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Laccase-functionalized magnetic framework =

composite enabled chlorophenols degradation,
a potential remediation for fungicides residues
in leather

Min Cao'", Jie Yu?', Xing Zhang', Yamei Lin' and He Huang'?

Abstract: Chlorophenols, used as the fungicides in leather, are strictly limited in leather products. In this work,

a metal-organic framework material, zeolitic metal azolate framework-7 (MAF-7), was first used to encapsulate
laccase (Lac) to prepare MAF-7/Lac bio-composites with 98.5% immobilization yield. Afterward, Lac/MNP@MOM
was formed by introducing the magnetic nanoparticles (MNPs) into the Lac@MOM. MAF-7 with better hydrophi-
licity and stronger pH buffering ability, exhibits good compatibility with laccase, which can reserve the activity

of laccase after immobilization. Moreover, the porous structure of MAF-7 is favorable for the sufficient contact
between laccase and substrates. Lac/MNP@MOM exhibited excellent activity when exposed to high temperature,
extreme pH, and organic solvents, which also simplified complex recovery steps. Furthermore, the degradation
rate of 2,4-dichlorophenol (2,4-DCP) could reach as high as 97% within 24 h by immobilized laccase, and after nine

consecutive cycles of operation, enzyme activity could remain over 80%, which gives it the potential for practical
applications.
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1 Introduction

Phenols and their derivatives are mainly used as pesti-
cides in industry, such as leather, textile and plastics [1].
However, the residues from the phenolic matrix were
identified to threaten the environment and organisms [2,
3], and included as a priority pollutant in the list issued
by the United States Environmental Protection Agency
(USEPA), requiring that the content of phenol in drink-
ing water must be less than 1 pg/L [4]. Therefore, it is
meaningful to exploit efficient methods for removing
such low-concentration, highly toxic, and difficult-to-
degrade pollutants. At present, physical adsorption [5, 6],
chemical oxidation [7, 8], and microbiological involved
methods [9, 10] are common pathways applied for the
treatment of phenolic pollutants, which may inevitably
cause secondary pollution or time—cost [11]. Gradually,
the enzyme treatment method emerges as a useful tool
for phenolic pollutants treatments, with advantages of
mild operating conditions, nontoxic by-products, and
excellent degradation efficiency [12].

Laccase, first reported in 1883, belongs to the super-
family of multicopper oxidases (MCOs)-a group of
enzymes comprising many proteins with different sub-
strate specificities and diverse biological functions [13].
The presence of cupredoxin-like domains allows laccase
to reduce oxygen to water without producing harmful
byproducts, accompanied by the oxidation of the sub-
strate, especially phenolic compounds [14]. Laccase
oxidizes phenols to active radicals that polymerize to
form dimers or polymers with reduced solubility and
toxicity in water, allowing easy separation from water,
which avoids the problems of secondary pollution and
separation [15, 16]. Li et al. [17] described that catechol
could be degraded by 88.4% within 2 h in the presence

of free laccase; Zhang et al. [18] found that the removal
efficiency of 2,4-dichlorophenol (2,4-DCP), 2-chloro-
phenol (2-CP), and 4-chlorophenol (4-CP) could reach
94%, 75%, and 69% within 10 h on laccase, respectively.
In addition, laccase is considered as an efficient enzyme
for dye degradation, and the application of laccase to
degrade leather dyes enables cleaner production [19—
21]. However, the environmentally sensitive, low stabil-
ity, and unrecyclable nature of free laccase have limited
its industrial application to a certain extent [22].
Enzyme immobilization is an ideal method to com-
pensate for the deficiency of free enzymes, which con-
tains the selection of suitable supports and reasonable
application of the effects of support-enzyme interac-
tion[23, 24]. Metal-organic frameworks (MOFs), with
high encapsulation rate [25], porous crystallite struc-
tures [26], low cytotoxicity [27], and good biocom-
patibility [28], have been widely applied in enzyme
immobilization [29]. Lin et al. [30] encapsulated laccase
into ZIF-90 that was combined with adenosine triphos-
phate and designed an ultrasensitive online electro-
chemical detector with a detection limit as low as
0.12 nm; Wei et al. [31] encapsulated laccase into ZIF-8
to prepare a glucose biosensor, which maintained good
stability after 15 h of continuous work. Among immo-
bilized materials, MAF-7 has better hydrophilicity and
stronger pH buffering ability [32], which was more
compatible with enzymes and leads to retention of
catalytic activity. In addition, the confined structure of
MAE-7 could inhibit the undesirable aggregate or con-
formational change of laccase, and the size of MAF-7
channel is suitable for the transport of substrates and
products. Thus, immobilization of laccase on MAF-7
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is still desirable although no researchers have encapsu-
lated laccase in MAF-7.

Meanwhile, the introduction of magnetic nanoparticle
Fe;O, into enzyme immobilization system can simplify
the operation and separation process, and facilitate the
recovery of enzyme[33]. The electron spin state of the
intermediate product can be affected and the activation
of enzyme can be promoted by magneto-induced effect
in the presence of Fe;O, nanoparticles during the reac-
tion process. The remediation of pyrene polluted soil
was reported that achieved by iron nanoparticles and the
removal rate of pyrene increased with the increase of iron
nanoparticles [34]. Liu et al. [35] immobilized the lac-
case on Fe;O,@Si0,-NH, nanoparticles, and the removal
rate of 2,4-DCP is still more than 59% after six times of
recycling.

In this study, it is the first time that laccase and Fe;O,
were both encapsulated in the MAF-7 by a mild and
simple one-step synthetic approach, affording magneti-
cally and catalytically active composite (Scheme 1). After
immobilization, the crystalline structure with the dodec-
ahedral rhombus structure of MAF-7 was destroyed,
therefore, the material which used to encapsulate laccase
was named MOM (Metal Organic Material) in the manu-
script. Compared with the reported work and the typical
reaction catalyzed by laccase, we found that the immo-
bilized laccase displayed excellent catalytic activity and
stability in harsh conditions, and retained a high percent-
age of its initial activity after a month. Also, the immo-
bilized laccase included the unsurpassed removal rate of
2,4-DCP, and remained surprisingly activity after nine

consecutive operations, which provided the possibility to
degrade fungicides residues in leather manufacture.

2 Experimental section

2.1 Materials
Zinc  nitrate  hexahydrate (Zn  (NO,),'6H,0),
3-methyl-1H-1,2,4-triazole (Hmtz), FeCl;-6H,0,

FeCl,4H,0, and NH;H,O (25%) were purchased from
Sigma Aldrich (Shanghai, China). 2,4-Dichlorophe-
nol (2,4-DCP), 4-aminoantipyrine (4-AP), 2,2’-azino-
bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS),
and 2-(N-morpholino) ethanesulfonic acid (MES) were
obtained from Macklin (Shanghai, China). The laccase
from Aspergillus oryzae (Lac) was supplied by SUNSON
(Ningxia, China) and stored at 4 °C. A Bradford Protein
Assay Kit for protein (0.1-1.5 mg mL™') was provided by
Beyotime (Shanghai, China).

2.2 Synthesis method for magnetic nanoparticles (MNPs)

The magnetic nanoparticles (MNPs) were prepared
by previously reported with slight modifications [36].
80 mL of deionized water (DI water) and magnetic stir-
rers were placed in a 250 mL double-necked round-bot-
tomed flask, and the oxygen present was purged with
nitrogen for half an hour. Subsequently, FeCl;-6H,0O
(27 g, 0.010 mol) and FeCl,-4H,0O (0.99 g, 0.005 mol)
were added and reacted at 50 ‘C for 1 h. Under vigorous
stirring, ammonia aqueous solution (10 mL, 25% w/w)
was slowly added, and the reaction was continued at
70 C for 3 h. MNPs were obtained by magnetic separa-
tion, washed with water for three times, and ethanol for
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three times respectively, and finally stored at ethanol
solution at -4 C.

2.3 Synthesis method for Lac/MNP@MOM, LaceMOM,
and MAF-7

The approach was reproduced as described in the litera-
ture with some modifications. Laccase and Zn (NOsy),
aqueous solution (1 mL, 0.12 mol L™') were rapidly
mixed with an aqueous solution containing Hmtz (2 mL,
0.18 mol LY, MNPs, and NH;-H,O (10%). The solution
changed from clear to opaque after 24 h of continuous
agitation at room temperature. Finally, Lac/ MNP@MOM
was recovered from the sediment by magnetic separa-
tion, and washed with water for three times.

Following the procedure for Lac/MNP@MOM, Lac@
MOM was obtained in the absence of MNPs and was
gathered by centrifugation at 8000 rpm for 5 min. Pure
MAE-7 was prepared by a similar method without MNPs
and laccase.

2.4 Characterization

Scanning electron microscopy (SEM) was performed
using a Hitachi SU8100 instrument. X-ray diffraction
(XRD) data were obtained by Rigaku Smart Labora-
tory at 9 keV in Bragg—Brentano geometry using Cu ka
radiation (A =1.5405 A) as the X-ray source, and the scan
speed was 10 min~?, step 0.02°, and 20 was in the range
between 5° and 30°. The spatial distribution of fluoro-
phore-tagged laccase within the MOF composites was
determined using the CLSM technique (UP-Sigma, Rtec).
Fourier transform infrared (FT-IR) spectra of the sam-
ples were recorded on a Bruker ALPHA FT-IR spectrom-
eter (Bruker Vertex 70) using the KBr disk method. The
X-ray photoelectron spectroscopy measurement (XPS)
was obtained with Thermo Fisher Scientific K-Alpha.
Thermal gravimetric analysis (TGA) data were obtained
on a simultaneous thermal analyzer (STA) (TGA/DSC)
from Linseis Thermal Analysis, then, samples were filled
into an alumina crucible and heated in a continuous flow
of nitrogen gas from room temperature up to 800 °C.
A vibrating sample magnetometer (VSM Lakeshore
7404) was utilized to analyze the magnetic values of the
samples.

2.5 Laccase activity assay and steady-state kinetic assay

Following the method in previously reported literature
[37], the activity of laccase was determined by using
ABTS as the substrate. Generally, the reaction mixture
containing a suitable amount of laccase (free laccase or
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immobilized laccase) and ABTS (1 mmol L™Y) solution
prepared by citrate buffer solution (0.1 mol L™!) were
reacted for 5 min under the respective optimum tem-
perature conditions. The activity of laccase was meas-
ured at 420 nm using a UV-vis spectrophotometer, one
unit (1 U) of activity was defined as the amount of lac-
case required to produce 1 umol ABTS to green chelate
within one minute. The pure MAF-7 sample without
laccase was measured, and the result showed that
MAE-7 exhibited no catalytic activity. All activities were
measured three times in parallel, and the results were
averaged.

The relative enzyme activity was calculated by the
ratio between the measured enzyme activity and the ini-
tial enzyme activity (100%), as shown in the following
equation:

measured enzyme activity
x 100%

Relative activity(%) = —— —
initial enzyme activity

The Michaelis—Menten kinetic parameters (K, and
Vinax) Were obtained by measuring the initial reaction
rate with ABTS at 420 nm. The reactions were carried
out at 30 C in citrate buffer solution (pH 3.5), and the
concentration of ABTS ranged from 0.1-3 mmol L™
The Lineweaver—Burk equation was employed to calcu-
late K, and V,

max*
1 K 1
Vmax

= -
V. Vma[S]

[S]—substrate concentration (mM);V—reaction rate

(mM-min~Y).

2.6 Laccase activity in harsh conditions

Free laccase, Lac@MOM, and Lac/MNP@MOM were
incubated at 50 ‘C, 60 ‘C, 70 'C, and 80 C for 30 min to
explore the thermal stability of laccase. The investigation
of pH stability, free laccase, Lac@MOM, and Lac/MNP@
MOM were incubated in solutions with different con-
ditions (30 mM MES, pH 3, 4, 7, 9, 10) for 30 min. The
polar and nonpolar solvent stability, Lac@MOM and Lac/
MNP@MOM were stored in ethyl acetate (EA), dichlo-
romethane (DCM), ethanol (EtOH), dimethyl sulfox-
ide (DMSO), and N, N-dimethylformamide (DMF) for
30 min. Then, the precipitates were recovered and washed
three times with DI water, and the residual activity was
analyzed. To investigate the storage stability, the free and
immobilized laccases were stored in a refrigerator at 4 C
for 30 days, and the enzyme activity was measured every
5 days. The initial enzyme activity was defined as 100%.
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2.7 Removal of 2,4-dichlorophenol

To investigate the degradation capacity of immobilized
laccase towards hazardous phenolic compounds, 2,4-
DCP was selected as object to compare the degradation
effects of free laccase. The biological removal of 2,4-DCP
was performed by adding immobilized enzyme (0.1 mL,
1 mg mL™?) to a phenolic mixture (1 mL) containing 2,4-
DCP (0.1 mg mL™") configured with MES buffer solution
(30 mM). The supernatant was obtained by magnetic
separation or centrifugation, and the concentration of
2,4-DCP was determined by high-performance liquid
chromatography (HPLC) on a C18 reversed-phase col-
umn (Inertsil ODS-4, 150 mm X 4.6 mm, 3 um particles).
The detection conditions were as follows: the mobile
phase was V (methanol): V(water)=30: 70, the flow
rate of 0.8 mL min~!, and the detection wavelength was
226 nm. Before HPLC analysis, the samples were filtered
through a 0.22 pm filter to remove insoluble compounds.
The removal efficiency (RE) for 2,4-DCP can be com-
puted by the following equation:

RE(%) = (Co — Ct)/Co x 100%

C,—initial concentration of 2,4-DCP (mg mL™);C,—
concentration of 2,4-DCP at t h (mg mL™).

To investigate the effect of pH on the biological removal
of 2,4-DCP by free or immobilized laccase, phenol mix-
ture with different pH values (3—10) were used to catalyze
the reaction at 30 °C for 24 h. The influence of tempera-
ture was studied by evaluating the RE values of 2,4-DCP
in the mixture catalyzed by free or immobilized laccase
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at different temperatures (25-55 °C) for 24 h. Then, the
2,4-DCP mixture was removed by Lac@MOM and Lac/
MNP@MOM for 24 h at the respective optimal pH and
temperature, and the RE values were measured. The reus-
ability of Lac@MOM and Lac/MNP@MOM under opti-
mal reaction conditions were evaluated by continuously
and repeatedly removing phenolic mixtures. After each
cycle, the samples were washed with deionized water
three times and then added to the next reaction, ini-
tial laccase activity was defined as 100%. Moreover, the
influence of substrate concentration was tested for Lac/
MNP@MOM under optimal reaction conditions.

3 Results and discussion

3.1 Characterization of as-prepared composites

MAEF-7, Lac@MOM, and Lac/MNP@MOM compos-
ites were investigated by SEM. As shown in Fig. la-c, the
appearance of MAF-7 was to be a dodecahedral rhombus
structure with a diameter of 2 um despite their rough
edges, which is consistent with that reported in litera-
ture [38]. While the morphology of Lac@MOM and Lac/
MNP@MOM composites became more spherical, the
particle sizes were unevenly distributed after the enzyme
was immobilized, possibly due to laccase-mediated aggre-
gation growth dynamics [39-41]. Additionally, XRD pat-
terns were performed for MAF-7, Lac@MOM, and Lac/
MNP@MOM (Fig. S1). Bare MAF-7 exhibited diffraction
peaks at 20 values of 7.34°, 10.38°, 12,72°, 14.72°, 16.46°,
and 18.04°, which is consistent with the previously pub-
lished data for MAF-7 crystal, confirming that MAF-7

Fig. 1 SEM images of MAF-7 a, Lac@MOM b, and Lac/MNP@MOM c; Confocal laser scanning micrographs showing the fluorescence d, bright field
e, and overlay fimages of Lac/MNP@MOM
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had a pure sodalite topology. Compared with MAF-7, the
peak intensities of Lac@MOM and Lac/MNP@MOM
significantly decreased, as the site of MAF-7 is occupied
by enzyme molecules, thereby destroying the integrity of
its crystal structure.

Furthermore, to inquire the location of laccase in
Lac/MNP@MOM composites and ensure the success-
ful incorporation of laccase into MAF-7, the fluorescent
FLac/MNP@MOM was synthesized by applying FLac as
the reactant for CLSM imaging. The confocal microscopy
of FLac@MOM revealed a good colocalization of lac-
case (green fluorescence) and MAF-7 (Fig. 1d-f), indicat-
ing laccase is well dispersed in the backbone of MAF-7.
Additionally, samples of the as-synthesized composites
were also characterized by FI-IR as shown in Fig. 2a. As
for MAF-7, the peak at 421 cm™! may be due to Zn-N
stretching. Lac@MOM and Lac/MNP@MOM showed
two additional peaks at~1544 cm™! and 1654 cm™},
which was attributed to amide II and amide I bands,
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respectively [42], implying the successful encapsulation
of laccase in MAF-7. Moreover, the peak at 613 cm™
for the MNP demonstrated the presence of Fe—O bonds,
while the peak could not be seen in the MNP@MOM and
Lac/MNP@MOM spectrums, it may be considered that
MNPs were located inside of MAF-7 frame. Then, the
XPS analyses (Figure. S2, Table. S1) showed that iron was
evenly distributed in the immobilized enzyme system,
which also indicated that the protein molecules of the
enzyme were well coated in MAF-7. Meanwhile, the TGA
analysis (Fig. 2b) confirmed the presence of laccase and
MNPs in the composite material.

The magnetization of MNP@MOM and Lac/MNP@
MOM were investigated by obtaining VSM measure-
ments. The magnetization of MNP@MOM was approxi-
mately 0.99 emu/g, while the curve at Lac/MNP@MOM
show a magnetization saturation value of 2.02 emu/g.
Compared with MNPs, the curves of MNP@MOM and
Lac/MNP@MOM exhibited a decrease in magnetization
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saturation (Ms) values (Fig. 3). It could be reasoned that
MAEF-7 encapsulation results in a decrease in the surface
moment of individual MNPs, eventually resulting in a
decrease in the net magnetism [43]. Although the surface
moments of MNP@MOM and Lac/MNP@MOM were
slightly decreased, they still exhibit excellent superpara-
magnetic properties and can be quickly separated from
the liquid in the presence of an external magnetic field.

3.2 Catalytic activity and Michaelis—Menten kinetic
parameters of Lac@MOM, and Lac/MNP@MOM.

The activities of free laccase, Lac@MOM, and Lac/
MNP@MOM were calculated to be 2542.2, 2694.7, and
2426.3 U g ! protein (Additional file 1: Figure S3), indi-
cating the encapsulation method has no significant
effect on enzyme activity. As is shown in Table 1, the
K., and V_,, values of free laccase were 0.119 mM and
0.27 mM min~! respectively. However, the K values
for Lac@MOM and Lac/MNP@MOM were decreased
to 0.080, 0.091 mM, respectively, which was prob-
ably caused by the triazole linkers of MAF-7 increasing
the affinity between enzymes and substrates, thereby
greatly increasing the reaction rate. The V. values of
Lac@MOM (0.25 mM min~}), and Lac/MNP@MOM
(0.23 mM min~!) were lower than that of free laccase,
especially the latter, the phenomenon may be caused by
the mass transfer limitation for Lac/MNP@MOM com-
posite tends to aggregate in the reaction. Besides, the k_,
value of free laccase was higher than that of the immobi-
lized enzyme, the conversion rate of free enzyme is faster,
which corresponded to the V,,,, value expressed. Conse-
quently, contrast to free laccase, the enhanced k_,/K,, for
Lac@MOM, Lac/MNP@MOM indicated that immobi-
lization of laccase on MAF-7 could have better catalytic
efficiency.

3.3 Laccase activity in harsh conditions

3.3.1 Thermal deactivation studies

It can be seen that the activity of free enzyme, Lac@
MOM and Lac/MNP@MOM gradually decreased with
the increase of temperature, and the decrease rate of
immobilized enzyme was much lower than that of free
laccase (Fig. 4a, Additional file 1: Fig. S4). When the
temperature increased to 80 °C, the remaining activity

Table 1 Kinetic parameters of free laccase, Lac@MOM, and Lac/

MNP@MOM
Sample Km Vmax kcat kcat/Kni\

(mM) (MMmin~")  (min™")  (min"' mM™)
Free Laccase 0.119 027 491 41.26
Lac@MOM 0080 025 455 56.88
Lac/MNP@MOM 0091 0.3 418 4593
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of the free enzyme was only 8.8%. However, the remain-
ing activities of Lac@MOM and Lac/MNP@MOM were
42.74% and 38.30%, respectively. This is because MAF-7
can form an “armor” on the surface of laccase, preventing
laccase from direct contact with high temperature envi-
ronment, thereby avoiding the reduction of laccase activ-
ity caused by high temperature.

3.3.2 pH condition deactivation analysis

Enzymes are very sensitive to the pH of the processing
system, and adverse conditions usually cause enzyme
inactivation. As shown in Fig. 4b, both the free enzyme
and the immobilized laccase maintained more than 70%
activity under pH 7 (Additional file 1: Fig. S5). Nota-
bly, when the pH reached 9, the free laccase activity is
reduced to 21.75%, while immobilized enzyme activity
still retains more than 80%. Compared with free laccase,
Lac@MOM and Lac/MNP@MOM showed higher toler-
ance to extreme pH and can function normally in a wider
pH range. Moreover, MAF-7 affords a robust coating that
offers protection, and its confined three-dimensional
structure reduces enzymes undesirable aggregate or con-
formational changes in the basic solution to remain the
enzyme activity, So, the immobilized laccase has stronger
vitality than that of free laccase under alkaline condi-
tions, which is consistent with the situation reported in
the previous literature.

3.3.3 Organic solvent stability studies

Laccase has been used to repair the polluted environment
by biological transformation, and the majority of substrates
are soluble in organic solvents, which may significantly
deactivate enzymes. Thus, enzyme-catalyzed reactions
have been evaluated in a variety of polar and nonpolar sol-
vents (Fig. 4c), including ethyl acetate (EA), dichlorometh-
ane (DCM), ethanol (EtOH), dimethyl sulfoxide (DMSO),
and N, N-dimethylformamide (DMF). After treatment,
Lac@MOM and Lac/MNP@MOM still showed excel-
lent catalytic activity (>79%), the reason interpreted that
MAE-7 has an A-sized pore size, which prevents organic
solvents from contacting the embedded enzyme. In addi-
tion, compared with Lac@MOM, Lac/MNP@MOM was
more affected by organic solvents, which may be because
MNPs change the pore size of MAF-7, thereby the prob-
ability of contacting organic solvents increases. Since the
addition of MNPs involves recycling to a greater extent,
the slight difference could be ignored.

3.3.4 Storage stability studies

As shown in Fig. 4d, due to the protective effect of MOFs
on the active conformation of laccase, Lac@aMOM
and Lac/MNP@MOM had 78.7% and 74.1% residual
activities after storage for 30 days at 4 °C. Compared
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with the reported literature, in which the laccase activ-
ity decreased significantly after prolonged storage(less
than 20%) [44], the immobilized laccase in this work had
higher storage stability. The increase in a residual activity
fully implies the advantage of the metal-organic frame-
work in further stabilizing the protein structure.

The above results showed that Lac@MOM and Lac/
MNP@MOM were much more resistant to high temper-
ature, alkaline pH and organic solvents compared to free
laccase, and remained amazing activities after a month
storage at 4 °C, indicating that the MAF-7 framework
with high stability and special pore structure can effec-
tively protect the activity of laccase from adverse envi-
ronmental effects, thus providing the necessary stability
for practical laccase applications.

3.4 Removal of 2,4 -dichlorophenol

It can be judged that the optimal pH of Lac@MOM and
Lac/MNP@MOM for 2,4-DCP degradation is 4 and 5,
respectively, and the temperature is 45 ‘C (Fig. S6-S7). Then,
the degradation of 2,4-DCP in 24 h was studied by using

the Lac@MOM and Lac/MNP@MOM under optimal
reaction systems (Fig. 5a, Additional file 1: Fig. S8). After
eight hours of reaction, the removal rate of Lac@MOM was
83.25%, which was slightly higher than that of Lac/MNP@
MOM (76.68%), it may be caused by Lac@MOM having
a better Michaelis constant and maximum reaction rate
than that of Lac/MNP@MOM. After 12 h of reaction, the
reaction rate of Lac/MNP@MOM and Lac@MOM slowed
down, which may be reasoned by the formation of poly-
mers blocked the pores in MAF-7 during the degradation
of 2,4-DCP, which reduced the contact area with the sub-
strate or prolonged the reaction and led to enzyme leak-
age. In short, compared with other immobilized laccase
reported in the literature [44—46], Lac@MOM and Lac/
MNP@MOM exhibit higher catalytic efficiency, due to the
better compatibility of MAF-7 and laccase. Additionally,
reusability is an important feature of immobilized biocat-
alysts and reduces the cost of industrial operations. Thus,
the reusability of Lac@MOM and Lac/MNP@MOM were
investigated to evaluate their performance in downgrading
2,4-DCP under optimal reaction conditions (Fig. 5b). The
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Fig. 5 a Removal efficiency of 2,4-DCP over 24 h; b Reusability of Lac@MOM (blue) and Lac/MNP@MOM (green)

residual activity remained above 80% after 9 cycles of con-
tinuous reuse, and the reduced activity may be attributed
to the production of polymers that were bound to laccase
or continuously adsorbed on the MOFs shell, or the leak-
age of enzyme molecules during use. Anyway, the immo-
bilized laccase exhibits potential for industrial applications
with a simple recovery process. Moreover, the degradation
efficiency decreased with the concentration of 2, 4-DCP
increased, however, even at concentration of 0.6 mg/mL,
the degradation efficiency of 2, 4-DCP was still 58% (Addi-
tional file 1: Table S2).

4 Conclusion

A one-step process was developed to encapsulate laccase
and MNPs into MAF-7 to form Lac @MOM and Lac/
MNP@MOM, which eliminates the complex synthesis
process, avoids the low load rate hindrance, and enables
the recyclability of laccase. The morphology and crystal
structure of the immobilized laccase were determined
through a series of characterization methods, such as
XRD, SEM, and FT-IR. Compared with free enzymes,
the synthesized magnetic framework composite has high
catalytic efficiency and recyclability and would be more
stable in high temperature, extreme pH, and polar solvent
environments. In conclusion, Lac/ MNP@MOM showed
high degradation activity and excellent reusability, mean-
while, apparently reducing the processing costs, which
might be expected to be used in industry (e.g. leather
manufacture and textile production).
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