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ization and surface modification of
activated carbon fibers by bio-inspired poly-
dopamine

Chencheng Zhang, ab Lili Gong,c Qinghui Mao,b Pingfang Han,*a Xiaoping Lua

and Jiangang Qub

In this study, we developed a new synthesis method for modifying activated carbon fibers (ACFs) by

dopamine with oxidation-based self-polymerization (DA-ACFs). In addition, laccase was immobilized on

the surface of unmodified ACFs (L-ACFs) and DA-ACFs (LDA-ACFs) via cross-linking after being

incubated for 12 h at 5 �C. The surface composition and microstructure of the samples were

characterized by scanning electron microscopy, X-ray photoelectron spectroscopy, attenuated total

reflectance Fourier-transform infrared reflection and thermo-gravimetric analysis. The optimized laccase

concentration for preparing the samples was 2.0 g L�1. The results demonstrated that the successful

poly-dopamine modification increased the catalytic abilities of the ACFs in terms of biocompatibility and

hydrophilicity. Compared with free laccase, the immobilized laccase exhibited significantly higher relative

activity over a pH range of 3.5–6.5 and a temperature range of 30–60 �C; the thermo-stability

increased, and 50% relative activity of the LDA-ACFs remained after 5 h at 55 �C. After six cycles of

reuse, the relative activity of LDA-ACFs remained $60%, compared to 40% activity remaining for L-ACFs,

and long-term storage stability was demonstrated. Moreover, the kinetic parameters (Km) of the two

immobilized laccases were both higher than that of free laccase, whereas the maximum velocities (Vmax)

were lower. These results indicate that the DA-ACFs are economical, simple, and efficient carries for

enzyme immobilization, and can be suitable for further biotechnology and environmental applications.
Introduction

As a family of multi-copper oxidases, laccases have been
developed as catalytic agents that can be used for water-based
treatment of aromatic and non-aromatic compounds,1 such as
in lignin valorization,2 organic synthesis,3 dye discoloration,4

and wastewater detoxication.5 However, laccases are not
desirable for large-scale applications owing to certain properties
of free enzymes, including their sensitivity to denaturing agents
and non-reusability.6 One way to overcome these limiting
factors is to immobilize laccases on various carriers, which can
protect them from denaturation, improve their stability, main-
tain good catalytic efficiency, and lead to more economical
processes.7–10 Thus, it is important to choose an appropriate
carrier to optimize immobilization, including pore size, chem-
istry of the anchor group, specic surface area, and
biodegradability.11–14

Furthermore, strategies where laccase physically adsorbed
and immobilized by cross-linking to various supports are most
ering, Nanjing Tech University, Nanjing

cn

niversity, Nantong 226019, PR China

, Nantong 226007, PR China

1

commonly used for immobilization.15,16 In contrast to covalent
attachment, enzyme immobilization via adsorption is generally
too weak to keep the enzyme xed to the carrier, especially
under industrial conditions.17 Consequently, increasing interest
has arisen in covalent attachment, in that covalent bonding
makes the enzyme more stable and attractive for industrial
applications.18

Activated carbon bers (ACFs) have attracted substantial
research interest because of their high surface areas, various
functional groups, narrow pore-size distributions, and broad
availability of raw material sources.19,20 Therefore, ACFs show
great potential for application as immobilization carriers. For
example, Zuo et al.21 used an ACF as a carrier to prepare
composite materials by loading a biological enzyme on the
surface to remove formaldehyde. More recently, increased
attention has been paid to developing optimal methods for
modifying ACFs, such as oxidation treatment, plasma treat-
ment, thermal treatment, and amino-functionalization for
introducing oxygen/nitrogen-containing functional groups.22–25

Some recent data have shown that the adhesion capacity of
enzymes could be improved using a material surface with
moderate hydrophilicity.26 Wang et al.27 reported that HNO3

oxidation is a favorable surface treatment for carbon ber
carriers, providing a promising method to prepare
This journal is © The Royal Society of Chemistry 2018
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Scheme 1 Preparation of LDA-laccase.
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biocompatible materials as immobilized bio-carriers.
However, the application of ACFs has been limited by poor
adhesion properties due to their smooth surface, so that the
interaction between carriers and enzymes is relatively unsoli-
died. Thus, the biological compatibility of the carbon surface
must be enhanced by doping it with a moiety such as
a hydroxyl group, amino group, or aldehyde group.28

Dopamine (DA, 3,4-dihydroxyphenethylamine) is a well-
known molecular bio-mimetic adhesive, that can interact
with nearly all types of surfaces owing to its self-
polymerization, high biocompatibility, and hydrophi-
licity.29,30 Yang et al.31 demonstrated an approach of
combining DA and titanium(IV) that can be considered an
excellent supporter for enzyme immobilization owing to the
presence of hybrid nano-particles.

In our previous work, we successfully immobilized ACFs
with laccase.32 The main goal of the present study was to
investigate the effect of DAmodication on the surface of ACFs
(DA-ACFs) via bio-mimetic coating, using the prepared
synthesized materials as carriers to immobilize laccase (LDA-
ACFs) by cross-linking (Scheme 1). The attractive aspect of
this immobilization technique is that the binding force
between the enzyme and the functional group on the surface
of the carrier is strong, while can still possess good stability, as
compared with conventional techniques. To our knowledge,
this is the rst study to explore the feasibility of immobilizing
an enzyme on DA-ACFs. The activity, thermal stability, pH
stability, storage stability, and reusability of the LDA-ACFs
compared to the free enzyme were investigated in detail. The
morphology of the synthesized materials was characterized
using scanning electron microscopy (SEM). The chemical
composition of the modied DA-ACFs was estimated by X-ray
photoelectron spectroscopy (XPS), attenuated total reec-
tance Fourier-transform infrared reection (ATR-FTIR), and
thermo-gravimetric (TG) analysis. Overall, we demonstrated
that the DA-ACFs have advantageous attributes in terms of
high efficiency and improved stability for laccase immobili-
zation, showing great potential for practical applications.
This journal is © The Royal Society of Chemistry 2018
Experimental
Materials

ACFs were prepared by the carbonization of viscose bers
supplied by Nantong Sutong Carbon Fiber Co. Ltd. (Jiangsu,
China) under a nitrogen ow (10 �Cmin�1 up to 600 �C, held for
2 h, and nally cooled down to room temperature). A fungal
laccase from Aspergillus (Ruibio L8598, $100 U g�1) and bovine
serum albumin were provided by Bomei Company (Anhui,
China). Dopamine hydrochloride, 2,20-azino-bis (3-ethyl
benzothiazoline-6-sulfonic acid) (ABTS), and tris (hydrox-
ymethyl) methyl amino methane were purchased from Meryer
Chemical (Shanghai, China). Deionized water was used
throughout the experiments and all other reagents were of
analytical grade.
Preparation of modied ACFs

A sample of ACFs was prepared following a commonmethod, as
reported previously.32 HNO3-treated ACFs were then dispersed
in a solution of 1.0 g L�1 DA in deionized water at 25 �C. The pH
of the solution was adjusted to 8.5 by adding Tris and conrmed
with a pH meter (S-25, REX instruments, Shanghai, China). The
ACFs were coated with insoluble polymers under moderate
mechanical stirring for 6 h. The resulting products were washed
with deionized water until the solution became transparent and
colorless, collected by centrifugation (4000 rpm, 5 min), and
dried overnight in a vacuum oven at 50 �C.
Instrumentation

The microstructure morphologies were observed by SEM
(KYKV-2800, KYKY Technology Co., Ltd., Beijing, China) at an
accelerating voltage of 20 kV, and aer sputtering the sample
surfaces with a thin layer of gold. The chemical composition of
the prepared ACF composite was determined by XPS (ESCALAB
250XI, Thermo Electron Corporation, USA). The surface func-
tional groups of the prepared ACF composites were determined
by FTIR (IS10, Thermo Fisher, USA) in the region of 600–
4000 cm�1, using an attenuated total reectance (ATR) acces-
sory with a diamond crystal. The wettability was observed by
using a contact angle-measuring device (JC2000C, Powereach,
Shanghai, China). Thermal analyses were conducted by TG
analysis using a thermo-microbalance (TG209F3, NETZSCH,
Germany) in the temperature range of 40–800 �C, with heating
at a rate of 10 �Cmin�1. The experiments were performed under
a nitrogen atmosphere (30 mL min�1).
Immobilization of laccase on the DA-ACFs

Two grams of DA-ACFs was suspended in 20 mL buffer
(Na2HPO4–C6H8O7, 0.5 M, pH 5.0) containing 2.0 g L�1 laccase
and stirred with mechanical agitation of 200 rpm at 5 �C for
12 h. The products were centrifuged and then washed with
buffer (0.1 M, pH 5.0) three times until no enzymatic activity
was detected in the supernatant, dried in a vacuum freeze-dryer,
and stored in a fridge at 5 �C for future use.
RSC Adv., 2018, 8, 14414–14421 | 14415
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Fig. 1 SEM images of fibers: (a and b) the pristine ACFs, (c) DA-ACFs,
(d) L-ACFs, and (e and f) LDA-ACFs.
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Determination of laccase activity

The activities of free and immobilized laccase were measured
using ABTS as a standard in buffer (0.5 M, pH 5.0).33 The reac-
tion mixture was incubated for 10 min at 30 �C, and then
analyzed by measuring the absorbance increase at 420 nm with
a visible spectrophotometer (V-1200, MAPADA, Shanghai,
China). The relative activity of enzyme was calculated using eqn
(1):34

Relative activity % ¼ Ai

Af

� 100 (1)

where Ai is the activity of immobilized laccase, and Af is the
activity of free laccase under similar experimental (U ¼ 102 � 4
U g�1).

The Coomassie Brilliant Blue method was used to determine
the effect of the laccase concentration on the immobilization
efficiency. The laccase concentration was changed between 0.5–
5.0 g L�1 in the buffer (0.5 M, pH 5.0), the solution was incu-
bated at 5 �C for 12 h, and the enzyme loading rate was calcu-
lated using eqn (2) from a previous study:35

Enzyme loading rate ð%Þ ¼ ðCiVi � CfVfÞ
Wa

� 100 (2)

where Ci and Cf are the initial and nal concentrations of lac-
case (g L�1), respectively, Vi is the initial volume of laccase
solution (L), Vf is nal volume of laccase solution (L), and Wa is
the mass of support samples (g).

In a 10 mL centrifuge tube, 2 mL of different buffer solutions
(0.1 M, pH 2.0–8.0) was mixed with 1 mL of free laccase (0.2 g
L�1) or 1 g of immobilized laccase and incubated at 30 �C for
30 min. Then, 2 mL of ABTS solution was added and the reac-
tion mixture was held for 5 min at 30 �C. Similarly, the effect of
temperature on the laccase activity was measured over a range
of 25–80 �C at a pH of 5.0 for 30 min. The storage stability of the
laccase immersed in buffer (0.1 M, pH 5.0) was investigated at
4 �C for various durations. Thermal stability was measured at
55 �C and reusability of the immobilized laccase was also
assessed. All enzymatic activity assays were performed three
times.

The Michaelis–Menten kinetic parameters of free and
immobilized laccase were measured with ABTS in the range of
0.4–5.0 mg mL�1 in buffer solutions under the optimal condi-
tions, and estimated according to Lineweaver–Burk plots t to
the following eqn (3):33

1

V
¼ Km

Vmax

� 1

½S� þ
1

Vmax

(3)

where V (mg (mLmin)�1)is the catalytic reaction rate, Vmax is the
maximum rate of the reaction, [S] is the concentration of
substrate, and Km is the Michaelis–Menten constant.
Fig. 2 XPS spectra of microspheres before and after modification: (a)
wide scan, (b) C 1s of ACFs, (c) C 1s of DA-ACFs and (d) N 1s of DA-
ACFs.
Results and discussion
Surface morphology of the samples

The surface morphologies of ACFs before and aer treatment
were observed by SEM. As shown in Fig. 1a and b, the surfaces of
pristine ACFs were smooth, whereas the surfaces of DA-ACFs
14416 | RSC Adv., 2018, 8, 14414–14421
exhibited a distinct rough layer that was deposited aer DA
oxidative self-polymerization. The SEM images of the ACFs and
DA-ACFs with immobilized laccase are shown in Fig. 1e and f.
Many spherical particles were evenly dispersed on bers and
surfaces of the DA-ACFs, which could be attributed to the
greater amount of proteins in the DA solution.36 This property
could help support laccase adherence to the surface.
Surface chemical composition of the ACF samples

The successful surface modication of ACFs was further ascer-
tained by XPS. Fig. 2 shows the XPS wide-scan view, demon-
strating the core-level C 1s of pristine ACFs and DA-ACFs, and
the core-level N 1s of the DA-ACFs. Fig. 2a and Table 1 show
different chemical states of elemental C, O, and N in the
This journal is © The Royal Society of Chemistry 2018
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Table 1 Elemental contents on the surface of the samples

Sample

Atom content (%)

C 1s O 1s N 1s

ACFs 84.68 13.87 1.45
DA-ACFs 63.67 26.73 9.6
LDA-ACFs 60.34 38.03 1.63

Fig. 4 ATR-FTIR spectra of (a) ACFs, (b) DA-ACFs, and (c) LDA-ACFs.
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deconvoluted core-level spectra due to the complicated nature
of poly-dopamine on ACFs. As shown in Fig. 2b, the C 1s spec-
trum of the ACF surface contains two peak components: one for
the C–C species at a BE of �284.9 eV, and the other for carboxyl
(O–C]O) species at a BE of �288.6 eV. The C 1s core-level
spectrum of DA-ACFs could be curve-tted with three peak
components showing BE values at �283.4 eV for C–C species,
�285.0 eV for C–N species, and �288.7 eV for O–C]O species,
which were introduced by the DA oxidative self-polymerization
(Fig. 2c).

Fig. 2b also demonstrates few C–O bonds in the pristine ACF
samples. However, aer self-polymerization, the contents of
different oxygen-containing bonds changed drastically.
According to the spectra, the N 1s deconvolved into two
different types of N-containing species, one at �398.7 eV for
–N] and another at �400.1 eV for N–H. The additional peak of
C–O species and the peaks of N 1s indicated the presence of the
poly-dopamine layer on the surface of ACFs (Fig. 2c and d).37

As shown in Fig. 3b, aer the enzyme was immobilized by
cross-linking, the C 1s spectrum was deconvoluted into four
peaks at �284.7 eV for the C–C species, �285.8 eV for the C–N
species, �285.8 eV for the O–C]O species, and a new peak for
the C]O stretching molds at �288.0 eV. In addition, the N 1s
component (Fig. 3c) at �400.0 eV corresponded to the R–NH2/
R2-NH species and a peak at�402.1 eV was detected for the R3-N
species owing to the presence of the O 1s component (Fig. 3d),
which was attributed to the functional groups of the proteins
present.33 It is notable that strong bonds were detected between
dopamine and laccase, presumably reecting reactions between
quinone of poly-dopamine and amines, sulydryl, and imid-
azole groups in the proteins.38 In addition, the differences
Fig. 3 XPS spectra of the microspheres for LDA-ACFs: (a) wide scan,
(b) C 1s, (c) N 1s and (d) O 1s.

This journal is © The Royal Society of Chemistry 2018
shown in Fig. 1b and f indicated that the self-polymerization
modication increased the quantity of immobilized laccase
with the DA modication on ACFs, which clearly revealed the
successful immobilization of laccase on ACFs with high enzyme
loading.

Moreover, ATR-FTIR was used to analyze the chemical
structure of pristine ACFs, DA-ACFs, and LDA-ACFs. As shown
in Fig. 4b, the peaks at 3186 cm�1 and 1631 cm�1 were assigned
to N–H and C]N stretching vibrations, the adsorption peaks at
1504 cm�1 and 1461 cm�1 were assigned to the N–H and C–N
stretching bands that may reect stretching of the benzene ring
in poly-dopamine, and the peaks at 1037 cm�1 and 1020 cm�1

were assigned to the C–O–C stretching bands.39 Aer immobi-
lizing with laccase, peaks at 3222 cm�1, 1699 cm�1, 1575 cm�1,
and 1018 cm�1 were observed when analyzing the structure of
acylamine.40 Moreover, the peak changes (Fig. 4b) were largely
consistent with the XPS results (Fig. 2c and d), conrming that
DA was coated on the surfaces of ACFs through oxidative self-
polymerization, and the spectra (Fig. 4c and 3) implied that
broin proteins had been successfully graed onto the ACFs via
immobilization.
Wettability behavior of the ACF samples

The wetting property of ACFs is important for enzyme immo-
bilization. Thus, the wettability of the samples was determined
by performing contact-angle measurements. As shown in Fig. 5a
and 2 mL droplet of deionized water rmly held by ACFs and the
contact angle was approximately 180�, since ACFs are hydro-
phobic and have a carbon structure with low oxygen content on
their surfaces (Fig. 4a). When a droplet was placed on the
surface of DA-ACFs, it spread out quickly and was absorbed less
than 1 s (Fig. 5b). These data indicated that the surface of DA-
ACFs was hydrophilic.41 Probing the hydrophilicity of ACFs in
water and aqueous solutions is particularly important for
industrial application.42
TG analysis

The high thermal stability of ACF samples is one of the most
important characteristics for their practical applications. Fig. 6
shows the thermal decomposition of pristine ACFs, DA-ACFs, L-
RSC Adv., 2018, 8, 14414–14421 | 14417
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Fig. 7 Enzyme loading rate and relative activity of immobilized laccase
with different laccase concentration.

Fig. 5 Photographs of water on (a) ACFs and (b) DA-ACFs.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
A

pr
il 

20
18

. D
ow

nl
oa

de
d 

on
 2

/1
0/

20
26

 6
:5

5:
18

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
ACFs, and LDA-ACFs in a nitrogen atmosphere. The weight loss
region of the samples below 105 �C was approximately 1%,
which demonstrated minimal absorption of physical water to
the bers. Therefore, the large peaks detected between
3500 cm�1 and 3000 cm�1 were ascribed to the N–H stretching
bands (Fig. 4b and c).

It is well known that pristine ACFs possess good thermal
stability.43 In this study, the ACFs exhibited weight loss of
approximately 7% when the temperature reached 800 �C, indi-
cating excellent thermal stability. However, the TG curve of the
DA-ACFs showed that a weight loss of approximately 5%
occurred from 100 �C to 180 �C, which was caused by vapor-
ization of the water bound to the bers. DA is thermally stable
up to 250 �C, and the mass loss of 11% occurring from 200 �C to
450 �C corresponded to breakdown of the cross-linked surface
framework created by graing of the poly-dopamine coating.44

Below 200 �C, the weight loss traces of the L-ACFs and LDA-ACFs
showed similar thermal behavior to that of the DA-ACFs. In the
TG curves of L-ACFs and LDA-ACFs, the weight loss of 15.6%
occurring from 200 �C to 300 �C was attributed to decomposi-
tion of the protein backbone of immobilized laccase.45 In
Fig. 6 Thermo-gravimetric curves of (a) ACFs, (b) DA-ACFs, (c) L-
ACFs, and (d) LDA-ACFs.

14418 | RSC Adv., 2018, 8, 14414–14421
contrast to L-ACFs, the weight loss occurring between 300 and
500 �C in LDA-ACFs was likely attributed to the effect of poly-
dopamine.

Optimization of the immobilization laccase concentration

The protein content loaded on the samples and the relative
activity of the immobilized laccase are shown in Fig. 7. The
maximal activity of L-ACFs was 97.1 � 2.5 U g�1 (12.86 wt%)
when the laccase concentration reached 3 g L�1 and then
declined to levels comparable to that of LDA-ACFs as the laccase
concentration continued increasing. This result could be
explained by the previous observation that, a high free laccase
concentration can enhance the intermolecular steric hindrance,
which restrains the diffusion of substrates and products.46

Therefore, the optimized concentration of laccase used for
preparing samples was 2.0 g L�1 was affected by technical and
economic factors, and was used in all other experiments.

Effect of pH and temperature on enzymatic activity

The optimal pH range for laccase activity is a signature property
characteristic of free and immobilized laccase.3 The optimal pH
level of laccase was reported to be approximately 4.0.47 The
different effects of pH on free and immobilized laccases were
compared over the pH range of 2.0–8.0. The reactions were
monitored at 30 �C for 60 min, and the maximum relative
enzymatic activity was dened as 100%. As shown in Fig. 8a, the
optimum pH value for free laccase was found to be 4.0, whereas
L-ACFs and LDA-ACFs exhibited maximal relative activities at
pH 4.5. As the pH increased above 4.0, the relative activity of free
laccase decreased sharply, which could be attributed to the
change in the redox-potential of the enzymatic reaction and the
binding of OH–which can block the internal electron transfer in
the enzyme.48 However, the L-ACFs and LDA-ACFs retained
relatively higher enzymatic activity over a broad pH ranging
from 3.5 to 6.5. This effect might be attributed to the ability of
the surface of the carrier to provide a more favorable micro-
environment as well as a buffer for the enzyme to undergo H+

dissociation, which can in turn help alleviate changes in the
enzyme conformation that occur during pH changes.49 In
This journal is © The Royal Society of Chemistry 2018
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Fig. 8 Effect of pH (a) and temperature (b) on the laccase activities in
free and immobilized preparations.
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contrast to free laccase, the LDA-ACFs were much more stable
over a wide optimum pH range, which could improve its
versatility for various applications.

The effect of temperature on the relative activities of laccase
is also a vital for bioprocesses, which greatly affects the enzy-
matic activity and membrane turgidity of cells and yeasts. The
effect of temperature on the reactions was monitored between
25 �C and 80 �C. At temperatures above 35 �C, a sharp decline in
the relative activity of free laccase was observed, while the
immobilized laccase on the ACFs and DA-ACFs exhibited
a broader temperature for optimum activity ranging from 30–
55 �C, with only 20% loss (Fig. 8b). Remarkably, at 75 �C, the DA-
Fig. 9 Stabilities of free and immobilized preparations: (a) thermal stabi
stability of immobilized laccase (pH 5.0, 30 �C) incubated for 0.5 h, (c) sto
for 40 days.
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ACFs still retained more than 20% activity. The immobilized
laccase was more stable than that of the free enzyme in the
range of 30–55 �C, suggesting that enzyme immobilization
effectively stabilized laccase. This nding might be ascribed to
the carrier, which can enhance the rigidity of the molecular
structure of the laccase and reduce its temperature sensitivity.46

Indeed, a clear relationship exists between a carrier and an
enzyme, and high retention of enzymatic activity is generally
obtained with more hydrophilic materials.50 However, interac-
tion between the carrier and laccase does not allow the enzyme
molecules more freely, which results in decreased enzymatic
activity.51
Stability of free and immobilized laccase

Several factors contribute to the overall stability of an enzyme,
including the thermo-stability, reusability, and storage stability
under extreme conditions. The stability of biocatalysts is one of
the most important parameters for industrial applications of
enzyme, since the technological potential of an enzyme
depends on its operational stability, which impacts the overall
costs of enzymatic applications.52

Thermal stability assays were performed with free and
immobilized laccase at 55 �C for 6 h. The thermal stability of
free laccase was poor, and the enzymatic activity decreased
sharply aer incubation at 55 �C for 30 min and lost approxi-
mately 90% of its activity aer 2 h (Fig. 9a). In contrast, laccase
immobilized with the ACFs and DA-ACFs showed high thermal
stability, and more than 50% of the enzymatic activity of DA-
ACFs remained aer 5 h. The main factor responsible for this
improvement in thermo-stability might be the interactions
between the carrier and laccase, such as hydrogen bonds,
hydrophobic interactions, and electrostatic interactions, which
can promote further rigidity of the enzyme structure and greater
resistance against thermal denaturation.3

The operational stability of the immobilized laccase was
determined (pH 5.0, 30 �C, 30 min), and the L-ACFs and LDA-
ACFs were washed with buffer aer each experiment. As
shown in Fig. 9b, the relative activity of immobilized laccase
decreased with increased use, and 60% and 40% of the original
activity of the LDA-ACFs and L-ACFs was retained aer 6 cycles,
respectively. This observation could be explained by the dena-
turation of enzyme on the surfaces of carriers, as well as enzyme
lity of free and immobilized laccase incubated for 6 h, (b) operational
rage stability of free and immobilized laccase (pH 5.0, 4 �C) incubated
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Table 2 Kinetic parameters of free and immobilized laccase

Enzyme Vmax (mg (mL min)�1) Km (mg mL�1)

Free laccase 16.47 � 0.74 0.59 � 0.02
L-ACFs 9.10 � 0.44 0.70 � 0.03
LDA-ACFs 6.37 � 0.26 0.65 � 0.03
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leakage from carriers during the reactions.45 It has also been
suggested that subsequent immobilization of these aggregates
would render them permanently insoluble while maintaining
their catalytic activity.17

The stabilities of the free and immobilized laccase were
tested during storage in an aqueous solution (0.5 mM buffer) at
4 �C in the pH of 5.0. As shown in Fig. 9c, the relative activity of
free laccase decreased signicantly aer a 10 day incubation,
and lost virtually all activity aer 40 days. However, the stability
of the immobilized laccase was much higher compared to that
of the free laccase, indicating that the LDA-ACFs might remain
active over several months. This result can be attributed to the
higher concentration of binding sites on the carrier, which
would increase the binding density to in turn reduce the
enzyme mobility, thereby increasing the enzyme stability with
the multivalent interactions.53
Kinetic analysis of free and immobilized laccase

The Michaelis constant (Km) is an important parameter for
measuring the affinity of an enzyme with its substrate, and the
Vmax value denes the maximum reaction velocity. A lower Km

value indicates a higher binding ability for the substrate. As
shown in Table 2 and Fig. 10, the Km values of the immobilized
laccase samples were slightly higher than those of free laccase,
which indicates that the enzymatic affinity for ABTS was less
impacted by the immobilization procedure due to the small
diameter of the carries.54 However, the Vmax values of the L-ACFs
and LDA-ACFs were determined to be 9.10 mg (mL min)�1 and
6.37 mg (mL min)�1, respectively, which were markedly lower
than that of free laccase at 16.47 mg (mL min)�1. This change
Fig. 10 Lineweaver–Burk plots for free and immobilized laccase.
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may be ascribed to an increasing diffusion limit of substrates
and laccase caused by the carriers.55

Conclusion

The ultimate goal of this work was to achieve laccase immobi-
lization on the surface of ACFs, which was accomplished via
modication using oxidative self-polymerization. Compared
with the traditionally synthesized carrier materials, the DA-
ACFs exhibited superior performance on account of their
large surface area, and high biocompatibility and hydrophilicity
as determined through SEM, XPS, ATR-FTIR, and TG measure-
ments. The properties of immobilized laccase with DA-ACFs
were enhanced compared to those of free laccase and L-ACFs,
particularly with respect to high enzyme loading and stability.

In summary, poly-dopamine based ACFs have gained
increasing attentions as novel enzyme supports due to their
good biocompatibility and simple process used for immobili-
zation. Furthermore, ABTS was used as a model substrate for
immobilization in this study, and a catalytic mechanism is
proposed. We therefore expect that L-ACFs and LDA-ACFs are
promising research tools that can replace traditional chemical-
conversion methods used in academic and industrial labora-
tories because of their high efficiency, economic consider-
ations, and sustainability.
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