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Microwave-assisted extraction of polysaccharides from Trichosanthes kirilowii Maxim seeds (TKMSP) was opti-
mized using Response surface methodology (RSM) base on Central composite design (CCD). The optimum ex-
traction conditions are detailed as follows: liquid-solid ratio 42 mL/g, extraction temperature 80 °C, microwave
power 570 W, extraction time 26 min. Under this conditions, the mean value of TKMSP yield 2.43 4 0.45%
(n = 3), which was consistent closely with the predicted value (2.44%). The five polysaccharides (TKMSP-1,
TKMSP-2, TKMSP-3, TKMSP-4 and TKMSP-5) were isolated from TKMSP by DEAE-52. TKMSP-1, TKMSP-2 and
TKMSP-4 were common in containing Man, Rib, Rha, GluA, GalA, Glu, Gal, Xyl, Arab and Fuc. However, there
was no Fuc in TKMSP-3, while TKMSP-5 lacked GluA, GalA and Fuc. UV-vis and FT-IR analysis combined with mo-
lecular weight determination further indicated that the five fractions were polydisperse polysaccharides. A signif-
icant difference was achieved in the structural characterization of these five fractions. TKMSP exhibited
immunosuppressive activity on RAW264.7 cells. It can be applied as a potential immunosuppressant agent in
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medicine.
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1. Introduction

The immune system plays an important system role in immune re-
sponse. Overzealous immune responses can lead to autoimmune dis-
eases, such as systemic lupus erythematosus (SLE) and rheumatoid
arthritis (RA) [1,2]. Recently, the respiratory failure caused by acute re-
spiratory distress syndrome (ARDS) a leading cause for the high mortal-
ity of COVID-19. Several studies suggested that the overzealous immune
responses associated with macrophage activation syndrome (MAS) or
cytokine storm, also known as secondary haemophagocytic
lymphohistocytosis (sHLH), may be driving COVID-19 related ARDS
[3-5]. Although several immunosuppressants have been found, most
of them have side effects, such as cyclosporine, Tacrolimus [6],
methylprednisone [7], etc. Therefore, it is crucial to find a natural immu-
nosuppressive agent.
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Trichosanthes kirilowii Maxim belongs to Cucurbitaceae, and is mainly
distributed in Liaoning, Anhui, Shandong, Henan and other places in
China [8]. The root and peel of Trichosanthes kirilowii have been studied
and developed into drugs widely applied in clinic. Trichosanthes kirilowii
Maxim seeds (TKMS) is one of Chinese traditional medicine, also known
as “drug homologous food”, which has been commonly used in the treat-
ment of cough, constipation, inflammation, etc. At present, the research
on TKMS mainly focused on its oils [9], flavonoids [10], phenylpropanoids
[11], proteins, etc. [12], while its carbohydrates are seldom studied. Poly-
saccharides exhibit varieties of biological activity existing in almost all or-
ganisms, such as antioxidant [13], antitumor and immunomodulation
activities [14] and so on. Recently, researches have been investigated
about potential applications of polysaccharides isolated from various
seeds, such as Pinus halepensis Mill. seeds [15], Chaenomeles speciosa
seeds [16] and Z. jujuba cv. Ruogiangzao seeds [17], all of which show
the potential immunomodulatory activity and the high value of research.
However, there are still few researches focusing on the extraction, charac-
terization and immunomodulatory activity of polysaccharides from
Trichosanthes kirilowii Maxim seeds (TKIMSP).

There are various methods available for the extraction of polysac-
charides, including microwave, ultrasonic, enzymatic, and water
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extraction. Microwave-assisted extraction (MAE) is an important
method to extract polysaccharide from seeds, which has the advan-
tages of short extraction time, high yield, excellent quality of final prod-
uct, low solvent consumption and labor-saving [18]. Response surface
methodology (RSM), as a collection of statistical techniques including
experiment designing, model building, evaluation of factors, and the
search for optimal conditional factors, is applied to determine the influ-
ence of each factor and its interaction on the extraction rate and identify
the optimal conditions statistically. The main superiority of the RSM is
to reduced times of experiments required during the optimization pro-
cess [19]. Central composite design (CCD) of response surface method-
ology, as a statistical tool, is applied to study the influence of input
parameters on process outputs and to identify the most effective pa-
rameters [20]. Compared with the traditional Box-Benhnken design
(BBD), CCD exhibits various advantages, including less testing times,
being able to evaluate the nonlinear effects of various factors, being ap-
plicable to all tested factors and so on.

In this study, the parameters during the process of microwave-
assisted extraction of TKMSP were optimized by RSM base on CCD.
Then, five fractions of TKMSP were isolated using a DEAE-52 column,
in which monosaccharide composition, molecular weight, structures
characteristics were determined by a variety of instrumental analysis
techniques. Finally, the immunomodulating effects of five fractions
were investigated, thus providing a theoretical basis for the further re-
search on the application and development of TKMSP.

2. Materials and methods
2.1. Materials and chemicals

Trichosanthes kirilowii Maxim seeds were purchased from Liaoning
Province, China and stored in the Engineering Research Center for Agri-
cultural Resources and Comprehensive Utilization of Jilin Provence, Jilin
Institute of Chemical Technology, China. All the chemicals and solvents
used in the study were analytical reagent grades.

2.2. Extraction of crude polysaccharides

The crude polysaccharides extraction from the seed of Trichosanthes
kirilowii Maxim was performed by microwave-assisted process in a mi-
crowave extraction apparatus (Sineo Microwave Chemistry Co. Ltd.,
Tianjin, China) [21] with the extraction conditions:Liquid-solid ratio
(10:1, 20:1, 30:1, 40:1 and 50:1 mL/g), extraction temperature (50 °C,
60 °C, 70 °C, 80 °C and 90 °C), microwave power (250 W, 500 W,
600 W, 700 W, 800 W and 800 W) and extraction time (10 min,
15 min, 20 min, 25 min, 30 min and 35 min). The extract solution was
obtained by filtering solid residue. A rotary evaporator under reduced
pressure was employed to concentrate the filtrate equal to 1/5 of its
original volume, followed by precipitation through the addition of cer-
tain amount of ethanol (95%, v/v) until the ethanol to a final concentra-
tion of 80% (v/v) storing at 4 °C overnight. The precipitates were
collected by centrifugation (5000 rpm, 15 min), which was then re-
dissolved in deionized water and dialyzed in a dialysis bag (Mw:
8000-14,000 Da, YTKH life sciences, USA) and lyophilized to obtain
polysaccharides from the Trichosanthes kirilowii Maxim seeds
(TKMSP). The polysaccharide content was measured by the phenol-
sulfuric method, where glucose was served as the standard [22]. The
polysaccharide yield was calculated as follows:

CxNxV

Polysaccharide yield(%) = W

x 100% (1)

C (mg/mL) is the concentration of polysaccharide by the calibrated re-
gression equation; Where V (mL) is the volume of the extraction solu-
tion; W (g) is the weight of the raw materials; and N is the dilution
factor.

2.3. Experimental design and statistical analysis

The primary variable range was determined by single-factor-test in-
cluding X; (liquid-solid ratio, mL/g), X, (extraction temperature, °C), X3
(microwave power, W) and X, (extraction time, min). According to the
results of single-factor-test and design principle of the response surface
center, combination design (CCD) was conducted to optimize the pro-
cess [23] while the polysaccharide yield was treated as a response
value. The whole design contains twenty-one experimental runs,
which were represented by the coded and non-coded values of the ex-
perimental variables as shown in Table 1. All trials were performed in
triplicate. The quadratic polynomial was used to express the response
(Y) as a function of the independent variables:

4 4 4 4
Yo=PBo+ > BiX;+ D BiXi +3° > ByXiX; 2)
j=1 j=1 i

Jj=1i=j+1

where X; and X; denote the different independent variables. Yy is the pre-
dicted response. 3o, 3;, 3; and (3; denote the regression coefficients
corresponded to intercept, linearity, square, and interaction, respectively.

The experimental design, data analysis and modeling were conducted
by the Design-Expert Software Version 8.0.6.1. The quadratic polynomial
model was fitted by the regression coefficient R®. F-value and P-value
were employed to examine the significance of the regression coefficient.

2.4. Purification of polysaccharide

The polysaccharide was deproteinized by Sevag using the previous
method [28]. Briefly, the 20 mL Sevag reagent (chloroform: n-butyl al-
cohol = 4:1, v/v) was added to crude TKMSP (500 mg) solution dissolv-
ing in deionized water (100 mL). Then the mixed solution was shaken in
a 30 °C constant temperature shaker at 200 r/min for 30 min. The super-
natant of deproteinized polysaccharide was obtained by centrifugation
at 3000 r/min for 10 min. This process was repeated three times. Finally,
the supernatant was condensed into TKMSP concentrate after
deproteinization (about 5 to 10 mL) as standby. The TKMSP concentrate
was loaded onto a Cellulose DEAE-52 column (26 mm x 300 mm),
followed by a stepwise elution with increased concentrations of NaCl
(0,0.1,0.2,0.3,0.4 and 0.5 M NaCl) at arate of 1 mL/min. The each eluate
(5 mL/tube) was collected, and monitored at 490 nm by the phenol-
sulfuric acid method. Then the homogeneous fraction was collected,
followed by dialysis bags using ultrapure water for 24 h, which was ly-
ophilized to obtain purified polysaccharide for next analysis. Finally, the
phenol-sulfuric acid method is applied to calculate the carbohydrate
content based on glucose standard sample and uronic acid quantity
was confirmed by meta-hydroxydiphenyl assay [24]. The Bradford
assay was employed to calculate the amount of protein where bovine
serum albumin was a standard reagent [25].

2.5. UV-vis and FT-IR spectra analysis

The UV-vis spectrum was recorded in the wavelength range of
200-600 nm using a 759S spectrophotometer (Shanghai Lengguang
Technology Co., Ltd., China). The polysaccharide (2 mg) was incorpo-
rated with KBr powder (100 mg), which was then pressed into a tablet
for FT-IR analysis (Gangdong SCI. & TECH. Development Co. Ltd., Tianjin,
China) in the range of 4000-400 cm ™.

2.6. Monosaccharide compositions and molecular weight analysis

The released monosaccharides were labeled with 1-phenyl-3-
methyl-5- pyrazolone (PMP) [26]. Briefly, each sample (2 mg) was
dissolved in 1 mL of 2 mol/L trifluoroacetic acid (TFA), and hydro-
lyzed in a sealed condition at 120 °C for 2 h in a hydrothermal reac-
tor. Then the residual was washed by coevaporation using ethanol
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Table 1
The coded level of three variables and their response values for the yield of TKMSP based on CCD.
No. X; (Liquid-solid ratio, mL/g) X, (Extraction temperature, °C) X3 (Microwave power, W) X4 (Extraction time, min) Polysaccharide yield (%) Predicted
Value (%)
1 0 (40) 0(80) 0 (600) 0 (25) 2.29 2.40
2 0 (40) 0(80) 0 (600) 0(25) 2.49 2.40
3 1(50) 1(90) —1(500) —1(20) 1.34 1.31
4 1.682 0(80) 0 (600) 0 (25) 1.80 1.80
(56.81793)
5 0 (40) —1.682 0 (600) 0(25) 1.52 1.52
(63.18207)
6 1(50) —1(70) 1(700) 1(30) 1.38 141
7 —1(30) 1(90) —1(500) 1(30) 143 1.40
8 —1(30) —1(70) —1(500) —1(20) 0.97 0.94
9 —1.682 0 (80) 0 (600) 0 (25) 1.26 1.26
(23.18207)
10 0 (40) 0(80) 0 (600) 0(25) 2.41 2.40
11 1(50) —1(70) —1(500) 1(30) 1.50 1.47
12 0 (40) 0(80) 0 (600) —1.682 0.99 0.99
(16.59104)
13 0 (40) 0(80) 0 (600) 0 (25) 2.39 2.40
14 0 (40) 0 (80) 0 (600) 0 (25) 2.42 2.40
15 0 (40) 1.682 0 (600) 0(25) 1.25 1.25
(96.81793)
16 0 (40) 0(80) 0 (600) 1.682 1.54 1.54
(33.40896)
17 1(50) 1(90) 1 (700) —1(20) 1.25 1.28
18 0 (40) 0(80) 1.682 0 (25) 2.25 2.18
(768.1793)
19 —1(30) 1(90) 1(700) 1(30) 0.98 1.01
20 —1(30) —1(70) 1(700) —1(20) 1.24 1.27
21 0 (40) 0 (80) —1.682 0 (25) 2.19 2.25
(431.8207)

Note: The actual parameters are shown in brackets.

to remove the excessive trifluoroacetic acid. Next, the hydrolysate
solution was mixed with 200 pL 0.5 mol/L methanol solution of 1-
phenyl-3-methyl-5-pyrazolone (PMP, methanol as solvent) and
200 pL 0.3 mol/L NaOH solution, followed by reaction for 60 min at
70 °C. The reaction was quenched by neutralizing with 200 pL
0.3 mol/L HCI. Finally, the product was extracted three times with
1 mL chloroform. The aqueous layer containing PMP-labeled deriva-
tive was filtered through a 0.45 um membrane for HPLC analysis. The
Ultimate 3000 HPLC system (Thermo, USA) equipped with an Ulti-
mate 3000 diode array detector (DAD, Thermo) was employed to de-
tect PMP labeled monosaccharides. The mobile phase was a mixture
of acetonitrile (A) and 0.1 mol/mL phosphate buffer solution (PBS,
pH 6.7) in a ratio of 82:18 (v/v). With 20 pL of injection volume,
the samples were performed on a Supersil ODS2 column (5 um,
4.6 x 250 mm?) at 30 °C with 0.8 mL/min of flow rate and detected
at 245 nm. Different types of monosaccharide were used as stan-
dards (Mannose, Ribose, Rhamnose, Glucuronic acid, Galacturonic
acid, Glucose, Galactose, Xylose, Arabinose and Fucose).

The molecular weight of the samples was measured using high per-
formance gel permeation chromatography associated with a refractive
index detector (HPGPC-RID) as described previously [27]. 20 pL sample
solution (2.0 mg/mL) was filtered through a 0.45 pym filter, which was
determined by HPLC (Elite P230IIHPLC, Elite Analytical Instruments
Co. Ltd., Dalian, China) equipped with a Shodex sugar KS-804 column
(8.0 mm x 300 mm) and a refractive index detector (RID) (RI2000, A,
Schambeck SFD GmbH, Germany). The columns were maintained at
50 °C and eluted with ultrapure water at a flow rate of 1.0 mL/min.
Data processing was recorded on an N2000 GPC. The molecular weight
of sample was calculated by the calibration curve obtained by various
standard dextrans with different molecular.

2.7. Congo red test

The conformational structure of purified polysaccharide was deter-
mined by the previous Congo red method [28]. Briefly, each sample

solution (2.0 mL, 2 mg/mL) was mixed with 2.0 mL of Congo red solu-
tion (80 pmol/L). Then NaOH solution (1 mol/L) was added to the mix-
ture gradually to achieve the final concentration of 0, 0.1, 0.2, 0.3, 0.4
and 0.5 mol/L NaOH, respectively. After keeping the mixture at room
temperature for 5 min, the UV-vis spectrum was recorded by using
759S spectrophotometer in the range of 200-800 nm and maximum ab-
sorption wavelength (\nyax) was identified.

2.8. Immunomodulatory activity on RAW264.7 cells

2.8.1. Cell culture

The murine macrophage cell line RAW264.7 cells were purchased
from the Type Culture Collection of the Chinese Academy of Sciences.
The cells were grown in DMEM medium (10% FBS, 100 U/mL penicillin,
100 pg/mL streptomycin and 1 mmol/L sodium pyruvate,), then were
maintained at 37 °C in a humidified atmosphere of 5% CO,. The cells
were cultured for 48 h and kept in logarithmic phase.

2.8.2. Cell viability assay

The cell viability of polysaccharides were evaluated by methyl
thiazolyl tetrazolium (MTT) assay [29]. In brief, the RAW264.7 cells sus-
pensions (concentration of 1 x 10° cells/mL) were seeded onto 96-well
plates and incubated for 24 h. After discarding the supernatant, the cells
were treated with 100 pL samples with the final concentration of
25-800 pg/mL. The complete medium no added polysaccharide was
employed as the blank control, then 10 pL of MTT solution (5 mg/mL)
was added to each well. The incubation was continued for another 4 h
at 37 °C with 5% CO,. Afterwards, the supernatants were removed and
the produced formazan crystals were dissolved by adding 100 pL of di-
methyl sulfoxide (DMSO). After shaking, the plates were placed in the
dark for 10 min. The absorbance was measured at 490 nm and calcu-
lated as follows:

Cell viability = A sample/A blank control (3)
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Finally, the half maximal inhibitory concentration (ICso) of polysac-
charides on RAW264.7 cells was calculated.

2.8.3. Phagocytosis assay

Phagocytosis activity was evaluated by neutral red [30]. The cells
were cultivated to different concentrations of sample for 24 h as de-
scribed above. Then, the plates were washed by PBS, and 100 pL neutral
red solutions were added to each well. The plates were incubated for
1 h, the supernatants were discarded and the cells were washed by
PBS. Then 100 pL cell lysis solution (ethanol and 1.0 mol/L acetic acid
at 1:1 ratio) was added, and placed overnight at room temperature.
The absorbance was measured at 490 nm. The phagocytosis index was
calculated as follows:

Phagocytosis index = A sample/A blank control (4)

2.9. Statistical analysis

All data were presented as mean + standard deviation. Statistical
analysis was carried out on SPSS 17.0 (SPSS Inc., Chicago, USA).
One-way analysis of variance (ANOVA) was used by GraphPad Prism.
P-values <0.01 were considered as extremely significant statistical dif-
ference. P-values <0.05 were considered as statistically significant
difference.
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3. Results and discussion
3.1. Single factor experimental analysis

The effect of the liquid-solid ratio on the TKMSP yield is illustrated in
Fig. 1A, extraction parameters was used as follows: extraction tempera-
ture 80 °C, microwave power 600 W and extraction time 25 min. The re-
sults indicated a positive linear trend for the effect on the TKMSP yield
when the liquid-solid ratio ranged from 10 to 40 mL/g, and reached its
maximum (2.27 + 0.16%) when the liquid-solid ratio of 40 was
employed. This could be attributed to the fact that the increased
liquid-solid ratio enhanced the dissolution of polysaccharides from
seeds. However, with the increase of liquid-solid ratio, the extraction
rate of polysaccharide decreased, which is due to the larger concentra-
tion difference between the plant intracellular and extracelluar sol-
vents, further reducing the molecular interaction effect [31].

The polysaccharide yield of TKMSP could be influenced by
different extraction temperature from 50 to 90 °C and a liquid-solid
ratio of 40 mL/g, a microwave power of 600 W and an extraction time
of 25 min as shown in Fig. 1B. The results demonstrated that the yield
of TKMSP was enhanced to maximum production (2.26 + 0.17%) at
80 °Cand then decreased with the increased temperature due to the hy-
drolysis of polysaccharides at a high temperature [32]. Therefore, the
best extraction temperature was determined to be about 80 °C.

As shown in Fig. 1C, the effect of microwave power on polysaccha-
ride yield was investigated. The other factors including liquid-solid
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Fig. 1. Effect of different liquid-solid ration (A), extraction temperature (B) and microwave power (C) and extraction time (D) on the polysaccharides yield.
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ratio, extraction temperature and time were fixed at 40 mL/g, 80 °C and
25 min, respectively. The results indicated that the polysaccharide yield
increased with the enhanced microwave power from 250 to 600 W,
then reaching its maximum (2.07 £+ 0.31%) when the microwave
power of 600 W was employed. This is due to the fact that enhanced mi-
crowave power will improve the solubility of sample. Meanwhile, with
the enhancement of in microwave power would increase the dipole ro-
tations, which leads to the increased thermal energy in the reaction
mixture, thus enhancing the yield polysaccharide yield. However, too
high microwave power will destroy the structure of polysaccharide,
which will lead to the decrease of extraction rate [33].

As shown in Fig. 1D, the influence of extraction time on TKMSP yield
was studied under certain conditions (liquid-solid ratio of 40 mL/g, mi-
crowave power of 600 W and temperature of 80 °C). It can be noted that
the yield of TKMSP increased with the prolonged extraction time from
10 to 25 min, where it reached 2.02 4 0.27%. This could be attributed
to the increased amount of reactive sites induced by the prolonged
time, resulting in the improved yield. However, it has decreased when
the time extraction time from 25 to 35 min, suggesting that the long ex-
traction time induced polysaccharide degradation [34].

3.2. Model fitting and statistical analysis

The values of polysaccharide yield to different levels combinations of
the variables are also shown in Table 1. Based on multiple regression
analysis of the experimental data, the predicted variables and the
coded independent variables were related by the second-order polyno-
mial equation as follows:

Polysaccharides yield (%) = 2.40 + 0.16 x X; —0.080 x X, —0.021
x X3 +0.16 x X4 +0.10 x X;
x X3 —0.00375 x X; x X3—0.069 x X,
x X4—0.086 x X; x X3 +0.054 x X,
x X4—0.094 x X3 x X4—0.31
x X1%2—0.36 x X,2—0.065 x X32—0.40

><X42

where X;, X5, X3 and X4 denote the liquid-solid ratio (mL/g), microwave
power (W), extraction temperature (°C) and extraction time (min),
respectively.

The ANOVA for the fitted quadratic polynomial model of extraction
of TKMSP is shown in Table 2. The model F-value of 68.87 and P-value
<0.0001 indicated the response surface quadratic model was signifi-
cant. The values of the regression coefficient (R?), the value for adjusted
coefficient of determination (Rﬁdj) and coefficient of variance (C.V.) was
0.9938, 0.9794 and 4.64% respectively, which demonstrated that a high
degree of precision and reliability of the experimental values and a high
degree of correlation between the observed and predicted values [35].
Furthermore, the lack of fit value also demonstrated the significance of
model to the experiment. The significance of each coefficient was deter-
mined using F-value and P-value. It could be seen that the quadratic co-
efficients (X3, X3 and X3) exhibited a high significant effect (P < 0.001),
the linear coefficients (X; and X,) had very significant effect (P < 0.01).
The linear coefficient (X5), cross-product coefficients (X,X35 and X3X4)
and quadratic coefficients (X3) were significant effect (P < 0.05). In-
stead, the other term coefficients were not significant (P > 0.05).

3.3. Analysis of response surface plots and contour plots

The interactive effects of the operational parameters on the TKMSP
yield were investigated through a three-dimensional response surface
(3D) and two-dimensional (2D) contour plots, which was shown in
Figs. 2 and 3. The 3D graph is used to express the relationship between
variables and response values and their interaction. In terms of 2D con-
tour plots, the interactions between the variables represented by an el-
liptical contour plot are significant. On the contrary, a circular contour

Table 2

ANOVA for response surface quadratic model for the yield of TKMSP.
Source Sum of squares Df Mean square F-value P-value
Model 5.73 14 041 68.87 <0.0001""*
X 0.15 1 015 24.56 0.0026""
X, 0.036 1 0.036 6.14 0.0480"
X3 0.00612 1 0.00612 1.03 0.3492
X4 0.15 1 015 25.47 0.0023""
X1X2 0.035 1 0.035 5.84 0.0522
X1X3 0.0001125 1 0.0001125 0.019 0.8950
X1 X4 0.016 1 0.016 2.66 0.1541
XoX3 0.06 1 0.06 10.02 0.0194"
XXy 0.009768 1 0.009768 1.65 0.2469
X3X4 0.07 1 007 11.84 0.0138"
X3 143 1 143 240.69 <0.0001"""
X3 1.94 1 194 32711 <0.0001""
X3 0.064 1 0.064 10.73 0.0169"
X% 243 1 243 408.63 <0.0001"""
Residual 0.036 6 0.005938
Lack of fit 0.015 2 0.007413 143 0.3409
Pure error 0.021 4 0.0052
Correlation total 5.76 20
R? 0.9938 Rqj 0.9794
CV.% 4.64 Pred R-Squared 0.8503
* p<0.05.

** p<0.01.
* p <0.001.

plot suggests the interactions are negligible [36]. The TKMSP yield was
expected to be sensitive to the alteration of the variables.

As shown in Figs. 2A and 3A, it indicated that the mutual interactions
between liquid-solid ratio and extraction temperature were insignifi-
cant under the zero level of extraction power and extraction time. The
effects of the liquid-solid ratio and microwave power on the yield of
TKMSP can be found in Figs. 2B and 3B, which indicated that the influ-
ence of their interaction was not significant when extraction tempera-
ture and extraction time was fixed at zero level. Similarly, the mutual
interaction between liquid-solid ratio and extraction time was not sig-
nificant on yield are shown in Figs. 2C and 3C when the extraction tem-
perature and microwave power was fixed to be level 0. The effects of
extraction temperature and microwave power on the yield of TKMSP
are shown in Figs. 2D and 3D, it showed that both of the two factors
could affect the TKMSP yield distinctly. As shown in Figs. 2E and 3E,
when the liquid-solid ratio and microwave power was fixed at level 0,
the variations of yields were insignificant with increased extraction
temperature and prolonged extraction time. As shown in Figs. 2F and
3F, the TKMSP yield was found to be significantly affected by the en-
hanced microwave power under a longer extraction time.

3.4. Verification of predictive model

The optimized values of the selected variables were obtained by
solving the regression equation using the Design-Expert Software. The
suitability of the model equation for predicting optimum response
value was investigated under the following optimal conditions: liquid-
solid ratio 42.34 mL/g, extraction temperature 79.75 °C, microwave
power 569.02 W, extraction time 26.08 min, respectively. The maxi-
mum predicted yield was determined to 2.44%. Considering the opera-
tion in actual production, the optimal conditions could be modified as
follows: liquid-solid ratio of 42 mL/g, extraction temperature of 80 °C,
microwave power of 570 W, extraction time of 26 min. Under this con-
ditions, the mean value of TKMSP yield 2.43 4 0.45% (n = 3) was ob-
tained. The results confirmed the validation of the response model
and the suitability of the optimal conditions for TKMSP extraction. In ad-
dition, the yield of TKMSP was increased by about 1.00% compared with
that before optimization (1.39 + 0.21%), indicating that the yield of
TKMSP was significantly improved by optimizing the extraction
process.
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3.5. Purification of polysaccharides

Purified TKMSP was obtained by Sevag method and dialysis. Then,
TKMSP were isolated on an anion-exchange DEAE-52 cellulose column
as shown in Fig. 4A. Five main fractions termed as TKMSP-1 (15.2 mg),
TKMSP-2 (8.1 mg), TKMSP-3 (20.3 mg), TKMSP-4 (9.5 mg) and TKMSP-
5 (18.2 mg) were clearly separated by deionized water, 0.1 M, 0.2 M,
0.4 M and 0.5 M NaCl respectively. Subsequently, five main polysaccha-
ride fractions were obtained for further study by concentration, dialysis

and lyophilization process.

The chemical constituents of crude TKMSP, purified TKMSP and five
fractions were investigated. The results are presented in Table 3, the
protein content of crude TKMSP was reduced from 9.07 + 2.54% to
2.18 4 0.63% after preliminary purification. The purity of the five

fraction was 84.13 + 3.44%, 80.32 + 4.06%, 82.78 + 3.59%, 80.43 +
1.89% and 85.51 + 1.97% respectively, which were more than 80%. It is
worth noting that no uronic acid was detected in the TKMSP-5.

3.6. Analysis of UV-vis and FT-IR spectra

The UV-vis spectra of TKMSP were shown in Fig. 4B. The absorp-
tion peaks locating at 280 nm of five fractions UV-Vis spectra are all
observed, indicating the existence of traced protein. The FTIR spectra
of TKMSP were shown in Fig. 4C, the five fractions exhibited similar
absorption bands. The strong characteristic absorption band around
3400 cm™! was attributed to the stretching vibration of 0—H [37].
The band around 2930 cm™! was ascribed to the asymmetrical
C—H stretching vibration [38]. No absorption at about 1730 cm ™!
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was observed, implying the absence of uronic acid or less content of
uronic acid [39]. The strong absorption at 1650 cm™ ' and 1545 cm ™,
corresponding to the stretching vibration of the carbonyl bond of the
amide group and the bending vibration of the N—H bond, respec-
tively, proving the presence of protein. The stretching vibrations of
C—0—Cand C—O—H contributed the strong absorption band rang-
ing from 1000 to 1200 cm™! [40]. The strong peaks locating at
1130 cm ™' and 1078 cm ™! were attributed to the stretching vibra-
tion of pyranose ring [41]. The absorption peak of TKMSP-4 and
TKMSP-5 at around 860 cm ™! is a characteristic absorption of poly-
saccharides, an indicator of the a-type glycosidic linkage [42],
while negligible peak of TKMSP-1, TKMSP-2 and TKMSP-3 were

achieved. The results showed that the functional groups of the five
fractions were slightly different.

3.7. Monosaccharide compositions and molecular weight analysis of TKMSP

As shown in Table 4 and Fig. 5, the monosaccharides existing in the
five fractions were identified by the standard chromatogram. Although
the five polysaccharides contained various monosaccharides, there
were differences. TKMSP-1, TKMSP-2 and TKMSP-4 are composed of
Mannose (Man), Ribose (Rib), Rhamnose (Rha), Glucuronic acid
(GluA), Galacturonic acid (GalA), Glucose (Glu), Galactose (Gal), Xylose
(Xyl), Arabinose (Arab) and Fucose (Fuc), but no trace of Fuc was
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observed in TKMSP-3 and TKMSP-5. Simultaneously, GluA and GalA
were also not detected in TKMSP-5. In addition, the decreased order of
Man molar ratio in five fractions is as follows: TKMSP-1yan(15.9),
TKMSP-3p1an(5.09), TKMSP-4pan(4.60), TKMSP-2p10(3.32)  and
TKMSP-5p1an(2.61). The decreased order of GluA molar ratio in five frac-
tions is as follows: TKMSP-3jya(5.86), TKMSP-1¢jya(2.98), TKMSP-
461ua(1.19) and TKMSP-2¢1ua(1.18). The decreased order of GalA
molar ratio in five fractions is as follows: TKMSP-3¢,ia(2.30), TKMSP-
4ca1a(2.23), TKMSP-16414(1.63) and TKMSP-2¢,4(0.68). Generally, the
TKMSP-3 exhibited remarkably higher content of the uronic acid com-
pared with that of the other fractions. It is worth noting that no uronic
acid was detected in TKMSP-5, which is consistent with the results of
FTIR analysis. Significant differences of monosaccharide components
in five fractions are achieved. Compared with standard sugars, an un-
known monosaccharide in five fractions appeared at the retention
time of about 21 min, which needs for further research.

The molecular weight distribution of TKMSP was presented in
Table 5 and Fig. 6. The five fractions show more than two peaks of

Table 3
Chemical analysis of polysaccharides.

Samples Carbohydrate (%) Uronic acid (%) Protein (%)

Crude TKMSP 37.42 + 2.84% 5.67 4+ 1.84% 9.07 4+ 2.54%
Purified TKMSP 49.23 4 2.28% 7.36 + 1.92% 2.18 4+ 0.63%
TKMSP-1 84.13 + 3.44% 4.54 + 1.02% 0.37 + 0.04%
TKMSP-2 80.32 + 4.06% 2.29 4+ 0.65% 0.55 4 0.03%
TKMSP-3 82.78 + 3.59% 5.58 £+ 0.32% 0.29 4 0.04%
TKMSP-4 80.43 + 1.89% 3.74 + 0.46% 0.37 4+ 0.02%
TKMSP-5 85.51 + 1.97% - 0.68 4+ 0.12%

molecular weight distribution, implying that five fractions were not ho-
mogeneous polysaccharides. The highest- molecular-weight peaks of
the five fractions are the main peaks (denoted as peak 1), among
which TKMSP-4 shows the highest Mw (71.6%, 3.235 x 10> kDa), and
TKMSP-2 shows the lowest the Mw (54.0%, 1.132 x 10> kDa). The
medium-high-molecular-weight of five fractions were denoted as
peak 2, among which the Mw of TKMSP-1 (40.9%, 56.58 kDa) is the
highest, and the Mw of TKMSP-2 (46.0%, 34.26 kDa) is the lowest. The
Mw of TKMSP-2 was the lowest among the five kinds of fractions. The
molecular weight distributions of TKMSP-1 and TKMSP-5 are similar,
exhibiting the highest-molecular-weight peak locating at
1.800 x 10 kDa.

3.8. Analysis of Congo red test

As shown in Fig. 4D, the maximum absorption wavelength of Congo
red-polysaccharide varied with the various concentrations of NaOH.
Once the concentration of alkali in the mixture of Congo red polysaccha-
ride increased gradually, Npnax of polysaccharide with triple helix

Table 4

Molar ratio of monosaccharide components of TKMSP.
Fraction Man Rib Rha GluA GalA Glu Gal Xyl Arab Fuc
TKMSP-1 159 100 507 298 163 5063 8314 9.16 36.02 1.86
TKMSP-2 332 1.00 184 1.18 0.68 706 11.05 212 545 0.63
TKMSP-3 509 1.00 6.19 586 230 1181 49.13 491 3797 -
TKMSP-4 460 100 6.07 119 223 834 1299 376 7.17 035
TKMSP-5  2.61 1.00 147 - - 13.08 621 148 292 -
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structure changed from red shift and blue shift sequentially [43]. It can
be noted that the max of Congo red+TKMSP-1, Congo red+TKMSP-2,
Congo red+TKMSP-3 and Congo red+TKMSP-4 underwent a large
red shift first and then a weak blue shift or stabilization, indicating a
helix-coil transition under the treatment of alkali. However, when the
concentration of NaOH increased from 0 mol/L to 0.5 mol/L, the A\max

Table 5
Molecular weight distribution of TKMSP.

Fractions Peak Retention Percentage of molecular
no. time area weight
(second) (%) (kDa)
TKMSP-1 1 334 46.7 1.801 x 10°
2 458 40.9 56.58
3 598 124 0.36
TKMSP-2 1 338 54.0 1.132 x 10°
2 486 46.0 34.26
TKMSP-3 1 331 69.1 2209 x 10°
2 474 309 36.93
TKMSP-4 1 318 71.6 3.235 x 10°
2 482 28.4 41.94
TKMSP-5 1 335 50.1 1.778 x 10°
2 462 499 46.71

of Congo red + TKMSP-5 complex showed a similar trend of no red
shift as Congo red alone. Therefore, it can be concluded that TKMSP-1,
TKMSP-2, TKMSP-3 and TKMSP-4 possessed the triple helical conforma-
tion, while triple helix of TKMSP-5 are not obvious.

3.9. Immunomodulatory activity

Macrophages play a crucial role in both innate and adaptive immune
responses, while the abnormal proliferation of macrophages can result
in the diseases related to peripheral inflammation [44]. To investigate
the toxicity of TKMSP on the RAW264.7 cells, MTT assays were con-
ducted to examine cell proliferation. As shown in Fig. 7A, all five frac-
tions showed inhibitory effect on the proliferation of RAW264.7 cells.
Although the cell viability was higher than that of the blank control
when the concentration of TKMSP-1 was 25 pg/mL and 50 pg/mL re-
spectively, there was no significant difference observed. Compared
with blank control, the five fractions at the concentration of
25-800 pg/mL decreased the viability of macrophages dramatically in
a dose-dependent manner (P < 0.05), and the inhibition effect of
TKMSP-3 was extremely significant (P < 0.01). The ICso values of
TKMSP-1, TKMSP-2, TKMSP-3, TKMSP-4 and TKMSP-5 on the
RAW264.7 cells were 721.97 + 5.12, 240.28 £ 3.60, 30.05 £ 1.54,



2870

Z. Hu et al. / International Journal of Biological Macromolecules 164 (2020) 2861-2872

1 A —| B
S 3 =
& 3 -
() : I
% 3 —
£ :
T T T T T T T T = T T T T T
0 Time (s) 472 1) Time (s) 472
4l c =
g H
E‘__ ]
o ] -
g 5
2 I
I T T - T T I T —
(o) Time (s) 472

S

&

(5]

Ey

2

Time ('s)

Fig. 6. Molecular weight distribution diagram of TKMSP-1 (A),TKMSP-1 (B), TKMSP-1 (C), TKMSP-1 (D) and TKMSP-5 (E).

1431.39 4 6.81 and 709.12 4+ 4.57 pg/mL, respectively, suggesting that
all five polysaccharides exhibited a potential of immunosuppressive ac-
tivity, and that the inhibition rate of TKMSP-3 was significantly higher
than compared to the other four fractions.

Analysis of the phagocytosis capacity of activated macrophages can
reflect the effects of examined sample on immune function [45]. As
shown in Fig. 7B, the phagocytosis indices for TKMSP at the treated con-
centration ranging from 25 pg/mL to 800 pg/mL were all lower than 1.0,
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Fig. 7. Cell viability (A) and phagocytosis index (B) of five components; *P < 0.01 vs Blank control; *P < 0.05 vs Blank control.
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indicating that all of the five fractions have the ability to inhibit the
phagocytosis of 264.7 cells. It is noteworthy that the phagocytic activity
of RAW264.7 cells was inhibited by the five fractions with an increased
sample concentration, and the effect of inhibition was dose-dependent.
The difference was extremely significant (P < 0.01) compared with the
blank control group, which was consistent with the results of MTT
examination.

In generally, the immune function of RAW264.7 cells can be en-
hanced by natural polysaccharide within a certain concentration range
[46]. The cytotoxicity effect of polysaccharides has been reported in
other literatures, but the mechanism of its toxic effect (i.e. the inhibition
of proliferation) is still unclear [47-49]. The inhibition of polysaccha-
rides to macrophage should not be ignored, which might be the crucial
point for the development of immunosuppressants. The regulation of
polysaccharide on the immune function of macrophages is a very com-
plicated system, and there are various influencing factors for the activity
related to polysaccharide immune regulation, especially their chain
conformations, monosaccharide composition, molecular weight and
content of uronic acid [50]. In previous researches, it has been indicated
that the significant differences in the structural characterization of the
five fractions is mainly responsible for their different biological activi-
ties. It has been reported that immune cells have a variety of carbohy-
drate recognition domains, such as mannose receptors, macrophage
galactose-type lectin and dendritic cells, which can specifically recog-
nize rich mannose, galactose and 3-glucan, respectively [51-53]. The
five fractions are common in containing Gal, Man and Glu monosaccha-
ride components of high concentrations, which can significantly influ-
ence the expression of macrophages and even their production.
Meanwhile, uronic acid and triple helix conformation is considered to
be one of the main sources of polysaccharide bioactivity [54,55], while
the lack of GluA, GalA and helical structure in TKMSP-5 results in the
weak inhibitory activity. In addition, TKMSP-1 and TKMSP-5 are similar
weak inhibition on macrophage proliferation due to their similar Mw
(about 50 kDa and 1.800 x 10° kDa). The molecular weight of TKMSP-
2, TKMSP-3 and TKMSP-4 are quite different, and their biological activ-
ities are significantly different. It has been reported that the glycogen
with a high molecular weight (more than 10 kDa) can hardly promote
the proliferation of RAW264.7 cells [56]. The major molecular weight
segments of the five fractions in this study were all more than 10 kDa,
which may be one of the reasons failing to stimulate macrophage prolif-
eration, even had inhibitory effect. Due to the interaction of various
structural characterization information of polysaccharide, it shows
unique biological activity. As a result, the structure-activity relationship
and the mechanism of action of polysaccharides can be clarified clearly
if more detailed structural information of polysaccharides is available,
which requires a further study.

4. Conclusion

In this study, a central composite design combined with RSM was
used to optimize the microwave extraction conditions of crude polysac-
charide from Trichosanthes kirilowii Maxim seeds (liquid-solid ratio
42 mlL/g, extraction temperature 80 °C, microwave power 570 W, ex-
traction time 26 min), in order to obtain the best polysaccharide yield.
The five polysaccharide fractions (TKMSP-1, TKMSP-2, TKMSP-3,
TKMSP-4 and TKMSP-5) were successfully isolated by DEAE-52 column.
The analysis of structural characterization indicated that five fractions
had characteristic absorption peak, abundant monosaccharide composi-
tion, and all of them being polydisperse heterpolysaccharides. However,
there were significant differences among the five fractions. Especially,
TKMSP-1, TKMSP-2 and TKMSP-4 were both composed of Man, Rib,
Rha, GluA, GalA, Glu, Gal, Xyl, Arab and Fuc. However, there was no
Fuc in TKMSP-3, while TKMSP-5 lacked GluA, GalA, and Fuc. Further-
more, TKMSP-3 had the strongest inhibitory effects on the RAW264.7
cells, suggesting that TKMSP-3 has the potential to be novel immuno-
suppressants to be applied in pharmaceuticals. In the future research,

it needs to be separated according to different molecular weight, and
characterized by NMR, GC-MS and SEM, so as to better clarify the
structure-activity relationship and mechanism of immunosuppression.
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