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Abstract

With the rapid growth of plastic production, plastic pollution has become increasingly
widespread and persistent in the environment. This persistent pollution poses potential
risks to ecosystems and human health. Microbial biodegradation offers a promising ap-
proach to plastic waste management because it operates under mild reaction conditions
and has potential for sustainable application. This review summarizes recent advances
in the major microbial groups involved in plastic biodegradation, methods for assessing
degradation efficiency, underlying mechanisms, and strategies for improving degradation
performance. Assessment methods are discussed, from physicochemical characterization
to biochemical validation. Meanwhile, it emphasizes that real plastic biodegradation and
degradation efficiency require multiple complementary lines of evidence to judge in a
more complete and objective way. The complete process and molecular mechanisms of
microbial plastic degradation are then described, including microbial attachment and
biofilm formation, enzymatic degradation, intracellular metabolism, and mineralization of
degradation products. In addition, it summarizes various efficiency optimization strategies
for degradation, including plastic pretreatment, bioaugmentation, and regulation of envi-
ronmental parameters. The lack of standardized assessment, limited practical translation,
and ecological risks are the identified key challenges. Finally, standardized efficiency evalu-
ation strategies, plastic upcycling, and emerging technologies for subsequent development
were discussed. This review aims to provide a reference for understanding microbial
plastic degradation.

Keywords: plastic; microbial degradation; enzyme; mechanism; efficiency; challenges

1. Introduction

Plastics have become important materials in modern society because of their low
cost, stable properties, and broad applications. However, rapidly expanding production,
environmental persistence, and inadequate recycling have contributed to severe plastic pol-
lution [1]. Poorly managed plastic waste can fragment into microplastics and nanoplastics
through photo-oxidation, mechanical abrasion, and biological processes in the environ-
ment [2]. These particles are widely distributed in marine, freshwater, soil, and agricultural
systems, where they may inhibit plant growth and cause genotoxicity, disturb animal
communities in aquatic sediments, and affect fundamental biogeochemical processes such
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as carbon and nitrogen cycles [3-5]. Therefore, the management and effective treatment of
plastic waste have become important issues in environmental pollution control.

Plastic waste management should be chosen based on polymer properties and waste
stream characteristics. Mechanical recycling remains a preferred route for relatively clean,
single-polymer waste streams, where established sorting, washing, and re-extrusion pro-
cesses can recover materials for reuse, although their properties may deteriorate during
repeated processing [6,7]. Pyrolysis, on the other hand, plays an irreplaceable role in
processing complex and contaminated waste streams that are unsuitable for mechanical
recycling, including end-of-life tires, single-use medical plastics, multilayer packaging, and
fiber-reinforced composites, from which it recovers oil, gas, and solid char feedstocks [8-10].
Biological treatment of plastic acts as a complementary disposal pathway. Biological degra-
dation exhibits practical value mainly for biodegradable polymers, as well as for highly
dispersed plastic residues which are technically difficult to collect and recycle [6,8,11].
Biodegradation of plastic is relatively mild, low cost, and can be coupled with resource re-
covery, making it an important technology for plastic waste management. Microorganisms
can colonize plastic surfaces and use polymers or their degradation products as carbon
sources during plastic transformation [12,13].

Numerous previous studies have devoted efforts toward mining functional microor-
ganisms capable of degrading synthetic plastics. To date, plastic-degrading microbial
resources involve bacteria, fungi, and algae, offering abundant biological candidates
for developing plastic biodegradation technologies. Typical microbial genera, includ-
ing Pseudomonas, Bacillus, Rhodococcus, Aspergillus, and Rhodotorula, have been widely
identified [14,15]. These microbes can degrade common plastic products such as polyethy-
lene (PE), polyethylene terephthalate (PET), polypropylene (PP), and polyvinyl chloride
(PVC) [15-17]. Physicochemical characterization methods, including scanning electron
microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), and gravimetric weight
loss measurement, are widely adopted to monitor material structural alterations during
degradation [18]. Biochemical methods, such as stable isotope tracing [13], enzyme ac-
tivity assays [19], and CO, release monitoring [20] are also applied to evaluate whether
genuine biodegradation proceeds. Nevertheless, existing evaluation frameworks still
suffer notable imperfections that only apply isolated detection indices and fail to con-
struct multi-dimensional evidence chains for rigorous confirmation of authentic microbial
mineralization, potentially overestimating real degradation performance. In addition, to
overcome the low intrinsic degradation capacity of wild-type microbes and promote practi-
cal translation, multiple improvement strategies have been explored, including physical
and chemical pretreatment [21,22], immobilized systems [23], enzyme engineering [24], syn-
thetic biology [22], bioaugmentation [25], and regulation of environmental parameters [26].
Despite the substantial progress achieved in the accumulation of microbial resources and
degradation performance improvement, several critical unsolved bottlenecks, such as lack
of standardized assessment, leakage of microplastics and secondary pollutants, and eco-
logical risks associated with microorganisms, still restrict the practical application and
large-scale industrialization of plastic microbial degradation technology.

Compared with existing review articles on microbial plastic biodegradation, the
present review provides several distinct contributions and novelties. First, polymer-specific
multi-dimensional assessment criteria to distinguish superficial surface damage from gen-
uine polymer mineralization were emphasized, highlighting the risk of overinterpretation
merely relying on weight loss or morphological observation. Second, the molecular degra-
dation mechanisms, performance optimization strategies, and potential ecological risks
were integrated, providing systematic references for advancing standardized evaluation
and real-world translation of plastic biodegradation technologies. Third, this review dis-
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sects core bottlenecks restricting practical plastic biodegradation. It critically analyzes a set
of long-underappreciated limiting factors, such as physical constraints imposed by polymer
crystallinity, mass transfer barriers at the enzyme-plastic interface, and the substantial per-
formance gap between laboratory-scale observations and real-world application scenarios.

This review addresses three key questions: (1) Which microorganisms have demon-
strated plastic-degrading potential, and how does their degradation performance vary
among different plastics; (2) How is microbial plastic biodegradation currently assessed,
and what biological processes and molecular mechanisms underlie plastic degradation;
(3) What strategies have been developed to enhance microbial plastic biodegradation
efficiency. To answer the above questions, this review systematically summarizes poly-
mer structural features governing degradability, major microbial groups participating
in plastic biodegradation, multi-level plastic biodegradation assessment methods, com-
plete biodegradation mechanisms, performance-enhancing approaches, bottlenecks, and
future perspectives. Details of the literature search and screening strategy are provided
in the Supplementary Materials (Figure S1, Table S1, and Text S1). Collectively, this re-
view can offer theoretical references for multi-dimensional experimental evaluation setups,
biodegradation efficiency enhancement, as well as risk assessment for plastic bioreme-
diation. Meanwhile, it is expected to inspire future research toward bridging lab-scale
observations and real plastic waste disposal, and provide supporting insights for formu-
lating standardized assessment specifications and developing practical biological plastic
recycling strategies.

2. Classification and Structural Characteristics of Plastic Polymers

The chemical structural features of plastics exert a substantial influence on their mi-
crobial degradability [18,27,28]. Typical plastic materials can be broadly divided into
traditional recalcitrant synthetic plastics and artificially developed biodegradable polymers,
which exhibit distinct structural properties and microbial degradation susceptibility [18,27].
Conventional recalcitrant synthetic plastics mainly include PE, PP, polystyrene (PS), and
PVC, which possess chemically stable carbon-carbon (C-C) backbones [27,28]. The inert
C-C bonds cannot be directly cleaved by hydrolases and require preliminary oxidative mod-
ification prior to microbial utilization [18,29,30]. Degradation of PS is hindered by stable
aromatic side chains, while PVC degradation is further complicated by an essential dechlori-
nation process during depolymerization [31]. Therefore, conventional recalcitrant synthetic
plastics show strong inherent recalcitrance toward biological degradation [18,27,32,33]. In
contrast, ester-containing polymers, including PET, polylactic acid (PLA), polycaprolactone
(PCL), and polyester-based polyurethane (PU), contain hydrolysable ester linkages that can
be cleaved under appropriate enzymatic or environmental conditions [32-34]. Although
PET is a petroleum-derived polymer, its ester linkages make it susceptible to hydrolytic
attack by esterase-type enzymes [34-36]. As a typical polyether, polyethylene glycol (PEG)
possesses ether linkages along its backbone. PEG is highly hydrophilic owing to ether oxy-
gen atoms and terminal hydroxyl groups. The degradability of PEG is strongly dependent
on molecular weight size [37].

In the solid state, most plastics exist as either semicrystalline or amorphous solid
state materials. Representative semicrystalline polymers include PET, PE, high-density
polyethylene (HDPE), low-density polyethylene (LDPE), linear low-density polyethylene
(LLDPE), PP, PCL and PLA, whereas typical amorphous polymers are PS and PVC with
molecular chains hardly fold into ordered crystalline structures. In semicrystalline plastics,
enzymatic degradation driven by microorganisms occurs predominantly in disordered
amorphous regions with high chain accessibility, while densely packed crystalline domains
are barely susceptible to erosion [38,39]. Densely packed crystalline domains impose a
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major physical barrier, which prevents enzymes from penetrating into the interior of crystal
lattices, resulting in drastically reduced degradation rates [38,40]. The overall degradability
of a given semicrystalline polymer is strongly influenced by its crystallinity, thermal history,
and pretreatment. The activity of plastic-degrading enzymes in highly crystalline regions is
significantly weakened, which has become the main obstacle to achieving complete depoly-
merization [38]. It should be noted that an amorphous microstructure does not inherently
confer better enzymatic degradability. Although PS and PVC lack tightly packed crystalline
domains and thus present fewer physical barriers for enzyme access, their chemically inert
C-C backbones with pendant aromatic rings for PS and chlorine substituents for PVC de-
velop strong chemical recalcitrance. Consequently, PS and PVC are generally more resistant
to enzymatic depolymerization than semicrystalline polyesters such as PLA, PCL, and
PET, even though these polyesters are limited by crystallinity-driven physical limitations.
Beyond primary backbone chemistry and crystalline morphology, multiple material prop-
erties including molecular weight, additives, surface hydrophobicity, polymer morphology,
and polymer thermal history also jointly govern microbial adhesion, enzyme substrate
interaction, and substrate accessibility, thereby determining the overall biodegradation
performance of different plastic materials [18,27,38,41,42]. Distinguishing polymer classes
provides a structural basis for understanding why different microorganisms, enzymes,
assessment methods, and pretreatment strategies are required for different plastics.

3. Core Microbial Groups Involved in Plastic Biodegradation
3.1. Bacteria

Bacteria of the genera Pseudomonas, Bacillus, and Rhodococcus are the main microorgan-
isms involved in plastic biodegradation (Table 1) [14]. Pseudomonas grows rapidly and has
diverse metabolic pathways, showing degradation capacity for different plastics such as
PET and PE [16]. As a key PET-degrading bacterium, the Gram-negative bacterium Pseu-
domonas putida can cause a 22.86% weight loss of PET within 30 days [43]. It secretes func-
tional esterase enzymes to attack ester linkages of PET, producing mono(2-hydroxyethyl)
terephthalate (MHET), bis(2-hydroxyethyl) terephthalate (BHET), and terephthalic acid,
and possesses complete intracellular metabolic pathways for further utilizing these PET-
derived hydrolysis products [43]. Pseudomonas sp. SH5B and Pseudomonas aeruginosa SH6B
achieved a PE degradation rate of 25% in 120 days [44]. Bacillus species can form spores that
are resistant to adverse environments and survive for long periods of time under nutrient
deficiency or significant temperature fluctuations. The Bacillus cereus NJD1 strain screened
from plastic waste dumps exhibited prominent LDPE biodegradation capability, with a 43%
weight loss of LDPE films observed after 120 days of cultivation [45]. Likewise, Bacillus
subtilis AP-04 screened in the intestines of plastic-fed mealworms achieved a weight loss of
36.55% for 60 days [46]. In addition, Bacillus cereus SHBF2 caused a weight loss of 6.77% for
PP and 6.87% for PE during a 60-day experiment [17]. The genus Rhodococcus possesses
a remarkable capacity for utilizing hydrophobic compounds. Rhodococcus pyridinivorans
reduced the weight of LDPE by 5.2% within 24 h [47]. Rhodococcus erythropolis also showed
obvious degradation of LDPE [48].
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Table 1. Representative microorganisms involved in plastic biodegradation.

Microorganisms Genus Representative Strain Culture Condition Degradation Efficiency P_l{;;t;c Degradation Mechanism
Biofilm formation facilitates bacterial attachment to the PU surface, after which extracellular hydrolytic enzymes cleave
Alicycliphilus Alicycliphilus denitrificans BQ1 [32] MSM; pH7; 37 °C; 48 h 85% Impranil clearing PU susceptible ester bonds in polyester-based PU. Urethane/carbamate linkages may also be disrupted, generating
lower-molecular-weight oligomers and monomers that can be further assimilated and metabolized.
. Stenotrophomonasindicatrix [49] LCFB; 28 d N/A
Stentot - . N N S Biofilm formation facilitates bacterial attachment to the PS surface, followed by oxidative modification of the carbon
Stenotrophomonas maltophilia [50] PS-containing mineral medium; 30 °C; 60 d 95% b backbone and/or aromatic rings. This oxidation can promote chain scission and generate lower-molecular-weight
. aromatic i iates, which may subs 1 assimil, i hy h ic-
Bacteria Phanerochaete Phanerochaete chrysosporium BKME-1767 [51] LC-PDA; 27 °C; 35.d 7% aromatic intermediates, which may ’“bseq";';;{az:;:";; ;:fv‘i;:d metabolized through aromatic-compound
. Paenibacillus lautus [52] LCFBM; 24 °C; 60 d 3.73%
F
Paenibacillus sp. [53] BHM; pH7: 37 °C: 20 d 6% Biofilm formation facilitates bacterial attachment to the hydrophobic PP surface, followed by oxidative modification of the
; pHY7; 3 5 methyl-substituted C-C backbone. The introduction of carbonyl and hydroxyl groups can increase surface polarity and
A Aei sp. [53 5% PP Y 24 4 yl group: P y
eromonas eromonas sp. [55] ° promote chain scission into lower-molecular-weight oxygenated fragments, which may
Acinetobacter Acinetobacter baumannii [54] MSM; 30 °C; 50 d 33.3% subsequently be assimilated and metabolized.
Acinetobacter Acinetobacter baumannii [54] MSM; 30 °C; 50 d 27.1% Biofilm formation facilitates bacterial colonization of the PVC surface, followed by oxidative modification of the
PVC chlorinated C-C backbone. Oxidation may promote chain scission and dechlorination, generating lower-molecular-weight
Neobacillus Neobacillus sp. PVCKKUS3 [55] MSM; pH7.5;37 °C; 35 d 7.04% products that can subsequently be assimilated and metabolized.
Ideonella Ideonella sakaiensis [34] YSVM; 30 °C; 6 weeks 0.13 mg cm -2 day71 Bacterial degradation of PET is initiated by extracellular hydrolases that cleave ester bonds in the polyester backbone,
> PET leading to chain shortening and the release of soluble oligomers and intermediates such as BHET and MHET, and
Pseudomonas sp. [16] MSM; pH7; 30 °C; 28 d N/A ultimately terephthalic acid and ethylene glycol. These low-molecular-weight products can then be transported into cells
Peeud Pseudomonas putida [43] Nutrient broth; 37 °C; 30 d 22.86% and further metabolized through central metabolic pathways.
Bacteria Pseudomonas sp. SH5B OP811462, Pseudomonas aeruginosa a7 0. ,
SH6B OP811485 [44] MSM; 37 °C; 120 d 25% PE
Achromobacter Achromobacter xylosoxidans [56] Synthetic medium; pH7; 33.3 °C; 60 d N/A
Proteus mirabilis MN124173.1 [57] 89.72%
Proteus MSM; 30 °C; 78 d
Proteus mirabilis KY027145.1 [57] 71.8%
3 i 3 n ium: 30 ©C: o
Marinobacter Marinobacter sp. (58] Bushnell-Haas broth medium; 30 °C; 90 d 1.68% LDPE Biofilm formation promotes bacterial attachment to the hydrophobic PE/LDPE/HDPE surface, followed by oxidative
Rhodococcus Rhodococcus pyridinivorans strain UCC0018 [47] Nutrient broth; 24 h 5.0% modification of the nofq—hydroly.sable C{ backbone. The introduction of carbonyl and hydroxyl groups can increase
surface polarity and facilitate chain scission, generating lower-molecular-weight oxygenated fragments. These products
Rhodococcus Rhodococcus erythropolis [48] . may subsequently be assimilated and metabolized through fatty-acid-related pathways,
M9X; 25 °C; 80 d N/A including (3 -oxidation and central metabolism.
Paenarthrobacter Paenarthrobacter nitroguajacolicus [48]
Brevibacillus Brevibacillus parabrevis CGK45 MW965577 [59] MSM; 35 °C; 90 d 4% HDPE
Bacillus amyloliquefaciens [60] N/A N/A
Bacillus subtilis AP-04 OR288581 [46] MSM; 37 °C; 60 d 36.55% LDPE
Bacteria CLMSM; pH7.2;25 °C
Bacillus cereus NJD1 [45] i pH72;25°C; 43%
120d
Bacillus
Biofilm formation promotes bacterial attachment to the hydrophobic surfaces of both PP and PE, followed by oxidative
modification of their non-hydrolysable C-C backbones. For PE, oxidation introduces carbonyl and hydroxyl groups along
Bacillus cereus SHBF2 [17] MSM; pH7; 30 °C; 60 d PP 6.77%; PE 6.87% PP, PE the relatively unsubstituted carbon chain, facilitating chain scission and the formation of lower-molecular-weight

oxygenated fragments. For PP, pendant methyl groups create tertiary carbon sites that are relatively more susceptible to
oxidative attack, while crystallinity and structural complexity may restrict degradation. Oxidative modification
subsequently facilitates chain scission and microbial assimilation.
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Table 1. Cont.

Microorganisms Genus Representative Strain Culture Condition Degradation Efficiency P_l{;;t;c Degradation Mechanism
5 i L9700 o,
Phanerochaete Phanerochaete chrysosporium BKMF-1767 [51] LC-PDA;27°C; 35d 7% Ps Fungal hyphae colonize the PS/EPS surface and promote oxidative modification of the carbon backbone and/or aromatic
N . . . rings through extracellular oxidative activity. This oxidation may facilitate chain scission and generate
Phellinus Phellinus noxius [61] EPS ad(}::oxﬂt:;})de:ﬁu‘:ggg 3)[ fungi; 16% EPS lower-molecular-weight aromatic intermediates that can subsequently be assimilated and metabolized.
Coriolopsis Coriolopsis gallica MH855593.1 [15] 19%
Aspergillus niger KF638509.1 [15] BHM; pH5.5; 28 °C; 60 d 25.3% Fungal hyphae colonize the PVC surface and promote oxidative modification of the chlorinated C-C backbone through
pvC extracellular oxidative activity. This process may facilitate chain scission and possible dechlorination, generating
Aspergillus flaous MW084630.1 [15] 23.6% lower-molecular-weight products that can subsequently be assimilated and metabolized.
Aspergillus 32%
Fungi Aspergillus glaucus NG_063391.1 [62] N
MSM; pH8.5; 37 °C; 28 d 25%
Aspergillus niger NG_065763.1 [62] 40% PE
Rhodotorula Rhodotorula mucilaginosa [63] sterile seawater; 25 °C; 5 d 3.8%
Schizophyllum Schizophyllum commune [64] PDB; Room temperature; 1.18% Fungal hyphae colonize the hydrophobic PE/LDPE/LLDPE surface and secrete extracellular oxidative enzymes that
. . . . 30d o LLDPE promote oxidation of the non-hydrolysable C-C backbone. The formation of carbonyl and hydroxyl groups can increase
Lentinus Lentinus sajor-caju TBRC6266 [64] 0.96% i N o A N . i N N
surface polarity and facilitate chain scission, generating lower-molecular-weight oxygenated fragments. These products
Neopestalotiopsis Neopestalotiopsis phangngaensis [19] MSM; room temperature; 90 d 54.34% may subsequently be assimilated and metabolized through fatty-acid-related pathways, including
° B -oxidation and central metabolism.
Fusarium Fusarium solani MW216969.1 [65] MSMA; 26 °C;45d 20.83% LDPE
i . P Czapek’s agar with glucose; o
Penicillium corylophilum CNMN-FP-04 [66] pH5.5;28 °C:30d 6.06%
Penicillium Penicillium simplicissimum [67) MSM; 3 months 7.7% PE
Penicillium simplicissimum [68] P simplicissimum culture medium; 30 °C; 28 d 3.09% Fungal PET degradation is initiated by extracellular hydrolases that cleave ester bonds, shortening polymer chains and
X PET releasing soluble oligomers and monomers. These products, including terephthalic acid and ethylene glycol,
Fungi Fusarium Fusarium oxysporum [69] N/A;30d 22% are assimilated and metabolized by fungal cells.
Cryptococcis Cryptococcus flavus GB-1 [70] emulsified PBSA agar gunlalmng soybean oil; N/A ) . o )
30°C PBSA Fungal degradation of PBSA and PBAT is mainly initiated by extracellular hydrolases that cleave ester bonds in the
polyester backbone, leading to chain scission and the release of lower-molecular-weight oligomers and monomers. These
Maesziomyces Maesziomyces antarcticus [71] P-emulsified agar medium N/A hydrolysis products may subsequently be assimilated and further metabolized by fungal cells.
N/A PBAT
Algal attachment and biofilm formation promote close contact with the hydrophobic LDPE surface. Extracellular
Algae Uronema Uronema afficanum [72] BBM; 25°C; 30 d N/A LDPE metabolites and reactive oxygen species may induce oxidative modification of the non-hydrolysable C-C backbone,

increasing carbonyl and hydroxyl groups and potentially facilitating chain scission into
lower-molecular-weight oxygenated fragments.
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In addition to these three major genera, many other bacteria can degrade plastics
(Table 1), with differences in degradation efficiency depending on the polymer type. For
example, Paenibacillus sp. are able to degrade multiple plastics and can degrade 6% of
PP within 20 days [53], while Paenibacillus lautus degraded 3.73% of PS after 60 days [52].
Acinetobacter baumannii similarly displayed broad substrate specificity, degrading 33.3% of
PP and 27.1% of PVC within 50 days [54]. Other bacteria appear more specialized. Pae-
narthrobacter nitroguajacolicus effectively degraded LDPE [48], whereas two Proteus mirabilis
strains isolated from oil-contaminated soil reduced LDPE film weight by 71.80% and 89.72%,
respectively, after 78 days [57]. Aeromonas degraded 5% of PP within 20 days [53], while
Neobacillus sp. PVCKKU3 degraded 7.5% of PVC after 35 days [55]. Brevibacillus parabrevis
CGK45 degraded 4.03% of HDPE within 90 days [59]. Closely related microorganisms often
share physiological traits and metabolic functions. Phylogenetic comparisons with charac-
terized plastic-degrading bacteria may therefore facilitate the identification of additional
microorganisms with degradation potential.

3.2. Fungi

Fungi are ubiquitous across diverse ecosystems and represent an important microbial
group for investigating plastic biodegradation [28,65]. Various fungal genera, such as
Aspergillus, Coriolopsis, and Fusarium, are known to degrade plastics (Table 1). Among
them, the degradation of plastics by Aspergillus is the most widely studied. Within 60 days,
Aspergillus niger and Aspergillus flavus degraded PVC by 25.3% and 23.6%, respectively [15].
Aspergillus glaucus achieved a 32% degradation rate of PVC in only 28 days under different
culture conditions. In addition, Aspergillus glaucus and Aspergillus niger degraded PE by up
to 25% and 40% within 28 days [62].

Yeasts also exhibit potential for plastic depolymerization in microbial-mediated plastic-
degrading systems. Several yeast genera, including Moesziomyces, Rhodotorula, and Candida,
with plastic-degrading activities mainly target hydrolysable polyester substrates includ-
ing poly(butylene adipate-co-terephthalate) (PBAT), poly(butylene succinate-co-adipate)
(PBSA), PCL, and PET. The native degrading representative, Moesziomyces antarcticus (for-
merly Pseudozyma antarctica), secretes the extracellular enzyme PaE for efficient degradation
of biodegradable polyesters such as PBAT and PBSA, while it shows limited activity to-
ward PET and PE [71]. Cryptococcus flavus GB-1 produces the degrading enzyme CfCLE
and forms clear hydrolysis zones on emulsified PBSA plates, while its enzymatic activity
can be further improved via UV mutagenesis [70]. Yarrowia lipolytica does not possess
strong plastic-degrading capability, yet it serves as an attractive metabolic engineering
chassis for heterologous expression of PETase, cutinase, or Lip2 lipase for PET and PCL
biodegradation [73,74]. Rhodotorula mucilaginosa from marine degraded UV-pretreated
13C-labelled PE, and both 13C02 evolution and assimilation of PE-derived carbon into
yeast biomass were detected, corresponding to a degradation rate of 3.8%yfl [63]. Never-
theless, this performance relies on UV pretreatment and cannot be extrapolated directly
to untreated PE waste under real-world conditions. Candida tropicalis (recently renamed
Yamadazyma tropicalis) exhibits degradation capacity toward LDPE by secreting extracellular
oxidative enzymes [12]. Marine isolate Meyerozyma carpophila M6.0.2 is another candi-
date PE-degrading yeast, although its underlying degradation mechanism remains poorly
characterized [75]. In summary, yeast-driven biodegradation of polyesters has obtained
substantial research progress [51]. For polyethylene (PE/LDPE) with stable C-C backbones,
experimental evidence of yeast-mediated degradation remains scarce.

Except for Aspergillus and yeasts, Coriolopsis gallica degraded 19% of PVC within
60 days [15]. The Fusarium solani separated from landfills reduced the weight of LDPE by
20.83% after 45 days [65]. Schizophyllum commune and Lentinus sajor-caju from the same
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environment were able to degrade LLDPE [64]. Micromycetes, a group of microscopic fungji,
have also demonstrated the ability to degrade different plastics. Penicillium corylophilum
CNMN-FP-04 caused a 6.06% reduction in the weight of LDPE after 30 days [66]. The
soil micromycete Fusarium oxysporum resulted in a 22% weight loss of PET after 30 days
when PET was used as the sole carbon source [69]. Phanerochaete chrysosporium degraded
7% of PS within 35 days, and Phellinus noxius degraded 16% of expanded polystyrene
(EPS) within 30 days [61]. However, most of these newly isolated fungi still exhibit limited
plastic degradation rates under non-optimized, environmentally relevant conditions [42,76],
and their performance frequently deteriorates when transferred from laboratory media to
real-world waste matrices.

3.3. Algae and Algae-Bacteria Consortium

In addition to bacteria and fungi, some algae can also directly participate in plastic
biodegradation, thus expanding the microbial resources for plastic bioremediation (Table 1).
Uronema africanum Borge induced surface erosion and structural deterioration of LDPE
within 30 days [72]. Under light conditions, Algae can also promote the collaborative
degradation of plastics by microorganisms through building a local microenvironment.
In algae-bacteria consortia, plastic deformation, functional-group changes, and degrada-
tion potential have been observed alongside the release of dissolved organic matter by
Desmodesmus sp. under different plastic stresses [77]. However, the regulatory mechanisms
of different algae species, plastic types, and environmental conditions still need to be
further studied and clarified. In addition, algae have also been used to construct com-
posite engineered degradation platforms. After the engineered plastic-degrading enzyme
complex was immobilized on the surface of Chlorella vulgaris, the PET biodegradation
efficiency increased four times compared with the free enzyme. The immobilization of the
enzyme also promoted algae biomass accumulation and chlorophyll production, showing
the degradation and resource recovery potential of the algae enzyme composite system [23].

3.4. Microbial Community

Microbial communities can outperform individual strains through functional inter-
actions, metabolic complementation, and ecological succession [78,79]. Different strains
perform distinct degradation steps, including oxidation, hydrolysis, and small-molecule
metabolism [79,80]. Streptomyces sp. initiates plastic oxidation and provides attachment
sites for Arthrobacter sp., which subsequently degrades intermediates and enhances PE
degradation [78]. With a mixed culture of Delftia acidovorans and Bacillus sp., the biodegra-
dation efficiency of LDPE and PS was higher than that of pure culture [25]. The synthetic
microbial communities of Bacillus licheniformis, Bacillus subtilis, and Paenibacillus xylanilyticus
can also increase the weight loss of LDPE [81]. Nevertheless, competition for substrates and
inhibitory metabolic interactions among strains can reduce overall degradation efficiency.
The collaboration between Stenotrophomonas maltophilia and Bacillus velezensis can improve
the PS biodegradation efficiency, whereas the addition of Acinetobacter radioresistens reduced
the biodegradation efficiency [50]. The microbial community formed on plastics also has
the potential for plastic degradation. Different plastics can enrich different functional
bacterial groups, and niche succession of the microbial community was related to envi-
ronmental conditions, such as soil properties, plastic exposure history, pollution duration,
and pollution intensity [82]. Therefore, plastic biodegradation is essentially an ecological
process involving division of labor, collaboration, and dynamic succession among multiple
bacterial groups.
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4. Methods for Assessing Biodegradation Efficiency
4.1. Physicochemical Characterization

The verification of plastic biodegradation relies on the application of multidimensional
physicochemical characterization (Figure 1), which covers morphological characterization,
material structure characteristics, chemical structure evolution, and interfacial proper-
ties. For morphological characterization, microscopic imaging can reveal surface changes
of plastics, such as erosion, holes, and cracks [57,83]. Atomic force microscopy (AFM),
transmission electron microscopy (TEM), and SEM can further provide nanoscale or com-
plementary surface information [61,66,72].
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Figure 1. The methods for assessing plastic biodegradation based on physicochemical characterization
and biochemical validation. Green and cyan represent physicochemical characterization, orange and
pink represent biochemical verification, and blue represents the overall assessment framework. Solid
arrows show the relationships among components, whereas dashed arrows indicate that the two
assessment approaches need to be integrated for a comprehensive evaluation.

At the level of material structure parameters, the most basic method is gravimetric
analysis, which can simply and intuitively estimate material weight loss during biodegra-
dation through the degradation rate [45]. X-ray diffraction (XRD) can reflect changes in
crystallinity and phase composition [12]. And energy-dispersive X-ray spectroscopy (EDX),
commonly coupled with SEM, can reveal changes in surface elemental composition and
provide auxiliary evidence of plastic deterioration [57]. Differential scanning calorimetry
(DSC) is used to measure the energy absorbed or released by plastics during heating or
cooling to determine whether decomposition of the polymer structure has occurred [84].
Thermogravimetric analysis (TGA) and derivative thermogravimetric analysis (DTG) char-
acterize changes in material thermal stability, thereby reflecting the occurrence of plastic
degradation [54,77]. These test methods can characterize the degree of microbial damage
to polymer structure from the perspective of material-property degradation.

At the chemical structure level, FTIR is used to analyze changes in surface functional
groups during plastic degradation. The formation of carbonyl, hydroxyl, and other oxygen-
containing functional groups reflects oxidation and scission of polymer chains [17,59,85].
FTIR has also been used to calculate semi-quantitative parameters, including hydrophilic-
ity enhancement, the component ratio of carbonyl, and crystallinity change [86]. Gas
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chromatography-mass spectrometry (GC-MS) can qualitatively and quantitatively identify
new compounds generated during plastic degradation [15]. Raman spectroscopy can detect
changes in characteristic molecular vibrations associated with chemical-structure alteration
during plastic degradation [54].

At the level of interfacial property characterization, water contact angle measurement
can reflect changes in wettability and hydrophilicity on the plastic surface. Because polar
functional groups increase during plastic degradation, the surface of plastic usually shows
a decrease in water contact angle, which can serve as auxiliary evidence of surface oxidation
and changes in interfacial properties [54].

4.2. Biochemical Validation

Biochemical validation of plastic degradation commonly examines mineralization, en-
zyme activity, and interfacial dynamics (Figure 1). Stable isotope tracing using *C-labeled
plastics directly verifies the mineralization of plastic carbon by tracking its conversion into
13CO, or microbial biomass [13]. In freshwater and river sediment systems, '3C-labeled
PE was mineralized by indigenous microbiota. Nevertheless, the observed degradation
rates were extremely low, suggesting that complete degradation may require hundreds to
thousands of years [13,87].

Enzyme activity and respiration measurements provide real-time evidence for plastic
degradation. When Neopestalotiopsis phangngaensis degraded LDPE, extracellular enzymes
were detected, such as laccase, manganese peroxidase, and lignin peroxidase [19]. When
Achromobacter xylosoxidans degraded PE and nylon, oxidases related to C-C bond cleavage,
including laccase and peroxidase, were also released [56]. Respiration measurements can
quantify CO2 evolution associated with biodegradation, while isotope-labelled substrates
can more directly establish its plastic-derived origin [13,20].

In addition, quartz crystal microbalance dissipative technology (QCM-D) provides
a surface-sensitive approach for real-time characterization of microbial-plastic interfa-
cial processes. QCM-D is based on the piezoelectric oscillation of a quartz crystal and
simultaneously records changes in resonance frequency (Af) and energy dissipation (AD).
Changes in Af mainly reflect variations in the acoustically coupled mass at the sensor
surface, whereas AD provides information on the rigidity and viscoelastic properties of
the attached layer, thereby allowing microbial attachment, biofilm growth, and structural
changes at the interface to be monitored dynamically [85,88]. For example, QCM-D with
polystyrene-coated sensors has been used to continuously monitor bacterial attachment
and biofilm development, where frequency changes reflect biomass accumulation and dissi-
pation changes indicate variations in the viscoelastic properties of the attached biofilm [85].
It has also been applied to quantify the deposition and release of polystyrene microplastics
on Pseudomonas fluorescens biofilms, demonstrating its potential for investigating dynamic
interactions between plastics and microbial biofilms [89].

4.3. Selection of Assessment Methods

Drawing a clear conceptual boundary between superficial surface erosion/weight
loss and true polymer mineralization is critical. Surface cracking, pitting, and gravimet-
ric reduction can arise not only from microbial depolymerization, but also from abiotic
oxidation, additive leaching, or partial oligomer release [2,90]. Physicochemical character-
ization can intuitively reflect changes in plastic surface morphology, polymer structure,
and material properties, but it is difficult to distinguish the real degradation process [18,27].
Relying solely on physicochemical characterization may overestimate biodegradation per-
formance [90]. For example, increases in carbonyl and hydroxyl groups may also result from
abiotic oxidation induced by heating, light exposure, or metal-ion catalysis [2,91]. Strict
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abiotic blank control groups are essential for all plastic biodegradation experiments [90].
Specifically, sterile systems without microorganisms are established under identical incuba-
tion conditions, including culture medium composition, temperature, incubation duration,
light conditions, and metal ion concentration. Any functional group changes, weight loss, or
structural damage observed in the abiotic control group are defined as background abiotic
oxidation and excluded from microbial degradation evaluation. Moreover, evidence that
plastic-derived carbon is ultimately converted into CO,, H,O, or microbial biomass is also
required [92]. Biochemical validation can directly reflect the transformation and mineraliza-
tion of plastic carbon through CO, measurement, isotope tracing, and changes in enzyme
activity, but it provides limited information on changes in polymer structure [18,27,92].
Accordingly, integrating physicochemical characterization with biochemical validation
enables a more comprehensive assessment of the actual biodegradation process and its
efficiency [20].

Furthermore, the selection of assessment methods should also depend on polymer
chemistry. More concretely, for ester-bond-containing polymers such as PET and PU,
besides routine physicochemical characterization, quantitative measurement of character-
istic hydrolysis products, such as terephthalic acid (TPA), MHET, and BHET for PET, is
required, together with mineralization monitoring to verify real biodegradation [39]. For
C-C backbone polymers such as PE and PP, key observations include molecular weight
reduction and oxidative spectral signals from FTIR or Raman, which must be cross-checked
against mineralization evidence, like CO; evolution or isotope tracing, since carbonyl
group elevation can also originate from abiotic oxidation [93,94]. For aromatic polystyrene
(PS and EPS), detection of aromatic intermediate metabolites (styrene oligomers, aromatic
ketones or alcohols) should serve as important auxiliary evidence alongside mineralization
assays [95]. For PVC, valid assessment should combine structural degradation observation
with quantitative chloride ion release data, as dechlorination represents a key step of PVC
biodegradation [96]. Therefore, standardized assessment should establish polymer-specific
evidence chains rather than applying the same analytical protocol to all plastics [90].

5. Biodegradation Processes and Molecular Mechanisms
5.1. Microbial Attachment and Biofilm Formation on Plastic

Plastic biodegradation usually begins with microbial attachment and colonization on
plastic surfaces (Figure 2), which is influenced by the surface properties of microorganisms
and plastic substrates. The capacity of bacteria to colonize plastic surfaces is therefore a
critical determinant of initial attachment. Despite belonging to the same genus, Bacillus
amyloliquefaciens BSM-2 exhibits stronger colonization ability on inert LDPE films than
strain BSM-1 [60]. Early colonization is selective and may transiently enrich microorgan-
isms capable of hydrocarbon degradation. For instance, obligate hydrocarbon-degrading
bacteria (OHCB) can account for 5.8% of early colonizers on PE surfaces in marine environ-
ments, yet their relative abundance declines as the biofilm matures [97]. Plastic-associated
microbial communities subsequently undergo dynamic succession from initial attachment
to mature biofilm formation. Because polymers differ in their physicochemical properties,
they can support distinct microbial community structures across environments, time points,
and stages of biofilm development [98].

Biofilms on plastic are composed of microorganisms, extracellular polymeric sub-
stances secreted by microorganisms, and extracellular DNA. The protein components of
extracellular polymeric substances not only affect the structural stability of the biofilm,
but also participate in dynamic regulation of biofilm. Trypsin can significantly reduce the
biofilm of the PE-degrading bacterium Rhodococcus ruber C208 to a single-layer structure,
while proteinase K promotes the formation of a more stable multilayer biofilm [99]. The
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proteins in extracellular polymeric substances may affect the ability of microorganisms
to colonize plastic surfaces by regulating cell adhesion and biofilm maturation [99]. In
addition, biofilm development is also regulated by cell-to-cell communication systems,
such as quorum sensing (QS) [100]. In Gram-negative bacteria, this regulation is commonly
mediated by N-acyl homoserine lactone (AHL), whereas Gram-positive bacteria frequently
employ peptide-based signaling [100]. As microbial cell density increases on plastic sur-
faces, the accumulation of QS signaling molecules can activate QS-regulated genes involved
in cell adhesion, extracellular polymeric substance production, and motility [101]. Through
these regulatory networks, QS can coordinate the transition from initial surface coloniza-
tion to structured biofilm development [101]. With the improvement of biofilm structural
maturity, QS signals also regulate the expression levels of key degrading enzymes (laccase,
peroxidase, hydrolase), directly linking biofilm development with plastic biodegradation
activity [101,102]. The mature biofilms increase surface roughness and maintain close
contact between microbial cells and hydrophobic polymer surfaces and can concentrate
extracellular enzymes at the interface of plastic and biofilm, thereby facilitating subsequent
polymer degradation [102,103]. Moreover, QS regulation also mediates microbial com-
munity synergism and niche succession on plastic surfaces, coordinating the metabolic
division of labor among different functional strains [104], which might optimize the overall
biodegradation performance of microbial consortia. The combination of Arthrobacter sp.,
growing in suspension, and Streptomyces sp., capable of forming abundant biofilms on PE,
results in stronger degradation than either strain alone [78].
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Figure 2. Microbial biodegradation mechanisms of plastics. (a) Microorganisms attach to plastic
surfaces and secrete extracellular polymeric substances to form biofilms. (b) Enzymatic degradation
processes of ester-bond-containing polymers represented by PET and C-C-backbone polymers repre-
sented by PE. (c) Oligomers, monomers, and small-molecule products are transported into cells and
converted through central metabolic pathways, leading to biomass formation, ATP generation, and
mineralization to CO; and HyO. Arrows indicate the progression of biodegradation and metabolic
pathways, while the graphical symbols schematically represent microorganisms, enzymes, degrada-
tion products, and cellular components; the ellipses indicate additional intermediate products that
are not individually shown.

5.2. Enzymatic Degradation of Plastic

Enzymatic degradation of plastic mainly proceeds via two core reaction pathways.
Polymers with ester bonds are hydrolyzed, whereas polymers with C-C backbones are
oxidized or hydroxylated. The key enzymes responsible for these processes mainly include
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hydrolases, together with different families of oxidoreductases represented by laccases,
peroxidases, and alkane hydroxylases (Figure 2).

Hydrolases mainly act on plastics containing ester bonds, such as PET and PU. By cat-
alyzing the hydrolysis of ester bonds, these enzymes decompose polymers into monomers
that can be absorbed and utilized [32,68]. As the predominant hydrolases for enzymatic
plastic degradation, esterases (typified by cutinases and lipases) belong to the serine hy-
drolase superfamily [35,105]. At the catalytic level, serine hydrolases possess a conserved
Ser-His-Asp catalytic triad forming a metal-free catalytic pocket. The histidine and aspar-
tate residues activate the nucleophilic serine residue, which directly attacks ester bonds of
polymer substrates [35]. The reaction is a water-dependent hydrolytic cleavage, breaking
ester-bond-containing polymers (e.g., PET, PU) into oligomers and monomers without
generating free radicals. PETase from Ideonella sakaiensis is a specific cutinase that con-
verts PET into MHET. Then, MHETase hydrolyzes MHET into TPA and ethylene glycol
(EG) [34,106]. The lipase-producing strain Penicillium simplicissimum has also been verified
to depolymerize PET, yielding MHET and TPA as major degradation products [68].

In contrast, PE and PP possess stable, non-hydrolysable C-C backbones and generally
require oxidative activation before chain scission can occur [18,27]. For PE, oxidation
mainly introduces hydroxyl and carbonyl groups along the relatively unsubstituted hy-
drocarbon chain, thereby increasing surface polarity and facilitating subsequent chain
cleavage [18,27,29]. For PP, pendant methyl groups create tertiary carbon sites that are rela-
tively more susceptible to oxidative attack, although crystallinity and structural complexity
may still restrict degradation [18,27]. These oxidative processes can involve laccases, perox-
idases, and alkane hydroxylases, depending on the microorganism and polymer [18,27].
Laccases and laccase-like multicopper oxidases are copper-dependent oxidases built around
multicopper active site clusters [107]. They belong to the multicopper oxidase superfamily
with conserved copper-binding motifs, and copper ions constitute their indispensable
catalytic cofactor. Relying on electron transfer mediated by copper ions between sub-
strates and molecular oxygen, these enzymes generate reactive radical intermediates via
single-electron oxidation [107]. This radical-forming microenvironment enables oxida-
tive modification of inert C-C backbones in polyethylene, introducing polar carbonyl and
hydroxyl groups, with molecular oxygen serving as the terminal electron acceptor and
being reduced to water [29,107]. It is noteworthy that some oxidative enzymes for plastic
depolymerization, including manganese peroxidase and lignin peroxidase, are heme-iron-
dependent peroxidases [108]. For example, Penicillium simplicissimum can produce laccase
and manganese peroxidase (MnP) [67]. Treatment of PE with crude laccase and manganese
peroxidase preparations from Penicillium simplicissimum resulted in measurable weight loss
and changes in oxygen-containing functional groups, supporting the involvement of these
enzymes in the oxidative degradation of PE [67]. AlkB is a potential hydrocarbon-chain
oxidase. C-H bonds on polymer side chains can be hydroxylated by AlkB, which increases
the oxidative reactivity of polymer segments and facilitates subsequent chain cleavage and
molecular weight decline [30].

Notably, plastic enzymatic degradation depends on the sequential and synergistic
effects of multiple enzymes. During PU degradation by Alicycliphilus denitrificans BQ1,
extracellular esterase and carbamate-cleaving enzymes act sequentially and cooperatively
to depolymerize polymer substrates [32]. Similarly, two marine Marinobacter sp. isolates
and one Bacillus subtilis isolate were shown to degrade LDPE, with esterase production
implicated in polymer modification and the release of fatty-acid degradation products [58].
Initially, alkane hydroxylase, laccase, and peroxidase co-mediate the oxidation of C-H
bonds, introducing hydroxyl and carbonyl groups and triggering C-C backbone cleavage.
Auxiliary hydrolases (e.g., esterases) subsequently convert the oxidized intermediates into
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products with lower molecular weights products [58]. The overall apparent degradation
rate is governed by the slowest step among these sequential processes.

As microplastics are insoluble solid substrates, their enzymatic degradation represents
a typical interfacial catalysis process constrained by multiple sequential mass transfer
reaction steps [36,109]. These interfacial constraints include diffusion resistance of enzymes
toward hydrophobic polymer surfaces, dynamic adsorption and desorption equilibrium
between enzymes and solid substrates, and product inhibition caused by accumulating
oligomeric intermediates [40,107]. First, enzymes in aqueous solution must overcome exter-
nal diffusion resistance across the liquid boundary layer to reach the solid plastic surface.
Once arriving at the surface, enzymes require favorable orientation for effective adsorption;
either too weak or excessive adsorption will reduce local catalytic performance [110]. Even
after surface adsorption of enzymes, polymer chain accessibility is further governed by
polymer packing density and chain mobility, where densely packed crystalline domains
hinder delivery of polymer segments toward enzyme active sites. Moreover, timely release
of monomeric and oligomeric degradation intermediates from the solid-liquid interface
into the aqueous phase constitutes an easily overlooked backward mass transfer step. Local
accumulation of degradation products may trigger product inhibition effects [111].

Microbial biofilms exert dual influences on mass transfer. Biofilm colonization enriches
extracellular enzymes at the interface to elevate local enzyme concentration, yet dense
biofilm matrices may introduce additional diffusion barriers [112]. Variations in stirring
intensity, particle size assays, and the Damkdohler number can help diagnose mass transfer
limitation phenomena [113]. Consequently, merely increasing total enzyme activity or
enzyme dosage in bulk solution does not necessarily produce proportional improvements
in degradation performance. Future optimization strategies should simultaneously con-
sider external mass transfer conditions, enzyme-substrate interfacial adsorption behavior,
polymer chain accessibility, and removal of degradation intermediates [114]. Systematically
comparable mass transfer parameters remain scarce for diverse polymer types, particle
sizes, aged materials, and real environmental matrices, which restricts the establishment of
universal optimal operating conditions.

5.3. Metabolism and Mineralization of Plastic Degradation Intermediates

The metabolism of plastic degradation intermediates mainly occurs intracellularly
(Figure 2). Microorganisms catabolize small molecular products released from enzymatic
depolymerization to sustain energy metabolism and growth. The Stenotrophomonas indicatrix
isolated from plastic-eating insects carries a gene cluster encoding styrene monooxyge-
nase (StyAB), along with downstream metabolic enzyme systems, such as styrene oxide
isomerase and benzaldehyde dehydrogenase. Together, these enzymes form a complete
cascade that converts styrene monomers into central cellular metabolites [49]. Although PS
and PEG have different chemical structures, both need to undergo terminal oxidative de-
polymerization before entering subsequent metabolic processes. PEG undergoes terminal
hydroxyl oxidation followed by ether-bond cleavage, generating low-molecular-weight
products such as EG [37]. Furthermore, the complete metabolism of plastic-derived inter-
mediates often requires synergistic interactions among members of bacterial consortia. For
example, enzymes secreted by the synergistic community of Pseudomonas and Bacillus can
convert the hydrolysis intermediate BHET of PET into the monomers TPA and EG [115].
Importantly, plastic-related metabolic intermediates are not entirely eco-friendly.

Small molecules released during microbial plastic degradation are ultimately assim-
ilated into biomass or completely mineralized to CO;, and H,O, while the associated
metabolism supplies cellular energy [13,18]. After cellular uptake, TPA is initially con-
verted into protocatechuic acid (PCA) by the terephthalate dioxygenase complex. PCA
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subsequently undergoes aromatic ring cleavage via the beta-ketoadipate pathway and is
eventually converted into acetyl-CoA [116]. In the same way, small molecules such as EG
and fatty acids are metabolized to acetyl-CoA. Acetyl-CoA further enters the tricarboxylic
acid cycle to support microbial biomass synthesis or achieve thorough mineralization into
COZ and Hzo [18].

6. Strategies for Improving Biodegradation Efficiency of Plastic
6.1. Pretreatment Technologies

The inherent properties of plastics, including high molecular weight, pronounced
surface hydrophobicity, and high chemical stability, hinder direct microbial degradation.
Pretreatment technologies can overcome these barriers by decreasing polymer molecular
weight, introducing polar functional groups, and increasing surface roughness, thereby
promoting microbial colonization and subsequent enzymatic degradation. According to
their operating mechanisms, current pretreatment strategies can be broadly classified into
physical pretreatment, chemical pretreatment, and material optimization (Figure 3).
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Figure 3. Strategies for improving plastic biodegradation efficiency.

Physical pretreatment is a fundamental approach to enhance the biodegradability
of recalcitrant plastics, with prevalent techniques including ultraviolet (UV) irradiation,
thermal treatment, plasma treatment, and gamma irradiation. As a convenient and efficient
pretreatment method based on energy input, UV irradiation delivers exogenous energy
to induce polymer chain scission and surface oxidation. This process reduces molecular
weight, increases amorphous regions, and introduces oxygen-containing functional groups
such as carbonyl and carboxyl groups, thereby substantially improving the bio-accessibility
of plastic substrates [21]. Consistent with these structural improvements, UV-pretreated
LDPE exhibits higher weight loss during composting biodegradation [117]. UV-modified
PE can be more efficiently mineralized by the marine fungus Parengyodontium album than
pristine PE [118]. Thermal treatment can also reduce the molecular weight and elongation of
polyethylene films by triggering pro-oxidative chain scission. This pretreatment promotes
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subsequent bacterial biodegradation [119]. Gamma irradiation improves PP degradation
by disrupting the polymer structure and facilitating subsequent fungal colonization [120]
Beyond the direct pretreatment of polymer substrates, low-temperature plasma can also
enhance LDPE biodegradation by activating the LDPE-degrading strain Bacillus safensis
BS-10L, thereby increasing its viability, colonization, and oxidative activity [121].

Chemical pretreatment modifies polymer chain structure mainly through oxidation
reactions and functional group introduction. Representative methods include Fenton oxi-
dation, ozone treatment, acid treatment, surfactant treatment, and enzymatic pretreatment.
A combination of Fenton oxidation with UVC irradiation can increase the total oxidation
index and degradation of PE and PP [22]. Ozone pretreatment reduces molecular weight,
generates carbonyl groups on the surface, and enhances fungal mineralization [92]. Mild
acid treatment can improve the biodegradability of PE, PET, PP, and PS by promoting the
formation of C=C, C=0, and O-H groups. For instance, pretreatment of PS films with 1 N
nitric acid and sulfuric acid for 10 days increased bacterial degradation-induced weight
loss from 2.7% to 8.3% [122].

In contrast to harsh chemical treatments, surfactant and enzymatic pretreatments
represent eco-friendly alternatives. A broad range of surfactants (anionic, cationic, non-
ionic, and biosurfactants) and oxidoreductase/hydrolase enzymes (laccase, peroxidase,
and esterase) have been validated for plastic modification. Biosurfactants are particularly
important for hydrophobic polymers because their amphiphilic structure reduces surface
and interfacial tension and improves the wettability, emulsification, and apparent bioavail-
ability of polymer surfaces [123]. Surfactants can promote plastic biodegradation through
several substrate- and surfactant-dependent mechanisms. For PET, suitable surfactants
can reduce the interfacial tension between PET and water and improve enzyme adsorp-
tion on the polymer surface, thereby enhancing enzymatic hydrolysis [118]. Second, an
aqueous micellar two-phase system composed of nonionic surfactants and polysaccharides
was shown to further enhance PET depolymerization by improving contact between en-
zymes and substrates and continuously removing inhibitory hydrolysis products [124].
For example, surfactin produced by Bacillus subtilis enhanced PE biodegradation, whereas
the effect of rhamnolipids has been shown to depend on polymer type and degradation
conditions [125,126]. Specifically, anionic surfactant pretreatment resulted in an approx-
imately 9% reduction in LDPE molecular weight [74]. Nevertheless, the biodegradation
enhancement by biosurfactants varies considerably with polymer type, substrate crys-
tallinity, and experimental conditions [126,127]. High production cost and difficulty in
large-scale preparation remain major obstacles restricting practical field-scale deployment
of biosurfactant-assisted plastic biodegradation [128].

Material design serves as another effective strategy to improve the biodegradability
of conventional recalcitrant plastics. Blending biodegradable substrates, such as starch,
into conventional plastics (e.g., LDPE and PP) can alleviate polymer inertness and facil-
itate microbial attack [129,130]. Advanced modification approaches further incorporate
nanofiller incorporation, chemical grafting, and morphological optimization to regulate
plastic degradability. For example, organically modified montmorillonite nanocomposites
expand the interlayer spacing of composite materials and increase water permeability. Such
structural optimization promotes microbial colonization within the polymer matrix and
ultimately enhances the biodegradation of LDPE, PLA, and their derived composites [131].
Chemical grafting of sugar molecules onto functionalized PS introduces readily biodegrad-
able carbohydrate moieties that increase the susceptibility of the modified polymer to
fungal degradation, further improving bio-utilization efficiency [132]. At the morphologi-
cal level, smaller size, higher porosity, and larger specific surface area collectively enhance
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substrate bioavailability and degradation performance. Porous LDPE is degraded more
readily than non-porous LDPE [133].

6.2. Bioaugmentation Strategies

Bioaugmentation provides a powerful approach to strengthen plastic biodegradation
efficiency via microbial genetic modification and strain optimization (Figure 3). Protoplast
fusion serves as a strategy for strain improvement that combines the plastic-degrading
traits of different parental strains, generating fusants with enhanced capabilities for plastic
degradation [134]. Targeted mutagenesis technologies such as Atmospheric and Room
Temperature Plasma (ARTP) represent another effective tool to break the biodegradation
performance bottleneck of wild-type microbial strains. For instance, the mutant strain
XZ-60S exhibited a 53.65% increase in PE biodegradation efficiency relative to the wild-type
strain, which was attributed to the upregulated expression of functional genes related to
laccase [135]. In addition, a more targeted strategy is to heterologously express specific and
efficient plastic-degrading enzymes in optimized microbial chassis. This engineered whole-
cell catalyst exhibits high degradation performance for PET [136]. Microbial synergism
enables metabolic cross-feeding, in which metabolic intermediates produced by one strain
can be utilized by partner microbes to support their growth and reproduction, thereby
driving collaborative plastic degradation [79]. The co-culture of Bacillus sp. AS3 and
Sphingobacterium sp. AS8 achieves a higher weight loss rate for LDPE than individual
monocultures [137]. Nevertheless, the degrading capacity of microbial consortia is highly
dependent on strain proportions and interspecific interactions. Complex co-culture systems
do not always outperform the most efficient single strain, as interspecific competition
among community members may inhibit microbial growth and ultimately reduce overall
biodegradation efficiency [50,138].

Meanwhile, immobilization and biofilm construction can mitigate the drawbacks of
free enzymes or microorganisms, which are easy to lose, susceptible to environmental
impact, and difficult to maintain high interfacial activity on hydrophobic plastic surfaces.
Bacteria capable of forming biofilms can maintain high local concentrations of plastic-
degrading enzymes at the plastic interface and exhibit enhanced physiological adaptation
and environmental persistence, thereby promoting polymer degradation [139,140].

6.3. Requlation of Environmental Parameters

The biodegradation of plastics is regulated by a variety of environmental factors
(Figure 3). Temperature, pH, ionic conditions, and nutrient availability jointly regulate
microbial degradation potential and mineralization efficiency. Temperature primarily af-
fects plastic biodegradation by altering microbial enzyme activity. Moderate increases
in temperature generally promote enzymatic reactions and microbial metabolism. For
instance, the degradation rate of PE was significantly increased at 43 °C [141], while some
PVC-degrading fungi exhibit optimal growth at 40 °C or 30 °C [142]. However, biodegra-
dation does not continuously improve with rising temperature. At 30 °C, the degradation
rate of biodegradable mulch residues reached 88.9%, whereas complete inhibition occurs
when the temperature rises to 45 °C [26]. Thermophilic bacteria, such as Thermus, Bacil-
lus, and Geobacillus, can accelerate PS degradation under high-temperature conditions of
70 °C [143]. These observations demonstrate divergent temperature responses among
different microbial strains.

The pH and ionic conditions represent another group of critical environmental pa-
rameters governing plastic biodegradation. Plastic-degrading microorganisms exhibit
species- and strain-specific optimal pH ranges. For example, P. chrysosporium achieved the
maximum biodegradation rate of PE at pH 4.5 [144], while the PE-degrading fungal strain
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Aspergillus flavus displayed biodegradation activity at pH 6.5 [145]. The mangrove-derived
bacteria generally achieved more efficient PP degradation under weakly acidic condi-
tions [146]. In addition to hydrogen ion concentration, the exogenous supply of appropriate
metal ions can further enhance biodegradation performance. Mg?* and K* can enhance
PE or PP degradation by Pseudomonas, Bacillus, and Acinetobacter strains, whereas Ca?*
supplementation can facilitate LDPE degradation by Serratia, Bacillus, and Stenotrophomonas
communities. However, high salt concentrations can suppress plastic biodegradation [146].
Nutrient limitation or over-supply fundamentally affects microbial plastic degradation.
Appropriate supplementation with nutrients such as glucose and calcium can promote
the growth and LDPE-degrading activity of bacteria isolated from caves [147]. By con-
trast, excessive nutrient inputs, particularly nitrogen sources, can inhibit biodegradable
mulch-film degradation and reduce soil bacterial abundance and enzyme activity [148]. In
addition, UV-C radiation can directly enhance the activity of PE- or PS-related proteases
in Pseudomonas aeruginosa [149]. The addition of humic acid as a biostimulant facilitated
biofilm formation on PE surfaces and accelerated the early phase of biodegradation [150].
Therefore, the biodegradation efficiency of plastics is not determined by one individual
environmental factor, but is jointly affected by multiple environmental factors.

7. Challenges of Plastic Biodegradation
7.1. Lack of Standardized Assessment

Plastic biodegradation research still lacks a unified and complete standard for degra-
dation efficiency assessment. Experimental conditions for verification, polymer types,
pretreatment methods, and degradation-rate calculations remain non-standardized. These
discrepancies make plastic degradation efficiencies difficult to compare across studies.
Weight loss, surface cracking, and morphological erosion are frequently adopted to eval-
uate plastic biodegradation. Accordingly, gravimetric and microscopic morphological
assessments alone commonly lead to overestimation of biodegradation efficiency, while
intermediate accumulation may be neglected. A rigorous assessment system should cover
physicochemical characterization, oligomer and monomer release, microbial assimilation,
and final mineralization to verify real mineralization of plastic polymers. The lack of stan-
dardized protocols also affects strain screening, enzyme preparation evaluation, material
certification, and policy governance.

7.2. Barriers of Practical Application

Although many methods improve plastic biodegradation efficiency under laboratory
conditions, their practical application within real waste treatment systems remains chal-
lenging. Firstly, inherent plastic structure limits biotransformation. Polyolefins such as PE
and PP lack easily hydrolyzable bonds. Their high molecular weight, high crystallinity,
and strong hydrophobicity restrict interfacial contact with microorganisms and extracellu-
lar enzymes. Therefore, complete degradation of polyolefins usually requires long time
scales [27,41]. Secondly, efficient plastic-degrading strains isolated under laboratory condi-
tions may fail to maintain their degradative activity in real plastic waste treatment systems
because of intense niche and nutrient competition with indigenous microorganisms [151].
Laboratory selection is normally performed under optimized conditions with sufficient
nutrients, with single-polymer substrates, which hardly mimic complex field environ-
ments. Real waste matrices contain mixed plastic fractions, toxic additives, fluctuating
physicochemical parameters, and severe constraints on interfacial mass transfer. Variable
environmental conditions, complex waste composition, and mass transfer limitations can
further restrict biodegradation [42]. Furthermore, genetically modified or domestically
selected strains may lose key degradation-related functional traits under non-selective
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environmental pressure. Collectively, these factors lead to disappointing results in real
plastic waste treatment systems despite promising laboratory-scale results.

7.3. Leakage of Microplastics and Secondary Pollutants

Biofilm-driven surface erosion, enzyme-mediated chain scission, and mechanical dis-
turbance during incubation collectively contribute to particle size reduction of plastic.
Plastic biodegradation may generate smaller micro- and nanoplastics before final degrada-
tion. Micro/nanoplastics possess high specific surface area, which enhances their capacity
to adsorb heavy metals and organic pollutants in surrounding environments. Nanoplastics
in particular can cross biological barriers, enter cells and tissues, and produce adverse
biological effects. Besides particle fragmentation, plastic-associated additives including
plasticizers, flame retardants, and pigments may be simultaneously leached out alongside
polymer degradation. Many of these released additives exhibit ecotoxicity, which may
impose combined toxic pressure together with micro/nanoplastic particles. Moreover, in-
complete biodegradation produces various oligomeric and monomeric intermediates, some
of which are more toxic or more recalcitrant than parent plastic materials. For example,
a two-stage microbial treatment of PET microplastics achieved a degradation efficiency
of 28% after 60 days, but the resulting degradation products reduced human endothelial
cell viability by approximately 40% [152]. A subsequent detoxification step using an-
other bacterial consortium further decreased the toxicity of these products, indicating that
polymer degradation does not necessarily correspond to immediate detoxification [152].
However, this evidence demonstrates the potential toxicity of mixed products generated
under controlled biodegradation conditions rather than the ecological toxicity of individual
PET-derived intermediates. The compounds primarily responsible for the observed toxicity
and whether comparable exposure levels occur in natural environments remain unclear.
Similarly, cell-free culture supernatants generated during bacterial LDPE biodegradation
showed acute toxicity toward Daphnia magna, with toxicity degrees ranging from 47% to
73% depending on the bacterial treatment [153]. However, because the toxic components
in the culture supernatants were not individually identified, the observed effects cannot
be attributed unequivocally to specific LDPE-derived intermediates rather than microbial
metabolites or other components of the degradation system. Some depolymerized metabo-
lites of PEG and polyethoxylates are potentially toxic and more difficult to degrade than
the parent compounds [154].

7.4. Ecological Risks Associated with Microorganisms

The environmental release of exogenous degrading bacteria and engineered microor-
ganisms raises potential biosafety concerns, including horizontal gene transfer, strain escape
or persistence, unintended evolutionary changes, and disturbance of indigenous microbial
communities. However, direct field evidence demonstrating these outcomes specifically
in plastic biodegradation systems remains limited. Furthermore, degradation-generated
micro/nanoplastics may influence horizontal gene transfer among environmental microor-
ganisms. In a controlled conjugation experiment, secondary nanoplastics released after
60 days of PLA degradation significantly promoted antibiotic resistance gene transfer
between bacteria, with the highest transfer frequency being approximately 28 times that
of the control [155]. This enhancement was associated with changes in bacterial mem-
brane permeability and the expression of conjugation-related genes [155]. However, this
experiment demonstrated the promotion of plasmid-mediated antibiotic resistance gene
transfer between model bacteria rather than the direct transfer of plastic degradation genes
from introduced or engineered plastic-degrading microorganisms to indigenous microbial
communities. Therefore, direct experimental evidence for degradation gene escape during
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environmental plastic biodegradation remains limited. Therefore, any practical biodegra-
dation solution should not only pursue high degradation efficiency, but also systematically
evaluate micro/nanoplastic yield, additive leakage, intermediate toxicity, and biosafety
risks of introduced microorganisms.

8. Perspectives of Plastic Biodegradation
8.1. Standardization and Policy

To address the lack of standardized assessment, a unified evaluation system for plas-
tic biodegradation should be established. Material properties, experimental conditions,
control settings, and degradation rate calculations should be standardized. Assessment of
degradation efficiency should shift from single indicators such as weight loss, SEM, and
FTIR to evidence chains specific to each polymer, from structural damage to final mineral-
ization. The core indicators should be selected according to polymer chemistry, including
hydrolysis products for ester-containing polymers, oxidation and molecular weight changes
for C-C backbone polymers, aromatic intermediates for PS, and dechlorination for PVC.
This shift would improve comparability and reliability across studies. Furthermore, the
environmental adaptability, stable operation, and economic feasibility need standardized
evaluation under realistic application environmental conditions. To address ecological risks,
comprehensive assessment systems should assess toxicity, utilization potential, and envi-
ronmental risks of degradation intermediates. Control and emission policies for functional
microorganisms, including engineered bacteria, should be established. Additionally, future
research should pay greater attention to those controversial bottlenecks: distinguishing true
mineralization from superficial material damage, overcoming accessibility limits caused by
crystallinity and interfaces, and bridging the large performance gap between laboratory
isolates and practical waste treatment environments.

8.2. Emerging Technologies

Enzyme engineering is a central strategy for enhancing plastic biodegradation through
improvements in enzyme activity, stability, and substrate selectivity. Simultaneous modifi-
cation of substrate-binding and cation-binding sites can facilitate the release of hydrolysis
products in double mutants, thereby improving degradation efficiency. Applications of
artificial intelligence, like machine learning, support enzyme design and activity enhance-
ment [156]. Synthetic biology extends optimization from isolated enzymes to engineered
whole-cell chassis and synthetic microbial communities. Chassis engineering, pathway
introduction, transporter mutation, adaptive evolution, and engineered expression of plas-
tic hydrolases can be combined to metabolize polymer monomers and promote plastic
degradation. Synthetic microbial communities can further improve plastic biodegradation
through division of labor among engineered strains. In addition, carbon-based materials,
nanomaterials, porous carriers, hydrophobins, polymer-binding modules, and functional
peptides can serve as carriers or interface-regulation tools to enhance enzyme activity and
stability of microbial systems, thereby improving biodegradation efficiency. In the future,
biodegradation enhancement and material design should be optimized together.

8.3. Plastic Upcycling

The value of plastic biodegradation extends beyond simple substrate breakdown
and should be further coupled with plastic recycling and resource valorization in future
research. A comprehensive understanding of polymer chain scission, oligomer or monomer
release, and microbial metabolic pathways could enable the conversion of degradation
intermediates into value-added chemicals, bio-based materials, energy carriers, or agricul-
tural feedstocks. Such conversion could be facilitated by integrating enzyme engineering,
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synthetic biology, and synthetic microbial consortia. For refractory plastics, combining
pretreatment with microbial degradation could enhance polymer accessibility and micro-
bial utilization. Additional efforts are required to advance product separation, carbon
tracing, and life cycle analysis. Accordingly, future research should move beyond the sole
pursuit of higher degradation efficiency and establish an integrated framework encom-
passing degradation, bioconversion, and safety assessment to achieve full valorization of
waste plastics.

9. Conclusions

This review systematically summarizes recent progress in microbial plastic biodegra-
dation, including polymer characteristics, major microbial groups, assessment methods,
degradation mechanisms, and optimization strategies. It links differences in polymer
structure with microbial degradation pathways and the selection of assessment methods.
Microbial attachment and biofilm formation, enzymatic hydrolysis or oxidation, and subse-
quent metabolism and mineralization together provide a framework for understanding
plastic biodegradation. Physicochemical characterization should be combined with bio-
chemical validation and abiotic controls to distinguish microbial degradation from abiotic
changes. Surface damage or weight loss alone cannot confirm mineralization. Pretreatment,
bioaugmentation, and regulation of environmental parameters can improve biodegradation
efficiency. However, polymer crystallinity, limitations in mass transfer, and variable envi-
ronmental conditions remain barriers to practical application. The formation of micro- and
nanoplastics, release of additives and intermediates, and biosafety of introduced microor-
ganisms also require careful assessment. Future research should combine standardized
evaluation, enzyme engineering and synthetic biology with plastic upcycling and ecological
safety. Microbial biodegradation should therefore serve as a complementary approach to
mechanical recycling and pyrolysis, with the choice depending on polymer properties and
waste characteristics.
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Abbreviations

The following abbreviations are used in this manuscript:

PE Polyethylene

PET Polyethylene terephthalate

PP Polypropylene

PVC Polyvinyl chloride

SEM Scanning electron microscopy

FTIR Fourier transform infrared spectroscopy
PS Polystyrene

PLA Polylactic acid

PU Polyurethane

PEG Polyethylene glycol

LDPE Low-density polyethylene

HDPE High-density polyethylene

LLDPE  Linear low-density polyethylene

MHET Mono(2-hydroxyethyl) terephthalate

BHET Bis(2-hydroxyethyl) terephthalate

EPS Expanded polystyrene

LCFBM  Lignin-Cellulose Fermentation Basal Medium
MSM Mineral Salt Medium

M9X M9 minimal salts medium
BHM Bushnell-Haas Medium
YSV Yeast extract-sodium carbonate-vitamin medium

CLMSM  Cellulose-Lignin Mineral Salt Medium
MSMA  Mineral Salt Medium Agar

PDB Potato Dextrose Broth

LC-PDA  Lignocellulose Potato Dextrose Agar

BBM Bold’s Basal Medium

QCM-D  Quartz crystal microbalance dissipative technology
TPA Terephthalic acid

EG Ethylene glycol

AlkB Alkane hydroxylase

PCA Protocatechuic acid
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