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a  b  s  t  r  a  c  t

Effects  of  Triton  X-100  on  the  removal  of  aqueous  phenol  catalyzed  by laccase  were  studied.  The  optimal
concentration  of Triton  X-100  was 155  �M to  improve  phenol  removal  when  the  concentrations  of  phenol
and  laccase  were  50 mg/L  and  0.05  mg/mL,  respectively.  Laccase  activity  was  increased  with  Triton  X-
100 at concentrations  from  31 to  930  �M and  the  highest  increase  was  about  17% by  930  �M  Triton
X-100.  The  removal  efficiencies  of phenol  with  155  �M Triton  X-100  were  1.2,  1.6,  3.4,  4.5,  and  5.7
fold  those  of the  control  after  6  h  when  the  initial  concentrations  of phenol  were  50, 100,  200,  400
and  600  mg/L,  respectively.  Molecular  docking  method  was  used  to  analyze  the  interactions  between
riton X-100
accase
olecular docking

laccase  and  substrates.  Docking  results  showed  that phenol  formed  hydrogen  bonds  and  hydrophobic
interactions  with  laccase,  whereas  Triton  X-100  formed  hydrophobic  interactions  with  laccase,  which
may  increase  the  laccase  activity  and enhance  phenol  removal.  The  reaction  of  phenol  removal  was  also
characterized  using  UV  spectra.  The  results  indicated  that  the  presence  of  low  concentrations  of  Triton
X-100  for  phenol  removal  catalyzed  by  enzymes  may  be an alternative  to  the  present  phenol  removal
processes  in  water  treatment  or remediation.
. Introduction

Phenol and its derivatives are important raw materials and
idely used in many industries including petrochemical, chemical,
harmaceutical, pulp, paper, tannery and coal refining industries
1]. Phenolic contaminants can also be introduced to the environ-

ent via pesticide applications and as a result of partial degradation
f some aromatic organic contaminants, such as polycyclic aro-
atic hydrocarbons, polychlorinated biphenyls and surfactants

2]. Once released into the environment, they may  accumulate in
round water, surface water and soil [3,4]. Phenolic compounds and
heir derivatives are priority pollutants in the US EPS list since they

re toxic, carcinogenic, mutagenic and teratogenic [4].  Thus, the
emoval of phenolic compounds from water and soils is significant.

∗ Corresponding author at: College of Environmental Science and Engineering,
unan University, Changsha 410082, PR China. Tel.: +86 731 88822754;

ax: +86 731 88823701.
∗∗ Corresponding author.
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Laccase (EC 1.10.3.2) can catalyze the oxidation of various aro-
matic compounds, especially phenolic substrates, coupled to the
reduction of molecular oxygen to water [5–7]. This method has
specific properties such as high effectiveness and low toxic residues
compared with the conventional technologies for phenol removal
such as extraction, adsorption on activated carbon, steam distil-
lation, chemical oxidation, electrochemical techniques, irradiation
and bacterial degradation [3,4]. The advent of new technology for
the production, isolation and purification of laccase has made the
use more competitive, leading to the development of new commer-
cial and environmental applications of laccase [8].

The effects of surfactants on enzymes have been studied pre-
viously. It has been reported that the presence of surfactant
can reduce the interactions between enzymes and the oxida-
tive polymerization products and protect them from inactivation
[9]. In addition, the interactions between enzyme and surfactant
may  induce a change in the conformation and/or active site of
the enzyme, thereby affecting the enzyme’s activity and stability

[10,11]. However, to our knowledge, there is a lack of investigation
on the mechanism of interactions between enzyme and surfactant.
Molecular docking is a method able to predict protein–ligand inter-
actions [12]. For example, recently, Chen et al. [13] analyzed the

dx.doi.org/10.1016/j.colsurfb.2012.04.001
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
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Fig. 1. Effect of Triton X-100 on phenol removal and laccase activity as a func-
tion  of surfactant concentration. Conditions for phenol removal: 50 mg/L phenol,
0.05  mg/mL  (1.155 U/mL) laccase and surfactant in Britton-Robinson buffer at pH 6
Y. Zhang et al. / Colloids and Sur

ntegration of ligninolytic enzymes with lignin (a lignin derivate
as selected as lignin model substrate) using molecular docking. Ji

t al. [14] found that Triton X-100 has positive effect on the removal
f bisphenol A catalyzed by laccase. In this study, the non-ionic
urfactant Triton X-100 was used as additive to study its effects
n the removal of phenol which has quite different characteristic
rom bisphenol A, such as solubility. Bisphenol A is a kind of phe-
olics with little solubility while phenol is appreciably soluble in
ater with about 8.3 g dissolving in 100 mL  [15]. Molecular docking
as also employed to explore the binding modes and interactional
rofiles between laccase and phenol or Triton X-100.

. Materials and methods

.1. Materials and reagents

Laccase (23.1 U/mg) produced by Trametes versicolor (T. ver-
icolor)  was from Fluka (Steinheim, Germany). Triton X-100
scintillation grade, purity > 99%) was from BDH Chemicals (Poole,
ngland). Phenol (purity > 99%) was obtained from Tianjin Univer-
ity Chemical Experimental Factory (Tianjin, China). Other reagents
ere of analytical grade. Britton-Robinson buffer consisting of

.1 M phosphoric acid, 0.1 M boric acid, 0.1 M acetic acid was  used
uring the experiments; its pH was adjusted to desired values by
dding 2.0 M sodium hydroxide [16]. Stock solutions of laccase at
0 mg/mL  were stored at 4 ◦C and allowed to equilibrate to 25 ◦C
rior to use in experiments.

.2. Experimental protocol

The experiments were performed with the modified methods of
urniawati and Nicell [17]. All batch experiments were carried out

n 40 mL  open borosilicate glass vials with 5.0 mL  mixture. Before
eaction, the buffer containing phenol and Triton X-100 was sat-
rated with oxygen by vigorously stirring the mixture for 15 min.
he reaction was started by the addition of laccase at the initial con-
entration of 0.05 mg/mL  (1.155 U/mL). The vials were incubated
ithout stirring in a water bath set at the desired temperature.
lank medium without laccase was placed under the same con-
ition to evaluate the volatilization and spontaneous removal of
henol, which could be neglected according to the test results.
edium without surfactant was carried out as the control exper-

ment. All the experiments were performed at least in triplicate,
nd the standard deviation was lower than 5%. Phenol concen-
ration was analyzed by high performance liquid chromatography
HPLC) as described by Liu et al. [18]. Laccase activity was analyzed
ith 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonate) (ABTS) as

 color-generating substrate according to the method described by
iu et al. [18]. UV–visible spectra of the reaction solutions were
easured with a UV–visible spectrophotometer (model UV-2550;

himadzu company, Tokyo, Japan).

.3. Molecular docking

The three dimensional (3D) structure of laccase from T. versicolor
PDB ID: 1GYC) [19] was obtained from the Protein Data Bank (PDB)
http://www.pdb.org/pdb/home/home.do; [20]), whereas the 3D
tructures of phenol (CID: 996) and Triton X-100 (CID: 5590) were
ownloaded from PubChem (http://pubchem.ncbi.nlm.nih.gov/;
21]). Molegro Virtual Docker (MVD) was used to dock phenol or
riton X-100 into the binding sites of laccase [12]. The parameters

ere set as described by Chen et al. [13] with some modification.
ocking was performed with a minimum of 20 runs and a max
umber of 10 poses returned. The best pose was selected for fur-
her interactional profile analysis using LigPlus which is the graphic
and  25 ◦C after 6 h reaction. Conditions for laccase activity: 2.0 mM ABTS, 0.25 mg/L
laccase and surfactant in Britton-Robinson buffer at pH 4.5 and 25 ◦C. The results
are the means of three determinations ± standard deviation.

interface of LigPlot [22]. It must be noted that LigPlot can only
identify hydrophobic interactions and hydrogen bonds.

3. Results and discussion

3.1. Effect of Triton X-100 concentration on phenol removal and
laccase activity

In aqueous solutions, surfactants can exist as monomer (below
the CMC) or as micelles (above the CMC), thus the effects promoted
by the surfactants on the behavior of enzymes could depend on
their organization forms [23]. Triton X-100 was added to the reac-
tion solution at various concentrations below or above its CMC
(about 310 �M [24]) to study the influence of surfactant concen-
tration on phenol removal. As shown in Fig. 1, Triton X-100 at
concentrations from 31 to 930 �M improved phenol removal, and
the optimal concentration was  155 �M.  Similar phenomena also
occurred when laccase catalyzed the oxidation of bisphenol A in
the presence of Triton X-100 [14]. Sakurai et al. [9] also reported
that the presence of Triton X-100 at the concentrations below its
CMC  could improve the removal efficiency of phenol catalyzed
by Coprinus cinereus peroxidase. When the concentration of Tri-
ton X-100 was above its CMC, the removal efficiency of phenol
decreased with increasing Triton X-100 concentration (Fig. 1). The
results suggest that the effect of Triton X-100 on the phenol removal
related closely to its concentration. Surfactants in aqueous solu-
tions can affect the enzymatic reactions either below or above
the CMC. It can be a consequence of two  factors, namely: (i) the
interactions between enzyme and surfactant; (ii) the partitioning
of substrate between the micelles and the external medium [25].
These interactions between enzyme and surfactant can involve the
free surfactant molecules and/or the micelles leading to confor-
mational changes which could modify the catalytic rate constant
and/or the enzyme–substrate binding constant. Phenol, the low-
molecular weight polarizable compound having an aromatic ring,
adsorbs initially to the micelle interface and then enters deeper into
the hydrophobic core [26,27]. In addition, the aggregation process
of surfactant molecule was  a stepwise process [28]. The hydropho-
bic tails of surfactant molecules collected together and formed

aggregates. The large and incompact micelle aggregates turned
into the small and compact micelles with increasing surfactant
concentration. Therefore, surfactant molecules at higher concen-
trations adsorbed more phenol to partition it into the micelles

http://www.pdb.org/pdb/home/home.do
http://pubchem.ncbi.nlm.nih.gov/
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Fig. 2. Binding modes between laccase and phenol or Triton X-100. Panels A and D show the close-up view of the active sites of laccase with phenol and Triton X-100,
respectively. The laccases are shown in the form of molecular surface colored according to the electrostatic properties. The electropositive sections are colored in red, while
the  electronegative sections in blue. Phenol and Triton X-100 are shown in green stick models. Panels B and E show the optimum poses of phenol and Triton X-100 in the
active pockets of laccases, respectively. The black meshed girds represent the active pockets. The red ball-and-stick models are the phenol and Triton X-100, respectively.
Panels  C and F show the detailed interactions of the laccase-phenol complex and laccase-Triton X-100 complex, respectively. The black, red and blue solid circles indicate
atoms. The blue bold bonds belong to phenol or Triton X-100, and the orange thin bonds belong to laccase. The green dashed lines refer to the hydrogen bonds between laccase
and  phenol, and the numbers on the lines show the length (in Å) of the hydrogen bonds. The red spoked arcs pointing to phenol or Triton X-100 represent the hydrophobic
c e ato
r

w
a
p
s
a
n

ontacts. The letters beside the atoms of phenol or Triton X-100 show the type of th
eferred to the web  version of the article.)

hich reduced the free phenol concentration [29]. This might be
n explanation for the phenomenon that the removal efficiency of

henol decreased with increasing Triton X-100 above the CMC  as
hown in Fig. 1. The effect of Triton X-100 concentration on laccase
ctivity was studied to further investigate the influence mecha-
isms during phenol removal. Triton X-100 had positive effect on
ms. (For interpretation of the references to color in this figure legend, the reader is

the activity of laccase (Fig. 1). When Triton X-100 was at 3.0 CMC,
laccase activity was increased by approximately 17%. Li [30] also

found that Triton X-100 at 5 mg/L significantly increased planarian
cholinesterase activity, while Sakurai et al. [9] found Triton X-100
at 30 mg/L slightly influenced the total activity of C. cinereus perox-
idase.
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Table  1
Effects of Triton X-100 on phenol removal. Conditions: 50–600 mg/L phenol and 0.05 mg/mL  (1.155 U/mL) laccase in Britton-Robinson buffer at pH 6 and 25 ◦C after various
reaction time with or without 155 �M Triton X-100.

Initial phenol
concentration (mg/L)

Time (h) Control Trion X-100

Phenol
removal ± SD (%)

Phenol removal
rate ± SD (mg/(L h))

Phenol
removal ± SD (%)

Ratioa Phenol removal
rate ± SD (mg/(L h))

50 2 42.8 ± 1.2 10.7 ± 0.3 52.6 ± 1.7 1.2 13.2 ± 0.6
6 72.1  ± 3.0 6.0 ± 0.2 85.4 ± 3.7 1.2 7.1 ± 0.12

10  79.6 ± 1.1 4.0 ± 0.1 94.2 ± 0.3 1.2 4.7 ± 0.0
24  89.6 ± 1.3 1.9 ± 0.0 98.4 ± 0.0 1.1 2.1 ± 0.0

100  2 31.5 ± 1.4 15.7 ± 0.7 50.1 ± 2.4 1.6 25.1 ± 0.8
6 50.2 ±  2.3 8.4 ± 0.4 81.9 ± 1.5 1.6 13.7 ± 0.6

10 58.1 ±  1.6 5.8 ± 0.2 93.6 ± 2.3 1.6 9.4 ± 0.0
24 66.7  ± 3.2 2.8 ± 0.1 99.0 ± 0.0 1.5 4.1 ± 0.0

200  2 13.6 ± 0.5 13.6 ± 0.3 42.4 ± 1.6 3.1 42.4 ± 1.6
6  23.7 ± 1.0 7.9 ± 0.0 79.9 ± 3.5 3.4 26.6 ± 1.2

10  28.3 ± 0.6 5.7 ± 0.2 92.1 ± 0.2 3.3 18.4 ± 0.5
24  31.0 ± 0.6 2.6 ± 0.1 98.4 ± 0.1 3.2 8.2 ± 0.0

400  2 6.2 ± 0.1 12.4 ± 0.2 34.9 ± 1.4 5.6 69.8 ± 2.9
6  11.0 ± 0.4 7.3 ± 0.3 50.0 ± 1.5 4.5 33.3 ± 1.0

10  13.9 ± 0.6 5.6 ± 0.3 59.6 ± 2.8 4.3 23.8 ± 1.1
24  15.2 ± 0.5 2.5 ± 0.1 63.7 ± 2.9 4.2 10.6 ± 0.5

600 2 2.7 ±  0.1 8.2 ± 0.2 22.6 ± 1.0 8.4 67.9 ± 3.0
6  6.2 ± 0.2 6.2 ± 0.2 35.6 ± 1.2 5.7 35.6 ± 1.2

10  9.2 ± 0.2 5.5 ± 0.1 42.4 ± 1.5 4.6 25.4 ± 0.9
 

f contr

3

T
t
F
l
w
f
A
a

i
A
a
t
d
l
a
t
a
p
o

3

r
T
t
t
t
e
a
c
s
g
p
p

24  10.3 ± 0.4 2.6 ± 0.1

a The ratio of phenol removal efficiency in the presence of Triton X-100 to that o

.2. Binding mode

Laccase is a well-known kind of enzyme for phenol oxidation.
he interaction between phenol and laccase was the first step of
he reaction. The binding mode of phenol and laccase was shown in
ig. 2. Docking results showed phenol was in the binding pocket of
accase, and formed hydrogen bonds and hydrophobic interactions

ith laccase. Two residues Gln293 and Ser212 participated in the
ormation of hydrogen bonds with phenol, whereas five residues
sp214, Asp234, Thr294, Gly215 and Ile213 had hydrophobic inter-
ctions with phenol (Fig. 2).

Interaction profile between Triton X-100 and laccase was  shown
n Fig. 2. The results showed the residues Phe239, Asn208, Pro394,
sn264, Asp206, Ala393, Ile455, Phe265, Pro163, Gly392, Phe162
nd His458 played a crucial role in binding to Triton X-100 in
he form of hydrophobic interactions. No other interactions were
etected by LigPlus. The interactions between Triton X-100 and

accase may  cause a conformational change to a more active form
nd/or stabilized its native folded structure [29]. Ji et al. [14] found
hat the presence of Triton X-100 induced the hydrophobic amino
cid residues (Tyr, Trp, etc.) of laccase obviously exposured to a less
olar environment or buried into the inner part of the conformation
f laccase.

.3. Various phenol concentrations and reaction times

As shown in Table 1, the removal of phenol at concentrations
anging from 50 to 600 mg/L in the absence or presence of 155 �M
riton X-100 was studied. The presence of Triton X-100 increased
he removal efficiency of phenol catalyzed by laccase. In addition,
he higher the initial phenol concentration was, the more obviously
he effect of the surfactant exhibited. For example, the removal
fficiencies of phenol with Triton X-100 were 1.2, 1.6, 3.4, 4.5,
nd 5.7 fold those of the control after 6 h when the initial con-
entration of phenol increased from 50 to 600 mg/L. Phenols are

trong inhibitors of the activity of enzyme, such as cellulases, �-
lucosidases and hemicellulases [31]. In the control, the maximum
henol removal rate appeared when the initial concentration of
henol was 100 mg/L. For example, the removal rates were 6.0, 8.4,
44.5 ± 1.2 4.3 11.1 ± 0.3

ol by their means after the same reaction time.

7.9, 7.3 and 6.2 mg/(L h) after 6 h when initial phenol concentra-
tion increased from 50 to 600 mg/L. It is possible that, though the
rate of phenol transformation increased with phenol concentration,
so did the rate of inactivation of the enzyme; overall, the combi-
nation of these two  competing phenomena could result in better
transformation; however, as the reaction progressed at elevated
phenol concentration, the degree of inactivation became more sig-
nificant and the high reaction rates were lost. The removal rate
increased with phenol concentration in the presence of Triton X-
100 after the same reaction time. For example, the removal rates
with Triton X-100 were 6.8, 14.2, 26.6, 33.3 and 35.6 mg/(L h) after
6 h when the initial concentration of phenol increased from 50 to
600 mg/L. One important reason may  be that the presence of Triton
X-100 could increase the activity of laccase to enhance the phenol
removal.

3.4. UV–visible spectra

The UV–visible spectra of the reaction solutions were shown
in Fig. 3. The shape and strength of peaks on UV–visible spectra
changed greatly, suggesting that phenol was effectively oxidized
in the enzyme treatment. Some dark brown precipitates were pro-
duced in the reaction system, which related closely to the result
that the absorbance of reaction solution with laccase was  usually
higher than that without laccase (Fig. 3a). Peaks at wavelengths of
220 and 270 nm disappeared. A new peak at 400 nm appeared in the
absence or presence of Triton X-100 after 6 h, indicating the pres-
ence of a quinone system. With reaction processing, this new peak
also disappeared, indicating that most of quinone disappeared and
transformed into precipitates. The average absorbance with Tri-
ton X-100 was  higher than that without it, as shown in Fig. 3a. The
results indicated that Triton X-100 improved the oxidation reaction
and more products were produced. As shown in Table 1, phenol
was not completely oxidized in the reaction solution, especially
in the system with laccase after 6 h when the removal efficiency

was 72.1%. However, the UV spectra did not show the specific
absorbance of phenol (Fig. 3a). One of the prime reasons may  be
that the absorbance of the dark brown precipitates suspended in
solution shielded that of phenol. The mixtures of Triton X-100 and
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ig. 3. UV spectra of various reaction solutions. Conditions: 50 mg/L phenol, 0.05 m
nd  25 ◦C.

accase after 24 h were also determined using UV–visible spec-
rophotometer, as shown in Fig. 3b. Peaks at 230 and 270 nm were
ttributed to the aromatic structure of Triton X-100. The UV spectra
f Triton X-100 with or without laccase changed slightly. This sug-
ests that Triton X-100 was not oxidized in the laccase treatment.

. Conclusions

The effects of Triton X-100 on the removal of aqueous phenol
atalyzed by laccase were studied. Triton X-100 at concentrations
rom 31 to 930 �M could improve the efficiency of phenol removal.
he optimal concentration of Triton X-100 was 155 �M to improve
henol removal when the concentrations of phenol and laccase
ere 50 mg/L and 0.05 mg/mL, respectively. The enhancement on
henol removal may  be due to the increased laccase activity by
riton X-100, which was demonstrated in this study. Molecular
ocking results showed that phenol formed hydrogen bonds and
ydrophobic interactions with laccase before it was  oxidized, while
riton X-100 formed hydrophobic interactions with laccase, which
ay  be one reason for the increased laccase activity. The reaction of

henol removal was also characterized using UV spectra. Typically,

henol removal catalyzed by laccase was enhanced in the pres-
nce of low concentrations of Triton X-100. It is concluded that the
resence of low concentrations of Triton X-100 for phenol removal
atalyzed by enzymes may  be an alternative to the present phenol
 (1.155 U/mL) laccase, and 155 �M Triton X-100 in Britton-Robinson buffer at pH 6

removal processes in water treatment or remediation. However,
the problems of the stability of laccase cannot be overlooked and
more in-depth investigation is needed.
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