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uality and oxidative stability of
pumpkin seed (Cucurbita maxima) oil between
conventional and enzymatic extraction methods

Guoqiang Zhang, *ab Ziqian Lic and Manfei Fu*d

Pumpkin seed oil was obtained from three extraction methods, namely Soxhlet extraction (SE), cold-

pressed extraction (CPE), and aqueous enzymatic extraction (AEE). The impact of the extraction method

on physicochemical parameters, fatty acids, bioactive compounds, and oxidative stability of the obtained

pumpkin seed oil was assessed. Pumpkin seed oil was rich in unsaturated fatty acids (>80%), squalene

(174.1–253.6 mg/100 g), b-sitosterol (147.7–208.2 mg/100 g), and tocopherols (53.1–73.3 mg/100 g).

Extraction methods affected the physicochemical properties and oxidative stability of pumpkin seed oil.

Pumpkin seed oil obtained from SE had a higher content of bioactive compounds than AEE and CPE.

After an oxidation storage test, pumpkin seed oil obtained from AEE and SE exhibited better oxidative

stability than CPE, with AEE performing the best. Overall, this work could provide comparable

information to the oil industry to produce high-quality pumpkin seed oils with appropriate extraction

methods.
Sustainability spotlight

The quality and nutritional compound content of oil determine its application and economic value. However, in the oil production process, the extraction
method is one of important factors and relates to the quality and nutritional value retention of oil. Compared with conventional extraction methods, aqueous
enzymatic extraction is a green, eco-friendly, and sustainable method, since it can eliminate organic solvent consumption and reduce energy demand.
Therefore, this work could help the oil industry to produce high quality oil using green and sustainable technology, contributing to SDG 2 (end hunger, achieve
food security and improved nutrition and promote sustainable agriculture) and SDG 12 (ensure sustainable consumption and production).
1. Introduction

Pumpkin (Cucurbita maxima), belonging to the Cucurbitaceae
family, is one of the important crops in the world.1 Pumpkin
seeds are used as valuable ingredients in the baking industry
and are also utilised to produce pumpkin seed oil due to their
high oil content (39.7–48.6% w/w).2,3 Pumpkin seed oil is rich in
unsaturated fatty acids (over 80%) and contains many bioactive
compounds, such as tocopherols, squalene and phytosterols;4–7

in addition, many studies have demonstrated its health bene-
ts, such as anti-inammatory, diuretic properties, and pre-
venting atherosclerosis as well as prostate disease.8–10 In recent
years, pumpkin seed oil requirement and consumption have
been increasing and its application has been studied and
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demonstrated as a promising functional oil source in food,
cosmetics, and pharmaceuticals.1,7 This drives oil industries to
upgrade pumpkin seed oil quality to meet the customer
demand and potentially growing market needs.

To some extent, an appropriate extraction method is
important in oil extraction processing, which determines oil
quality and nutritional value retention.11–13 Soxhlet extraction
(SE) and cold-pressed extraction (CPE) are conventional
methods in oil extraction.14,15 SE has the advantages of high
efficiency and high oil yield, but there are also some signicant
drawbacks, such as high consumption in organic solvent, toxic
solvent residue, and environmental pollution.16,17 Cold-pressed
extraction (CPE) is a safe and simple method as compared to
Soxhlet extraction (SE), because it avoids use of organic solvent
and preserves nutrition value and natural properties.18

However, due to the low degree of processing, adversely, cold-
pressed oil could remain more pro-oxidant factors (e.g. metal
ions and moisture) and then is more susceptible to oxidation,
and thus, the quality and shelf life of oil could be affected.19,20

Aqueous enzymatic extraction (AEE) has received much atten-
tion as a novel and green technique in oil extraction.17 The
advantages of aqueous enzymatic extraction are being safe, eco-
Sustainable Food Technol., 2024, 2, 1033–1040 | 1033
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friendly, and sustainable, since the aqueous base solvent (as
a green solvent) can eliminate the hazard of organic solvents
and enzyme reusability could contribute to a much lower cost
and energy consumption.17,21,22 In addition, the quest for
producing high quality products through green and sustainable
technology is a key to moving towards sustainability.23 Although
oil yield is a challenge in AEE, Prommaban et al.24 extracted
pumpkin seed oil using AEE and showed that the oil performed
well in antioxidant activities and anti-aging activities and could
be applied in cosmetics. Besides that, during the processing
and storage of oil, lipid oxidation can adversely affect sensory
taste and the content of nutritional compounds and ultimately
lead to quality deterioration, and thus, the oxidative stability of
oil is an important index to reect oil quality.25,26

However, to date, there have been insufficient available data
for comparing the effect of different extraction methods on the
nutritional quality of pumpkin seed oil. Therefore, the aim of
this study was to investigate and compare three extraction
methods, including Soxhlet extraction (SE), cold-pressed
extraction (CPE), and aqueous enzymatic extraction (AEE), on
physicochemical parameters, fatty acids, bioactive compounds,
and oxidative stability of pumpkin seed oil. This study could
provide comparable data for further development of high-
quality pumpkin seed oil, promote the pumpkin oil industry
to explore the green and sustainable technology in oil extrac-
tion, and contribute to the realisation of sustainable develop-
ment goals 2 and 12.

2. Materials and methods
2.1. Chemicals and standards

FAME standard mixture (C4–C24) and isooctane were
purchased from Supelco (UK). Protease (from Bacillus amyloli-
quefaciens), cellulase (from Trichoderma reesei), Folin-Ciocalteu
reagent, 5a-cholestan-3b-ol ($95%), sodium methoxide solu-
tion (0.5 M, ACS grade), b-sitosterol ($95%), cholesterol
($99%), squalene ($98%), campesterol (∼65%), stigmasterol
(∼95%), a-tocopherol ($96%, HPLC grade), g-tocopherol
($96%, HPLC grade), and d-tocopherol ($90%) standards were
purchased from Sigma-Aldrich (UK). The Tri-sil HTP reagent
was purchased from Thermo Scientic (UK).

2.2. The preparation of pumpkin seeds

Whole pumpkin seeds with shells were manually collected from
a fresh pumpkin (Cucurbita maxima, purchased from Marks &
Spencer; Reading, UK). All collected pumpkin seeds were
washed to remove attached esh and then were dried using
a tray dryer (Model No. U0P8, Armeld, England) at 50 °C for
24 h. Aerwards, dried pumpkin seeds were stored at – 20 °C for
further oil extraction.

2.3. Extraction procedure

2.3.1. Soxhlet extraction (SE). The ground pumpkin seeds
(passed through a 600 mm sieve) were extracted using petroleum
ether for 6 h at 40 °C in a Soxhlet extractor. Aer the extraction
step, the residual solvent in the pumpkin seed oil sample was
1034 | Sustainable Food Technol., 2024, 2, 1033–1040
removed using a rotary evaporator (R-144, BUCHI, UK) and then
was stored in a freezer at −20 °C for further analysis.

2.3.2. Cold-pressed extraction (CPE). Dried pumpkin seeds
were pressed using a cold pressing machine (KK 20F SPEZ, oil
press GmbH & Co, KG, Germany). Aer pressing, the collected
pumpkin seed oil was centrifuged at 3000 rpm for 15 min at
room temperature to separate residue and then the cold-
pressed pumpkin seed oil sample was collected and stored in
a freezer at −20 °C for further analysis.27

2.3.3. Aqueous enzymatic extraction (AEE). The aqueous
enzymatic extraction procedure was similar to that of Mat
Yusoff et al.22 with slight modications. 5 g of ground pumpkin
seeds (passed through a 600 mm sieve) was mixed with distilled
water at 1 : 5 (w/v). The pH of the mixture was adjusted to 6 with
1 M HCl/NaOH and then a 3% (w/w) enzyme mixture was added
(protease from bacillus amyloliquefaciens and cellulase from
Trichoderma reesei at a 3 : 1 ratio). Then, the mixture was
incubated in a water bath at 50 °C and 150 rpm for 6 h. Aer
incubation, the mixture was centrifuged at 4000×g for 20 min.
The oil (upper layer) was collected and then was stored in
a freezer at −20 °C for further analysis.

2.4. Physicochemical parameters

The acid value, peroxide value, iodine value, and saponication
value were determined by using the AOAC method to be 969.17,
965.33, 993.20, and 920.160, respectively.28

2.5. Determination of fatty acid composition

The fatty acid composition was determined according to the
Milinsk et al.29 description with some modications. 50 mg
pumpkin seed oil samples were added to 2 mL of 0.5 M sodium
methoxide solution in methanol and then mixed for 5 min for
methyl esterication. Aer this step, 1 mL of isooctane and
5 mL of saturated sodium chloride solution were added and
stirred vigorously for 15 min. The upper layer was transferred
for gas chromatography (7690B, Agilent, USA) analysis coupled
with a ame ionization detector (FID). The analysis of fatty acid
methyl esters (FAMEs) was conducted using a fused silica
capillary column HP-88 (100 × 0.25 × 0.2). The carrier gas was
helium at a constant column ow rate of 1.5 mL min; a split
injection system with a splitting ratio of 1 : 50 was used; the
temperature of the injection and detector was kept at 250 °C
and 280 °C, respectively. The oven temperature program was
held initially at 120 °C (held for 1min), and then increased up to
175 °C at 10 °C min−1 and held for 10 min, increased to 210 at
5 °C min−1 and held for 5 min, and nally to 230 °C at the same
rate and held for 10 min. Each fatty acid was identied by
comparing the retention time with the standard FAME mixture.
Each fatty acid was quantied using the area normalisation
method, the area of each fatty acid to the total area of the total
fatty acids, expressed as a relative percentage of each fatty acid
to the total fatty acid identied (%).

2.6. Determination of tocopherol content

The tocopherol content of pumpkin seed oil was determined
according to the Martakos et al.30 description with slight
© 2024 The Author(s). Published by the Royal Society of Chemistry
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modications. Briey, 100 mL of oil sample was dissolved into
900 mL of 2-propanol, mixed, ltered, and then was analysed
using high performance liquid chromatography (HPLC) with
a diode array detector (DAD) (Agilent 1260, Agilent Technolo-
gies, Stockport, UK) with a Zorbax SB-C18 column (150 × 4.6
mm). The isocratic mobile phase conditions were followed:
methanol and acetonitrile (50 : 50; v/v); the ow rate was 1.0
mL min−1; the detection wavelength was set at 295 nm. Each
tocopherol compound was quantied according to external
standards.

2.7. Determination of phytosterol and squalene contents

The phytosterol and squalene contents were determined
according to the method described by Liu et al.31 with some
modications. A 0.2 g pumpkin seed oil sample was mixed with
20 mL of 1 M KOH in ethanol and 1mL of 1 M internal standard
(5a-cholestan-3b-ol). The mixture was heated at 90 °C for 1 h
and then cooled to room temperature. Aer that, 10 mL of
distilled water was added with 5 mL of n-Hexane, and then was
shaken vigorously for 30 s; the upper layer was collected. The
extraction was repeated a total of 3 times using 5 mL of n-
Hexane. All extracts were combined and evaporated under
nitrogen at 40 °C until dryness. The residue was derivatized by
using 0.5 mL of Tri-sil HTP reagent at 60 °C for 30 min. Aer-
wards, the derivatized sample was determined and quantied
with a GC (7690B, Agilent, USA) equipped with a HP-5ms
column (30 m × 0.25 mm × 0.25 mm; J & W Scientic,
Folsom, CA, USA). The carrier gas was helium at a constant
column ow rate of 1.0 mL min−1; a split injection system with
a splitting ratio 1 : 20 was used; the temperature of the injection
and FID detector was kept at 280 °C and 290 °C, respectively.
The oven temperature program was started at 200 °C and held
0.5 min, and then increased to 270 °C at 10 °C min−1 and held
for 25 min. The sterol and squalene were quantied according
to external standards.

2.8. Phenolic extraction from pumpkin oil samples

Pumpkin seed oil samples were extracted to determine the total
phenolic acid content according to the He et al.27 description
with slight modications. Briey, 0.5 g of pumpkin seed oil was
mixed with 0.5 mL of 80% (v/v) methanol aqueous solution and
vigorously vortexed for 3 min. Aerwards, the mixture was
centrifuged at 3000 rpm for 10 min, and then the methanol
aqueous layer was collected. It was repeated three times and all
pumpkin seed oil phenolic extracts were pooled, and then were
used for total phenolic content (TPC) analysis.

2.8.1. Determination of total phenolic content (TPC). The
total phenolic content (TPC) was determined using the Folin–
Ciocalteu reagent according to the Dudonné et al.32 description
with some modications. Briey, 200 mL of pumpkin seed oil
phenolic extracts was added with 1 mL of Folin–Ciocalteu
reagent (diluted 10-fold with distilled water) and 800 mL of 7.5%
sodium carbonate solution. The mixture was incubated for 1 h
at room temperature in the dark. Aer that, the absorbance was
measured at 765 nm using a spectrophotometer (Thermo Fisher
Scientic, UK). The TPC was determined from the gallic acid
© 2024 The Author(s). Published by the Royal Society of Chemistry
calibration curve and the result was expressed as gallic acid
equivalent (mg GAE/100 g oil).
2.9. Accelerated oxidation storage test

The oxidative stability was measured according to the Kiralan
et al.33 description with slight modications. Briey, 10 g of
pumpkin seed oil were placed in an oven (Genlab classic oven,
Gallenkamp, UK) at 60 °C for 30 days. During the storage time,
the peroxide value was measured regularly.
2.10. Statistical analysis

All samples were analysed in triplicate. The data were analysed
using Minitab (version 20) statistical analysis soware. One-way
analysis of variance (ANOVA) with Tukey's HSD test was used to
compare signicant differences (p < 0.05) between samples.
3. Results and discussion
3.1. Physicochemical parameters

Table 1 shows the physicochemical parameters of pumpkin
seed oil samples obtained from the three extraction methods
namely Soxhlet extraction (SE), cold-pressed extraction (CPE),
and aqueous enzymatic extraction (AEE). The acid value repre-
sents free fatty acid content, which relates to the extent of
hydrolysis.34 SE extracted pumpkin seed oil showed the highest
acid value (6.5 mg KOH per g), followed by AEE (1.5 mg KOH per
g) and CPE (0.6 mg KOH per g). The high acid value in SE
extracted oil could be associated with the prolonged extraction
process at high temperature; the high temperature during the
extraction process could cause the decomposition and oxida-
tion of triacylglycerol to glycerol and free fatty acids, resulting in
an increase in the acid value.27 The peroxide value represents
the oxidation degree.35 The peroxide value of pumpkin seed oil
obtained by SE (24.7 meq. O2 per kg) was signicantly higher (p
< 0.05) than that of CPE (14.5 meq. O2 per kg) and AEE (6.3 meq.
O2 per kg) extracted pumpkin seed oil, indicating that the
former had a relatively higher oxidation degree. The higher
peroxide value in SE extracted pumpkin seed oil could be
explained by the longer time of the extraction process including
oil extraction and solvent evaporation, resulting in more
oxidation of the oil.16 The iodine value indicates the degree of
unsaturation in oil.36 Pumpkin seed oil obtained by SE showed
the highest iodine value (135.6 I2/100 g) as compared to
pumpkin seed oil obtained by CPE (113.3 I2/100 g) and AEE
(112.9 I2/100 g), indicating that SE extracted pumpkin seed oil
could have more unsaturated fatty acid bonds. In terms of the
saponication value, AEE extracted pumpkin seed oil (184.8 mg
KOH per g) had a similar value to CPE (184.0 mg KOH per g), but
signicantly higher (p < 0.05) than SE (110.7 mg KOH per g).
According to Chaiyana et al.,37 a high saponication value in oils
indicates their suitability for liquid soaps and shampoo
production. It was suggested that pumpkin seed oil obtained by
CPE and AEE could be used for soap and personal care
applications.
Sustainable Food Technol., 2024, 2, 1033–1040 | 1035
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Table 1 Physicochemical parameters of pumpkin seed oil obtained from different extraction methodsa

Parameters SE CPE AEE

Acid value (mg KOH per g) 6.5 � 0.0a 0.6 � 0.2c 1.5 � 0.2b

Peroxide value (meq. O2 per kg) 24.7 � 0.5a 14.5 � 0.2b 6.3 � 0.6c

Iodine value (g I2/100 g) 135.6 � 3.5a 113.3 � 0.8b 112.9 � 4.4b

Saponication value (mg KOH per g) 110.7 � 0.2b 184.0 � 6.5a 184.8 � 1.3a

a Mean ± SD values in the same row with different superscripts indicating the signicant difference (p < 0.05). SE – Soxhlet extraction; CPE – cold-
pressed extraction; AEE – aqueous enzymatic extraction.
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3.2. Fatty acids

Table 2 shows the fatty acid composition of pumpkin seed oil
obtained by the three extraction methods namely Soxhlet
extraction (SE), cold-pressed extraction (CPE), and aqueous
enzymatic extraction (AEE). Pumpkin seed oil was rich in
unsaturated fatty acids, where linoleic acid (C18 : 2; ranging
from 47.9–61.9%) was the predominant fatty acid, followed by
oleic acid (C18 : 1; ranging from 21.0–34.1%). On the other
hand, palmitic acid (C16 : 0; ranging from 10.0–10.5%) and
stearic acid (C18 : 0; ranging from 5.2–6.0%) were the major
saturated fatty acids in pumpkin seed oil. The above results are
in accordance with previous studies, indicating that pumpkin
seed oil is a good source of linoleic acid.5,38,39 Regarding the
extraction method, a signicant difference was observed in the
fatty acid prole, especially in linoleic acid (C18 : 2) content.
Pumpkin seed oil obtained by SE showed a higher level of
linoleic acid (C18 : 2) content as compared to pumpkin seed oil
obtained by CPE and AEE, which was consistent with our iodine
value results (Table 1). Similar results were reported in the
Zhang et al.13 study, who extracted led muskmelon seed oil
using pressed and organic solvent (n-hexane) extraction and
found that the extraction method affected the fatty acid prole:
the organic solvent extracted oil (linoleic acid 17.36% and oleic
acid 62.12%) and the pressed oil (linoleic acid 26.60% and oleic
acid 49.60%). Other studies also have reported that extraction
Table 2 Fatty acid composition of pumpkin seed oil obtained from
different extraction methodsa

Fatty acid (%) SE CPE AEE

Palmitic acid (C16 : 0) 10.4 � 0.0b 10.5 � 0.0a 10.0 � 0.0c

Stearic acid (C18 : 0) 5.2 � 0.0c 6.0 � 0.0a 5.6 � 0.0b

Behenic acid (C22 : 0) 0.2 � 0.0a 0.2 � 0.0a 0.1 � 0.0b

Tricosylic acid (C23 : 0) 0.3 � 0.0a 0.2 � 0.0b 0.2 � 0.0b

Oleic acid (C18 : 1) 21.0 � 0.0c 34.1 � 0.1a 31.6 � 0.1b

Linoleic acid (C18 : 2) 61.9 � 0.1a 47.9 � 0.1c 51.1 � 0.1b

ALA (C18 : 3 n-3) 0.4 � 0.0a 0.4 � 0.0a 0.4 � 0.0a

GLA (C18 : 3 n-6) 0.4 � 0.0a 0.1 � 0.0c 0.2 � 0.0b

SFA 16.1 16.9 15.9
MUFA 21.0 34.1 31.6
PUFA 62.7 48.4 51.7
Unknown 0.2 0.6 0.8

a Mean ± SD values in the same row with different superscripts
indicating the signicant difference (p < 0.05). SFA – saturated fatty
acid; MUFA – monounsaturated fatty acid; PUFA – polyunsaturated
fatty acid; SE – Soxhlet extraction; CPE – cold-pressed extraction; AEE
– aqueous enzymatic extraction.

1036 | Sustainable Food Technol., 2024, 2, 1033–1040
methods could inuence the fatty acid prole, depending on
extraction conditions; this could be explained by the properties
or structures of fatty acids, which have different responses to
different extraction conditions such as pressure, solvent type,
and temperature.13,14,40,41
3.3. Phytosterols and squalene

Phytosterols and squalene, natural bioactive compounds widely
present in oil, have benecial effects on human health, such as
anti-inammatory, cholesterol-lowering, and cardioprotective
effects.42,43 Table 3 shows the phytosterols and squalene content
in the obtained pumpkin seed oil. The phytosterol and squalene
contents were inuenced by the oil extraction method. b-sitos-
terol (147.7–208.2 mg/100 g) was the predominant phytosterol
in pumpkin seed oil, which was consistent with the Ryan et al.44

report and indicated that b-sitosterol was an identication
marker phytosterol in pumpkin seed oil. Meanwhile, choles-
terol, stigmasterol, and campesterol were not detected in this
study. In contrast, da Silva & Jorge45 reported that pumpkin seed
oil contained a relatively low level of stigmasterol (9.9 mg/100 g)
and cholesterol (1.3 mg/100 g). These differences could be
attributed to the region, pumpkin variety, climate condition,
and detection methods.46 Besides, the order of b-sitosterol
content in the obtained pumpkin seed oil from the three
extraction methods was SE > AEE > CPE.

In terms of squalene, SE extracted pumpkin seed oil showed
the highest squalene content (253.6 mg/100 g), whereas CPE
and AEE showed similar values, 174.4 mg/100 g and 174.1 mg/
100 g, respectively. Compared with other conventional edible
Table 3 Phytosterols, tocopherols, squalene, and total phenolic
content (TPC) of pumpkin seed oil obtained from the different
extraction methodsa

Compounds SE CPE AEE

b-sitosterol (mg/100 g) 208.2 � 26.8a 147.7 � 6.6b 171.9 � 6.2a,b

Squalene (mg/100 g) 253.6 � 33.6a 174.4 � 8.1b 174.1 � 6.0b

g-tocopherol (mg/100 g) 72.3 � 0.5a 53.1 � 2.0b 56.2 � 2.4b

TPC (mg GAE/100 g) 4.0 � 0.1a 1.0 � 0.1b 3.8 � 0.1a

a Mean ± SD values in the same row with different superscripts
indicating the signicant difference (p < 0.05). Cholesterol,
stigmasterol, campesterol, a-tocopherol, and d-tocopherol were not
detected in any of the samples; SE – Soxhlet extraction; CPE – cold-
pressed extraction; AEE – aqueous enzymatic extraction; TPC – total
phenolic content.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Fatty acid profile of pumpkin seed oil obtained from: (a)
Soxhlet extraction (SE), (b) cold-pressed extraction (CPE), and (c)
aqueous enzymatic extraction (AEE), on day 0 and after a 30 day
accelerated oxidation storage testa

Fatty acid (%) Day 0 Day 30

(a) Soxhlet extraction method (SE)
SFA 16.1 17.7
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oils in terms of squalene content, pumpkin seed oil (174.1–
253.6 mg/100 g) was similar to olive oil (116.8–315.4 mg/100 g),
but it has a higher content than corn oil (6.8–33.8 mg/100 g),
peanut oil (12.1–127.6 mg/100 g), and rapeseed oil (12.4–43.7
mg/100 g).47,48 It was suggested that pumpkin seed oil could be
included in the diet as a good source of squalene.

3.4. Tocopherol and total phenolic content (TPC)

Tocopherol and phenolics are important antioxidants in oil,
which contribute to the oxidative stability of oil to maintain oil
quality and extend shelf life.4,49 Table 3 shows the tocopherol
content and total phenolic content (TPC) in the obtained
pumpkin seed oil. In terms of tocopherol, the representative of
tocopherol in pumpkin seed oil was g-tocopherol (53.1–72.3
mg/100 g), while a-tocopherol and d-tocopherol were not
detected in this study. A similar result was reported by
Rabrenović et al.,6 who investigated tocopherol content in six
types of pumpkin seed oils and demonstrated that g-tocopherol
was the dominant tocopherol in pumpkin seed oil. In contrast,
Fedko et al.50 detected and reported that the pumpkin seed oil
contained a low level of a-tocopherol (0.3–7.3 mg/100 g) and d-
tocopherol (0–1.1 mg/100 g). These differences could be attrib-
uted to varying growing conditions (e.g. climate and soil) and
harvest conditions as well as detection methods. Among the
three extraction methods, the g-tocopherol content in SE
extracted pumpkin seed oil (72.3 mg/100 g) was signicantly
higher (p < 0.05) than that in AEE (56.2 mg/100 g) and CPE (53.1
mg/100 g), whereas there was no signicant difference (p > 0.05)
between those of AEE and CPE. It was indicated that the
tocopherol content was affected by the extraction method. In
terms of total phenolic content (TPC), a similar trend to
tocopherol was observed; SE (4.0 mg GAE/100 g) and AEE
(3.8 mg GAE/100 g) extracted pumpkin seed oil had similar
content (p > 0.05), but signicantly higher content (p < 0.05)
than CPE (1.0 mg GAE/100 g).

3.5. Oxidative stability

The oxidative stability of pumpkin seed oil obtained by SE, CPE,
and AEE was assessed based on peroxide value change under
Fig. 1 The effect of the three different extraction methods on the
peroxide value of pumpkin seed oil during an accelerated oxidation
experiment at 60 °C for 30 days. Error bars are shown in the symbol. SE
– Soxhlet extraction; CPE – cold-pressed extraction; AEE – aqueous
enzymatic extraction.

© 2024 The Author(s). Published by the Royal Society of Chemistry
accelerated oxidation conditions at 60 °C (Fig. 1). CPE extracted
pumpkin seed oil exhibited a higher peroxide value than SE and
AEE at the end of the storage period (day 30), indicating that
CPE extracted pumpkin seed oil had the lowest oxidative
stability of oil among the three extraction methods. This could
be attributed to its lower tocopherol and phenolic content in
CPE extracted pumpkin seed oil (Table 3). Many studies have
reported that antioxidants play an important role in the oxida-
tive stability of oil, which has a positive effect on preventing the
oil oxidation.51,52 In contrast, although SE extracted pumpkin
seed oil contained higher tocopherol content than AEE (Table
3), the former had a higher peroxide value than the latter. This
could be attributed to the differences in their oxidation rates.
According to Mat Yusoff et al.,52 the peroxide value of oil prod-
ucts ranging from 5 (meq. O2 per kg) to 10 (meq. O2 per kg) is
considered as having a moderate oxidation rate, while the
peroxide value over than 10 (meq. O2 per kg) is considered as
having a high oxidation rate; as mentioned earlier (Table 1), the
peroxide value of SE and AEE extracted pumpkin oil before the
storage test was 24.7 (meq. O2 per kg) and 6.3 (meq. O2 per kg),
respectively.

Additionally, change in unsaturated fatty acid (UFA) content
is also related to oil quality and oxidative stability.26 Table 4
shows the fatty acid change between day 0 and day 30. Aer 30
days of storage at 60 °C, the relative saturated fatty acid content
(SFA) increased in all oil samples, while the relative poly-
unsaturated fatty acid (PUFA) and/or monounsaturated fatty
acid (MUFA) content decreased. Other studies have reported
similar results aer storage tests; the decrease in UFA
(including PUFA and MUFA) content and the increase in SFA
MUFA 21.0 18.8
PUFA 62.7 62.6
UFA 83.7 81.4
Unknown 0.2 0.9

(b) Cold-pressed extraction method (CPE)
SFA 16.8 17.8
MUFA 34.1 36.2
PUFA 48.4 45.0
UFA 82.5 81.2
Unknown 0.6 1.0

(c) Aqueous enzymatic extraction method (AEE)
SFA 15.9 17.3
MUFA 31.6 31.3
PUFA 51.7 51.1
UFA 83.3 82.4
Unknown 0.8 0.4

a SFA – saturated fatty acid; MUFA –monounsaturated fatty acid; PUFA –
polyunsaturated fatty acid; UFA – unsaturated fatty acid.
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content could be associated with oil oxidation.53,54 During the
oil oxidation process, the PUFA is gradually oxidised to MUFA
and subsequently to SFA.26,53 In contrast, CPE extracted
pumpkin seed oil had a higher PUFA loss rate than that
extracted by SE and AEE, indicating that the former may be
more oxidised. Taking together, it was indicated that AEE and
SE had relatively higher oxidative stability than CPE, with AEE
performing the best.

5. Conclusions

Pumpkin seed oil is a rich source of linoleic acid, squalene, and
tocopherols, suggesting that it has a high potential value as
a functional ingredient in food, cosmetics, and pharmaceuti-
cals. The extraction method altered the quality and oxidative
stability of pumpkin seed oil. Pumpkin seed oil obtained from
SE showed a higher content of bioactive compounds than AEE
and CPE. In terms of oil oxidative stability, AEE and SE
exhibited better oxidative stability than CPE, whereas AEE per-
formed the best. Overall, AEE is a promising extraction method
for producing high quality pumpkin seed oil. This study could
provide comparable data to help the oil industry to obtain high
quality pumpkin seed oil with appropriate extraction methods.
Future work will be conducted on the avour, acceptability, and
bioavailability in vitro to offer a pumpkin seed oil with desirable
quality.
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3 D. Ogrodowska, M. Tańska and W. Brandt, The Inuence of
Drying Process Conditions on the Physical Properties,
Bioactive Compounds and Stability of Encapsulated
1038 | Sustainable Food Technol., 2024, 2, 1033–1040
Pumpkin Seed Oil, Food Bioprocess Technol., 2017, 10,
1265–1280.
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33 M. Kiralan, G. Özkan, A. Bayrak and M. F. Ramadan,
Physicochemical properties and stability of black cumin
(Nigella sativa) seed oil as affected by different extraction
methods, Ind. Crops Prod., 2014, 57, 52–58.

34 S. Zhang, Y. G. Pan, L. Zheng, Y. Yang, X. Zheng, B. Ai, et al.,
Application of steam explosion in oil extraction of camellia
seed (Camellia oleifera Abel.) and evaluation of its
physicochemical properties, fatty acid, and antioxidant
activities, Food Sci. Nutr., 2019, 7, 1004–1016.

35 H. Wu, J. Shi, S. Xue, Y. Kakuda, D. Wang, Y. Jiang, et al.,
Essential oil extracted from peach (Prunus persica) kernel
and its physicochemical and antioxidant properties, LWT –
Food Sci. Technol., 2011, 44, 2032–2039.

36 N. Liu, G. Ren, M. Faiza, D. Li, J. Cui, K. Zhang, et al.,
Comparison of conventional and green extraction methods
on oil yield, physicochemical properties, and lipid
compositions of pomegranate seed oil, J. Food Compos.
Anal., 2022, 114, 104747.

37 W. Chaiyana, P. Leelapornpisid, R. Phongpradist and
K. Kiattisin, Enhancement of antioxidant and skin
moisturizing effects of olive oil by incorporation into
microemulsions, Nanomater. Nanotechnol., 2016, 6,
1847980416669488.

38 F. Siano, M. C. Straccia, M. Paolucci, G. Fasulo, F. Boscaino
and M. G. Volpe, Physico-chemical properties and fatty acid
composition of pomegranate, cherry and pumpkin seed oils,
J. Sci. Food Agric., 2016, 96, 1730–1735.

39 V. van Hoed, K. A. Sampaio, B. Felkner, F. Bavec,
M. L. Scippo, F. Brose, et al., Tocopherols and Polyphenols
in Pumpkin Seed Oil Are Moderately Affected by
Industrially Relevant Roasting Conditions, Eur. J. Lipid Sci.
Technol., 2017, 119, 1700110.

40 P. Shao, Q. Liu, Z. Fang and P. Sun, Chemical composition,
thermal stability and antioxidant properties of tea seed oils
obtained by different extraction methods: Supercritical
uid extraction yields the best oil quality, Eur. J. Lipid Sci.
Technol., 2015, 117, 355–365.

41 A. Vilas-Franquesa, B. Juan and J. Saldo, Targeted analysis of
sea buckthorn oil extracted by accelerated solvent extraction
technique using green and conventional solvents, LWT –
Food Sci. Technol., 2022, 164, 113643.
Sustainable Food Technol., 2024, 2, 1033–1040 | 1039

https://doi.org/10.1039/D3FB00247K
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4fb00080c


Sustainable Food Technology Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
A

pr
il 

20
24

. D
ow

nl
oa

de
d 

on
 3

/5
/2

02
6 

9:
37

:2
8 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
42 N. I. Ibrahim and I. N. Mohamed, Interdependence of anti-
inammatory and antioxidant properties of squalene–
implication for cardiovascular health, Life, 2021, 103.

43 B. Miras-Moreno, A. B. Sabater-Jara, M. A. Pedreno and
L. Almagro, Bioactivity of Phytosterols and Their
Production in Plant in Vitro Cultures, J. Agric. Food Chem.,
2016, 7049–7058.

44 E. Ryan, K. Galvin, T. P. O'Connor, A. R. Maguire and
N. M. O'Brien, Phytosterol, Squalene, Tocopherol Content
and Fatty Acid Prole of Selected Seeds, Grains, and
Legumes, Plant Foods Hum. Nutr., 2007, 62, 85–91.

45 A. C. da Silva and N. Jorge, Bioactive compounds of the lipid
fractions of agro-industrial waste, Food Res. Int., 2014, 66,
493–500.

46 C. A. Can-Cauich, E. Sauri-Duch, V. M. Moo-Huchin,
D. Betancur-Ancona and L. F. Cuevas-Glory, Effect of
extraction method and specie on the content of bioactive
compounds and antioxidant activity of pumpkin oil from
Yucatan, Mexico, Food Chem., 2019, 285, 186–193.

47 M. Shen, S. Zhao, F. Zhang, M. Huang and J. Xie,
Characterization and authentication of olive, camellia and
other vegetable oils by combination of chromatographic
and chemometric techniques: role of fatty acids,
tocopherols, sterols and squalene, Eur. Food Res. Technol.,
2021, 247, 411–426.

48 C. I. G. Tuberoso, A. Kowalczyk, E. Sarritzu and P. Cabras,
Determination of antioxidant compounds and antioxidant
activity in commercial oilseeds for food use, Food Chem.,
2007, 103, 1494–1501.
1040 | Sustainable Food Technol., 2024, 2, 1033–1040
49 G. C. G. Carlini, G. G. Roschel, R. A. Ferrari, S. M. Alencar,
H. C. Ota, T. F. F. da Silveira, et al., Chemical
characterization of Echium plantagineum seed oil
obtained by three methods of extraction, J. Food Sci., 2021,
86, 5307–5317.

50 M. Fedko, D. Kmiecik, A. Siger, B. Kulczyński, M. Przeor and
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