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Optimized microwave extraction, 
characterization and antioxidant 
capacity of biological polysaccharides 
from Eucommia ulmoides Oliver leaf
Jikun Xu, Huijie Hou, Jingping Hu & Bingchuan Liu

Microwave-induced technique was combined with response surface methodology for optimizing the 
isolation of polysaccharides from Eucommia ulmoides Oliver leaf. The maximum polysaccharides yield 
of 12.31% was achieved by microwave extraction at 74 °C for 15 min with a solid to liquid ratio of 1:29 g/
mL, which agreed with the predicted value and was 2.9-fold higher than that of the conventional heat-
reflux extraction method. The dominant bioactive constituent in extracts was chlorogenic acid (1.3–
1.9%), followed by geniposidic acid (1.0–1.7%). The polysaccharides from the optimized extraction had 
a high molecular weight and polydispersity (Mw 38,830 g/mol, Mw/Mn 2.19), as compared to the fraction 
prepared in the absence of microwave (Mw 12,055 g/mol, Mw/Mn 1.26). Glucose was the dominant sugar 
component (38.2–39.1%) of heterogeneous polysaccharides which belonged to a structure of β-type 
acidic heteropolysaccharides with a glucan group and highly branched degree. The polysaccharides 
showed a higher DPPH radical scavenging index (0.87–1.22) than BHT (0.41) but lower than BHA (3.56), 
which can act as a favorable antioxidant in functional food.

Because of the potent nontoxic effects and therapeutic properties, the research on the biological polysaccharides 
and associated antioxidants from plant resources has attracted an increasing interest in the last decades with a 
diversified range of applications. The water-soluble polysaccharides and water extracts from Chinese traditional 
herb materials exhibited efficient bioactivities, including antioxidant, immunomodulation and anti-tumor, as 
reported by the previous studies1–4. These abundant polysaccharides and bioactive components are ideal candi-
dates for potential utilization in food and biomedical industries. Eucommia ulmoides Oliver (E. ulmoides), also 
called Du-Zhong in Chinese, which belongs to the Eucommiaceae family, is one of the most famous traditional 
woody plants growing in China for nutrition and folk medicine. Used in the treatment of hypercholesterolemia, 
hypertension, and fatty liver diseases, Du-zhong tea (refers to the aqueous extract of E. ulmoides leaf) has been 
commonly adopted and already known as a functional health food5–8. In addition, the existence of phenolic com-
position results in various beneficial health properties of E. ulmoides, which occurs in nature as a mixture of esters, 
ethers, or free acids9. It has been found that the bioactive constituents are rich in E. ulmoides leaf, such as polyphe-
nolic acids, flavonoids, iridoids, and nutrients10,11. The main effective constituents have been demonstrated to 
extend the mean lifespan and protect against stress-provoked influenza viral infection10–12. Polysaccharides are 
a widespread biological macromolecule composed of the same or different monosaccharides and uronic acids 
that condensed by glycosidic linkages, and are essential ingredients for all living organisms13. Polysaccharides are 
widely found in plants, microorganisms, bacteria, fungi and seaweed, and they are closely related to many phys-
iological behaviors of life3. Moreover, polysaccharides in both simple and complex glycoconjugated form have 
the potential to support a variety of functions, such as antioxidant, antivirus, immunomodulation, antidiabetes, 
hepatoprotection, antitumour, and antifatigue functions14,15. It has been found that polysaccharides isolated from 
Eucommia ulmoides leaf possessed an important antioxidant role with effective scavenging activities on radicals, 
which are suitable for the development of medical reagents16.

Therefore, an efficient technique for the extraction of E. ulmoides leaf polysaccharides (EULP) and antiox-
idants from E. ulmoides leaves is imperative. Up to now, hot water technology is the mostly adopted method 
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for the conventional isolation of polysaccharides and active compounds17, which is however associated with 
longer extraction time and lower efficiency. In the effective epuration of products from different plant materials, 
microwave-assisted extraction (MAE) has been widely conducted due to its accelerated mass transfer between 
immiscible phases facilitated by the electromagnetic radiation18,19. As compared to other methods, response 
surface methodology (RSM) allows more efficient interpretation and easier arrangement of experiments. RSM 
is an effective multivariate statistical method for optimizing complex experimental processes. It generates a 
second-degree polynomial model by regression fitting of response surface analysis to evaluate the polytomy vari-
ables and its interaction, and then determine the best level. The most important advantage of RSM is the reduced 
number of trials on process optimization20,21. Box-Behnken design (BBD), a type of RSM, is an independent, 
spherical, and rotatable quadratic method that consists of three interlocking 22 factorial designs with points locat-
ing on the surface of a sphere surrounding the center of the design. It has been successfully exerted to optimize 
various biochemical and biotechnological processes22. Therefore, RSM has been used frequently to optimize the 
parameters of extraction experiments23–25.

In this study, a three-level and three variables BBD was used to model and optimize the extraction parameters 
(extraction temperature, time, and liquid to solid ratio) of polysaccharides by the MAE process for the elucidation 
of the different parameters that govern the extraction and structure of polysaccharides from E. ulmoides leaf. The 
MAE process optimized by RSM can thus be predicted and controlled for industrial applications. A mathematical 
model was constructed by RSM to evaluate the effects of the three independent variables and their combinatorial 
interactions on the extraction yield of target products. A comparative analysis between the MAE and conven-
tional heat-reflux extraction (CHE) methods was also conducted. The eight main types of bioactive compounds 
associated with E. ulmoides leaf polysaccharides in the supernatant were identified and quantified by high per-
formance liquid chromatography (HPLC). Analysis of the chemical compositions, structures, and antioxidant 
capacity of EULP was carried out by ultraviolet-visible spectroscopy (UV-Vis), sugar analysis, gel permeation 
chromatography (GPC), and Fourier transform infrared spectroscopy (FTIR) for unraveling the possibility of 
adopting the antioxidant polysaccharides to functional foods.

Materials and Methods
Materials and chemicals.  Fresh E. ulmoides leaves were manually harvested from the arboretum of 
Northwest A & F University, Yangling, China. To remove dusts and impurities deposited on the surface, the 
leaves were rinsed in water repeatedly and then dried in an oven at 40 °C until constant weight was attained. 
Subsequently, the dried samples were ground and sieved to obtain fine powder of about 400‒500 μm particle 
diameter size, and stored in dry and dark environment prior to use.

The standard reagents, such as bioactive components and monosaccharides (National Institutes for Food and 
Drug Control, Beijing, China), were of chromatographic purity. Other chemical agents, including ethanol, sulfu-
ric acid and phenol, were purchased from Sigma Chemical Company (Beijing, China) and used without further 
purification.

Microwave-assisted extraction.  The MAE process was conducted to extract the polysaccharides from 
the leaf samples based on RSM24. Briefly, 2.0 g of ground leaf samples were mixed with specific volume (Table 1) 
of distilled water into a conical flask. The flask was set to a microwave generator (MILESTONE, MicroSYNTH, 
USA) to perform the extraction under conditions listed in Table 1. The extract was vacuum filtered and the fil-
trates obtained were evaporated under vacuum at 40 °C to obtain the concentrated filtrates. Then ethanol (95%) 
with a volume of 3 times of the concentrated filtrate was added slowly to the filtrate with continuous stirring. The 
precipitate was recovered by centrifugation and lyophilization to obtain polysaccharides EULP-MAE. Then, the 
supernatant obtained was concentrated and filtered through a 0.22 μm membrane to obtain a clear filtrate prior to 
quantitative analysis of bioactive compounds. The experimental conditions are listed in Table 1. Polysaccharide 
fraction EULP-CHE extracted with the CHE method under the conditions optimized for MAE was used as a 
control sample.

Response surface method.  On the basis of the results of preliminarily single factor experiments, BBD was 
used for the optimization using three independent variables24. The liquid to solid ratio, extraction temperature, 
and time were chosen as key parameters and designated as A, B, and C, respectively, as shown in Table 1.

Analysis of bioactive components.  Quantitative analysis of the concentration of chlorogenic acid (CGA), 
geniposidic acid (GPA), geniposide (GP), rutin (RU), quercetin (QU), kaempferol (KA), aucubin (AU), and 
pinoresinol diglucoside (PDG) in the extractum from E. ulmoides leaves were carried out by a HPLC system 
(Agilent 1200 series, Agilent Technologies, U.S.) following a chromatography analysis procedure reported in the 
literature26. The structural formulas of these bioactive components are illustrated in Fig. 1.

Structural characterization of polysaccharides.  Phenol-sulfuric acid method was adopted for the 
determination of carbohydrate content of EULP with glucose as the standard reagent following the procedure 
described by Gan et al.24. The molecular weights of polysaccharides were determined by GPC following an estab-
lished procedure27. A 2 mg sample of EULP was dissolved in 2 mL mixture of 0.02 M NaCl and 0.005 M sodium 
phosphate buffer (pH 7.5) prior to measurement. The experiments were performed at least three times. High per-
formance anion exchange chromatography (HPAEC) was employed to determine the monomeric sugars released 
by the acid hydrolysis of EULP with 1 M H2SO4 for 2.5 h at 105 °C27. FTIR spectra of polysaccharides were con-
ducted using a FTIR Microscope (Thermo Nicolet Corporation, Madison, WI) equipped with a MCT detector 
cooled by liquid nitrogen27.
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After adding the mixture of polysaccharide solutions or control (EULP-CHE) in ethanol solution, the DPPH 
(1,1-diphenyl-2-picrylhydrazyl) radical scavenging effect was measured28. The scavenging ability was calculated 
by the following formula:

= − − ×Scavenging ability (%) [1 (A A )/A ] 100%1 2 0

where A0 is the absorbance of water used as the control, A1 is the absorbance of the sample, A2 is the absorbance 
of the sample under identical conditions as A1 and with water instead of DPPH solution. IC50 was referred as the 
concentration of EULP with 50% inhibition. Radical scavenging index (RSI) was defined as the count backwards 
of IC50.

Statistical analysis.  All the data were calculated as the mean of three replicate determinations within signif-
icance p < 0.05 after analyzing the variance (ANOVA) and processing with SPSS 13.0. The Design Expert software 
(Stat-Ease, Minneapolis) was utilized for the regression analysis and the optimization of graphics.

Results and Discussion
Model fitting and statistical analysis.  In the current BBD of RSM, a total of 17 runs were applied in the 
production of EULP to optimize the three individual parameters. The effects of three MAE conditions, including 

Run

Coded variable levels Yield of polysaccharides (%)

A (ratio) B (temp.) C (time) Experimental Predicted

1 20 80 10 10.79 10.53

2 20 40 30 8.13 8.39

3 20 60 20 11.07 11.08

4 30 80 20 12.06 12.00

5 20 60 20 11.15 11.08

6 30 60 10 11.22 11.54

7 20 60 20 10.96 11.08

8 20 40 10 8.84 8.46

9 20 80 30 8.96 9.35

10 10 40 30 8.61 8.67

11 10 60 10 8.69 9.01

12 30 40 20 9.45 9.51

13 10 80 20 9.27 9.21

14 10 60 30 9.43 9.11

15 30 60 30 10.53 10.21

16 20 60 20 11.23 11.08

17 20 60 20 10.99 11.08

Table 1.  BBD and the responses for the yields of polysaccharides.

Figure 1.  Chemical structures of the major bioactive compounds of E. ulmoides leaf.
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liquid to solid ratio (A), extraction temperature (B) and time length (C) on the yields of EULP (response values) 
were investigated (Table 1). As power level alone does not give sufficient information regarding the absorbed 
microwave energy into the extraction system, Alfaro and co-workers introduced a term known as energy density, 
power per mass for a given unit of time, to investigate the effect of microwave power on MAE29. It is reported that 
once the plant matrix was destroyed by microwave radiation, the active compounds would be released. Higher 
power level does not give any contribution to the investigation of interaction between microwaves and extraction 
solvent with the sample. Temperature and microwave power were interrelated, as high microwave power could 
raise the extraction temperature which has been optimized in this investigation30. The process variables, including 
liquid to solid ratio (10:1–30:1 mL/g), extraction temperature (40–80 °C) and time (10–30 min), were selected by 
the single parameter analysis. As shown in Table 1, the predicted response (R) of the EULP yield could be calcu-
lated by a second-order polynomial equation:

= . + . × + . ×
− . × + . × × − . × × − . × ×
− . × − . × − . ×

R (%) 11 08 0 91 A 0 76 B
0 31 C 0 49 A B 0 36 A C 0 28 B C
0 22 A 1 01 B 0 89 C2 2 2

The analysis of variances was employed for selecting the best model matched with the operation results 
(Table 2). The dominant effect of liquid to solid ratio (A) was highly significant (F-value > 50 and p < 0.01, 
Table 2), which implied that the ratio of liquid to solid was interrelated to the EULP yield directly and the most 
influential factor was the liquid to solid ratio among the variables. Moreover, a significant model was established 
owing to a high F value (18.82) and a low p-value (p < 0.01) of the equation. The coefficient value (R2) of the 
model was 0.9603, implying a sample variation of 96.03% for the yield of EULP. An excellent correlation between 
the independent variables was determined by the adjusted correlation coefficient (R2

Adj) of the model.

Analysis of response surfaces.  In each 3D response surface plot, the interaction of two variables was 
studied simultaneously, while the value of third parameter was set in its middle level, and the results are shown 
in Fig. 2. It can be noted that both liquid to solid ratio and extraction temperature exerted a quadratic effect on 
the yield of polysaccharides (Fig. 2a). Moreover, the liquid to solid ratio had a positive linear effect on the EULP 
yield, and the EULP yield increased as the liquid to solid ratio increased from 10 to 30 during the MAE process. 
As the temperature was increased from 56 to 72 °C, a significant enhancement in the yield of polysaccharides was 
achieved (Fig. 2a). However, indiscernible improvement of yield was observed at higher extraction temperatures 
(72–80 °C), which could be ascribed to the partial degradation of EULP at higher temperature31. These findings 
were in consistent with the fractionation of natural polysaccharides from Zizyphus jujuba cv. Jinsixiaozao21 and 
Anastatica hierochuntica32. The effects of liquid to solid ratio (A) and extraction time (C), and their reciprocal 
correlations on EULP yield at 60 °C were depicted in Fig. 2b. The extraction yield increased initially with an incre-
ment of the liquid to solid ratio and extraction time. The longer extraction time led to a slight increase in EULP 
yield whereas the increase of liquid to solid ratio induced an exponential increase of EULP yield during the first 
20 min, and the improvement of yield gradually became constant from 20 to 30 min. The results indicated that the 
EULP yield ranged from 8.69% to 11.23% at 60 °C (Fig. 2b) and the correlations between the variable parameters 
were insignificant (p > 0.05, Table 2). The effects of extraction temperature (B) and time (C) on the EULP yield are 
presented in Fig. 2c. When the value of A was designed at 1:20, the maximal EULP yield of 11.23% was achieved 
at an extraction temperature of 60 °C and a processing time of 20 min.

Optimization of extraction parameters and validation of the model.  Under the optimized exper-
imental conditions for the MAE process, the theoretical maximum EULP yield of 12.35%, corresponding to 
initial weight of dried E. ulmoides leaf, was acquired at 73.65 °C for 15.16 min with a liquid to solid ratio of 28.9. 
A verified experiment was conducted under the optimal conditions to confirm the accuracy of the model. To val-
idate the actual operation conditions, the EULP yield of 12.31% was achieved at 74 °C for 15 min with a liquid to 
solid ratio of 29, which matched the predicted yield of the RSM model. These results confirmed that the response 
model is sufficient to reflect the good correlation between the theoretical optimization and experimental value.

Source Degrees of freedom Sum of squares Mean square F-value p-value

Modela 9 22.22 2.47 18.82 <0.01

A 1 6.59 6.59 50.21 <0.01

B 1 4.58 4.58 34.87 <0.01

C 1 0.78 0.78 5.91 0.0454

AB 1 0.95 0.95 7.24 0.0310

AC 1 0.51 0.51 3.90 0.0890

BC 1 0.31 0.31 2.69 0.1660

A2 1 0.21 0.21 1.59 0.2479

B2 1 4.30 4.30 32.73 <0.01

C2 1 3.34 3.34 25.42 <0.01

Table 2.  Regression coefficient and their significance test of the second-order polynomial model. aR2 = 0.9603, 
R2

Adj = 0.9093, C.V. = 3.59%.
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As a control sample, EULP-CHE was extracted with the CHE method at the optimized conditions (the liq-
uid to E. ulmoides leaf ratio of 29 mL/g, extraction at 74 °C in water bath for 15 min), and a yield of 5.62% was 
achieved. The comparison between the CHE and MAE methods indicated that microwave irradiation can greatly 
improve the extraction efficiency (12.31% vs. 5.62%) and the purity of polysaccharides (89.5% vs. 84.2%). This 
result was consistent with the previous studies of polysaccharides extraction33–36. The high extraction efficiency of 
EULP by the MAE process can be attributed to the breaking of the cells from E. ulmoides leaves by the microwave 
treatment, which facilitates the dissolution of the polysaccharide fractions in the solvent33. The result demon-
strated that microwave-assisted extraction of polysaccharides from E. ulmoides leaf was a time-saving, efficient 
and high yield method.

Figure 2.  The response surface plots depicting the impact of (a) extraction temperature and liquid/solid ratio, 
(b) extraction time and liquid/solid ratio, and (c) extraction time and temperature on the yield of EULP.
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Contents of antioxidants.  Phenolics are the most effective antioxidants derived from plants37,38. In the 
present study, the phenolics were simultaneously extracted from E. ulmoides leaf together with polysaccharides. 
The existence of water soluble polysaccharides-polyphenolic conjugates could make a contribution to the antiox-
idant activity39. Therefore, the extraction and determination of phenolics are the main steps to obtain bioactive 
ingredients associated with polysaccharides from medicinal plant materials. As the fractionation and solubiliza-
tion of some polysaccharides occur along aqueous extraction, the liquid phase is expected to have an increased 
phenolic content and improved antioxidant activity. The contents of CGA, GPA, GP, RU, QU, KA, AU, and PDG 
from E. ulmoides leaves were investigated and the results are shown in Fig. 3a. As can be seen, the contents of 
natural antioxidants were significantly affected by the heating mode in the extraction process. The MAE exhibited 
significant advantages in terms of high extraction efficiency of bioactive components from the plant materials 
as compared to the CHE. The total content of eight main bioactive components extracted by the MAE method 
(5.45%) was apparently higher than that extracted by the CHE method (3.26%). The result indicated that the 
MAE processing can greatly accelerate the release of natural antioxidants. This result was mainly ascribed to 
the more efficient transmission of microwave irradiation to E. ulmoides leaf through molecular interaction with 
the electromagnetic field and the mechanical effects of microjetting and microstreaming, thus facilitated a rapid 
dissolution of EULP into solvent40. The major free active compound in water extracts was CGA, followed by 
GPA, GP, RU, and AU, together with minor amounts of QA, KA, and PDG. The antioxidant activity of extracts 
have been reported in the literature to present a marked correlation with the levels of soluble phenolic content26. 
Apparently, CGA was the dominant antioxidant in both extracts using the CHE and MAE methods, amounting 
to 1.30% and 1.87%, respectively. In addition, GPA appeared to be the secondary major antioxidant, comprising 
0.94% and 1.71%, respectively. Other bioactive components were observed as noticeable amounts. Moreover, the 
contents of CGA, GPA, GP, RU, and AU in the sample collected by the MAE process were slightly higher as com-
pared to those by the CHE method. However, the fluctuations of the yields of QU, KA and PDG were small. This 
indicated that the heating mode significantly influenced the content of each functional constituent to different 
extents, which may result from the differences in their chemical structures and metabolism process. In summary, 
the MAE is favorable as compared to the CHE method for screening effective components.

Structural characterization of polysaccharides.  Compositional analysis of EULP.  From the sugar 
analysis of the extracted polysaccharides (Fig. 3b), the polysaccharide fractions contained relatively high lev-
els of carbohydrates, ranging from 84.2% (EULP-CHE) to 89.5% (EULP-MAE), indicating that the purity of 
EULP-MAE was higher than that of EULP-CHE. Based on UV-spectral data, the remaining mass was identified 
predominantly as proteins which may have been associated with these polysaccharides.

The monosaccharide composition of polysaccharides after acid hydrolysis was identified and determined 
through sugar analysis27. Usually, the treatment with acid and high temperature leads to the partial degradation 
of carbohydrates to form byproducts. Among them, the monosaccharides originated from polysaccharides could 
be degraded into several byproducts, such as furfural, 5-hydroxymethylfurfural and carboxylic acids. Obviously, 
glucose was a dominant sugar component in the EULP-MAE and EULP-CHE samples, comprising 38.2–39.1% of 
the total sugar composition, whereas arabinose (8.5–18.5%), rhamnose (5.6–17.4%), and galactose (14.1–15.2%) 
were present in small amounts. Xylose (2.1–10.9%) and mannose (1.7–4.5%) were observed as the minor con-
stituents in all polysaccharides. In addition, it was found that a certain amount of uronic acid (11.1–13.3%) was 
presented. The first polysaccharide, designated EULP-CHE, contained L-rhamnose, L-arabinose, D-galactose, 
D-glucose, D-xylose, D-mannose, D-glucuronic acid, and D-galacturonic acid, in the approximate molar ratios 

Figure 3.  (a) The amounts of bioactive components in aqueous E. ulmoides leaf extracts after conventional heat 
reflux extraction (CHE) and microwave assisted extraction (MAE). CGA, chlorogenic acid; GPA, geniposidic 
acid; GP, geniposide; RU, rutin; QU, quercetin; KA kaempferol; AU, aucubin; PDG, pinoresinol diglucoside. (b) 
The chemical compositions of polysaccharides (relative percent of dry samples, w/w). CHE, conventional heat 
reflux extraction method; MAE, microwave assisted extraction method.
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of 9:32:20:55:19:2:14:1. The other (EULP-MAE) contained the alike monosaccharides in the approximate molar 
ratios of 7:4:6:14:1:2:3:1. Interestingly, it was found that the discrepancy between the contents of rhamnose, ara-
binose, and xylose in the two polysaccharides were significant, suggesting the differences of sugar composition 
in polysaccharides were ascribed to the different extraction processes. The possible interpretation was that the 
linkages, such as the hydrogen bonds, between the polysaccharides and the other components in the plant cell 
walls of E. ulmoides leaf were partially cleaved, which led to different contents of sugars. It is worth mentioning 
that both EULP-CHE and EULP-MAE contained a major fraction of glucose, amounting to 38.2% and 39.1%, 
respectively. This indicated that some β-glucans or starch were probably presented in the isolated polysaccharides 
and the microwave-assisted treatments may favor the release of β-glucans.

Molecular weight distribution.  The weight-average (Mw) and number-average (Mn) molecular weights, and poly-
dispersity (Mw/Mn) of the polysaccharide fractions were determined to estimate the effects of the microwave 
heating on the molecular structures. The molecular weight distribution of fractions was analyzed by GPC and the 
representative spectra are presented in Fig. 4. As can be seen from this figure, when the MAE was conducted at 
the optimal conditions, the polysaccharides had a high molecular weight and polydispersity (Mw 38,830 g/mol, 
Mw/Mn 2.19). From molecular weight analysis of the polysaccharides EULP-CHE, a narrower distribution and 
apparent reduction of the molecular weight were observed (Mw 12,055 g/mol, Mw/Mn 1.26). These discrepancies 
in molecular weight were probably due to the nature of the sample and the various isolation conditions used, 
in which the backbone chain and substituent of polysaccharides may play a very important role in manipu-
lating the molecular weight. Furthermore, molecular weight distribution curves also illustrated the structural 
feature of the polysaccharides obtained by different extraction processes. It was found that EULP-MAE exhibited 
bimodal molecular weight distribution. This suggested that the microwave had considerable linkage-breaking 
effects, which ultimately led to heterogeneous molecules, as confirmed by polydispersity. However, the polysac-
charide fraction EULP-CHE displayed unimodal molecular weight distribution curves. This phenomenon could 
be ascribed to slow mass transfer between the solvent and E. ulmoides leaf when performed with the CHE. This 
work proved that the MAE method is a feasible way to explore the potential application of polysaccharides-based 
bioactive components in the food industry.

FTIR analysis.  To further investigate the structural heterogeneity between the bioactive hydrophilic polysac-
charides, FTIR spectra of EULP-CHE and EULP-MAE were recorded (Fig. 5). The spectra of the fractions show 
minor changes in the peak intensities, indicating that these water-extractable polysaccharides had an analo-
gous chemical structure. The FTIR spectra show an intense and broad band at 3369 cm−1 representing hydroxyl 
groups41. The adsorption of anti-symmetrical stretching vibration in C–H group is located at 2926 cm−1, the 
bands around 1745 cm−1 suggest the presence of ester carbonyl groups (C=O) of uronic acids in polysaccha-
rides, and those in the region of 1652 cm−1 are due to bound water41,42. A weak symmetrical stretching peak at 
approximately 1400–1200 cm−1 can be attributed to the presence of carboxyl groups41. The peaks in the range 
1200–1000 cm−1 corresponded to the ring vibrations overlapping with stretching vibrations of the (C–O–C) gly-
cosidic linkage vibration and (C–OH) side groups43. As can be seen in Fig. 5, a notable shift of this peak appeared 
at 1042 cm–1, which corresponded to the C–C and C–O stretching modes and the glycosidic band (C–O–C) vibra-
tion in polysaccharides44. This finding implied that a typical absorbance for xylans was presented in the polysac-
charide fractions. The weak absorbance at 1238 cm−1 was due to the fraction EULP-CHE, and some acetyl groups 
attached to the polysaccharides were confirmed by the weak peak at 1238 cm−1. This indicated that more acetyl 
groups linked to the polysaccharides were degraded in the presence of microwave irradiation, thus only a portion 
of the acetyl groups were preserved in EULP-MAE. The absorption at 913 cm−1 was related to the β-pyranose of 
glucose. Another absorbance at 892 cm−1 was related to the C1 group frequency or ring frequency in the poly-
saccharides, which corresponded to the β-glycosidic bonds between the D-mannose units. Moreover, the band at 
760 cm−1 showed a β-configuration of the sugar units. Based on the FTIR and sugar analysis of EULP-CHE and 

Figure 4.  Molecular weight distribution curves of polysaccharides. EULP-CHE, E. ulmoides leaf 
polysaccharides via conventional heat reflux extraction; EULP-MAE, E. ulmoides leaf polysaccharides via 
microwave assisted extraction.
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EULP-MAE, it can be assumed that these polymers belonged to a structure of β-type acidic heteropolysaccharides 
with a glucan group and highly branched degree.

Antioxidant capacity of EULP in vitro.  As compared to the classic commercial antioxidants, including BHA and 
BHT, the antioxidant activity of EULP against DPPH radical is presented in Fig. 6. As shown in this figure, the 
two polysaccharides exhibited a noticeable and dose-dependent DPPH radical scavenging activity, which was 
ascribed to the hydrogen donating capacity and combination with free radicals to form a stable non-radical form 
(DPPH-H)28,45. The scavenging effect on DPPH radical of EULP-MAE was much higher than those of EULP-CHE 
at the concentrations ranged from 0.1 to 2.0 mg/mL, which was closely interrelated with the phenolic content 
of the extractum. At the sample concentration of 2 mg/mL, EULP-MAE exhibited pronounced DPPH radical 
scavenging activity of 84.3%, which was significantly higher than that of EULP-CHE (65.9%). The order of rad-
ical scavenging effect of EULP to DPPH in comparison with the control (commercial BHA and BHT) was BHA 
> EULP-MAE > EULP-CHE > BHT. In the present study, the increment of DPPH antioxidant effect of the poly-
saccharide fractions was in accordance with the increase of the average molecular weight. The IC50 values were 
0.41, 0.87, 1.22 and 3.56 mg/mL for BHA, EULP-MAE, EULP-CHE, and BHT respectively. The results demon-
strated that all the polysaccharide fractions had lower antioxidant capacity than BHA, but higher than BHT. In 
comparison with the high cost and the limited efficiency of artificial antioxidants, such as BHA and BHT, the 
extracted polysaccharides offered a relatively feasible source of natural antioxidant. Overall, the investigations 
of antioxidant effect in vitro suggested that the polysaccharides extracted by the MAE process demonstrated 
an improved antioxidant capacity and had promising prospects in potential applications as functional foods. It 
could improve aging and age-related diseases by reducing intracellular free radicals46. Owing to their safety and 
nontoxic properties, some of bioactive polysaccharides have also been widely used in biochemical and medical 
industries47.

Figure 5.  FTIR spectra of the polysaccharide fractions from E. ulmoides leaf using conventional heat reflux 
extraction (EULP-CHE) and microwave assisted extraction (EULP-MAE) methods.

Figure 6.  Scavenging effect of EULP-CHE and EULP-MAE on DPPH radical.
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Conclusion
To improve the yield of polysaccharides from E. ulmoides leaf, the MAE technology was combined with RSM for 
the optimization of extraction process. On the basis of contour plots and variance analysis, the maximum poly-
saccharides yield of 12.31% was achieved by extraction at 74 °C for 15 min with a solid to liquid ratio of 1:29 g/mL, 
which was 2.9-fold higher than that of the CHE method and in good agreement with the predicted yield value 
(12.35%). Moreover, the extractum collected by the MAE process showed 1.7-fold higher yield of bioactive con-
stituents as compared with the CHE process. The polysaccharides were identified to belong to the glucan family 
from the FTIR spectroscopy analysis. All these polysaccharides have similar compositions which were comprised 
of a large amount of glucose (38.2–39.1%) and a small quantity of other sugar components. The polysaccharides 
from optimized MAE process had a high sugar content (89.5%), together with a high molecular weight (Mw 
38,830 g/mol) and polydispersity (Mw/Mn 2.19), and exhibited high antioxidant activity (RSI 1.22). It was con-
cluded that the MAE provided a promising alternative to isolate polysaccharides and bioactive components from 
E. ulmoides for potential application as natural antioxidants in food or biomedical industry.

References
	 1.	 Ren, L., Perera, C. & Hemar, Y. Antitumor activity of mushroom polysaccharides: a review. Food & Function 3, 1118–1130 (2012).
	 2.	 Lin, L. et al. Structural characteristics of water-soluble polysaccharides from Rabdosia serra (MAXIM.) HARA leaf and stem and 

their antioxidant capacities. Food Chem. 135, 730–737 (2012).
	 3.	 Zong, A., Cao, H. & Wang, F. Anticancer polysaccharides from natural resources: a review of recent research. Carbohydr. Polym. 90, 

1395–1410 (2012).
	 4.	 Marinova, E. M., Toneva, A. & Yanishlieva, N. Comparison of the antioxidative properties of caffeic and chlorogenic acids. Food 

Chem. 114, 1498–1502 (2009).
	 5.	 Hirata, T. et al. Anti-obesity compounds in green leaves of Eucommia ulmoides. Bioorg. Med. Chem. Lett. 21, 1786–1791 (2011).
	 6.	 Zhang, Q., Su, Y. & Zhang, J. Seasonal difference in antioxidant capacity and active compounds contents of Eucommia ulmoides 

Oliver leaf. Molecules 18, 1857–1868 (2013).
	 7.	 Yen, G. C. & Hsieh, C. L. Antioxidant activity of extracts from Du-zhong (Eucommia ulmoides) toward various lipid peroxidation 

models in vitro. J. Agr. Food Chem. 46, 3952–3957 (1998).
	 8.	 Zhou, Y. et al. Protective effects of Eucommia ulmoides Oliv. bark and leaf on amyloid beta-induced cytotoxicity. Environ. Toxicol. 

Phar. 28, 342–349 (2009).
	 9.	 Shahrzad, S. & Bitsch, I. Determination of some pharmacologically active phenolic acids in juices by high-performance liquid 

chromatography. J. Chromatogr. A 741, 223–231 (1996).
	10.	 Li, Y., Metorim, K., Koike, K., Che, Q. M. & Takahashi, S. Improvement in the turnover rate of the stratum corneum in false aged 

model rats by the administration of geniposidic acid in Eucommia ulmoides Oliver leaf. Biol. Pharm. Bull. 22, 582–585 (1999).
	11.	 Li, Y. et al. The promoting effects of geniposidic acid and aucubin in Eucommia ulmoides Oliver leaves on collagen synthesis. Biol. 

Pharm. Bull. 21, 1306–1310 (1998).
	12.	 Shang, Y. F., Kim, S. M. & Um, B. H. Optimisation of pressurised liquid extraction of antioxidants from black bamboo leaves. Food 

Chem. 154, 164–170 (2014).
	13.	 Chen, Q. et al. Recent advances in polysaccharides for osteoarthritis therapy. Eur. J. Med. Chem. 139, 926–935 (2017).
	14.	 Gao, Q.-H., Fu, X., Zhang, R., Wang, Z. & Guo, M. Neuroprotective effects of plant polysaccharides: A review of the mechanisms. 

Int. J. Biol. Macromol. 106, 749–754 (2018).
	15.	 Shi, Q. et al. Overview on the antiviral activities and mechanisms of marine polysaccharides from seaweeds. Carbohydr. Res. 453-

454, 1–9 (2017).
	16.	 Hong, Y.-K., Liu, W.-J., Li, T. & She, S.-Y. Optimization of extraction of Eucommia ulmoides polysaccharides by response surface 

methodology. Carbohydr. polym. 92, 1761–1766 (2013).
	17.	 Zhang, Z. F. et al. Effects of extraction methods on the antioxidant activities of polysaccharides obtained from Flammulina velutipes. 

Carbohydr. Polym. 98, 1524–1531 (2013).
	18.	 Zhang, B., Yang, R. & Liu, C. Z. Microwave-assisted extraction of chlorogenic acid from flower buds of Lonicera japonica Thunb. Sep. 

Purif. Technol. 62, 480–483 (2008).
	19.	 Li, H., Chen, B., Zhang, Z. & Yao, S. Focused microwave-assisted solvent extraction and HPLC determination of effective 

constituents in Eucommia ulmodies Oliv. (E. ulmodies). Talanta 63, 659–665 (2004).
	20.	 Maran, J. P., Sivakumar, V. & Sridhar, R. Immanuel, V.P. Development of model for mechanical properties of tapioca starch based 

edible films. Ind. Crop. Prod. 42, 159–168 (2013).
	21.	 Zhao, Z. Y., Zhang, Q., Li, Y. F., Dong, L. L. & Liu, S. L. Optimization of ultrasound extraction of Alisma orientalis polysaccharides 

by response surface methodology and their antioxidant activities. Carbohydr Polym. 119, 101–109 (2015).
	22.	 Tian, S., Hao, C., Xu, G., Yang, J. & Sun, R. Optimization conditions for extracting polysaccharide from Angelica sinensis and its 

antioxidant activities. J. Food Drug Anal. 25, 766–775 (2017).
	23.	 Box, G. E. P. & Behnken, D. W. Some new three level designs for the study of quantitative variables. Technometrics 2, 455–475 (1960).
	24.	 Gan, C. Y., Manaf, N. H. A. & Latiff, A. A. Optimization of alcohol insoluble polysaccharides (AIPS) extraction from the Parkia 

speciosa pod using response surface methodology (RSM). Carbohydr. Polym. 79, 825–831 (2010).
	25.	 Huang, W., Xue, A., Niu, H., Jia, Z. & Wang, J. Optimised ultrasonic-assisted extraction of flavonoids from Folium eucommiae and 

evaluation of antioxidant activity in multi-test systems in vitro. Food Chem. 114, 1147–1154 (2009).
	26.	 Xu, J. K., Li, M. F. & Sun, R. C. Identifying the impact of ultrasound-assisted extraction on polysaccharides and natural antioxidants 

from Eucommia ulmoides Oliver. Process Biochem. 50, 473–481 (2015).
	27.	 Xu, J. K., Sun, Y. C. & Sun, R. C. Ionic liquid pretreatment of woody biomass to facilitate biorefinery: structural elucidation of alkali-

soluble hemicelluloses. ACS Sustain. Chem. Eng. 2, 1035–1042 (2014).
	28.	 Souza, B. W. S. et al. Chemical characterization and antioxidant activity of sulfated polysaccharide from the red seaweed Gracilaria 

birdiae. Food Hydrocolloid. 27, 287–292 (2012).
	29.	 Alfaro, M. J., Bélanger, J. M. R., Padilla, F. C. & Paré, J. R. J. Influence of solvent, matrix dielectric properties, and applied power on 

the liquid-phase microwave-assisted processes (MAP™)1 extraction of ginger (Zingiber officinale). Food Res. Int. 36, 499–504 
(2003).

	30.	 Chan, C.-H., Yusoff, R., Ngoh, G.-C. & Kung, F. W.-L. Microwave-assisted extractions of active ingredients from plants. J. 
Chromatogr. A 1218, 6213–6225 (2011).

	31.	 Li, J. W., Ding, S. D. & Ding, X. L. Optimization of the ultrasonically assisted extraction of polysaccharides from Zizyphus jujuba cv. 
Jinsixiaozao. J. Food Eng. 80, 176–183 (2007).

	32.	 Norulaini, N. A. N. et al. Optimization of supercritical CO2 extraction of Anastatica hierochuntica. Food and Bioprod. Process. 87, 
152–158 (2009).

	33.	 Maran, J. P., Sivakumar, V., Thirugnanasambandham, K. & Sridhar, R. Optimization of microwave assisted extraction of pectin from 
orange peel. Carbohydr. Polym. 97, 703–709 (2013).



www.nature.com/scientificreports/

1 0SCientifiC REPOrTS |  (2018) 8:6561  | DOI:10.1038/s41598-018-24957-0

	34.	 Zhao, B. T., Zhang, J., Guo, X. & Wang, J. L. Microwave-assisted extraction, chemical characterization of polysaccharides from 
Lilium davidii var.unicolor Salisb and its antioxidant activities evaluation. Food Hydrocolloid. 31, 346–356 (2013).

	35.	 Passos, C. P. & Coimbra, M. A. Microwave superheated water extraction of polysaccharides from spent coffee grounds. Carbohydr. 
Polym. 94, 626–633 (2013).

	36.	 Xiang, W., Din, X., Zhang, X. L., Wei, Q. & Chen, S. H. Optimization of processing parameters of microwave-assisted extraction 
technique of Moerella iridescens polysaccharide by response surface methodology. Journal of Chinese medicinal materials 36, 
349–353 (2013).

	37.	 Aruoma, O. I. Nutrition and health aspects of free radicals and antioxidants. Food Chem. Toxicol. 32, 671–683 (1994).
	38.	 Clifford, M. N. Chlorogenic acids and other cinnamates—Nature, occurrence, dietary burden, absorption and metabolism. J. Sci. 

Food Agr. 80, 1033–1043 (2000).
	39.	 Liu, J. et al. Isolation, structural characterization and bioactivities of naturally occurring polysaccharide–polyphenolic conjugates 

from medicinal plants—A review. Int. J. Biol. Macromol. 107, 2242–2250 (2018).
	40.	 Thostenson, E. T. & Chou, T. W. Microwave processing: fundamentals and applications. Compos. Part A: Appl. Sci. Manufac. 30, 

1055–1071 (1999).
	41.	 Gnanasambanda, R. & Proctor, A. Determination of pectin degree of esterification by diffuse reflectance Fourier transform infrared 

spectroscopy. Food Chem. 68, 327–332 (2000).
	42.	 He, Y. M. et al. Isolation and structural characterization of a novel polysaccharide prepared from. Arca subcrenata Lischke. J. Biosci. 

Bioeng. 104, 111–116 (2007).
	43.	 Chun, Y. et al. Extraction optimization of polysaccharides of Schisandrae Fructus and evaluation of their analgesic activity. Int. J. Biol. 

Macromol. 57, 291–296 (2013).
	44.	 Zhao, G. H., Kan, J. Q., Li, Z. X. & Chen, Z. D. Structural features and immunological activity of a polysaccharide from Dioscorea 

opposita Thunb roots. Carbohydr. Polym. 61, 125–131 (2005).
	45.	 Wu, G. H., Hu, T., Li, Z. Y., Huang, Z. L. & Jiang, J. G. In vitro antioxidant activities of the polysaccharides from Pleurotus tuber-

regium (Fr.) Sing. Food Chem. 148, 351–356 (2014).
	46.	 Balaban, R. S., Nemoto, S. & Finkel, T. Mitochondria, oxidants, and aging. Cell 120, 483–495 (2005).
	47.	 Yu, Y., Shen, M., Song, Q. & Xie, J. Biological activities and pharmaceutical applications of polysaccharide from natural resources: A 

review. Carbohydr. Polym. 183, 91–101 (2018).

Acknowledgements
The authors would like to express their gratitude for the financial support for this research from the project 
funded by Natural Science Foundation of China (31700511), China Postdoctoral Science Foundation 
(2016M602305), National Thousand Young Talents Program, Key Project of Hubei Provincial Natural Science 
Foundation (2014CFA109), Innovative and Interdisciplinary Team at HUST (0118261077) and Independent 
Innovation Foundation of HUST-Exploration Fund (2014TS092). The authors would like to thank the Analytical 
and Testing Center of Huazhong University of Science and Technology for providing the facilities to conduct the 
characterization work.

Author Contributions
J. Xu, J. Hu and B. Liu conceived the experiments, J. Xu conducted the experiments. The experimental data 
were analyzed and discussed by all the authors. H. Hou, J. Hu and B. Liu supervised the work. The manuscript 
was written through contributions of all authors. All authors have given approval to the final version of the 
manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://creativecommons.org/licenses/by/4.0/

	Optimized microwave extraction, characterization and antioxidant capacity of biological polysaccharides from Eucommia ulmoi ...
	Materials and Methods

	Materials and chemicals. 
	Microwave-assisted extraction. 
	Response surface method. 
	Analysis of bioactive components. 
	Structural characterization of polysaccharides. 
	Statistical analysis. 

	Results and Discussion

	Model fitting and statistical analysis. 
	Analysis of response surfaces. 
	Optimization of extraction parameters and validation of the model. 
	Contents of antioxidants. 
	Structural characterization of polysaccharides. 
	Compositional analysis of EULP. 
	Molecular weight distribution. 
	FTIR analysis. 
	Antioxidant capacity of EULP in vitro. 


	Conclusion

	Acknowledgements

	Figure 1 Chemical structures of the major bioactive compounds of E.
	Figure 2 The response surface plots depicting the impact of (a) extraction temperature and liquid/solid ratio, (b) extraction time and liquid/solid ratio, and (c) extraction time and temperature on the yield of EULP.
	Figure 3 (a) The amounts of bioactive components in aqueous E.
	Figure 4 Molecular weight distribution curves of polysaccharides.
	Figure 5 FTIR spectra of the polysaccharide fractions from E.
	Figure 6 Scavenging effect of EULP-CHE and EULP-MAE on DPPH radical.
	Table 1 BBD and the responses for the yields of polysaccharides.
	Table 2 Regression coefficient and their significance test of the second-order polynomial model.




