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Abstract: Cold-pressed pumpkin seed oil is a valuable source of bioactive molecules, including
phenolic compounds. Oleogels are designed for trans and saturated fats substitution in foods,
but also demonstrate protection and delivery of bioactive compounds. Consequently, the present
work aimed to assess individual phenolic compounds dynamics and infrared fingerprints during
the ambient storage of pumpkin seed oil and thereof oleogel. For oleogels production, a 5% ternary
mixture of waxes, composed by 3% beewax, 1% sunflower wax and 1% rice bran wax, was used.
Phenolic compounds were extracted by traditional liquid–liquid extraction, followed by HPLC-MS
quantification. FTIR (400–4000 cm−1) was used for characterizing and monitoring the oxidative
stability of all samples and for the evaluation of intermolecular forces between oleogelator mixtures
and oil. Specific wavenumbers indicated oxidative processes in stored sample sets; storage time
and sample clustering patterns were revealed by chemometrics. Isolariciresinol, vanillin, caffeic
and syringic acids were quantified. The main changes were determined for isolariciresinol, which
decreased in liquid pumpkin seed oil samples from 0.77 (T1) to 0.13 mg/100 g (T4), while for oleogel
samples it decreased from 0.64 (T1) to 0.12 mg/100 g (T4). However, during the storage at room
temperature, it was concluded that oleogelation technique might show potential protection of specific
phenolic compounds such as syringic acid and vanillin after 8 months of storage. For isolariciresinol,
higher amounts are registered in the oleogel (0.411 mg/100 g oil) than in the oil (0.37 mg/100 g oil)
after 5 months of ambient temperature storage (T3). Oxidation processes occurred after 5 months
storage for both oil and oleogel samples.

Keywords: pumpkin seed oil; oleogels; polyphenols; HPLC-MS; Fourier transform infrared
spectroscopy; chemometrics; storage follow-up

1. Introduction

Cold-pressed pumpkin seed oil is a dichromatic, viscous oil, abundant in valuable compounds
such as unsaturated fatty acids (mostly linoleic and oleic), tocopherols, sterols, β-carotene, and lutein,
the content of the bioactive compounds differing among the species and varieties, or due to climate
and cultivation conditions [1,2]. The oil preserves its nutritional profile because, in general, the
temperature during pressing does not exceed 50 ◦C. However, other studies also revealed considerable
contents of polyphenols in pumpkin seed oil obtained under different extraction temperatures or
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solvents, imparting overall antioxidant activity to this oil [3–5]. The numerous nutritive-pharmacological
properties such as cancer prevention, anti-inflammation, anti-diabetic and lowering of cholesterol
levels, are the main reasons for promoting the increase in the consumption of pumpkin seed oil [6,7].
Few previous studies regarding the oxidative stability of pumpkin seed oil have been conducted,
especially for the cold-pressed type [4]. At this moment, it is mostly consumed as a salad dressing or
encapsulated, despite its physicochemical properties which make it suitable for industrial applications
too [2].

Oleogelation, a structuring technique which transforms vegetable oils into solid-like materials with
the use of oleogelators, will soon be adopted as a current practice by processors and the food industry,
increasing their consumption possibilities. This would be mainly due to consumers’ awareness
regarding healthier food and recent legislation regarding trans and saturated fat-containing products,
which will be replaced by oleogels containing healthy mono or polyunsaturated oils. There are
numerous possibilities of developing an oleogel, but the direct method, implying the dispersion of the
structuring agents in the heated oil, followed by cooling and crystallization, is usually chosen because it
is a method which is easy to up-scale. The indirect method based on an emulsion template is currently
being intensively exploited and improved by researchers, but implies supplementary equipment such
as spray or freeze-driers [8,9]. Oleogels can be formed from a wide range of structuring agents which
can be classified as non-triacylglycerol gelators, more specifically crystalline particles or self-assembling
structures, self-assembled fibrillar networks, polymers and inorganic compounds, or lipid-based
gelators such as waxes, ceramides, phytosterols, fatty acids, fatty alcohols, and monoglycerides,
etc. [10]. Recently, novel structuring agents were synthesized by enzyme catalysis [11–13]. Among
them, natural waxes are cost-effective food-grade substances that demonstrated structuring capacity
even at a low concentration and improved functionality when they were forming mixtures [14,15].
Waxes were also used to structure fish oil, in the study of oxidation of fish oil oleogel in comparison to
bulk oil [16].

The versatility of oleogel process design permits the inclusion of certain fatty acids in foods,
but also different liposoluble molecules and bioactive compounds, originating from the oil, from the
structuring agents or added purposefully, to increase the nutritional value of the products [17–19].
β-carotene or curcumin have been included in the composition of different oleogels to exploit their
health-promoting implications and to assess if model hydrophobic compounds can be protected against
processing conditions and storage through oleogelation [20–23]. The usage of solely lipophilic structuring
molecules can result in a negative digestibility response towards the system, and implicitly lowers the
bioavailability [24]. β-sitosterol and δ-oryzanol organogelators used as a mixture are an example of
structuring agents which facilitate the reduction in the controversial fats through oleogelation and also
provide prophylactic effects on heart diseases through cholesterol levels management, which they are
able to control as phytosterols [25,26]. In addition, ceramides are a class of oleogelators demonstrating
tumor suppressing capacity [27]. The delivery of hydrophilic bioactive compounds through oleogel
was also possible, by designing functional emulsion gels containing condensed tannins, capsaicin or
inulin [28–30]. Polyphenols are able to form stable crystals which stabilize emulsion template oleogels
and transform the oleogel into a functional matrix due to their biological activity [8,31].

Polyunsaturated vegetable oils, such as pumpkin seed oil, which are already abundant in
polyphenols or other biologically active compounds, are more desirable for oleogel formulation and
inclusion in food products such as meats, diary, pastry, and confectionary, to improve their nutritional
profile. Moreover, oil blends should be developed, since the addition of only 1% cold-pressed pumpkin
seed oil to sunflower oil demonstrated an antioxidant effect [32].

Most of the research focuses on evaluating if the oleogel can mimic the rheological, textural, and
sensory properties of the fat and their inclusion in foods [33,34]. The present study follows the impact
of oleogelification on the biologically active compounds delivered by the oil, namely the specific
polyphenols, which might be altered by the oleogelation processes such as mixing, heating, or during
UV storage [33,34]. Regarding the chemical and nutritional characterization of different pumpkin
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seed oils, it has been reported repeatedly that the fatty acid composition of the oil consists of mono-
and poly-unsaturated fats, the double bonds inside the alkyl chains of the fatty acids making the
pumpkin seed oil prone to oxidation [35,36]. Additionally, a decrease in the total polyphenols of the
pumpkin seed oil stored up to 120 days was reported [37]. Consequently, the present work aimed to
assess individual phenolic compounds dynamics in fresh state (T1) and during the ambient storage of
pumpkin seed oil and thereof oleogel, after one month (T2), five months (T3) and eight months (T4),
but also the infrared fingerprints and chemometrics, in order to study oxidation and the implication of
the oloegel in retarding the phenomenon or the polyphenols’ antioxidant effect.

2. Materials and Methods

2.1. Materials

Cold-pressed pumpkin seed oil was purchased from Luna Solai, a Romanian producer. The waxes
are natural and were kindly provided by Kahlwax (Trittau, Germany). HPLC filters, Chromafil, with
a pore size of 0.45 µm and filter diameter of 13 mm, were also used for extractions. Hexane and
MeOH were purchased from Merck (Darmstadt, Germany). Acetonitrile and acetic acid used for
HPLC-MS analysis were purchased from Merck (Darmstadt, Germany). All other chemicals were of
analytical grade.

2.2. Oleogel Production

For oleogel production, a 5% wax ternary mixture was used to gel cold-pressed pumpkin seed
oil. As a structuring agent, a ternary mixture of waxes was chosen since it was previously found
that it leads to the formation of oleogels with excellent physical properties. The mixture was formed
by 3% beeswax, 1% sunflower wax and 1% rice bran wax. The wax and the oil were heated above
the highest melting point of the waxes (80 ◦C) on a magnetic hot stirrer plate. The melted mixture
was poured in aliquots of 30 g (OD), and these were closed and stored at room temperature under
light exposure along with the liquid oil (UD), with different transparent polypropylene vessels (50 mL
volume) being used for sampling each storage time (fresh—T1, one month—T2, five months—T3 and
eight months—T4).

2.3. Phenolic Compounds Extraction

Phenolic compounds extraction consisted of a traditional liquid–liquid extraction as mentioned
Ricciutelli et al. [38]. A volume of 3 mL of the oil or oleogel sample and 3 mL hexane were transferred
into a 15 mL centrifuge tube which was vortexed (MX-S, Dlab Scientific Co., Beijing, China) for 30 s,
until the mixture was homogenized. A volume of 5 mL of methanolic solution (3:2) was added, then it
was subjected to sonication (Bandelin SONOREX, Sigma Aldrich, Berlin, Germany) for 15 min and
centrifuged (DM0412 Dlab Scientific Co., Beijing, China) for 10 min with 3000 rot/min. The supernatant
was disposed and 3 mL hexane was re added to the methanolic pellet in order to dilute the remaining
lipidic compounds and the vortex, sonication and centrifugation steps were repeated for 2–3 times,
until the supernatant was clear. Furthermore, a concentration step at 35 ◦C under reduced pressure
was conducted (Rotavapor Heidolph). The evaporated samples were solubilized in 1 mL of methanol,
filtered through 0.45 µm Millipore nylon filter and used for HPLC-MS analysis.

2.4. HPLC-MS Quantification of Specific Phenolic Compounds

High-performance liquid chromatography (HPLC) remains one of the most important analytical
tools for fingerprinting and quantifying bioactive compounds. HPLC analysis was performed on Agilent
1200 system equipped with a quaternary pump, a degasser DGU-20 A3 (Prominence), an autosampler,
an UV–VIS detector with photodiode (DAD), coupled with a single-quadrupole Mass Detector Agilent
model 6110 (Agilent Technologies, Santa Clara, CA, USA). The compound separation was conducted
on Eclipse XDB C18 column (5 µm, 4.6 × 150 mm). The mobile phase consisted of two solvents, A and
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B, injected at 25 ◦C for 30 min, at a flow rate of 0.5 mL/min and a gradient which is described in
the following, together with the solvents. The mobile phase composition: solvent A—bi-distilled
water and 0.1% acetic acid/acetonitrile (99/1) v/v, B—acetonitrile and acetic acid 0.1%. The solvent
gradient applied was as follows: 0 min, 5% B; 0–2 min, 5% B; 2–18 min, 5–40% B; 18–20 min, 40–90%
B; 20–24 min, 90% B; 24–25 min, 90–5% B; 25–30 min, 5% B. The chromatograms were monitored at
280 and 340 nm, respectively. The mass spectrometric data were obtained using a single-quadrupole
6110 mass spectrometer (Agilent Technologies, Chelmsford, MA, USA) equipped with an ESI probe.
The measurements were performed in the positive mode with an ion-spray capillary voltage of 3000 V,
and a temperature of 300 ◦C. The nitrogen flow rate was 7 L/min. Data were collected in full scan
mode within the range 100 to 1200 m/z. The data reading and acquiring was done using Agilent
ChemStation software.

2.5. Fourier Transform Infrared Spectroscopy

The FTIR spectra were acquired with Shimadzu IR Prestige-21 equipment (Shimadzu Corporation,
Kyoto, Japan) in order to evaluate the oxidative stability of oleogel and reference oil, but also to
analyze the intermolecular forces between the wax ternary mixture and the oil. The oil and the oleogel
samples were placed directly on the sampling device equipped with a single reflection attenuated total
reflectance (ATR). Spectra were scanned in the 600–4000 cm−1 wave number range with a resolution
of 4 cm−1 and 64 scans. The spectral data were processed with Origin PRO8. To remove noise and
eliminate background effects, the acquired spectral values were processed with standard normal variate
(SNV) and the scatter effects were removed by centering and scaling each individual spectrum.

2.6. Chemometrics

By principal component analysis (PCA), using the Unscrambler 10.1 Software, version 10.1
(Camo Software AS, Oslo, Norway), the variability and similarities between samples registered during
FTIR analysis were depicted. The PLS analysis (partial least squares) was also performed in order to
reveal the possible relations existing between the presence of the polyphenols in the sample and the
resulting FTIR spectra during the 8 months of storage, both for the oils and oleogels.

2.7. Statistical Analysis

Two-way analysis of variance (ANOVA) using Minitab Statistical Software v.19 (Minitab Inc.,
State College, PA, USA) was performed in order to assess the influence of pumpkin seed oil’s physical
state (oil vs. oleogel) and storage time on individual phenolic concentrations; for each compound,
Tukey’s comparison tests were performed at a 95% confidence level.

3. Results and Discussion

3.1. Phenolic Compounds Extraction and Individual Characterization

The samples were subjected to a traditional liquid–liquid extraction, with hexane and methanolic
solution as solvents with no further acid hydrolysis. Then, compound identification and peak
assignments, or the total polyphenolic content, were assessed based on the retention times, UV-VIS
spectra and also comparing with ESI-MS results. The HPLC-MS analysis allowed the identification and
quantification of individual polyphenolic components and revealed the presence of isolariciresinol,
vanillin, caffeic and syringic acids, based on the parameters described in Table 1, both in the oil and
oleogel samples.

The extraction method proved efficiency, since in another study, where the phenolic compounds
extracted with the solid phase method (SPE) from a sample consisting of cold-pressed pumpkin seed
oil produced for commercial purpose could not be individually identified [5]. The original method
of solid phase extraction (SPE) of the phenolic compounds is not suitable for pumpkin seed oil and
needs adaptation, but is preferred, because is a premise of good separation of the interest compounds,
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according to a research which investigates different extraction methods and protocols [4]. The lack of
accuracy of the Folin–Ciocalteu method for the calculation of total polyphenolic content of pumpkin
seed oil was also discussed and seems to be due to the influence of the carotenoids on the SPE extraction
and on the method, the bleaching of oil before this measurement not being indicated because it affects
specific polyphenolic compounds and would not solve the inconvenience [4].

Table 1. Phenolic compounds identification in cold-pressed pumpkin seed oil by HPLC-MS.

Retention Time (min) UV Max [M + H]+ (m/z) Identification

12.12 320 181 Caffeic acid
15.05 280 198 Syringic acid
16.31 265, 320 153 Vanillin
26.27 280 360 Isolariciresinol

In the present study, the total phenolic contents of the cold-pressed pumpkin seed oils and their
correspondent oleogels were also assessed by HPLC-MS and the results were 1.087 mg/100 g for the
oil at fresh state and 0.999 mg/100 g for the oleogel (T1), a similar content being reported by the
literature for the oil [39]. From our knowledge, this is the first time when the total polyphenols are
analyzed for a pumpkin seed oil oleogel. The content of the individual and total polyphenols in the
cold-pressed pumpkin seed oil and oleogel during storage, expressed as mg/100 g oil, is represented in
Figure 1. For all individual phenolics (caffeic acid, syringic acid, vanillin, isolariciresinol, as well as
total phenolics), the two-way ANOVA revealed high significant differences (p < 0.05) for both factors
(oil physical state and storage time) as well as their interaction. Consequently, the oil state–storage
time interactions were analyzed by several one-way ANOVA tests and compared by Tukey’s method.
Thus, the influence of oleogelation and storage duration over the phenolics dynamics is depicted by
Figure 1, including the statistical significance.
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Figure 1. Individual and total phenolic compounds detected by HPLC-MS in cold-pressed pumpkin
seed oil (UD) and oleogel (OD) fresh (T1) but also stored for one (T2), five (T3) and eight months (T4) at
room temperature. For the same compound, lower-case letters within each sample group (oleogel or
oil) indicate no significant difference (p > 0.05); for the same compound and storage time, upper-case
letters between each sample type (oleogel vs. oil) indicate no significant difference (p > 0.05).

For caffeic acid, syringic acid and isolariciresinol lower amounts were detected in the oleogel
samples in comparison with the oil. Isolariciresinol is a lignan commonly identified in the pumpkin
seed, but which is present in lower amounts in the oil too. In addition, it might be thermolabile, since
in oleogel it is present in slightly lower amounts than in the oil at fresh state. For the cold-pressed
pumpkin seed oil investigated in our research, isolariciresinol was the most abundant polyphenolic
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compound detected (0.768 mg/100 g in the fresh oil). The content of another oligomer of this lignan,
the secoisolariciresinol, it is reported to be lowered both in seed and oil, because of the roasting
process [4]. From the class of hydroxycinnamic acids, the caffeic acid was identified (0.107 mg/100 g
oil in the fresh state) and from the class of hydroxybenzoic acids, the syringic acid was present
in an amount of 0.119 mg/100 g oil. In the oleogel samples, caffeic and syringic acids showed no
statistically significant differences during storage (p > 0.05), while in the oil samples, a varying trend
was noticed, as depicted in Figure 1. An overall statistically significant higher content of vanillin
(p < 0.05), a compound of the class of hydroxy benzaldehydes, is present in the oleogel samples, in each
moment of storage, in comparison to the oil samples. In the oleogel, 0.191 mg/100 g was detected,
while in the fresh oil it was 0.093 mg/100 g, thus the thermal treatment might promote the release of this
compound. The amount of vanillin in the oleogel samples decreased during storage and a statistically
significant difference between samples was revealed; in the oil samples, the vanillin concentrations
were varying during the eight months storage (Figure 1).

The content of the total polyphenols decreased during storage to less than half, both for the oil
and the oleogel samples, the main changes being determined for isolariciresinol, which statistically
significant decreased (p < 0.05) in liquid pumpkin seed oil samples from 0.77 (T1) to 0.13 mg/100 g
(T4), while for oleogel samples from 0.64 (T1) to 0.12 mg/100 g (T4). Therefore, during the storage at
room temperature, it can be observed that oleogelation technique might show potential protection of
overall phenolic compounds, especially for the syringic acid and vanillin, higher content being registered
in the oleogel sample in comparison to the oil, in samples stored at room temperature for 8 months
(T4). For isolariciresinol, statistically significant higher amounts (p < 0.05) are registered in the oleogel
(0.411 mg/100 g oil) than in the oil (0.37 mg/100 g oil) after 5 months of ambient temperature storage (T3).

3.2. Fourier Transform Infrared Spectroscopy

FTIR spectroscopy coupled with the chemometrics techniques is a recently intensively exploited
method in the fast, simple and non-invasive analysis of edible oils. It is suitable for determining both
the composition and the quality of oils. The FTIR spectra, scanned using attenuated total reflectance
mode, displayed both for the oil and oleogel samples, raw and SNV-treated, peaks characteristic
for vegetable oils. For instance, the peak at 3007 cm−1 is denoting the poly unsaturation of the oil,
sharp peaks also being registered in the 2924, 2852, and 1745 cm−1 region, to reveal the abundance of
triglycerides in the samples (Figure 2). At the lower frequencies, the band near 720 cm−1 is assigned to
the rocking vibration of the CH2 group which build up the long-chain mono and polyunsaturated
fatty acids of the pumpkin seed oil. The broad peak at 1160 cm−1 might be due to C-O stretching of a
tertiary alcohol or even due to the presence of the phenolic compounds. Other studies describing the
FTIR spectra of pumpkin seed oil also registered smaller intensity peaks in the region of 1695, 1460,
1378, 1237, 1160, 1110, 1097, 950, and 850 cm−1, some small shifts in the peaks to left or right being
registered due to the particularity of the oils composition [40–42].

During the oleogel formation, the cold-pressed pumpkin seed oil was subjected to a thermal
treatment of 80 ◦C for up to 5 min and to shearing, and even if oleogelation does not affect the chemical
properties of oil, different molecular arrangements occur due to the crystallization of the ternary
mixture of waxes and the oil, during cooling, affecting the appearance of the spectra, depending on
the oil and the oleogelation technique. Beside changes in intensities, it can be affirmed that there was
no variability in the peak appearance or shifts for the oleogels in comparison to the oils (Figure 2),
which indicates that physical interactions, and not changes in the chemical structure, are the reason for
oleogel formation. Usually in the study of oleogels, medium intensity bands in the 3550–3450 cm−1

range indicate intermolecular bounding and 3570–3540 cm−1 range bands indicate the presence of
some intramolecular hydrogen bonds in the FTIR spectra [43]. The spectra of the wax based oleogels
usually lack a well-resolved band in this region [44]; also, other authors evaluate the bands at 2924 cm−1

specific for the lipid acyl-chains, which in our study for the cold-pressed pumpkin seed the oleogel
sample displays lower intensity, and thus a slightly higher conformational ordering than the oil [45].
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Figure 2. FTIR raw spectra of pumpkin seed oil (UDT1) and oleogel (ODT1) in fresh state (T1).

It is already concluded that oxidation processes during heating occur more slowly in oils extracted
from 4–12 min microwave roasted pumpkin seeds in comparison to oils from unroasted seeds [46]. In the
present study, the effect of thermal treatment on the oxidative stress of the oleogel samples is evaluated,
by comparing the different intensities of several key absorbances for the oil and oleogel samples at
T1, in fresh state (Figure 2). The heat-induced oxidation can be monitored at the 3050–2800 cm−1 or
1743–1465 cm−1 spectral region, where slight differences in the values of the intensities were registered,

for the oil and oleogel samples in fresh state [46]. In the 1500–1300 cm−1 region, the bending vibration of
methyl and methylen groups can be analyzed. For the oleogel samples in fresh state, higher intensities
were registered and this might be due to the waxes’ contribution, which are derived from mixtures of
long-chain hydrocarbons.

Oil oxidation is a set of natural phenomena governed by intrinsic and extrinsic factors, determining
the shelf life, nutritional and sensorial properties of edible oils. This is a multidimensional result of the
fatty acid composition of oil, and the presence of antioxidant components such as phenolic compounds,
concurring with oxygen, light or heat [47]. The samples analysed by HPLC-MS for the quantification
of total polyphenolic compounds displayed a decrease of almost 50% during the 8 months of storage;
therefore, higher oxidation of the oils and oleogels is expected to be registered as the storage time
increases. Both the oil and oleogel samples stored for 5 months display peaks overlaid with the peaks
of the rest of the samples (at fresh state and stored for 1 months) and, in conclusion, at that moment,
oxidation processes were not advanced. In the raw spectra, the intensity of the peaks displayed for the
oleogel sample stored for 8 months (ODT4) are lower than the rest of the samples in the following
regions: 2924, 2850, 1743, and 1157 cm−1, but did not decreased for 3008, 1465, and 715 cm−1.

The raw and SNV-treated FTIR spectra were registered for both the oil (Figure 3a,b) and oleogel
samples (Figure 3c,d) in different moments of the storage period: fresh (T0), 1 month (T1), 5 months
(T3) and 8 months (T4) in order to follow the oxidation during the 8 months of storage and to reveal the
influence of the total polyphenols. The spectra started to reveal significant differences in terms of the
intensity and position of the relevant bands (the shifts were not large but visible). For the SNV-treated
spectra, the increase in a peak can be seen in regions of 1743 cm−1 for the oleogel in comparison to the
oil, which is due to the formation of carbonylic compounds and cis allylic during oxidation. For the raw
spectra of the oleogel, the peak at 3008 cm−1 was decreased because of the decrease in cis allylic (C=CH)
bonds and is slightly shifted to the right, in comparison to the peak registered for the oil samples.
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During oxidation, double bonds will be converted in single bonds, as a first step to hydroperoxide
formation, and this can be confirmed by an increase in the ratio of intensities 2850/3008 cm−1. Figure 4
depicts the ratio of intensities 2850/3008 cm−1 during the storage of oil and oleogel samples. It was
established in order to inspect the effect of the oleogelation related to storage and its potential protection
against oxidation or loss of bio-active compounds, by comparing the 8 months stored oleogel and oil
samples. Figure 4 indicates a more intense oxidation for the oleogel sample after 5 months of storage
in comparison to the oil. The current study hypothesis that oleogelation protects the cold-pressed
pumpkin seed oil from oxidation or from the loss of polyphenols is thus invalidated for samples stored
longer than 5 months.
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Figure 4. Ratio of intensities 2850 cm−1/3008 cm−1 of the oil and oleogel samples during storage.

3.3. Principal Component Analysis

Due to the similarities in terms of chemical composition, the visual comparison of the spectra of
pumpkin seed oil and oleogels during storage can lead to inaccurate perceptions and the principal
component analysis could better aid in the classification of the samples. PCA was performed in order
to group the samples based on their similarities and differences registered in the FTIR analysis. PCA
was projected by its principal components (PCs) using raw and SNV-treated FTIR spectral data from
600 to 4000 cm−1. For the raw spectra, PC1 and PC2 accounted, respectively, for 62% and 25% of
the total data variance. In PCA, the first principle component (PC1) accounts for the most variation,
meanwhile the second principle component (PC2) accounts for the samples which fall out of the trend.
In the projections of PC1 and PC2, it can be observed that oil samples are well separated from the
oleogel samples. As shown in Figure 5a, there is a high similarity between the principal component
scores of the raw FTIR spectrum of the oleogel sample in fresh state (ODT1) and those of the oil sample
after 1 month of storage (UDT2).

The oil samples of UDT1, UDT2, UDT3 do, however, form a cluster in the upper right side of
the plot, while the oil sample stored for 8 months (UDT4) is in the upper left side. A similar trend is
also observed for the oleogel samples, leading to the formation another separate cluster. The SNV
pre-treated FTIR spectra PC1 horizontal axis explains 60% of the total variance, while the PC2 vertical
axis explains 20%. The principal component analysis (PCA) scores and loadings, for standard normal
variate (SNV) pre-treated FTIR spectra 600–4000 cm−1 also allow the visualization of both oil and
oleogel samples stored for 8 months falling out of the trend established by the rest of the sample.
The rest of the samples are, however, disseminated closely in the upper and lower right side of the
plot, while for the raw FTIR spectra, all the oil samples are in the upper right side and all the oleogel
samples are in the lower right side.
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oils and oleogels in the wave range of 600–4000 cm−1.

3.4. Partial Least Square Analysis

A prefeasibility study was conducted with the four samples of the pumpkin seed oil and the four
samples of the ternary wax mixture oleogels in different storage moments for predicting the content of
the total phenols during the storage of pumpkin oil or oleogels, based on FTIR coupled with partial least
square (PLS) calibration and cross-validation models. The leave-one-out cross-validation procedure
was performed. The partial least square (PLS) calibration and full cross-validation models for total
phenolic prediction by using raw (Figure 6a,b) or SNV (Figure 6c,d) FTIR spectra 600–4000 cm−1

were computed. The PLS calibration and cross-validation models showed encouraging coefficients of
determination R2 for raw spectra (0.89 for calibration and 0.73 for cross-validation) and SNV-treated
spectra (0.9 for calibration and 0.86 for cross-validation). The attempt to optimize the spectral region
of the PLS model (956–2961 cm−1 optimized region based on regression coefficients), revealed R2

increased to 0.93, indicating a good modelling of the data the calibration model (Figure 7); however,
the PLS cross-validation model presented an unsatisfactory coefficient of determination R2 of 0.57.
Consequently, for this prefeasibility study conducted, it was concluded that the best PLS calibration
and cross-validation models are obtained when full SNV treated spectra are used (Figure 6c,d), with
a standard error of calibration (SEC) of 0.07 and a standard error of cross-validation (SECV) of 0.1
being obtained.
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4. Conclusions

Liquid–liquid extraction of polyphenols from cold-pressed pumpkin seed oil and oleogel, and
their total and individual quantification by HPLC-MS, were performed during ambient storage.
Isolariciresinol was the most abundant phenolic compound, but vanillin, caffeic and syringic acids
were also identified.

The influence of oleogelation and storage duration on the phenolics dynamics was examined for
8 months. The content of the total polyphenolic compounds was decreased to almost half of the initial
content. It is concluded that specific phenolic compounds, such as syringic acid and vanillin, might
have been better protected during storage due to oleogelation for 8 months and also isolariciresinol for
5 months.
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FTIR spectroscopy revealed similar trends for the oxidation process in oil and oleogel samples,
but after 5 months storage, the oleogel samples became more degraded. The ratio of intensities
at 2850/3008 cm−1 and the PCA analysis also confirm this. For the raw data, PCA revealed high
similarities between the sample of oleogel in fresh state (ODT1) and the oil sample after 1 month of
storage (UDT2).

On a pioneered level, due to the low number of samples, the contents of the total phenols
during storage of pumpkin oil or oleogels, based on FTIR coupled with partial least square (PLS)
calibration and cross-validation models, were studied. It was concluded that the best PLS calibration
and cross-validation models were obtained when full SNV-treated spectra were used, with a standard
error of calibration (SEC) of 0.07 and a standard error of cross-validation (SECV) of 0.1 being obtained.
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