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Advances in Laccase Immobilization Systems for

High-Risk Pollutant Degradation
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(School of Environment, Nanjing Normal University, Nanjing 210023, China)
Abstract: With the rapid advancement of industrialization and urbanization, high-risk pollutants,
including antibiotics, endocrine-disrupting compounds, polycyclic aromatic hydrocarbons, pesticides,
and synthetic dyes, are now recognized as persistent contaminants in aquatic environments. These
contaminants are characterized by high toxicity, environmental persistence, bioaccumulation potential,
and resistance to conventional treatment processes, thereby posing long-term ecological and human
health risks. Traditional physicochemical methods often suffer from high energy consumption, limited
selectivity, incomplete mineralization, and the risk of secondary pollution. This underscores the urgent
need for efficient and sustainable alternatives. Laccase, a multicopper oxidase that utilizes molecular
oxygen as the terminal electron acceptor, has emerged as a promising green biocatalyst due to its broad
substrate spectrum, mild operating conditions, and low environmental impact. It can directly oxidize
phenolic and aromatic amine compounds and, in the presence of low-molecular-weight mediators,

expand its catalytic scope to non-phenolic and high-redox-potential pollutants. However, the practical
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application of free laccase is hindered by poor operational stability, rapid deactivation, and limited
reusability in complex wastewater systems. Immobilization is widely employed to overcome these
limitations by anchoring enzymes onto or within solid supports, thereby enhancing structural stability,
improving resistance to environmental fluctuations, and enabling enzyme recovery and reuse. In
parallel, genetic engineering strategies have been developed to improve enzyme yield, catalytic
efficiency, and environmental adaptability. These two approaches are increasingly integrated to
construct robust biocatalytic systems. This review systematically summarizes recent advances in
immobilized laccase systems for the degradation of high-risk pollutants. Major immobilization
strategies, including adsorption, covalent bonding, entrapment, cross-linked enzyme aggregates
(CLEAs), and composite immobilization, are comparatively analyzed in terms of their mechanisms,
carrier materials, operational performance, and pollutant specificity. Among these, composite
immobilization has demonstrated superior performance by coupling adsorption-driven enrichment with
catalytic degradation, often achieving removal efficiencies exceeding 90% along with enhanced
operational stability. Furthermore, the integration of immobilization with genetically engineered
laccase-producing microorganisms is also highlighted, particularly immobilized whole-cell systems and
carrier-attached biofilms, which enable continuous enzyme expression, prolonged catalytic activity, and
improved adaptability to dynamic wastewater environments. In practical applications, immobilized
laccase systems exhibit strong tolerance to complex matrices and maintain high degradation efficiencies
in mixed-contaminant systems, such as pharmaceutical-dye and phenol-antibiotic wastewater. Notably,
advanced carriers, including magnetic nanomaterials and biochar-based composites, further enhance
stability under extreme conditions, such as alkaline pH, high salinity, and temperature fluctuations.
Overall, immobilized laccase systems show significant potential for treating dye wastewater,
pharmaceutical effluents, municipal secondary effluents, and phenol-containing industrial wastewater.
Future research should focus on the development of novel biodegradable composite carriers, the
optimization of immobilization strategies to minimize activity loss, the large-scale validation in real
wastewater systems, and the comprehensive evaluation of long-term stability and cost-effectiveness.
These efforts will facilitate the practical implementation of laccase-based biocatalytic technologies in
sustainable environmental remediation.

Wastewater treatment; Immobilized laccase; Genetic

Keywords: High-risk pollutants;

engineering; Biodegradation

0 51 T

Wi 2R Tl A 25 AR 0 AN WAt BRBE T Gt
LR H £ 0K, g KURSE 5 Qe A BT VAR T
A B R AT A 2 AR R TR TS
BeW I X A 245 AR s (e e FL A e 2 R XL
B\ S AL L MELULE R AL B T Bk, JF H
FAT R AN S A U ORI 8 A~ ) Jo el i e
P A T RS R A S K TR R Ak 3
R WHR T3 50T, 2895 Yy o LRk
JE R HECRTR & AT B SUFEAE T 3B 4 i
SRNVINTTRTE 31 b | W=z b 3 S N =
PSR R . NI T . 205 KE
2

AP S ey R AALELAT I FE I < =80 %00, 8 1]
REVS U AR RPUMERE NG 38, XA B R L%
ARSI . PRI, A S R A L 2 TS AT
FREEPE R AR B R B PRIE TR A0 ) 5 240
FEITI]

TERZ BB, LE YA P 2R
PR REAE 1 B PR L S DB N A 52 S T o Herp, A
JH S WA e oo DXL, 75 R WD ) D 06, IR RL B Rl 5%
PEIR AN LSRG AC U S AR, BN AT BE 12
AR BE TR R — 2 R, BE
i DUR SN e L1321, i o A R AL
FAC R K TF B RRAE Y, AN RS E T
Ji 2 AR Wy Sl L MR R AR A . ST,



B X QRN R K | S BIE K | HUAE R K A2
T R K F e DRV, 95 2 4 ok LA e AR 2R
BRACRT. MRS 2 | AR RE TR,
T [ gk 22 Bl AT AL TS e ) 5 1R B 1 K Y R
.

UF R AR S 00 28 25 1F R R BN RAF A AL
PEBE, (AR 2 KR R T A e AR E 1R 22 L XfE LA fml
W e TR FHAEAT BRAE AL, 8T A AR BNy
JEAE IR B e XU 5 Qe i B b s AL AL
KR A T B Sl B B2 4
SRR AR A T E AL A DT 5, RERS
PR TH G A 25 KRG E kS PR PR I PR RE

A SR B il ] PR AR A v XU T e e
iR BT AIF ST 08 %, DA B A9 RE AP L R IR £
FILH L A, 2R GE H AS [5) I8 2 A B R B 8 it
PR RE A5 1 G B R RE D TR B TR SR T
PERE 7 T B 0L T, I 845 [ E AR B TE 4% 2R
PR 7K Ak B 0 e RS 5 e B BT BAR . 45524
ARG, BRI 5 175 TR, 4
% il 51 1 A B AR A E PRI 175 3 B A T 22 1
RAtHE TS TS %

1 FREBIEX . RESIERIE

B JE T Wy A A Bl 2, BENS I i A T
R EALREY), I WL T, T2, T3a.
T3 4B T W FE T4 O, B J5 Rk, X g

H, 30 S AL ) ol R A 40 /K7 AR kS 3
BiA Y el b, MU VA S A
T2, AL AR OR -l . XK 8 SR A&
SRS B 224 A, 4T SR i

BREG A Y22 R IR 4G BN A YA
F K™, 8 T 191 S T A A L 3L 94 G L P e g T
2, RO E B AR, & T BT
S LR R SR AR, AR O BRI L (1A 1(a) ) .
DL B A 15 2 Ak S G 8 TR 7 Science Direct
Bl TR R, R BT 5 AR R LK A i
ARG SCHERA 130 A3k o P BRI o e
H723%(E 1(b)), BIEZZ W HEER . M
R, S HE S E S AR IE R
6.5%, FAE ZF AT IR A . IR L IEVEATE AR,
JE LR 53 W 1 T TR v A SR A R S Rz Y
W S, TE R IK R BILTS G b BRAE 50 rh B
Ve R BOR R Y. 2T, 20 1 7 R 25 4
b ERRE, A e A TS R OR R
T, B T TR e SR N A AR T
H AN, e 5 R s R T ) S I EE S
B ABTE Z By S8 AL SR RE PR T s ) —
WA A — e A S 5
G A A5 5% | FE4H DNA FIR A8 A T/
ML AR, INITARAS T IR R ek . e
EME. TSRS TESRE . AR &
PR MLELA Tl S bk (e DI

240 f
200 b WY —5IH
200 |
180 |
160 |

E 40l

]

%120 3

100
80 |
60 -
40 |

412 000
411 000
410000 I
49 000

48000

17000 ¥

{6000 E WK
15000 ™ 14.6%
44 000

43 000

42 000

41000

0

72.3%

(b)

B 1 RETRME XEE R EE W EFEE R DR IRER 2T

Fig.1 Publication trends of laccase research and source distribution of laccase in immobilized degradation systems
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Table 1 Laccase sources, immobilization methods, and treatment performance reported in representative papers from the

past five years (retrieved using the keywords "laccase' and "immobilization')
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