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a  b  s  t  r  a  c  t

The  degradation  of  lignin  waste  by ligninolytic  enzymes  and the  effect  of  mediators  on  lignin  degradation
were  studied.  Moreover,  nano-gold  tracing  technique  was  innovatively  used  to  study  the  adsorption
and  transmission  mechanism  of  ligninolytic  enzymes  in  the  process  of  SSF.  The  results  showed  that
the  effects  of  three  common  mediators  on  the  degradation  of  lignin  were  in descending  order:  veratryl
alcohol  >  ABTS  > Mn2+, and  the optimum  dosages  were:  Mn2+ (20 �M g−1),  ABTS  (0.2  �M  g−1),  veratryl
alcohol (4  �M g−1). A  significantly  high  degradation  ratio  of  lignin  (31.8%)  was  achieved  at  the  optimum
dosages  of ligninolytic  enzymes  and  mediators.  In  addition,  laccase,  as  a typical  ligninolytic  enzyme,  was
selected  to  conjugate  to nano-gold  for the  study  of adsorption  and  transmission  mechanism.  An  obvious
ediators
olid-state fermentation
ano-gold tracing technique
dsorption

decrease  of  nano-gold-laccase  conjugates  was  observed  after  10 days  of  enzymatic  hydrolysis  and  there
were  few  laccase  residues  on  the  surface  of  straw  fibers  after  30 days  of  enzymatic  hydrolysis.  The  present
findings  will  advance  the  understanding  of  mediator-involved  enzymatic  degradation  of lignin,  as  well as
the adsorption  and  transmission  mechanism  of  ligninolytic  enzymes  in  lignin  degradation,  which  could
provide  useful  references  for developing  waste  biotreatment  technology.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Agricultural wastes have been used as raw materials to pro-
uce value-added products by solid-state fermentation (SSF) [1].
owever, agricultural residues usually contain large amounts of

ignin, which is a complex macromolecule compound making it
airly difficult to be utilized. Lignin, one of the most abundant
rganic materials, is present in the cell wall, providing structural
upport, impermeability, and standing up to oxidative and micro-

ial attack [2,3]. Due to its indigestibility, lignin is regarded as a
ate-limiting substance in the process of agricultural wastes degra-
ation in nature [4].

∗ Corresponding authors at: Hunan University, College of Environmental Science
nd  Engineering, Changsha 410082, China. Tel.: +86 731 88823701;
ax: +86 731 88823701.

E-mail addresses: zgming@hnu.edu.cn (G.-M. Zeng), huangdanlian@hnu.edu.cn
D.-L. Huang).

ttp://dx.doi.org/10.1016/j.bej.2014.08.009
369-703X/© 2014 Elsevier B.V. All rights reserved.
White-rot fungus is characterized by their unique ability to
degrade lignin mainly due to the secretion of low-specificity
phenol oxidase enzymes. In particular, the representative species
Phanerochaete chrysosporium (P. chrysosporium) has been exten-
sively studied and proved to be able to degrade a range of organic
substrates. Ligninolytic enzymes from P. chrysosporium can biode-
grade lignin substructure model compounds as well as straw and
arbor lignin [5–7]. P. chrysosporium secretes extracellular perox-
idases known as lignin peroxidase (LiP), manganese peroxidase
(MnP) and laccase (Lac) that are involved in the degradation
pathway, velocity and degree of lignin [8]. Due to the complexity
of composting process, the way  in which ligninolytic enzymes
pass into the substrate and degrade lignin effectively are related
to the final treatment effect, therefore it is significant to study the
adsorption and transmission of ligninolytic enzyme in the compost

substrate [9]. Laccase, a promising biocatalyst compared with LiP
and MnP, does not contain heme as the cofactor but copper, and
neither does it need hydrogen peroxide as the co-substrate but
rather molecular oxygen [10–14]. However, the adsorption and
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ransmission mechanism of laccase in the process of enzymatic
ydrolysis of lignin during SSF remains unknown.

Recently, the nano-gold labeling technique has been utilized
o study the adsorption of enzymes on solid surfaces. Adsorp-
ion of enzymes is greatly influenced by substrate characteristics
uch as pore volume and accessible surface area. In lignocellu-
osic substrates, lignin content and distribution or hemicellulose
ontent also determine enzyme adsorption and, in turn, degrad-
bility [15,16]. Nano-gold can firmly combine with enzymes
hrough electrostatic interactions, and this combination has no
bvious effect on their biological activity [17,18]. This technique
llows good visualization of enzyme adsorbed on the substrate
urface, which makes it possible to study the adsorption and
ransmission of ligninolytic enzymes in enzymatic degradation
f lignin. Laccase can be conjugated to nano-gold particles and
he nano-gold laccase conjugates adsorbed to the surface of
ignin was visualized by electron microscopy, so tracking the
dsorption and transmission of laccase can become a reality
16,19].

Previous research had shown that the bore diameter of cell
all pore was merely 2–5 nm,  when the weight loss reached forty
ercent in the wood rotting process [20]. It is difficult for ligni-
olytic enzymes to infiltrate into matrix cell to contribute, due to
he molecular dimension which is bigger than the surface micro-
orous aperture of agricultural straw and wood. Thus, it can be
oncluded that in the primary stage of lignin degradation, there
re a variety of permeable mediators being involved in reactions.
he reported mediators mainly include veratryl alcohol [21], 2,2′-
zinobis-(3-ethylbenzthiazoline-6-sulphonate) (ABTS) [22], Mn2+

20,23], Hydroxyl radical (•OH)/iron ion [24–26], Oxalic acid [27],
tc. Among them, veratryl alcohol acts as the radical cations and
as the biological significance as a secondary metabolite in rela-
ion to lignin degradation [28]; increasing the concentration of

n2+ can enhance the catalytic activity of MnP, while Mn2+ may
e a substrate for laccase [20]; low concentration of ABTS may

mprove the activity of laccase while high concentration may  lead
o inhibition of lignin degradation [22]. Further studying the mech-
nism of mediator-involved enzymatic degradation of lignin is
xtremely significant to guide the practical application of ligni-
olytic enzymes.

In this study, on the one hand, the mediator-involved enzy-
atic degradation of lignin during SSF was studied. The optimum

osage of ligninolytic enzymes and low molecular active medi-
tors were investigated to promote lignin degradation. Loss of
otal organic matter, lignin degradation components and dynamic
hanges of enzyme activities were measured to study the degra-
ation effect. On the other hand, a nano-gold tracing technique is
lso developed to investigate the adsorption and transmission of
accase at the optimum dosage of ligninolytic enzymes and media-
ors via environmental scanning electron microscopy. Additionally,
t could reveal the mechanism of enzymatic degradation of natural
ignin.

. Materials and methods

.1. Overview of methodology

In order to achieve the objectives, a two-part series of exper-
ments were designed to investigate effects of the ligninolytic
nzymes and mediators in the process of enzymatic hydrolysis of
ignin during SSF. Part I focused on the lignin degradation of straw in

he enzymatic hydrolysis system, with the purpose of choosing the
ptimum dosage of ligninolytic enzymes and low molecular active
ediators. Part II focused on the adsorption and transmission of

accase in the process of lignin degradation.
ing Journal 91 (2014) 149–156

2.2. Material

2.2.1. Rice straw
The rice straw was  harvested at the suburban areas of Chang-

sha, China, planted by Hunan Academy of Agricultural Sciences,
and a combine harvester was used to harvest the academician Mr.
Longping Yuan’s hybrid rice. The straw of hybrid rice was air-dried
and ground to pass through 2 mm nylon screen. All the straw stalk
powder was autoclaved twice for 20 min  at 120 ◦C.

2.2.2. Enzymes
Lignin peroxidase (EC 1.11.1.14) and manganese peroxidase

(EC 1.11.1.13) from P. chrysosporium were purchased from Sigma-
Aldrich for use in the process of lignin degradation. Laccase
(benzendiol: oxygen oxidoreductase, EC 1.10.3.2) from Tram-
etes versicolor was also purchased from Sigma-Aldrich for lignin
degradation. Lignin peroxidase and manganese peroxidase were
dissolved in ultrapure water (18.2 M�).  Laccase was dissolved in
citrate-phosphate buffer (pH 4.8, 0.1 M).  The liquid laccase, lignin
peroxidase and manganese peroxidase were separated into eppen-
dorf tubes which were stored at −20 ◦C.

2.2.3. Mediators
Veratryl alcohol, ABTS and Mn2+ were selected as mediators in

a series of experiments. Veratryl alcohol and ABTS were purchased
from Sigma-Aldrich. The other chemicals including Mn2+ (MnSO4)
were of analytical reagent grade.

2.3. Preparation of nano-gold-laccase conjugates

Nano-gold particles (AuNPs) were prepared by sodium citrate
reduction of HAuCl4 according to the reported procedure with
minor modification [29–31]. The analysis of experimental results
showed that sodium borohydride deoxidization of HAuCl4 pro-
duced 3–8 nm AuNPs while sodium citrate reduction of HAuCl4
produced AuNPs with 10–50 nm grain size. For small size AuNPs
had larger specific surface area and higher activity and its size and
mass had little effect on the adsorption and transmission of lac-
case, the sodium borohydride deoxidization of HAuCl4 was selected
to produce AuNPs. The optimal concentration of laccase and the
optimal pH of nano-gold-laccase conjugates had been determined
in the previous experiment [16]. With gently stirring, 4.5 mL  of
laccase (1.0 mg  mL−1) dissolved in citrate-phosphate buffer (pH
4.8, 0.1 M)  was added dropwise to 20 mL  AuNPs solution (pH 4.8,
0.1 M).  The reaction mixture was  further reacted for 1 h. After low
speed centrifugation (1200 rpm for 20 min) for removing large par-
ticles and high-speed centrifugation (15,000 rpm for 1 h) for getting
the precipitation of nano-gold-laccase conjugates, the precipita-
tion was  re-dissolving in 20 ml  citrate-phosphate buffer containing
PEG-20000 (pH 4.8, 0.2 mg  mL−1) to enhance the stability of nano-
gold-laccase conjugates. AuNPs and nano-gold-laccase conjugates
were characterized by UV–vis absorption spectrophotometer (Shi-
madzu UV-2550), zetasizer (Zetasizer nano Zs, Malvern, UK), and
transmission electron microscope (TEM), JSM-JEOL 3010.

2.4. Solid-state fermentation conditions

Solid-state fermentation was carried out in 1 L flasks containing
40 g straw stalk powder. An orthogonal experiment was  designed
to study the mediator-involved enzymatic degradation of lignin
(Table 1). Each flask was  stoppered and autoclaved twice for 20 min
at 120 ◦C. Then nano-gold-laccase conjugates, LiP, MnP and medi-

ators were evenly added under sterile condition, and 0.12 mM g−1

hydrogen peroxide was homogeneously added as initiation factor.
The solid-state fermentation was  carried out steadily in a con-
stant temperature-humidity machine and the moisture content
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Table  1
The various added composition in the orthogonal experiment L9 (33).

Number Lac-Au (U g−1) LiP (U g−1) MnP (U g−1) Mn2+ (�M g−1) ABTS (�M g−1) Veratryl alcohol (�M g−1) H2O2 (mM  g−1)

1 6.4 3.6 5.6 0 0 0 0.12
2  6.4 3.6 5.6 0 0.2 2 0.12
3  6.4 3.6 5.6 0 0.4 4 0.12
4  6.4 3.6 5.6 20 0 2 0.12
5  6.4 3.6 5.6 20 0.2 4 0.12
6  6.4 3.6 5.6 20 0.4 0 0.12
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7  6.4 3.6 5.6 40 

8  6.4 3.6 5.6 40 

9  6.4 3.6 5.6 40 

f straw substrate was maintained at 75% in the whole fermen-
ation process, via supplementing appropriate amount of sterile
istilled water or terminating the humidifying function in the con-
tant temperature-humidity machine. To avoid the effects of taking
ample from fermentation substrate, control flasks were prepared
nder the same conditions, and fermentation process was  per-
ormed at 37 ◦C for 50 days. All experiments were performed in
riplicates.

.5. Sampling and analytical methods

During the process of SSF, 1 g of rice straw sample was taken
rom different flasks periodically to analyze the organic matter (day
, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50) and lignin degradation ratio
day 0, 10, 20, 30, 40, 50). In order to study the activity of ligninolytic
nzymes, 0.5 g of rice straw sample was taken from different flasks
eriodically (day 1, 3, 5, 10, 15, 20, 30, 40, 50). To investigate the
dsorption and transmission of laccase, straw sample was taken
rom different flasks periodically (day 1, 3, 5, 10, 30, 50) to track
uNPs by environmental scanning electron microscope.

.5.1. Moisture content and total organic matter
Moisture content and total organic matter are important factors

o evaluate SSF process [32]. They were determined via a loss-on-
rying and ignition procedure. Triplicate 1 g samples were dried at
05 ◦C for 6 h to constant weight and then transferred to a muffle
urnace and held at 550 ◦C ± 10 ◦C for 6 h. Moisture content was
alculated from the ratio of pre- to post-drying sample weights
nd total organic matter from that of pre- to post-ignition sample
eights.

.5.2. Enzyme activity assay
During the process of fermentation, fresh samples taken under

terile conditions were extracted with deionized water at a ratio
f 1:10 (w/v). Each extraction was performed under rotary shak-
ng (150 rpm) for 1 h. Then the homogenate was centrifuged at 4 ◦C
or 20 min, and the supernatant was filtered through filter papers.
he filtrate was analyzed for activities of enzymes. Laccase activ-
ty was measured according to the previously described method

ith a UV–vis spectrophotometer [33]. One unit of laccase activity
as defined as the amount of enzyme releasing 1 �mol  of prod-
ct per min. Lignin peroxidase (LiP) was measured with a UV–vis
pectrophotometer [34]. One unit of LiP activity was  defined as
he amount of the enzyme required to produce 1 �mol  veratryl
ldehyde from the oxidation of veratryl alcohol per min. Man-
anese peroxidase (MnP) was analyzed by monitoring the change
n absorbance of reaction mixture at 290 nm [35]. MnP  unit activity

as defined as the amount of enzyme required for the production
f 1 �mol  Mn3+ per min.
.5.3. Lignin degradation analysis
To study the lignin degradation of ligninolytic enzymes and

ediators, the contents of lignin were analyzed. Acid detergent
0 4 0.12
0.2 0 0.12
0.4 2 0.12

lignin (ADL) was  determined according to the procedures outlined
[36]. Lignin was estimated as the difference between ADL  and ash
content [6]. Lignin degradation ratio was calculated by the follow-
ing formula:

D = m0 − m50

m0
× 100% (1)

where m0 and m50 represent the total amount of lignin in untreated
straw and that in fermentation substrate at day 50, respectively.

2.5.4. Environmental scanning electron microscopy
In order to investigate the adsorption and transmission of lac-

case in the process of solid-state fermentation, environmental
scanning electron microscope (ESEM) (FEI QUANTA 200) equipped
with an energy dispersive X-ray spectrometer (EDS) (EDAX genesis
xm-2), was used operated at an accelerating voltage of 10 kV. By
observing the amount of AuNPs on the surface of cell wall (1, 3, 5,
10, 30, 50 days), the adsorption and transmission of laccase in the
process of solid-state fermentation could be directly observed. The
results were reproducible, and high quality images were selected
to illustrate different period in the fermentation.

3. Results and discussion

The effects of the ligninolytic enzymes and mediators in enzy-
matic hydrolysis of lignin during SSF were studied. Detailed
changes of straw were measured, and enzyme activity assays were
determined to give evidence of lignin degradation. ESEM of nano-
gold-laccase conjugates on the surface of lignin was used to support
the enzyme activity assays, and it was  also used to observe the
adsorption and transmission of laccase.

3.1. Selection of the optimum dosage of ligninolytic enzymes and
mediators

It’s difficult to confirm the effect of a single ligninolytic enzyme
in the process of lignin degradation, for the reason that white rot
fungi can secrete different ligninolytic enzymes. The degradation
effect of single laccase or single MnP  is poor; nevertheless, lac-
case and MnP  act synergistically in the degradation of lignin. The
proportion of different ligninolytic enzymes directly influences the
degradation of lignin, because the synergistic effect of ligninolytic
enzymes may  exist plus or minus mechanisms [37]. It was found
that the cooperation of laccase, LiP and MnP  can effectively pro-
mote lignin degradation in our previous experiments [6]. However,
adding more laccase has no significance in accelerating the degra-
dation of lignin, when the degradation of lignin reached a certain
level. Furthermore, if an overabundance of laccase was used for
preparing nano-gold laccase conjugates, it would lead to gold par-
ticles clumped together and unfavorably characterize the amount

of laccase on the surface of straw fibers via ESEM. In our previ-
ous experiments about enzymatic hydrolysis of lignin, it was  found
that by using a combined ligninolytic enzyme system contain-
ing 3.6 U g−1 of LiP, 5.6 U g−1 of MnP  and 6.4 U g−1 of laccase, the
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Fig. 1. Changes of total organic matter in mediator-involved enzymatic hydrolysis
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Fig. 2. Enzyme activities of LiP, MnP  and laccase in mediator-involved enzymatic
hydrolysis of lignin during SSF in orthogonal experiment group 1 (control), 5 (highest
f  lignin during SSF in orthogonal experiment group 1 (control), 5 (highest loss of
ignin), 6 (lowest loss of lignin). The bars represent the standard deviations of the

eans (n = 3).

egradation ratio of lignin reached 25.8%. In addition, the optimal
ixed ratio was imitated the ratio of LiP and MnP  produced by

. chrysosporium,  while the proportion of added MnP  and laccase
as according to Trametes trogii. The results provided reference for

ucubrating of lignin degradation with ligninolytic enzymes.
As seen from Table 2, the lignin degradation effect of group 1

mediator-free) was significantly lower than other groups after 50
ays SSF. Meanwhile the lignin degradation effect of groups with-
ut mediators was also poorer. The experimental results confirmed
hat the low molecular active mediators were involved in lignin
egradation. It could be concluded from the results of range analy-
is that the effects of the three mediators on the degradation of
ignin were in descending order: veratryl alcohol > ABTS > Mn2+,
he optimum dosages of three mediators were: Mn2+ (20 �M g−1),
BTS (0.2 �M g−1), veratryl alcohol (4 �M g−1), respectively. The
ediation activity of veratryl alcohol has been attributed to its abil-

ty to protect the enzyme from H2O2-dependent inactivation. As
eported, veratryl alcohol was able to stimulate the oxidation of
nisyl alcohol which reacts with compound I of lignin peroxidase,
ut not with compound II. As a consequence, veratryl alcohol, reac-
ing with compound II, is essential for completion of the catalytic
ycle [20]. The ability of LiP to degrade lignin is highly competent
han MnP  and laccase, and LiP will lead to C C bound rupture and
romatic ring open [38]. It could explain that veratryl alcohol is the
iggest influencing factor of lignin degradation.

.2. Loss of total organic matter (TOM) during SSF

The TOM content of group 5 (highest loss of lignin), group 6
lowest loss of lignin) and group 1 (control) is shown in Fig. 1. It
ould be found that the TOM levels of all the 3 sets of experiments
ere about 82% at the beginning of SSF and the decreased ten-
ency of TOM was consistent under the different conditions. In the
arly stage of SSF (first 15 days), the TOM of the 3 sets of exper-
ments decreased at a slower rate, and subsequently speeded up
he downtrend until 30 days. Moreover, after 30 days of SSF, the
oss of TOM began to stabilize. After 50 days of SSF, most notice-
bly loss of TOM was found in group 5, and its TOM levels reached
bout 77%, while the group 8 and control group had higher TOM
evels about 79%. From experimental results, it was  obvious that in
he initial stages matrix structure had not been destroyed and the

igninolytic enzymes were difficult to penetrate inside the matrix.
he low molecular active mediators could form the free radicals
xidizing agent to damage the matrix structure, thus opening the
hannel for the ligninolytic enzymes to enter into the matrix.
loss of lignin), 6 (lowest loss of lignin). The bars represent the standard deviations
of the means (n = 3).

In this experiment, the change of TOM was mainly caused by
the degradation of lignin, so the loss trend of total organic mat-
ter could reflect the corresponding degree of lignin degradation.

Huang [6] studied the changes of microbial population structure
related to lignin degradation during lignocellulosic waste compost-
ing and the highest lignin degradation ratio was  26%. Moilanen [39]
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Table  2
Results of orthogonal experiment L9 (33).

Number Mn2+ (�M g−1) ABTS (�M g−1) Veratryl alcohol (�M g−1) Lignin degradation ratio (%)

1 0 0 0 23.4
2  0 0.2 2 26.6
3  0 0.4 4 27.5
4  20 0 2 27.1
5  20 0.2 4 31.8
6  20 0.4 0 25.2
7  40 0 4 25.7
8  40 0.2 0 26.9
9  40 0.4 2 28.2
K1  25.833 25.400 25.167
K2  28.033 28.433 27.300
K3  26.933 26.967 28.333
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tudied the laccase-catalyzed modification of lignin for enzymatic
ydrolysis. Laccase modification improved the hydrolysis yield of
pruce by 12% and reducing the hydrolysis yield by 17% on giant
eed. Compared with existing studies, a significantly high degrada-
ion ratio of lignin (31.8%) in group 5 was achieved at the optimum
osage of ligninolytic enzymes and mediators. It proved that the
ediator-involved ligninolytic enzymes system could effectively

romote lignin degradation.

.3. Dynamic changes of enzyme activities

The changes of laccase, LiP and MnP  activities in mediator-
nvolved enzymatic hydrolysis of lignin during SSF were presented
n Fig. 2. In the initial phase of SSF, the enzyme activities of laccase,
iP and MnP  could reach about 6.2 U g−1, 3.3 U g−1 and 5.4 U g−1

ry straw, respectively. After 50 days fermentation, the activity of
hree enzymes dropped to extremely low level. From 1 to 5 d of
SF, laccase remained higher activity. However, LiP and MnP  had
ifferent situations, which gradually declined within 5 days of SSF.

t could be hypothesized that the rapid drop enzyme activity of LiP
nd MnP  was due to the addition of hydrogen peroxide, which was
dded as a promoter of enzymatic reaction. Overall, the downward
rend of the activity of laccase was obviously gentler than those
f LiP and MnP, and this was why laccase was selected to prepare
ano-gold-laccase conjugates.

The activity of laccase in group 5 had a rapid decline from 5 to
0 d, and the enzyme activity of laccase was about 2.1 U g−1 at the
0th day in fermentation. It turned out that there was  a part of lac-
ase entering into straw fibers. In comparison, the enzyme activity
f laccase in group 6 maintained a certain amount of activity about
.5 to 1.5 U g−1 in the end of fermentation. Perhaps it indicated a
oor effect of the degradation, due to a certain amount of laccase
taying on the surface of straw fibers. Moreover, in terms of the
dded content of mediators, it was found that, to some degree, the
ddition of ABTS influenced the enzyme activity of laccase and the
egradation of lignin. In addition, it was found that a small amount
f ABTS might promote the degradation by laccase, while a large
mount of ABTS would restrain the activity of laccase in the pro-
ess of degradation in SSF. For the activity of LiP, the dropping rates
ere different from 3 to 20 days. It is probably due to the added

eratryl alcohol, which is one kind reaction substrate of LiP, just like
BTS is one reaction substrate of laccase. For group 1 without vera-

ryl alcohol, the activity of LiP was higher than that in group 5 which
as added with 4 �M g−1 veratryl alcohol. It might be because ver-
tryl alcohol has protective effects and dispersive effects. There are
hree supposes about the effect of veratryl alcohol, one is that it
cts as redox mediator of cation radicals for the long distance sub-
trate, while the second one is that veratryl alcohol protects LiP
3.166

from hydrogen peroxide which can make it lose its activity, and
the third one is to assist LiP to accomplish catalytic cycle. Group 5
with 20 �M g−1 of Mn2+ had lower enzyme activity of MnP  com-
pared with group 1 and group 6. And it also explained that there
were more MnP  entering into straw fibers in group 5. Analyzing
from the addition of mediators, it can be concluded that too many
Mn2+ restrain the activity of MnP, while a little amount of Mn2+ can
stimulate the activity of MnP.

Insights can be gained by the analysis of ligninolytic enzymes
activity of group 1 (control), group 5 (best degradation of lignin) and
group 6 (worst degradation of lignin). It was  confirmed that ligni-
nolytic enzymes were able to promote the degradation of lignin.
Nevertheless, the mechanism of enzymatic degradation of lignin,
the adsorption and transmission of ligninolytic enzymes need fur-
ther studies. Therefore, nano-gold-laccase conjugates were used to
study the whereabouts of laccase, and go a further step to explore
the mechanism of enzymatic degradation of lignin.

3.4. Adsorption and transmission of laccase

In order to further understand the enzymatic degradation mech-
anism of lignin and the synergy between ligninolytic enzymes and
low molecular active mediators, laccase was selected to get deep
insight into the adsorption and transmission. Lai [16] described
the effect of ABTS on the adsorption of T. versicolor laccase on
alkali lignin and found that ABTS improved the affinity of lac-
case for lignin in the adsorption procedure. Daniel [40] revealed
new details for understanding white-rot decay of lignocellulose by
using Cryo-FE-SEM and TEM immune-techniques. However, these
instrumentally intensive methods require expensive equipment
and costly sample preparations. Thus, a simple and inexpensive
method for investigating the adsorption and transmission of laccase
in mediator-involved enzymatic degradation of lignin is neces-
sary. Nano-gold tracing technique was developed to obtain the
micro positioning of laccase in this study. For the property that
nano-gold is easy to be detected unambiguously, especially on the
micrographs of back scattered electron mode [41]. Moreover, this
characteristic makes it possible that the nano-gold-laccase conju-
gates can be distinguished from lignin in micrographs, which can be
detected as bright spots. The particle size of obtained nano-gold-
laccase conjugates was 20 ± 2.8 nm and the polydispersity index
(PDI) was 0.193 ± 0.036, which indicated that nanoparticles were
well dispersed. The UV–vis absorbance spectrum of nano-gold was
shown in Fig. 3. Nano-gold displayed an intense surface plasmon

resonance (SPR) peak at 520 nm.  However, the UV–vis SPR peak of
nano-gold-laccase conjugates shifted from 520 nm to 527 nm.  This
shift may  be attributed to the presence of laccase, which may  have
altered the nano-gold surface dielectric properties [18]. The inset in
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Fig. 3. The UV–vis absorption spectrum of nano-gold (solid line) and nano-gold-
laccase conjugates (dash line). The inset is the transmission electron microscope
pattern of the nano-gold-laccase nanoparticles.

Fig. 4. Scanning electron microscope images of straw surface topography on day 1 (a′), o
electron microscope images of nano-gold-laccase conjugates on surface of straw on day 1
ing Journal 91 (2014) 149–156

Fig. 3b shows the TEM image of the nano-gold-laccase conjugates. A
thin, bright halo edge (due to the weak electronic absorption of lac-
case) around the nano-gold (Fig. 3a) was clearly observed compared
to bare nano-gold, which demonstrated that the laccase was linked
on surface of nano-gold. The interaction between nano-gold and
laccase is electrostatic adsorption. Negatively charged nano-gold
can firmly combine with positively charged enzyme protein. Fur-
thermore, the interactions between nano-gold and enzyme protein
include van der Waals force, hydrophobic interaction, etc.

The adsorption and transmission of laccase in the process of
lignin degradation were studied. The SEM micrographs of group 5
(best degradation of lignin) showed that during the initial period
of SSF the surface of lignin had not been destroyed (Fig. 4a′ and b′).
Along with the fermentation, the surface of straw broke down grad-
ually, and the tiny particle obviously increased. After 30 days of SSF,
it could be observed that there were some holes, even small partly
collapse and large amounts of tiny particle on the surface of straw,
which indicated a certain degree of surface broken (Fig. 4e′). In the

final stage, the skeleton of straw fibers could be observed directly
on the SEM micrographs (Fig. 4f′). In the process of enzymatic
hydrolysis of lignin, the lignin was changed in both appearance

n day 3 (b′), on day 5 (c′), on day 10 (d′), on day 30 (e′) and on day 50 (f′). Scanning
 (a), on day 3 (b), on day 5 (c) on day 10 (d), on day 30 (e) and on day 50 (f).
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nd internal structure, and it inosculated with the degradation of
ignin. In addition, it demonstrated that ligninolytic enzymes coop-
rated with mediators had an effective degradation of lignin. The
istribution of nano-gold in the initial stage showed that there was

arge amount of laccase gathered into a mass on the whole sur-
ace of straw fibers (Fig. 4a and b). At 10 day of SSF, an obvious
ecrease of nano-gold was found (Fig. 4d), which indicated that
he amount of laccase went down accordingly. From this result, it
an be conjectured that large amount of nano-gold-laccase conju-
ates entered into the inside of straw fibers. On day 30 (Fig. 4e)
nd day 50 (Fig. 4f), a small quantity of nano-gold could be viewed,
hich indicated that there was some laccase residues on the sur-

ace of straw fibers. The change trend of the amount of nano-gold
as consistent with the variation of enzyme activity of laccase on

he surface of straw fibers. In conclusion, eliminating the inactiva-
ion of ligninolytic enzymes, the decrease of laccase absorbed on
he surface of straw fibers may  be due to the gradually transmit-
ing into the matrix. And it provided reliable information that low

olecular active mediators would open the matrix channel for the
ntrance of ligninolytic enzymes.

. Conclusions

The influence of ligninolytic enzymes combined with mediators
n lignin degradation and structure variation was investigated. The
ffects of three common mediators on the degradation of lignin
ere in descending order: veratryl alcohol > ABTS > Mn2+ and a sig-
ificantly high degradation ratio of lignin (31.8%) was  achieved at
he optimum dosage of ligninolytic enzymes and mediators. More-
ver, an obvious decrease of nano-gold-laccase conjugates was
ound after 10 days of SSF and there were few laccase residues on
he surface of straw fibers after 30 days of SSF. The present findings
ould be used as references to promote the treatment of lignocel-
ulosic waste and understand the adsorption and transmission of
igninolytic enzymes.
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