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Abstract: In order to improve the anticoagulant function of
Auricularia auricula,
(AAP) was converted into its derivatives by the microbial

Auricularia auricula polysaccharide

fermentation method and then polysaccharide derivatives with
stronger anticoagulant activity were prepared. The optimal
conditions for fermenting the polysaccharide from A. auricula
were examined and the in vitro anticoagulant activities of
untransformed
surface
experiment indicated that the best conditions for microbial
conversion of AAP, were an AAP, concentration of 4.0 mg/
mL, a ratio of substrate (AAP,) to donor (p-hydroxybenzoic
acid) of 40 : 1, and a pH of 6.0. Bacillus subtilis Bs-07 was
inoculated and then placed on a rotary shaker (120 r/min),

transformed  and polysaccharides  were

compared. Response tests and an orthogonal

followed by fermentation for 48 h at 35 C. The conversion
rate was found to be greater than 40% . The result of in vitro
anticoagulant that  the
polysaccharide improved activated partial thromboplastin time,
prothrombin time, and thrombin time values and greatly

activity  showed transformed

enhanced anticoagulant activity compared to the untransformed
polysaccharide.
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erivatization of polysaccharides refers to using physi-
Dcal, chemical, biological, and other processes to
transform a polysaccharide molecule to produce a mole-
cule with new biological functions. In this study, we
used microbial fermentation to transform a polysaccharide
and found that the transformed polysaccharide had im-
proved anticoagulant properties'' . Microbial fermentation
produces natural products through bioconversion and is
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one of the most effective methods for modifying polysac-
charides. It is also useful for expanding production be-
cause enzymes produced during the growth and reproduc-
tion of a microbe have many advantages such as high ac-
tivity, low cost, availability of different types, and good
synergistic effects'” .

Auricularia auricula is a high-quality medicinal fun-
gus. AAP,, a polysaccharide from Auricularia auricula,
has various properties such as anticoagulant, antiaging,
antithrombotic, prevention of high cholesterol, and anti-
hypertensive properties; in addition, this polysaccharide

. [3-5]
prevents coronary heart disease ™

. At present, heparin
and coumarin drugs are primarily used as anticoagulant
drugs in clinical treatment. However, they are associated
with some side effects such as platelet disorders. There-
fore, it is important to study the impact of the black fun-
gus polysaccharides on the human circulatory system'®’.
This study can serve as the theoretical basis to use black
fungus polysaccharides and their derivatives as functional

food additives or drugs'™®’.
1 Materials and Methods
1.1 Materials and equipment

All the materials used in this study, such as glucose,
petroleum ether, acetone, ether, and all other reagents
are of domestic analytical grade. Black fungus acid poly-
saccharide AAP, was obtained from the Food Microbiolo-
gy Laboratory of the Northeast Forestry University .
The thrombin time reagent and thromboplastin-DS re-
quired for calculating activated partial thromboplastin time
(APTT) were purchased from the Shanghai Sun Biotech
Co. New Zealand white rabbits weighing 2-3 kg, Bacillus
cereus Bc-01, B. subtilis Bs-07, B. licheniformis B1-02 ,
Saccharomyces cerevisiae, Rt-1, Aspergillus niger Wm-
1, and A. niger Wm-3 were obtained from the Food Mi-
crobiology Laboratory of the Northeast Forestry Universi-
ty. In addition, the 722 Vis spectrophotometer and RE-
52A rotary evaporator used in this study were obtained
from the Shanghai Spectrum Instruments Manufacturing
Co. , Ltd. and the Shanghai Yarong Biochemical Instru-
ment Factory, respectively.
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1.2 Test methods

1.2.1 Determination of concentration and conver-

sion rate of the black fungus polysaccharide
The phenol-sulfuric acid method was used to determi-

nate the concentration of the polysaccharide. The conver-

sion rate r, was calculated using the following formula;

cAV
_ 1 000n

c

m,

where m, is the donor (in mg) added to the initial reac-
tion; c is the concentration (in mol/L) of NaOH; AV is
the difference in NaOH volume between the consumption
of the added acid by the polysaccharide and the final titra-
ted consumption volume after the transformation of the
polysaccharide; M is the molecular weight of the donor;
and n is the number of free donor H ions. NaOH volume
(in mL) was also used for adjusting pH.
1.2.2 Infrared spectroscopy

The infrared (IR) spectra of the polysaccharide AAP,

before the derivatization and of polysaccharide AAP,-I af-
ter the derivatization were recorded using an Avatar IR
spectrophotometer between 400 and 4 000 cm ™', and
were scanned 32 times. The samples were analyzed as
KBr pellets.
1.2.3 Anticoagulation test

New Zealand white rabbits were fed black fungus poly-
saccharide and polysaccharide derivatives for a month, re-
spectively, and then blood was withdrawn from the rabbit
carotid artery. The blood was centrifuged at 3 000 r/min
for approximately 15 min to obtain the plasma. Activated
partial thromboplastin time ( APTT), prothrombin time
(PT), and thrombin time ( TT) were determined using a
manual method based on the instructions mentioned in the
kit

1.3 Fungus polysaccharide microbial transformation
experiments

1.3.1
Approximately 5 mg/mL of the black fungus polysac-

Screening of bacteria

charide was mixed with p-hydroxybenzoic acid at a ratio
of 50 : 1. Next, the pH was adjusted to 5. 0, and the
mixture was shaken at room temperature to dissolve the
polysaccharide completely. Next, the mixture was steri-
lized at 120 C for 20 min and bacterial strains Bc-01,
Bs-07, B1-02, Rt-1, Wm-1, and Wm-3 were inoculated
into the mixture. Fermentation was performed for 96 h by
incubating the mixture in a rotary shaker at 120 r/min and
35 C. Data for each strain were measured every 12 h.
We took the conversion rate as the vertical axis as well as
regarding the conversion time as abscissa for generating
the line chart, which is used to observe the best trans-

formed bacteria and the best conversion time.
1.3.2 Selection of derivative donor groups
Approximately 5 mg/mL of the A. auricula polysac-
charide was mixed with the donors 1-lysine, 1-cysteine, 1-
malic acid, succinic acid, malonic acid, and p-hydroxy-
benzoic acid at the ratio of 50 : 1, and the pH was adjus-
ted at 5.0. The solution was shaken at room temperature
to dissolve the polysaccharide completely. The bacterial
strain that provided the best results in the screening assay
was inoculated in these solutions, and fermentation was
performed for 48 h in a rotary shaker at 120 r/min and 35
C. Next, the conversion rate was measured to determine
the best donor group.
1.3.3 Microbial transformation of the A.
polysaccharide

auricular

After preparation of 5 mg/mL black fungus polysac-
charide solution, AAP and the donor were mixed in a cer-
tain proportion. Then we shook it to fully dissolve at
room temperature, sterilizing the solution at 120 C, 20
min after adjusting its pH and inoculum. After incubation
at an appropriate temperature for a certain period in a
shaker, the solution was re-sterilized, and the conversion
ratio was calculated using the NaOH titration method. Af-
ter approximately 3 d of incubation, the fermented solu-
tion was centrifuged, and the supernatant was dialyzed
with water. Next, it was condensed at a reduced pressure
and was precipitated using alcohol. The obtained derivat-
ized polysaccharide was then freeze-dried'"’.

1.3.4 Response surface test of microbial transfor-
mation medium

Substrate concentration, ratio of substrate to donor,
and pH were selected as independent variables to design
three factors and three levels of response surface optimiza-
tion experiments by using the Box-Behnken central com-
posite method with Design-Expert 8. 05 software ( see
Tab.1).

Tab.1 Response surface factors and levels

Levels
Factors Polysaccharide Ratio of
concentration/ substrate pH
(mg - mL™") to donor
Upper level ( +1) 3 30:1 5
Reference level (0) 4 40 : 1 6
Lower level ( —1) 5 50:1 7

1.3.5 Orthogonal experiment of microbial conver-
sion process conditions
Conversion time, transformation temperature, and rota-
ting speed were used as independent variables and conver-
sion rate was used as index to design L,(3") for optimi-
zing the conversion conditions with Minitab 16 software.
Factors for orthogonal experiments are shown in Tab. 2.
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Tab.2 Factors and levels for orthogonal experiments

Levels
Factors Conversion Transformation Rotational
time/h temperature/C  speed/(r - min ")
1 36 30 100
2 48 35 120
3 60 40 140

2 Results and Analysis

2.1 Microbial transformation of the fungal polysac-
charide

2.1.1

Fig. 1 shows the conversion ratios of the six strains at
different periods. The figure indicates that all the conver-
sion rates increased to a maximum value and then de-
creased subsequently. Comparison of the conversion rates
of the six strains showed that Bs-07 had the highest con-
version rate followed by Wm-3, Wm-1, Bc-01, BI-02,
and Rt-1. Therefore, Bs-07 was selected as the best strain
for microbial transformation.

Screening of the strain
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Fig.1 Effect of bacteria screening on conversion rate

2.1.2 Selection of donor groups

Fig. 2 shows that p-hydroxybenzoic acid provided the
highest conversion rate compared with that obtained using
other donor groups. Therefore, p-hydroxybenzoic acid
was selected as the best donor group for transforming the
polysaccharide.
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Fig.2 Effect of donor groups on conversion rate

2.2 Response surface test of microbial transformed
medium

2.2.1 Response surface test of program and results

According to the single-factor experimental results, the
Box-Behnken central composite method was used to de-
sign programs of response surface. Conversion rate was
used as the response value. The experimental design is
shown in Tab. 3. The fitting regression equation based on
the Box-Behnken method is as follows:

Y=40.88 +0.34A -0.089B +1.12C - 1. 16A* -
1.01B* -2.20C* +1.08AB - 0.25AC -0. 14BC

where A is the conversion time; B is the transformation
temperature; C is the rotational speed.

Tab.3 Experimental design and estimated values of the re-
sponse surface test

Run Polysaccha{ide su}:):EZtgfto pH Conversion
concentration donor rate/ %
1 0 0 40.96
2 0 0 41.05
3 0 0 40.01
4 -1 0 1 37.89
5 0 1 1 39.01
6 1 1 0 39.54
7 0 -1 -1 36.03
8 -1 - 0 40.03
9 1 1 38.77
10 1 -1 37.64
11 0 0 41.45
12 0 0 40.91
13 1 - 0 37.86
14 -1 1 0 37.39
15 0 -1 1 39.16
16 0 1 -1 36.43
17 -1 0 -1 35.76

2.2.2 Variance analysis of the response surface test

Variance analysis of the above equation model ( see
Tab. 4) indicated that this model was the most significant
(p <0.001) in accordance with the data presented in
Tab. 3. This model appears to be a better fitting degree.
The analysis showed that pH had the greatest impact be-
cause its Prob > F value was 19 ( <0.05), which was
significant. Thus, pH had the highest impact followed by
polysaccharide concentration. The minimum factor be-
longs to the ratio of substrate to donor. From Figs.3 to
5, they also directly reflected the interaction among dif-
ferent factors as well as the impact on the response val-
ue'"”’. According to the prediction regression model, the
optimum conditions for conversion of the polysaccharide
were a polysacchride concentration of 4. 12 mg/mL, a ra-
tio of substrate to donor about 40.25, and a pH of 6.25.

In theory, the conversion rate of the acylated polysac-
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charide was 41% under these conditions. The correct op-
timum technical conditions were a polysaccharide concen-
tration of 4. 0 mg/mL, a ratio of substrate to donor of
40 :1, and a pH of 6.

Tab.4 Variance analysis of factors of the response surface test

Soche of Sum of DOF Mean F value P value
variance squares square
Model 49.460 9 49.460 12.75 0.001 4~
A 0.940 1 0.940 2.18 0.183 6
B 0.063 1 0.063 0.15 0.713 6
C 10. 060 1 10. 060 23.33 0.001 9
A? 5.630 1 5.630 13.07 0.008 6
B? 4.330 1 4.330 10.05 0.0157
c? 20.460 1 20.460 47.47 0.000 2
AB 4.670 1 4.670 10.82 0.0133
AC 0.250 1 0.250 0.58 0.471 2
BC 0.076 1 0.076 0.18 0.687 9
Residual 3.020 7 0.430
Loss-faulty 1.900 3 0.630 2.27 0.2230""
Pure error 1.120 4 0.280
Total 52.470 16

*

Note ; * significant ;

* insignificant.

Fig.3 Response surface graph of polysaccharide to acyl donor
ratio and polysaccharide concentration to conversion rate

Fig.4 Response surface graph of pH and polysaccharide con-
centration to conversion rate

Fig.5 Response surface graph of pH and polysaccharide to ac-
yl donor ratio to conversion rate

2.3 Single-factor experiment of microbial conversion
process conditions

2.3.1 Effect of transformation temperature on the
conversion ratio of the polysaccharide

As shown in Fig. 6, the graph indicates that the impact
of different temperatures on the conversion rate was situ-
ated under the condition of a rotational speed of about 120
r/min. The conversion rate gradually increased from 20
to 35 C and decreased subsequently. The best transfor-
mation temperature was found to be 35 C.
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Fig. 6 Effect of transformation temperature on conversion rate

2.3.2 Impact of rotational speed on the conversion
rate of the polysaccharide

When the rotational speed was increased, the conver-
sion rate increased initially and then decreased; the high-
est conversion rate was achieved at the rotational speed of
120 r/min ( see Fig.7). This is mainly because very
large or very small amounts of ventilation change the mi-
crobial metabolic pathways. It also affects the yield and
activity of enzymes. The experiment also shows that the
best rotational speed condition is 120 r/min.
2.3.3 Orthogonal experiment of microbial conver-

sion process’ conditions

Optimal conditions for microbial conversion determined
using the orthogonal experiment are presented in Tab. 5
and the analysis of variance conversion rates is shown in
Tab. 6. Minitab 16 software was used to analyze the re-
sults. The main order of factors affecting the experiment
index was B > A > C. This indicates that conversion tem-
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Fig.7 Effect of rotational speed on conversion rate

perature was the most influencing factor followed by con-
version time while the rotational speed was the least influ-
encing factor. The best combination was A2B2C2, i.e. ,
a conversion temperature of 35 C, a rotational speed of
120 r/min, and a conversion time of 48 h. We conducted
experiments that had been paralleled three times to obtain
the value of the conversion rate (40.96% , 41.02% , and
41.12% ).

Tab.5 L,(3*) orthogonal table

Factors Conversion
Test No.

A B C D rate/ %
1 1 1 1 1 19.96
2 1 2 2 2 34.69
3 1 3 3 3 29.21
4 2 1 2 3 28. 66
5 2 2 3 1 37.52
6 2 3 1 2 36.57
7 3 1 3 2 25.42
8 3 2 1 3 37.79
9 3 3 2 1 38.99
ky 27.95 24.68 31.44
k, 34.25 36.67 34.11
ks 34.07 34.92 30.72
R 6.30 11.99 3.40

Tab.6 Analysis of variance conversion rates

Degree of

Source freedom Seq SS Adj SS Adj MS F P
A 2 77.054 77.054 38.527 398.42 0.003
B 2 251.645 251.645 125.823 1301.16 0.001
C 2 19.207  19.207 9.604 99.31 0.010

Error 2 0.193 0.193 0.097

Total 8 348. 100

Note: $=0.310 966, R* =99.94% , R*(adj) =99.78%.
2.4 Infrared spectroscopy

IR spectra of polysaccharide AAP, ( before derivatiza-
tion) and polysaccharide AAP,-1 ( after derivatization )
were recorded using the Avatar IR spectrophotometer be-
tween 400 and 4 000 cm ™', and were scanned 32 times.

The band at 3 400 cm ' in Figs. 8 and 9 corresponds to
the strong stretching vibration of the —OH group. This
result indicates that hydroxyl groups in the polysaccharide
chains were not completely substituted by acyl groups. At
the same time, hydroxyl absorption peaks of polysaccha-
ride AAP,-1 decreased at 3 430.75 cm ™', indicating that

the part of hydroxyl may have been substituted. The band
at 2 927 cm ' corresponded to the asymmetric vibration
absorption of —CH, group in the polysaccharide. The
bands at 1 546.27, 1 460.64, and 1 457.45 cm ™' in Fig.
9 may correspond to the stretching vibration absorption of

C=C group in the aromatic skeleton. This band was
not observed in Fig. 8. These results indicated that poly-
saccharide AAP, was connected to p-hydroxybenzoic
acid. The band at 1 738.53 cm ™' corresponded to the ab-
sorption peak of the C=—O group in the transformed
polysaccharide, indicating that the polysaccharide was
completely acylated.
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Fig.8 IR analysis of polysaccharide AAP, (before conversion)
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Fig.9 IR analysis of polysaccharide AAP,-1 (after conversion)

2.5 Comparison of converted polysaccharide deriva-
tives (AAP,-I) and unconverted polysaccharides’
anticoagulant effect in vitro

From the data of Tab. 7, it could be clearly observed
that the derived polysaccharide in vitro could greatly en-
hance the anticoagulant effect. The reason may be that
the increase in the solubility of the converted polysaccha-
ride and the reduction in viscosity of the polysaccharide
improve the activity of the polysaccharide to some extent.

Tab.7  Effect of conversion of the polysaccharide on PT,
APTT, and TT S
Groups PT APTT TT
AAP; 18.91 £0.57**  47.96+2.09* 24,17 £1.03**
AAP;-1  26.25+0.37** 56.15+1.33**  30.88+1.05"

Note: Compared with normal saline, “* p <0.01 and * p <0.05, mean
+ SD of values indicates n =4.
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3 Conclusion

In this study, B. subtilis Bs-07 resulted in the highest
conversion of the A. auricula polysaccharide and p-
hydroxybenzoic acid was found to be the best donor
group. For obtaining the best conditions of the medium,
we made a response surface optimized test by adopting
the Box-Behnken central composite method through De-
sign-Expert 8. 05 software to optimize the microbial con-
version medium. The best conditions for microbial con-
version were a polysaccharide concentration of 4. 0 mg/
mL, a pH of 6, and a ratio of substrate to donor of
40 : 1. In addition, an orthogonal experiment using the
Minitab 16 software, which was designed to optimize the
transformation conditions, showed that the optimum
transformation conditions were a temperature of 35 C, a
rotational speed of 120 r/min, and a conversion time of
48 h.

Results of the in vitro experiments indicated that the
transformed A. auricula polysaccharide had a stronger an-
ticoagulant activity than the untransformed polysaccha-
ride. What is more, the result also showed that it had a
better anticoagulant effect, and acylated polysaccharide
had a large potential value on developing functional food
or drugs.
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