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RESEARCH HIGHLIGHTS

1. The melanin from A. polytricha was isolated and analysed for the first time;
2. A. polytricha melanin was characterized by SEM, UV, IR, EPR and elemental analysis;

3. A. polytricha melanin had a certain stability;

4. The cellulase-ultrasonic synergistic extraction process was applied to extract the melanin.

ABSTRACT

Auricularia polytricha (A. polytricha) is a kind of
edible fungus with high nutritional value, and mela-
nin is one of its main active components. However,
the research and application of melanin in 4. poly-
tricha has been neglected for a long time. The pur-
pose of this study was to analyse the physicochemical
properties of the melanin from A. polytricha and es-
tablish a cellulase-ultrasonic synergistic extraction
process of A. polytricha melanin by orthogonal array
and response surface design. Scanning electron mi-
croscopy (SEM), ultraviolet-visible spectroscopy
(UV-Vis), infrared spectroscopy (IR), electron para-
magnetic resonance spectroscopy (EPR) and ele-
mental analysis were used to characterize the mela-
nin. The stability and antioxidant activity of the mela-
nin were also measured. The results showed that A.

polytricha melanin is an eumelanin and displays a
bulk amorphous morphology. The melanin had good
stability in heat and light, and it also exhibited good
antioxidant activity. The optimized extraction process
of A. polytricha melanin was as follows: enzyme-to-
substrate ratio (E/S) of 1.4%, enzymolysis tempera-
ture of 35°C, enzymolysis pH of 4.0, enzymolysis
time of 80 min, NaOH concentration of 0.68 mol/L,
solid-to-liquid ratio of 1:40 (g/mL), ultrasound power
of 350 W, ultrasonic time of 62 min, and ultrasound
temperature of 70°C. The results will be helpful for
the efficient production of A. polytricha melanin and
its application as a food colouring as well as antioxi-
dant agent.

Keywords: Auricularia polytricha, melanin, physi-
cochemical properties, synergistic extraction
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1. INTRODUCTION

Pigment is an important component of food additives.
In recent years, natural pigments have become a hot
topic of research and development for their high safe-
ty, nutritional value and healthy functions [1]. Mela-
nin is a type of irregular pigment that is widely dis-
tributed in various organic tissues [2]. There are four
types of melanins: eumelanin, pheomelanin, al-
lomelanin and neuromelanin [3]. /n vivo, eumelanin
is formed by L-tyrosine with the participation of vari-
ous enzymes [4]. Pheomelanin is a type of red or yel-
low pigment that is initially synthesized in a manner
similar to eumelanin, and with cysteine or glutathione
involved in the subsequent synthesis, it contains sul-
phur [5]. Allomelanin is a heterogeneous group of
polymers, which are formed through the oxidative
polymerization of dihydroxynaphthalene or tetrahy-
droxynaphthalene, and it doesn’t contain nitrogen [6].
Neuromelanin is a naturally occurring pigment in the
human central nervous system, which is browny-
black in appearance, and it is thought to be a mixture
of eumelanin and pheomelanin [3]. Melanin has many
biological functions, such as oxidation resistance [7],
radiation resistance [8], antibacterial activity [9], the
adsorption of heavy metal ions [10] and so on. Many
edible mushrooms contain melanin, such as Armillar-
ia ostoyae, Inonotus obliquus [11], and Pleurotus cys-
tidiosus [12], which is an important source of natural
melanin.

Auricularia polytricha (A. polytricha), also known as
wood ear or red ear, is a type of edible mushroom that
is widely distributed all over the world [13, 14].
Many A. polytricha are consumed every year in the
East Asian countries due to its delicious taste and rich
nutritional value, and its annual consumption exceeds
one million tons a year in China. 4. polytricha is also
well-known for its multiple biological activities.
Modern pharmacology revealed the promising cho-
lesterol-lowering [15], antioxidant [16], antitumor
[17], immunomodulation [18], and hypoglycemic
[19] activities of A. polytricha. Melanin is one of the
main ingredients of 4. polytricha; however, few stud-
ies have been reported on the melanin from 4. poly-
tricha. The research on A. polytricha melanin is of
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important scientific and economic significance for the
further processing and utilization of 4. polytricha.

In this study, the physicochemical properties of A.
polytricha melanin were systematically analysed by
scanning electron microscopy (SEM), ultraviolet-
visible spectroscopy (UV-Vis), infrared spectroscopy
(IR), electron paramagnetic resonance spectroscopy
(EPR) and elemental analysis. The solubility, stability
and antioxidant activities were further explored. On
this basis, the method of cellulase-ultrasonic syner-
gistic technology was further used to explore the ex-
traction method of 4. polytricha melanin. Cellulase
was first used to destroy the cell wall of Auricularia
polytricha, and then, melanin was extracted by an
ultrasonic-assisted extraction method under alkaline
conditions to extract as much melanin as possible.

2. MATERIALS AND METHODS
2.1. Materials and chemicals

The fruiting bodies of A. polytricha were purchased
from a local supermarket in Fuzhou, Fujian Province,
China. Cellulase, with an enzymatic activity of 50 U/
mg, was purchased from the Yuanye Biological Tech-
nology Co. (Shanghai, China). The chemical reagents
such as 1,1-diphenyl-2-picrylhydrazyl (DPPH) and
2,2’-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid
(ABTS) were obtained from Sigma-Aldrich (St. Lou-
is, USA). All other analytical grade chemical reagents
were from the Sinopharm Co. (Shanghai, China).

2.2. Melanin preparation and purification

The preparation method of the melanin was according
to the methods previously described with slight modi-
fications [20, 21]. Dried 4. polytricha powder was
mixed with 0.5 mol/L NaOH at a solid-to-liquid ratio
of 1:30 and extracted in a 300 W ultrasonic bath sys-
tem at 30°C for 0.5 h. After that, the supernatant was
collected by centrifugation at 9,000 rpm/min for 3
min. The pH of the supernatant was adjusted to 1.5
with 6 M HCI, and it was placed in an 80°C water
bath for 10 h to remove carbohydrates and proteins,
followed by centrifugation at 9,000 rpm for 5 min to
collect the precipitate. The precipitate was washed
with distilled water to a pH of 7, and then, it was
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washed with chloroform, ethyl acetate, 95% ethanol,
75% ethanol and distilled water in sequence three
times. Sequentially, the purified pigment was lyophi-
lized and stored at -20°C for further use.

2.3. Morphology, elemental composition and spec-
troscopic analysis of A. polytricha melanin

2.3.1. Morphology analysis

The morphology of A. polytricha melanin was ob-
served by SEM. The purified melanin was sprayed
with gold in a vacuum, scanned, and photographed at
an acceleration voltage of 5.0 kV (JEOL, jsm-7500f,
Japan).

2.3.2. Elemental analysis

An elemental analyser (Elementar, Germany) was
used to analyse the elemental components of the puri-
fied melanin.

2.3.3. UV-Vis spectrum

The A. polytricha melanin was dissolved in a 0.1 mol/
L NaOH solution to a final concentration of 0.05 mg/
mL. The UV-Vis absorption spectrum of the solution
was scanned with a UV-Vis spectrophotometer
(Unico Instrument Co. Ltd.) in the wavelength range
of 200~800 nm, with a 0.1 mol/L NaOH solution as
the reference.

2.3.4. FTIR analysis

Mixtures of A. polytricha melanin and KBr (1:100
w/w) were homogenized in an agate mortar, pressed
into a tablet and analysed by a FTIR instrument
(Bruker VERTEX 80) in the scanning range of 4000—
400 cm™.

2.3.5. EPR analysis

A. polytricha melanin was weighed and placed in a
quartz tube. Then, the EPR spectra were scanned in a
25°C and 9.857 Hz high frequency EPR spectrometer
(Bruker BioSpin E-500X).
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2.4. Solubility and stability of A. polytricha mela-
nin

2.4.1. Solubility analysis

One milligram of 4. polytricha melanin was added to
2 ml of different solvents (distilled water, ethanol
absolute, methanol, butanol, chloroform, dimethyl
sulfoxide, petroleum ether, ethyl acetate, 1 mol/l HCI,
1 mol/l NaOH, 1 mol/L NaCl and pH = 8 disodium
hydrogen phosphate-citrate buffer). The sample was
fully mixed with various solvents and allowed to
stand for 3 hours. The solubility of melanin was
measured.

2.4.2. Thermal stability

A total of 0.5 mg of A. polytricha melanin was dis-
solved in 10 mL of 0.1 mol/L NaOH solution and
incubated at different temperatures (25, 50, 75 and
100°C). Samples were collected once per hour and
cooled to room temperature. The absorbance was
measured at 220 nm with 0.1 mol/L NaOH solution
as the reference.

2.4.3. Light stability

The photostability of A. polytricha melanin was stud-
ied under different illumination conditions. Melanin
(0.5 mg) was dissolved in a NaOH solution of 0.1
mol/L and then exposed to darkness, natural light and
20,000 lux light, respectively. The sample was col-
lected once per 12 h, and the absorbance was meas-
ured at 220 nm.

2.4.4. Metal ion stability

A. polytricha melanin (0.5 mg) was added to 10 mL
of a 0.1 mol/L NaOH solution with 0.01 mol/L metal
ions (Ca®*, Fe*', Zn*", Na*, AI’", K" and F¢’"). A
sample was collected every 12 h, and the absorbance
was measured at 220 nm.

2.4.5. Stability in oxidants and reductants

A total of 5 mL of different concentrations of reduc-
ing agent (Na,SO;) and oxidant (H,O,) was added to
5 mL of 0.05 mg/mL A. polytricha melanin solution
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to make the final concentrations of the oxidant or
reductant 0%, 3%, 6%, 9%, 12% and 15%, respec-
tively. The solutions were fully mixed and left to
stand for 30 minutes, and the absorbance was deter-
mined at 220 nm with 0.1 mol/L NaOH solution as a
reference. Additionally, 2 mL of a 1 mg/mL KMnO,
solution was thoroughly mixed with 2 mL of 0.05
mg/mL melanin and left to stand for 30 minutes at
room temperature. Then, the discoloration of the
KMnO, solution was observed.

2.5. Antioxidant activities of A. polytricha melanin
2.5.1. Preparation of water-soluble melanin

Water-soluble melanin was prepared according to the
methods previously described [22] and used for the
antioxidant experiment. Purified melanin was dis-
solved in a 0.1 M NaOH aqueous solution, and the
pH was adjusted to 7 with 0.1 M HCI solution under
strong sonication. After dialysis and lyophilization,
the water-soluble melanin was obtained.

2.5.2. DPPH radical scavenging activity

The scavenging activity of A. polytricha melanin for
the DPPH radical was measured according to the
method previously described [23]. First, 2 mL of dif-
ferent concentrations of the A. polytricha melanin
solution was added into 2 mL of 0.2 mM DPPH abso-
lute ethanol solution, fully mixed and placed in dark-
ness for 30 min; then, the absorbance was measured
at 517 nm (A,). Additionally, the DPPH solution was
replaced with an equal volume of absolute ethanol,
and the absorbance was measured (A;). The melanin
solution was also replaced with an equal volume of
distilled water, and the absorbance was measured
(Ayp). The ability to scavenge the DPPH radical was
calculated using the following equation (1):

Scavenging activity (%) = [1 — (4, — A,)/Ap] x 100 (1)

2.5.3. Hydroxyl radical scavenging activity

The hydroxyl radical scavenging rate was determined
by the salicylic acid-FeSO4 method [24]. A total of 1
mL of 9 mmol/L salicylic acid-ethanol solution, 9
mmol/L FeSO,solution, different concentrations of
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melanin solution, and 8.8 mmol/L H,0O, solution
were completely mixed, and then, the volume to
made up to 15 mL with distilled water. The sample
was placed at 37°C for 15 min, and the absorbance
was measured at 510 nm (A,). Instead of the H,O,,
the solution was mixed with an equal volume of dis-
tilled water, and the absorbance was measured (A,).
Additionally, the A. polytricha melanin solution was
replaced with an equal volume of distilled water, and
the absorbance was measured (Ag). The hydroxyl
radical scavenging rate was calculated according to
equation (1).

2.5.4. ABTS radical scavenging activity

The ABTS radical cation (ABTS") test was per-
formed according to the methods previously de-
scribed [25]. A total of 5 mL of 7 mmol/L ABTS so-
lution was mixed with 88 pL of 2.45 mmol/L potassi-
um persulphate and placed in the dark at room tem-
perature for 16 hours to prepare an ABTS stock solu-
tion. Then, the ABTS stock solution was diluted with
ethanol to the absorbance of 0.74+0.02 at 734 nm to
form an ABTS working solution. A total of 3 mL of
ABTS" working solution was thoroughly mixed with
0.2 mL of A. polytricha melanin and incubated at
room temperature under dark conditions for 1 h. The
absorbance was measured at 734 nm (A;). The
ABTS" working solution was replaced with an equal
volume of distilled water, and the absorbance was
measured (A,). Additionally, the A. polytricha mela-
nin solution was replaced with an equal volume of
distilled water, and the absorbance was measured
(Ap). The ABTS radical scavenging rate was calculat-
ed according to equation (1).

2.6. Optimization of the cellulase-ultrasonic syner-
gistic extraction process of A. polytricha melanin

2.6.1. Determination of the A. polytricha melanin
content

The maximum absorption wavelength was deter-
mined from the UV-Vis absorption spectrum of the
purified melanin, and the concentration-absorbance
standard curve was plotted at the maximum absorp-
tion wavelength (220 nm). In the same manner, the
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absorbance of the extract at the maximum wavelength
was measured, and the melanin concentration was
calculated from the standard curve. The yield of mel-
anin was calculated by formula (2), where wy is the
weight of the extracted melanin and M is the weight
of A. polytricha fruiting body.

The yield of melanin( %) = % x 100 2

2.6.2. Optimization of the enzymatic hydrolysis
conditions

A. polytricha powder was added into a buffer solution
containing cellulase and reacted at a suitable tempera-
ture for a certain period. After that, centrifugation at
9,000 rpm/min for 5 min was performed to collect the
precipitate. Then, the NaOH solution was added to
the precipitate to extract the melanin in an ultrasonic
bath system. The effects of the enzyme-to-substrate
ratio (E/S) (0.8-1.8%), enzymolysis temperature (30-
55°C), enzymolysis pH (3.5-6.0), and enzymolysis
time (20-120 min) were investigated by single-factor
experiments under the premise of constant ultrasonic
conditions (ultrasound temperature of 30°C, ultra-
sound time of 30 min, ultrasound power of 300 W,
solid-to-liquid ratio of 1:30 and NaOH concentration
of 0.5 mol/L). The effect of each factor was investi-
gated by analysing the content of melanin.

According to the results of single-factor experiments
of enzymatic hydrolysis, a L9 (3*) orthogonal matrix
was selected to optimize the enzymatic hydrolysis
conditions, and the level settings of individual factors
are shown in Table 3. All of the experiments were
repeated in triplicate, and the average yield was cal-
culated.

2.6.3. Optimization of the ultrasonic extraction
conditions

In order to further improve the yield of melanin from
A. polytricha, the ultrasonic extraction conditions
were further explored on the basis of the optimal con-
ditions of enzymatic hydrolysis. The effects of the
NaOH concentration (0.3-1.3 mol/L), solid-to-liquid
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ratio (1:10-1:60), ultrasound time (20-80 min), ultra-
sound power (250-500 W) and ultrasound tempera-
ture (20-80°C) were investigated by single-factor ex-
periments.

According to the results of single-factor experiments
of the ultrasonic extraction process, based on the Box
-Behnken centre combination principle and the level
settings of individual factors in Table 4, Design-
Expert 8.0.6 software (Stat-Ease Inc., Minneapolis,
MN, USA) was used to design the ultrasonic extrac-
tion process of A. polytricha melanin.

2.7. Data analysis

Experimental data were analysed by Design Expert
software 8.0.6 (Stat-Ease Inc., Minneapolis, MN,
USA) and SPSS 13.0 (SPSS Inc., Chicago, IL). All
experiments were repeated at least three times. The
resulting values are presented as the mean+tstandard
deviation, where p<0.05 indicates a statistically sig-
nificant difference and p<0.01 indicates a highly sta-
tistically significant difference.

3. RESULTS AND DISCUSSION

3.1 Morphology, elemental composition and spec-
troscopic analysis of A. polytricha melanin

3.1.1 SEM and elemental analysis

The result of SEM is shown in Fig. 1A. The 4. poly-
tricha melanin was characterized as an amorphous
deposit without differentiable structures, which is
similar to those of other melanins [26].

As shown in Table 1, the results of elemental analysis
showed that the melanin from A. polytricha contains
C, H, N, and O elements. No S element was found in
the melanin from A. polytricha fruiting bodies, indi-
cating that the melanin could be classified as
eumelanins [27]. Compared with synthetic melanin,
the proportion of O:N in 4. polytricha melanin was
higher, which indicates a higher carboxylate content
in the melanin.
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Figure 1. Morphology and spectroscopy analysis of
A. polytricha melanin. (A) SEM analysis of melanin;
(B, C) UV-Vis absorption spectrum of melanin; (D)
IR spectrum of melanin; and (E, F) EPR spectrum of
melanin.

Table 1 Elemental analysis of A. polytricha melanin

Element composition (%)
Source

C H N o S
A. polytricha 42.1 7.14 | 8.7 | 42.04 0.00
melanin 2 0
Synthetic mela- | 56.4 | 3.15 | 8.4 | 31.82 0.09
nin* 5 9

*As reported by Ito and Fujita [45].

The content of oxygen element was calculated from
the equation: 0%=100%-C%-H%-N%-S%.

3.1.2 UV-Vis absorption spectrum

The maximum absorption of A. polytricha melanin
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was 220 nm, the absorption of 4. polytricha melanin
decreases as the wavelength increases, and the log of
absorbance against wavelength produces a linear
curve with a negative slope of -0.0034 (Fig. 1B, C),
which is a characteristic property of melanin [28-30].
This is due to the existence of complex conjugated
structures in the molecules of melanin [31]. There is
a small absorption peak at 260 nm to 280 nm, indi-
cating that a small portion of proteins or lipids is pre-
sent in the molecule of 4. polytricha melanin.

3.1.3 IR spectrum

The infrared absorption spectrum is one of the most
important spectral characteristics of melanin. The IR
spectrum of the A. polytricha melanin is shown in
Fig. 1D. The IR spectrum of 4. polytricha melanin
was analysed based on previous studies, and the re-
sults suggest the following peak assignments: the
strong and broad characteristic absorption at ~3300
cm’ corresponds to the O-H groups linked by the N—
H groups of an indole ring [32]; the small and sharp
peaks at 2920~2950 cm™ correspond to the aliphatic
C-H [33]; characteristic absorption at 1641 cm™ cor-
responds to the C=O stretching or aromatic C=C
stretching [34]; the peak at 1536 cm™ is related to the
N-H bending vibration, and that at 1398 cm™is at-
tributed to a C-N stretching, indicating that it has the
typical indole structure of melanin [35]. The absorp-
tion band of 600-800 cm™ is weak, meaning that the
aromatic ring has been replaced to form a conjugated
system.

3.1.4 EPR spectrum

The characteristic behaviour of EPR is another fea-
ture of melanin due to the presence of organic free
radicals [36]. The EPR spectrum of the 4. polytricha
melanin is presented in Fig. 1E, F. The patterns ap-
peared to have a similar morphology to some melanin
that has been reported, such as the water-soluble mi-
crobial melanin [37] and the melanin from tetrahy-
dropapaveroline [38]. The spectrum of 4. polytricha
melanin was a slightly asymmetric singlet without
hyper-fine structure.
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Table 2: Solubility of A. polytricha melanin

Types Solvent Solubility
Water Distilled water -
Absolute ethanol -
Methanol -
o . Butanol -
sorl%lirllllt(; Chloroform -
Dimethyl sulfoxide +
Petroleum ether -
Ethyl acetate -
Acid 1mol/L HCI -
Alkali 1mol/L NaOH ++
1mol/L NaCl )
Salt pHS8 disodium hydrogen )
phosphate-citrate buffer

Note: + indicates slightly soluble, + + indicates dis-
solved, and - indicates insoluble.

3.2 Physicochemical properties of A. polytricha
melanin

3.2.1 Solubility and stability properties

As shown in Table 2 and Fig. 2A, A. polytricha mela-
nin has good solubility in alkaline solution (such as
NaOH solution), but low solubility in distilled water
and other organic solvents, which was similar to mel-
anins from other microorganisms [39, 40]. The ef-
fects of the temperature and light on melanin stability
are shown in Fig. 2B, C, and the results showed that
high temperature and strong light had a certain influ-
ence on the stability of the melanin, but the effects
were small. As shown in Fig. 2D, the melanin also
had better stability in metal ion solutions. As shown
in Fig. 2E, F, A. polytricha melanin has good stability
in the reducing agent Na,SO;, but it is less stable in
the oxidizing agent H,O, and A. polytricha melanin
also made the oxidant KMnO, solution fade.
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Figure 2. Solubility, stability properties and antioxi-
dant activity of A. polytricha melanin. (A) Solubility
properties of melanin: the serial numbers of each sol-
vent on the test tube were distilled water, absolute
ethanol, methanol, butanol, chloroform, dimethyl
sulfoxide, petroleum ether, ethyl acetate, 1 mol/l
HCI, 1 mol/l NaOH, 1 mol/L. NaCl and pHS8 disodi-
um hydrogen phosphate-citrate buffer; (B) thermal
stability of melanin; (C) photostability of melanin;
(D) metal ion stability of melanin; (E) redox proper-
ties of melanin in Na,SO; and H,0,; (F) melanin
bleached KMnOQ, solution: the serial numbers of each
solvent on the test tube were 0.05 mg/mL 4. poly-
tricha melanin solution, 1 mg/mL KMnO4+0.05 mg/
mL A. polytricha melanin solution, 1 mg/mL KMnO,
solution; and (G) antioxidant activity of A. polytricha
melanin.

3.2.3 Antioxidant activities

DPPH is a stable free radical in organic solvents, and
it is widely used to determine the antioxidant capaci-
ty of biological samples and foods [41]. The body
produces hydroxyl radicals during the metabolic pro-
cess, which can cause membrane peroxidation, pro-
tein cross-linking denaturation and nucleic acid dam-
age, and hydroxyl radicals are recognized as the most
toxic type of free radical [42]. Avoiding the influence
of the hydroxyl radical is important in the biological,
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food and other fields. ABTS will form a stable blue-
green cationic water-soluble free radical ABTS" after
oxidation. Antioxidants can react with ABTS" radi-
cals to fade the solution and decrease the characteris-
tic absorbance [43]. As shown in Fig. 2G, the free
radical scavenging activity of A. polytricha melanin
increased with increasing concentrations, exhibiting a
dose dependence. When the concentration was 4 mg/
mL, the DPPH, hydroxyl radical, and ABTS scaveng-
ing rates of A. polytricha melanin reached 52.48%,
52.50%, and 96.62%, respectively.

Table 3: Factors and levels of enzymatic hydrolysis
orthogonal array design

Level
Factor

-1 0 1
Enzyme-to-substrate
ratio (%) 1.2 1.4 1.6
Enzymolysis tempera-
ture (°C) 35 40 45
Enzymolysis pH 35 4.0 4.5
Enzymolysis time (min) | 40 60 80

Table 4: Factors and levels for Box-Behnken design

Level
Factor Code

-1 0 1
NaOH concentration
(mol/L) A 0.5 ]0.7 0.9
Ultrasound power 30
(W) B 0 350 | 400
UlFrasound time C 50 60 70
(min)

3.3 Optimization of the cellulase-ultrasonic syner-
gistic extraction process conditions

3.3.1 Optimization of the enzymatic hydrolysis
conditions

The effect of the enzyme-to-substrate ratio (E/S),
enzymatic hydrolysis temperature, enzymatic hydrol-
ysis pH, and enzymatic hydrolysis time were investi-
gated by single-factor experiments. As shown in Fig.
3A, the yield of melanin increased gradually with the
increase of the E/S and reached the highest value
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when the E/S was 1.4%. After this, the yield did not
increase further. Therefore, it is suitable to extract A4.
polytricha melanin with an E/S of 1.4%. As shown in
Fig. 3B, the yield of melanin reached its highest val-
ue when the enzymolysis temperature was 40°C. Too
high of a temperature will lead to a change in the spa-
tial structure of the enzyme, resulting in the loss of
activity, thus affecting the extraction efficiency.
Therefore, it is suitable to extract melanin from A.
polytricha with an enzymolysis temperature of 40 °C.
As shown in Fig. 3C, the melanin yield was highest
at pH of 4.0. Peracid or overbased solutions will in-
hibit the activity of cellulase, and thus affect the en-
zymolysis efficiency. Therefore, it is suitable to ex-
tract melanin from A4. polytricha with an enzymolysis
pH of 4.0. As shown in Fig. 3D, the yield of melanin
increased with the increase of the enzymolysis time,
and it reached the maximum at 60 min. Therefore, it
is more appropriate to choose an enzymolysis time of
60 min.

Orthogonal array design was performed on the basis
of single factor experiments to screen the optimal
combination of enzymolysis conditions, and the re-
sults are shown in Table 5, the extreme difference
(K) was applied to analyse the data, and the influence
(R) of the enzymolysis conditions on the yield of 4.
polytricha melanin was as follows enzymolysis tem-
perature > enzymolysis time > enzyme-to-substrate
ratio > enzymolysis pH. The optimal combination
was as follows: as enzyme-to-substrate ratio of 1.4%,
an enzymolysis temperature of 35°C, an enzymolysis
pH of 4.0, and an enzymolysis time of 80 min. To
verify whether individual factors have a statistically
significant effect on the melanin yield, ANOVA was
used to interpret the experimental data obtained from
the orthogonal array design, and the results are
shown in Table 6. By comparing the F values, the
order of the significant differences among the four
factors was enzymolysis temperature > enzymolysis
time > enzyme-to-substrate ratio > enzymolysis pH,
which was consistent with the intuitive analysis re-
sults.
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Table 5 Result of orthogonal array design

No Enzyme-to- Enzymolysis Enzymolysis pH | Enzymolysis Yield (%)
substrate ratio (%) | temperature (°C) time (min)
1 1(12) 1(35) 1(3.5) -1 (40) 4.95+0.05
2 1(12) 0 (40) 0 (4.0) 0 (60) 5244011
3 1(12) 1(45) 1(45) 1(80) 4.52%0.12
7 0 (1.4) 1(35) 0 (4.0) 1(30) 5.72+0.15
5 0 (1.4) 0 (40) 1(4.5) -1 (40) 4.99+0.11
6 0(1.4) 1(45) 1(3.5) 0 (60) 4.48+0.06
7 1(1.6) 135 1(45) 0 (60) 5.12+0.12
8 1(1.6) 0 (40) 1(3.5) 1(30) 5.03+0.09
9 1(1.6) 1(45) 0 (4.0) 1 (40) 3.79+0.10
K, 14.71 15.78 14.46 13.72
Ko 15.19 15.26 14.75 14.84
K,y 13.93 12.79 14.63 15.27
R 0.42 1.00 0.10 0.52
Table 6: Variance analysis for the result of orthogonal array design
Source Sum of df Mean F Significance
squares square
Enzyme-to-substrate ratio (%) 0.805 2 0.402 24.674 <0.001
Enzymolysis temperature (°C) 5.090 2 2.545 156.014 | <0.001
Enzymolysis pH 0.044 2 0.022 1.358 0.282
Enzymolysis time ( min) 1.271 2 0.635 38.954 <0.001
Error 0.294 18 0.016
Corrected total 7.594 26
A 6 B 6- . 3.3.2 Optimization of the ultrasonic extraction
& « 3 54 # conditions
% § H :;4 To further improve the yield of melanin from 4. poly-
2 £ 34 tricha, the ultrasonic extraction conditions were ex-
> 21 plored on the basis of the optimal conditions of enzy-
2 s 10 12 14 16 18 " s a0 a5 5 55 Matic hydrolysis. Experiments were designed to as-
Enzyme-to-substrate ratio (%) Enzymolysis temperature (°C) sess the impact of every single factor (NaOH concen-
c7 D 7q tration, solid-to-liquid ratio, ultrasound time, ultra-
sound power, and ultrasound temperature) on the
g 2° . o yield of 4. polytricha melanin. As shown in Fig. 4A,
E E 5 when the concentration of NaOH was 0.7 mol/L, the
yield of melanin reached the maximum. After this,
41 the yield began to decline. Therefore, a NaOH con-

35 40 45 50 55 60
Enzymolysis pH

20 40 60 80 100 120

Enzymolysis time (min)

Figure 3. The effect of each enzymolysis variable on
the yield of A. polytricha melanin. (A) Enzyme-to-
substrate ratio; (B) enzymolysis temperature; (C) en-
zymolysis pH; and (D) enzymolysis time. Compared
with the previous conditions, *p< 0.05.

centration of 0.5-0.9 mol/L was selected for further
experiments.

As shown in Fig. 4B, the yield of melanin increased
with the increase in solid-to-liquid ratio and remains
unchanged after it reached 1:40 (g/mL). This is be-
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cause, within a certain range, increasing the volume
of the solvent will help to increase the contact area
between the solvent and materials so that the melanin
can be better dissolved. However, continuously in-
creasing the extraction volume will result in satura-
tion of the dissolution. Hence, 1:40 was selected for
further experiments.

As shown in Fig. 4C, the extraction rate of melanin
increased as the temperature increased and remains
unchanged after 70°C. Excessive extraction tempera-
tures may lead to an increase of energy consumption,
and the decrease in the biological activity of melanin.
Therefore, it is more suitable to extract the melanin at
70°C.

A 7 B 104
6 E 8 *
S * R 6 .
o5 =1
[0 [
= = 4
4 2
3 0+
03 05 07 09 11 1.8 10 20 30 40 50 60
NaOH concentration (mol/L) Solid-to-liquid ratio (g/mL)
C D 134

*

Yield (%)
Yield (%)

20 30 40 50 60 70 80
Ultrasound temperature (°C)

250 300 350 400 450 500
Ultrasound power (W)

E 15
13 *

1"

Yield (%)

9
7

20 30 40 50 60 70 80
Ultrasound time (min)

Figure 4. The effect of each ultrasonic variable on
the yield of 4. polytricha melanin. (A) NaOH con-
centration; (B) solid-to-liquid ratio; (C) ultrasound
temperature; (D) ultrasound power; and (E) ultra-
sound time. Compared with the previous conditions,
*p<0.05.

The effect of the ultrasound power on the yield of
melanin is shown in Fig. 4D. The yield of melanin
increased when the extraction time increased from
250 W to 350 W and started to decrease when the

Mingfeng Zheng, Junsheng Fu et al.

power reached 400 W. A higher ultrasound power
will produce strong cavitation and shearing effects.
These strong effects can not only damage the cell
wall but also lead to the degradation of extracts.
When the degradation rate of melanin exceeds the
extraction rate, the yield of melanin will decrease.
Thus, 300-400 W was selected for the further experi-
ments.

The effect of the ultrasound time on the yield of mel-
anin is shown in Fig. 4E. When the ultrasound time
increased from 20 min to 60 min, the yield of mela-
nin increased significantly, and it decreased slightly
when the extraction time increased to 70 min. This
indicated that an excessively long ultrasound time
may lead to the degradation of melanin. Consequent-
ly, an ultrasound time of 50-70 min was used in the
RSM experiments.

Table 7: Result of Box-Behnken design

A: NaOH B: Ultrasound | & UliTa- :

No. | Comcenraion | 20U sound e | Vied?s

1| -105) 0 (350 A50) | 11.4220.19
2 | -105) 1 (400) 0 (60) 11.8240.19
3 |07 0 (350) 0 (60) 12.45£0.26
4 o7 0 (350) 0 (60) 12.60+0.24
s |07 1 (400) 1(70) 12.0740.09
6 | 109 0 (350) 160) | 11.66£031
7 1007 1 (400) A150) | 11.98£0.24
8 |07 0 (350) 0 (60) 12.80£0.26
9 |07 -1 (300) 1 (70) 11.36£0.35
10 | 109 0 (350 1(70) 11.50£0.23
11 | 1009 -1 (300) 0 (60) 10.6220.13
12 | 0.7 0 (350 0 (60) 12.49+0.29
13 | 000.7) 0 (350) 0 (60) 12.7240.21
14 | -105) -1 (300) 0 (60) 11.3520.06
15 | 109 1 (400) 0 (60) 11.5740.11
16 | 0(0.7) -1 (300) -1 (50 11.200.18
17 | -1005) 0 (350) 1(70) 12.0140.33
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Single-factor experiments showed that the three fac-
tors of NaOH concentration, ultrasound time and ul-
trasound power have a great influence on the yield of
A. polytricha melanin. Under the premise that the
solid-to-liquid ratio was 1:40 and the ultrasound tem-
perature was 70°C, 17 experiments were designed
and carried out by Box-Behnken design, and the ex-
perimental results are listed in Table 7.

A quadratic polynomial regression model equation
(3) was generated by fitting and analysing the data in
Table 7. The relationship between the melanin yield
(Y) and three variables was described as follows.

Y=12.61-0.16A+0.36B+0.085C+0.12AB-0.19AC-
0.018BC-0.64A%0.63B%0.33C*  (3)

Mingfeng Zheng, Junsheng Fu et al.

Analysis of variance (ANOVA) was performed to
evaluate the validity of the fitting model, and the re-
sult is shown in Table 8. The F-value of the model
was 28.79 and was associated with the lower p-value
(0.0001), suggesting that the resulting model is sig-
nificant. The determination coefficient value (R?) of
0.9737 and the adjusted determination coefficient
value (Adj. R?) of 0.9399 indicated a good correla-
tion between the response value and the independent
variables. Moreover, the “lack of fit test” verifies the
accuracy of the model. The low F-value (F = 1.02)
and high p-value (0.4714) of the “lack of fit” indicat-
ed that the model is suitable for the accurate predic-
tion of variation [44].

Table 8: ANOVA of the fitted polynomial quadratic model

Source Sum of squares Df Mean squares F P

Model 9 5.77 0.64 28.79 0.0001
A 1 0.2 0.2 8.77 0.0211
B 1 1.06 1.06 4751 0.0002
C 1 0.058 0.058 2.59 0.1513
A’ 1 1.72 1.72 77.05 <0.0001
B? 1 1.69 1.69 75.85 <0.0001
C? 1 0.45 0.45 20.08 0.0029
AB 1 0.058 0.058 2.59 0.1519
AC 1 0.14 0.14 6.31 0.0403
BC 1 1.23E-03 1.23E-03 0.055 0.8213
Lack of fit 3 6.80E-02 2.30E-02 1.02 0.4714
Residual error 7 0.16 0.022 R*=0.9737

Pure error 4 0.088 0.022 Adj R*=0.9399

Total 16 5.93

The response surface curves described by the regres-
sion model were established, and the corresponding
three-dimensional response surfaces are shown in
Fig. 5. Each response surface curve represents the
influence of two independent variables on the optimal
level of the third variable.

Through the analysis of the quadratic polynomial re-
gression model, the optimal extraction conditions
were obtained as follows: NaOH concentration of
0.68 mol/L, ultrasound power of 363.67 W, and ultra-

sound time of 61.58 min. Under the optimal condi-
tions, the melanin yield was predicted to be 12.67%.
In order to verify the accuracy of the model, com-
bined with the feasibility of practical operation, a
NaOH concentration of 0.68 mol/L, ultrasound time
of 62 min, ultrasound power of 350 W, solid-to-liquid
of 1:40 (g/mL), and extraction temperature of 70°C
were selected for the verification experiment. The
yield of melanin in the verification experiment was
12.64+0.23%, which was in good agreement with the
predicted value.
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Figure 5. The 3D response surface and 2D contour
plots showing the effects of extraction factors on the
yield of melanin. (A, B) NaOH concentration and
ultrasound power; (C, D) NaOH concentration and
ultrasound time; and (E, F) ultrasound power and
ultrasound time.

3.3.3 Comparison of cellulase-ultrasonic synergis-
tic extraction and other extraction methods

To verify the effectiveness of the cellulase-ultrasonic
synergistic extraction of A. polytricha melanin, we
compared the cellulase-ultrasonic synergistic extrac-
tion with other extraction methods such as conven-
tional NaOH solution extraction and ultrasonic-
assisted extraction. In these experiments, one of the
factors was changed, while the other factors remained
unchanged. As shown in Table 9, the results showed
that the yield of melanin by cellulase-ultrasonic syn-
ergistic extraction increased by 21.84%, 13.16%, and
9.63% compared with conventional NaOH solution
extraction, ultrasonic-assisted extraction, and cellu-
lase-assisted extraction. The results indicated that
cellulase-ultrasonic synergistic extraction is an effec-
tive extraction method for extracting the melanin
from A. polytricha.

Mingfeng Zheng, Junsheng Fu et al.

Table 9: Comparison of the melanin yield between
cellulase-ultrasonic synergistic extraction and other
extraction methods

Extraction methods Yield (%)
Enzyme+Ultrasound 12.64+0.23
No enzyme+Ultrasound 11.17+0.13
No enzyme+No ultra- 9 88+0.15
sound

Enzyme+No ultrasound 11.53+0.19

4. CONCLUSIONS

In this study, a type of pigment was isolated from the
fruiting body of 4. polytricha, and the pigment can
be identified as melanin. It revealed that the maxi-
mum UV-Vis absorption wavelength of melanin was
220 nm. The melanin could be classified as
eumelanin, and the morphology of melanin was
blocky and amorphous. The EPR spectrum of mela-
nin had a typical single-line micro quotient spectrum,
which was very similar to other natural melanins.
The melanin has good thermal stability and light re-
sistance, good stability to most metal ions, and also
shows antioxidant activity. On this basis, we further
explored the cellulase-ultrasonic synergistic extrac-
tion process of 4. polytricha melanin. The optimal
extraction parameters were as follows: enzyme-to-
substrate ratio of 1.4%, enzymolysis temperature of
35°C, enzymolysis pH of 4.0, enzymolysis time of 80
min, NaOH concentration of 0.68 mol/L, ultrasound
time of 62 min, ultrasound power of 350 W, solid-to-
liquid ratio of 1:40 (g/mL), and ultrasound tempera-
ture of 70°C. Under the optimum conditions, the
yield of melanin was 12.64+0.23%. The result will be
helpful for the efficient production of 4. polytricha
melanin and its application as a food colouring agent
and antioxidant agent.
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