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Abstract In this study, we describe the extraction of different
valuable compounds fromwinter melon seeds using supercrit-
ical carbon dioxide extraction combined with pressure swing
technique (SCE-PST). The effects of the extraction variables,
namely pressure, holding time (HT), and continuous ex-
traction time (CT), were optimized by response surface
methodology (RSM) to maximize the crude extraction
yield (CEY). The optimal conditions were at pressure of
181.35 bar, HTof 9.93 min, and CTof 50.14 min. Under these
conditions, the experimental CEY was 235.70±0.11 mg g−1

with a relatively strong antioxidant activity (64.42±0.21 %
inhibition of DPPH· radicals, 67.36±0.34 % inhibition of
ABTS·+ radicals) and considerable amount of phenolic com-
pounds (42.77±0.40 mg gallic acid equivalent/g extract). The
high-performance liquid chromatography (HPLC) analysis re-
vealed that the bioactive phenolic compounds increased sig-
nificantly using PST (p<0.05), where gallic acid had the

highest concentration (0.688±0.34 mg g−1). The extract ob-
tained using optimal SCE-PST conditions contained more
than 83.65 % total unsaturated fatty acids (UFAs) and linoleic
acid accounted for 67.33±0.22% in the total extract. From the
results, the SCE efficiency in terms of extract quantity and
quality has been enhanced significantly applying PST.
Finally, the results were compared with previous published
findings using supercritical carbon dioxide, ultrasound-
assisted, and Soxhlet extraction. It was found that higher
CEY could be achieved using Soxhlet extraction even through
the quality of SCE-PST extracts in terms of antioxidant activ-
ity and phenolic compounds was better.
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Introduction

Different conventional extraction methods have been used to
isolate natural compounds from seeds. Conventional extrac-
tion methods are usually characterized by poor quality of ex-
tracts due to application of high temperatures resulting in deg-
radation of heat-labile bioactive compounds. In recent years,
increasing demand for the highest quality natural products as
well as attention for environment pollution has inducted strict
regulations during commercial production. Environmental-
friendly techniques are becoming more interesting in order
to develop the BGreen Chemistry^ concept (Kamran Khan
et al. 2010). Supercritical fluid extraction (SFE) is a popular
technique for extraction due to its high efficiency, short ex-
traction time, and absence of chemical residues. Since the
1980s, various potential applications of SFE have been docu-
mented (Valcárcel and Tena 1997; Cao and Ito 2003; Lee et al.
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2000). Carbon dioxide (CO2) is the most popular supercritical
fluid solvent owing to its low cost, non-flammability, easy
availability, non-toxicity, and low critical temperature
(31.1 °C) and pressure (73.8 bar). The SFE technique makes
high reliability and consistency in safety and quality of valu-
able thermo-sensitive compounds, which are degraded during
conventional extraction methods, and also meet the consumer
demand for natural products (Wang and Weller 2006; Bimakr
et al. 2012). Therefore, SFE using CO2 was introduced as an
alternative to the conventional extraction methods of valuable
compounds from different natural sources. Pressure swing
technique (PST) has been performed to improve the SFE pro-
cess (Salto 1995). Supercritical carbon dioxide extraction
(SCE) combined with PST (SCE-PST) consists on pressuriza-
tion and depressurization steps has been applied for separating
cashew nut shell liquid and palm kernel oil (Smith Jr. et al.
2003; Zaidul et al. 2007). To date, there is lack of knowledge
about the effect of applying SCE-PST for improving extrac-
tion efficiency in terms of quantity and quality of extracts.

Optimization of the experimental condition is a critical and
inevitable step in developing a successful extraction process
due to the effect of various variables on the process efficiency.
Response surface methodology (RSM) is a statistical approach
used to optimize experimental conditions through generation
of a mathematical model (Triveni et al. 2001; Bas and Boyaci
2007; Wang et al. 2008). RSM is a faster andmore economical
method than classic one-variable-at-a-time or full factorial ex-
perimentation (Liu et al. 2009). Optimization of SCE of grape
seed, walnut, rosemary, cottonseed, rosehip seed, and extrac-
tion of phenolic and astaxanthin has been successfully per-
formed using RSM (Lee et al. 2000; Oliveira et al. 2002;
Rezzoug et al. 2005; Bhattacharjee et al. 2007; Machmudah
et al. 2007; Stévigny et al. 2007; Thana et al. 2008).

Benicasa hispida (Thunb.) Cogn. (Syn. Benincasa
cerifera, Cucurbitaceae family), commonly known as winter
melon, is originated from southeast Asia and has been culti-
vated for at least 2000 years. This fruit is large and seedy with
white color and spongy flesh. Storage of ripe winter melon
without injury for long periods of time, even for a year, can be
achieved in dry and cool atmosphere (Zaini et al. 2011). Index
of Nutritional Quality (INQ) data showed that B. hispida has
been valued as a high quality vegetable (Mingyu et al. 1995;
Zaini et al. 2011). In our preliminary experiments, the proxi-
mate analysis of B. hispida seeds was compared with
those presented in literature for groundnut and sunflower
(Ensminger et al. 1990), and two Cucurbitaceae species in-
cluding Cucumis melo var. flexuosus and Citrullus lanatus
(Mariod et al. 2009). Significant differences were observed
among the seeds in their content of moisture, crude protein,
fats/oils, crude fiber, ash, and carbohydrate contents. The pro-
tein content of B. hispida seeds (18.45±0.8 g/100 g) was
higher than C. melo var. flexuosus (15.70±0.25 g/100 g) but
still lower than the other seeds. The oil content of B. hispida

(31.26±0.6 %) seed was higher than the two Cucurbitacea
species seeds. The high percentages of oil make these seeds
suitable for the oil industry (Al-Khalifa 1996; Nyam et al.
2009). These findings showed that B. hispida seeds
may have the potential to be used as high protein and
oil sources in some food formulations, although it should
be considered that the composition and nutritional values vary
with the place of origin, stage of maturity, and subsequent
storage (Al-Naqeeb et al. 2009).

In the current study, for the first time, the use of SCE-PST
as a new technique for extraction of valuable bioactive com-
pounds from B. hispida seeds was investigated. The effect of
some process variables, namely pressure, holding time (HT),
and continuous extraction time (CT), was investigated and
then optimized by RSM to maximize crude extraction yield
(CEY). The major bioactive flavonoids were analyzed using
high-performance liquid chromatography (HPLC) to investi-
gate the effect of PSTon their extraction. The extract obtained
under optimal extraction conditions was also analyzed
using gas chromatography (GC) to determine the fatty acid
composition. Furthermore, the antioxidant activity in
terms of 2,2′-azinobis (3-ethylbenzothiazoline-6-sulphonic
acid) diammonium salt (ABTS˙+) and 1, 1-diphenyl-2-
picrylhydrazyl (DPPH˙) radical scavenging activity (RSA)
and total phenolic content (TPC) of extracts were determined.
The results obtained in the current study were compared with
those reported previously on the application of SCE (Bimakr
et al. 2013), ultrasound-assisted extraction (UAE) (Bimakr
et al. 2012), and conventional Soxhlet extraction (Mandana
et al. 2012) to find out the most efficient and preferable ex-
traction technique to obtain valuable compounds from
B. hispida seeds.

Materials and Methods

Materials

Whole winter melon fruits were purchased from a local mar-
ket in Serdang, Selangor, Malaysia. The fruits were cut, seeds
separated manually, and washed under tap water. Ventilated
oven (Heraeus Vacutherm VT6025, Germany) was used to
dry seeds (40 °C for 24 h). The samples were ground in a
grinder mill (MX-335, Panasonic, Malaysia) for 10 s to pro-
duce a powder with an approximate size of 1.5–2.5 mm.
Carbon dioxide (CO2, SFE grade) contained in a diptube cyl-
inder was purchased from MOX Company in Malaysia.
Ethanol (EtOH, 99.5 %, analytical grade) and n-hexane
(analytical grade) were obtained from Scharlau Chemical,
European Union. Fatty acid methyl ester (FAME) standards
were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Sodium methoxide, potassium persulphate, 2-2′azinobis
(3-ethylbenzothiazoline-6-sulphonic acid) diammonium
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salt (ABTS˙+), 1,1-diphenyl-2-picrylhydrazyl (DPPH˙),
and Folin-Ciocalteu reagent (FCR) were purchased from
Fisher (Pittsburgh, PA, USA). Phenolic compound stan-
dards including gallic acid (GA), catechin (CA),
naringenin (NA), myricetin (MY), and quercetin (QU)
were purchased from Sigma-Aldrich Chemie Gmbh
Munich, Germany.

Supercritical Carbon Dioxide Extraction Combined
with Pressure Swing Technique

The extraction process setup is depicted in Fig. 1. All SCE-
PST extractions were carried out in a supercritical fluid appa-
ratus (ABRP200, Pittsburgh, PA, USA). The CO2 pressure to
the extractor was controlled with a back pressure regulator.
The extraction vessel was loaded with 40 g of B. hispida
ground seeds mixed with glass beads (120 g with 2.00 mm
in diameter) brought to extraction temperature (46 °C). The
temperature was chosen based on preliminary experiments.
For un-interrupted SCE process (SCE without using PST),
CO2 was compressed to the desired pressure and allowed to
flow through the extractor over selected continuous extraction
time (Fig. 2a).

For interrupted SCE process (SCE combined with PST), at
given pressure (125–200 bar) and temperature (46 °C), the
extraction vessel containing the sample was pressurized with
CO2 which held for different holding time (HT, 6–18min) and
then the vessel was depressurized (Fig. 2b). The swing was
applied three times based on preliminary experiments and then
continuous time (CT, 30–60 min) was performed. After the

extraction was completed, the CO2 feed supply was closed off
and depressurization was carried out. The rate of depressuri-
zation is an important step that should be considered during
the process. A rapid depressurization produces liquid CO2 as
well as dry ice. As a consequence, the trapped CO2 inside the
solid matrix expands which results in breakage of the cells

Fig. 1 Schematic diagram of
supercritical fluid extractor
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Fig. 2 Experimental design of un-interrupted SCE. a P: pressurization
step, experimental design of SCE-PST. b P: pressurization steps, H:
holding steps, D: depressurization steps
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(Martinez 2008). In the current study, depressurization step
generally required about 3 min for reducing pressure from
125 bar and 4 to 5 min from pressure 200 or 275 bar, respec-
tively. The CO2 and EtOH flow rates were 10 and 1 g/min,
respectively. EtOH, which is allowed to use in the food and
pharmaceutical industries, was applied as co-solvent due to its
good miscibility with CO2 and non-toxicity (Sánchez-Vicente
et al. 2009). After extraction, the co-solvent was removed
from the extract using vacuum rotary evaporator (Eyela,
A-1000S, Japan) at 40 °C.

Determination of Crude Extraction Yield

The crude extracts were weighed gravimetrically using an
analytical Mettler Toledo balance (±0.0001 g) (Mettler
Toledo GmbH, Greinfensee, Switzerland), and the CEY was
calculated according to the following Equation:

CEY ¼ me

ms
� 1000 ð1Þ

Where me is the crude extract mass (g) and ms is the ex-
tracted sample mass (g). The results of CEY (n=3) were
expressed as mg (± standard deviation) per g of sample.

Antioxidant Assays

The extract obtained under optimum conditions was subjected
to different radical scavenging assays: (1) 1, 1-diphenyl-2-
picrylhydrazyl (DPPH˙) and (2) 2,2′-azinobis (3-ethylbenzo-
thiazoline-6-sulphonic acid) diammonium salt (ABTS˙+).

DPPH˙ Radical Scavenging Activity

Reaction with the DPPH˙ radical was performed as previously
described (Bimakr et al. 2013). Briefly, an aliquot of test sam-
ple (0.1 mg/mL) (dissolved in EtOH) was added into 3 mL of
an ethanolic solution of DPPH˙ (60 μM) and the absorbance
was measured at 515 nm for 60 min with 10 min intervals
using UV–Vis spectrophotometer (Thermo 4001/4 UV–Vis
Spectrophotometer, Thermo Fisher Scientific). Ethanolic
DPPH˙ solution was used as a blank sample. The inhibition
percent of scavenged DPPH˙ (%DPPHsc) was calculated as
100×(Ab−As) / Ab, where Ab was the absorbance of the blank
and As was the absorbance of the sample.

ABTS˙+ Radical Scavenging Activity

ABTS˙+ (2,2´-azinobis (3-ethylbenzothiazoline-6-sulphonic
acid) diammonium salt) radical scavenging activity was
assessed as previously described (Bimakr et al. 2013). The
ABTS˙+ solution was prepared by mixing 7 mM ABTS and
2.45 mM potassium persulphate and then incubated in the

dark at room temperature for 16 h. The ABTS˙+ solution
was diluted with 80 % (v/v) ethanol to obtain an absorbance
of 0.700±0.005 at 734 nm. The ABTS·+ solution (3.9 mL)
was added to 0.1 mg/mL test sample. Absorbance of the mix-
ture was recorded at 734 nm for 10 min with 2 min intervals
using UV–Vis spectrophotometer (Thermo 4001/4 UV–Vis
Spectrophotometer, Thermo Fisher Scientific). The blank test
was conducted with ethanol instead of crude extract. The in-
hibition percent of scavenged ABTS˙+ (%ABTSsc) was calcu-
lated as 100×(Ab−As) / Ab, where Ab was the absorbance of
the blank and As was the absorbance of the sample.

Determination of Total Phenolic Content

The TPC of the extract obtained under optimum conditions
was determined using Folin-Ciocalteu reagent (FCR) accord-
ing to the procedure described by Singleton et al. (1999).
Deionized water (1 mL) was mixed with 10mg of test sample.
Then, 1 mL of FCR (freshly diluted 10 times with distilled
water) was added. After 5 min, 7.5 mL of aqueous carbonate
sodium (Na2CO3, 60 mg/mL) solution was added and kept for
30 min at room temperature. The color change was deter-
mined by reading the wavelength at 765 nm (Thermo
4001/4 UV–Vis Spectrophotometer, Thermo Fisher
Scientific). The gallic acid standard curve prepared at different
concentrations (25–500 ppm) and TPC of the extract was
expressed as mg gallic acid equivalent per gram of extract.

High Performance Liquid Chromatography Analysis

The determination of the major phenolic compounds in
B. hispida seed extracts was performed by a HPLC using a
Water 600 pump Controller and a 9486 tunable absorbance
UV detector. Efficient chromatographic separation was ob-
tained by an Eclipes XDR- C18 reversed-phase column
(25 cm×4.6 mm×5 μm, Supelco, USA) with solvent A
(triflouroacetic acid, 2.5 pH in deionized water) and solvent
B (pure methanol, HPLC grade). The major bioactive pheno-
lic compounds were quantified using regression equations
from their respective standard curves. The injection volume
was 20 μL, and all of the main flavonoid compounds were
identified by matching their retention time against those of
available standard compounds including GA, CA, NA, MY,
and QU.

Preparation of Fatty Acid Methyl Esters

In order to obtain the fatty acid methyl esters (FAMEs), the
extracts were brought to temperature of 50–60 °C and homog-
enized thoroughly before taking a test sample. A 100 μL of
the test sample was mixed with 1 mL n-hexane in a 2-mL vial.
A 1-μL aliquot of sodium methoxide was added to the vial.
The mixture first became clear, and then turbid as sodium
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glyceroxide was precipitated. The clear upper layer of methyl
ester was pipetted off and injected in the GC for fatty acid
composition analysis (Zaidul et al. 2007).

Gas Chromatography Analysis

Fatty acid composition analysis was carried out in a Hewlett-
Packard 6890 GC (Wilmington, DE) equipped with a flame
ionization detector (FID) and a GC column BPX70 (30 m×
0.25 mm×0.25 μm, Victoria, Australia). Oven temperature
was programmed isothermally to 115 °C during 2 min, then
it was raised at 4 °C/min to 163 °C and then at 1 °C/min to
170 °C. Finally, temperature increased to 200 °C at 10 °C/min
and held at this temperature for 2 min. Helium was used as a
carrier gas which flowed at a rate of 1 mL/min. The injection
volume was 1 μL. Standard methyl esters of fatty acids were
used as authentic samples. The fatty acid determination was
duplicated for each sample.

Experimental Design and Statistical Analysis

Extraction process was carried out using RSM to maximize
the CEY. Central composite design (CCD) with axial points
was used for designing the experimental conditions. This

generated 20 treatments with six replications at the cen-
ter point to estimate the repeatability of the method
(Montgomery 2001). The levels of the independent variables
are shown in Table 1. Randomizing order of experiments min-
imized the effect of unexplained variability induced by extra-
neous factors on the responses (Liyana-Pathirana and Shahidi
2005). Moreover, it was assumed that the nature and shape of
response surface are not affected by blocks (Mirhosseini et al.
2008).

The second-order polynomial model applied to predict the
dependent variable as a function of independent variables is as
follows:

Y i ¼ β0 þ β1X 1 þ β2X 2 þ β3X 3 þ β11X 1
2 þ β22X

2
2

þβ33X 3
2 þ β12X 1X 2 þ β13X 1X 3 þ β23X 2X 3

ð2Þ

Where Yi is the predicted response; β0 is the offset term; β1,
β2, and β3 are the regression coefficients for linear effect
terms; β11, β22, and β33 are quadratic terms; and β12, β13,
and β23 are interaction terms. In this model, X1, X2, and X3

represent the coded value of pressure, holding time (HT), and
continuous extraction time (CT), respectively.

Table 1 Experimental design
(uncoded and coded levels) and
verification results of response
variable

Run Process variables CEY (mg g−1)

Pressure (bar)

X1

Holding
time (min)

X2

Continuous extraction
time (min)

X3

Ye Yp Ye–Yp

1 162.50 (0) 12.00 (+1.63) 45.00 (0) 218.88±0.15 218.39 0.48

2 162.50 (0) 9.00 (0) 30.00 (−1.63) 219.12±0.11 219.77 −0.65
3 162.50 (0) 9.00 (0) 60.00 (+1.63) 226.15±0.17 225.61 0.53

4 162.50 (0) 6.00 (−1.63) 45.00 (0) 193.75±0.22 194.36 −0.61
5 200.00 (+1.63) 9.00 (0) 45.00 (0) 226.90±0.17 226.04 0.85

6 162.50 (0) 9.00 (0) 45.00 (0) 225.70±0.13 225.74 −0.03
7 162.50 (0) 9.00 (0) 45.00 (0) 226.16±0.13 225.74 0.42

8 125.00 (-1.63) 9.00 (0) 45.00 (0) 153.42±0.14 154.40 −0.98
9 162.50 (0) 9.00 (0) 45.00 (0) 227.00±0.21 226.53 0.47

10 139.53 (−1) 7.16 (−1) 35.81 (−1) 171.70±0.18 170.09 1.60

11 162.50 (0) 9.00 (0) 45.00 (0) 227.08±0.12 226.53 0.55

12 185.46 (+1) 10.83 (+1) 35.81 (−1) 230.80±0.19 230.47 0.32

13 185.46 (+1) 7.16 (−1) 54.18 (+1) 223.30±0.23 223.01 0.28

14 139.53 (−1) 7.16 (−1) 54.18 (+1) 175.15±0.16 175.46 −0.31
15 185.46 (+1) 10.83 (+1) 54.18 (+1) 230.82±0.06 232.25 −1.43
16 139.53 (−1) 10.83 (+1) 35.81 (−1) 190.00±0.27 190.28 −0.28
17 162.50 (0) 9.00 (0) 45.00 (0) 226.30±0.11 226.53 −0.22
18 185.46 (+1) 7.16 (−1) 35.81 (−1) 220.73±0.10 221.23 −0.50
19 139.53 (−1) 10.83 (+1) 54.18 (+1) 196.32±0.19 195.65 0.66

20 162.50 (0) 9.00 (+1) 45.00 (0) 225.40±0.12 226.53 −1.12

Ye experimental values, Yp predicted values, Ye–Yp residual values
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Optimum level of process variables, aiming to maximize
the CEY value, was obtained using graphical and numerical
optimization procedures. For graphical optimization, three-
dimensional (3D) response surfaces were plotted to visualize
the relationship between the significant interaction effects of
variables and response variables. Numerical optimization
through response optimizer was applied to predict the exact
optimum level of independent variables leading to the desir-
able response. Verification of the final model adequacy was
performed by comparing experimental and predicted data. In
addition, the quality of the fit between the experimental and
predicted data was determined according to values of the
mean relative deviation modulus (E). The criteria can be cal-
culated as follows:

E %ð Þ ¼ 100

n
∑

n

i−1
Vexp−Vprej j

Vexp
ð3Þ

Where Vexp and Vpre are the experimental and predicted
values, respectively, and n is the number of experimental data.
The experimental design matrix, data analysis, regression
coefficients, generation of 3D graphs, and optimization
procedure were conducted by usingMinitab V. 16 statistical
software (Minitab Inc., PA, USA). Treatment means were
compared using Student’s t test at a 5 % significance level
(p<0.05).

Results and Discussion

Response Surface Analysis

Extraction pressure, HT, and CTwere considered as the most
important independent variables that significantly (p<0.05)
affect the SCE-PST process. The significant terms in the mod-
el were found by ANOVA for response based on F ratio and p
value. It was found that the interaction effect between HT and
CT was not significant (p>0.05). Therefore, it was dropped
from the initial model to obtain the final reduced model. The
regression coefficients and significant probabilities of linear,
quadratic, and interaction terms of independent variables stud-
ied on the CEY of B. hispida seeds are shown in Table 2.
Second-order polynomial model for predicting CEY was ren-
dered by multiple linear regression analysis technique. The
effect of different variables on CEY could be predicted by
following equation:

CEY ¼ 226:135þ 21:935X 1 þ 7:357X 2 þ 1:788X 3

�13:318 X 1
2 � 7:260 X2

2 � 1:140 X 3
2

�2:735X 1X 2 � 0:897X 1X 3

ð4Þ

Where X1 is the pressure, X2 is HT, and X3 is CT. Themodel
adequacy was determined using model analysis, lack of fit test
(p>0.05), coefficient of determination (R2=0.99), adjusted
R2(0.99), and E value (0.30 %) (Table 2). The p value of
the model was less than 0.05, indicating that the model
is statistically significant. To visualize the combined ef-
fects of two independent variables on a particular re-
sponse, the response surface plot was generated as the
function of two independent variables, while keeping the other
variable at the central value. Two different response surface
plots are depicted in Fig. 3a, b.

Effect of Process Variables on the Crude Extraction Yield

The CEYvalues obtained under the conditions studied varied
widely ranging from 153.42±0.14 to 230.80±0.19 mg g−1.
The SCEwithout PST (un-interrupted process) was performed
as control condition at minimum, moderate, and maximum
levels of independent variables (Table 3). The results showed
significant (p<0.05) increase on the CEY values using SCE-
PST (Table 3). This enhancement of extraction could be at-
tributed to the effective role of pressurization-depressurization
defined as PST. This finding is in agreement with those
reported by Smith Jr.et al. (2003) and Zaidul et al. (2007).
Volume enlargement of the compounds in contact with CO2

most likely happened during pressurization and holding time
(Martinez 2008). Reduction of the solutes viscosity and

Table 2 Regression coefficients and significant probability (p values
and F ratio) of the independent variable effects on the CEY (mg g−1) in
the final reduced model

CEY (mg g−1) β F-ratio p value

Cons. 226.135 283,675. 540 0.000*

X1 21.935 5960.142 0.000*

X2 7.357 670.494 0.000*

X3 1.788 39.601 0.000*

X1
2 −13.318 2176.315 0.000*

X2
2 −7.260 646.735 0.000*

X3
2 −1.140 15.960 0.003*

X1X2 −2.735 55.591 0.000*

X1X3 −0.897 5.987 0.034*

X2X3 0.040 0.010 0.920

Regression model (R2) 0.999

Regression 0.000

Lack-of-fit 0.150

R-Sq (adj) 0.998

E (%) 0.30

X1: pressure; X2: HT; X3: CT; X1
2 , X2

2 , and X3
2 : quadratic effect of

pressure, HT, and CT; X1X2, X1X3, and X2X3: interaction effect of pres-
sure, HT and CT; β regression coefficient

*Significant at p<0.05
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improvement of mass transfer are other phenomena that
probably happened due to the expansion of the liquid
phase. It should be noted that the rate of depressuriza-
tion following an extraction affects the breakage of the
seed coats, as demonstrated for pecan kernels (Martinez
2008). When the sample vessel was depressurized slow-
ly, no breakage was observed, whereas a significant
amount of breakage occurred during faster depressurization.
When the extraction vessel was opened immediately after

depressurizing the equipment, the particles jumped
around, suggesting that most of breakup occurred as
CO2-saturated particles were depressurized. The break-
age of the seeds occurred due to the phase change of CO2.
As mentioned earlier, a rapid depressurization to atmospheric
pressure forms liquid CO2 as well as dry ice. Therefore, CO2

trapped inside the solid matrix expands, causing breakage of
the cells (Martinez 2008).

The response surface plots, which present the effects of
independent variables as well as their interactions on the
CEYof B. hispida seeds, are shown in Fig. 3a, b. It was shown
that during 45 min of CT, the CEY increased with increasing
pressure and holding time up to a certain value (Fig. 3a). There
is no significant (p>0.05) improvement in recovery of extract
using higher pressures at moderate HT (9 min) and CT
(45 min), indicating there is an optimal value for pressure.
As stated by Liza et al. (2010), the density of the supercritical
carbon dioxide (SC-CO2) will increase. As the density in-
creases, the distance between molecules decreases and
the interaction between compounds and CO2 increases
which leads to greater solubility of target compounds in
CO2. However, applying higher pressure not always im-
prove the results. As shown in Fig. 3a, b, using higher pres-
sure levels led to a slight reduction in the extraction efficiency.
One possible explanation of low efficiency of SCE process
at high pressure is the B. hispida seed coat that would
reduce the ability of the solvent to diffuse into the seed
part icles. A similar behavior was observed by
Luengthanaphol et al. (2004) for extraction of antioxi-
dants from sweet Thai tamarind seed. Furthermore, this un-
expected reduction can probably be related to the re-
duced diffusion rates of the solutes from the sample
matrix to the supercritical fluid medium at higher pres-
sure (Rezaei and Temelli 2000; Kazzazi et al. 2007).
The increment of CEY with increasing HT could also
be seen in Fig. 3a and gradually remain constant at high
levels of HT. Increasing HT from 6 to 9 min led to an
increase of CEY from 193.75 to 226.27 mg g−1 at con-
stant pressure of 162.50 bar during 45 min of CT. This
could be due to the strong effect of HT for expansion
of the compounds in contact with the solvent used, which
resulted in higher CEY. A similar behavior was reported by
Zaidul et al. (2007) for the extraction of palm kernel oil.

It was observed that the CEY slightly increased with
CT and remained constant after 50 min (Fig. 3b).
Further increases in CT after 50 min resulted in little
change in the value of B. hispida seed CEY. The CEY
value increased during 60 min of CT at lower pressures
due to the lower CO2 density. However, at higher pressure
levels, the extraction process completed during shorter CT.
This is due to the improvement of cellular compounds solu-
bility which caused by increased CO2 density with the rise of
pressure (Liza et al. 2010).
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Fig. 3 Response surface plots for CEYas a function of pressure (bar) and
HT (min) (a) pressure (bar) and CT (min) (b)

Table 3 The CEYusing un-interrupted SCE and SCE-PST

Extraction mode CEY (mg g−1)

Un-interrupted SCE SCE-PST

Type 1a 87.32A±0.75 146.06B±1.44

Type 2b 98.20A±0.43 242.16B±0.62

Type 3c 124.50A±0.84 239.20B±1.00

Different capital letters in the same row represent a significant difference
(p<0.05) between the means by Student’s t test
a Minimum level of each studied parameter (125 bar, 6 min HT, and
30 min CT)
b Moderate level of each studied parameter (162.50 bar, 9 min HT, and
45 min CT)
c Maximum level of each studied parameter (200 bar, 12 min HT, and
60 min CT)
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Verification of the Final Reduced Model

The optimum conditions were found by numerical optimiza-
tion procedure as 181.35 bar of pressure, 9.93 min of HT, and
50.14 min of CT. The statistical analysis revealed that there
were no significant (p>0.05) differences between the experi-
mental (235.70±0.11 mg g−1) and predicted (235.06±
0.14 mg g−1) results under the optimized condition. The va-
lidity of the final reduced model was statistically verified by
comparison between experimental and predicted values
(Table 1). It could be observed that only small deviations were
found between the experimental and predicted values which
were not significant (p>0.05). Thus, the renderedmodel could
be applied to optimize the B. hispida seed extraction using
SCE-PST.

Antioxidant Activity

Results of un-interrupted SCE at given optimal conditions
were used to find out the effective role of pressurization and
depressurization steps. The RSA of extract obtained using
SCE-PST (64.42±0.16 % inhibition of DPPH· radicals and
67.36±0.28 % inhibition of ABTS·+ radicals) was significant-
ly (p<0.05) higher compared with those obtained from un-
interrupted SCE (47.40±0.12 % inhibition of DPPH· radicals
and 56.12±0.17 % inhibition of ABTS·+ radicals) at optimal
conditions. This could be attributed to the key role of PST to
improve the extraction of compounds with antioxidant activ-
ity. As stated by Smith Jr. et al. (2003) pressure swing results
in swelling phenomenon which increases the surface area of
the sample to the bulk CO2 phase and would result in higher
solute extraction.

Total Phenolic Content of Extracts

The TPC of extract obtained under optimum conditions of
SCE-PST (42.77±0.40 mg gallic acid equivalent/g extract)
was significantly (p<0.05) higher compared with that
obtained from un-interrupted SCE at given optimal con-
ditions (30.04±0.20 mg gallic acid equivalent/g extract).
This finding also confirmed the effectiveness of combin-
ing SCE with PST to enhance the separation of valuable
bioactive phenolic compounds. The current result re-
vealed that the B. hispida seed is a potential source of
valuable bioactive phenolic compounds.

Identification and Quantification of Fatty Acid

Fatty acid analysis of the extract obtained using optimal SCE-
PST conditions revealed that the B. hispida seed extract con-
tains a high content (84.34 %) of unsaturated fatty acids
(UFAs) including palmitoleic acid (16:1), oleic acid (18:1),
linoleic acid (18:2), and linolenic acid (18:3). Table 4 shows

the major fatty acid in the SCE-PST extract was linoleic acid
(67.33±0.22 %), followed by oleic acid (14.15±0.33 %). The
results indicated that the extract was rich in essential
fatty acids (EFAs), which constituted 67.88 % of the
total amount. EFA such as linoleic acid (LA) and α-
linolenic acid (ALA) must be obtained from food be-
cause they are not synthesized by the human body.
These valuable compounds are associated with healthy
cell membranes formation and better performance of
brain and nervous system (Sánchez-Vicente et al. 2009).
Furthermore, disorders like atherosclerosis, coronary
heart disease, and high blood pressure can be prevented
by consumption of the dietary fats rich in α-linolenic acid
(Wilkinson et al. 2005).

Palmitic acid (9.50±0.26 %) was the main saturated acid in
the extract followed by stearic acid (5.25±0.18 %) and
myristic acid (1.36±0.38 %). Generally, the fatty acid content
and its composition are influenced by age, species, season,
and geographical regions (Wei et al. 2009).

Identification and Quantification of Phenolic Compounds

Polyphenols are one of the most used groups of bioactive
compounds and have been extensively used for decades as
food additives due to their well-known radical scavenging
activities (Luengthanaphol et al. 2004). Furthermore, it has
been proved that these valuable bioactive compounds have
protective effects against diseases related to free radical for-
mation such as cancer and cardiovascular diseases. After ex-
traction applying different conditions of SCE-PST, the ex-
tracts were investigated for their qualitative and quantitative
content of flavonoid compounds by reversed-phase HPLC
and the results were summarized in Table 5. The extracts ob-
tained using un-interrupted SCE (without applying HT) com-
pared with those obtained using SCE-PST to investigate the
effect of PST on extraction of phenolic compounds.
According to Table 5, the significant (p<0.05) differences
between different extraction conditions are evident. All valu-
able bioactive phenolic compounds including GA, CA, NA,
MY, and QU found in B. hispida seed extracts are present in
higher amounts in extracts obtained using SCE-PSTcompared
with those detected in extracts obtained by un-interrupted
SCE. Regarding the SCE-PST, optimal conditions were more
efficient than minimum and maximum levels of variables
studied for obtaining bioactive phenolic compounds. GA
had the highest concentration (0.668±0.34 mg g−1)
among the other phenolic compounds in the extract ob-
tained under SCE-PST optimal conditions, whereas its
concentration was 0.252±0.05mg g−1 in the extract obtained
by un-interrupted SCE. This could imply the ability and po-
tentiality of PST to extract more bioactive valuable com-
pounds from B. hispida seeds.
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Comparison of Different Extraction Methods

The efficiency of different environment friendly techniques in-
cluding UAE (Bimakr et al. 2012), SCE (Bimakr et al. 2013),

and SCE-PST were compared for separation of valuable com-
pounds from winter melon (B. hispida) seeds (Table 4).
Furthermore, these techniques were compared with the conven-
tional Soxhlet extraction (CSE) (Bimakr et al. 2012) as a

Table 4 Comparison between different extraction techniques

Extraction conditions CSE a

(Mandana et al. 2012)
UAE b

(Bimakr et al. 2012)
SCE c

(Bimakr et al. 2013)
SCE-PST d

Solvent EtOH (99.5 %) EtOH (99.5 %) CO2+co-solvent (EtOH,
99.5 %)

CO2+co-solvent (EtOH,
99.5 %)+pressure swing

Temperature (°C) Boiling point 52 46 46

Extraction time (min) 360 36 97 50.14

Others Amplitude of 65 % CO2 flow rate of 10 g/min
Pressure of 244 bar

CO2 flow rate of 10 g/min
EtOH flow rate of 1 g/min
Pressure of 181.35 bar
HT of 9.93 min

Responses

CEY (mg g−1) 250±1.30 108.62±0.78 175.60±0.33 235.70±0.22

%DPPHsc 28.70±0.70 35.84±0.42 53.20±0.54 64.42±0.16

%ABTSsc 27.00±0.90 43.10±0.63 62.22±0.25 67.36±0.28

TPC (mg gallic acid equivalent/g extract) – – – 42.77±0.40

Fatty acid composition (% of total fatty acid)

Myristic acid (C14:0) 1.60±0.77 1.47±0.33 1.33±0.28 1.36±0.38

Palmitic acid (C16:0) 15.30±0.50 10.88±0.45 9.55±0.35 9.50±0.26

Palmitoleic acid(C16:1) 0.68±0.66 0.82±0.22 1.14±0.37 1.22±0. 41

Stearic acid (C18:0) 7.40±0.81 5.65±0.54 5.78±0.33 5.25±0.18

Oleic acid (C18:1) 14.10±0.68 14.36±0.44 13.92±0.28 14.15±0.33

Linoleic acid (C18:2) 60.60±0.82 66.13±0.4 67.11±0.20 67.33±0.22

Linolenic acid (C18:3) – 0.43±0.35 0.98±0.25 0.95±0.26

ΣSFAe 24.3 18.00 16.66 16.11

ΣUFAf 75.38 81.74 83.15 83.65

Values are given as means±standard deviation (n=3)
a Conventional Soxhlet extraction
bUltrasound-assisted extraction
c Supercritical carbon dioxide extraction
d Supercritical carbon dioxide extraction combined with pressure swing technique
e Total saturated fatty acid
f Total unsaturated fatty acid

Table 5 Identification and
quantification of the flavonoids
from B. hispida seed extracts
using un-interrupted SCE and
SCE-PST

Extraction mode Flavonoid content (mg g−1)

Gallic acid Catechin Naringenin Myricetin Quercetin

Type 1a Un-interrupted SCE 0.198±0.11 – 0.105±0.02 – 0.115±0.17

SCE-PST 0.395±0.07 0.122±0.13 0.223±0.06 0.117±0.06 0.262±0.34

Type 2b Un-interrupted SCE 0.252±0.05 0.103±0.13 0.166±0.10 0.102±0.40 0.121±0.22

SCE-PST 0.668±0.34 0.271±0.14 0.366±0.12 0.193±0.27 0.375±0.32

Type 3c Un-interrupted SCE 0.244±0.11 0.105±0.17 0.161±0.13 0.111±0.31 0.113±0.42

SCE-PST 0.655±0.13 0.275±0.08 0.357±0.07 0.197±0.26 0.382±0.11

aMinimum level of each studied variable (125 bar, 6 min of HT and 30 min of CT)
bOptimum level of each studied variable (181.35 bar, 9.93 min of HT and 50.14 min of CT)
cMaximum level of each studied variable (200 bar, 12 min of HT and 60 min of CT)
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reference to determine preferable process conditions to obtain
the highest CEY, RSA in terms of DPPH˙ and ABTS˙+ free
radical inhibition and TPC of extracts. Application of various
extraction techniques resulted in extracts that differ in quality
and quantity of crude extract. Since a primary task in produc-
tion of natural product is lowering the economic costs, higher
extraction yield is favored. The RSA of the extracts obtained
using SCE and SCE-PST techniques were significantly
higher (p<0.05), whereas CSE gave the highest value of
CEY (250.00±1.30 mg g−1) among other techniques. It was
found that UAE was the fastest extraction method (∼36 min)
compared with SCE-PST (∼50 min), SCE (∼97 min), and
CSE (∼360 min). The extraction efficiency of UAE in terms
of CEY was lower than the other techniques. However, it
should be kept in mind that the quality of the extract in terms
of antioxidant activity was significantly (p<0.05) higher than
CSE. The disadvantages of CSE were low content of valuable
compounds and long extraction time (360 min). By applying
SCE-PST, it could be possible to obtain crude extract in better
quantity and quality compared with un-interrupted SCE pro-
cess. In addition, it was found that application of different
extraction methods including CSE, UAE, SCE, and SCE-
PST resulted in extracts with different fatty acid contents. It
should be noted that the linoleic acid was dominant (∼67%) in
all extracts obtained by UAE, SCE, and SCE-PST.
Furthermore, EFAs contributed to high percentage (∼68 %)
of total fatty acids, which confirmed the valuability of the
extracts. Hence, it was observed that the fatty acid composi-
tions of extracts were hardly affected by the application of
UAE, SCE, and SCE-PST. As a conclusion, remarkable var-
iations in CEY, RSA, and TPC of B. hispida seeds extract
were found depending on the extraction technique. Higher
CEY could be obtained by CSE with lower separation of
bioactive compounds as they are thermo sensitive compounds
and may be degraded during CSE. In contrast, using UAE,
SCE, and SCE-PST lead to lower quantity of CEY with better
quality in terms of valuable bioactive compounds separation.

Conclusion

This study showed, for the first time, the potential application
of SCE combined with PST as a promising and effective ex-
traction technique to obtain extracts from B. hispida seeds
with good yield and rich in valuable compounds. The results
revealed that application of pressurization-depressurization
before continuous extraction time had a significant effect on
the extraction efficiency. Furthermore, RSM was an effective
tool for optimizing SCE-PST of B. hispida seeds. Second-
order polynomial models were developed for predicting
CEY. The combined level of 181.35 bar of pressure,
9.93 min of HT, and 50.14 min of CT were found as optimal
conditions for obtaining the highest value of CEY (235.70±

0.11 mg g−1). Under these conditions, the experimental values
agreed with the predicted values indicating a high goodness of
fit of the model used. Furthermore, the extract obtained under
optimal conditions of SCE-PST was rich in flavonoid com-
pounds (GA, CA, NA, MY, and QU) and EFAs. Therefore,
PST can be introduced to improve the efficiency of SCE
process for the extraction of bioactive compounds from
B. hispida seeds. In relation to the comparison results,
promising methods for extraction of valuable compounds
from B. hispida seeds are UAE, SCE, and SCE-PST. It can
be stated that further studies could be performed to develop
extraction processes and to assess the quality of extracts. In
addition, more research is needed for exploiting industrial
applications of novel green extraction techniques.
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