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Abstract: In this work, laccase from Trametes versicolor pretreated with copper ion solution was
entrapped in copper alginate beads. The presence of laccase in copper alginate beads was verified
by Fourier transform infrared (FTIR) spectroscopy. The alginate concentration used was optimized
based on the specific activity and immobilization yield. After entrapment, laccase presents perfect
pH stability and thermal stability with 2,2′-azinobis-(3-ethylbenzthiazoline-6-sulphonate) (ABTS) as
the substrate. Moreover, laccase in copper alginate beads exhibits good reusability during continuous
batch operation for removing 2,4-dichlorophenol. More importantly, owing to the coupled effect
of copper ion activation and copper alginate entrapment, the entrapped laccase shows a 3.0-fold
and a 2.4-fold increase in specific activity and 2,4-DCP degradation rate compared with that of free
laccase, respectively.

Keywords: laccase; copper alginate; entrapment; specific activity; degradation rate

1. Introduction

Laccase can catalyze the oxidation of a variety of aromatic compounds (preferably phenolic
compounds) [1,2] and has been widely employed for delignification, plant fiber derivatization, textile
dye or stain bleaching, and contaminated water or soil detoxification [3–6]. However, the industrial
applications of laccase are still seriously limited owing to their poor stability and high cost [7]. It is
well known that these limitations can be overcome by immobilization technology [8–12]. In earlier
studies, Rogalski et al. immobilized laccase on controlled porosity glass and measured its activity in the
aqueous solution containing organic solvents [13]. Dodor et al. fixed the laccase on the kaolinite by the
glutaraldehyde method and they demonstrated that the temperature stability, pH stability, and storage
stability of immobilized laccase was improved as compared with the free laccase [14]. Hwang et al.
immobilized laccase on nanoparticles and kaolinite via the physical adsorption or chemical covalence
method and they found that immobilized laccase could act as an efficient tool to oxidize BaP [15].
In recent years, Pellis et al. prepared the immobilized laccase using Accurel MP1000 beads as a
carrier to facilitate the oxidation of Kraft lignin (KL) and lignosulfonate (LS) [16]. Greimel et al. used
immobilized laccase to remove morphine and complete morphine elimination was achieved within
30 min [17].

As a natural polysaccharide extracted from brown seaweeds, alginate has been commonly used
for immobilization of laccase in the form of calcium alginate beads [18,19]. It is known that the activity
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of laccase in the solution can be enhanced by the addition of Cu2+ ions [18] and that copper has a
greater affinity for alginate than calcium during the gelation of alginate beads [20]. Thus, the copper
alginate beads may be a better support for laccase immobilization because of the activation effect of
Cu2+ ions and high affinity between the alginate and Cu2+ ions [21]. Several teams had used copper
alginate beads as carrier to entrap the laccase and found that the operation stability and reusability
of entrapped laccase were significantly improved [22,23]. However, the specific activity of laccase in
these studies declines. In their reports, the copper alginate entrapment was accomplished by allowing
the droplets of Na-alginate solution containing laccase to fall into the Cu2+ solution. The high viscosity
of Na-alginate solution containing laccase might limit the activation effect of Cu2+ and then result in
the low laccase activity.

Thus, in this study, laccase was dissolved in a Cu2+ solution before entrapment to enhance its
activity. Then the activated laccase was entrapped into copper alginate beads by dropping the sodium
alginate solution into the Cu2+-laccase solution. The specific activities of entrapped laccase produced
by different entrapment protocols were measured and the concentrations of sodium alginate solution
were screened based on laccase’s immobilization yield and specific activity. The Fourier transform
infrared (FTIR) spectrum of entrapped laccase was characterized. Subsequently, the pH stability
and thermal stability of entrapped laccase was investigated. Finally, the entrapped laccase was used
to degrade 2,4-dichlorophenol (2,4-DCP) to evaluate its potential value in the treatment of phenol
wastewater. Entrapped laccase reusability was also investigated.

2. Results

2.1. The Effect of Immobilization Protocols

In general, the geometry of an enzyme active site can be perturbed by ligands, such as the substrate,
substrate analogues, or other components (salts and polymer), and the induced conformation can
be subsequently frozen by the corresponding immobilization processes [24]. Herein, the different
protocols for entrapment of laccase were performed to demonstrate whether the favorable conformers
of laccase activated by Cu2+ ions could be retained by copper alginate entrapment. From Table 1,
the specific activity of entrapped laccase produced by protocol II, III, and IV was lower than that of
the free laccase, which is attributed to the mass transfer limitation of the substrate and product in
the alginate beads. Moreover, given that copper has greater affinity for alginate than calcium during
alginate gelation, some of the laccase active site Cu2+ ions may have been extracted during gelation in
the presence of CaCl2, leading to the lower specific activity of entrapped laccase produced by protocol
III and IV as compared with the free laccase. As compared with the free laccase, the lower specific
activity of the entrapped laccase produced by protocol II illustrates that the Cu2+ ions incorporated in
the net of Cu-alginate beads cannot activate laccase. The poor specific activities of entrapped laccase
produced by protocol III and IV also indicate that Ca2+ ions incorporated in the net of Ca-alginate beads
and Ca2+ ions in solution cannot improve the specific activity of laccase. The experimental data verified
that the specific activity of free laccase is increased by a factor of 2.3 with the addition of 0.8 mM CuCl2,
suggesting that some of active-site Cu2+ ions in laccase may have been removed during purification
and/or dialysis. In contrast, the entrapped laccase produced by protocol I shows a 3.0-fold increase in
specific activity compared to that of the free one. Most importantly, the entrapped laccase produced by
protocol I shows a 1.3-times increase in specific activity as compared with free laccase supplemented
with CuCl2. The enhanced specific activity of entrapped laccase may be attributed to the coupled effect
of Cu2+ ions activation and copper alginate entrapment. Since the Cu2+ ion is a component of the active
site of laccase [6], laccase can give more active conformation in CuCl2 solution. The active conformation
of laccase induced by CuCl2 solution can be frozen by copper alginate entrapment to some extent. As a
result, the entrapped laccase shows enhanced specific activity. In Roberto’s review, immobilization
technology may become a tool to “freeze” the more active conformation of the enzyme [25], which is
in agreement with our results. We speculated that induced active conformers of laccase in copper



Catalysts 2018, 8, 286 3 of 11

alginate beads may be retained and enriched owing to the hypothesis of macromolecular crowding
and confinement [26,27]. There are some other reports focusing on improving enzymatic activity via
the allosteric effect regulated by metal ions in the carrier [28,29], which may be another reasonable
explanation for our results. The entrapment parameters involved in protocol I were optimized in the
following study.

Table 1. The specific activity of entrapped laccase with different protocols.

Samples Specific Activity (µmol/mg/min)

Protocol I 659.1 ± 16.4
Protocol II 119.4 ± 18.3
Protocol III 88.9 ± 15.5
Protocol IV 82.5 ± 12 .9
Free laccase 217.0 ± 11.2

Free laccase [a] 499.1 ± 17.5
[a] ABTS assay system contained 0.8 mM CuCl2.

2.2. FTIR

For verifying the presence of laccase in the copper alginate beads, the copper alginate beads,
laccase, and the copper alginate beads loaded with laccase were characterized using FTIR spectroscopy.
In Figure 1a, the peak at 816 cm–1 was observed. It is known that the peak at 816 cm–1 is assigned
to vibrations of mannuronic acid residues in copper alginate beads [30]. In Figure 1b, the peaks at
1648 cm–1 and 1544 cm–1 are shown. These peaks ascribed to the vibrations of the amide I and II
bands of protein [31]. The amide I band at 1648 cm–1 is mainly attributed to the contribution of C=O
stretching vibrations of the amide groups in protein; the amide II at 1544 cm–1 derives mainly from
in-plane NH bending vibration and CN stretching vibration in protein [32]. After entrapment, all these
characteristic bands for both laccase and copper alginate beads can be found in Figure 1c. These results
verify the presence of laccase in copper alginate beads.
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2.3. The Effect of Alginate Concentration

The different Na-alginate concentrations (1.0–3.0 w/v%) were used to screen the optimal specific
activity and immobilization yield of entrapped laccase when using copper alginate beads as a carrier.
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As can be seen from Figure 2, the specific activities of entrapped laccase gradually decrease with the
increasing alginate concentration. Generally speaking, the pore size of alginate beads decreases with
the increase of Na-alginate concentration [33]. In this work, a higher concentration of Na-alginate
solution leads to the presence of copper alginate beads with smaller pore sizes, which impedes the
diffusion of ABTS and, thus, decreases the specific activity of entrapped laccase. In addition, it is
demonstrated that the maximum immobilization yield can be seen when 1.5 (w/v%) of Na-alginate
solution is used, and that a lower immobilization yield is observed with the further increase or decrease
of Na-alginate concentration. The copper alginate beads with large pore sizes can be obtained as
a low concentration of Na-alginate solution is employed. The larger pore size of copper alginate
beads causes the leakage of laccase and reduces the immobilization yield accordingly. When a high
concentration of Na-alginate solution is used, the outermost part of the beads is completely complexed
during the maturation [34]. As a result, the strongly complexed alginate seals the beads’ pores and
then partially blocks the diffusion of laccase toward the interior of the beads, causing the decrease of
the immobilization yield. For obtaining the best immobilization yield (92%) and good specific activity
(635.0 µmol/mg/min), 1.5 (w/v%) of Na-alginate solution was chosen as the optimal concentration for
subsequent investigations.
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2.4. pH Stability

It is well known that the state of ionization and dissociation of enzymes is most probably altered
during the immobilization procedure [35]. Thus, pH stabilities of entrapped or free laccase were
surveyed by first immersing them in buffers of different pH in the range of 2.2–8.0 for 4 h at 25 ◦C,
followed by activity estimation at pH 4.6.

The laccase entrapped into Cu-alginate beads exhibits 87.6% and 91.3% of its original activity after
four hours of incubation at pH 2.2 and 8.0, respectively (Figure 3). The free laccase maintains 9.5% of its
original activity at pH 2.2 and 23.2% of its original activity at pH 8.0 (Figure 3). This result demonstrates
that entrapped laccase is more stable than free laccase, and that the entrapment procedure improves the
laccase stability over a broader pH range, which is consistent with other investigators’ results [36,37].
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2.5. Thermal Stability

Thermal stability is one of the important criteria for industrial applications of laccase [38]. The heat
inactivation studies were carried out to evaluate the effect of Cu-alginate entrapment on the thermal
stability of laccase. The entrapped and free laccase were incubated at different temperatures (20–60 ◦C)
for four hours and subsequently assayed for residual activity. As can be seen in Figure 4, after four
hours of incubation, the entrapped and free laccase show the maximum specific activity at 40 ◦C and
present the decreasing trend of specific activity with the further increase or decrease of the temperature
in the range of 20–60 ◦C. The specific activity of entrapped laccase decreases at a slower rate than
that of the free one at higher temperature (40–60 ◦C). The results show the thermal stability of laccase
is substantially enhanced at higher temperatures. The improved thermal stability of laccase may be
attributed to the protective effect provided by the net in Cu-alginate beads. Such protective effect
preserves the tertiary structure of laccase and protects laccase from disassembling the active center
caused by the diminution of non-covalent forces at higher temperatures [39].
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2.6. Degradation of 2,4-Dichlorophenol

In this work, the entrapped laccase was employed to degrade 2,4-dichlorophenol to determine
its potential value for treating the phenol wastewater. It is noted that, after 10 hours of reaction time,
the entrapped laccase presents a 2.4-fold increase in the degradation rate compared to that of the free
laccase (Figure 5). The significant increase in the degradation rate shall be attributed to the activation
of Cu2+ ions followed by the active conformation confinement produced by the net of Cu-alginate
beads for the entrapped laccase [26,27].
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2.7. Reusability

In industrial applications, the reusability of immobilized laccase is a key factor for its cost-effective
use [40]. Hence, the reusability of the entrapped laccase was studied for the degradation of
2,4-dichlorophenol during continuous batch operation and the experimental data verifies that the
degradation rate of entrapped laccase gradually decreases from 94.6% to 80.4% during ten reaction
cycles (Figure 6). The experimental results demonstrate that the entrapped laccase possesses the
perfect operational stability during continuous batch operation. The enhanced degradation rate
and good operational stability benefit the removal of 2,4-dichlorophenol from phenol wastewater in
practical applications.
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3. Materials and Methods

3.1. Materials

Laccase from Trametes versicolor was obtained from Sigma–Aldrich (St. Louis, MO, USA).
The 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) and 2,4-dichlorophenol (2,4-DCP)
was purchased from Sigma–Aldrich (St. Louis, MO, USA). KBr (spectral grade) was obtained from
BDH Co. (Poole, UK). All other chemicals and reagents were of analytical grade. All aqueous solutions
were prepared with Milli-Q water.

3.2. Purification of Laccase

The suitable amount of laccase powder was dissolved in 15 mM sodium acetate (pH 5.0).
Then, the crude laccase solution was applied to an anion-exchange (DEAE) column, which was
equilibrated with 15 mM sodium acetate (pH 5.0). The laccase fraction was obtained by elution with
0.1 to 0.15 M NaCl through an anion-exchange (DEAE) column. Laccase containing fractions were
pooled and concentrated. The concentrated laccase was dialyzed against Na2HPO4-citric acid buffer
(pH 4.6), and then lyophilized. Eventually, the lyophilized sample was stored at –20 ◦C until further
use. SDS-PAGE (12%) was carried out to assess the purity of the purified laccase. The purified laccase
produced one band on an SDS-PAGE gel at a molecular mass of approximately 66.3 kDa. Na2HPO4

(26.55 g) and citric acid (22.38 g) was dissolved in 2 L deionized water to prepare Na2HPO4-citric acid
buffer (pH 4.6).

3.3. Entrapment of Laccase with Different Protocols

Protocol I: Ten milliliters of sonicated sodium alginate solution (1.0%, w/v) was dropped into
a pre-cooled 10 mL CuCl2 solution (0.2 M) containing laccase (2 mg/mL) by using of a syringe
(internal diameter 0.5 mm) with continuous gentle hand swirling. The diameter of enzyme entrapped
Cu-alginate beads is approx. 2.5 mm. The beads were allowed to harden at 4 ◦C in the CuCl2 solution
for 4 h. The beads were filtered off, washed with water and stored at 4 ◦C until use.

Protocol II: Twenty milligrams of purified laccase was dissolved into 10 mL sonicated sodium
alginate solution (1.0%). Then, the alginate solution containing laccase was added to 10 mL of CuCl2
solution (0.2 M) by a syringe. The other operations were performed according to protocol I.

Protocol III: The CuCl2 solution (0.2 M) was replaced by CaCl2 solution (0.2 M). The other
operations were executed according to protocol I.

Protocol IV: The CuCl2 solution (0.2 M) was replaced by CaCl2 solution (0.2 M). The other
operations were carried out according to protocol II.

3.4. Calculation of Specific Activity, Immobilization Yield

3.4.1. Immobilization Yield

The protein concentration in the supernatant was quantified using the Bradford protein assay
with BSA as a standard [41]. The immobilization yield was calculated as follows:

Y = (W1 −W2) × 100/W1 (1)

where Y = Immobilization yield (%), W1 = the total amount of laccase added to immobilization system,
and W2 = the total amount of laccase recovered from the pooled supernatant and washing fractions.

3.4.2. Specific Activity

The specific activity of free and entrapped laccase was determined by using ABTS as the
substrate [42]. The reaction mixture contained 3 mM ABTS, Na2HPO4–citric acid buffer (pH 4.6), and a
suitable amount of free and entrapped laccase. The amount of free and entrapped laccase was chosen
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to make the absorbance of the reaction product within the linear range of the spectrophotometer used
in the experiment (UV-2550, Shimadzu, Kyoto, Japan). The reaction mixture was incubated in a water
bath at 40 ◦C for 3 min. Then, the reaction mixture was stopped by cooling in an ice bath for 3 min.
For entrapped laccase, the reaction mixture was filtrated by a membrane filter (0.22-µm pore size) to
obtain the supernatant used for the activity assay. Oxidation of ABTS was measured as the absorbance
increase at 420 nm (ε420 = 36,000 M–1 cm–1). The specific activity (µmol min–1 mg–1) was defined as
the amount of ABTS oxidized per minute per milligram of both free and entrapped laccase.

3.5. FTIR

The FTIR spectrums of the samples were surveyed using a spectrophotometer (Nicolet 5700,
Thermo Electron Corporation, Waltham, MA, USA) with a resolution of 4 cm–1 via the the KBr method.

3.6. The Effect of Alginate Concentration

Varying concentrations of sodium alginate (1.0–3.0% (w/v)) were used during the entrapment of
laccase. The specific activities and immobilized yields were assayed according to the description in
Sections 3.4.1 and 3.4.2.

3.7. pH Stability

The pH stability of entrapped or free laccase was determined using Na2HPO4–citric acid buffers
ranging in pH from 2.2 to 8.0 at 40 ◦C. The specific activity was determined according to the assay in
Section 3.4.2.

3.8. Thermal Stability

Thermal stability of entrapped or free laccase was evaluated under different temperatures
(20–60 ◦C) at pH 4.6. The specific activity was determined according to the assay in Section 3.4.2.

3.9. Degradation of 2,4-Dichlorophenol

The desired amount of entrapped laccase or free laccase was added to 200 mL of 2,4-DCP solution
(10 mg/L, prepared in pH 4.6 Na2HPO4–citric acid buffer). Then, the reaction system was placed at
40 ◦C with slow stirring for 10 hours. Samples were withdrawn at one-hour intervals followed by
centrifugation at 3500× g for 1 min. The concentrations of 2,4-DCP in supernatant were measured by a
colorimetric method [43]. In brief, 10 mL of the supernatant was added to 40 mL of deionized water,
followed by the addition of 1.25 mL of NH3.H2O (0.5 mol L−1). After the pH of the diluted supernatant
was adjusted to 7.9 by H3PO4–Na2HPO4 buffer (pH 6.7), 0.1 mL 4-aminoantipyrine solution (20 g/L)
and 0.1 mL ferricyanide solution (24.3 mmol K3Fe(CN)6 in 100 mL H2O) were added with stirring. The
mixture was then incubated at room temperature with stirring and kept for 15 min. The absorbance
of the assay system at 510 nm was measured by UV-visible spectrophotometer (Shimadzu UV-2550,
Shimadzu, Kyoto, Japan). The standard curve was plotted as the absorbance at 510 nm versus the
concentration of 2,4-DCP to determine the 2,4-DCP concentration in the assay system. The degradation
rate (DR) referred to the percentage of degraded 2,4-DCP accounting for the initial system.

3.10. Reusability

The Cu-alginate beads loaded with laccase were used for successive batch treatments of 2,4-DCP.
The reaction mixture containing 200 mL of 2,4-DCP (10 mg/L) and a suitable amount of entrapped
laccase was incubated at 40 ◦C with slow stirring for 10 hours. Then, the reaction mixture was
centrifuged. The degradation rate of 2,4-DCP in supernatant was determined according to the method
in Section 3.9. The recovered Cu-alginate beads were washed three times with distilled water to
remove any residual substrate or product. Washed Cu-alginate beads were used in the next cycle
under otherwise equivalent conditions.
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3.11. Statistical Analysis

The data expressed in various studies was plotted using Sigma Plot-9 and expressed as standard
error (±). Each value represents the mean for three independent experiments performed in duplicate,
with average standard deviation <5%.

4. Conclusions

In summary, laccase from Trametes versicolor was pretreated by copper ion solution followed by the
copper alginate entrapment. The entrapped laccase presents excellent pH stability and thermal stability
when using ABTS as model substrate. During the degradation of 2,4-dichlorophenol, the entrapped
laccase shows good operational stability. Furthermore, the entrapped laccase has an increase in specific
activity of 130% compared with free enzyme supplemented by CuCl2 in the oxidation of ABTS.
The degradation rate of free laccase for removing 2,4-dichlorophenol is increased by a factor of 2.4
with the coupled effect of Cu2+ ions activation and copper alginate entrapment. The new entrapment
protocol provides a promising catalyst for the bioremediation.
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