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Abstract: An efficient and environmental-friendly extraction method has been developed for
extraction of ursolic acid (UA) from Hedyotis diffusa by using subcritical water extraction (SWE).
The experiments were carried out at different particle sizes (20–100 mesh), extraction temperature
(120–200 ◦C), extraction time (10–50 min), solvent/solid ratio (20–40 mL/g), and extraction pressure
(0.6–3.0 MPa). Response surface methodology (RSM) was employed to optimize SWE conditions,
and the maximum UA yield was 6.45 mg/g material. Optimal conditions are as follows: Particle size
of 80 mesh, extraction temperature at 157 ◦C and a solvent/solid ratio of 30 mL/g. The model of
experimental response was proved to predict the experimental results very well and demonstrated
that UA yield was mainly depended on solvent/solid ratio, followed by particle size and temperature.
The purified extract was analyzed by electrospray ionization time-of-flight mass spectrometry
(ESI-TOF-MS). The acquired precursor ion was m/z 455.3532, which is consistent with calculated
value of UA. Furthermore, different extraction methods, including maceration extraction, heat
reflux extraction, ultrasonic extraction, microwave-assisted extraction, and SWE were comparatively
analyzed, which indicated that SWE was a time-saving, cost-saving and environment-friendly
extraction technology for extraction of UA from Hedyotis diffusa.

Keywords: Hedyotis diffusa; ursolic acid (UA); subcritical water extraction (SWE); response surface
methodology (RSM)

1. Introduction

Hedyotis diffusa Willd. (synonym Oldenlandia diffusa Willd., family Rubiaceae) is a well-known
Chinese herbal medicine widely used in combination with other herbal medicines to treat various
types of cancer [1]. The plant contains a variety of active components, including triterpene acids,
flavonoids, anthraquinones and steroids [2]. Ursolic acid (UA) is a pentacyclic triterpene acid existing
abundantly in H. diffusa [3]. Ursolic acid and its derivatives have been reported to have a number
of bioactivities, including anti-inflammatory, hepatoprotective, anti-tumor, anti-viral, anti-HIV,
anti-microbial, antimalarial, anti-diabetic, gastroprotective, and anti-hyperlipidemic effects [4–8].

Several research papers have discussed the extraction of UA in some natural materials using
organic solvents, such as acetone [9], ethanol [10,11], methanol, acetonitrile and ethyl acetate [12].
Many extraction methods, all conventional, such as Soxhlet extraction [13], maceration [14], reflux
extraction [15] and modern, e.g., ultrasonic-assisted extraction (UAE) [16], accelerated solvent

Appl. Sci. 2017, 7, 187; doi:10.3390/app7020187 www.mdpi.com/journal/applsci

http://www.mdpi.com/journal/applsci
http://www.mdpi.com
http://www.mdpi.com/journal/applsci


Appl. Sci. 2017, 7, 187 2 of 13

extraction (ASE) and microwave-assisted extraction (MAE) [9] have been used to extract triterpenes
and their derivatives from plant material. However, conventional organic solvent extractions have
an energy-consuming nature, low extraction selectivity, lengthy extraction procedures, and cause
environmental problems. Nowadays, the desire to reduce the use of the organic solvents in food and
medicine processing has led to new extraction methods including supercritical fluid extraction and
subcritical water extraction (SWE).

In subcritical water extraction (SWE), water is pressurized to a temperature and pressure
under its critical level conditions with dielectric constant changed, which has become an effective
means for the isolation of bioactive and nutritional compounds from plants and food materials [17].
The advantages of SWE include the low energy consumption, simplified operation, high efficiency,
friendly environment system and potential of scaling up to the industrial level. Recently, SWE has
been used to extract phenolic compounds [18,19], lipids [20], polysaccharides [21], proteins and amino
acids [22,23]. In general, extraction of an active ingredient using SWE from plant sources is influenced
by multiple parameters such as extraction temperature, extraction time, extraction pressure and ratio
of liquid to material, and their effects may be either independent or interactive. Response surface
methodology (RSM) has been described to be an effective statistical technique for solving multivariate
problems and optimizing several responses in many types of experiments because it can simultaneously
consider several factors at many different levels and corresponding interactions among these factors
using a small number of observations [24].

In the present work, we report the optimization of the subcritical water extraction of ursolic acid
from H. diffusa using response surface methodology (RSM) experimental design. High performance
liquid chromatography (HPLC) is used to quantify UA in H. diffusa extracts, and the purified extract
was analyzed by electrospray ionization time-of-flight mass spectrometry (ESI-TOF-MS). Furthermore,
the result of the proposed method was compared with other extraction methods, such as maceration
extraction, heat reflux extraction, ultrasonic extraction and microwave-assisted extraction.

2. Materials and Methods

2.1. Materials and Reagents

Whole H. diffusa plants were purchased from an herbal supplier (Tianyuan Agricultural and
Forestry Products Co., Ltd., Chizhou, China). The air-dried whole H. diffusa were pulverized by a knife
mill, and were sieved to different sizes of 20, 40, 60, 80, 100 mesh by mesh screen. All powder samples
were subsequently packed into plastic bags and stored in desiccators at room temperature for later
extraction. The reference standard of ursolic acid (HPLC purity > 97%) was purchased from Preferred
Biological Technology Co., Ltd., Chengdu, China. HPLC-grade solvents for HPLC analysis, such as
methanol, were obtained from J & K Chemical Co., Ltd., (Beijing, China). Ethanol (>99.7% purity),
sulphuric acid (98%), and all other chemicals were analytical reagent grade.

2.2. Subcritical Water Extraction

SWE was carried out using a batch reactor, constructed by Beijing Shentaiweiye Equipment Co., Ltd.
(Model TGYF-A, Beijing, China). The detailed SWE was showed in Figure S1. The schematic diagram
of SWE was presented in Figure 1. The setup consists of three main parts: N2 gas cylinder, batch reactor
and collector. The reactor was made of stainless steel, with a volume of 100 mL. In all trials, the material
(1 g) and ultrapure water (20~40 mL) were added into the reactor and closed tightly. The reactor
headspace air evacuated and refilled with pure N2 gas. A thermocouple (Beijing Shentaiweiye
Equipment Co., Ltd., Beijing, China) and a pressure gauge (Beijing Shentaiweiye Equipment Co., Ltd.,
Beijing, China) were used to measure the temperature and pressure inside the reactor. The extraction
time was recorded when the interior temperature of the reactor reached the target level. Once the
extraction was finished, the reactor was quenched with the cooler. Finally, the liquid product mixture
was collected from the reactor.
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Figure 1. Schematic diagram of subcritical water extraction apparatus. IR: impounding reservoir; PG: 
pressure gauge; H: preheater; BR: batch reactor; T: thermocouple. 
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remove the insoluble materials. The supernatants were concentrated by rotary evaporation and 
then the resulting residue was purified with alkali-dissolution and the acid-precipitation method. 
Using sulphuric acid and sodium hydroxide, the pH value of extracted solution was adjusted 
repeatedly for purity of UA. The resulting precipitation was dissolved by ethanol, and the solution 
was passed through a 0.22 μm membrane filter (Jinteng Experimental Equipment Inc., Tianjin, 
China) prior to HPLC analysis. The extraction yield of UA can be calculated using Equation (1): 

Extraction yield (mg/g) =  content of UA (mg/g)
weight of sample powder (g). (1) 
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was performed on an Agilent 1200 HPLC system with a Venusil MP C18 column (4.6 mm × 250 mm, 
5 μm, Bonna-Agela Technologies, Tianjin, China). The mobile phase consisted of methanol: 0.1% 
aqueous phosphoric acid (88:12 v/v). The flow rate was 1 mL/min, the separation temperature was 
25 °C, UV detection was carried out at 210 nm, and injection volume was set up in 10 μL. 
Calibration curves for standard UA were used to calculate the extraction yield that was expressed 
in units of mg/g material. Identification of target compounds was based on retention time and 
chromatographic behavior compared to the standard UA. 

Mass spectrometric (MS) analysis was performed on a Liquid Chromatography Mass 
Spectrometry (Shimadzu, Kyoto, Japan) with an ESI source in order to further identify ursolic acid. 
The MS conditions for detection were as follows: Negative ion mode; detector voltage, 1.58 kV; 
curved desolvation line temperature, 200 °C; heat block temperature, 200 °C; 1.5 L/min of 
nebulizing gas (N2) flow rate; 1.5 × 10−2 Pa of IT area vacuum; 1.6 × 10−4 Pa of TOF area vacuum; 149 
kPa of drying gas pressure. The spectra were recorded from m/z 100 to 600 and the data for the 
negative ion mode were acquired for [M−H] − at m/z 455.3631 for UA. 

2.5. Single Factor Experimental Design 

Single factor experiments were designed to study the effect of particle size, extraction 
temperature, extraction time, solvent/solid ratio and extraction pressure on the extraction yield of 

Figure 1. Schematic diagram of subcritical water extraction apparatus. IR: impounding reservoir;
PG: pressure gauge; H: preheater; BR: batch reactor; T: thermocouple.

2.3. Ursolic Acid (UA) Purification

After subcritical water extraction, the mixtures were centrifuged at 4000 rpm for 10 min to
remove the insoluble materials. The supernatants were concentrated by rotary evaporation and then
the resulting residue was purified with alkali-dissolution and the acid-precipitation method. Using
sulphuric acid and sodium hydroxide, the pH value of extracted solution was adjusted repeatedly
for purity of UA. The resulting precipitation was dissolved by ethanol, and the solution was passed
through a 0.22 µm membrane filter (Jinteng Experimental Equipment Inc., Tianjin, China) prior to
HPLC analysis. The extraction yield of UA can be calculated using Equation (1):

Extraction yield (mg/g) =
content of UA (mg/g)

weight of sample powder (g)
. (1)

2.4. High Performance Liquid Chromatography (HPLC) and Electrospray Ionization Time-of-Flight Mass
Spectrometry (ESI-TOF-MS) Analyses

An HPLC method was developed for the detection and quantification of UA in extracts, which was
performed on an Agilent 1200 HPLC system with a Venusil MP C18 column (4.6 mm × 250 mm, 5 µm,
Bonna-Agela Technologies, Tianjin, China). The mobile phase consisted of methanol: 0.1% aqueous
phosphoric acid (88:12 v/v). The flow rate was 1 mL/min, the separation temperature was 25 ◦C,
UV detection was carried out at 210 nm, and injection volume was set up in 10 µL. Calibration
curves for standard UA were used to calculate the extraction yield that was expressed in units of
mg/g material. Identification of target compounds was based on retention time and chromatographic
behavior compared to the standard UA.

Mass spectrometric (MS) analysis was performed on a Liquid Chromatography Mass Spectrometry
(Shimadzu, Kyoto, Japan) with an ESI source in order to further identify ursolic acid. The MS conditions
for detection were as follows: Negative ion mode; detector voltage, 1.58 kV; curved desolvation line
temperature, 200 ◦C; heat block temperature, 200 ◦C; 1.5 L/min of nebulizing gas (N2) flow rate;
1.5 × 10−2 Pa of IT area vacuum; 1.6 × 10−4 Pa of TOF area vacuum; 149 kPa of drying gas pressure.
The spectra were recorded from m/z 100 to 600 and the data for the negative ion mode were acquired
for [M−H] − at m/z 455.3631 for UA.
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2.5. Single Factor Experimental Design

Single factor experiments were designed to study the effect of particle size, extraction temperature,
extraction time, solvent/solid ratio and extraction pressure on the extraction yield of UA. During
the optimization of experimental factors, one factor was changed while the other factors were kept
constant in each experiment [25], and all the experiments were repeated three times.

2.6. Experimental Design of Response Surface Methodology (RSM)

RSM is a useful tool for analyzing the relationships between measured responses (dependent
variables) and factors (independent variables), allowing for minimization of experimentation and
leading to correlations that can be used for optimization purposes.

Based on the preliminary single factor results, RSM was used to investigate and optimize the SWE
conditions for UA from H. diffusa. Particle size (X1), extraction temperature (X2) and solvent/solid
ratio (X3) were preferred for independent variables, and UA yield (Y) was taken as the response of
the designed experiments. The Box–Behnken Design (BBD) with three variables and three levels was
constructed. The BBD consists of 17 trials, compared to Central Composite Design (CCD), requires
fewer experiments to elucidate the three factors [26]. The process variables and experimental data
are presented in Table 1. Based on experimental date from BBD, regression analysis was carried out,
and the second-order polynomial model performed as follows:

Y = β0 +
3

∑
i=1

βiXi +
3

∑
i=1

βiiX
2
i +

2

∑
i=1

3

∑
j=i+1

βijXiXj , (2)

where Y is the predicted response; β0, βi, βii, and βij, are, respectively, the constant term,
the linear coefficient, quadratic coefficient and interaction coefficient; and Xi and Xj are the different
independent variables.

Table 1. Box–Behnken design with independent variables and response values.

Run
Parameters and Levels

Ursolic Acid Yields (mg/g Material)
A: Particle Size (mesh) B: Temperature (◦C) C: Solvent/Solid Ratio (mL/g)

1 80 160 25 5.94
2 100 160 20 4.54
3 80 140 30 6.08
4 80 160 25 5.94
5 60 160 30 5.88
6 80 140 20 5.24
7 80 180 20 4.97
8 100 180 25 4.42
9 60 140 25 5.37

10 60 180 25 4.80
11 100 160 30 5.35
12 80 160 25 5.92
13 60 160 20 5.35
14 80 160 25 5.99
15 100 140 25 4.29
16 80 160 25 5.91
17 80 180 30 5.79

2.7. Comparison of Different Extraction Methods

In the present paper, some methods such as: Maceration extraction (ME), heat reflux extraction
(HRE), ultrasonic extraction (UE) and microwave-assisted extraction (MAE), were compared with SWE
for their extraction efficiency of UA from H. diffusa.
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2.7.1. Maceration Extraction (ME)

A sample (1 g, 80 mesh) was macerated using 10 mL of ethanol (v/v) at room temperature and
was then shaken for 12 h. The extracts passed through a 0.22 µm membrane filter for HPLC analysis.

2.7.2. Heat Reflux Extraction (HRE)

A sample (1 g, 80 mesh) was mixed with 20 mL of ethanol into a round-bottom flask by heat
reflux extraction, performed in a water bath for 1 h at 78 ◦C. The extract was filtered through a 0.22 µm
membrane filter for HPLC analysis.

2.7.3. Ultrasonic Extraction (UE)

An ultrasonic extractor (SY-1000E, Beijing Hongxianglong Biotechnology Developing Co., Ltd.,
Beijing, China) was performed for the UE experiments. Titanium alloy was used for the ultrasound
probe transducer (TI-900-15), and the diameter was 15 mm. Dried material (1 g, 80 mesh) was placed
into a conical flask, into which 15 mL of ethanol was added. The mixture was extracted for 20 min
under a sonic frequency of 20 KHz at 60 ◦C. Finally, the extract was filtered through a 0.22 µm
membrane filter for HPLC analysis.

2.7.4. Microwave-Assisted Extraction (MAE)

MAE was carried out using microwave reactor (Multiwave 3000, Anton Paar, Graz, Austria).
A sample (1 g, 80 mesh) was added into the extraction vessel and extracted with 20 mL of ethanol for
15 min under a constant microwave irradiation power of 400 W at 50 ◦C. The obtained extract was
filtered through a 0.22 µm membrane filter for HPLC analysis.

2.8. Statistical Analysis

All experiments were carried out in triplicate. Results were expressed as mean ± standard
deviation of replicate extraction. The analysis of variance (ANOVA) was used to analyze the
significant terms in the models. The optimal extraction was estimated through regression analysis
and three-dimensional response surface plots by using the Design Expert 8.0.5b Trial (State-Ease, Inc.,
Minneapolis, MN, USA).

3. Results and Discussion

3.1. Single Factor Experimental Analysis

In this study, five key parameters effect on SWE including particle size (mesh), extraction
temperature (◦C), extraction time (min), solvent/solid ratio (mL/g) and extraction pressure (MPa)
were picked out for investigation.

3.1.1. Effect of Particle Size on the Extraction Yield of UA

It is known that particle size affects the efficiency of extraction of target compounds from raw
material. In Figure 2A, experiments were conducted at five different particle sizes (20, 40, 60, 80
and 100 mesh) of H. diffusa with an extraction temperature of 120 ◦C, an extraction time of 20 min,
a solvent/solid ratio of 30 and extraction pressure at 1.8 MPa. The UA yield increased evidently
with decreasing particle size between 20 and 80 mesh. According to Fick’s second law, grinding
raw materials to a certain extent could increase interfacial area, which can improve the efficiency of
the extraction. The UA yield decreased slightly as the particle size decreased from 80 to 100 mesh.
Very small particles may remain at the surface of solvent during extraction, reducing the extraction
yield [27]. Thus, the most suitable particle size must be found for extraction of UA from H. diffusa.
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3.1.2. Effect of Extraction Temperature on the Extraction Yield of UA

To study the effect of extraction temperature on UA yield, an extraction process was carried
out under different extraction temperatures from 120 to 200 ◦C, while using particle size, time,
solvent/solid ratio and pressure of 80 mesh, 20 min, 30 mL/g and 1.8 MPa, respectively. As illustrated
in Figure 2B, the yield of UA increased remarkably as the extraction temperature increased from 120 to
160 ◦C and approached a peak at 160 ◦C. The extraction temperature is the most dominating parameter
in SWE, and it has great influence on the extraction rate, extraction yield and the selectivity [28,29].
With the increase of temperature, there is a marked and systematic decrease in permittivity, an increase
in the diffusion rate and a decrease in the viscosity and surface tension. Consequently, non-polar targets
require less polar medium induced by elevated temperature. However, above 160 ◦C, the yield of UA
decreased. This may be affected due to chemical degradation or losses by thermal decomposition [30].
On the other hand, high temperature may enhance the extraction of impurities. Therefore, temperature
is an important parameter to be optimized in order to reduce energy costs, and extraction temperature
range of 140–180 ◦C was considered to be optimal in the present experiment.

3.1.3. Effect of Extraction Time on the Extraction Yield of UA

The effect of extraction time on the UA yield was explored from 10 to 50 min, with other
extraction fixed as follows: 80 mesh, extraction temperature of 160 ◦C, solvent/solid ratio at 30 mL/g,
and extraction pressure at 1.8 Mpa. A short extraction time is beneficial to reduce the costs for industrial
applications. As shown in Figure 2C, the maximum UA yield was reached at 5.64 mg during a 20 min
extraction interval, from which point yield began to decrease slightly. These results can be explained
by the increasing extraction time leading to the increasing of material cell disruption and the speeding
up of both the release and diffusion of UA into water. On the other hand, excessively lengthening
extraction time will cause product decomposition [31]. Hence, 20 min was a suitable time for the
extraction of UA from H. diffusa.

3.1.4. Effect of Solvent/Solid Ratio on the Extraction Yield of UA

The solvent/solid ratio also has a critical impact on extraction yield. Solvent/solid ratio was
varied from 20 to 40 mL/g (other variables: 80 mesh, extraction temperature at 160 ◦C, extraction
time at 20 min, and extraction pressure at 1.8 Mpa). A high solid to solvent ratio could promote
an increasing concentration gradient, resulting in an increase of diffusion rate that allows greater
extraction of solids by solvent [32]. In addition, the chance of bio-active components coming into
contact with extracting solvent expanded with an increased amount of extraction solvent, leading to
higher leaching out rates [33]. This phenomenon was observed in this study as shown in Figure 2D,
where UA yield increased significantly to a solvent/ solid ratio of 25:1 mL/g and then leveled off
gradually. This might be explained by the research that active component yields will not continue to
increase once equilibrium is reached [34]. Therefore, the ratio of solvent to solid was selected from 20 to
30 mL/g.

3.1.5. Effect of Extraction Pressure on the Extraction Yield of UA

We investigated the effect of extraction pressure at 80 mesh, extraction temperature of 160 ◦C,
extraction time of 20 min, and solvent/solid ratio of 25 mL/g. As detailed in Figure 2E, increased
extraction pressure had no obvious effect on UA yield. Results showed that UA yield is not significantly
(p > 0.05) affected by extraction pressure. In the subcritical water extraction process, the main effect of
the pressure is to keep the solvent in the liquid state. An extraction pressure of 1.8 MPa was sufficient
for obtaining high UA yield according to the purpose of saving energy.

According to the single factor results, particle size, extraction temperature and solvent/solid
ratio were more significant on the UA. Thus, these three parameters were preferred for optimizing the
subcritical water extraction of UA from H. diffusa.
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3.2. Fitting the Model

Table 1 lists UA yields under different conditions, in which BBD was carried out using three
independent variables and three levels. The UA yields ranged from 4.29 mg/g in run 15 (100 mesh,
140 ◦C, 25 mL/g) to 6.08 mg/g in run 3 (80 mesh, 140 ◦C, 30 mL/g). With analysis of variance (ANOVA),
the second-order polynomial model was applied to calculate the predicted response as follows:

Y = 5.94 − 0.35X1 − 0.12X2 + 0.37X3 + 0.17X1X2 + 0.068X1X3 − 0.008235X2X3

− 0.73X1
2 − 0.49X2

2 + 0.072X3
2. (3)

The negative coefficients for two independent variables (X1, X2) and one interaction between two
variables (X2X3) indicated an unfavorable effect on UA yield, while positive coefficients (X3, X1X2,
and X1X3) indicated a favorable effect on UA yield. Thus, Equation (3) demonstrated that UA yield
was mainly dependent on solvent/solid ratio, followed by particle size and temperature.

The effects of the variables as linear, quadratic and interaction coefficients on the response was
tested for significance by analysis of variance (ANOVA), and are shown in Table 2. The statistical
significance of the model equations were evaluated by the F-test and p-value. The high F-value of
230.22 and small p-value suggested that the model was significant. The goodness of fit of regression
model was carried out by a determination coefficient (R2) and adjusted determination coefficient
(R2

adj). The high values of both coefficients (R2 = 0.9553, R2
adj = 0.9923) were reasonably close to 1,

indicating a high degree of correlation between the experimental and predicted values. Moreover,
the model’s goodness-of-fit and suitability were checked by lack of fit. The F-value and p-value of the
lack of fit were 5.76 and 0.0619, respectively, which further validated the model. Therefore, the model
could be used for the prediction of extracting UA using subcritical water technology.
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Table 2. Analysis of variance (ANOVA) of the quadratic model and lack of fit.

Source Sum of Squares Degrees of Freedom Mean Square F-Value p-Value

Model 5.81 9 0.65 230.22 <0.0001
X1 0.98 1 0.98 350.42 <0.0001
X2 0.12 1 0.12 44.49 0.0003
X3 1.12 1 1.12 399.49 <0.0001

X1X2 0.12 1 0.12 43.07 0.0003
X1X3 0.019 1 0.019 6.67 0.0363
X2X3 2.71×10−4 1 2.71×10−4 0.097 0.7648
X1

2 2.25 1 2.25 803.62 <0.0001
X2

2 1.02 1 1.02 363.75 <0.0001
X3

2 0.022 1 0.022 7.74 0.0272
Residual 0.02 7 2.80×10−3 - -

Lack of fit 0.016 3 5.31×10−3 5.76 0.0619
Pure error 3.69×10−3 4 9.21×10−4 - -

Total 5.83 16 - - -

- R2 = 0.9553 R2
adj = 0.9923 Coefficient of

variation = 0.98 - -

3.3. Optimization of Subcritical Water Extraction

The main objective of this work is to study SWE of H. diffusa maximizing UA yield in extracts.
The F-value and p-value are used to check the significance of each coefficient. The larger F-value and
smaller p-value indicates greater significance of the coefficient. According to Table 2, it can be seen that
the UA yield was significantly influenced by three linear (X1, X2 and X3) and two quadratic (X1X2)
parameters, and two interaction (X1

2, X2
2) parameters (p < 0.01).

The effects of variables and their interactions on the UA yield were illustrated by the
two-dimensional contour plots and the three-dimensional response surface plots. Figure 3 describes
regression Equation (3) by means of a graphic approach, which provides a method to visualize the
relationships between UA yield and any two independent variables, while the third is fixed at its
zero level. The maximum predicted response was located on the peak of the 3D response surface,
the corresponding point for which is defined by the smallest ellipse in the contour diagram of the 2D
contour plot [35]. Figure 3A is the response surface and contour plot showing the effect of particle size
and temperature on the UA yield at the fixed value of solvent/solid ratio. It can be seen that the UA
yield increased rapidly with the increase of particle size and temperature and reached a maximum
value, followed by a decline, with their further increase. From Figure 3B,C, when particle size and
temperature are fixed at level 0, the highest extraction yield was observed with an increase of liquid to
material ratio.

The prediction optimization values were calculated using Equation (3). The optimal extraction
conditions given by the model were as follows: Particle size of 76 mesh, temperature of 157 ◦C and
solvent/solid of 30 mL/g. Under these conditions, the model gave predicted values of extraction yield
being 6.43 mg/g. The validation experiment was performed under the above optimized extraction
conditions with modification particle size of 80 mesh, where UA yield reached 6.45 mg/g, slightly
higher than the value given by the model. The good correlation between these results confirmed that
the response model was suitable for reflecting the expected optimization.

To further understand the nature of fitting, a normal probability plot can be applied to the
residuals, which can show the difference between the predicted and experimental values [36].
The normal percentage probability and studentized residual plot are shown in Figure 4A. The data
points indicate that neither response transformation was required nor was there any apparent problem
with normality [37]. Thus, the analytical hypothesis is affirmed. To ascertain the most satisfactory
fit of the developed models, residuals versus experimental runs for analyses of experimental data
were made [38], as shown in Figure 4B. It is particularly helpful to determine whether the order of
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observations influences the results or not [39]. Our results confirm that all data points lay within
acceptable limits. Figure 4C shows the relationship between the actual and predicted values of UA
yield, whose relationship indicates that the developed model was adequate, due to the small residual
and the fact that the residual relates closely to the diagonal line.
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3.4. Comparison SWE with Other Extraction Methods

The comparison among different extraction methods has been shown in Table 3. SWE of H. diffusa
presented the greatest extraction yield (5.94 ± 0.03a mg/g) followed by UE (5.37 ± 0.26b mg/g), HRE
(4.66 ± 0.1c mg/g), MAE (4.45 ± 0.25c mg/g) and ME (3.49 ± 0.2d mg/g) by one-way analysis of
variance of the UA yields. UE and MAE have an advantage over SWE in terms of time consumption.
However, volatile organic solvent consumption in extraction processes is huge. Furthermore, water
in contrast to ethanol as the solvent is cost effective and also superior in terms of flammability and
availability. The most important advantages of SWE over traditional extraction methods are shorter
extraction time, lower costs of the extracting agent and an environmentally compatible technique
because subcritical water at high temperature can modify the dielectric constant of water and accelerate
the extraction process. Therefore, it is concluded that SWE is a satisfactory method for extraction of UA
from H. diffusa. The moderately high temperature of the SWE process needed to increase the solubility
of UA in water may be pinpointed as the only shortcoming of this extraction.

Table 3. Comparison of extraction methods for their solvent type, solvent consumption, time-consumption
and extraction efficiency.

Method Solvent Type Organic Solvent Consumption
(L/kg Material) Extraction Time UA Yield

(mg/g Material )

SWE Ultrapure water 0 20 min 5.94 ± 0.03a
ME Ethanol 10 12~24 h 3.49 ± 0.2d
HRE Ethanol 20 1~2 h 4.66 ± 0.1c
UE Ethanol 15 >20 min 5.37 ± 0.26b
MAE Ethanol 20 >15 min 4.45 ± 0.25c

Notes: The same letters are not significantly different at the 0.05 level, and different letters mean significant
difference at the 0.05 level.

3.5. HPLC and ESI-TOF-MS Analyses

Applying HPLC, the concentrations of UA in extract samples were determined. The standard
curve for measuring UA content used was: y = 7224.4x + 23.182 (R2 = 0.9999). In the range of
10–600 µg/mL, the HPLC method revealed a good linear calibration fit. Quantification was achieved by
comparing the chromatographic peak areas for the extracted samples with those of reference standards.
As showed in Figure 5A, the analysis yielded profiles with a retention time of 24.677 ± 0.04 min for UA.
After separation and concentration, the crude extracts were preliminarily purified by using alkalization
and acidification, and the result showed that the purity of UA can reach up to 55.56%.
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In order to further identify the UA, the purified extract was analyzed using ESI-TOF-MS analysis.
Since ursolic acid contains a carboxyl group, the possibility of using positive or negative ionization
mode was evaluated [40]. Under selected ESI-TOF-MS conditions, the acquired m/z value was 455.3532
(Figure 5B), which is consistent with the calculated mass for UA [M−H]− C30H48O3 of 455.3631.

4. Conclusions

In this study, an advisable extraction method, SWE was developed to extract UA from H. diffusa.
Based on the single factor experiments, RSM was successfully implemented for the optimization of UA
yield. The optimum extraction yield of 6.45 mg/g was obtained at a particle size of 80 mesh, extraction
temperature of 157 ◦C, and solvent/solid ratio of 30 mL/g. The experimental model revealed that UA
yield was mainly dependent on solvent/solid ratio. Moreover, the results indicated that SWE process
conditions do not require a high pressure to obtain optimum UA extraction yield.

Compared to other extraction methods (maceration extraction, heat reflux extraction, ultrasonic
extraction and microwave-assisted), the SWE method has received many advantages such as
an environmental-friendly process, a reduction in time, the lowering of cost consumption and
low impurity extracts without consumption of organic solvents. The proposed method has broad
application prospects in the extraction of triterpenoids from plants.

Supplementary Materials: The following are available online at www.mdpi.com/2076-3417/7/2/187/s1.
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