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ave assisted extraction of
chrysophanol and its intervention in biofilm
formation of Streptococcus suis

Jing-Wen Bai, a Xing-Ru Chen,bc Yang Tang,a Wen-Qiang Cui,bc Da-Long Li,d

Bello-Onaghise God'spowerbc and Yu Yang *a

A microwave assisted extraction technology was used to extract chrysophanol from rhubarb. The present

study will focus on the optimum extraction conditions of chrysophanol and discuss the inhibitory effect of

chrysophanol on the biofilm formation of Streptococcus suis (S. suis). A Box–Behnken design based on

single-factor experiments was applied to optimize the microwave assisted extraction process and to

study the factors' relationships with each other. The results showed that a microwave temperature of

56 �C, ethanol concentration of 70%, microwave power of 540 W and liquid to raw material ratio of

55 mL g�1 were the optimal conditions for the microwave method. The yield of chrysophanol was 2.54

� 0.07% under the optimal conditions, which was in agreement with the predicted value (2.64%). Then,

the chemical structure of the extracted chrysophanol was identified by LC-MS. In addition, in vitro

experiments showed that chrysophanol has an inhibitory effect on S. suis (minimum inhibitory

concentration was 1.98 mg mL�1) and was shown to significantly inhibit the capability of S. suis to form

a biofilm using crystal violet staining. Finally, scanning electron microscopy analysis showed that the

three-dimensional structure of the biofilm deposited by the S. suis community was destroyed by

chrysophanol.
1. Introduction

Rhubarb is a famous Chinese medicinal herb which belongs to
the family Polygonaceae, in which the main bioactive
compounds are chrysophanol, emodin and rhein.1 Among
them, chrysophanol (1,8-dihydroxy-3-methyl-anthraquinone) is
a member of the anthraquinone family2 having broad-spectrum
therapeutic potential and benecial effects on human health.3

Previous study has also conrmed the benecial biological
properties of chrysophanol. It is a major component of most
plant extracts that have been used for the treatment of chronic
kidney disease4 and inammation,5 gastric protection,6 treat-
ment of diabetes,7 and so on. Most recent studies have shown
that chrysophanol has signicant inhibitory effects against
Bacillus cereus, Escherichia coli,8 Pseudomonas aeruginosa and
Stenotrophomonas maltophilia.9 From our previous study, it was
observed that rhubarb water extract could inhibit Streptococcus
suis (S. suis) biolm formation.10 Therefore, further
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investigation is required to verify whether chrysophanol in
rhubarb extract interferes with the formation of S. suis biolm.
In order to study the bacteriostatic activity of chrysophanol in
rhubarb, the extraction of bioactive components is a critical
step.

The common extraction methods for extracting herbal
medicines are mainly hot expelling, cold pressing, supercritical
uid extraction11 and Soxhlet.12 However, each method has its
drawbacks. As these techniques are time-consuming and
require large volumes of expensive solvents,13 factors such as
effectiveness, cost, simplicity and waste have considerable
inuence on the extraction method chosen11 compared to
traditional maceration and cyclic pressurization extraction.12

Compared with the above methods, the microwave assisted
extraction is currently not a common method used in bioactive
compound extraction, its advantages include rapid and conve-
nient extraction rate, no damage to the biological activity of the
extract, and lower cost of sample preparation.14 The microwave
technique is widely used as a green solvent extraction tech-
nology.15 Therefore, the selection of microwave assisted extrac-
tion and optimization of herbal medicine extracts may be able
to effectively improve the therapeutic effect of the main
ingredients.

Therefore, the purpose of this study was to optimize the
microwave assisted extraction parameters using response
surface methodology (RSM) in order to obtain the maximal
This journal is © The Royal Society of Chemistry 2019
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Table 1 Variables and experimental design levels for response surface

Coded symbol Independent variable Units Min Max Mean

X1 Ethanol concentration % �1 1 0
X2 Microwave temperature �C �1 1 0
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chrysophanol yield. The structure of chrysophanol extracted
from rhubarb was characterized by LC-MS analysis. Moreover,
we evaluated the inhibition of biolm formation capability in S.
suis by crystal violet staining and scanning electron microscopy
(SEM).
X3 Microwave power W �1 1 0
2. Materials and methods
2.1. Extraction of rhubarb

0.5 g of rhubarb sample (purchased from the Hong Kong
Pharmacy) was poured into microwave tank and extracted with
a certain volume of ethanol solution with different concentra-
tion. The extraction was conducted at different temperature and
power, respectively, and the warm-up time was 10 min, and the
working time was 15 min. Then, the supernatant was poured
into a centrifuge tube and centrifuged at 8000 rpm for 10 min at
room temperature. Next, 1 mL of the supernatant was adjusted
to a volume of 10 mL with 1% magnesium acetate-ethanol. The
absorbance of the samples was measured on a UV spectropho-
tometer (Shanghai Yuan Analysis Instrument® UV-6000PC) at
515 nm, and the extraction rate of the rhubarb was calculated by
the standard absorption curve of the chrysophanol. The exper-
iments were carried out in triplicate.
2.2. Single-factor experiments

In order to obtain the optimum extraction conditions of
rhubarb, four parameters including ethanol concentration,
microwave temperature, microwave power, and liquid to raw
material ratio were screened using single-factor experiment.
Specically, each variable was tested individually, as follows:
ethanol concentration was tested in a range from 50% to 100%,
microwave temperature was tested in a range from 40 to 80 �C,
microwave power was tested in a range from 400 to 800 W, and
liquid to raw material ratio was tested in a range from 40 to 65.
When one factor changes, the other factors remain the same in
each experiment.
Table 2 Box–Behnken designmatrix with three independent variables
expressed in coded with absorbance values

Run X1 X2 X3 Y (%)

1 0 0 0 2.5 � 0.1
2 1 1 0 1.65 � 0.05
3 0 �1 1 2.12 � 0.09
4 �1 1 0 2.16 � 0.06
5 �1 �1 0 1.98 � 0.06
6 0 1 �1 2.14 � 0.09
7 1 0 �1 2.15 � 0.04
8 0 0 0 2.5 � 0.1
9 1 �1 0 1.7 � 0.1
10 1 0 �1 1.84 � 0.04
11 0 �1 �1 1.85 � 0.03
12 �1 0 1 1.83 � 0.03
13 0 0 0 2.5 � 0.1
14 0 0 0 2.5 � 0.1
15 0 1 1 1.85 � 0.02
16 0 0 0 2.5 � 0.1
17 �1 0 �1 2.14 � 0.17
2.3. Experimental design of chrysophanol

On the basis of single-factor experiment, the BBD is a useful
statistical technique16 that can be used to assess how the
extraction conditions inuence the effect of chrysophanol yield.
In this study, the three single factors with the greatest inuence
on the yield of chrysophanol were selected and the single factor
value of the largest yield of chrysophanol was input into the
response surface. Then, three-level BBD experimental design
required 17 experimental runs with three central points, which
was employed to determine the optimal extraction conditions
for chrysophanol.

The selected independent variables were X1 (ethanol
concentration), X2 (microwave temperature) and X3 (microwave
power) (Table 1). Three levels were coded 1, 0 and �1 for high,
intermediate and low level, respectively (Table 1). The actual
experimental design matrix is given in Table 2. Experimental
data were analyzed by a second-order polynomial model which
correlate the interaction between the independent variables and
This journal is © The Royal Society of Chemistry 2019
the response variable.17 The second-order polynomial equation
is as follow:

Y ¼ b0 þ
Xk

i¼1

biAþ
Xk

i¼1

biiXi
2 þ

X

i\j

bijXiXj

where Y is the predicted response (the yield of chrysophanol), Xi

and Xj are the input variables (ethanol concentration, micro-
wave temperature and microwave power), b0, bi, bii, and bij
represent the regression coefficients of constant, linear,
quadratic, and interactions terms, respectively, and k represent
the number of variables.18 According to the analysis of variance
(ANOVA) with 95% condence level, the regression coefficients,
coefficient of determination, and the lack of t for each studied
response were employed to evaluate the tness of the regression
model. Design-expert soware (version 8.0) was used to analyze
the experimental data. The p-values < 0.05 were considered to be
statistically signicant.

2.4. LC-MS analysis of chrysophanol in rhubarb

The standard chrysophanol and sample of chrysophanol in
rhubarb were determined by LC-MS/MS analysis. First, separa-
tions were carried out at 40 �C on an ACQUITY UPLC BEH C18
column (100 mm � 2.1 mm, 1.7 mm) by a performance liquid
chromatography (HPLC) system (SCIEX ExionLC™ AD). The
mobile phase for this study was composed of 0.1% formic acid
(A) and acetonitrile (B). The gradient programme was 0 min, 5%
solvent B; 5 min, 95% solvent B; 11 min, 95% solvent B; 12 min,
RSC Adv., 2019, 9, 28996–29004 | 28997
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5% solvent B and 15 min, 5% solvent B. The rate of ow was 0.4
mL min�1. The volume injected was 5 mL.

TheMS system consisted of a SCIEX 5600 plus Q-TOF with an
electrospray interface (ESI). Analyses were carried out in positive
ESI mode. The Ion Spray Voltage Floating (ISVF) of the ESI was
5500 V, and the temperature of the source (TEM) was main-
tained at 550 �C. The curtain gas pressure (CUR), nebulizer gas
pressure (GS1) and auxiliary gas pressure (GS2) were 35, 50 and
50 psi, respectively. The declustering potential (DP) was 90 V in
ESI-MS and ESI-MS2. The collision energy (CE) in ESI-MS and
ESI-MS2 were 10 and 335 V, respectively. The collision energy
spread (CES) were 15 V in ESI-MS2. The MS/MS conditions were
optimized by the direct infusion of standard solutions prepared
in the mobile phase. Samples were analyzed in the multiple
reaction monitoring mode (MRM). Data acquisition and sample
quantication were performed using Analyst 1.5 soware
(SCIEX).
2.5. In vitro experiments

2.5.1. Biolm formation. In this study, S. suis ATCC 700794
strain was cultured in Todd Hewitt Broth (THB) (THB: Summus
Ltd, Harbin, Heilongjiang, China). The different concentrations
of chrysophanol were used for MIC assays and crystal violet
staining using the protocol described previously.19

2.5.2. Scanning electron microscopy. The biolm of S. suis
was examined by an electron microscopy (FEI Quanta, Nether-
land), which was described previously.20 Briey, the overnight
bacterial cultures were diluted with chrysophanol or without
Fig. 1 Single-factor experiments in the kinds of microwave temperature
material ratio (D) in the extraction conditions of rhubarb. Data are expres
letters are significantly different (p < 0.05).

28998 | RSC Adv., 2019, 9, 28996–29004
chrysophanol and then were added to each well of a six-well
plate containing rough glass slide or normal glass slide. The
supernatant was removed aer 24 h incubation.

2.6. Statistical analysis

All the experiments were performed in triplicates. Data analysis
and calculation of standard deviation were done using SPSS
11.0.0 (IBM, USA), and p < 0.05 was considered indicative of
statistically signicant differences.

3. Results and discussion
3.1. Effect of microwave temperature on the extraction
conditions of rhubarb

Studies were carried out to investigate whether extraction
temperature is one of the important factors affecting the yield of
chrysophanol. To study the effect of microwave temperature on
the yield of chrysophanol obtained from rhubarb, the extraction
process was carried out at the following temperature levels (40,
50, 60, 70 and 80 �C), while other extraction conditions were as
follows: microwave power of 600 W, ethanol concentration of
100% and liquid to raw material ratio of 80. Fig. 1A showed the
effect of different temperatures on the yield of chrysophanol
from rhubarb. Fig. 1A indicated that when the temperature
increased from 40 to 50 �C, the total yield of chrysophanol
increased signicantly (p < 0.05), and then reached a peak at
50 �C, and nally dropped signicantly from 50 to 80 �C (p <
0.05). Previous study has shown that the increasing temperature
may cause the chrysophanol on the cell wall to be distributed to
(A), ethanol concentration (B), microwave power (C) and liquid to raw
sed as mean � standard deviation (n ¼ 3). Means followed by different

This journal is © The Royal Society of Chemistry 2019
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the solvent,21 cause the loss of solvent, resulting in a lower
yield22 and inuence the viscosity of the polysaccharide
extracting solution, leading to a high rate of macromolecule
passage.23 Therefore, the center point of extraction temperature
was considered to be 50 �C in this experiment.

3.2. Effect of ethanol concentration on the extraction
conditions of rhubarb

Total chrysophanol yield from rhubarb was apparently inu-
enced by ethanol concentration (100%, 90%, 80%, 70%, 60%
and 50%), which was tested with a xed microwave tempera-
ture, microwave power and liquid to raw material ratio of 50 �C,
600 W and 80, respectively. The results showed that the chrys-
ophanol yield peaked when the ethanol concentration was 70%,
at higher or lower concentrations, the yield was suppressed
(Fig. 1B). This result is in consonance with previous ndings
that ethanol concentration had a critical role in the extraction of
soluble components from different natural products, such as
white tea polyphenols,24 Inula helenium25 and soluble ginseng
components.26 At the same time, ethanol is a polar solvent with
a high dielectric constant, whose water can absorb more
microwave energy and facilitate easy heat transfer to the reac-
tion system. The extraction efficiency increased with increasing
temperature.25 Furthermore, owing to these factors, 70%
ethanol was chosen as the optimal ethanol concentration for
rhubarb extraction.

3.3. Effect of microwave power on the extraction conditions
of rhubarb

Variation in the microwave power (400, 500, 600, 700 and 800
W) is the key parameter with the most signicant effect on
chrysophanol yield from rhubarb and the effect was tested at
a xed microwave temperature, ethanol concentration and
liquid to raw material ratio of 50 �C, 100% and 80, respectively.
The experimental data showed that chrysophanol extraction
yield increased signicantly as the microwave power was
increased from 400 to 500 W (p < 0.05). At this level (500 W), the
peak rate was achieved (1.42%) (Fig. 1C). Thereaer, the
chrysophanol yield decreased as the microwave power
increased. It was speculated that the high microwave power
might contribute to the degradation of the chrysophanol. This
result was consistent with the result of Perez et al.27 Thus, 500 W
was chosen as the optimal microwave power for rhubarb
extraction.

3.4. Effect of liquid to raw material ratio on the extraction
conditions of rhubarb

Liquid to raw material ratio, is an important extraction
parameter that could signicantly affect the yield of extracts.28

In order to investigate the effect of different ratios of liquid to
raw material on chrysophanol yield, the liquid to raw material
ratio was set at 40, 45, 50, 55, 60 and 65, while other extraction
condition were tested with a xed microwave temperature,
ethanol concentration andmicrowave power of 50 �C, 100% and
600 W, respectively. If ratio of water to raw material is too small,
extract in raw material cannot be completely extracted.22 This is
This journal is © The Royal Society of Chemistry 2019
in consonance with this study that the chrysophanol yield
increased with increasing liquid to raw material ratio, and
reached highest value when the ratio was at 55 (Fig. 1D). When
liquid to raw material ratio is increased, the extraction rate of
extract also increases. This is conducive to facilitate complete
immersion, enhance the swelling of plant material, and
increase the contact surface area between the plant matrix and
the solvent.29 However, when liquid to raw material ratio is too
high, there will be a resultant extremely high swelling of the
material25 and high process cost when liquid to raw material
ratio is too big.29 This study revealed that the chrysophanol yield
dropped from 55 to 65. Thus, the optimum ratio of liquid to raw
material for this study was set at 55.

3.5. Optimization of the extraction conditions of rhubarb by
Box–Behnken design

3.5.1. Statistical analysis and model tting. Currently, the
RSM is one of the most conventional approach to multivariate
optimization analytical methodologies30 to improve the
process31,32 and indicate the possible inuences of some vari-
ables on others.33 RSM is also faster and more informative than
the classical one-variable-at-a-time approach or the use of full
factorial designs.34 Furthermore, RSM are central composite
design (CCD) and Box–Behnken design (BBD),35 which has been
successfully used for developing, improving and optimizing
processes.36 Compared to CCD, BBD employs a reduced number
of experimental runs, having higher efficiency35 that is obtained
with the best conditions of resources37 for quadratic models,37

and is extensively used in RSM for three-level factors.32

To evaluate all identied parameters together, a total 17 runs
BBD experiment, a multivariate technique based on the effects
of the most impacting factors, was chosen to statistically opti-
mize the extraction conditions of rhubarb based on the single-
factor experiments. This experimental design is applied to
optimize the conditions during a development process and is
assorted as a rotatable or nearly rotatable second-order design
based on the three independent variables including X1, X2 and
X3 with experimental responses as shown in Table 3. In
summary, the response values for Y1 ranged from 1.65 � 0.05%
to 2.5 � 0.1%.

By applying multiple regression analysis on the experimental
data, the relationship of the response variable and the test
variables was described by the following second-order poly-
nomial equation:

Y ¼ 0.83 � 0.032X1 + 6.250E

� 0.047X2X3 � 0.1X1
2 � 0.1X2

2 � 0.065X3
2

The result of ANOVA for the adjusted model for Y is pre-
sented in Table 3. The model F-value of 7.81 and the p-value <
0.05 implied that the model was signicant and well adapted to
the response. It indicated that the model was highly signicant.
The results showed that the determination coefficient (R2) was
0.9062, which was in agreement with the adjusted Radj

2 of
0.9701. It also indicated that the model was highly signicant.
At the same time, a relatively lower value of the coefficient of
RSC Adv., 2019, 9, 28996–29004 | 28999
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Table 3 ANOVA for response surface quadratic model of rhubarba

Source Sum of squares df Mean square F value p-Value

Model 0.15 9 0.016 7.81 0.0065**
X1 8.065 � 10�3 1 8.065 � 10�3 3.88 0.0895
X2 3.125 � 10�4 1 3.125 � 10�4 0.15 0.7097
X3 5.618 � 10�3 1 5.618 � 10�3 2.70 0.1442
X1X2 1.406 � 10�3 1 1.406 � 10�3 0.68 0.4379
X1X3 2.500 � 10�7 1 2.500 � 10�7 1.203 � 10�4 0.9916
X2X3 8.742 � 10�3 1 8.742 � 10�3 4.21 0.0794
X1

2 0.046 1 0.046 22.28 0.0022**
X2

2 0.045 1 0.045 21.86 0.0023**
X3

2 0.018 1 0.018 8.66 0.0216*
Residual 0.015 7 2.078 � 10�3

Lack of t 0.015 3 4.850 � 10�3

Pure error 0.000 4 0.000
Cor total 0.16 16

a *Signicant (p < 0.05), **signicant (p < 0.01).
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variation (C.V.¼ 6.6%) indicated a high degree of precision and
reliability of the experiments carried out and the selected
quadratic models exhibited high accuracy and signicant
reproducibility.38

3.5.2. Diagnostics of model adequacy. It was very impor-
tant for model adequacy to check whether the approximating
model would give poor or misleading results.39 The relationship
between the predicted and actual values was used to evaluate
the model suitability in Fig. 2A. It could be seen that the data lay
almost close to the straight line, indicating a high degree of
Fig. 2 Diagnostic plots for the model adequacy. (A) Plot of predicted
internally studentized residuals versus the experimental runs; (D) plot of

29000 | RSC Adv., 2019, 9, 28996–29004
agreement between experimental and predicted data. In addi-
tion, the normal percentage probability plot of residuals for
response was used to conrm the normal distribution of the
data. As shown in Fig. 2B, no deviation of the variance was
observed. Moreover, Fig. 2C and D showed that both the
experimental points and the predicted response lay within the
acceptable limits. Therefore, this mathematical model estab-
lished by RSM was reliable in describing the extraction of
chrysophanol chemicals that presented corresponding inhibi-
tion rate on rhubarb.
versus the actual values; (B) the normal% probability plot; (C) plot of
internally studentized residuals versus the predicted response.

This journal is © The Royal Society of Chemistry 2019
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3.5.3. Analysis of response surfaces and verication of
predictive model. Response surface plots for each response
condition and composite desirability function were also
analyzed to optimize the formulation. 3D response surface
plots, as presented in Fig. 3, were very useful to see the inter-
action effects of the factors on the responses.40 These types of
plots showed effects of two factors on the response at a time. In
all the presented gures, the third factor was kept at level zero.
Level zeros for microwave temperature, microwave power and
ethanol concentration were 50 �C, 500 W and 70%, respectively.
Fig. 3A represents the effects of microwave temperature,
microwave power and their reciprocal interactions on the yield
of chrysophanol in rhubarb. An increase in the yield of chrys-
ophanol in rhubarb was observed with the increase of micro-
wave temperature and the microwave power at rst but the
trend was reversed when microwave temperature and micro-
wave power reached 50 �C and 500 W, respectively. These data
were consistent with the conclusion of the single factor test.
Fig. 3B shows the three-dimensional plot of the response
surface for the chrysophanol yield as related to ethanol
concentration and microwave temperature. The yield of chrys-
ophanol increased at rst when microwave temperature was
increased, but prolonging the contact temperature led to
decrease in the chrysophanol yield. Fig. 3C shows the 3D plot of
the response surface for the chrysophanol yield as related to
ethanol concentration and microwave power. The amount of
the yield of chrysophanol increased at rst when microwave
power was increased, but prolonging the contact power led to
Fig. 3 Response surface plots (three-dimensional) showing the effect of
microwave power (X3, W) on the yield of chrysophanol (Y) in rhubarb. (A)
yield of chrysophanol in rhubarb. (B) shows the three-dimensional plot of
(C) shows the 3D plot of the response surface for the chrysophanol yield a
(X1, X2 and X3) on the chrysophanol yield.

This journal is © The Royal Society of Chemistry 2019
decrease in the chrysophanol yield. Therefore, all parameters of
microwave temperature, ethanol concentration and microwave
temperature would have independent optimal conditions.

Above all, the optimized conditions were 56.105 microwave
temperature (�C), 539.190 microwave power (W) and 70.575
ethanol concentration (%) and a calculated predicted value of Y
(2.64%). This similarity shows that the processing regression
model is highly signicant and can be used to predict the
chrysophanol yield.

According to laboratory conditions, the values were corrected to
56 microwave temperature (�C), 540 microwave power (W) and 70
ethanol concentration (%) with 2.54 � 0.07% of Y. There was no
much difference between these values and the predicted values.
3.6. Identication and quantication of chrysophanol in
rhubarb

The chromatographic characteristics of chrysophanol such as
retention time and molecular ions were established under the
same experimental conditions as in rhubarb. The standard
chrysophanol and sample analysis via ESI-MS in the positive ion
mode are shown in Fig. 4, molecular cation was detected mainly
in [M + H]+ form (m/z 255.0652 and 255.0670). Thus, all of these
evidences conrmed the existence of chrysophanol in rhubarb.
3.7. Biolm inhibition properties of chrysophanol

S. suis, an important and highly contagious zoonotic pathogen,
is causing a variety of life-threatening infections that include
the ethanol concentration (X1, %), microwave temperature (X2, �C) and
represents the effects of X2, X3 and their reciprocal interactions on the
the response surface for the chrysophanol yield as related to X1 and X2.
s related to X1 and X3. Contour plots (D–F) shows the effect of variables
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Fig. 4 Mass spectra of standard chrysophanol (A) and chrysophanol in rhubarb (B) in positive mode.

Fig. 5 Inhibitory effect on biofilm formation by Streptococcus suis (n
¼ 5, x�� SD) on the chrysophanol standard. Asterisk indicates signifi-
cantly different (*p < 0.05) compared to untreated control bacteria.
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arthritis, septicemia, meningitis, and even sudden death in
swine and human.41–43 In recent years, due to the abuse of
antibiotics, the increasing resistance of S. suis has seriously
threatened the global pig industry and human life safety. It is
important to control the formation of S. suis biolm in the ght
against bacterial diseases in pigs.44 Previous studies have shown
that one of the main ingredients of rhubarb water extract can
inhibit S. suis biolm formation.1 However, it was difficult to
know the active ingredient in rhubarb that was responsible for
inhibiting the formation of biolm in S. suis. Thus, the study
involves the evaluation of the biolm inhibitory properties of
chrysophanol against S. suis biolm formation (Fig. 5 and 6).
The results showed that the minimum inhibitory concentration
(MIC) of chrysophanol against S. suiswas 1.975 mgmL�1. And all
of 1/2 MIC, 1/4MIC, 1/8MIC and 1/16MIC, of chrysophanol had
a signicant ability to inhibit S. suis biolm formation (p < 0.05)
compared with control (Fig. 5). Interestingly, we have further
used the SEM method to conrm this nding. As shown in the
control (Fig. 6A), a thick biolm made of aggregates and
microcolonies of S. suis almost completely covered the surface
of the rough glass slide. S. suismolecules closely connected with
each other, and formed a three-dimensional biolm commu-
nity structure with multiple layers and aggregates. The biolm
can block the external drug from entering the biolm to exert its
29002 | RSC Adv., 2019, 9, 28996–29004
efficacy. However, aer adding 1/2 MIC chrysophanol (0.99 mg
mL�1) to S. suis (Fig. 6B), the three-dimensional structure of the
bacterial biolm was destroyed. Bacterial molecules exhibited
a single molecule state, and no biomembrane structure was
formed by intermolecular interconnection. This is the rst
report conrming that chrysophanol can inhibit the formation
of S. suis biolm. Thus, it was speculated that chrysophanol in
This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Scanning electronmicrographs of Staphylococcus suis biofilm following growth in THB supplemented with control (A) or 1/2 MIC (0.9875
mg mL�1) of chrysophanol (B). Controls refer to the absence of chrysophanol.
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rhubarb has potential clinical therapeutic value for solving the
problem of increasing bacterial resistance related to biolm of
S. suis.

4. Conclusion

In conclusion, we successfully acquired the optimum yield of
chrysophanol from rhubarb by single-factor experiments and
RSM. RSM conrmed that the optimal extraction conditions
were microwave temperature 56 �C, microwave power 540 W,
and ethanol concentration 70%. Under these conditions, the
yield of chrysophanol was 2.54 � 0.07%, which was not too
different from the predicted result of 2.64%. At the same time,
the chemical structure of the extracted chrysophanol was
identied by LC-MS. Finally, chrysophanol inhibited the
formation of S. suis biolm. The novelty of this work lies in the
use of single-factor experiments and RSM to acquire the
optimum yield of chrysophanol which inhibited the biolm
formation of S. suis. Chrysophanol may be the main active
ingredient in rhubarb which caused the inhibition of S. suis
biolm formation. Taken together, these data suggest that
chrysophanol could be further investigated as a potential ther-
apeutic drug that can be used to solve the problem of increasing
bacterial resistance.
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