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Abstract: With the escalation of plastic bans and restrictions, bio-based plastics, represented by
polylactic acid (PLA), have become a major alternative to traditional plastics in the current
market and are unanimously regarded as having potential for development. However, there are
still several misconceptions about bio-based plastics, whose complete degradation requires
specific composting conditions. Bio-based plastics might be slow to degrade when it is released
into the natural environment. They might also be harmful to humans, biodiversity and
ecosystem function as traditional petroleum-based plastics do. In recent years, with the
increasing production capacity and market size of PLA plastics in China, there is an urgent need
to investigate and further strengthen the management of the life cycle of PLA and other
bio-based plastics. In particular, the in-situ biodegradability and recycling of hard-to-recycle
bio-based plastics in the ecological environment should be focused. This review introduces the
characteristics, synthesis and commercialization of PLA plastics, summarizes the current
research progress of microbial and enzymatic degradation of PLA plastics, and discusses their
biodegradation mechanisms. Moreover, two bio-disposal methods against PLA plastic waste,
including microbial in-situ treatment and enzymatic closed-loop recycling, are proposed. At
last, the prospects and trends for the development of PLA plastics are presented.
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Figure 1  Stereoisomers of lactic acid monomer, lactide and polylactic acid!”.
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Table 1  Properties of PLLD, PDLA and PDLLA™

Properties PLLA PDLA PDLLA

Name Poly L-lactide Poly D-lactide Poly D, L-lactide
Crystalline structure Semi-crystalline Crystalline Amorphous
Glass transition temperature, T, (°C) 50-65 50-65 50-60

Melting temperature, Ty, (°C) 170-200 120-150 None

Tensile modulus (GPa) 7.0-10.0 7.0-10.0 1.5-1.9

Tensile strength (MPa) 15.5-150.0 15.5-150.0 27.6-50.0
Elongation at break (%) 12-26 20-30 30-35

Density (g/cm®) 1.24-1.30 1.25 1.25-1.27
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Table 2 Fermentation strains and production technology of lactic acid monomer

EWEREG . WFERG IR EEG RE
(direct polycondensation, DP) 1N AZ BE A R &
:(ring-opening polymerization, ROP)**!, i &
WK 2 s, FLIR E A R R E 2058
K EEREEEK, MRYAHEE, V&S T
PLA I mh4R R HHed LA W PLA B
HEE B LZ, S PR i
%, Hhagdezt, Bar, EARA REFRAR
A ) A AT BR 2 ) e LR e A R kA
PLAPY [& ATl A6 A 7 PLA J5 ik F 22 TTF
WRED, ZHEETRYIM Cargill-Dow 2\ H]
BRI AEF T AERAS 43 o 4 A A
m4r & PLA, FFH RS EEBEMIR
100-140 °C HEALFLIR LR 48 R MK PLA, 2%
K RBRAEROK, WA EE 200-230 °C B
R N S le e JE HE AL N SE TR T 3B
PLAB* H I Y N ZE BgHF PR 345 PLA 19T
ikﬂ:z%ﬁa 25635, (H 2 R Al Y NSS4
FARMIRZ PLA B PRy R HOR

[16]

Production technology Strains

Production (g/L) Advantages

Disadvantages References

Neutralize the fermentation Escherichia coli >140.0

production system

Saccharomyces cerevisiae 82.6-142.0

Formation of
calcium sulfate
by-products

1. High fermentation
intensity
2. Able to produce
D-lactic acid or L-lactic
acid
Ammonium salt method The neutralization [19-20]
can be used to neutralize process control
the reaction system accuracy requires a

high level

[17-18]

Bacillus coagulans 150.0-240.0 Higher levels of acid Only L-lactic acid [21]
production can be industrially
produced
Non-neutral fermentation ~ Acid-resistant yeast ~70.0 No calcium sulfate Only L-lactic acid [22-23]
production system by-products are formed can be industrially
produced
Lactobacillus casei 2.6 g/(h-L) No neutralizing agent ~ Special organic [24]

required solvents or organic
liquid membranes

are required
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Figure 2 Chemical and biological polymerization of polylactic acid!**2"!

Br T AL RGO, A RIETE K A

lipolytica)® Lk J& Wi 1 B FF (Saccharomyces
(Escherichia coli)®® . fig g W. % [ (Yarrowia

cerevisiae) VR LA T A & PLA RE
#: 010-64807509

: cjb@im.ac.cn



1918 ISSN 1000-3061 CN 11-1998/Q =4 T #2244  Chin J Biotech

AR RS, DARIAGRE IR A YA G i PLA
WRY . ME 2 PR, TEAEYERG T OCHT
N L4 A %5 F2E (propionyl-CoA transferase,
PCTase) 1 57 44 FLER FA L AL N LI -CoA, i —
A R LR NE Wi R & R (polyhydroxyalkanoate
synthase, PHAase) 9 #EALAE T K ZLI%-CoA &
HHER PLA. 5102 T2, PLA EYEE
GAETEA T R G &AL REW T =I5
() AL, LR RZ I PLA A 77 BUAS AR R B
TESL AT b, bR AS i Kb R T & T
— Pk B 40K BRI (Synechococcus  elongatus)
ML), SEELT LA COy ISR SR A A
PLA, M RHT b B s Az 7= S 4k 1 7 i
IE R T i EEE 1) R SR AN AR AR R DA
A 2o 48 A ) 0
1.3 RIABEMNM AL STHHNE

HAT, BR800 A= ) 5L 00
A AR R 1% SR, AR A
YRR G S, 5 R R IR i
W& AT BB BUEE B XS L 3% European Bioplastics
FOE, ABkA: YRR AT RE TN 2021 4F
() 242 J5 ¢ BERKF] 2026 1 759 7 t, AWk
IR R BRIEBEE 7 h i 0 0RO 2%
Rt A5 25 D6 PLA A=y St iy iff— 2P 40 9%, 28R
PLA ) LR AR 2L 1<, o PLA A2 )7 sk
A FEE I NatureWorks 24wl DL R FE 28 [ &
¢ 1 Total-Corbion 7\ #] . NatureWorks I
Total-Corbion H R 241 B4 Be43 5 15 1 t
7.5 77 t, NatureWorks 2\ F] ‘S A7 7£ 2% &
—~ 10 J7 t/4E/) PLA #r), Total-Corbion &
FRBAEfT 28— 10 7 v4ERET, Tt
2024 FFHBT

FEE PLA 7=k [RI A & S g, 2020 43 [
PLA F=REZJN 18.5 7 t, Wiil#] 2025 4 PLA
FRRERELE 100 U7 t DL E, 29548k PLA 77 REY

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

=z BRI BN EER PLA Al
WG ZFE IR A AR A R A F L WL
BV R A BR A RIS RAE YA
BHABRA . HARPRAEYMRABRA A 4
FHEABRABRAF . LT8RP RA RS,
AR YN 2022 4 B4 Yy a] i
BHEMLNF, R T AN BRI IR A 4
PLA 4 EE, CSCBE4 10 J7 t () PLA
FERE, TS PLA AR r=ge it — 48 T2 40 7 t.
2022 A b T AU IE A A R A BR A R AT
T CFLR-N S ER-RA MR 2 T 2w, K
BLERAE 4 J7 ¢ 19 PLA J7RE, JFiHRIT 2024 4F
SER 15 7 t 9 PLA 3 H B 8RHA . Ib4h,
2021 4R, FEAMRHRA YA R IR wl R T
RN AC R AN ) LS, B4R 3 T t 1Y
PLA A=K B i 8 . &FHFLRA R
EENERMILRA 4, 2022 4 7 H kg
BIFEAGEFS 1 7 t 19 PLA 2R R4Er" 7.5 J7 t
(%) PLA A= W RS Bt i =

2 RIMEBEDEBREGHR
i3

A= 0 o 3 8 2 T DA — AR W T
PN B AL CO, Al HoO WYsd A2, %0 2
BT A R G Ry AR W fg ok
JEEY PLA VB —Fp A 3L nT B A okl HE
VIR I RO, AR 2B A5
Y . PLA HAATERE = T 58 °C filfs
R A A L R R e A AT AR AR, 7EA
SRANSZ RS T AR dORARIA S8, xS
AR, JEHAER K, PLA ARzt 52 A
HEmEAS ., Ha . PR RV ERE LT
B R MR EFTR AR A

e R 7 e R,



i S/RIABENAN. SYEBEREESYLBHMARERE 1919

PLA [Gfifii & v S BB Y L, 4855
AR RSB TR], AT LK PLA FEA# 53
AELE Wy BB . BBEAR | Ak b Ak
PR (P P R A W e ) 1) HCrp PLA
B AR A L R O AR Z 258 3T T I AN
RGBS RSO F X PLA AR ) A
Ko i B A T i SR HF A T 250 o
2.1 RIEIBRIAPERNED

Hi T PLA 7E/K s i BRI B B & 7
GEL, AR IO IR G B S Y B A0 N
KRR . EXFEOLT, A& et
YR AMBE IR S, R A% PLA 77 A Kb &
Wy, X Ak A W) G S 2 A P IR AR
W E TR A R . O, 48
1L e — S S SR Fn 22 ROk iz #2150, |
HI iR IE /Y PLA BDRHE MR A VARG 40 T8 | i
LW MERY, fFETHIE, koK. BFE. K
AR S 2R ARG, WA AN
[) ) SR A P 2 o W L LR L pHE . R
SR AN TR LA K 38 S5 90 Jo 1) 1t 1 58 A 455 PR 3R %)
A YIA% PLA TE VA % BB,

AT SE— 2R TE , T2 AE7E T 1458
o, BEME PLA MZ TR 2 8 B AR 1 s
(Amycolatopsis) . {i# R EGFFHPseudonocardiaceae) .
/N H 38 B Bl (Micromonosporaceae) 1 8% %5 T
(Streptomycetaceae)®:*™, Hoh 3L PLA [%
fift W K VR T Amycolatopsis., Pranamuda %%
M IEIRIE R A B X PLA AT B 3 1 i 4
JCA: B R B (Amycolatopsis) HT-32, 14 d A] DA
W 249 60%HY PLA W I 4h , Nakamura 2£1
M 300 b SRR A R, T PLA LA A 0 1k
T 2 MR BTG PR AT A Amycolatopsis sp.
K104-1 F1 Amycolatopsis sp. K104-2, TEHEHTLE
HAE ] K104-1 26 A& T 37 °C Mk PLA
VERE AR BE JT, 40d 48 h AL T PLA WYY

&: 010-64807509

90% 1) i 42, A BAEIEN T PLA
YRR R IR L TR AT G

BRICK AL, PLA AR A 1/ 14 35 2 10
FF 1 (Bacillus) . B 5 & (Pseudomonas) . 5
B M B (Stenotrophomonas) F1 3¢ 14 K
(Laceyellai): . Bubpachat 2P I + 3215 K 75
Jerh, EFLAL PLA “PARXTREAR PLA A94HTE
PEAT S, GHIE T 2 ARANE 530 AT [REE SR
PRt IS (Stenotrophomonas pavanii CH1)F1ETE
R ¥l 7 (Pseudomonas geniculate WS3), TEHx
i& pH FEHICHEEE T, P. geniculata WS3 TE 20 d
Ja BEIR 2y 45%H0 PLA A%, S. pavanii CHI [%#
fi# 24 10%K) PLA #5. Tomita 55°*E 60 °C T,
NEEREFR) 144 A L BEFE AL b 3 125 IR A% PLA
Y Mg TR MR e /N ZE AT B (Bacillus brevis) o

PLLA F LT W AR #5 & AR A PLA SR
Ui, 38 VA FEEE R S BLA R 5 3, SEEE PLLA
AR PRIRIE, PTURIk D,L-FLER LA K AT %
PEAR R B35 9] B (Fusarium) .
%5 W (Penicillium) . Ji§ 4 B & (Tritirachium) . ¥ 1]
F (Aspergillus) FIFE LT (Thermomyces) %,
Torres 4¢P % ¥ 1 14 5 ¥k 4% 71 18 (Fusarium
moniliforme) "] LAFEf#R PLA A AR RIK, bR
Wz 4k, Lipsa %PVH] 48 (6 K 2% (Trichoderma
viride)%} PLA FE AT T REMFRSCE, 21 d SR
R BTEER A 1.2% , UEBH T HXT PLA (REf#EE T .
22 RILERZERAVIEARES

PLA fEh—FP RIS AR, AT LATEA Y
P R KSR VR T K AR R R, g
Mty RS MR DT READ AR RS . ARk, B
W ITAEEEOT TN LT S5REARET o8It
afifb i PLA FEMRIG . 3R 3 275 T ISR A
TR W B 22 (PlasticDB 588 2| PAZy $i(4
FEVOY, A4 T LA R B LY PLA A%
I Ak S G DA P % e T ) AL DG A5 B o

: cjb@im.ac.cn



1920 ISSN 1000-3061 CN 11-1998/Q =4 T #2244  Chin J Biotech
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Table 3 Typical PLA-degrading microbes and PLA-degrading enzyme
Enzyme Name UniProt code Representative species Optimal Optimal References
temperature (°C) pH

Protease Proteinase K P06873 Tritirachium album 45 9.0 [56]
PLAase 3 BOFYO08 Amycolatopsis orientalis 50-60 9.5 [57]
Prot T16-1 None Actinomadura keratinilytica T16-1 70 10.0 [58]
LP175 AO0A291HVHI1Laceyella sacchari 60 9.0 [59]

Esterase RPA1511 Q6NIM9 Rhodopseudomonas palustris 55-60 6.5 [60]
ABO2449 QOVLQI1 Alcanivorax borkumensis 30-37 6.5 [60]
PudA BAA76305.1 Comamonas acidovorans TB-35 45 6.5 [61]
PlaM4 A4UZ10 Bacillus clausii ATCC10987 70 - [62]
ABO 1197 QOVQA3 Alcanivorax borkumensis strain ATCC700651 30 - [63]

Lipase PLaA Q83VDO Paenibacillus amylolyticus 45-55 10.0 [64]
Lipase PL None Alcaligenes sp. 40 8.5 [65]

Cutinase CLE Q874E9 Cryptococcus sp. S-2 37 _ [66]
The_Cutl E9LVHS Thermobifida cellulosylitica 50 7.0 [67]
The_Cut2 E9LVH9 Thermobifida cellulosylitica 50 7.0 [67]
Cut190 WO0TJ64 Saccharomonospora viridis AHK190 65-75 6.5-8.0 [68]

2.2.1 PLA ZBRPEEESMBELX S

M Uniprot 4 FEU Hp 3845 T PLA %k}
FR I P A A, N EL AT PR AR A A R LA R AR
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SRAL R 2 1 TR AR A LR, B Ak
Xif LA TR f 2 1 A ST AR R PR M
T, I8 T AN £ 5 I KSR S A AR S
A, eI LB D-F BRI T, A4
22 B ST AR R

H X6 i ) R T AR R D BE N
S5, DR R B AR U (R = 4S5 .
VTR, PDB $d U bt 8 1 o0 MR AR
BT (0 285 R DRI o, 5 LBt 25 2 1 Jo 245 4 00
. H.4n AlphaFold., RoseTTAFold FJH L, 45
T 3T A TN X Tl 5 A4 D e v R 0 A s
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R AN MBS N 2R (RR 3), X AT
BRI, XTREE 12 BRI 9 AR R o 2
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Figure 3 Phylogenetic tree analysis of various polylactic acid degrading enzymes.
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Bikiaris" W58 & B, K2 BORER AT DL
i I 165 e 7% < M 10 I T LA it D 70 D 2R i = 4 19
Pt B, 7 I ik Al s 0 I SR TR 40 R O N R
(polycaprolactone, PCL)#1 4} ke | FE A/,
PLA J& TR, B b B8 i 1 A N 1%
X PLA A .2 B AR T, SR T a2 % ik As
U5 Tt A O E G B, A AR 0 R T B X PCL
SERRA B RO TE R, (HBR T ORI AT
W (Alcaligenes sp.)WI I Wi PL 41, HoAth A 17 ik
BEACRRERE AR PLA . IR D5 A AE A L 25 Ti WA B
LA TR G ARG A BAWEET, K ehE
U7 Tt P9 o i 20 o e — D AR TR P A

IR T T T F3fi PLA A ) J5 1 AR
il Y WL 9% 8570, Hajighasemi 25V 1L T 5k
H 1B PELLAR S 7 (Rhodopseudomonas  palustris)
HITERE RPAL511. 76 1 mL B9 WA &, 50 pg
FIEE ] LATE 36 h KR 12 mg 19 PDLLA # oK %
Yy 35%. BLAh, Masaki 25WF5E T KRER T
(Cryptococcus sp.) S-2 H 43 WA AR A5 1 A Jo1 1
CLE, ¥JE 4 0.8 pg/mL ) CLE 7E 60 h N 5E4>
Féff =53 T 5 PLA, M AR K 7£ 400 pg/mL
AR T 7E 88 h INSE RS PLA, W UL i
CLE F&ff &7 Tt PLA IIRCR HLE AR K &
H 500 fi .

1981 4 Williams 5 HRIE T ARE T H A&
R (Tritirachium album)) & 1§ K % PLA H
A REEIERSY, A IR R KR — R Ak
(1] PLA FfRBEREIENT T PLA A Wb R R
filFEE . FEICEERY b, SRS K PR BT DR
fiR2li PLA WEBEAT PLA AR, JFHRTER
MEf s BE bR, A K S .o bl E)
PLA [HFias#, %F PLLA WIRELIIRE S MY 45
ARG TG BREUK AR 4 B,
TP PO 1Y) 22 28 TR B A AE A Ak o A vl DG B A
Mo B, 22508 15 BT i 2H 22 R M B 0
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TSR SR BT R AR T HHES SR 5
RS, PLLA RIBRB 22 2 BR B fb, 2R )5 1Y
PLLA'W) O ¥BUAF A #E, Ka+sh
B, EEACT 2R PLLATY O I, X
BB RL T BA RN ARFLIR , JHE 22 2R 1)
FHEA JE, LR SO ORI K
FaEA T — Wb . OS54
TE PLA FM 7 AL SLBR AR L, fdi il T DL BT 25
Gy i ARG

3 RIMEHEFUENRE
"E

YIRS RE O B S B, R
ZHAE Y RHE AR IR PR B R 2218, W
SONELZE BB R FE Y DSt E, LAY
CIRIETS YL ) R, PLA R 3SR e B G IR
KW R F GG, 207 O 5852 i A
Ne BRI, EREMAMN A SAR, URF
PR3 A ke M Rk B B A2 A A R A ) BB R AR T 7
IMERSE, MELHE) BT A Yt i R
FH OSSR FNBE R (0 )7 AL B 57 PLA $KL, 5
fe e SRl R IR 15 e o2 7, MELMAEL
H PLA AWyl BEFR R0 S o Ik, AR 470
PLA MRIEFYRER AL P i, $& i 7 PR %
3+ PLA ¥RHW AP ab 3y X, il s B, Xt
TG 2 T R 57 PLA ¥k, A Yk%
fEARAEN I, TEWERAR, =& m0
B, SCEPASEIR(E 5 B2 5) 5 X F sk
AT By HAS By [BIC Y B 57 PLA YR EA T A2 ) it
PR, SCEE S RHS YR FE(E 5 T8,
3.1 BIAMEFYNMEMDREAULIE

PLA 7E—28) FHY s, 54549
b5t B 7 R BE i AU AR v, L o S R g
% 5% PLA RN E . 7E4RLh, PLA A LIEK
RAGGEN . ASTT R SR AR, 510 PLA Hb
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Figure 5 Schematic diagram of biological treatment of polylactic acid waste.
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IR R T, SR A AL 2E s AR W e OB
SR FUEATAR SR, FE IO R B | fIRR
Vs E Ay, REHTERE“REY.
PLA BURHR) fh 27 RAG IR A B B 5 A5
. 2021 49 J, TR F KBNS
BEEEAED B AR B A7 R A R 4% T “PLA fk
LA EABEAEEIHLAT, LT PLA fi#
SR (BT N A2 T 18 T A 58 AR i 2 4l J3 R vy 1
br b RIZEE AR O A B s K. 2021 48 10 1,
Total Corbion PLA /A& T 5 55 —Fpiy
b Ak B Ak 2= A P #8 KL= i . Total Corbion
PLA 7 w45 WORN i 5 -0 T3 2% 5 PLA JE K,
SR F AR Al I R A BUR A A 7 1 PLA M REAH
[ # Luminy®™ rPLA.

A= Py Tl 0 1m0 WS A% 8 B AL T s YA R
[, A= 9 2 A0 P i 3 1) ) ™ i Jo B A
0] DL LA G SR TG VR A BRI A YR (2R
HeEY)Gh . B 2011 4E 87 975 E Carbios 24
A 30 TR FE B ISk S iRk R T — A
T 72 PET WM LCC, T 4 Al i 20 k)
I Carbios 2 ) B E 2 32 {d P T [ i % A
C-ZYME® #4781t PET 8}, EE 7 sy 1)
BFE—A 20 m’ MRRAR SR A, A JE I RERS
A3 2 ¢ 1Y PET AL, AH5T 100 000 M+
Br T 5% PET J& 58RI VL ISk, Carbios
AT PLA SRR R e Wk AT Tk, T
2014 4EE AT H A A W BELE 48 h N AT LLREAR 90%
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17T RfR 26 2015 455 A e 300 L SV #%
HiAE 2 PLA VT

WA, XoF F RIS il 12 e A 07 B ) PR 2 5%
PLA HY#F%E %70, Panyachanakul ZU%12% 3%,
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A3 b B BE IR A 70 °C, fiE pH A 10, 1E
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pH 11.0-12.0 BHMKA AT LIREFTR &, JF HAE
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Ml 5 2L T 5 L S PEA W) S0 i v ORI
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pH 8.0 UL M #ii #3350 r/min B ME T, 5 &
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FILEAH FH 7540 235 I K 38} a5t 28 A6 PR P i XL
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