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A rapid and effective method of integrating extraction and purification for alkaloids from Sophora flaves-
cens Ait. was developed by microwave-assisted aqueous two-phase extraction (MAATPE) based on the
high efficiency of microwave-assisted extraction (MAE) and the demixing effect of aqueous two-phase
extraction (ATPE). The aqueous two-phase system (ATPS), ethanol/ammonia sulfate was chosen from
seven combinations of ethanol/salt systems, and its extraction properties were investigated in detail.
Key factors, namely, the compositions of ATPS, solvent-to-materials ratio, and the extraction temperature
were selected for optimization of the experimental conditions using response surface methodology (RSM)
on the basis of the results of the single-factor experiment. The final optimized conditions were, the com-
positions of ATPS: ethanol 28% (w/w) and (NH4)2SO4 18% (w/w), solvent-to-material ratio 60:1, temper-
ature 90 �C, extraction time 5 min, and microwave power 780 W. MAATPE was superior to MAE, the latter
using a single solvent, not only in extraction yield but also in impurity content. Moreover, compared with
the combination of MAE and ATPE in the two-step mode, MAATP demonstrated fewer impurities, a better
yield (63.78 ± 0.45 mg/g) and a higher recovery (92.09 ± 0.14%) in the extraction and purification of alka-
loids. A continuous multiphase-extraction model of MAATPE was proposed to explicate the extraction
mechanism. MAATPE revealed that the interaction between microwave and ATPS cannot only cause plant
cell rupture but also accelerate demixing, improving mass-transfer from solid–liquid extraction to liquid–
liquid purification. MAATPE simplified procedures also contributed to the lower loss occurrence, better
extraction efficiency, and reduced impurity to target constituents.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Sophora flavescens Ait. also named as Kushen, belongs to legu-
minous plant of sophora. As a typical traditional Chinese medicine,
it has been commonly used for the treatment of viral hepatitis,
cancer, viral myocarditis, gastrointestinal hemorrhage, and skin
diseases such as eczema, colpitis, and psoriasis [1]. Alkaloids and
flavonoids are reportedly the major active constituents of this
plant; alkaloids, in particular, have attracted increasing attention
to their high pharmacological activities, which exhibit sedative,
analgesic and other central nervous system inhibition effects as
well as antipyretic, anti-tumor, and anti-myocardial actions
[1–16]. So far, more than 20 alkaloids have been isolated from
the root, leaves and flowers of S. flavescens Ait. [2–6,17–20]. Oxy-
matrine and matrine are known as the main alkaloids in the
extracts, and have been widely used as primary ingredients in
pharmaceutical preparations in various forms, such as supposito-
ries, capsules, tablets and creams [1,21–24]. Moreover, alkaloids
have also been used as green pesticides in agriculture due to insec-
ticidal effects [25,26]. The huge demands for alkaloids in the mar-
ket drive further investigations aimed at the improvement of
methods for extraction and purification.

Alkaloids in S. flavescens Ait. are usually extracted through con-
ventional methods, such as solvent soaking extraction, heat reflux
extraction, and soxhlet extraction [1,27], which are subject to
remarkable shortcomings, including the lengthy process, the high
cost of organic solvents, low recovery, and toxic solvent residuals
in the products, etc. Various approaches, including ultrasonic,
microwave, supercritical fluid and ionic liquid sorbent have been
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developed to reduce the extraction time, minimize solvent con-
sumption, increase the extraction yield, and improve the quality
of extracts [19,28–30]. Microwave-assisted extraction (MAE)
becomes increasingly popular in traditional Chinese medicine for
extracting the active constituents from organisms and plants due
to its beneficial characteristics of quick heating, low quantity sol-
vent used, decreased energy consumption and pollution [31–34].
It is a unique technique, in which molecules and polar bonds in
the extraction medium can be agitated by microwave [35–37].
Via the interactions of microwave, the weak bonds of the target
constituents to the matrix are disrupted and the solvent-to-matrix
material penetration is accelerated, leading to a fast release of con-
stituents from matrix materials.

Aqueous two-phase extraction (ATPE) was first introduced by
Albertson in the separation of biomolecules. It offers an alternative
to the conventional liquid–liquid extraction due to its properties,
such as the high yield, the environment-friendly features, the eas-
iness to scale-up as well as lower costs and the diminished damage
to the biological activity of molecules [38]. ATPE has been widely
applied in the recovery and purification of biomolecules, including
proteins, enzymes, and antibiotics [39–43]. The success of ATPE is
largely dependent on the selection of the aqueous two-phase sys-
tem (ATPS), which is usually composed of two or more phase-
forming substances in water (e.g., two different polymers, a poly-
mer and a salt, two or more different surfactants). However, most
phase-forming polymers and surfactants are too viscous to process,
and difficult to form transparent solutions. Recent investigations
have shifted the paradigm from fragile biomolecules to small mol-
ecules in natural products. The ATPS is moderated by a short-chain
alcohol and salt solution. It offers the advantages of low viscosity,
easy demixing, solvent recycling, a more environment-friendly
process, and the gained larger popularity in extracting the active
constituents from medicinal plants [44–50].

The combination of microwave with extraction has advantages
in achieving high yields in the reactions, in which polar solvents
such as methanol, ethanol and water were used [51,28]. However,
MAE recovers also more impurities, resulting in a more compli-
cated sample pretreatment for qualitative and quantitative analy-
ses. In our recent investigation, ATPE was used for purification
after MAE [52]. The recovery of the alkaloids was in the range from
91.03% to 94.46%. ATPSs had a high electric constant, and could be
integrated with MAE, forming an innovative technique named
microwave-assisted aqueous two-phase extraction (MAATPE). It is a
one-step extraction, a new, potential, and powerful alternative to
the conventional extraction. Only limited publications have
described so far [53–57].

In this paper, a rapid and effective method for extraction and
purification of alkaloids from S. flavescens Ait. was introduced,
which was developed by integrating MAE with ATPE through opti-
mizing the ATPS system and MAATPE extraction process. The ATPS
optimization was done in depicting a broad phase diagram, acquir-
ing the composition window of ATPS in consideration of the phase
ratio a in a 3-D fashion. The MAATPE extraction process was inves-
tigated using single-factor experiment and response surface meth-
odology (RSM). Several key factors, namely, the compositions of
ATPS, solvent-to-materials ratio, and the extraction temperature
were selected for RSM studies in terms of the results of the single
factor experiment. Responses concerning the yield and recovery of
alkaloids were evaluated. In order to better understand the disrup-
tion effect on matrix materials during extraction, the morphologies
of matrix materials were observed under scanning electron micro-
scope (SEM) immediately after extraction and compared with
those from other extraction methods. To evaluate the extraction
efficiency, the results of MAATPE were juxtaposed with a two-step
method combining MAE extraction by using water or ethanol, with
ATPE purification. It was found that the results of MAATPE were
equally satisfying, and its operational process was easier and more
efficient. To the best of our knowledge, this is the first application
of a novel MAATPE in the extraction of alkaloids from S. flavescens
Ait.

2. Experimental

2.1. Materials and reagents

Dried roots of S. flavescens Ait., which were collected from
Shanxi Province in China, were purchased from a local drug store
of Guangzhou (Local identified number 20090901). The samples
were powdered, sieved (20–120 mesh), and placed in a desiccator.
The matrix sample materials were kept in a dark place, placed in
desiccators and stored in a closed cupboard at room temperature
until used.

Oxymatrine and matrine (purities were P 98.0%) were pur-
chased from Xi’an Xuhuang Bio-Tech Co., Ltd (China). N-oxysopho-
carpine, sophocarpine and sophoridine (purities P 98.0%) were
bought from Nanjing Zelang pharmaceutical science and technol-
ogy Co., Ltd. (China). Methanol and acetonitrile of HPLC grade were
obtained from Merck Darmstadt Ltd. (Germany). All other chemi-
cals were analytical grade (Guangzhou Chemical Reagent Factory,
China).

2.2. Instruments and apparatus

All extraction experiments were performed on an EXCEL micro-
wave extraction system (PreeKem Scientific Instruments Co., Ltd.,
China) equipped with a digital timer, power and a temperature
controller. HPLC analysis was carried out using Agilent 1200 Infin-
ity chromatograph (Agilent Technologies Co., Ltd. USA).

2.3. Plotting phase diagram of ATPS

The phase diagram was determined by turbidity titration
method. A certain amounts of salt ((NH4)2SO4, or K2HPO4) were
added into a dozens of tubes containing deionized water, respec-
tively. Ethanol was subsequently added dropwise into each tube
until the solution became turbid. The point at which the solution
first became turbid was designated as the turbid point and the
quantity of added ethanol was recorded. The phase diagram was
plotted according to different ethanol concentrations versus
ammonium sulfate concentrations at different turbid points.

2.4. The preparation of ATPS

ATPSs were prepared according to the phase diagram plotted by
Xiaoqin Liu et al. [52]. Each of the salts tested (ammonium sulfate,
dipotassium hydrogen phosphate, sodium carbonate, sodium sul-
fate, calcium chloride, potassium dihydrogen phosphate or sodium
chloride) was dissolved in deionized water, respectively. The salt
solution was mixed with ethanol by a vortex stirrer. ATPS was
formed when the mixture showed two phase separation at the
cloud point. The phase ratio (a) was calculated by measuring the
volumes of top (Vtop) and bottom (Vbottom) phases.

a ¼ Vtop

Vbottom
2.5. MAATPE procedure

Each sample (0.5 g sieved by 80-mesh) and ATPS (30 mL) were
put into an extraction vessel, which was then sealed and placed in
the microwave extraction system. The extraction was conducted at
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90 �C under 780 W for 5 min. After cooling in the oven, the extract
was filtered to remove the solid residue. The filtrate was further
separated into two phases. The top and bottom phases were col-
lected separately. The residues were obtained after removal of
the solvent by a controlled evaporation. For HPLC analysis, the
obtained residues were dissolved in methanol and diluted up to
50 mL. The extraction was assessed by the yield (Y) and recovery
(R) of alkaloids, which were calculated as follows:

Yield ðmg=gÞ ¼ me

m
ð1Þ
Recovery ð%Þ ¼ mT

mT þmB
� 100% ð2Þ

where me is the total quantity of alkaloids extracted from the plant
material (m); mT is the quantity of alkaloids extracted in the top
phase, and mB is the quantity of alkaloids in the bottom phase.
Table 4
Independent variables and their levels for central composite design.

Variables Factor level

�1 0 1

X1/Ethanol concentration (%) 22 25 28
X2/Ammonium sulfate (%) 18 20 22
X3/Solvent-to-material ratio (mL:g) 40:1 50:1 60:1
X4/Extraction temperature (�C) 90 100 110
2.6. HPLC analysis

The concentrations of alkaloids in the extracts were determined
by HPLC with a UV detector at 220.0 nm using a Phenomenex Gem-
inin C18 Column (5 lm, 250 mm � 4.6 mm) as the stationary
phase. The mobile phase was made of methanol (A), acetonitrile
(B) and 0.1% (w/v) ammonia solution (pH = 10.3) (C). Alkaloids
were eluted at 30 �C in the following gradient mode: 0–6 min:
8.5–9.0% A, 9.5–9.0% B and 82% C; 6–11 min: 9.0–16.0% A, 9.0–
16.0% B and 82.0–68.0% C; 11–45 min: 16.0% A, 16.0% B, and
68.0% C. The injection volume was 20 lL. The flow rate was
1.0 mL/min.
Table 1
The formation and property of ATPSs [52].

Phase composition Phase

(NH4)2SO4 Quick
K2HPO4 Quick
Na2CO3 Slow

Ethanol Na2SO4 Quick
CaCl2 No
KH2PO4 No
NaCl No

Table 2
The effect of the concentration of ethanol on extraction of alkaloids.

CEtOH (%) C(NH4)2SO4 (%) Dj (104)⁄ (s/cm) Demixing time (s) Phase ra

20 20 48.44 137 0.48
22 20 54.64 66 0.72
25 20 60.16 40 0.94
28 20 64.14 23 1.16
30 20 85.48 15 1.38

⁄ Dk here is the conductivity difference between the top and bottom phases.
⁄⁄ It represents total alkaloids, including oxymatrine. Their meaning is same as Table 3.

Table 3
The effect of the concentration of (NH4)2SO4 on extraction of alkaloids.

C(NH4)2SO4 (%) CEtOH (%) Dj (104)a (s/cm) Demixing time (s) Phase ra

18 25 58.15 64 1.05
20 25 59.42 41 0.95
22 25 61.18 33 0.82
24 25 63.08 32 0.63

a Dk here is the conductivity difference between the top and bottom phases.
b It represents total alkaloids, including oxymatrine, N-oxysophocarpine, sophoridine
2.7. Experimental design and statistical analysis

A four-variable, three-level central composite design (CCD) was
applied to determine the best combination of the extraction vari-
ables for the yield and recovery of alkaloids from S. flavescens Ait.
The range and center point values of four independent variables
(Table 4) were based on the results of single-factor experiments.
The response to the design experiment is given in Table 5. All data
were determined by HPLC in triplicate, and the results were aver-
aged. The Design-Expert software version 8.0 was employed for the
regression analysis and the optimization.

Experimental data were fitted to a quadratic polynomial model
and the model was explained by the following quadratic equation:

Y ¼ b0 þ
X3

i¼1

biXi þ
X3

i¼1

biiX
2
i þ

X3

i¼1

X3

j¼iþ1

bijXiXj ð3Þ

where Xi, Xj are the input variables, which influence the response
function Y; b0 is the intercept; bi, bii, and bij are the coefficients of
the linear, quadratic, and the interaction term, respectively.
demixing Formation feature

Easy, stable, and transparent
Easy, stable, and transparent
Stable, turbid in top phase
Unstable, precipitation in bottom phase
Difficult
Difficult
Difficult

tio a Yield (mg/g) Recovery (%)

Oxymatrine Total alkaloids⁄⁄ Oxymatrine Total alkaloids⁄⁄

3.17 45.42 14.17 21.91
14.50 48.69 67.09 76.10
20.47 61.91 85.18 90.43
18.47 54.63 87.11 91.58
17.35 47.1 91.17 93.74

tio a Yield (mg/g) Recovery (%)

Oxymatrine Total alkaloidsb Oxymatrine Total alkaloidsb

13.47 50.70 68.52 73.39
17.81 60.45 80.63 88.72
16.98 58.95 80.82 88.41
16.31 53.96 80.07 82.02

, matrine and sophocarpine.



Table 5
Analysis of variance (ANOVA) for response surface model of the extraction yield of total alkaloids.

Source Sum of squares df Mean square F value P-value Significanta

Model 4157.60 15 277.17 214.43 <0.0001 +++
X1 278.50 1 278.50 215.45 <0.0001 +++
X2 24.15 1 24.15 18.68 0.0010 ++
X3 4.06 1 4.06 3.14 0.1018 �
X4 47.63 1 47.63 36.85 <0.0001 +++
X1X2 777.54 1 777.54 598.43 <0.0001 +++
X1X3 2.71 1 2.71 2.09 0.1736 �
X1X4 16.87 1 16.87 13.05 0.0036 ++
X2X3 1.02 1 1.02 0.78 0.9780 �
X2X4 1.44 1 1.44 0.96 0.3422 �
X3X4 2.04 1 2.04 1.21 0.2895 �
X1

2 99.22 1 99.22 76.76 <0.0001 +++
X2

2 57.63 1 57.63 44.58 <0.0001 +++
X3

2 23.46 1 23.46 18.29 0.0012 ++
X4

2 49.84 1 49.84 38.21 <0.0001 +++
Residual 15.51 12 1.29
Lack of fit 12.86 7 1.84 3.47 0.0950 �
Pure error 2.65 5 0.53
Cor total 4173.11 27

a +++, most significant (P < 0.001); ++, more significant (P < 0.01); +, significant (P < 0.05); �, less significant (P > 0.05).
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Fig. 1. The phase diagrams of ethanol/(NH4)2SO4 and ethanol/K2HPO4 systems at
room temperature.
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2.8. Scanning electron microscope (SEM)

The surface micro-structures of the herb powder were observed
after extraction through a Zeiss EVO 18 scanning electron micros-
copy (Zeiss, German). The powder was coated with gold using a
SBC-12 Ion Sputtering Coater (Beijing, China). The coated sample
was placed in the vacuum chamber of Zeiss EVO 18 and viewed
at a voltage of 10.0 kV.

3. Results and discussion

3.1. Screening of the ATPS

Seven ATPSs were made of ethanol, water, and salts such as
(NH4)2SO4, K2HPO4, Na2CO3, CaCl2, Na2SO4, NaCl, and KH2PO4.
The system was evaluated for the phase demixing and formation
features. As shown in Table 1, The ATPSs made of ethanol/
K2HPO4, ethanol/(NH4)2SO4, and ethanol/Na2SO4 were easy to
form, followed by quick phase demixing. ATPS made of ethanol/
Na2SO4 was excluded due to the bottom phase precipitation.

3.2. Phase diagrams of the selected ATPSs

The two ATPSs made of ethanol/K2HPO4 and ethanol/(NH4)2SO4

were further investigated in their phase diagrams, which were
depicted based on the cloud point titration. As shown in Fig. 1,
there were two zones which were delineated by a curve for tha-
nol/(NH4)2SO4 or ethanol/K2HPO4 systems. Above the curve, there
was the two-phase zone. In this zone, the top phase was the etha-
nol-rich aqueous phase and the bottom phase was the salt-rich
phase. The results in Fig. 1 showed that the upper limit of the con-
centration of a salt solution was approximately 40% (w/w) for both
ATPSs and those of ethanol were approximately 50% (w/w) for
ATPS (ethanol/K2HPO4) and 60% (w/w) for ATPS (ethanol/(NH4)2-

SO4), respectively. The conclusions were similar to those published
in recent investigations [56,45].

3.3. Comparison of the ATPSs

ATPSs from ethanol/K2HPO4 and ethanol/(NH4)2SO4 were used
in extraction of oxymatrine and matrine. The results determined
by HPLC reveal that alkaloids distributed in the ethanol-rich top
phase but the salt-rich bottom phase. In the comparison, shown
in Fig. 2, ATPS from ethanol/(NH4)2SO4 had better performance in
extraction. Results showed that ATPS from ethanol/(NH4)2SO4

had better recovery (R) than that those from ethanol/K2HPO4. Par-
tition coefficients (K) of both oxymatrine and matrine in ATPS from
ethanol/(NH4)2SO4 were higher than those from ethanol/K2HPO4.
Moreover, ATPS from ethanol/(NH4)2SO4 presented a smaller phase
ratio a, which was beneficial for the further extraction and enrich-
ment of alkaloids by MAATPE mentioned below. Similar findings
were reported in extraction of lignans [50].

The partition coefficient (K) of the target compound (oxyma-
trine and matrine) was calculated using the following equation:

K ¼ CT

CB
ð4Þ

where CT and CB were the equilibrium concentrations of alkaloids
extracted in the top phase and bottom phase, respectively.

3.4. Study of the formation of aqueous two-phase region

The study of the formation of the aqueous two-phase region
could provide information for further optimization of the ATPS
compositions for MAATPE. A moderated phase diagram of
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ethanol/(NH4)2SO4 was depicted (Fig. 3a), based on the cloud and
saturation curves. In this phase diagram, a clear aqueous two-
phase region was illustrated in comparison to other two regions,
namely, the single-phase region and the saturation region. The
turning point between the single-phase and the aqueous two-
phase region was determined at the cloud point. The turning point
from the aqueous two-phase to the saturation region was recorded
when salt precipitation was observed. The collective data indicated
that ethanol concentrations from 11.4% (w/w) to 54.1% (w/w) and
(NH4)2SO4 concentrations from 2.1% (w/w) to 30.6% (w/w) were
suitable for extraction.

In the combination of phase ratio a, better ATPS could be iden-
tified for MAATPE. Our recent investigation indicated that the
recovery (R) was not the only response to the selection of ATPE
[52]. When ATPS with ethanol concentration of 38% (w/w) and
(NH4)2SO4 concentration of 18% (w/w) was used for MAATPE, the
phase ratio a was too high to acquire phase separation under the
presence of herb material. After adjustment of the concentrations
of ethanol and (NH4)2SO4, ATPS, having a smaller phase ratio a, a
better extraction and enrichment could be achieved as well as a
reduced usage of ethanol and operational easiness. For this reason,
a 3D diagram was drawn (Fig. 3b) by adding the phase ratio a as
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the z-axis, projecting out from Fig. 3(a). Fig. 3(b) showed that the
phase ratio a was strongly dependent on the compositions of ATPS.
The findings of the extraction experiment showed that ATPS
revealed a phase ratio a in the region of 0.7–1.2, which was easier
for the subsequent operations (e.g. demixing among top, herb, and
bottom phases, collection respective phases, filtration, etc.) after
MAATPE.

In summary, due to its better extraction properties, such as the
broader range of ATPS formation, the more suitable phase ratio a,
the higher ability of recovery, and the greater partition coefficient
compared to other ATPSs, the ethanol/(NH4)2SO4 system as a sol-
vent for extraction of alkaloids is more adaptable to MAATPE appli-
cation in further investigations.

3.5. Optimization of MAATPE conditions

3.5.1. Optimization of compositions of the ATPS
In conducting a systematical study of ATPS, based on the guid-

ance of the phase ratio a mentioned above, it was revealed that a
broad band of ATPS compositions was found at an ethanol concen-
tration of 20–30% (w/w) and (NH4)2SO4 concentration of 18–24%
(w/w). A single-factor experiment was carried out and the results
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were presented in Table 2 and 3. The ethanol concentration of 25%
was selected due to the high yield and relatively high recovery in
the extraction of oxymatrine and total alkaloids. This selection also
exhibited a phase ration a in the middle region, with a relatively
faster demixing time. Similarly, the (NH4)2SO4 concentration of
20% (w/w) was selected, which is consistent with the results of
the phase ration a and demixing time.
3.5.2. Optimization of particle sizes and of solvent-to-material ratio
Fig. 4 shows the effect of particle sizes on the yield and recovery

of oxymatrine and total alkaloids. Dry herb ground to the size of
mesh number 80 was suitable for MAATPE, and the extraction dis-
played high yield and recovery. Fig. 5 shows the effect of solvent-
to-materials ratio on the yield and recovery of oxymatrine and
total alkaloids. A high yield of the extraction was found in the
solvent-to-materials ratio of 50:1 and high recovery in 20–60:1,
so the solvent-to-materials ratio in this study was set at 50:1.
3.5.3. The effect of microwave power and extraction temperature
Fig. 6 shows the effect of the microwave power on the yield and

recovery of oxymatrine and total alkaloids. The high yield and
recovery were achieved at the power of 780 W. However, the effect
of the microwave power on the yield and recovery was not that
significant in practical terms.
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As Fig. 7 illustrates, a high yield and a relatively high recovery of
oxymatrine and total were found at 100 �C. Higher temperature
(above 100 �C) caused a significant decrease of the yield of total
alkaloids due to changes in chemical stability, highlighting the par-
ticular susceptibility of oxymatrine to high temperatures [58].

3.5.4. The effect of extraction time
Fig. 8 shows the effect of the extraction time on the yield and

recovery of oxymatrine and total alkaloids. It was interesting that
the high yield of total alkaloids and the high recovery of oxyma-
trine were found at the duration of 5 min. The yield of oxymatrine
and the recovery of total alkaloids appeared comparatively stable
during the extraction time window.

3.6. Optimization of MAATPE conditions with RSM

The results of the single-factor experiment could be summa-
rized as follows: ethanol, 25% (w/w) and (NH4)2SO4, 20% (w/w);
the size of matrix materials 80 mesh; the solvent-to-materials
ratio of 50:1; the microwave power, 780 W; the extraction
temperature, 100 �C; and the extraction time of 5 min. Among
these conditions, ATPS compositions chosen were in line with the
pre-determined scales. They were variables interrelated in the
extraction and needed further RSM verification. The solvent-to-
materials ratio was fixed close to the top scale, leaving room for
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improvement. Microwave power input, i.e. the extraction
temperature caused unstable loss of ingredients in the extract
[58]; hence, it deserves a further analysis. According to central
composite design (CCD), shown in Table 4, the RSM was introduced
to determine the best combination of extraction variables for the
yield and recovery of alkaloids from S. flavescens Ait.

All experimental data were obtained from a 30-run-experiment
by HPLC analysis (as shown in Fig. 9), the yield of total alkaloids
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ranged from 43.84 to 63.95 mg/g, and the recovery of total alka-
loids from 65.37% to 94.45%. The results were fitted and the values
of regression coefficients were calculated by the Design-Expert
software version 8.0; the response variable and the test variables
are related by the following second-order polynomial equation:

Yðmg=gÞ¼62:01þ1:55X1þ0:76X2þ2:68X3þ0:31X4�0:87X1X2

þ1:00X1X3�2:42X1X4�1:02X2X3�0:13X2X4�1:48X3X4

�2:32X2
1�1:36X2

2�1:72X2
3�2:35X2

4ðR
2¼0:9336Þ ð5Þ

The RSM model expressed in Eq. (5) has a R2 = 0.9336, providing
a trustworthy probe into factors and their interactions, which was
not possible to identify using the single-factor experiment
(Table 5). Among the four variables, X1, X2, X3, and X4, the linear
coefficients (X1, X4), the interaction coefficient (X1X2), and the qua-
dratic terms(X1

2, X2
2, X4

2) were found significant (p < 0.001). The sin-
gle variables, X1, X2, and X4 were determined as the most important
variables for the yield of alkaloids. The composition variables, X1,
X2, interacted with each other. The RSM study was therefore extre-
mely important for the optimization of ATPSs. The other interac-
tions, although less significant in comparison with X1X2, were
still relatively important and contributed to the yield of alkaloids
(p < 0.01). The X1X4 showed the significance of X4, which was high-
lighted only when the interactions with the compositions were
considered. It demonstrated that the extraction temperature, X4,
was synergistically more interactive with ethanol (X1) than with
salt (X2), enabling the ethanol purification in MAATPE. X1, X2, and
X4 are the most important variables from the process described
above, since both the extraction yield and recovery depend on
the composition of ATPS [38–51,28,52–59], followed in signifi-
cance by the extraction temperature, which was directly related
Table 6
The predicted and experimental results of the responses for alkaloids under optimum con

Yield (mg/g)

Determined RSD (%) Mean valuea Predicted

64.17 0.71 63.73±0.45 64.39
63.66
64.10
63.01
63.72
63.31

a Mean ± standard deviation (n = 6).
to the heating effect, produced by interaction of microwave with
ATPS based on its polarity [31,32]. Accordingly, the predicted val-
ues for total alkaloids (the yield, 64.39 mg/g and the recovery,
94.52%) were found in a response to our lab validation using
X1 = 28%, X2 = 18%, X3 = 60:1, and X4 = 90 �C. It was consistent with
the values predicted in Table 6. Due to the high cost of ethanol and
pre-determined scale of the compositions and extraction tempera-
ture, no further RSM study was recommended.
3.7. Mechanisms of MAATPE

A schematic diagram was drawn, based on the facts and evi-
dences observed in our study of MAATPE. First, Fig. 10(a) showed
that the herb powder sample was located in between the salt-rich
bottom phase and the ethanol-rich top phase, which was different
from conventional extraction. Comparatively, this MAATPE experi-
enced two processes: solid–liquid extraction of alkaloids from the
herb matrix into the bottom phase, and a liquid–liquid extraction
from the bottom to the top phase (Fig. 10b). In the above process,
the salt played two roles in the improvement of demixing and
absorbing microwave. Owing to its higher conductivity, the salt
solution could facilitate the separation from the miscible ethanol.
This had a key part in the bottom phase, where solid–liquid extrac-
tion occurred between the herb material and the salt-rich phase.
Due to the higher conductivity of the bottom phase, microwave
could cause a stronger internal heating and molecular agitation,
and thus, facilitated the breakdown of the weak interplay of alka-
loids with the matrix and speeded up the removal of the targeted
constituents and impurities [31,35,37]. On the contrary, the etha-
nol top phase, having a lower conductivity, did not contribute
much to the solid–liquid extraction. However, it still could act as
purification during the liquid–liquid extraction. In MAATPE pro-
cess, the alkaloids were extracted preferentially from the herb to
the bottom phase, and migrated to the top phase for their purifica-
tion. Thus, among the above multiple phases, the mass-transfer
equilibriums of the alkaloids were considered one of the key fac-
tors for the improvement of the extraction yield and purification
recovery. At a certain high temperature, the liquid–liquid extrac-
tion could continuously drive alkaloids from the salt-rich bottom
phase into the ethanol-rich top phase; forming an alkaloids enrich-
ment favored equilibrium, which could be further enhanced by
microwave agitation.

Second, MAATPE introduced changes in the surface morpholo-
gies of the herb samples; Fig. 11 shows the effect of microwave
onto the morphologies of the herb matrix. In comparison, the mor-
phologies of herb matrix materials collected after MAATPE, two
conventional extraction treatments and non-treated as provided,
were observed by scanning electron microscopy (SEM). SEM micro-
graphs illustrated that MAATPE resulted in micro-cracks on the cell
surface of the matrix, whereas the conventional extractions exhib-
ited surface shrinkage. This was because the MAAPE could cause
cell rupture [59]. In addition of the internal heating, microwave
with higher frequency could accelerate the dipole rotation and
ditions.

Recovery (%)

Determined RSD (%) Mean valuea Predicted

92.15 0.15 92.09±0.14 94.52
92.06
92.31
91.90
92.09
92.02
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Fig. 10. Schematic diagrams of the multiple-phase process of MAATPE: (a) visual distribution of three phases; (b) the continuous multiphase-extraction model for MAATPE
extraction and purification.

Fig. 11. The pictures of the herb by electron scanning microscopy: MAATPE (a); heat reflux extraction (b); soaking extraction (c); non-extracted (d).
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collision, having a synergistic effect regarding the mechanical dis-
turbance. Additionally, MAATPE also accelerated demixing. Demix-
ing of MAATPE (45 s) is much faster than the spontaneous
demixing of ATPE (1.5 min) [60]. The fast demixing may contribute
to a more efficient purification with a higher recovery, especially
when the conductivity difference (Dk) between two phases is
increased, as shown in Table 2 and 3. The demixing effect under
the microwave-assisted condition could benefit remarkably sam-
ple pretreatment before the quantitative analysis.

3.8. Comparison of different extraction methods

In our studies, MAATPE is a relatively new approach. It com-
bines conventional extraction, ATPE and MAE. For validation of
MAATPE, a comparative study of the one-step MAATPE with the
two-step MAE-ATPE was carried out using ATPS, water/ATPS, and
ethanol/ATPS, respectively. MAATPE was carried out under the
RSM optimized conditions, whereas MAE-ATPE followed MAE with
ethanol or water before ATPE, according to the recent protocols
[51,28]. The results in Table 7 show that the one-step MAATPE sig-
nificantly improved the extraction yield compared to the two-step
(single solvent) MAE-ATPE, while the recovery remained the same.
As illustrated in Fig. 12, there were 6 alkaloids, named oxymatrine,
N-oxysophocarpine, sophoridine, N-methylcytisine (identified by
LC-MS), matrine, and sophocarpine in the top phase of the extrac-
tion by MAATPE. According to the purities of the extracts, analyzed
by HPLC chromatograms, MAATPE yielded an extract with more
constituents in a higher content and fewer impurities, whereas
MAE-ATPE approaches, using only ethanol, presented somewhat
similar results, but with more impurities. MAATPE, combining
the extraction and purification in one step, demonstrated the best
performance among the three methods as shown in Table 7. Thus,



Table 7
The results of extracted alkaloids from Sophora flavescens Ait. by different methods.

Method Mode Extracting solvent Yield (mg/g) Relative puritya (%) Recovery (%) Relative puritya (%)

MAE-ATPE 1 MAE prior to ATPE Water + ATPS 20.50 30.44 91.85 70.33
MAE-ATPE 2 MAE prior to ATPE Ethanol + ATPS 53.04 40.67 89.51 56.21
MAATPE Simultaneously ATPS 63.78 – 92.09 69.54

a The relative purity of total alkaloids is the ratio of the peak area of oxymatrine, N-oxysophocarpine, sophoridine, matrine, and sophocarpine to the total peak area except
N-methylcytisine without its standard.
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Fig. 12. HPLC chromatograms of the top phases for alkaloids, extracted from
Sophora flavescens Ait. by MAATPE with ATPS (a); MAE-ATPE with ethanol (b); and
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MAATPE simplifying experimental procedures can be applied not
only in sample pretreatment prior to quantitative analysis but also
in the industrial scale-up production.
4. Conclusions

In this study, a microwave-assisted aqueous two-phase extrac-
tion (MAATPE) was developed for the first time to enhance the
yield and recovery of alkaloids from S. flavescens Ait. MAATPE, inte-
grating MAE with ATPE into one-step procedure, provided a rapid
and effective method for the simultaneous extraction and purifica-
tion. ATPS of ethanol/ammonium sulfate was carefully selected as
multi-function extraction solvent, and assessed by exploring the
sophisticated 3D phase diagram. The protocol for MAATPE was
screened through the single-factor experiment and optimized by
RSM. The optimized conditions improved significantly the yield
and recovery of the alkaloids compared with those of the conven-
tional approaches. For a better understanding of MAATPE, we
depicted a continuous multiphase model of the conjugated extrac-
tion processes. In this model, MAATPE has a significant impact on
the solid–liquid extraction that might be involved in the surface
and cell rupture of the herb, and in the liquid–liquid purification.
The demixing time for phase separation, morphological changes
on the herb matrix, and most importantly, the yield of the extract
and the recovery of alkaloid, were observed and recorded. Com-
pared to the conventional methods, MAATPE, using the ethanol/
ammonia sulfate system as a multi-function extraction solvent,
has the potential of obtaining targeted constituents with a lower
extent of impurity. It exhibits a green, rapid, and easy technique
for the simultaneous extraction and purification of active constitu-
ents in microbial cells or plants.
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