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Abstract: In the present study, the embedding-crosslinking method was used to
immobilize fungal laccase, and to determine the suitable conditions for immo-
bilization by measuring various activities of the immobilized laccase. In addi-
tion, the immobilized laccase was further employed to repair chlorpyrifos-con-
taminated soil, and then the degradation rates of chlorpyrifos were measured
under different conditions. Based on the results, the appropriate conditions for
the method of embedding-crosslinking were found to be as follows: concentra-
tion of sodium alginate — 3 %, concentration of glutaraldehyde — 1 %, cross-
linking time — 6h, volume of crude laccase — 60 ml, and immobilization time —
4 h. After 48 h, the degradation rate of chlorpyrifos in soil could reach at least
70 % by the use of immobilized laccase that was prepared by the method of
embedding-crosslinking under different environmental conditions.
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INTRODUCTION

Laccase (benzenediol: oxygen oxidoreductase, E.C. 1.10.3.2) is a multicop-
per oxidase that was originally obtained from the juice of Rhus verniciflua. Sub-
sequently, it has been found in some insects,'” certain bacteria,’ plants’ and
various fungi.™® Details related to laccase industrial applications are given in
Supplementary material to this paper. However, there are still some limitations in
the applications of laccase in environmental engineering, e.g., the conditions of
the applications are limited, the enzyme activity is easy to lose, and the operating
parameters are changeable.’

In the recent years, immobilization methods have become available for the
partition of the enzyme catalyst from the reaction mixture without difficulty thus
reducing the cost of the enzymes significantly. Different immobilization proce-
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dures are considered in the Supplementary material. The immobilization of the
enzyme might cause certain alterations in its physical and chemical properties;
therefore, it is very important to choose a suitable immobilization technology.
The entrapment technique could be defined as physical entrapment within a poly-
mer matrix support. This method does not change the structure of the enzyme,
but it can keep its highest activity.*'* Crosslinking is similar to covalent bonding,
and the immobilization by this method is based on the crosslinking between the
functional groups on the carrier surface and the enzyme, At the same time, this
method is different from covalent bonding and the carriers used for the cross-
linking are non-water-soluble.">'®

Although the entrapment is widely used for immobilization of enzymes and
has the advantages of an inexpensive and simple operation, the combination
between the enzyme and the carriers, obtained by this method is not very strong,
which would cause the immobilized enzyme to lose its activity easily.® In the
process of crosslinking, the combination between the enzyme and the carriers is
strong, the immobilized enzyme has high stability, but the crosslinking process is
complex, and the violent reaction inhibits the activity of the enzyme."’

Chlorpyrifos (O,0-diethyl-O-(3,5,6-trichloro-2-pyridinyl) phosphorothioate)
(CPF) is one of the most extensively used organophosphate pesticides in the
world (for details see Supplementary material).”*

In this study, the entrapment and crosslinking were combined to achieve the
best laccase immobilization effect; the fungal laccase was immobilized on sodium
alginate, and the glutaraldehyde was employed as crosslinking agent to improve
the immobilization effect and CPF removal efficiency from the soil by laccase.

The objectives are: 1) to compare the activities of immobilized laccase and
non-immobilized laccase; 2) to explore the factors affecting the process of lac-
case immobilization; 3) to evaluate the efficiency of the immobilized laccase
applications on the soil remediation for CPF contaminations.

EXPERIMENTAL
Materials and methods

Details related to chemicals and equipment used are given in the Supplementary
material.

Methods

Immobilization procedure. Firstly, the weighted sodium alginate was placed into 20 ml
distilled water, and heated at 60 °C until the compounds form a colloidal solution. Then the
cold colloidal solution was dropped into 1.5 % CaCl, by a special granulator, and they were
placed in an oscillator at 120 revolutions per min, 25 °C for 4 h. Later, the carriers were taken
out and washed by distilled water repeatedly, until the residual CaCl, was washed clean.
Finally, the immobilization was carried out by placing the carriers in 250 ml free laccase at
120 rpm and 25 °C. After the immobilization (Fig. S-1 of the Supplementary material), the
residual free laccase was washed away from the surface of the carriers, and the activity of the
immobilized laccase was determined.
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Preparation of crude laccase. Straw with certain quality (length of about 3 cm) was
weighted into conical flask, and then some water was added to soak it for a day. It was ster-
ilized at high temperature and high pressure for 30 min, and used as raw material for pro-
ducing enzyme culture medium until cooling. White-rot fungi (Lenzites betulinus) were
grafted into the above culture medium, and fostering was conducted in an incubator at a
temperature of 26 °C. After that, 100ml aseptic abstract liquid was added and soaking-draw
was conducted for 24 h at 26 °C and 120 rpm. It was centrifuged for 15min at 4000 rpm to
remove the rope and solid impurities. The supernatant was collected as crude laccase con-
centration liquid.

Determination of laccase activity

Determination of free laccase activity. ABTS was used to determine the activity of free
laccase. For this experiment reaction solution with volume of 2 ml containing 200 pl of 500
mM C;H,0,~C;H,0,4Na, (pH 4.5), 100 uL of 20 mM ABTS, 1500 ul of H,O, and 0.2 ml of
laccase liquid were used. The reaction solution was introduced into the HPLC system. The
reaction was conducted at 28 °C for 3 min and the increase in the absorbance at 420 nm was
measured. The measured value was used to calculate the free laccase activity. One unit (U) of
laccase activity was defined as the amount of laccase used for catalytic oxidation of 1 pM
ABTS after 1 min.

The free laccase activity was calculated by the following formula:
100044V
At€420Volms

(M

where A4 was the increase in the absorbance for the duration of the experiment — 3 min, V'
was the volume of the reaction solution — 2 ml, ¥} was the volume of the sterile leach liquor,
At was 3 min, &40 = 3.6x10° L- umol'1~cm'1, Vo was the volume of laccase liquid — 0.2 ml, /
was the inner diameter of the cuvette (/=1 cm) and m, was the quality of the medium.
Degradation of chlorpyrifos by immobilized laccase

A slurry was prepared by mixing 15 g soil containing chlorpyrifos with 45 ml water and
then the immobilized laccase was added. The degradation conditions were set to 25 °C and
120 rpm. The degradation rate of chlorpyrifos was determined every 8 h.
The conditions of HPLC

Mobile phase was prepared with methyl alcohol and distilled water (9:1 volume ratio).
The UV wavelength was set to 300 nm at room temperature. The sample size was 10 um at a
rate of 1.0 ml/min and the retention time was 6 min.
Data processing

The Microsoft Excel software was used to process all the experimental data. The SPSS
Statistics 17.0 (SPSS Inc., Chicago, IL, USA) was used for the statistical analysis, and
p <0.05 was considered as significant difference.

RESULTS AND DISCUSSION

Influence of sodium alginate and glutaraldehyde concentration on the activity of
the immobilized laccase

The results presented in Fig. 1 showed that an increase in the concentration
of sodium alginate led to increase in the activity of the immobilized laccase until
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a concentration of 3 % was reached. The highest activity was recorded at concen-
tration of 3 %. Further increase in the concentration of the sodium alginate
resulted in decrease in the activity of the immobilized laccase. A possible reason
for this was that when the concentration was lower than 3 %, the immobilized
laccase was insecure, and the free laccase was easy to escape from the carriers.
However, concentrations higher than 3 % led to denseness in the membrane
structure of the carrier surface, thus decreasing the activity of the immobilized
laccase in this case. Therefore, the most suitable concentration of sodium alginate
was found to be 3 %.

050
-.:t
= 040
E
<
<
030 |
0.20 1 1 . . Fig. 1. Influence of sodium alginate
1.0 2.0 3.0 4.0 50 concentration on the activity of

Concentration, % immobilized laccase.

As shown in Fig. 2, the activity of the immobilized laccase increased when
the concentration of glutaraldehyde increased from 0.1 to 1.0 %. Further increase
in the concentration led to decline in the activity of the immobilized laccase, This
could be explained with the fact that, at concentrations of the crosslinking agent
lower than 1.0 %, the crosslinking process was not complete, which led to low
activity of the immobilized laccase. However, if the concentration was higher
than 1.0 %, it was easy to form a tight network on the carrier surface, which
hindered the reaction between the laccase and the substrate. Therefore, the opti-
mal concentration of glutaraldehyde was determined to be 1.0 %.

030

0.20 L L L L
0.1 0.5 1.0 2.0 3.0

Fig. 2. Influence of glutaraldehyde
concentration on the activity of
Concentration, % immobilized laccase.
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Influence of crosslinking time and immobilization time on the activity of the
immobilized laccase

Like the concentration of the crosslinking agent, the crosslinking time also
affected the activity of the immobilized laccase to some extent. The results
presented in Fig. 3 showed that with increasing of the crosslinking time from 2 to
6 h, the activity of the immobilized laccase increased. The highest activity was
reached at crosslinking time of 6 h when the space structure of the carrier was
dense. Therefore a crosslinking time of 6 h was found to be the optimal one.

0.50 |
T 040
-
£ 030
3o

0.20 1 : ! . S

2 4 P s  Fig. 3. Influence of corsslinking time on the
t/h activity of immobilized laccase.

The combination between free laccase and carrier was somehow related to
the immobilization time. Theoretically, the longer immobilization time leads to
better activity of the immobilized enzyme. During the period of the measure-
ment, the change in the activity with the immobilization time was relatively flat.
However, as shown in Fig. 4, the activity of the immobilized enzyme reached
high levels after 2 and 4 h. Through comprehensive consideration of other fac-
tors, 4 h was accepted as the optimal immobilization time.

" /4\/{\
=050
z
3
2 o040 f
0-30 L L L 1
2 4 6 8 10 Fig. 4. Influence of immobilization time

t/h on the activity of immobilized laccase.

Influence of volume of crude laccase on the activity of the immobilized laccase

As shown in Fig. 5, the activity of the immobilized laccase changed with the
change in the volume of crude laccase. With increase of the volume of crude lac-
case, the activity of the immobilized laccase showed a growing trend, but when
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the volume exceeded 60 ml, the activity of the immobilized laccase had slight
decline. Therefore, 60 ml was found to be the optimal volume of crude laccase.

0.60 | /\‘\
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Activity, Ug1
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Fig. 5. Influence of volume of crude
laccase on the activity of immo-
¥/ ml bilized laccase.

Influence of immobilized laccase on the degradation of chlorpyrifos

The efficiency of immobilized laccase was tested on the soil remediation, and
it showed a good treatment effect. After immobilization, the degradation ability of
laccase was significantly improved. When chlorpyrifos-contaminated soil was
treated with immobilized laccase for up to 48 h or more, the degradation rate of
chlorpyrifos reached 70 %. As a control, experiments of degradation of contam-
inated soil by using free laccase and blank carrier were also conducted. The free
laccase had good degradation ability only at the beginning of the degradation. Over
time, the activity of free laccase decreased and after 48 h the degradation rate of
chlorpyrifos reached only 46 %. However, through statistical analysis (p > 0.05), in
the case of temperature as the test treatment, the difference between the immo-
bilized laccase and free laccase was not significant. The results showed that the
degradation rate of chlorpyrifos was very low without laccase (Fig. 6). This was
demonstrated through determination of the chlorpyrifos residue.

| —— Immobilized laccase

80

—_—
70 k Free laccase
60 | = Carrier

| —®— Chlorpyrifos

Degradation rate, %

0 8 16 24 32 40
t/'h

Fig. 6. Influence of immobilized laccase on the degradation of chlorpyrifos.
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Influence of initial concentration on the degradation rate of chlorpyrifos

The influence of the initial concentration on the degradation rate of chlor-
pyrifos is shown in Fig. 7. The results showed that at different initial concen-
trations of chlorpyrifos, the immobilized laccase and free laccase have different
degradation abilities (p < 0.05). When the initial concentration of chlorpyrifos
was less than 100 mg/ml, the increase in the concentration of the contaminants
led to increase in the degradation ability of the immobilized laccase. The degrad-
ation rate reached its maximum at initial chlorpyrifos concentration of 100 mg/ml.
When the initial concentration reached 120 mg/ml, the degradation rate of the
contaminants had a small decline, and the degradation rate significantly dec-
reased at concentration of 200 mg/ml. This could be attributed to the fact that the
high concentrations of chlorpyrifos would inhibit the catalytic function of the
laccase to a certain extent.
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90 -
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70./‘_————4\\‘

60 - ;
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o
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Concentration, mg mH

—4— Immobilized laccase —8— Free laccase —&— Carrier —— Chlorpyrifos

Degradation rate, %

»

Fig. 7. Influence of initial concentration on the degradation rate of chlorpyrifos.

Influence of pH on the degradation rate of chlorpyrifos

As shown in Fig. 8, the degradation rate of chlorpyrifos when free laccase
was used decreased sharply with the variation of pH. However, the value of pH
had little influence on the degradation ability of the immobilized laccase, leading
to small change in the degradation rate of chlorpyrifos.

Based upon the statistical analysis, the influence of immobilized laccase and
free laccase on pH had significant difference (p < 0.05). It is possible that the
immobilization process had a protecting effect on the laccase. The results showed
that the optimal degradation rate was reached at pH 7. Therefore, it could be
deduced that, when compared to the acidic and basic conditions, the neutral
conditions were the ideal ones for degradation of chlorpyrifos.
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Fig. 8. Influence of pH on the degradation rate of chlorpyrifos.

Influence of temperature on the degradation rate of chlorpyrifos

With increase in the temperature, the degradation rate of chlorpyrifos by
using both immobilized laccase and free laccase showed an increasing trend
within the range of determination (p < 0.05). The reviewing of the experimental
data shown in Fig. 9 led to the conclusion that a high degradation rate of chlor-
pyrifos was reached at temperature of 30 °C, which showed that the normal
outdoor environment was suitable for chlorpyrifos degradation.

100 -
90 - —— Immobilized laccase ~—#— Free laccase —&— Carrier —@— Chlorpyrifos

80 4 x Y —e

70 -//—

60;

50 4

40 4

30

20 4

10 4
0 & l

15 20 25 30 35
Temperature, C

Degradation rate rate, %

Fig. 9. Influence of temperature on the degradation rate of chlorpyrifos.

Comparison with other research

Previous studies'** have shown that different immobilization methods could
be used, and the immobilization process was influenced by different factors. The
immobilization method that was used in this study was the embedding— cross-
linking method, and the appropriate conditions of this method were found to be
as follows: concentration of sodium alginate — 3 %, concentration of glutaralde-
hyde — 1 %, corsslinking time 6 h volume of crude laccase — 60 ml, and immobil-
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ization time — 4 h. Yang et al.** isolated an Alcaligenes faecalis DSP3, capable of

degrading both chlorpyrifos and its primary metabolite 3,5,6-trichloro-2-pyri-
dinol (TCP). Thengodkar and Sivakami®® showed that TCP could be degraded by
using alkaline phosphatase obtained from the cyanobacterium Spirulina platensis.
When assayed at different pH values, four peaks for the optimum rate of the enz-
ymatic reaction were observed. The maximum activity was observed with a sharp
peak at pH 10.5. The results reported in this study showed that the optimal pH is
7.0. This difference presumably was due to the method of immobilization making
the enzyme more active in neutral conditions. In the recent years, the applications
of plant-microbe for degradation of chlorpyrifos have been considered as a bio-
logical strengthening technology.”®?” Although the microbial degradation of
chlorpyrifos has been investigated, little is known about the degradation of chlor-
pyrifos by using immobilized enzymes.

CONCLUSIONS

In this study, the appropriate conditions for degradation of chlorprifos were
obtained as follows: initial concentration of chlorpyrifos — 100 mg/ml, pH 7, and
temperature — 30 °C. Using laccase for biodegradation appeared to be an inexp-
ensive and ideal option for decreasing the levels of chlorprifos contaminations in
the soil environment. Besides using an immobilized laccase on sodium alginate
could enhance the activity of the enzyme thus improving the efficiency of the
degradation process. Consequently, the results presented in this study provided
data, which could be used for future research on the pesticide degradation. In
addition, the bio-augmentation technologies for remediation of pesticide-contam-
inated soils would be still warranted in future.

SUPPLEMENTARY MATERIAL

Details about laccase and chlorpyrifos and laccase immobilization, as well as additional
experimental details are available electronically at the pages of journal website: http:/
//www.shd.org.rs/JSCS/, or from the corresponding author on request.
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H3BOJ
PA3TPAIHA XJIOPITMPHUOOCA Y KOHTAMUHHUPAHOM 3EMJ/BUIITY
HMOBHUJIM30BAHOM JIAKA30OM

XIN WANG', MENG QIN YAO', LI LIU? YU CAO" u JIA BAO'

'School of Science, Shenyang University of Technology, Shenyang 110870, China u *Graduate School of
Engineering, Kochi University Of Technology, Kochi 782-0003, Japan

Y oBOM pamy je METO[OM HaHOLIEHa/yMpeKaBamba UMODUIN30BaHa (PyHrajIHa 1aKasa, a
3aTUM Cy ongpehuBaHU MOTOINHU YCIOBU 32 UMOOWIN3ALHjy MepelmeM aKTUBHOCTH MUMOOUIH-
3oBaHe nakase. Ilopen Tora, MUMODWJIM30BaHA Jlaka3a je Habe yHoTped/beHa 3a CaHALM)Y
3eMJbHIITA KOHTAMUHHUPAHOT XJI0pNHpHUdOCOM, a 3aTUM Cy Op3rHe pasrpajme xjaopnuprdoca
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oppehuBaHe Ioj pasIUYUTUM yCiloBUMa. IIpema pesynTaTuma, MOTOJHHU YCJIOBU 32 METONY
HaHoIlewha/yMpeskaBawa cy Ouinu cinegehu: KoHLeHTpalyja HaTpujyM-anrutara 3 %, KOHIeH-
Tpauuja riyrapangexusa 1 %, Bpeme yMmpexkaBawa 6 h, 3anpemuHa cupose jakrase 60 mL, a
BpeMe numobunusanuje 4 h. Hakon 48 h crenen pasrpagme xmopnupudoca y 3eM/BHIITY UMO-
OWTM30BaHOM JIAKTA30M MTPUITPEMIBEHOM T07] PAa3/IMUYUTHM YCIIOBUMA je JOCTH3a0 HajMawe 70 %.
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