperating companies for joint development, sample provision, etc.

SI R & D for social implementation
Promote social implementation of marine biodegradable plastics based on the technology developed in PJ in collaboration
with various companies

©JAMSTEC

©JAMSTEC
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To create a clean earth for the future

Thank you for your attention.
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