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Effect of Common Metal Ions and Anions on Laccase
Catalysis of Guaiacol and Lignocellulosic Fiber
Chunxiao Zhou,a,b Aixue Dong,a Qiang Wang,a Yuanyuan Yu,a Xuerong Fan,a,*
Yuanlin Cao,c,* and Tiejun Li b
The effects of 12 common metal ionic compounds on the laccase catalytic
activity in reactions using guaiacol as the substrate was determined using
spectrophotometry. Furthermore, the influence of several metal ionic
compounds on the generation of reactive oxygen species (ROS) by
oxidation of lignin in jute fiber under laccase catalysis was studied by
electron paramagnetic resonance (EPR) spectroscopy using N-tert-butylalpha-phenylnitrone (PBN) as the spin-trapping agent. Common metal
cations, such as K+, Na+, Mg2+, Ca2+, and Cu2+ and the anion SO42- had
almost no effect on laccase activity during the initial stage of the catalytic
reactions. High concentrations of the Mn2+ ion exhibited weak inhibition of
laccase; Ag+ and NO3- showed a moderate inhibitory effect on laccase
activity during the initial stage of the catalytic reactions. Fe2+ had no direct
effect on the binding of laccase to its substrate, but strongly retarded the
progress of the catalytic reaction by reducing the intermediate free
radicals. The ions Cl-, Fe3+, and Ag+ exhibited either strong inhibitory
effects on the catalysis of the substrate or a destructive effect on the
structure of laccase itself. Furthermore, the results showed that an
appropriate concentration of Cu2+ helped to promote the thermal stability
of laccase during the enzymatic reaction. This study could help
researchers to avoid the use of inhibitory exogenous metal ions and
anions in the application of laccase and to maximize the value of laccase.
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INTRODUCTION
The copper-containing polyphenol oxidase, namely laccase, catalyzes the oxidation
of multiple substrates such as phenol and its derivatives. In addition, some non-phenolic
substrates, such as aromatic amines and carboxylic acids, and their derivatives can also be
catalytically oxidized by laccase (Bourbonnais and Paice 1990; Eggert et al. 1997; Polak
and Jarosz-Wilkolazka 2012). As a cost-effective, industrial ideal green catalyst, laccase is
widely applied in various fields of industry (Asgher et al. 2016, 2017a; Bilal et al. 2017a,b).
Lignin contains a phenolic hydroxyl group, making it a suitable substrate for laccase
oxidation. Laccase can oxidize the hydroxyl group of lignin to generate active free radicals,
thereby initiating the polymerization or degradation of lignin (Witayakran and Ragauskas
2009). Consequently, laccase is widely applied in wood fiber research. The pretreatment
of wood with laccase can reduce the amount of adhesive used during the processing of
fiberboard. Thus, laccase is useful for the production of environmentally friendly woodbased panels with high hardness and low formaldehyde release (Nasir et al. 2013; Kirsch
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et al. 2017). In the paper-making industry, laccase is used for the bio-bleaching of paper
pulp through laccase-mediator systems or a combination of laccase and other enzymes
(Fillat et al. 2010; Singh et al. 2015). In the textile processing industry, laccase has been
used for the pretreatment of bast fiber to partially remove hydrophobic lignin impurities to
improve its wettability (Sharma et al. 2005; Karaduman et al. 2013). In addition, laccase
causes indigo dyes on fabric surfaces to lighten, and hence it is generally used for cotton
products such as denim – a process that is called denim bio-washing (Montazer and Maryan
2008). It can also be used for the functional modification of bast fiber by catalyzing the
graft copolymerization of functional monomers onto the lignin of the fiber, which improves
its hydrophilic, hydrophobic, anti-bacterial, and/or anti-oxidative properties, etc. (Silva et
al. 2011; Chen et al. 2012; Dong et al. 2014). Furthermore, laccase can also be used in the
dyeing (Bai et al. 2016; Jia et al. 2017) and functional finishing (Montazer et al. 2009;
Hossain et al. 2010; Fu et al. 2015) of protein-based fibers during textile processing.
The application of laccase for the functional modification of lignocellulosic fibers
has attracted much attention in recent years (Thakur et al. 2015; Greimel et al. 2017). In
general, exogenous ions, such as Na+, Ca2+, Mg2+, and Fe2+, as well as Cl- and SO42- ions,
are commonly used in this type of modification through the use of additives and auxiliaries.
Studies have shown that the presence of some exogenous ions has a noticeable impact on
laccase activity and it greatly affects the efficiency of laccase in practical applications.
Therefore, research on the influence of exogenous ions on the applications of laccase to
lignin or lignified fiber is necessary. It is the way to identify the common ions that can be
used to promote the catalytic activity of laccase. However, studies on these ions have
focused mainly on the effect of exogenous metal cations on laccase activity during the
fermentation process, and consequently the effect of foreign ions on the applications of
laccase during fiber processing is unknown (Couto et al. 2005; Lorenzo et al. 2006;
Murugesan et al. 2009). Moreover, comparatively little is known about the influence of
anions on laccase activity (Morpurgo et al. 1974; Winkler et al. 1982; Kiiskinen et al.
2002). Furthermore, it should be noted that most studies concerning the effects of
exogenous ions on laccase activity were not done systematically, the range of ions studied
to date is not comprehensive, and the influence of co-existing anions has been largely
neglected (Asgher et al. 2017b). In addition, it is not sufficient to study the effect of
exogenous ions on laccase catalytic efficiency by activity detection alone.
For the laccase-catalyzed bioprocessing of lignin or other model compounds, the
influence of exogenous ions on enzymatic activity and reactions as an unavoidable factor
needs to be studied more deeply. Guaiacol, as one of the simplest model compounds of
lignin, was to be used as a substrate for the determination of laccase activity in this article.
The influence of common ions on the reaction undergone by guaiacol under laccase
catalysis was systematically studied using UV-Vis spectrophotometry. Furthermore,
laccase can catalyze the oxidation of substrates, such as lignin, to generate reactive oxygen
species (ROS). Accordingly, the effect of ions on laccase activity can also be determined
in terms of the kinds of ROS free radicals produced. Although this method has the potential
to provide a more comprehensive insight into the influence of exogenous ions on the
catalytic activity of laccase, it has not yet been explored. In this study, jute, which contains
an abundant amount of lignin, was used as the substrate, and N-tert-butyl-alphaphenylnitrone (PBN) was used to capture the ROS produced in the process. The ROS-PBN
adducts were successfully detected using electron spin resonance (ESR) spectroscopy to
reveal the overall effect of common metallic compounds on the catalytic oxidation of lignin
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from jute by laccase (Capani et al. 2001; Cao et al. 2005; Zhou et al. 2009). This approach
can provide more accurate guidance for the actual application of laccase.

EXPERIMENTAL
Materials
The N-tert-Butyl-alpha-phenylnitrone was purchased from Sigma-Aldrich
Corporation (St. Louis, MO, USA), the guaiacol was supplied by TCI (Shanghai, China),
and the other analytical reagents were provided by Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). Jute fibers were obtained from Changshu Ao Cun Long Tai Weaving
Co., Ltd. (Jiangsu, China). The fibers were ground into powders and passed through a 60mesh screen for subsequent use. Laccase from Trametes versicolor (biological reagent)
with an activity of 17,525 U/g was provided by Sigma-Aldrich Corporation (St. Louis,
MO, USA). One unit of laccase activity is defined as the amount of enzyme that oxidizes
1 μmol of 2,2-azino-bis-3-ethyl-benzo-thiazoline-6-sulfonic acid (ABTS) per minute under
specific reaction conditions. A UV-2802S spectrophotometer (UNICO Instruments,
Shanghai, China) was used to measure the laccase activity.
Methods
Determination of relative activity and inhibitory rate of laccase
An amount of 0.5 mL of a laccase solution was added to 9.5 mL of guaiacol solution
(5 mM) with a specific concentration of exogenous ions. The reaction was conducted at 25
°C and a pH of 4.0 (adjusted with 50 mM HAc-NaAc buffer solution). A UV-Vis
spectrophotometer (UV-1800, Shimadzu, Kyoto, Japan) was employed to detect the
variation of the absorbance due to the substrate at 465 nm at the beginning of the reaction.
The rate of reaction was calculated (Vn). The salt-free guaiacol-laccase reaction system was
used as a control, and the rate of reaction was denoted as V0, and then the relative enzyme
activity (%) (100 × Vn/V0) and the inhibitory rate of laccase (%) (100 × (V0 - Vn) / V0) were
calculated.
Detection of thermal stability of laccase
Laccase solution (9.5 mL) was mixed with 15 mM exogenous ions (1.5 mM
solutions of FeSO4 and FeCl3) and the mixture was incubated in a 50 °C water bath for 1
h. Then, 0.5 mL guaiacol solution (95 mM) was added to the solution to start the reaction.
A salt-free reaction system was used as a control. The residual enzyme activity was
determined as relative activity.
Laccase-catalyzed jute production of ROS free radicals
First, jute powder samples (0.045 g) were placed into 2.5-mL centrifuge tubes.
Next, PBN solution (50 μL, final concentration of 10 mM), a certain concentration of
laccase solution (200 μL), and different dosages of metal ionic compounds (final
concentration of 0 mM to 40 mM) were added into each tube sequentially. Then, buffer
solutions with a pH of 4.0 were added to the tubes, ensuring that each reaction system
reached a total volume of 500 μL. The suspensions were then mixed by shaking and
incubated in a 50 °C water bath for 1 h. The reactions were stopped by placing the tubes in
an ice bath. Lastly, ethyl acetate (300 μL) was then added to each tube to extract the PBNROS adduct. The organic layer was removed into a 1.5-mL centrifuge tube for subsequent
Zhou et al. (2017). “Laccase catalysis of guaiacol,” BioResources 12(3), 5102-5117.
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use in EPR determination of PBN-ROS spin adducts (PBN-ROS complexes are stable in
ethyl acetate).
Determination of ROS levels using EPR spectrometry
The measurement of the ROS levels was performed using an A-300 EPR
spectrometer (Bruker, Karlsruhe, Germany) at room temperature. The conditions for EPR
detection were as follows: X-band, 100 kHz modulation frequency with 4.07 G modulation
amplitude; microwave power, 20 mW; center field, 3,512 G; sweep width, 200 G; receiver
gain, 2.0 × 105; and resulting sweep time, 240 s. The peak area of the three-line ultra-fine
characteristic peaks in each ESR signal was taken as the relative intensity of the ROS free
radical (Zhou et al. 2014).
Statistical analysis
Experiments were run in triplicates, and the data presented were expressed as mean
± standard deviation (SD), except for the data in Figs. 5 and 6, which were expressed as
mean. Statistical differences were determined using ANOVA variance. Difference was
considered statistically significant at *p≤0.05, **p ≤ 0.01 and ***p ≤ 0.001.

RESULTS AND DISCUSSION
Effect of Cl-, NO3-, and SO42- on Laccase Activity
The sodium ion (Na+) was used as the co-existing cation to prepare guaiacol-salt
solutions with different concentrations of Cl-, NO3-, and SO42- ions. Approximately 0.5 mL
of the laccase solution was added to start the reaction. Then, the relative activity of laccase
was determined (Fig. 1).
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Fig. 1. Effect of Cl-, NO3-, and SO42- ions on laccase activity

As shown in Fig. 1, the Cl-, NO3-, and SO42- ions exhibited different inhibitory
effects on laccase activity. The laccase activity indicated less variation with increased SO42concentration when the Na+ ion was used as the co-existing cation. When the SO42Zhou et al. (2017). “Laccase catalysis of guaiacol,” BioResources 12(3), 5102-5117.
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concentration reached 15 mM, the inhibitory rate of laccase was maintained at
approximately 3%. The NO3- ion had a relatively mild inhibitory effect on laccase activity,
with an inhibition rate of 26.8% when its concentration reached 30 mM. The Cl- ion
revealed a stronger inhibitory effect compared with those of SO42- and NO3- ions, which
was consistent with previous reports (Chaudhry et al. 2014; Pan et al. 2014). With an
increase in the Cl- ion concentration, the laccase activity rapidly decreased, and the
inhibition rate of 79.3% was attained when the concentration of Cl- reached 30 mM.
Effect of Common Metal Cations on Laccase Activity
Metal cations have varying degrees of impact on the activities of most enzymes. To
further study the effect of common metal ions at various concentrations on laccase activity,
a series of tests were performed, and the results are shown in Figs. 2a and 2b.
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Fig. 2a. Effect of various concentrations of metal ionic compounds on laccase activity

Figure 2a shows that the effects of the K+ and Na+ ion concentrations on laccase
were similar when the Cl- ion was used as the co-existing anion. Based on the effect of
anions described in Fig. 1, it can be deduced that the effect of K+ and Na+ ions on laccase
activity was relatively weak.
Furthermore, the Cl- ion concentrations that corresponded to Na+ concentrations of
10 mM and 30 mM (a, b) were the same as those that corresponded to concentrations of
Mg2+ and Ca2+ of 5 mM and 15 mM (A, B), respectively. The relative activities were also
similar at "A" and "a", and at "B" and "b." This observation indicated that the effects of
Mg2+ and Ca2+ ions on laccase produced by Trametes versicolor were relatively weak and
similar to that of Na+. This further confirmed that the inhibitory effect presented by the
compounds of the above metal ions with co-existing Cl- was mainly due to the Cl- ion.
In addition, when SO42- is the co-existing anion, the laccase activity for catalyzing
the oxidation of guaiacol showed minimal variation with increased Cu2+ concentration. The
Mn2+ ion exhibited a slight inhibitory effect on laccase, with an inhibition rate of
approximately 12% when its concentration was greater than 15 mM.
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As shown in Fig. 2a, the observed inhibition of laccase activity caused by AgNO3
was attributed to the joint action of Ag+ and NO3- ions. This finding was based on
experiments that the effect of the NO3- ion alone on laccase activity; though the inhibition
caused by Ag+ ions on laccase was moderate.
The inhibition of laccase by NO3- can be attributed to competitive inhibition, which
was completed instantaneously. The Ag+ did not bind with the free enzyme, but instead it
bound to the enzyme-substrate compound during the laccase-catalyzed process (Tu et al.
1999a).
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Fig. 2b. Effect of FeSO4 and FeCl3 at various concentrations on laccase activity

As shown in Fig. 2b, the inhibition of laccase activity was rapidly enhanced with
an increase in FeSO4 or FeCl3 concentration, which showed that the laccase activity was
strongly inhibited by trace amounts of FeSO4 or FeCl3. The inhibition rate was 60.0% when
the concentration of FeSO4 was 0.2 mM and the inhibition reached a 98% level when the
concentration of FeSO4 was increased to 1 mM. The inhibition induced by the SO42- ion at
this concentration can be ignored considering the results in Fig. 1. Thus, it can be inferred
that the Fe2+ ion showed strong inhibition of laccase activity initially, and that the inhibition
was rapidly enhanced with an increase in Fe2+ concentration. This may have been due to
the intermediate being reduced continuously, thereby resulting in strong inhibition of
laccase activity (Tu et al. 1999b).
In addition, the experimental data in Fig. 1 indicated that the effect of FeCl3 on
laccase was due to the joint actions of Fe3+ and Cl- ions. When the FeCl3 concentration was
only 1 mM, its inhibition rate was 87%. Considering this together with the results described
in Fig. 1, the suppression caused by the Cl- ion was less than 30%. Therefore, it can be
speculated that the inhibition caused by Fe3+ exceeded 55%. This means that Fe3+ also had
a noticeable impact on the laccase activity during the initial stage of the enzymatic reaction,
and that the inhibition rate increased with increased FeCl3 dosage.
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Effect of Common Ions on the Catalytic Properties of Laccase
Effect of common ions on the thermal stability of laccase
This study of laccase thermal stability focused on several ionic compounds that
showed strong effects on laccase activity under the optimal process conditions (Kudanga
et al. 2008; Silva et al. 2011), and the specific results are shown in Fig. 3.

Fig. 3. Effect of common ions on thermal stability of laccase; the concentration of FeSO4 and FeCl3
was 1.5 mM, while that of the other ions was 15 mM, *p≤0.05, **p ≤ 0.01 and ***p ≤ 0.001

In cases where the Cl- ion was used as the co-existing anion, compared with the
control, the influence of K+, Na+, Mn2+ (*p≤ 0.05), Mg2+ and Ca2+ cations on the thermal
stability of laccase was similar to their inhibitory effects on initial laccase activity, as
described in Figs. 2a and 3.
It should be noted that the addition of 15 mM Cu2+ greatly improved the laccase
thermal stability by 24% (***p ≤ 0.001), although it had almost no effect on its activity.
Previous studies (Wang et al. 2003; Zhang et al. 2009) have indicated that the effect of
exogenous Cu2+ on laccase is two-fold: (a) it could combine with free ω-carboxylic anions
on the acidic amino acid residues around the active sites of laccase molecules and inhibit
its catalytic activity; and (b) it could affect the conformation of laccase by interacting with
the atoms or groups near the enzyme surface, facilitating the electron transfer in the enzyme
molecules, which was manifested as activation. In the study, at a pH of 4.0 and 50 °C,
molecular thermal motion was intensified and thus the effect of path-(a) was weakened and
path-(b) played a dominant role. This path contributed considerably to the improvement of
laccase thermal stability.
In the current study, the effect of adding AgNO3 on the catalytic properties of
laccase was opposite to that of adding CuSO4 (*p≤ 0.05). And as shown in Fig. 3, the
relative laccase activity was almost lost (only 2.0%). This observation contradicted the
56.1% inhibition extent seen in Fig. 2(a), which may have been because of the inhibitory
effect of Ag+ on laccase was similar to that of Hg2+ in the absence of any substrate, as
described in previous reports (Tu et al. 2000; Krajewska et al. 2004). Due to its large ionic
radius, the Ag+ ion took a relatively long time to enter the enzyme molecule and it
progressively disturbed the structure of laccase. High temperature can accelerate this
Zhou et al. (2017). “Laccase catalysis of guaiacol,” BioResources 12(3), 5102-5117.
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process and decrease the laccase stability as well, which explained why the results from
this study indicated the denaturation and inactivation of laccase under incubation at 50 °C
for 1 h. In the presence of a substrate, Ag+ mainly participates in the binding of the enzymesubstrate compound, rather than acting on the structure of laccase itself. Thus, these results
indicated that the inhibition of laccase activity by the Ag+ ion was relatively mild during
the enzymatic process.
The effect of FeSO4 (1.5 mM) on the thermal stability of laccase (relative activity
6.72%) was similar to that of FeCl3 (relative activity 6.58%) (*p≤ 0.05), and unexpectedly
weaker than the effect of 0.5 mM FeSO4 on laccase activity (relative activity 4.42%). The
weakening of laccase inhibition upon incubation at 50 °C for 1 h may have been because
of Fe2+ in the laccase solution being gradually oxidized to Fe3+ at higher temperatures.
Effect of common ions on the generation of ROS free radicals in laccase-activated jute
fiber
Though metal ionic compounds exhibited considerable impact on the activity and
thermal stability of laccase, their influence on the whole catalytic process is still unknown.
Therefore, the effects of six metal ionic compounds on the treatment of jute fiber with
laccase were investigated by EPR spectroscopy and the spin-trapping method. The specific
results are shown in Figs. 4a and 4b.
As shown in Fig. 4a, the ionic compounds KCl, NaCl, CaCl2, FeSO4 and AgNO3,
extensively inhibited the laccase catalysis. Such inhibitory effects of KCl, NaCl, and CaCl2
were rapidly enhanced by increasing their respective concentrations. When their
concentrations exceeded 5 mM, the decline of the EPR signal intensity was alleviated.
Taken together with the influence of metal ionic compounds on laccase activity, it can be
inferred that during the actual catalytic process undertaken by laccase, the use of Fe2+, Ag+,
Cl-, and NO3- ions should be avoided to ensure effective catalytic activity.
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Fig. 4a. Signal intensity as a function of different concentrations of ionic compounds in laccaseactivated jute fiber
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Fig. 4b. Signal intensity as a function of CuSO4 concentration in laccase-activated jute

As shown in Fig. 4b, Cu2+ had a hermetic effect on the generation of ROS free
radicals in laccase-activated jute, stimulating it at low doses but inhibiting it at high doses.
A small amount of copper ions clearly favored the enzymatic process, and the EPR signal
intensity reached a peak value at 15 mM of Cu2+ ion; however, any further increase was
unfavorable for the enzymatic reaction, and the Cu2+ ion showed an inhibitory effect on the
enzymatic reaction at concentrations above 40 mM.
Although the inhibition effect of exogenous Cu2+ on laccase was weak at pH 4 and
50 °C, the combined probability of interactions with substrates and active sites was
gradually enhanced with the increase in exogenous Cu2+ dosage. When the Cu2+
concentration was less than 15 mM, the degree of promotion exceeded that of inhibition
with increased Cu2+ concentration. This manifested as an overall increase in activation and
enhancement of EPR signal intensity. However, at concentrations higher than 15 mM, the
degree of promotion was lower than that of inhibition. This led to a weakening of net
activation, and the EPR signal intensity gradually declined with increased Cu2+
concentration. At concentrations that exceeded 40 mM, the inhibitory effect of exogenous
Cu2+ exceeded its promoting effect, which resulted in net suppression, and the EPR signal
intensity became lower than that of the control sample, which was consistent with previous
reports (Alcalde 2007).
Effect of FeSO4 and AgNO3 on Laccase Catalysis
The influence of FeSO4 and AgNO3 compounds on the initial activity and the
thermal stability of laccase have been previously confirmed, but their influence on the
overall process of laccase catalysis is still unknown. The variation of absorbance values in
the laccase-guaiacol reaction system with various concentrations of FeSO4 or AgNO3
solutions was determined at different time intervals. As shown in Fig. 5, the increase in
absorbance at 465 nm in the reaction medium containing AgNO3 over time was found to
be the opposite of the effect for Fe2+. With time, the increase in the absorbance value tended
to slow down and the inhibition of AgNO3 on laccase activity was enhanced, which
indicated that the suppression of laccase catalysis by Ag+ exhibited properties of
anticompetitive inhibition (Tu et al. 1999).
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Fig. 5. Effect of FeSO4 and AgNO3 at various concentrations on the laccase catalytic process
(A: AgNO3; B: FeSO4)

However, the absorbance in the reaction system containing FeSO4 slowly increased
during the initial stage of the reaction. After some time, the enzymatic reaction gradually
recovered. However, with an increase in FeSO4 concentration, the recovery time of laccase
activity became longer. The recovery time was 2 min with 0.1 mM FeSO4 in the reaction
system and increased to 14 min when the concentration of FeSO4 was 0.5 mM. When the
concentration of FeSO4 was high at 1.0 mM, the recovery time reached 25 min. This
suppression was mainly due to Fe2+. A plot of absorbance versus time revealed that the
inhibition of laccase activity by Fe2+ fits the category of ‘intense transient inhibition.’ It
should be noted that the effect slowed down the progress of the enzymatic reaction, but did
not completely prevent it. Furthermore, the recovery of laccase activity gradually declined
with increased Fe2+ concentration, as shown in Table 1. This may have been due to the
reducing effect of Fe2+, which not only delayed the progress of the enzymatic reaction, but
also restrained the laccase activity by the oxidization of Fe2+ to Fe3+.
Table 1. Comparison of Laccase Activity in the Reaction System Containing
Various Concentrations of FeSO4 before and after Recovery
Concentration of
FeSO4 (mM)
0.1
0.2
0.5
1.0

Relative enzyme activity (%)
Initial stage of
After the recovery of activity
catalysis
75.33±4.75
81.48±2.34 (after 5 min)
40.03±2.78
73.19±0.96 (after 8 min)
4.42±0.01
59.61±0.82 (after 15 min)
2.76±0.02
28.58±0.37 (after 25 min)

Effect of Delayed Addition of Fe2+ on Laccase Catalysis
Further study on the effect of Fe2+ on the enzymatic process was conducted by
delaying the addition of FeSO4. The results are shown in Fig. 6.
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Fig. 6. Influence of delayed addition of Fe on absorbance during laccase catalysis; a: The final
concentration of laccase was 0.06 U/mL, and FeSO4 was added with a delay of 2 min; b: The
final concentration of laccase was 0.03 U/mL, and FeSO4 was added with a delay of 3 min.

Figure 6 shows clearly that the absorbance at 465 nm gradually increased with time,
and that the enzymatic reaction proceeded normally before the Fe2+ was added. When the
same amount of FeSO4 was added to different reaction systems at 2 min (a) and 3 min (b),
the absorbance of the reaction system did not continue to increase, but rapidly decreased,
which indicated that the enzymatic activity of laccase was severely inhibited. After about
3 min to 4 min, the enzymatic reaction restarted. This indicated that the addition of Fe2+
led to the restoration of reactive intermediates to the initial state due to the reducing effect
of Fe2+ (Tu et al. 1999). When enough Fe2+ ion was added, the reaction instantly generated
new intermediates, but the existing intermediates were also reduced, which explained the
observed constant decrease in absorbance. The effect of Fe2+ on the intermediates was
eliminated and the enzymatic process gradually resumed when all the added Fe2+ was
converted to Fe3+. However, the restored laccase activity was lower than that without the
addition of FeSO4 because the Fe3+ converted from the added Fe2+ also possessed a strong
inhibitory effect on laccase activity.
The generation of ROS free radicals in laccase-activated jute fiber was further
studied to verify the effect of the delayed addition of Fe2+ on laccase catalysis. The result
is shown in Fig. 7.
As shown in Fig. 7, the EPR signal intensity showed hardly any change in the first
2 min after FeSO4 addition. Thereafter, the signal intensity increased gradually. This may
have been due to the presence of PBN, which instantly combined with generated ROSs and
formed a relatively stable complex (Zhou et al. 2014). The addition of Fe2+ could rapidly
reduce the new ROSs that formed but was ineffective against the stable ROS-PBN adducts.
This may explain why almost no change was observed in the EPR signal within a certain
period after Fe2+ addition. However, when the added Fe2+ was completely consumed, the
ROSs generated by jute could be re-trapped by PBN, resulting in a continual increase in
the EPR signal intensity.
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Fig. 7. Effect of Fe2+ on laccase catalysis of jute fiber and generation of free radicals (added with
a delay of 2 min)

CONCLUSIONS
1. In this study, the effects of several metal ionic compounds on laccase activity, thermal
stability, and the generation of ROS radicals in laccase-activated jute fiber were
investigated, and the results showed that Cl- and cations, such as Fe3+, Fe2+ and Ag+
exhibited strong inhibition of laccase activity at 25 °C and pH 4. In addition, most of
the compounds containing these ions exhibited clear inhibition of the generation of
ROSs in laccase-activated jute, indicating appropriate copper ions favored the
enzymatic process. It is recommended to avoid contact with metal cations, such as Fe2+,
Fe3+, and Ag+, and anions such as Cl- and NO3- during laccase-catalyzed oxidation of
substrates. However, an appropriate amount of exogenous Cu2+ could be added to
facilitate the enzymatic reaction.
2. Laccase can catalyze the oxidation of varied substrates and presents great application
potential for material modification and processes. As exogenous metal ionic compound
is one of the most complex and unavoidable factors in the laccase catalytic oxidation,
this study provides detailed guidance for their correct usages.
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