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Abstract A novel approach for ultrasound–microwave
synergistic extraction (UMSE) of pumpkin seed protein
was developed using aqueous poly (ethylene glycol)
(PEG 200)-based deep eutectic solvent (DES) as a green
extraction medium. Key factors controlling the extraction
and optimal operating conditions were optimized by
combining the one variable at a time and response sur-
face methodology. Results showed that the PEG 200 as a
hydrogen bond donor combined with choline chloride as
a typical hydrogen bond acceptor had a highest extrac-
tion efficiency among different solvents. The optimal ex-
traction parameters were optimized as follows: PEG 200-
based DES concentration, 28% w/w; solid to liquid ratio,
28 g mL−1; microwave power, 140 W; and extraction
temperature, 43 °C. Under the optimal parameters, the
actual extraction yield was 93.95 ± 0.23% (n = 3). The
precipitation rate of pumpkin seed protein was 97.97%
with a precipitation time of only 4 min by using an
isoelectric point-ethanol-PEG 200 DES ternary co-
precipitation method. Overall, this integrated method of
PEG 200-based DES and UMSE exhibits a powerful tool
for the rapid and efficient extraction of pumpkin seed
protein.
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Introduction

Nowadays, there is an enormous interest on natural products
obtained from food or plant resources that can promote the
state of health and well being for humans and other animals.
Studies about food protein sources are very extensive in recent
years because of their safety and wide distribution properties,
and containing abundant antioxidant peptides (Zhu et al.
2013). In view of this kind of current situation, there is still a
trend in developing novel method for extraction of food or
plant proteins and then screening bioactive proteins or pep-
tides. Pumpkin (Cucurbita moschata) has received consider-
able attention in recent years because of the nutritional and
health protective value of the proteins from the seeds. The
protein content of the pumpkin varies from 24.5 to 36.0% in
different regions of the world (Li and Fu 2005). It has been
indicated that pumpkin seed protein hydrolysate has good
biological or pharmacological activity (Bucko et al. 2016).
Thus, development of a novel method for extracting proteins
from pumpkin seeds is extremely urgent.

Currently, many methods have been used to extract plant
proteins, such as traditional alkali extraction, salt extraction
(Ding et al. 2015; Buyel et al. 2012), reverse micelle extrac-
tion (Zhao et al. 2008), organic solvent extraction
(Purkayastha et al. 2015), and enzyme-assisted extraction
(Vergara-barberan et al. 2015). Although these methods for
the extraction of proteins are gradually improved, there are
still some limitations; they are low extraction rate, long extrac-
tion time, complex extraction process, high extraction cost,
and environmental pollution. Recently, deep eutectic solvents
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(DESs) are emerging as alternatives to conventional ionic liq-
uids (ILs) and organic solvents, attracting enormous attention
in many fields due to their unique advantages (Zhang et al.
2012). As promising solvents, DESs not only keep the excel-
lent merits of ILs but also overcome their shortcomings.
Advantages include low vapor pressure, nonflammability,
simple preparation, easy purification, and low cost (Zhang
et al. 2012). Generally, a DES (i.e., a eutectic mixture) is
composed of two or three inexpensive and eco-friendly com-
ponents that are capable of associating with each other
through hydrogen bond interactions. In most cases, the DES
is prepared by mixing a quaternary ammonium salt with a
hydrogen bond donor (HBD) which has the ability to form a
hydrogen bond with the halide anion of the quaternary ammo-
nium salt (Wagle et al. 2014). To date, DESs have been used in
many fields, such as organic reactions, electrochemical, nano-
particles, and drugs (Zhao et al. 2015). However, only a few
studies have focused on the use of DESs for the extraction of
bioactive compounds (Paiva et al. 2014; Nam et al. 2015) and
protein (Li et al. 2016; Huang et al. 2015; Xu et al. 2015; Xu
et al. 2016). To extend the applications of DESs in the extrac-
tion of bioactive natural products, it is of great interest to
attempt to extract protein using these novel solvents which
are able to significantly damage the cell wall, release product,
and enhance the solubility of protein.

It is generally known that microwave irradiation (MI)
has been used as an alternative heating system in the
extraction of active ingredients over the past few years
(Chan et al. 2011). Compared with the conventional
heating method, MI possesses numerous advantages such
as more effective heating, faster energy transfer, shorter
extraction time, and lower solvent consumption (Liu et al.
2013; Chan et al. 2011). Ultrasonic-assisted extraction is
an inexpensive and efficient alternative to conventional
liquid–solid extraction methods as well. However, each
method has its flaws, such as MI can cause inhomoge-
neous heating, and ultrasonic treatment can alter the na-
tive state of food protein or peptide under high-power
ultrasound treatment and long treatment times (Kadam
et al. 2015). Therefore, ultrasound-microwave synergistic
extraction (UMSE) is a complementary technique, which
has shown some more advantages (Liu et al. 2013; Wu
et al. 2015). There are no studies, however, that have
applied this technology to accelerate extraction of plant
protein.

Commonly, precipitation procedures have the principal
purpose of isolating and cleaning up protein extracts by re-
moving the excess of reagents and interferential compounds
(Capriotti et al. 2015). Plant proteins have been generally pre-
cipitated by specific methods such as isoelectric point precip-
itation (Aremu 1990; Salgado et al. 2012), salting out method
(Kim et al. 2013), organic solvent precipitation (Capriotti et al.
2015; Wessel and Flugge 1984), and heated denaturing

precipitation (Chiesa and Gnansounou 2011). Usually, iso-
electric point precipitation of protein is a rapid but incomplete
method, while organic solvent precipitation takes a long time.
It is very necessary to explore a simple, facile, fast, complete,
and eco-friendly method for precipitation of plant protein.
Accordingly, this study investigated an isoelectric point-
ethanol-DES ternary co-precipitation method for isolating
pumpkin seed protein.

Herein, the objective of this study is to develop a rapid and
efficient method for the extraction and recovery of pumpkin
seed protein. Aqueous PEG 200-choline chloride DES as the
extraction solvent system and a ternary co-precipitation pro-
tocol were investigated, and the operational parameters were
optimized. The PEG 200 and choline chloride were used as
the ideal candidates due to their excellent properties. PEG 200
as a green and eco-friendly solvent has been used for extrac-
tion of almond protein in our previous reported work (Ge et al.
2016; Liu et al. 2016). Choline chloride is a generally nontox-
ic quaternary ammonium salts in the DES system, which has
excellent properties such as low cost, low toxicity, biodegrad-
ability, and biocompatibility. Choline chloride could effective-
ly combined with several classes of hydrogen bond donor
such as renewable polyols, carbohydrates, PEGs, amides,
amines, alcohols, and carboxylic acids (Zhang et al. 2012;
Wagle et al. 2014; Francisco et al. 2013), which impel us to
explore the feasibility.

Materials and Methods

Materials

Pumpkin seeds were purchased from a farming by-product
market in Xi’an, China. The ethanol, n-hexane, hydrochloric
acid, sodium chloride, acetic acid, sodium hydroxide, polyeth-
ylene glycol-200, and choline chloride were purchased from
the Guoyao Chemicals Co., Ltd., China. Bovine serum albu-
min (BSA), Bradford Reagent, glycine, betaine, alanine, ace-
tylcholine chloride, and nicotinic acid were purchased from
Sigma-Aldrich. All other chemicals and reagents used were of
analytical grade.Water used in this study was produced from a
Milli-Q water purification system (Millipore, Billerica, MA).

Preparation of PEG 200-Based DESs

A heating method (Oliveira et al. 2013) with slight modifica-
tion was used for preparing PEG 200-based DESs. Briefly, the
PEG 200 was mixed with choline chloride at a defined molar
ratio and heating at 90 °C for 3 h under constant stirring until a
stable homogeneous liquid was formed. All the prepared
DESs were allowed to cool to room temperature and stored
in sealed vials.
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Pumpkin Seed Protein Extraction with Three Different
Methods

The ultrasound-assisted extraction (UAE) was performed by
using an XO-SM200 system. The procedure was the same as
for the UMSE except using an extraction time of 30 min and
ultrasonic power of 240 W. The microwave-assisted extrac-
tion (MAE) was also performed with the XO-SM200 system.
The extracted procedure was the same as UAE except for an
extraction time of 6 min and microwave power of 120 W. The
conventional water bath extraction (WBE) was carried out by
using water bath heating to 43 °C for an extraction of 60 min
in a dedicated vessel.

UMSE Procedure for Extraction of Pumpkin Seed Protein

Briefly, the pumpkin seeds were decorticated, and dried under
vacuum at 40 °C. The samples were then crushed and defatted
by n-hexane 1:18 (w/v) at room temperature. The material was
then dried under vacuum, ground into a powder with a high-
speed grinder (Kewei Instrument manufacture Co., Ltd.,
Beijing, China), and passed through a 60-mesh sieve. A
ultrasonic-microwave synergistic XO-SM200 system
(Xianou Instrument Manufacture Co., Ltd., Nanjing, China)
was used for the UMSE procedure, which has 1200 W
(2450 MHz) maximum microwave power and 800 W
(25 kHz) ultrasonic power. The system was equipped with a
reflux condenser, a magnetic stirrer bar, and a contact digital
thermocouple continuous feedback temperature sensor, which
allowed for constant temperature control in the extraction cell.
The dried pumpkin seed powder (1.6 g) samples were extract-
ed with 28% (w/w) aqueous PEG 200-based DES (the optimal
molar ratio PEG and choline chloride was 3:1) in a 100-mL
dedicated glass reactor containing 45 mL extractant, and irra-
diated at 120 Wof microwave power and 240 Wof ultrasonic

power at a temperature of 43 °C for a fixed reaction time of
4 min. Upon completion of the treatment, the mixtures were
centrifuged (8000×g, 12 min) and the supernatant was collect-
ed to determine the protein quantity (Fig. 1).

Determination of Protein Content

The content of proteins was determined by means of the
Bradford method (Bradford 1976). A volume of 0.2 mL of
diluted extract and 1.8 mL of threefold diluted Bradford
Reagent were mixed and kept for 5 min at room temperature.
The absorbance was measured at 595 nm by a double beam
TU-1901 UV–Vis station (Beijing Puxitong Analytical Ltd.,
China). BSAwas used for the calibration curve.

The pumpkin seed protein extraction efficiency (Y) was
calculated as follows:

Y %ð Þ ¼ ms

mt
� 100% ð1Þ

where ms (g) is the protein quantity of the supernatant mea-
sured by the Bradford method, and mt (g) is the total protein
quantity of pumpkin seed powder samples measured by the
Kjeldahl method.

Optimization of Extraction Parameters
with Box–Behnken Design

On the basis of Bone variable at a time^ experiments, a four-
variable and three-level Box–Behnken design (BBD, a re-
sponse surface methodology (RSM) method) was applied to
optimize the extraction parameters. Typically, the four inde-
pendent variables such as PEG 200-based DES concentration
(X1, w/w), liquid to raw material ratio (X2, mL g−1), micro-
wave power (X3, W), and reaction temperature (X4, °C) were

Fig. 1 Illustration of the UMSE
process for pumpkin seed protein
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studied by a fixed reaction time of 5 min. Each variable was
tested at three different levels. The pumpkin seed protein ex-
traction efficiency was taken as the response (Y). The trial
version of Design-Expert 7.1.3 was used for modeling and
regression analysis. As shown in Table 1, 27 experiments in
total were designed and carried out including 24 factorial
points and three center points in a random order. Multiple
regression analysis was conducted to establish an empirical
second-order polynomial model:

Y ¼ β0 þ
X4

i¼1

βiX i þ
X4

i¼1

βiiX i
2 þ

X3

i¼1

X4

j¼iþ1

βijX iX j ð2Þ

where β0 is defined as a constant, βi is the linear coefficient, βii
is the quadratic coefficient, and βij is the cross-product coef-
ficient; Xi and Xj are independent variables.

Enrichment of Pumpkin Seed Protein from Extraction
Solutions

Four methods, isoelectric point precipitation (IPP), four times
volume ethanol precipitation (FTVEP), extraction solution
containing PEG 200-based DES self-precipitation, and iso-
electric point/ethanol/PEG 200-based DES co-precipitation,
were used for enriching the pumpkin seed protein from extrac-
tion solutions. For each precipitation, the procedure was per-
formed with three experimental replicates. After freeze drying,
the enriched (or sedimentation) efficiency was calculated as

Y* %ð Þ ¼ mp

mt
� 100% ð3Þ

where mp (g) is the quantity of precipitation and mt (g) is the
total protein quantity in extraction solution.

Table 1 Box–Behnken design
and observed responses Run PEG 200-

based DES
concentrationa

Liquid to solid
ratioa

Microwave
powera

Extraction
temperaturea

Extraction efficiency (Y, %)

(X1, %) (X2, mL g−1) (X3, W) (X4, °C) Experimental
value

Predicted
value

1 10 (−1) 10 (−1) 120 (0) 45 (0) 79.18 77.26

2 40 (+1) 10 (−1) 120 (0) 45 (0) 83.14 79.74

3 10 (−1) 40 (+1) 120 (0) 45 (0) 73.57 75.68

4 40 (+1) 40 (+1) 120 (0) 45 (0) 83 83.63

5 25 (0) 25 (0) 50 (−1) 30 (−1) 63.63 63.21

6 25 (0) 25 (0) 190 (+1) 30 (−1) 84.43 84.22

7 25 (0) 25 (0) 50 (−1) 60 (+1) 74.12 73.04

8 25 (0) 25 (0) 190 (+1) 60 (+1) 83.63 82.76

9 10 (−1) 25 (0) 120 (0) 30 (−1) 74.65 74.89

10 40 (+1) 25 (0) 120 (0) 30 (−1) 77.23 79.13

11 10 (−1) 25 (0) 120 (0) 60 (+1) 79.61 78.10

12 40 (+1) 25 (0) 120 (0) 60 (+1) 84.14 84.29

13 25 (0) 10 (−1) 50 (−1) 45 (0) 66.52 70.19

14 25 (0) 40 (+1) 50 (−1) 45 (0) 67.12 65.99

15 25 (0) 10 (−1) 190 (+1) 45 (0) 78.69 80.21

16 25 (0) 40 (+1) 190 (+1) 45 (0) 90.0 86.72

17 10 (−1) 25 (0) 50 (−1) 45 (0) 63.73 63.30

18 40 (+1) 25 (0) 50 (−1) 45 (0) 67.12 66.51

19 10 (−1) 25 (0) 190 (+1) 45 (0) 75.15 76.66

20 40 (+1) 25 (0) 190 (+1) 45 (0) 82.54 83.88

21 25 (0) 10 (−1) 120 (0) 30 (−1) 78.12 76.98

22 25 (0) 40 (+1) 120 (0) 30 (−1) 83.78 83.42

23 25 (0) 10 (−1) 120 (0) 60 (+1) 85.18 86.45

24 25 (0) 40 (+1) 120 (0) 60 (+1) 80.29 82.33

25 25 (0) 25 (0) 120 (0) 45 (0) 95.65 95.41

26 25 (0) 25 (0) 120 (0) 45 (0) 94.43 95.41

27 25 (0) 25 (0) 120 (0) 45 (0) 96.16 95.41

a Actual value out of parentheses and coded value in parentheses
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Extraction Solution Containing PEG 200-Based DES
Self-Precipitation

Briefly, the extraction solution containing PEG 200-based
DES self-precipitation was separated in a centrifuge at
5000 rpm for 15 min. The resulting precipitate was washed
with PEG 200-based DES and was centrifuged once more.

Isoelectric Point/Ethanol/PEG 200-Based DES
Co-Precipitation

The extraction solution containing PEG 200-based DES was
mixed with four times the volume of anhydrous ethanol and
then adjusted the pH to 4.5 using 1.0 mol L−1 HCl. The mix-
ture was separated in a centrifuge after stirring for 4 min. The
resulting precipitate was washed with water (pH 4.5) and was
centrifuged once more. In addition, the isoelectric point pre-
cipitation and ethanol precipitation were carried out according
to our previous reported method (Ge et al. 2016).

Statistical Analysis

Statistical analysis was carried out using a statistical program,
SPSS 17.0. The results were expressed as the mean ± standard
deviations of three determinations and were analyzed by one-
way analysis of variance. Probability (p) values less than 0.05
were considered statistically significant.

Results and Discussion

Selection of the PEG 200-Based Deep Eutectic Solvents

To obtain the optimal PEG 200-based solvent for extraction of
pumpkin seed protein, PEG 200 as a hydrogen bond donor
was mixed with various types of hydrogen bond acceptor such
as choline chloride, glycine, betaine, alanine, acetylcholine
chloride, and nicotinic acid according to the constant molar
ratio (4:1). In addition, other experimental conditions were
held constant in this set of experiments. Results showed that
the aqueous PEG 200 choline chloride DES (22%, w/w) and
aqueous PEG 200-glycine DES (22%, w/w) presented the
highest extraction efficiency among all trial solvents accord-
ingly (Fig. 2a). Taking into account the cost, the PEG 200 and
choline chloride were chosen as optimal combination for fur-
ther study.

In addition, the effect of various molar ratios between PEG
200 and choline chloride was also studied. It is obvious that
different molar ratios of PEG 200-based DES have different
abilities to extract pumpkin seed protein. According to
Fig. 2b, when the molar ratio of PEG 200 and choline chloride
varied from 1:1 to 6:1, the extraction efficiency increased
rapidly and then gradually decreased. It could be due to the

protein structure being dependent on the hydrophobic–hydro-
philic balance under constant processing conditions. Choline
chloride is a salting out compound, and large amounts of cho-
line chloride in a protein solution may increase hydrophobic
interactions, leading to the reduction of the solubility of pro-
tein in water (i.e., salting out effect). The reason for the de-
crease in extraction efficiency when the molar ratio of PEG
200 and choline chloride was higher than 3:1 might be be-
cause the destructive capability of cell wall and release of the
protein are decreased when PEG 200-based DES with low

Fig. 2 Effects of PEG 200-based DES with a different types of hydrogen
bond acceptor; b various molar ratios of PEG 200 and choline chloride;
and c ultrasonic power on the extraction efficiencies for pumpkin seed
protein
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content of choline chloride is used as an extraction media.
Therefore, the optimum molar ratio of PEG 200 and choline
chloride was validated as 3:1 and was used in the following
experiments.

Selection of the Ultrasonic Power for UMSE

To reduce the cost of extraction process and achieve the
highest rate of extraction capacity from the lowest possible
energy input, the effect of ultrasonic power (UP) on the
UMSE process was studied. The power was varied from 80
to 420 W as specified, whereas the other test parameters were
held constant in this study. Results showed that the best ex-
traction efficiency was obtained at 240 W of UP (Fig. 2c). It
can be seen that the efficiency of the extraction initially in-
creased with increasing power and then gradually declined. It
can be ascribed to the fact that there was a lack of sufficient
mixing and interface contact between the extractant and the
matrix at initial levels of UP irradiation. The efficiency of the
extraction improved as the UP was further increased, which
may be due to ultrasonic cavitations. The ultrasonic cavita-
tions could obviously promote the cell disruption and further
release much more pumpkin seed proteins. Also, further in-
creasing the power of the UP led to a reduction in the efficien-
cy of the extraction, which can be explained as the cushioning
effect at higher power levels (Liu et al. 2013).

Optimization of Process Parameters Using Box–Behnken
Design

During recent years, RSM has been extensively used to
develop, improve, and optimize chemical processes
(Zheng et al. 2015) and extractions of the effective sub-
stances (Liu et al. 2013; Celli et al. 2015; Ordonez-
Santos et al. 2015). The prime advantage of RSM is the

ability to use statistical modeling and analysis to simulate
the extraction process, determine significant variables, and
estimate optimal extraction conditions, give maximal yield
of target responses (Feng et al. 2014). BOne variable at a
time^ experiments demonstrated that three factors, solvent
concentration, solid to liquid ratio, and microwave power,
could significantly affect the extraction efficiency at a
fixed extraction time. In view of the effect of temperature
on protein denaturing, a four-variable and three-level BBD
was applied to optimize the extraction parameters
(Table 1). An empirical second-order polynomial model
was established based on the experiment results.

Y ¼ −82:99þ 1:98X 1 þ 1:57X 2 þ 0:78X 3 þ 3:32X 4 þ 6:06E−003X 1X 2 þ 9:52E−004X 1X 3 þ 2:17E−003X 1X 4

þ 2:55E−003X 2X 3−0:01X 2X 4−2:69E−003X 3X 4−0:04X 1
2−0:03X 2

2−2:67E−003X 3
2−0:03X 4

2 ð4Þ

The analysis of variance is shown in Table 2. The signifi-
cance of themodel was analyzed using anF test. An F value of
25.18 and a p value of <0.05 (0.0001) indicated that the model
was of statistical significance. The Black of fit F value^ (8.59)
indicates that the lack of fit is not significant relative to pure
error. There is a 10.87% chance that such a large lack of fit F
value could occur due to noise. The coefficient of determina-
tion (R2) for the model was 0.9671, manifesting that the model
adequately represented the relationship between the chosen
parameters. In addition, the linear (X1, X3, X4) and all quadratic
parameters and part interaction parameters (X2X3, X2X4, and

X3X4) were significant (p < 0.05). Conversely, the other param-
eters (X1X2, X1X3, and X1X4) were not significant (p > 0.05).

Table 2 Analysis of variance (ANOVA) for the fitted quadratic poly-
nomial model

Source Sum of square DF Mean square F value p value

Model 2040.74 14 145.77 25.18 <0.0001*
X1 81.54 1 81.54 14.08 0.0028*
X2 4.00 1 4.00 0.69 0.4220
X3 708.40 1 708.40 122.37 <0.0001*
X4 52.63 1 52.63 9.09 0.0108*
X1X2 7.48 1 7.48 1.29 0.2778
X1X3 4.00 1 4.00 0.69 0.4221
X1X4 0.95 1 0.95 0.16 0.6924
X2X3 28.68 1 28.68 4.95 0.0460*
X2X4 27.83 1 27.83 4.81 0.0488*
X3X4 31.87 1 31.87 5.50 0.0370*
X1

2 508.52 1 508.52 87.84 <0.0001*
X2

2 230.45 1 230.45 39.81 <0.0001*
X3

2 909.96 1 909.96 157.19 <0.0001*
X4

2 228.52 1 228.52 39.47 <0.0001*
Lack of fit 67.89 10 6.79 8.59 0.1087
Pure error 1.58 2 0.79
Summation 2110.21 26

R2 = 0.9671; CV = 3.03%

DF degree of freedom

*Significant (p < 0.05)

�Fig. 3 Response plots for the optimization of the PEG 200 based DES-
UMSE process for pumpkin seed protein. a Interaction between the con-
centration of PEG 200-based DES solution (X1, %) and the liquid to solid
ratio (X2, mL g−1); b influence of concentration of PEG 200-based DES
solution (X1, %) and microwave power (X3, W); c effect of concentration
of PEG 200-based DES solution (X1, %) and the extraction temperature
(X4, °C); d effect of liquid to solid ratio (X2, mL g−1) and microwave
power (X3, W); e interaction of liquid to solid ratio (X2, mL g−1) and the
extraction temperature (X4, °C); and f interaction of microwave power (X3,
W) and the extraction temperature (X4, °C)
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Figure 3a shows the effect of PEG 200-based DES concen-
tration and solid to liquid ratio on pumpkin seed protein

extraction (microwave power, 120 W; extraction temperature,
45 °C; time, 5 min). The graph shows that the effect of PEG
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200-based DES concentration on the extraction efficiency of
pumpkin seed protein is significant, as the curve had a large
upward trend. When the PEG 200-based DES concentration
was approximately 28% w/w, the extraction efficiency began
to slow down. The curves for the solid to liquid ratio are
gradual and are less significant than the concentration of
PEG 200-based DES. The PEG 200-based DES concentration
and solid to liquid ratio clearly exhibited a quadratic effect on
the response. The maximum response was obtained with a
PEG 200-based DES concentration of 22–34% w/w and solid
to liquid ratio of 1:22–1:34 g mL−1, respectively.

Figure 3b depicts the influence of PEG 200-based DES
concentration and microwave power on pumpkin seed protein
extraction (solid to liquid ratio, 25% w/w; extraction temper-
ature, 45 °C; and extraction time, 5 min). While keeping the
microwave power constant, the response increased slowly
with increasing PEG 200-based DES concentration and then
declined with a further increase the concentration. Besides, it
can be clearly observed that the pumpkin seed protein extrac-
tion efficiency increased slowly and then decreased rapidly
with increasing microwave power. The maximum response
was obtained with a w/w PEG 200-based DES concentration
of 22–34% and a microwave power of 120–155 W. The mi-
crowave power and PEG 200-based DES concentration also
resulted in quadratic effect on the response.

Figure 3c portrays the effect of PEG 200-based DES con-
centration and temperature on pumpkin seed protein extrac-
tion at solid to liquid ratio of 1:25 g mL−1, microwave power
of 120 W, and time of 5 min. The maximum response was
achieved at a PEG 200-based DES concentration of 22–34%
w/w and a temperature of 42–54 °C. As the mixed solution
temperature rose, the extraction capacity increased. This ob-
servation indicated that the extraction is an endothermic pro-
cess. When the temperatures go from 42 to 54 °C with a fixed
microwave power, the increase in extraction capacity declines.
It is likely that the hydrophobic interactions are enhanced as
the temperature increases but that the hydrogen bonding inter-
actions between the PEG 200-based DES and the amino acid
residue could be destroyed when the temperature is high
enough. In addition, this may be caused by the insignificant
interaction (p > 0.05) between the PEG 200-based DES con-
centration and the extraction temperature.

Figure 3d indicates the effect of solid to liquid ratio and
microwave power on pumpkin seed protein extraction. At a
given concentration of PEG 200-based DES (25% w/w) and
extraction temperature (45 °C), the response clearly increased
with an increase in microwave power (from 120 to 155 W).
The pumpkin seed protein extraction efficiency decreased
when the microwave power was higher than 150 W.
Conversely, the solid to liquid ratio had an insignificant effect
on the extraction efficiency. The maximum response was ob-
tained at a solid to liquid ratio of 1:22–1:34 g mL−1 and a
microwave power of 120–155 W.

Figure 3e, f shows the effect of solid to liquid ratio and
extraction temperature and the effect of microwave power
and extraction temperature, respectively. Results showed that
the maximum responses were obtained at 1:22–1:34 g mL−1

and 42–54 °C and 120–160 W and 42–54 °C. In addition, a
quadratic and interaction effect on the response was clearly
observed in the plots.

The studentized residuals were calculated to check the
adequacy of the model. The residual values in this work
were small for UMSE, which demonstrated that the pre-
dictions of the model were accurate. As shown in Fig. 4a,
the normal probability plot of the standardized residuals
exhibited that the response fitted well with the test data.
The residuals versus the predicted values of UMSE
(Fig. 4b) revealed that the residuals were randomly
scattered at around ±2.0, which was very close to previ-
ous result (Liu et al. 2013). It can be seen from the Fig. 4c
that the experimental values were distributed relatively
near to the straight line and had satisfactory correlation
between these data based on the predicted versus actual
plots of UMSE. Figure 4d declares that there was no point
that was potentially powerful in the Cook’s distance plot
(Liu et al. 2013).

In order to obtain the optimal extraction parameters, a fur-
ther calculation based on the regression equation was per-
formed for the variables affecting the pumpkin seed protein
extraction efficiency. The parameters calculated for the pump-
kin seed protein extraction were as follows: PEG 200-based
DES concentration, 27.88% w/w; solid to liquid ratio,
27.98 g mL−1; microwave power, 139.16 W; and extraction
temperature, 43.12 °C. Considering the practical convenience,
the actual extraction parameters were revised as follows: PEG
200-based DES concentration, 28% w/w; solid to liquid ratio,
28 g mL−1; microwave power, 140 W; and extraction temper-
ature, 43 °C. Under the actual extraction parameters, the av-
erage extraction efficiency obtained was 93.95 ± 0.23%
(n = 3), which was consistent with that of the prediction model
(95.57%).

Selection of Optimal Extraction Time for UMSE

The extraction efficiency of pumpkin seed protein depended
on the mass transfer and equilibrium distribution processes of
pumpkin seed protein from the pumpkin seed cells and tissues
into the solvent. As shown in Fig. 5a, the extraction efficiency
of pumpkin seed protein increased with extending UMSE
time across a reasonable range, and longer times resulted in
a slight decrease. The optimal extraction time of UMSE was
confirmed as 4 min, which is the time required for the extrac-
tion process to be adequately completed. The extraction pro-
cess can be described as follows. Firstly, thermal and bubble
cavitation effects produced by the microwave and ultrasonic
irradiation led to an increase in the extractive capacity of PEG

1676 Food Anal. Methods (2017) 10:1669–1680



200-based DES for the extraction of pumpkin seed protein.
Moreover, extended microwave and ultrasonic effects led to
penetration through the cell walls, enhancing the proteins out
into the PEG 200-based DES mixture. On account of the pro-
teins, water, and PEG 200-based DES contains the polar com-
ponents, the sufficient thermal transfer and bubble cavitation
can be obtained under ultrasonic and microwave irradiation.
Higher extraction times above 4 min were inefficient because
they may result in the overheating of the extraction mixture,
denaturation of protein, and energy losses.

Pumpkin Seed Protein Enrichment with Different
Precipitation Methods

To develop an effective UMSE procedure for pumpkin seed
protein, four different precipitation methods (IPP, FTVEP,

extraction solution self-precipitation and isoelectric point-
ethanol-PEG 200-based DES co-precipitation) were investi-
gated to enrich pumpkin seed protein from the extraction so-
lution. The protein-enriched efficiencies calculated for all four
precipitation methods are presented in Table 3. As shown in
Table 3, the protein enrichment for the extraction solution
containing PEG 200-based DES self-precipitation was only
61.52 ± 1.31% and significantly lower than 77.93 ± 2.84%
for the IPP (p < 0.05). Although the IPP is superior to PEG
200-based DES self-precipitation, it also indicates that the
PEG 200-based DES can effectively precipitate the protein,
which is very close to the previous results such as choline
chloride–ethylene glycol and choline chloride–glycerol for
precipitation of protein (Mondal et al. 2015), and magnetic
graphene oxide modified with choline chloride-based deep
eutectic solvent for the solid-phase extraction of protein (Xu

Fig. 4 The plots for analysis of residuals for response surface quadratic model: a normal plot of residuals for UMSE; b residuals versus predicted values
for UMSE; c actual versus predicted values for UMSE; and d Cook’s distance plot for UMSE
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et al. 2016; Huang et al. 2015). PEGs are widely used as
precipitants and crystallization agents for proteins (Kumara
et al. 2009; Ge et al. 2016), in particular, stable formulations
of dry protein powders have been developed by using PEG-
induced precipitation and vacuum drying (Sharma and
Kalonia 2004). According to the volume exclusion effects
(Kumara et al. 2009), the mechanism of precipitation of pro-
teins by PEG 200-based DES may be explained as follows:
the protein molecules are sterically excluded from the regions
of the solvent occupied by PEG 200-based DES molecules.
As a result, protein gets concentrated and precipitates out

when its solubility limit is exceeded. Since steric exclusion
of PEG 200-based DES also results in the preferential hydra-
tion of the protein, preferential exclusion should help maintain
the protein structure. In addition, the protein sedimentation
rate for anhydrous ethanol precipitation was 92.26 ± 1.08%,
and significant difference (p < 0.05) from the isoelectric point-
ethanol-PEG 200 DES co-precipitation was 97.97 ± 0.82%.
Compared with the ternary co-precipitation, the FTVEP re-
quired much longer precipitation time.

Comparison of Different Extraction Procedures

UAE, MAE,WBE, and UMSE methods with PEG 200-based
DES were also conducted for the extraction of pumpkin seed
protein, respectively. Results showed that PEG 200-based
DES UMSE provided highest extraction yields by using less
solvent and a shorter extraction time thanwith PEG 200-based
DES-UAE, PEG 200-based DES-MAE, and PEG 200-based
DES-WBE (Fig. 5b). To the best of our knowledge, it is the
first time to extract protein from pumpkin seed using the PEG
200-based DES system and UMSE technique. UMSE is the
organic combination of ultrasonic and microwave which
makes full use of high-energy effect of microwave and ultra-
sonic cavitation, and it overcomes the shortcomings of con-
ventional extraction and ultrasonic and microwave extraction.
The present work showed that the PEG 200-based DES
UMSE was a rapid and effective tool for the extraction of
pumpkin seed protein.

Conclusions

In this work, a novel method for UMSE of pumpkin seed
protein was developed using aqueous PEG 200-based DES
as a green and sustainable extraction medium. Compared with
PEG 200-based DES-UAE, PEG 200-based DES-MAE, and
PEG 200-based DES-WBE, the PEG 200-based DES UMSE
provided higher extraction yields by using lesser solvent and a
shorter extraction time. We believe that the PEG 200-based
DES could be further promoted and widely used in the extrac-
tion of natural products. Furthermore, an isoelectric point/eth-
anol/PEG 200-based DES co-precipitation method was ap-
plied to the precipitation of pumpkin seed protein from the
extraction solution. The combined technique integrated the

Fig. 5 a Effect of extraction time on the extraction efficiencies of
pumpkin seed protein and b comparison of different extraction methods
at 43 °C (b, n = 3). The UAE, MAE, WBE, and UMSE are the
ultrasound-assisted extraction, microwave-assisted extraction, conven-
tional water bath extraction, and ultrasonic-microwave synergistic extrac-
tion accordingly

Table 3 Optimization of pumpkin seed protein precipitation method

Isoelectric point precipitation (IPP) Four times volume ethanol
precipitation (FTVEP)

PEG 200 DES
(original solution)

Isoelectric point/ethanol/PEG 200
DES co-precipitation

Precipitation time (min) 6 270 15 4

Sedimentation efficiency (%)a 77.93 ± 2.84 92.26 ± 1.08 61.52 ± 1.31 97.97 ± 0.82

a Values are mean ± SD, n = 3
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speed of isoelectric point precipitation with the completeness
of alcohol precipitation and the volume exclusion effect of
PEG 200-based DES.
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