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f bamboo after laccase-catalyzed
attachment of thymol and proposed mechanism of
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Laccase-catalyzed attachment of functional molecules onto the surface of bamboo represents an

alternative, green approach to improve performance. Although treatment of bamboo with thymol

improved resistance to mold, using laccase to fix the same concentration of thymol to the surface of the

bamboo could increase both the antifungal activity and resistance to leaching. Leaching of thymol was

reduced by as much as 48.4% when laccase was used in thymol fixation. To make clear the mechanisms

of fixation, reaction of thymol catalyzed with laccase, was investigated using Fourier-transform infrared

spectroscopy, 1H-NMR, high-resolution mass spectrometry and thermogravimetric analysis, respectively.

Results show that thymol oligomer (L-thymol) was formed with ether linkages, which resist water

leaching. Although further confirmatory studies are needed, it seems that ether linkages were the main

connection of thymol to lignin. This study demonstrates that laccase catalysis is a promising strategy to

functionalize the surface of bamboo in order to bestow new properties suitable for a wide range of

applications.
1. Introduction

Bamboo, which grows faster than any woody plant,1 is a low-
carbon, renewable, easy-to-grow resource. Because of its high
strength, toughness, abrasion resistance and ability to with-
stand heat,2,3 bamboo is extremely versatile and has countless
uses, ranging from basic tools to building materials.4 Bamboo
is, however, susceptible to attack by mold-causing fungi,5–7

which is a particular problem in products such as chopsticks,
cutting boards and packages that come into contact with food.8

Products that come into contact with food directly are washed
frequently, which increases the likelihood of attack by mold
fungi. Traditional wood preservatives, which included creosote,
pentachlorophenol, iodopropynyl butylcarbamate, and chlor-
othalonil, are mostly highly toxic synthetic chemicals.9,10

Because of their negative effects on both the environment and
human health, the application of many popular wood preser-
vatives have now been phased out or have had their use
restricted.11 This has led to intense efforts to nd alternative,
natural preservatives that are nontoxic and do not damage the
environment.12,13 Thymol (2-isopropyl-5-methylphenol) as
a naturally occurring antimicrobial phenol, is the principal
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component of thymol essential oil,14,15 which has been extracted
in large scale. Studies have shown that thymol has broad-
spectrum antifungal activity, and could potentially prevent the
growth of molds on food and bamboo16–20 and it has been
ratied by the United States Food and Drug Administration
(FDA) as a safe food additive.21,22 The industrial production of
food grade thymol can be extracted by means of supercritical
CO2 uid extraction (SFE) which is the most green and efficient
technique to extract natural compounds.22,23 Although the
possibility of using natural antifungal phenols, such as thymol,
tannins, and eugenol,11 as wood preservatives has been
explored, the high leachability of thymol decreases its effec-
tiveness.24,25 Enzymatic functionalization of wood surfaces,
either for aesthetic purposes or for preservation, has recently
attracted much interest, both from academia and industry.26,27

Laccase (EC 1. 10. 3. 2) which belongs to the family of blue
multi-copper oxidases and is found predominantly in white rot
fungi, plays a major role in the degradation of lignin.28,29 Lac-
case can catalyze the oxidation of many phenols, anilines and
their derivatives.30,31 Oxygen is needed for the reaction, and,
since water is the only by-product (Fig. 1),32–34 laccase is
considered to be a green and eco-friendly biocatalyst. Laccase-
mediated attachment of natural phenols to the surface of
bamboo has been proposed as an efficient way to circumvent
leaching of antimicrobial phenolic compounds, without loss of
efficacy.24 This study is intended to nd a green and eco-friendly
way to protect bamboo against mold, and to reduce leaching of
thymol using laccase. The assay was schemed in Fig. 1. We also
This journal is © The Royal Society of Chemistry 2020
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wanted to study themechanism by which laccase xes thymol to
bamboo.
2. Materials and methods
2.1 Materials

Samples of 5 year-old bamboo, species Phyllostachys pubescens,
were collected from Xuan Cheng, An Hui province, China. The
epidermis and endodermis of the culm were planed off and
machined into blocks with the dimension of 50 mm (longitu-
dinal) � 20 mm (tangential) � 5 mm (radial).

Aspergillus niger (A. niger) (isolation number: GDMCC 3.411)
was used as the test fungus. The fungus was provided by
Guangdong Institute of Microbiology (Guangzhou, Guangdong
Province, China), and grown on potato dextrose agar (nal pH,
5.6 � 2) at 25–28 �C and 85 � 5% relative humidity in culture
medium as previously described.

2,20-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS)
and Trametes versicolor laccase (U $ 0.5 U mg�1, powder) were
purchased from Sigma-Aldrich (Shanghai, China); analytical
reagent thymol (purity > 99%), sodium acetate and glacial acetic
acid were purchased from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China).
2.2 Determination of laccase activity

Laccase activity was determined by measuring the absorbance
of ABTS at 420 nm using a UV-Vis spectrophotometer, (UV-2600,
Shimadzu), with constant concentrations of laccase (0.5 mg
mL�1) and ABTS (0.5 mmol L�1). Enzymatic activity (U) was
dened as the amount of enzyme needed to catalyze the
production of 1 m mol of oxidized product per minute. All
measurements were carried out in triplicate.35

The effects of pH, temperature and ethanol concentration on
laccase activity were investigated in acetate/sodium acetate
buffer system at a concentration of 2 mol L�1. Firstly, laccase
activity was tested at designed temperature 25 �C and varying
pH from 4 to 5.5. Next, the pH of the buffer was xed at 4.5 and
reaction temperature was varied from 25 to 45 �C. Finally, aer
the optimal reaction temperature and pH were selected as 4.5
and 40 �C, respectively, the effect of ethanol concentration on
the activity of laccase was determined, which is designed as
follows: 0%, 10%, 15%, 20% and 25% volume percentage in the
buffer.
Fig. 1 Schematic diagram of laccase-catalyzed fixation of natural antim

This journal is © The Royal Society of Chemistry 2020
2.3 Impregnation of bamboo test blocks

Treatment solutions were prepared by dissolving thymol alone,
or a combination of thymol and laccase, in a mixture of anhy-
drous ethanol and buffer solution and anhydrous ethanol has
a volume fraction of 20%. The solution contained 0.22 wt%
thymol was termed 0.22Thy. Thymol/laccase solutions, con-
taining xed amounts of laccase and ABTS (Table 1) and
different amounts of thymol (0.10 wt%, 0.15 wt% and 0.22 wt%)
were termed L-0.10Thy, L-0.15Thy and L-0.22Thy, respectively.
Bamboo blocks were vacuum treated under 0.1 MPa and
impregnated in the treatment solution for 24 h at 40 �C. The test
samples were then removed from the treatment solution and
vacuum dried at 40 �C, for 72 h.

Retention of thymol in each block was calculated using the
equation:

Retention; g m�2 ¼ ðm2 �m1Þ � C

2ðHW þWLþHLÞ � 106

where:m1 is the weight (g) of bamboo block before impregnation,
m2 is the weight (g) of bamboo block aer impregnation,m2�m1

is the weight (g) of treatment solution absorbed by block, C is the
concentration of thymol in treatment solution (g per 100 g), H is
the thickness of test block, (mm), L is the length of test blocks,
(mm), W is the width of test block (mm).
2.4 Leaching of test blocks

Tests were carried out in accordance with AWPA E11-12 Stan-
dard Method of Accelerated Evaluation of Preservative Leach-
ing.36 Test blocks impregnated with 0.22Thy, L-0.10Thy, L-
0.15Thy and L-0.22Thy (Table 1) were completely submerged
in deionized water. Aer 6, 24, 48 and thereaer at 48 hours
intervals, the leachate was removed and replaced with an equal
amount of fresh deionized water (50 mL per test block). Six
replicates were carried out for each experiment. Aer leaching,
the test blocks were removed from the leaching solution and
vacuum dried at 40 �C for 3 days. Aer leaching, the test blocks
were designated L-0.10Thy/L, L-0.15Thy/L and L-0.22Thy/L,
respectively. The ratio of thymol leached from blocks was
calculated as follows.

Percent of thymol leached ð%Þ ¼ A

Aþ B
� 100%

where: A is the total weight of thymol in leachate (mg), B is total
weight of thymol in leached blocks (mg).
icrobial phenol to bamboo.
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Table 1 Conditions for processing test blocks

Sample Process

Formulation of treatment solution

Laccase (U mL�1) ABTS (mmol L�1) Thymol (wt%)

Untreated — — — —
0.22Thy Unleached 0.06 0.5 0.22
L-0.10Thy 0.1
L-0.15Thy 0.15
L-0.22Thy 0.22
0.22Thy/L Leached 0.22
L-0.10Thy/L 0.1
L-0.15Thy/L 0.15
L-0.22Thy/L 0.22
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2.5 Mold resistance test

Mold resistance tests on treated bamboo samples were carried
out according to the ASTM D4445-10 (2015) “Standard Test
Method for Fungicides for Controlling Sapstain and Mold in
Unseasoned Lumber (Laboratory Method)”.37 Aer inoculating
bamboo specimens with 0.25 mL spore suspension, the Petri
dishes were placed in the incubator and incubated at 25 �C for 4
weeks. The percentage of fungal growth on the block was visu-
ally estimated and scaled into 5 grades according to the stan-
dard methods. The Resisting efficiency (RE) of test blocks
against A. niger was calculated as follows:

RE ð%Þ ¼
�
1� P1

P0

�
� 100%

where: P1 is the percentage of the fungal growth on the test
block, P0 is the percentage of the fungal growth on the untreated
controls.

2.6 Fixation mechanism of anti-mold ingredient

It has been reported that laccase can catalyze phenols into
polyphenols,38 which may improve both the leaching resistance
and the antifungal effects. To explore the reaction of thymol,
thymol (0.22 wt%) were allowed to react at 40 �C for 24 h, with
laccase (2.0 mg mL�1) as catalyst and ABTS (0.5 mmol L�1) as
the medium. The resulting mixture was centrifuged at 8000 rpm
for 8 min and the supernatant was removed. The remaining
solid was washed with distilled water three times to remove
laccase and unreacted ABTS, followed by anhydrous ethanol
washing to remove the excess thymol (Fig. 2). The product,
termed L-thymol, was vacuum dried at 40 �C for 48 h. The yield
of L-thymol was calculated as follows:

Yield ð%Þ ¼ m1

m0

� 100%

where: m0 is the initial weight of thymol added (g), m1 is the
weight of L-thymol aer reaction (g).

2.7 Characterization

2.7.1 Fourier-transform infrared (FT-IR) spectroscopy. FT-
IR spectra of the dried thymol and L-thymol were recorded
using a 6700 FT-IR (Nicolet, USA). Spectra were recorded over
7766 | RSC Adv., 2020, 10, 7764–7770
the range 500–4000 cm�1, at a resolution of 8 cm�1 and with 32
scans.

2.7.2 Thermogravimetry/derivative thermogravimetry (TG/
DTG). Thermogravimetric analysis was carried out under an
atmosphere of nitrogen using a Sensys thermogravimetric
analyzer (Setaram, France) over the temperature range 25–
800 �C with a heating rate of 10 �C min�1.

2.7.3 1H-NMR spectroscopy. 1H-NMR spectra were recor-
ded at 500 MHz using a Bruker AVANCE III 400 WB spectrom-
eter (Bruker BioSpin AG, Fällanden, Switzerland). Chemical
shis were reported in ppm relative to residual deuterated
solvent or to an internal standard (tetramethylsilane, TMS).

2.7.4 High-resolution mass spectrometry (HRMS).
Compounds were detected on a Q-Exactive Orbitrap Mass
Spectrometer (Thermo Fisher, CA, USA) equipped with a heated
electrospray ionization probe. In addition, the mass spectrom-
etry was performed in both positive and negative ionization
modes.
3. Results and discussion
3.1 Enzyme activity

In previous studies, the laccase activity was measured in buffer
solution, without organic solvents.39 Here, to achieve adequate
solubility of thymol, we wanted to use a mixture of ethanol and
buffer solution. Since enzymatic activity was expected to be
different in the mixed solvent, we rst measured laccase activity
under different conditions in order to choose an appropriate
level of enzyme activity for subsequent experiments. The effects
of pH, temperature and proportion of ethanol in the mixed
solvent on laccase activity are shown in Fig. 3.

When the pH of the reaction solution was increased from 4
to 4.5, laccase activity showed a slight upward trend (Fig. 3a),
but when the pH was increased further, laccase activity was
markedly reduced. The highest laccase activity, 0.119 U mL�1,
was observed at pH 4.5, and this pH value was, therefore,
chosen for further experiments.

Laccase activity increased steadily as the temperature was
increased from 25 �C to 40 �C, and then decreased slightly when
the temperature was further increased to 45 �C (Fig. 3b). The
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Preparation and characterization of laccase-catalyzed thymol reaction product.
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highest enzyme activity, 0.237 U mL�1 was achieved at a temper-
ature of 40 �C, in agreement with a study by Chenghua Yu's.40

Addition of ethanol to the buffer markedly and
concentration-dependently reduced laccase activity (Fig. 3c).
Laccase activity, at 0.08 U mL�1, was highest with the lowest
amount (10%) of added ethanol. When the amount of ethanol
was increased to 15%, 20% and 25%, enzyme activity fell to
0.061 U mL�1, 0.06 U mL�1 and 0.026 U mL�1, respectively. In
order to achieve a sufficiently high concentration of thymol and,
at the same time, achieve adequate laccase activity, buffer
containing 20% ethanol was chosen as the solvent.

Based on the experiments described above, the following
conditions were chosen for the laccase-catalyzed reaction: pH,
4.5, temperature, 40 �C, volume fraction of ethanol, 20%.
3.2 Mold resistance and rate of leaching

Thymol, the main monoterpene phenol in essential oils
extracted from some plants, has been shown to have signicant
antibacterial and antifungal activity.17 To explore the potential
use of thymol in protection of bamboo against mold, and also to
investigate the role of laccase catalysis in the xation of thymol,
tests were conducted using A. niger in accordance with AWPA
E24-06 “Standard Method of Evaluating the Resistance of Wood
Fig. 3 Effect of (a) pH, (b) temperature, and (c) volume fraction of
ethanol on laccase activity.

This journal is © The Royal Society of Chemistry 2020
Product Surfaces to Mold Growth”. Results in Fig. 4a showed
that untreated bamboo blocks were all covered with mycelium
on the 7th day, and the resisting efficiency declined rapidly to
0 (Fig. 4a). Bamboo blocks treated with thymol alone (0.22 wt%)
restrained the growth of mold fungi to some extent, with slowed
fungal growth. But, on the 20th day, the protective effect had
disappeared and the resisting efficiency dropped to 0. Laccase-
catalyzed treatment with thymol improved mold resistance,
especially at thymol concentrations of 0.15 wt% and 0.22 wt%
(Fig. 4a). Compared with treatment with thymol alone, laccase-
catalyzed xation of thymol greatly improved the ability of
thymol to prevent fungal growth on the bamboo blocks.

Bamboo products, such as chopsticks, chopping boards and
containers are frequently washed, which could lead to loss of
antifungal agents, hence, the leaching experiments were con-
ducted to determine whether the use of laccase catalysis during
treatment with thymol protects the antifungal agent from
leaching. Aer leaching for 14 days, thymol alone (0.22 wt%)
inhibited the growth of mold fungi on the bamboo blocks, but
aer 28 days, the resisting efficiency was down to 39.6% (Fig. 4b).
The use of laccase catalysis during treatment with thymol
increased the duration of the antifungal effect, especially when
the concentration of thymol reached 0.22wt%. Compared with
0.22Thy treatment of bamboo, the resisting efficiency of L-
0.22Thy treatment increased by 31.2% on the 28th day. The
enhanced antifungal effect is attributed to the reduced leaching
of thymol from the bamboo. Aer treatment with 0.22Thy and L-
0.22Thy, the rates of thymol leaching from bamboo were 75.2%
and 26.8%, respectively (Table 2). Treatment of bamboo with
thymol in the presence of laccase thus greatly enhanced both the
antifungal effect and leaching resistance of the thymol, accord-
ingly afforded better protection against mold.
3.3 Mechanism of improved antifungal activity and
resistance to leaching

To understand the reaction of thymol that is catalyzed by lac-
case, and thus potentially explain the improved antifungal
activity and leaching resistance, thymol was in vitro reacted with
laccase in the presence of ABTS. The newly obtained product
(termed L-thymol) was washed with water and ethanol in turn to
remove the unreacted laccase and thymol. The amount of
RSC Adv., 2020, 10, 7764–7770 | 7767
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Fig. 4 (a) Resisting efficiency against mold caused by A. niger, (b) resisting efficiency of different treatments after leaching.
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insoluble yield was 32%, which will be characterized by
different methods.

3.3.1 Analysis by Fourier-transform infrared spectroscopy.
According to the experimental results of leaching, treatment of
bamboo with thymol in the presence of laccase greatly
enhanced both the antifungal effect and leaching resistance of
the thymol. It can be inferred that there must be some new
binding forces which could reduce the rate of leaching.
According to many literatures, the binding forces were probably
resulted from the chemical combination of bamboo lignin and
thymol,26,27 self-polymerization of thymol to form a more stable
product,41–43 or both. Thymol, under the reaction of laccase
catalytic system, therefore, may exist in bamboo in the following
Fig. 5 FT-IR of thymol (black) and L-thymol (red).

Table 2 Retention of thymol and rate of leaching from treated blocks

Samples
Retention
(g m�2)

Rate of leaching
(%)

0.22Thy 194.6 75.2
L-0.22Thy 214.5 26.8

7768 | RSC Adv., 2020, 10, 7764–7770
three forms: (1) primordial thymol, (2) thymol polymer, (3)
a combination with lignin. Considering the steric hindrance of
the chemical reaction and the content of phenolic lignin in
bamboo,44 thymol self-polymerization is more likely. To eluci-
date the structure of L-thymol, and potentially the mechanism
underlying the improved antifungal activity and resistance to
leaching when bamboo is treated with thymol in the presence of
laccase, the FT-IR spectra of thymol and L-thymol was analyzed
(Fig. 5).

The peak at 2965 cm�1, attributed to the C–H stretching
vibration of methyl groups,45 becomes sharper in L-thymol than
in thymol, indicating a change that methyl group gets stronger.
Fig. 7 1H-NMR spectra of thymol.

Fig. 6 DTG mapping (a) and TG mapping (b) of thymol and L-thymol.

This journal is © The Royal Society of Chemistry 2020
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Fig. 10 Mechanism of thymol dimerization catalyzed by laccase.

Fig. 9 High-resolution mass spectrum of L-thymol.
Fig. 8 1H-NMR spectra of L-thymol.
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A change also occurred between 1256 cm�1 and 1059 cm�1,
which is the C–O stretching vibrations of ether linkages.46 The
presence of a phenolic C–O stretching vibration at 1337 cm�1

indicated that some of the phenolic hydroxyl groups had reac-
ted to form ether bonds. The peaks attributed to the aromatic
skeleton47 at 1617, 1572, 1490 and 1404 cm�1, were all smaller
than the corresponding peaks in thymol, indicating that
conjugation had increased. Additionally, the peaks attributed to
the benzene ring skeleton of thymol, close to 1617 cm�1 and
1404 cm�1, also changed signicantly, indicating changes in
the skeleton of thymol.

3.3.2 Thermogravimetric analysis. The thermal behaviors
of thymol and L-thymol were investigated using a thermo
gravimetric analyzer. The decomposition temperature of thymol
was 226 �C, while that of L-thymol was 358 �C (Fig. 6), indicating
the presence of additional chemical bonds in L-thymol which
increases the thermal stability of the product. Further specu-
lation suggested that polymerization of thymol occurred as it
had been reported in other phenolic chemicals.41

3.3.3 1H-NMR analysis. Analyses of the 1H-NMR spectra of
thymol and L-thymol are shown in Fig. 7, 8 and Table 3. The
peak at d ¼ 7.29 ppm is the residual solvent peak of CDCl3.
Comparing peak area of thymol with those of L-thymol, the
peaks attributed to R–CH3 (d 1.30) and Ar–CH3 (d 2.32) were
almost unchanged, indicating that methyl groups in thymol are
not involved in the reaction catalyzed by laccase. The integral
integrated areas of Ar–H (d 6.61, 6.78 and 7.14) and Ar–OH (d
Table 3 Chemical shifts and integrated areas of different types of
hydrogen atom

Groups d (ppm)

Integrated area

Thymol L-Thymol

R–CH3 1.3 6.19 6.31
Ar–CH3 2.32 3.03 3.31
R3–CH 3.21 1 1
Ar–OH 4.71 1 0.66
ArH 6.61, 6.78, 7.14 3.02 2.04

This journal is © The Royal Society of Chemistry 2020
4.71) peaks in the L-thymol were smaller than the corresponding
peaks in thymol, indicating that reaction occurred at the –OH
groups of Ar–OH and Ar–H also participated in the reaction.
Combining the results from FT-IR and TG with 1H-NMR, it is
suggested that the reaction of thymol into L-thymol involves the
formation of ether linkages.42

3.3.4 Analysis by high-resolution mass spectrometry. The
high-resolution mass spectrum of L-thymol showed peaks at m/z
299.2 and 300.2 (Fig. 9). Since the molecular weight of thymol is
150.22, the reaction product is presumed to be a dimer.

Based on these analyses, a reaction scheme for the reaction
of thymol catalyzed by laccase can be proposed (Fig. 10). Firstly,
thymol was catalyzed by laccase to form phenoxy radicals.42 Two
possible types of active phenoxy radicals were formed and
began to initiate the polymerization of thymol. In addition, the
laccase catalyzed polymerization of thymol is the main reason
for the increase of leachability of thymol in bamboo.
4. Conclusion

Bamboo treated with thymol in the presence of laccase had
higher resistance to mold than bamboo treated with thymol
alone, even aer leaching, which indicated that there must be
some new binding forces which could reduce the rate of
leaching. Further studies on the mechanisms of thymol xation
showed that laccase is able to catalyze dimerization of thymol by
formation of ether linkages. Based on the results, we speculate
that thymol bonded by laccase to lignin in the bamboo in
a similar way which will be revealed in the following work. The
mechanism of oxidative attachment of thymol to bamboo using
RSC Adv., 2020, 10, 7764–7770 | 7769
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laccase is, however, not yet clear and this will be addressed in
future studies.
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