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A B S T R A C T

In this study, the hollow mesoporous carbon spheres (HMCs) were synthesized and modified for laccase (Lac)
immobilization, and the structural characteristics of HMCs materials were determined by FESEM, TEM and FTIR
etc. The maximum loading of Lac on the HMCs materials could reach 835mg/g, meanwhile, the immobilized Lac
exhibited excellent thermo-stability, pH stability, storage stability and reusability. The antibiotics removal ex-
periments indicated that the immobilized Lac possess efficient removal efficiency for both tetracycline hydro-
chloride (TCH) and ciprofloxacin hydrochloride (CPH) in the presence of redox mediator. The synergy of the
adsorption by HMCs and the degradation by Lac could be the reasons for the high removal of antibiotics.
Meanwhile, for investigating degradation mechanism, the degradation product analysis and molecular docking
method had been introduced to this study. According to the degradation products, dehydroxylation and de-
methylation are major degradation reactions for TCH degradation, and the oxidation of the piperazinyl sub-
stituent and hydroxylation are the major degradation for CPH degradation. The docking results showed that
some important residues played the key role in the degradation process. This study indicated that the im-
mobilization of Lac on HMCs could be potentially applied in environmental remediation of antibiotics.

1. Introduction

In recent decades, the overdose and incomplete metabolism of an-
tibiotics have made they are frequently detected in natural water,
wastewater and sediment [1], which could cause environmental pol-
lution and threaten human health [2,3]. Many methods were applied to
eliminate antibiotic contaminants, including adsorption, advanced
oxidation, biodegradation, enzyme degradation etc. [1,4–6]. Among
these methods, enzyme degradation could be an efficient and en-
vironmentally friendly approach, such as laccase (Lac) degradation.

Lac (EC 1.10.3.2) is one of the multi-copper oxidase. It belongs to
extracellular enzyme, and was first discovered in the secretions of
Sumac [4,7]. In recent years, the application of Lac in bioremediation
has won great attention due to the serious environmental pollution.
Many studies showed that Lac can degrade a variety of pollutants due to
the broad substrate specificity and high catalytic activity, especially for
phenolic pollutants [8–10]. However, the complex natural conditions

limits the use of free Lac on account of the low stability, poor reusa-
bility and high cost [11].

To overcome the deficiency, immobilization enzyme has become a
perfect choice in increasing the stability, operability, durability and
economy of Lac [12–15]. Three immobilization methods are frequently
applied, which including, physical adsorption immobilization, covalent
bonding and cross-linking aggregate. For each immobilization method,
the advantages and disadvantages exist simultaneously [13,14]. Up to
now, various materials have been used as the carrier for Lac im-
mobilization, such as metal nanoparticles [2,12], carbon nanotube
[16], nano-fibrous membrane [9,17] and mesoporous materials [11,18]
etc. Among these materials, the hollow mesoporous carbon spheres
(HMCs) should be a very promising immobilization carrier due to the
typical the hollow core-mesoporous shell structure [19]. Particularly,
the large hollow volume and inner surface are very useful for the sto-
rage of enzyme, which can increase the immobilization quantity of
enzyme. Meanwhile, the shortened mesoporous shell is beneficial to the
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diffusion of enzyme in the immobilization process, and reduce the steric
effects [19,20]. Moreover, the superior conductivity, biocompatibility
and corrosion resistance of HMCs make them especially suitable for the
application in enzyme immobilization [14,19,20].

Molecular docking is a method to predict the interaction of protein-
ligands [21], generally, it is useful in computer drug design, but now
frequently used in biodegradation analysis for revealing the binding
modes between pollutants and enzymes due to the conveniences [22].
Although the substrates/Lac interactions could be revealed through
experimental techniques, it's very inefficient and the atomic details of
interaction can’t be displayed. However, molecular docking can operate
on the computer and predict the binding mode between ligand and
receptor, which is time-saving and cost less [23]. Therefore, we could
investigate the degradation mechanism of antibiotics by Lac and the
stimulation effects of redox mediators in the degradation process,
which were benefit to find out the degradation strategy [23].

In current experiment, the HMCs were prepared by one-pot and
surfactant free synthesis firstly, and the morphology and structure
properties were explored by several characterization techniques.
Following, the immobilized Lac were prepared by physical adsorption
immobilization or covalent bonding immobilization. Furthermore, the
stability of immobilized Lac was also investigated. Then, two common
antibiotics (namely TCH and CPH) were selected for studying the an-
tibiotic removal ability of immobilization Lac on HMCs materials, and
the effects of redox mediator concentration and type in the degradation
process were also evaluated. Finally, to reveal the mechanism of anti-
biotic degradation by Lac, the degradation product analysis and mole-
cular docking method had been introduced. Interestingly, the removal
of antibiotic contaminations by the immobilized Lac on HMCs materials
provided novel method for organic pollutants removal. Moreover, the
degradation mechanism analysis according to the Lac combine experi-
mental method and molecular docking method displayed interesting
results.

2. Materials and methods

2.1. Materials

Lac (canary yellow powder) produced by Trametes versicolor was
purchased from J&K Scientific (Massachusetts, USA); Tetrapropyl or-
thosilicate (TPOS, purity > 97%) was purchased from Aladdin in-
dustrial corporation (Shanghai, China); TCH and CPH were purchased
from Bomei biological technology Co, Ltd (Hefei, China);
Syringaldehyde (SA), 1-hydroxybenzotriazole (HBT) and 2,2′-azino-bis
(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), glutaraldehyde (GTA)
were purchased from Dibo reagent corporation (Shanghai, China);
Some parameters were listed in Table S.1 and the structures were
showed in Fig. S.1. All other chemicals were analytical grade and used
as received. The ultrapure water was used throughout the experiment
with resistivity was 18.25MΩ/cm.

2.2. Synthesis of HMCs, HMCs-NH2

The synthesis steps of HMCs was described in previous report [24],
the amino-functionalization of HMCs was referred to [25], and the
details were showed in Supporting information (SI).

2.3. Immobilization of Lac

Two immobilization methods, namely, physical adsorption im-
mobilization and covalent binding immobilization had been performed
in this study, and the details were described in SI. Meanwhile, for in-
vestigating the properties of Lac immobilized on HMCs materials, the
effects of immobilization time (0–120min) and initial Lac concentra-
tion (0.2–1.8 mg/mL) have been studied. The immobilization quantity
of Lac was calculated according to Bradford method [26].

2.4. The stability of free and immobilized Lac

The stability analysis of free and immobilized Lac were performed
as described in SI. The activity of free and immobilized Lac was mon-
itored according to the previous study [18,27], and the details were
showed in SI.

2.5. Removal of antibiotics

The removal of antibiotics (TCH and CPH) was performed at 30 °C
and 150 rpm for 3 h, and the samples were prepared in triplicate, the
details were described in SI.

2.6. Structural characterizations

The morphology and structure of the samples were characterized by
field emission scanning electron microscope (FESEM, FEI, Quanta-
F250) and transmission electron microscope (TEM, FEI, Tecnai-G2 20),
operating at 20 kV and 200 kV, respectively. The functional groups
were measured through Fourier transform infrared spectrum (FTIR,
NICOLET, 5700) in KBr pellet at room temperature. The typical element
was analyzed by energy dispersive spectrometer (EDS, EDAX, Genesis).
N2 adsorption–desorption isotherms were measured on Quadrasorb SI
analyzer at 77 K. The specific surface area and the total pore volume
were calculated based on Brunauer–Emmett–Teller (BET) and
Barrett–Joyner–Halenda (BJH) analyses, respectively.

2.7. Molecular docking

The three dimensional (3D) structures of Lac (PDBID: 1GYC [28])
was downloaded from the Protein Data Bank (PDB) (http://www.rcsb.
org/pdb/home/home.do), while the 3D structures of antibiotics and
redox mediators were downloaded from Pub Chem Compound database
(https://pubchem.ncbi.nlm.nih.gov), the some details information was
shown in Table S.1. MVD, a graphical-automatic docking software with
high accuracy (about 87%) and versatility, was used to dock antibiotics
or redox mediators into the binding pockets of Lac [29]. LigPlot+ was
chosen was the optimal pose for the following interactional profile
analysis, which is a program to generate principle diagrams of protein-
ligand interactions [30]. It needs to indicate that only hydrophobic
interactions and hydrogen bonds can be shown by LigPlot+. The
parameters were set as described in the SI.

3. Results and discussion

3.1. Morphology and structure of HMCs

As shown in SEM images (Fig. 1A and B), the HMCs were uniform
sphere, and many open entrances distributed on the surface of the
HMCs. Therefore, the Lac could enter the HMCs by these entrances and
immobilize inner surface, which is beneficial to the immobilization and
the stability of Lac. The hollow morphology and the porous shell are
indicated by the TEM image, and the pore channels in the shells were
disordered (Fig. 1D), which is a sharp contrast to the carbon material
before etching (Fig. 1C). According to measurement by Nano Measurer
software, the average diameter of HMCs was about 323 nm (the stan-
dard deviation was about 12.3 nm), and the average thickness of shell
was about 57 nm (the standard deviation was about 3.7 nm). Such a
large cavity provided a huge storage space for Lac. Furthermore, the
mesoporous character was verified by the N2 adsorption-desorption
isotherms (Fig. S.2A). These figures revealed clearly that both pristine
HMCs and HMCs-NH2 followed the type-IV isotherm with a H1 hys-
teresis loop according to IUPAC classification, which represented the
material was mesoporous material. Additionally, the pore diameter
distribution showed the pore diameter of pristine HMCs and HMCs-NH2

mainly range at 2–40 nm and 2–30 nm, respectively. The average pore
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diameter (PD) was calculated based on the N2 adsorption branch, and
the value was 11.8 nm and 13.5 nm, respectively. Therefore, such pore
channel size was larger than the size of Lac (about 6.5×5.5×4.5 nm
[28]), which was very beneficial to the immobilization of Lac in HMCs

materials. Meanwhile, the BET surface area (BET) and pore volume
(PV) were also calculated (Table 1), the values were 484.7 m2/g and
1.43 cm3/g for pristine HMCs, respectively. However, after the amino-
functionalization of pristine HMCs (HMCs-NH2), the BET and PV be-
came greater, namely 1090.9 m2/g and 3.69 cm3/g, respectively. These
results indicated that the performance of amino-functionalization was
conducive to the structure properties of HMCs. The high PD, BET and
PV could both facilitate the adsorption of Lac and antibiotics in these
HMCs materials. Furthermore, several typical elements and the func-
tional groups on HMCs materials were analyzed by EDS and FTIR, re-
spectively. The results indicated that C, N and O were the main ele-
ments in HMCs materials, and abundant functional groups distributed
on the surface HMCs materials, and the details were described in SI.

Fig. 1. A and B are SEM images of HMCs; C (before etching) and D (after etching) are TEM images of HMCs.

Table 1
Pore structure parameters of HMCs and HMCs-NH2.

Sample BET surface area
(m2/g)

Average pore diameter
(nm)

Pore volume (cm3/
g)

HMCs 484.7 11.8 1.43
HMCs-NH2 1090.9 13.5 3.69

Fig. 2. The change of Lac loading on HMCs materials over time (A); The change of Lac loading and activity recovery on HMCs materials with the increase of initial
Lac concentration (B).
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3.2. Immobilization of Lac on HMCs

The immobilization of Lac on HMCs has been carried out through
physical absorption and covalent binding. The immobilization behavior
of Lac on pristine and modified HMCs have been investigated and
compared. Firstly, the Lac loading varies with time on three carriers
(namely pristine HMCs, HMCs-NH2 and HMCs-NH2-GTA) was shown in
Fig. 2A. The maximum loading of Lac on pristine HMCs, HMCs-NH2 and
HMCs-NH2-GTA was 835, 692 and 752mg/g, respectively. The im-
mobilization capacity of Lac by HMCs materials was far more than that
reported in the previous studies [16,18,31,32], and the comparison was
listed in Table S.2. The excellent loading by HMCs might be due to the
high BET, PD, PV (Table 1) and the special mesoporous shell-hollow
cavity structure. Meanwhile, rich functional groups on HMCs materials
might be another reason. However, according to the results, the loading
of Lac on HMCs-NH2 and HMCs-NH2-GTA was less than that on pristine
HMCs, the order was HMCs-Lac > HMCs-NH2-GTA-Lac > HMCs-
NH2-Lac, which might be due to the changes of the types and quantities
of functional groups on HMCs after modifying, as shown in Fig. S.2B.
When the pristine HMCs was modified by NH3·H2O (HMCs-NH2), the
eOH group reduced obviously but the eNH2 group became more
abundant, which was not conducive to the immobilization of Lac on
HMCs by adsorption, thus the loading of Lac on HMCs-NH2 decreased
[13]. However, when GTA was grafted onto the HMCs-NH2 (HMCs-
NH2-GTA), the Lac could be immobilized on the HMCs material by
covalent binding, which was a stable method to reduce the loss of im-
mobilized Lac [13,14], therefore the Lac loading on HMCs-NH2-GTA
was higher than that on HMCs-NH2. Meanwhile, the Lac aggregation
appeared easily when Lac immobilized on the HMCs material by
covalent binding, which could block the small channel on shell and
reduce the diffusion of Lac into the hollow cavity [14], therefore the
decreasing Lac loading on HMCs-NH2-GTA occurred in comparison to
that on pristine HMCs. Furthermore, the effects of initial Lac con-
centration and the activity recovery of Lac immobilized on HMCs ma-
terials have been investigated. As shown in Fig. 2B, the loading of Lac
on HMCs materials increased rapidly when the concentration was less
than 1.4 mg/mL, but increased a little after 1.4 mg/mL. The reason
might be that the binding sites distributed on HMCs material were

sufficient for Lac when the concentration was less than 1.4 mg/mL;
however, the binding sites became scarce when Lac concentration was
high. Some similar results have been reported previously [16,18]. Ad-
ditionally, the activity recovery of HMCs-Lac, HMCs-NH2-Lac and
HMCs-NH2-GTA-Lac has been compared (Fig. 2B). The activity recovery
increased firstly, and then decreased. The HMCs-Lac gave the highest
activity recovery, namely 88.0% when the Lac concentration was
l.0 mg/mL. However, the activity recovery of HMCs-NH2-Lac and
HMCs-NH2-GTA-Lac was lower than that of the HMCs-Lac, namely
80.0% at l.2 mg/mL Lac and 75.7% at l.0 mg/mL Lac, respectively. The
reason might be that covalent binding could cause irreversible deacti-
vation of the enzyme by chemical modification or change of con-
formation, which could suppress Lac activity in some degree [14].
However, the suppression effect would not happen when immobilized
Lac on carriers by adsorption, therefore, the HMCs-NH2-GTA-Lac
showed the lowest activity recovery [13,14]. Compared to the activity
recovery of HMCs-Lac, the HMCs-NH2-Lac showed lower activity re-
covery. The reason might be that the Lac loading on HMCs was higher
than that on HMCs-NH2, thus more active site would be exposed to
substrate molecule (namely ABTS), which would exhibit higher activity
recovery [33].

In this study, two adsorption kinetic models (i.e. pseudo-second-
order (PSO) (Fig. S.4A) and intraparticle diffusion (ID) kinetic models
(Fig. S.4B)) and two adsorption isotherm models (i.e. Langmuir (Fig.
S.4C) and Freundlich (Fig. S.4D) isotherm models) have been in-
troduced to elucidate the immobilization process of Lac on HMCs ma-
terials. According to the simulations, the PSO model and Langmuir
isotherms were more suitable for the immobilization of Lac, and the
details were described in the SI.

3.3. The stability of free Lac and immobilized Lac

After the successful immobilization of Lac on three HMCs materials,
the stabilities of immobilized Lac were investigated, which were im-
portant and prerequisite when applied the biocatalyst in practical in-
dustrial. As shown in Fig. 3A, the three immobilized Lac have shown
more excellent thermal stability compared to free Lac. The relative
enzyme activity of free Lac only retained 35% after 180min at 60 °C.

Fig. 3. The thermal stability (A), pH stability (B), storage stability (C) and reusability (D) of free Lac and immobilized Lac.
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However, the highest relative activity of HMCs-NH2-GTA-Lac was up to
74%. The influence of pH on the activity of free and immobilized Lac
were evaluated in the pH range from 2.5 to 8.5 (Fig. 3B). As displayed
in the graph, the pH stability of the three immobilized Lac were su-
perior to that of the free Lac obviously. The maximal activity of the free
Lac was presented at pH 5.5. Too acid (pH < 3.5) and too alkali
(pH > 7.5) were both not conducive to Lac activity. Nevertheless, the
activity of immobilized Lac could maintain at a high level over a broad
pH range (2.5–8.5). Fig. 3C showed the residual activity of immobilized
Lac and free Lac. Almost half of the initial activity has been lost for free
Lac, and the activity only remained 54%. However, the higher activity
was preserved when immobilized the enzyme on carriers, and the re-
tained activity were 70%, 73% and 79% for HMCs-Lac, HMCs-NH2-Lac
and HMCs-NH2-GTA-Lac, respectively. Except for the excellent thermo-
stability, pH stability and storage stability, outstanding reusability is
also needed for the practical application of immobilized Lac. The reu-
sability capacity of the three immobilized Lac after eight cycle experi-
ments were displayed in Fig. 3D, the HMCs-NH2-GTA-Lac had the op-
timal reusability. These results indicated that the HMCs materials are
very suitable for the immobilization of Lac, which could significantly
improve the stability of Lac.

3.4. Effective removal of antibiotics by immobilized Lac

Many previous studies have shown that mesoporous carbon can
effective removal various pollutants by adsorption, such as dyes, heavy
metals and phenols etc. [34–36]. Firstly, the adsorption capacity of the
inactivated immobilized Lac for the antibiotics had been studied, and
the results were showed in Figs. 4 and 5A. As shown in these graphs, the
inactivated HMCs-Lac composite have shown an excellent adsorption
capacity for antibiotics. The maximum removal efficiency reached to
55% and 77% for TCH (Fig. 4A) and CPH (Fig. 5A) by inactivated
HMCs-Lac, respectively. However, the inactivated HMCs-NH2-Lac and
HMCs-NH2-GTA-Lac possessed slightly lower adsorption capacity than
inactivated HMCs-Lac for TCH and CPH removal. The reason might be
that the amino-functionalization have changed some properties of
pristine HMCs. Less functional groups, such as eOH group, existed in

modified HMCs materials (Fig. S.2B), which lowered the adsorption of
antibiotics by HMCs. Additionally, previous study reported that tetra-
cycline and quinolone antibiotics were easily adsorbed due to their high
Kd values [1].

The excellent adsorption capability of HMCs materials can not only
remove antibiotics from aqueous phase quickly, but also be convenient
for the degradation of antibiotics by immobilized Lac. In addition, the
removal of antibiotics by normal immobilized Lac was investigated
further. As shown in Figs. 4B and 5 B, the increased removal efficiency
was not obvious, only increase by 3.5%, 7.9%, 12.1% for TCH removal
and 4.1%, 3.7%, 6.3% for CPH removal by HMCs-Lac, HMCs-NH2-Lac
and HMCs-NH2-GTA-Lac respectively, compared to the corresponding
inactivated immobilized Lac. These results indicated the unconspicuous
degradation of TCH and CPH by Lac alone. The reason might be that the
redox potentials of antibiotics were higher than that of Lac, therefore
Lac couldn’t oxidize them effectively [37,38]. Similar results have been
reported previously [1,39].

To improve the oxidative ability of Lac and increase the degradation
of substances, generally, some low molecular weight mediators, such as
SA and HBT, were added to the Lac-oxidation system [1,40]. The main
mechanism was that the Lac could oxidize mediators to high-activity
radicals, which could oxidize compound efficiently. Meanwhile, the
mediator act as “electrons shuttles” between the enzyme and target
contaminants, which enhanced the oxidation of contaminants that did
not enter the active sites of the enzyme due to steric hindrances
[37,40]. As shown in Fig. 4C and D, when mediators were added to the
immobilized Lac-TCH system, the removal efficiency of TCH increased
obviously along with the increase of mediator concentration. In the
presence of SA (Fig. 4C), the maximum removal efficiency of TCH was
98.1%, 99.4%, and 99.2% for HMCs-Lac, HMCs-NH2-Lac and HMCs-
NH2-GTA-Lac, respectively with 3mmol/L SA. Compared to the SA,
HBT showed a smaller stimulation for TCH removal (Fig. 4D). The
maximum removal efficiency reached 93.8%, 97.6%, and 99.1% for
HMCs-Lac, HMCs-NH2-Lac and HMCs-NH2-GTA-Lac, respectively, with
3mmol/L HBT. These results indicated that the superiority of SA in
accelerating TCH removal in the Lac-oxidation system. Similarly, some
previous studies also indicated that SA mediator had a remarkable

Fig. 4. The removal of TCH by inactivated immobilized Lac (A) and normal immobilized Lac without redox mediators (B); The removal of TCH by normal im-
mobilized Lac in the presence of SA (C) and HBT (D).
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promotion effect in Lac-tetracycline antibiotics system [1,41]. Mean-
while, the different promotion effects of SA and HBT could be due to the
different structure (Fig. S.1), the different affinity and the different
mechanism of mediators in Lac-TCH system [1,2,38,41]. However, the
increase of CPH removal efficiency was slightly lower when the med-
iators were added to the Lac-oxidation system (Fig. 5C and D). Com-
pared to no HBT, the increased removal efficiency of CPH was 8.8%,
17.1%, and 19.0% for HMCs-Lac, HMCs-NH2-Lac and HMCs-NH2-GTA-
Lac, respectively, at 3 mmol/L HBT (Fig. 5C). With addition of 3mmol/
L SA, the removal efficiency was increased by 11.4%, 25.5%, and 21.9%
for HMCs-Lac, HMCs-NH2-Lac and HMCs-NH2-GTA-Lac, respectively
(Fig. 5D). The final removal efficiency achieved to 90.0%, 85.9% and
94.0% in the presence of HBT, and 92.55%, 94.2% and 96.9% in the
presence of SA, for HMCs-Lac, HMCs-NH2-Lac and HMCs-NH2-GTA-Lac,
respectively. The different degradation efficiency of TCH and CPH in
Lac-oxidation systems might be due to their different structures.
Namely, tetracycline antibiotics had the phenol structure, which were
the main structures that tended to be oxidized by Lac. However, these
structures were inexistent in quinolone antibiotics (Fig. S.1) [1]. These
results indicated that the high removal efficiency of antibiotics by
HMCs-Lac composite have obtained due to the synergy of the adsorp-
tion removal of HMCs and the Lac degradation. Meanwhile, the dif-
ferent mediators could accelerate the degradation of antibiotics by Lac
in different degree and the acceleration of mediator in Lac-antibiotics
degradation system did not always happened.

The reusability is an important parameter for evaluating the prac-
tical application of immobilized enzyme. To investigate the reusability
of HMCs-Lac, HMCs-NH2-Lac and HMCs-NH2-GTA-Lac, the TCH re-
moval experiments of these immobilized enzymes were performed for
five cycles in the presence of 3mmol/L SA. After each cycle, the im-
mobilized enzymes were recycled by centrifugation for next run. As
showed in Fig. S.5A, the TCH removal efficiencies were reduced by
23.95%, 19.33% and 12.89% for HMCs-Lac, HMCs-NH2-Lac and HMCs-
NH2-GTA-Lac, respectively, after five cyclic experiments. It was obvious
that the HMCs-NH2-GTA-Lac showed the highest reusability, these re-
sults were consistent with the above experiment results. The FTIR
image (Fig. S.5B) manifested that a new absorption band at 2366 cm−1

could be ascribed to ketone structures after the immobilized enzymes

were used, which could be due to the adsorption of TCH or the de-
gradation products [42,43]. Meanwhile, the types of functional groups
on immobilized enzymes almost had no significant change, but there
were some changes of the absorption bands of these functional groups,
it could be that the loss and/or inactivation of Lac after the cyclic ex-
periments. Furthermore, the FESEM images (Fig. S.6) displayed that the
morphology of the immobilized enzymes were unchanged. However,
some HMCs carriers were broken, which could be caused by centrifu-
ging for many times. These results verified that the immobilized en-
zymes performed an magnificent reusability and had great potential in
practical application.

3.5. Degradation products and the proposed transformation pathway

In this study, some major degradation products are listed in Tables
S.5 and S.6. As shown in Table S.5, five degradation products, namely
TP431, TP415, TP401, TP371 and TP344 were produced in the de-
gradation process of TCH antibiotic. In some previous studies, the same
or similar degradation products had been identified in the TCH-Lac
degradation system [38,44,45]. According to these degradation pro-
ducts, two possible degradation pathways were proposed as shown in
Fig. 6. (a) TCH could be transformed to anhydrotetracycline (TP415) by
dehydroxylation [44,45], then the TP415 transformed to TP401 by bi-
demethylation [38,44], subsequently, the loss of amino group and
oxidation resulted in TP327; (b) TCH could be oxidized to the corre-
sponding ketone (oxytetracycline), and then the TP431 could be formed
by bi-demethylation [38,44]. For CPH antibiotic, four degradation
products, including TP348, TP306, TP280 and TP263 had been iden-
tified (Table S.6), the results are similar to previous studies [46–49],
and the possible degradation pathways were proposed as shown in
Fig. 6. In detail, the net loss of C2H2 at the piperazinyl ring of CPH
resulted in the formation of TP306, then the further oxidation of the
piperazinyl ring with a loss of a C2H5N fragment producing TP263
[46–48]. Or, the CPH could transform to the TP348 after hydroxylation,
and then the piperazinyl ring was substituted by hydroxyl group to
form TP280 [47,49].

Fig. 5. The removal of CPH by inactivated immobilized Lac (A) and normal immobilized Lac without redox mediators (B); The removal of CPH by normal im-
mobilized Lac in the presence of SA (C) and HBT (D).
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3.6. Results of molecular docking

To explore the interactive mechanisms between Lac and antibiotics
or redox mediators, molecular docking had been used. The docking
results were showed in Fig. 7, Fig. S.7 and S.8, Table 2. According to
Fig. S.7, the cavity volume of optimal binding pocket was 96.8 Å, it was
like an along tunnel-shaped cavity and was located on near the surface
of Lac, which is conducive to the interactions between Lac and sub-
strates and improve the degradation of substrates. Further, the binding
modes between Lac and two antibiotics were shown in Fig. 7. As we can
see, the binding modes between Lac-TCH and Lac-CPH were radically
different (Fig. 7A, B). The binding between TCH and Lac happened in
front of the active pocket, which is closer to the surface of Lac (Fig. 7C),
however, the binding between CPH and Lac was embedded into the
active sites (Fig. 7D). The different conformations and binding or-
ientations could represent the biodegradation possibility of antibiotics
by Lac, the binding happened in the surface of Lac would more likely to
be degraded, which was consistent with the results of the experiments,
namely, TCH was more easily to be degraded by Lac compared with
CPH. Meanwhile, the binding details between Lac and antibiotics were
analyzed based on the scoring function (i.e. MolDock score and Re-Rank
score), and the results were shown in Table 2. The MolDock score va-
lues of the most favorable conformations for two complexes, i.e. Lac-
TCH and Lac-CPH, were −93.1 and −131.5 kcal/mol respectively.
According to Re-Rank scoring function, the values were −61.1 and
−100.1 kcal/mol for Lac-TCH and Lac-CPH respectively. The con-
formation with lower score could represent better binding affinity and
robustness between Lac and antibiotic, but it is not conducive to the
degradation of antibiotic by Lac [21,23]. However, two scoring func-
tion both showed that Lac-TCH conformation possess higher score
compared with Lac-CPH, namely, TCH is more easily to be degraded by
Lac than CPH, which verified the reliability of the experimental results
again. Some others values, such as interaction and docking score, also
had shown the similar tendency with MolDock score and Re-Rank score,
namely, the values of Lac-TCH were higher than those of Lac-CPH,
however, the HBond value of Lac-TCH was slightly lower than Lac-CPH.
For understanding the degradation mechanism of antibiotic by Lac

more clearly, the key amino acid residues involved in the docking
process were analyzed by using the software LigPlot+ (VersionV.1.4.5),
the results were showed in Fig. 7E and F clearly. As shown in Fig. 7E,
there was 11 important residues shown in Lac-TCH interaction dia-
grams, among of them, residues Glu460, Pro346, Arg157, Leu58,
Ala80, Leu112, Phe81 and Glu496 were participated in hydrophobic
interactions, and residues Tyr491, Gln499 and Ser113 were important
for hydrogen bonding. However, in Lac-CPH interaction diagrams, the
hydrophobic interactions involved residues Glu460, Pro346, Leu112,
Ser113, Ala80, Phe450, Leu459 and Phe344, hydrogen bonding in-
volved only residue His111 was displayed. As we can know that for
different antibiotic the different residues in Lac will participate in the
degradation process, meanwhile, the same residue could play a dif-
ferent role in different antibiotic degradation process.

According to Fig. S.8, the docking results between Lac and redox
mediators also were showed intuitively. The binding modes for Lac-SA
and Lac-HBT had a strong resemblance (Fig. S.8A, B), but differently,
the conformation of Lac-SA was close to the surface of Lac, however,
conformation Lac-HBT was buried in Lac (Fig. S.8C, D). That might be
one reason that SA gave a better promoting effect in the antibiotic
degradation by Lac than HBT. Further, the MolDock score values of Lac-
SA and Lac-HBT were -77.5 and -91.2 kcal/mol respectively, the Re-
Rank score values were -63.0 and -74.1 kcal/mol respectively, the va-
lues of Lac-SA higher than Lac-HBT under two scoring function. The
higher score verified that SA could be easily oxidized by Lac than HBT,
and more free radicals are produced to promote the degradation of
antibiotics. Meanwhile, the values of interaction, HBond and docking
score also were showed in Table 2. As we can see from the Table 2, the
values of Lac-redox mediators conformation were most higher than Lac-
antibiotics conformation for each index, which might be the reason that
redox mediators could be a “promoter”. Finally, the key amino acids
between Lac and redox mediators were showed in Fig. S.8E, F. The
hydrophobic interactions were the main interaction between Lac and
HBT, involving residues Ala80, Leu112, Pro79, Ser113, Pro346,
Glu460, Phe344, Leu459 and Phe450. For Lac-SA, residues Ala80,
Leu112, Pro79, Ser113, Phe81, Pro346, Glu460, Phe344, Leu459 and
Phe450 were participated in hydrophobic interactions, and residue

Fig. 6. The proposed degradation pathway of TCH (left) and CPH (right) by Lac.
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His111 was important for hydrogen bonding. The results indicated that
hydrophobic interactions were dominant in the interaction between Lac
and redox mediators. According to molecular docking study, we could
know that the discriminating degradation of antibiotics by Lac not only
due to the different properties of antibiotics, but the key amino acids
play an important role in the degradation process. This study was
helpful in understanding the antibiotics biodegradation mechanisms by
Lac and the stimulation effects of redox mediators in the degradation
process.

4. Conclusions

In summary, the HMCs were successfully prepared and modified for
Lac immobilization. The maximum loading of Lac on HMCs materials
reached 835mg/g. The stability analysis indicated that the immobilized
Lac possess excellent thermo-stability, pH stability, storage stability and

reusability. Furthermore, the immobilized Lac exhibited 99.4% and
96.9% highest removal efficiency for TCH and CPH, respectively, in the
presence of 3mM SA redox mediator. The synergy effect of HMCs ad-
sorption and Lac degradation should be responsible for the high anti-
biotic removal efficiency by immobilized Lac. Finally, the degradation
product analysis and molecular docking method were employed for
studying the degradation mechanism. The results indicated that dehy-
droxylation and demethylation are the major degradation reactions in
TCH degradation, and the piperazinyl substituent oxidation and hy-
droxylation are the major degradation reactions in CPH degradation.
Meanwhile, some key residues played a significant role in the de-
gradation process, especially for hydrophobic interaction and hydrogen
bonding. This study indicated that the immobilization of Lac on HMCs
have shown a great application potential in environmental remediation.
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Fig. 7. Binding modes between Lac and two antibiotics. A and B display the binding orientations of TCH and CPH in binding pockets, respectively. C and D display
the close-up view of TCH and CPH binding in Lac. E and F display the detailed interactions of Lac-TCH and Lac-CPH complex, respectively. The antibiotics are clearly
showed in ball-stick model. The green dashed lines represent the hydrogen bonds between Lac residues and antibiotics, and the numbers on the lines show the length
(Å) of the hydrogen bonds. The red spoked arcs represent the hydrophobic interactions. The black and green numbers represent the residues name. The residue in red
circle represent the same residue occur in Lac-TCH and Lac-CPH complex. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

Table 2
The docking information between laccase and ligands.

Complexes ReRank
score
(kcal/mol)

MolDock
score (kcal/
mol)

Interaction
(kcal/mol)

HBond
(kcal/
mol)

Docking
score (kcal/
mol)

Lac-TCH −61.1 −93.1 −102.9 −7.9 −82.1
Lac-CPH −100.1 −131.5 −130.3 −7.1 −118.2
Lac-SA −63.0 −77.5 −78.4 −10.4 −74.8
Lac-HBT −74.1 −91.2 −92.2 −6.9 −84.7

Notes: “Interaction” represents the total interaction energy between the pose
and enzymes; “HBond” represents Hydrogen bonding energy; “Docking score”
represents the score assigned to the pose during the docking.
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