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Abstract: In natural environments, the complete degradation of biodegradable plastics is often limit-
ed by temperature, humidity, light exposure, microbial communities, and polymer structures. As
a result, biodegradable microplastics may form and accumulate, posing potential ecological risks.
This review summarizes recent advances in the environmental degradation characteristics, enzymatic
conversion mechanisms, and multilevel synergistic degradation systems of biodegradable microplas-
tics. First, the major degradation stages of biodegradable microplastics from surface biodegradation,
polymer depolymerization, release of oligomers and monomers to final mineralization are reviewed.
Analytical techniques, such as Fourier transform infrared spectroscopy, scanning electron microsco-
py, gel permeation chromatography, and chromatography—mass spectrometry, are also summarized
for their applications in degradation process characterization, product identification, and pathway

elucidation. Second, the substrate-specific recognition mechanisms of degradation enzymes are dis-
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cussed, with emphasis on the relationship between chemical bond cleavage and microbial metabo-
lism. The synergistic roles of enzymes, microorganisms, and metabolic networks in the degradation
process are further clarified. Further discussions are held on the effects of plastic crystallinity, mo-
lecular weight, additives, surface properties, as well as environmental factors and microbial com-
munity succession on degradation efficiency and product fate. Finally, it is recommended that future
efforts focus on strengthening in-situ monitoring under real-world conditions, the identification of
trace metabolites, multi-technique analytical approaches, and ecological risk assessments, with the
aim of establishing a more precise system for characterizing degradation processes and conducting
comprehensive evaluations. This review can provide reference for research on the environmental fate
of biodegradable microplastics, the management of ecological risks, and the development of efficient
and controllable degradation technologies.

Key words: biodegradable plastics; microplastics; microbial degradation; degrading enzymes;

degradation mechanisms

AT B R SERLE H RABTERF E R SR T, e R H i R VEH T R4 TR, Bl
R AR, FFilE— B RUEY LT R S . Hm Ry~ il i s — Ak . K.
AW AR TOMLEL s (ERESME T, B nTREF= A W R SR JE M= . RS IR . A2 a5 0 ) A ok
A W WA T R R AR AR ZR, IR (PLA) . B W -C R T U REAE
(PBAT)FIER T 1 T —F#HE (PBS) 4" RUAEY & RN, MZRFRELNENIRNG (PHA) , Hp BT
TG (PHB) FIZR 3-55 58 TR IR NG (PHBV ) & ARG DURJE M AL . LR s AT e 2kt
PIVETER (TPS) . BEIRLF4E R (CA)FRH FLLF4E 2 (CMC) SRR S TE AR,

ARk, EVRSCPE IR RO S O AR B & SRS T PLA . PBAT. PBSHIPHA SRA ] [
SR A AR ;= AHOCPE S T2 N TR LR . AR . — IR IR A HAE A 554
e R LR S A R . BRSO B KR EL S B AR 25 ST, (HAEYIT IR G
HAEFr AR ¥ n Pt | SeefEfE. £ KIEMTTBY S 2R, Yol SR T 58
A . MU . KA AE VR SR, R Wi i A T R R R o LS B i
RAMUZREMLENE . 2. R4S IRNGFIFRREUKESEAEHR 1, W2 pH
B, S/KE, QAR PR RS S WS IR 2 2. Bk, VTR ERSAES RS
HH ) B Al R A A BT T HERE S5 . DAPLA Rf), HAE SR . & iE e Yis v an e Thlk
HEAE AR 2R TPk A K A AL, (AR FEHEAR . R HH 38 K IR b (i A R S AT, AR
SO S LT R A SRR ) RUBS AN 28 2040

i, EAZHR% AW T R AP EMERE . ERETRE AT R i o AR O i B AT T 4k, (HE
A TR A R PERE A B E A R R YR . A2 T, ASEIEREE ROE T R AR
fiE . B REARPLTI RIS A P P RS R REE AR A R . TR ILIR B A 2 A Y] i et
HORIEIZL S 1 S 2P B . RS2 iR T AR IS 1 S il R TR B A8k, IR G IG5
PR R R A=A A e, A ReilE— 3 h . BT b, ASSCB Gy vl B fr Skt Je Kookt
B RS REARAFAE . SRR RS MR meEVE AL RIS A W P Rl Bk R AT 208, JFE— el TR2 . TR
VA RN P 0 T SR A4 e B SR R TS LER Y, DUA AR W vl B f i SR RS U SR AE . IR SE U
TEA R AE S XS Pl (2%

1 AT PR AR 2B L A B SR 4 AIE
1.1 YA EERERNAEYMEEITRE

AT RO R IR f, RS A . e RE N Z AL RIVE T, JESURIE . iy
AL JI2FvERE . RMEALFMERT . AR 7 SR SR AE ) & AN T AR A . i Rl
TR . Al . KM, Pk b E bR R s 2 g ie” . Hoh, HUbmlne £S5
G TRV AN 50 N 2 T 282 ) B o = K A 8 R ) VAT T ST = =2 i o e e o A
T E T AN AE NS R . RO i 3R % 5 S AR L A0 D0 3 [RI A8 AR R i B2, AR SO 53



1418 SR AR (http://www.fxesxb.com) o453

Hoo —MOE, AT R R AR Y R AR PR AR IR . TRE RS . AR AT
4B

LI HO RS S A YR AR, Y S BRSNS R
Bt VE AE RO R RDE T, FFR TR AR YN . A0 TE i ol A SO TR B K 1 | R 2
SR, (RS . KA RO I R R R A, B R R R . R R
HUBURLRE R o BT HENRSIe MR B, e 7 IS N A et T f el . ARG . MERG . &
EIREA PHA SR EE S, IR TG B8e P RNREE . WP EeSs nlKAReE, e 20 T HEm 3O A2 I
Ry, REARG, DU R PR E A LRSI . YRR B, AR
Yy HREGE— P RALTE i) N PP e R, JERE N AR B, T RER AR . 2
N2 & IR AERE TR R . e, (ER LB BL, AHUBRTELF AR T 2244 CO,. HO MY
Bs TEDRASEAET, WATRERE B A CH, . CO,. H,ORMVEY T 25 b, APl B e 2R
PR A SRR R DRSS A RE . HAZ OB Y AL EDE YR . R |
AW B At B (8 1)

1. Bio-deterioration =) 2. Bio-fragmentation ) 3. Assimilation m) 4. Mineralization
* Hydrophobic interactions

(:::) %Q ¢ Electrostatic interactions Cutinase Oligomers, monomers Further transformed @
P / -+ ®Extracellular polymeric »& @ @I:Ipase 8 ) S 4« small-molecule prodacts
Biodegradation ~  substance-mediated adhesion / e* Esteras S : )|, Aerobic conditions
process 4@ ® \ SR 8 Protease e
i W o 2, ¢ PHA depolymerase RS
20— & Biofilm & ﬁ’i _Hydrolyzable bonds 7" \gMicrobial uptake @
A (SR X N " (e.g., ester bonds, " o ° Biomass
/ i £ | o glycosidic bonds) @ %\
‘ ) = P <& A < Xv’*}.' = Intracellular
L “\__Hydrolyzable bonds m‘fg"hc I/ an
Surface erosion ° o = Crack Y #‘ (eg, eiigr k}:)m(rlls, o Anaerobic _—
propagation f/ \ glycosi f(" nds) A & o conditions
0 H,0 il o, > Energy production
Extracellular = Oligomers o)::o %o 5 g Synthesis of cellule @
eenzymes Q : & fragmentahofl Oligomer% Dil-nels Motomers. o g(t)(?rlz;gpfélgglsmund . P
[Extracellular Se Enzylkl)‘{attllc deﬁolymenzahon or aocumulation Biomass
lymeric substances @ iodegradation stage : ' e
SSmllmlecule | Paricle | Relative molculay mase deerases el
v Se f - Increased release of dissolved organic gamce ¢
metabolites ragmentation carbon (DOC)

Enzyme—enzyme synergy Enzyme-microbe synergy Microbial consortium synergy

Synergetic degradation e- Hydrolase 8— Devol: ~ Fo  0.® o
polymerse .~ .=
T ok w2 @ =

mechanism > { ‘\\
S@hnd &
o{ Extracellular % ‘_i

enzymes
A =il =
: > =hLl= ‘ (N @
Environmental < > =M= (7]
impact factors APvﬂA @ e
Light Temperature pH Oxygen concentration Moisture content Nutrients

[E 1 AT R Rk 0 A R L 5 s PR 2
Fig. 1 Biodegradation mechanism and influencing factors of biodegradable microplastics
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Table 1 Sources, substrates, and reaction characteristics of biodegradable microplastics and related polyester

degrading enzymes

Optimum tempera-

Enzyme type  Enzyme name Source strain Target MP rure/C Optimum pH Reference
Lipase PLaA Paenibacillus amylolyticus PLA 45~55 10 [31]
Lipase PL Alcaligenes sp. PLA 40 8.5 [32]
PIL1 Pelosinus fermentans DSM—17108 PBAT 50 7.5 [33]
LipA Bacillus subtilis PBAT 37 7.0 [34]
Cutinase The_Cutl Thermobifida cellulosylitica PLA 50 7.0 [35]
The_Cut2 Thermobifida cellulosylitica PLA 50 7.0 [35]
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(8% 1)
. Optimum tempera- .
Enzyme type  Enzyme name Source strain Target MP rure/C Optimum pH Reference
Cut190 Saccharomonospora viridis AHK190 PLA 65~75 6.5~8.0 [36]
FsCut Fusarium solani PBAT, PBS 37~45 7.5 [37]
TfCut Thermobifida fusca PBAT 70 9.0 [38]
AaCut10 Alternaria alternata FB1 PBAT 37 9.0~10 [39]
PETase Ideonella sakaiensis 201-F6 PET 30 7.0 [24]
LCC Leaf-branchcompost metagenome PET 70 8.0 [40]
Esterase RPAIS511 Rhodopseudomonas palustris PLA 55~60 6.5 [41]
PudA Comamonas acidovorans TB=35 PLA 45 6.5 [42]
Chath_Est1 Clostridium hathewayt DSM—-13479 PBAT 37 7.0 [23]
AbEst Alcanivorax borkumesis PBAT 37 6.5 [37]
Est-H Roseateles depolymerans strain TB-87 PBS 30 9.0 [43]
BsEstB Bacillus subtilis PET 40 7.0 [44]
Protease Proteinase K Tritirachium album PLA 45 9.0 [45]
PLAase 3 Amycolatopsis orientalis PLA 50~60 9.5 [46]
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