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Abstract: In recent years, the petroleum-based plastic pollution problem has been causing
global attention. The idea of “degradation and up-cycling of plastics” was proposed for solving
the environmental pollution caused by non-degradable plastics. Following this idea, plastics
would be firstly degraded and then reconstructed. Polyhydroxyalkanoates (PHA) can be
produced from the degraded plastic monomers as a choice to recycle among various plastics.
PHA, a family of biopolyesters synthesized by many microbes, have attracted great interest in
industrial, agricultural and medical sectors due to its biodegradability, biocompatibility,
thermoplasticity and carbon neutrality. Moreover, the regulations on PHA monomer
compositions, processing technology, and modification methods may further improve the
material properties, making PHA a promising alternative to traditional plastics. Furthermore, the
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application of the “next-generation industrial biotechnology (NGIB)” utilizing extremophiles
for PHA production is expected to enhance the PHA market competitiveness, promoting this
environmentally friendly bio-based material to partially replace petroleum-based products, and
achieve sustainable development with carbon-neutrality. This review summarizes the basic
material properties, plastic upcycling via PHA biosynthesis, processing and modification
methods of PHA, and biosynthesis of novel PHA.
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Plastic depolymerization
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A&, WE TR PR E IR N AR P RE T A
) PHA 7, AT 3RAS 54T A M R BE IR
P, ASCHEIR TR TF-BL. PHA &
AR . PHA AOBHO A S MZE R . PHA #4
B RE AN TR 5k, f e W) R A SR A
77 PHA X —il FRifi T TR,

1 BHeERS E#

FURLS S B TEA: 25 N ZEA ok T 45 FE R
EZ AN AT A 1) SRR 265t B R T 2B
SRR Chad 1 E2 Y SR 3781w 1 1(2:5 121 BB 11725 e
FKIE A 19492018 42 1], #k} RiHH Tk 2214 t,
= R IRE 14 42 t, HH 30.0%4k BN
FH, 14.0% 3858, 36.0%E A, 20.0%
KA B AR R T X — )
R, A RWR RN e AR Y, ARy
Yoo AE R IRAEY RS, W R
W YR T E A T, XYL AR — e
PRI, HARA RGO, WOk A i 1k 2
B PET AR T il i K A sl sf . Hix—
AR IR SRR K L EASTE Y m R, ]

http://journals.im.ac.cn/cjben

———ep | 4=

E—

Enzyme | <+——+ f +— ( Enzyme
1
3 3
‘o ¢ L]
_-" 1 Microbes 1«
Degradation Production

The degradation of plastics and the production of PHA.

A2y N SR T 2, AT AR O R LA
PR R A, (HILEORMER AR,
H v 18] FE 2% 19 A 190 75 TRl A S — > 08 7R 1Y 1)
R TSR RE A 1 FH A= 1y 3 0 BHORL R A T R i
TEAR SR A AT BN T BB 5 Ak 2 ) 454> 36
Wz, GREEMY R A B SRR
an B RS o H A PR A i 0F 58 B vh T2 4
AL DR S A [ S0 AR ), R T AR 90 LB
it T RG2S UL, AT A 2 S B R} 1 SR LA
WAt
1.1 RESE &R EERIA E 1P RR

TEH FRR R, PET FI PU N EREEEM
o PET HYAEW) R H T HA AT 7y
M 2005 45, A ZRIEE RS PET RBUEYI#E
g, Wit— kR T2 PET MIFEMRRE.
I Yoshida %§7E 2016 AFE4RIHE 1 41 KBUIR
(Ideonella sakaiensis)R] LAl PET Ak i A=
K, It 2 ASEERVEHISER PET [y 5(2-
¥ 4 ) X K — H R [mono(2-hydroxyethyl)
terephthalic acid, MHET], FJiE— [ A% 2K
ZHR, IR . BETRYER PET [



KRS SENNERSTRREL  EEEEBRENSR

B 655 £ B HiC™ | Tfeut2®R LCCl% 2
HERY PET FEMFBEREAETE 10 h AREAR 90%HY
PET, FFLA%E/NIE 16.7 g/L A4 3 J3 A P 48 —
MmUY A, A s\ A, vk E
Carbios FI%fi 1 Gr3n JFJ& T PET [ [RISCFI R A
W55, ARRIUAEA BB AL PET R

PUJEH /S KIELZ —, 2020 477 f
I RN 7.8%"%, FR B R [R] () S SR T A
ZIURE NI A . ITARRA U PR PU B
B, A w . HEE. BRE®E
(Corynebacterium sp.) B12 i &g % 8 i
(Pseudomonas aeruginosa) B161'3 | K& 2 iy FF
W (Bacillus subtilisy MZA-75 . Pseudomonas
aeruginosa MZA-85 S5 YW 4RiE A K f# PU
fe Ry U, v (R R T R 2 AT T Al
I ILETRERS AR PU AN, PU RYREAR
FEY RS 1,47 MO R, HEDRA
SEEL PU AR Y AT AT M B TR R S R
B, BB A E A A SKC 21T PU R
3
1.2 BEREESHRERNEDER

PE #l PP J& HFit At b it fse R P 4
B PE RN T ARG R, miER
B . YI4RAE . T PPl T REMN 52 B
FRIREE, ATHF R 100 °Clydg s, anfl
PRI o P h DR e G 55 3 P SR B £
S, IR 32, (RIS R xE B AR o, — 2k
I FEAR T T BRI #3837 55 8L 3 | 3 B
73 B RE L B A 0T ML SR A T o H R I %
5B e i (Alcanivorax borkumensis) . 58 25 fFT
W (Brevibacilus argi) . %8 % % 4 FF
(Brevibacilus brevis). Brevibacilus sp.'". f##i
e & B B R 3 4 FF W (4neurinibacillus
21 Bk B (Rhodococcus  sp.

aneurinilyticus)' |

&: 010-64807509

strain) 36. Bacillus sp. strain 27"81. Bacillus sp.
YP1"™ | Bacillus subtilis H15842% | {1 5 iy B
(Pseudomonas sp.) AKS2P" | ok B vb 75 K@
o' B oW
(Stenotrophomonas panacihumi)> 54 ¥y Al LA
F&f# PE A1 PP, IGAb, A —SEE lt HATHAL
PE WIRES), Bk dss, IXAPRE RO 2
T P TR J 3 TR R[] 7 T 48 SR 240,

PS I PVC )& TR kb k. PS
AT AR H S, A . R5E,
BT PSEMWER, WrlHT - kHESESFY =
o KT PS WYREMRA —SUaE, WBUNMTE
(Exiguobacterium sp.) YT2P | ff ¥ &
(Microbacterium sp.) NA23 . 28 Zf 4f #F
(Paenibacillus urinalis) NA26% | 41 3k
(Rhodococcus ruber) C208P™VE1 1k Wy Al L F it
PS (WK, (HAFTE RN PE SR A B A 508
L, PVC EBNT T . L FIRESESE
Tolr 45s, T R AR A g Tk
HEL A BEE JTH . £HXF PVC YRRt A — L
8, Zhang ZERSVL T R SR Mk 2l HRUECE
PVC JEIFREA L RE R A B A TG, IFX AL
Wil HEAT THRIE, BN T A% 4 dLU 1 iy T
ZHTX -/, BEN KR EMNKRE
(Klebsiella sp.) EMBL-1, 3%y HA Ff# PVC
fIRE

KT, X SERE AR I R 2 SR B BT A
fEERTESC I B, PR R, MR IR
(14 552 o g R A 3 3

2 PHA /-5 &8

2.1 PHA &
PHA 1 —Fiig & sy ", ek
LA TR AL RIATE AR (B 2) A AL

. 2
(Serratia  marcescens)* |

B<: cjb@im.ac.cn



2058 ISSN 1000-3061 CN 11-1998/Q =4 T #2244  Chin J Biotech

D @ \- (@ r“P‘
2o 06%%6
SIS

6@@ Sui —@5

AR

2 ‘AERN PHA SR ESFBEERRESEHR

% PHA granule % 0 (CH2)m
\l/ | n

R O

SCL PHA: m<3; MCL PHA: 4<m<12; n=100-3 000

Figure 2 Microbial intracellular PHA granules under transmission electron microscopy (TEM) and its

molecular structure.
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Table 1 Comparison of the properties of traditional plastics versus several PHA materials
Material Melting point Glass-transition temperature  Tensile strength (MPa) Elongation at break (%)
(T, °©) (T, °C)

PP 175 -20 31 200
PET 262 69 56 8 300
HDPE 135 -80 29 ND
PHB 178 4 43 5
PHBYV (20 mol% HV) 145 -1 20 50
PHBHHx (10 mol% HHx) 127 -1 21 400
P34HB (23 mol% 4HB) 152 -7 13 626
MCL-PHA 53 —44 9 189

PP: Polypropylene; PET: Polyethylene glycol terephthalate; HDPE: High-density polyethylene; PHB: Poly-3-hydroxybutyrate; PHBV:
Copolymers of 3-hydroxybutyrate and 3-hydroxyvalerate; PHBHHx: Copolymers of 3-hydroxybutyrate and 3-hydroxyhexanoate;
P34HB: Copolymers of 3-hydroxybutyrate and 4-hydroxybutyrate; MCL-PHA: Poly(3HHx-co-3HO-co-3HD-co-3HDD). ND: Not

determined.
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Figure 3 Three major metabolic pathways through which PHA are synthesized.
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#*®2 PHA BB A

Table 2 PHA material processing and chemical modifications

Methods Modification methods Substances Properties and functions
Physical modification Blending with other Lignin Enhanced thermal stability
materials Increased crystallization!’*"")
Cellulose Enhanced gas barrier, mechanical and
rheology!®
Starch Enhanced tensile strength, elongation at break,
thermal stability et al'’”
PLA Enhanced tensile and impact strengths’®7%)

PHA of different structures
and thus different properties

Hydrophilic or hydrophobic
Chemical grafting Halogen addition Chlorine

Bromine
Fluorine
Introduction of hydroxyl
groups

Carboxylation
Introduction of epoxy groups

Other grafting Graphene

Multiple steps synthesis

Photo cross-linking

Rare earth metals

Joint physical and Chemical and then physical
chemical modification processes
Biological Functional monomers

modification

Enhanced tensile and impact strengths, fracture

elongation, material flexibility, biodegradability

and/or biodegradability®*-*!

Enhanced water or oil absorption!®”!
Higher melting and glass transition
temperatures[83'84]
The catalytic site can be provided™
New contrast agents[gﬂ

Hydroxylation allows for the synthesis of

customized PHA with other functional

groups[87'89]

Enhance hydrophilicity®*!

High elasticity®***

Enhanced thermal stability and electrical
conductivity®¥

Higher thermal stability and controllable

hydrophilicity, protein adsorption capacity,

thermal responsiveness and hydrophilicity®>®®

Controlled softness, flexibility, and porosity!®”
Rare-earth-modified fluorescent PHA with
biocompatibility®®

Antimicrobial, adhesive and/or hydrophilicity
with biocompatibility!”?

Formation of the newly functionalized

PHA[IOO-]OI]

MRlR-co-3-FRIL ORI RIS, 2/ TWiZh 3k, R PHA w4 8006 0 - DU
KRl PHB HhKgE PHA JLIR G, #2m TH BB S| A FIb2E3L T, Bl Qs pi 1% o0 % il i
RN, T A5 AR, Hai PHA M IUSCREUY U BN A S PHA T S REMEAT R
b, PHA 5HAh PHA IRYE W MR s L 5] AR TR L PHB (PHB-CH)FISAfk PHO
f A PR e A, M B RIS (PHO-C), HAT B S b Bl (b AR R ™
ik PHBHHx, HAWIHKEFFMARE BN RREE R TRER G, A F—2<fk2#
71, AT LAE RS EREE R A Il i s e AR S5 Hk PHA (PFDT)HA

A2 RET XS AR PHA ARSI Bl
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Figure 4 Halogenated PHA modification (A) and hydroxylation, carboxylation and epoxidation (B).
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