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Abstract
The seeds of berry fruits which are considered as a by-product may be valorized by recovering the oil they content. Never-
theless, the conventional extraction methods are time, energy and organic solvents consuming. In order to make extraction 
more environmental-friendly, alternative methods, like ultrasound-assisted and pulsed electric field-assisted processes, are 
being developed. The procedure of extraction may however influence the quality of obtained oil. The following study aims to 
define the effects of ultrasound and pulsed electric field application in the extraction process on the thermal properties, i.e., 
oxidative stability, melting and cyclic heating/cooling profiles, thermal decomposition characteristics. Additionally, fatty acid 
profile assessment was included in the study. Seeds of blackberries, blackcurrants, chokeberries, raspberries and redcurrants 
were used to extract oil. Based on the results, it can be summarized that extraction method influenced the resistance of oils 
to oxidation. Ultrasound-assisted process resulted in oils with the highest oxidation induction times. Melting profile was 
slightly influenced by extraction method, with peak temperatures indicating the presence of low-melting and middle-melting 
triacylglycerol fractions. Differential scanning calorimetry with heat/cool/heat procedure let determine crystallization peak 
temperatures around − 60 °C, which could be associated with the specific triacylglycerol profile of berry seed oils. The 
courses of thermogravimetric analysis curves were comparable for all the tested samples. The fatty acid profile study revealed 
that all the studied thermal properties were affected by the unique fatty acid percentage share, with a great predominance 
of polyunsaturated fatty acids. Obtained results allowed to conclude that extraction method influenced oxidative stability, 
thermal properties and fatty acid profile only to some extent. The most promising extraction method among analyzed seems 
to be ultrasound-assisted extraction as it provided oil with high oxidative stability, typical thermal properties and unchanged 
fatty acid profile, without being harmful to natural environment due to possible reduction in solvent and time consumption.
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Introduction

Fruit-derived seeds which are considered as a by-product 
in fruit industry can be reused in order to fulfill circular 
economy principles. The berry fruit seeds are rich in fat 

with unique composition and thermal behavior [1–3]. The 
possible methods of obtaining oil include conventional prac-
tices, such as cold-pressing or classical solid/liquid extrac-
tion. Nevertheless, the conditions of aforementioned pro-
cesses may influence oil properties and natural environment 
negatively.

Alternative extraction methods are considered as benefi-
cial for the natural environment due to limited energy con-
sumption and decreased organic solvent usage comparing 
to conventional extraction methods. The extraction meth-
ods classified as alternative are those assisted by ultrasound 
(US), microwave, pulsed electric field (PEF), enzymes and 
also supercritical fluid or pressurized liquid extraction tech-
niques. Despite the economic and environmental advantages, 
the extracts obtained in the alternative processes may present 
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unique properties. Oil obtained throughout non-conventional 
extraction can be characterized by higher content of bioac-
tive compounds, i.e., sterols, fat soluble vitamins [4–6].

To assess the detailed characteristics of oil obtained in 
different extraction procedures, thermal properties studies 
appear to be applicable. Thilakarathna et al. [7] described 
melting and crystallization behavior assessed in differen-
tial scanning calorimetry study of mahua seed oil extracted 
applying US-assisted process, cold-pressing and Soxhlet 
apparatus. The differences between thermal characteristics 
of oils were slight however noticeable. Additional stud-
ies revealed that eventual changes may occur due to dif-
ferences in chemical composition of extracted oils, such as 
waxes presence or triacylglycerol (TAG) structure. Capar 
et al. [6] studied thermal behavior of cranberry seed oil 
extracted using different methods (applying US, microwave 
and Soxhlet apparatus). The differences in obtained results 
were explained by slightly different saturation level of oils 
and TAG composition. Based on those studies, it may be 
concluded that DSC study which recorded the behavior of 
oil subjected to heating or cooling may be a useful tool to 
present the extraction effect on the events occurring in oils 
subjected to temperature changes. Another study—pressure 
differential scanning calorimetry (PDSC)—is an accelerated 
oxidative stability test and was also used to evaluate extrac-
tion method impact on oil properties. For example, Bryś 
et al. [8] used PDSC to compare extraction method influence 
on pomegranate seed oil oxidative stability. It was concluded 
that extraction method significantly affected oxidation induc-
tion time (OIT) of pomegranate seed oil. Thermogravimetric 
analysis (TG) which demonstrates mass loss in the sample 
during gradual temperature increase in the controlled atmos-
phere can be also used to monitor changes in the material 
depending on extraction method. Santos et al. [9] compared 
supercritical  CO2 and solid–liquid extraction of sapucaia 
oil considering TG results. The visible differences were 
obtained in terms of stability of oil in air atmosphere and 
gradually increasing temperature.

There is limited data available about novel techniques like 
PEF or ultrasound influence on the thermal properties of oils 
obtained from berry seeds. The results obtained in the pre-
sent study could help explain the consequences of alterna-
tive extraction method application on the quality of product. 
With that knowledge it could be possible to apply more sus-
tainable extraction methods on the larger scale and specify 
the usage of such oils. The main objective of the following 
study was to assess the influence of the extraction methods, 
such as ultrasound-assisted, PEF-assisted and solid–liquid 
processes on the thermal properties and fatty acid profile 
of blackberry, blackcurrant, chokeberry, raspberry and red-
currant seed oils. Accordingly, differential scanning calo-
rimetry (DSC) study was carried out to visualize melting 
characteristics and behavior in the heat–cool–heat cycle. 

Also, PDSC analysis was conducted in order to determine 
oxidation induction time, and therefore, the resistance of 
oils to oxidation in controlled conditions. TG analysis was 
performed to specify stability of oil and mass losses pattern 
in progressive heating conditions. Additionally, gas chroma-
tography (GC) study was conducted to combine the results 
with fatty acid profile of berry seed oils.

Experimental

Material

Fresh fruit of berries: blackcurrant (Ribes nigrum var. 
Ruben) and redcurrant (Ribes rubrum var. Jonkheer van 
Tets) were purchased from PPH Fructodor Sp. z o. o., Boli-
mow, Poland. Raspberry (Rubus idaeus var. Polana) and 
chokeberry (Aronia melanocarpa var. Nero) were kindly 
given by local farmers from Pulawy, Poland. Blackberry 
(Rubus fruticosus var. Brzezina) was kindly supplied by 
Institute of Horticulture-National Research Institute in Ski-
erniewice, Poland and fruit came from Rubus collection 
conducted as part of the targeted task of the Polish Ministry 
of Agriculture and Rural Development—ex situ conserva-
tion of genetic resources of horticultural plants. The fruits 
were kept frozen and then defrosted in the room tempera-
ture right before the juice pressing. Approximately 10 kg of 
fruits were used to press juice in the hydraulic press (HPL 
14, Bucher Unipektin, Niederweningen, Switzerland), apply-
ing maximum 3 Bar pressure. Pomace left after juice press-
ing was then dried in the laboratory convective dryer at the 
temperature of 45 °C and with the air flow of 1.5 m  s−1. 
Dried material was subjected to water activity measurement 
at 25 ± 0.3 °C using Rotronic Hygrolab C1 (Rotronic AG, 
Bassersdorf, Switzerland) hygrometer. The water activity of 
all samples was under 0.4. The seeds were separated from 
the pomace using sieves.

Ultrasound‑assisted extraction

Ultrasound-assisted extraction (UAE) process was carried 
out according to the previously described methodology [10] 
in the UP400S ultrasound processor (Hielscher Ultrasonics 
GmbH, Tetlow, Germany) with the output power of 400 W. 
Seeds (2 g) milled using tube mill (IKA-Werke GmbH & Co. 
KG, Staufen im Breisgau, Germany) in 20,000 rpm in 30 s 
time were placed in the falcon tube and filled with extracting 
medium-n-hexane (99%, Chempur, Piekary Śląskie, Poland) 
used in solid/liquid ratio at level of 1:15 right before the 
extraction. To maintain the temperature under 45 °C falcon 
tube was placed in an ice bath and immersive thermom-
eter was used to control the temperature of the solid-solvent 
mixture. The two condition options of the extraction were 
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chosen based on the previous studies [11–13] and they were: 
50% US amplitude in 10 min time and 75% amplitude in 
5 min time of treatment (Table 1). After that, extracts were 
filtered, dried with anhydrous magnesium sulfate and the 
solvent was evaporated under pressure at minimum level 
of 70  mbar (vacuum rotary evaporator BR-215, Büchi 
Labortechnik AG, Flawil, Switzerland). Residual n-hexane 
was removed from oil samples under nitrogen atmosphere.

Pulsed electric field‑assisted extraction

PEF pretreatment was carried out in PEFPilot™ Dual Sys-
tem (Elea Technology GmbH, Quakenbrück, Germany). 
Whole seeds (2 g) with tap water were treated with PEF 
applying 8 or 10 kV electrode voltage, 7 µs pulse width, 
20  Hz frequency and an adequate number of pulses to 
achieve energy intake of 50 kV  kg−1 (Table 1). Then, filtered 
and dried in the desiccator seeds were milled in the tube 
mill and used in extraction conducted in Soxhlet apparatus, 
with 150 mL of n-hexane during 30 min. Obtained extracts 
were cooled down, dried with anhydrous magnesium sulfate 
and subjected to the evaporation and n-hexane removal as 
described for UAE procedure.

Solid–liquid extraction

Control samples (C) were prepared using solid–liquid 
extraction. The milled seeds were placed in falcon tubes and 
mixed with n-hexane in a solid–liquid ratio 1/15 (m/v) and 
stirred in a water bath for 2 h at temperature of 40 °C. Then 
samples were filtered, dried and evaporated following the 
UAE and PEF procedures.

Pressure differential scanning calorimetry

Oxidative stability of oils was determined in PDSC study 
conducted using a DSC Q20 TA Instrument (TA Instru-
ments, New Castle, DE, USA). Conditions were as follows: 

oxygen atmosphere with an initial pressure of 1400 kPa 
and with the 100 mL  min−1 oxygen flow rate, temperature 
− 120 °C. Oxidation induction time was calculated based 
on the maximum heat flow rate as the point of maximum 
deviation from the linear baseline on plots interpreted using 
TA Universal Analysis 2000 software. For each sample, the 
output was automatically recalculated and presented as the 
amount of energy per 1 g [14].

Differential scanning calorimetry

DSC studies were carried out with a Q200 DSC equipment 
(TA Instruments, New Castle, DE, USA) calibrated with 
high-purity indium. Melting characteristics was determined 
by the following procedure: samples of 3–4 mg of oil were 
heated to 80 °C and held for 10 min, in order to melt all the 
crystals and to erase any thermal memory. After that the 
samples were cooled to − 80 °C at 10 °C  min−1 cooling rate 
and maintained at − 80 °C for 30 min. Then, the melting 
profiles were obtained by heating the samples to 80 °C at 
a heating rate of 15 °C  min−1. Additionally, the heat/cool/
heat procedure was employed to determine thermal behavior 
of oils in moderate temperature. Samples (3–4 mg) were 
heated from ambient temperature to 60 °C, cooled to − 60 °C 
and heated again to 60 °C. The heating/cooling rate was 
10 °C  min−1.

Thermogravimetric analysis

The thermogravimetric analysis of oils was performed 
using Discovery TGA thermogravimetric analyzer (TA 
Instruments, New Castle, DE, USA) according to the pre-
viously published methodology [15] with slight modi-
fication. Oil samples (7–8 mg) were placed in the plati-
num pans. The oxygen atmosphere at a flow rate equal to 
10 mL  min−1 at atmospheric pressure and in a temperature 
range of 50–1000 °C with a constant rate of heating set as 
10 °C  min−1 were used. TG curves illustrating temperature 

Table 1  Conditions of the oil extraction experimental part

Ultrasound treatment conditions

Sample Amplitude/% Sonication time/min

US50/10 50 10
US75/5 75 5

Pulsed electric field treatment conditions

Sample Voltage/kV Energy intake/kV  kg−1

PEFI 10 50
PEFII 8 50
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influence on mass loss were used to calculate first derivative 
(DTG) of a function in the Discovery software (TA Instru-
ments, New Castle, DE, USA). Besides thermal decomposi-
tion characteristics, onset temperature (Ton) of oxidation in 
the heating rate of 10 °C  min−1 was determined according 
to the Li et al. [16] method.

Gas chromatography

The fatty acid profile was assessed in a gas chromatography 
study. The oil samples were derivatized to methyl esters by 
mixing with hexane and methanolic potassium hydroxide 
[17]. Then, using the YL6100 GC apparatus (Young Lin 
Instrument Co., Ltd., Anyang, Republic of Korea) fitted 
with a flame ionization detector and a 60-m-long BPX 70 
capillary column (SGE Analytical Science, Milton Keynes, 
UK), the obtained fatty acid methyl esters (FAME) were 
examined. The nitrogen was used as a carrier gas and split 
injection mode at a ratio equal to 1:50 was applied. The 
injector’s temperature was 225 °C, while the detector’s tem-
perature was 250 °C. Temperature program of the oven was 
as follows: 70 °C for 0.5 min, then heated up to 160 °C with 
a 15 °C  min−1 rate and increased to 200 °C with a heating 
rate of 1.1 °C  min−1 and kept in those conditions for 6 min, 
after that the sample was heated again to 225 °C with heat-
ing rate of 30 °C  min−1. The fatty acids were identified based 
on retention times on the chromatogram compared to the 
FAME mixture standard (Supelco 37 Component FAME 
Mix, Sigma-Aldrich, Bellefonte, USA). The results were 

calculated as a percentage share of every detected fatty acid 
in the sample [18].

Statistical analysis

Extractions were carried out in three repetitions; all analyses 
were conducted in triplicate and the results were expressed 
as a mean ± standard deviation. ANOVA analysis of vari-
ance was conducted in the Statistica software (v. 13.3, Stat-
soft, Kraków, Poland) to determine the effect of extraction 
method on the results of experiments. Post hoc Tukey’s 
multiple range test was carried out in order to indicate sig-
nificant differences between results at a p-value of 0.05. 
Additionally, hierarchical cluster analysis was carried out 
and presented in a graphical form.

Results and discussion

Oxidation induction time

The results of pressure differential scanning calorimetry 
conducted at 120 °C are summarized on the diagram in 
Fig. 1 (detailed data available in Supplementary material), 
and the curves obtained in the PDSC study are shown in 
Fig. 2. It can be observed that OIT of oil depends strictly on 
the origin of oil. The influence of the extraction method was 
also noted; however, the tendency and significance differed 
among the studied oils. In the case of blackberry seed oil, 
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Fig. 1  Oxidation induction times of berry seed oils obtained in differ-
ent extraction methods (BB blackberry, BC blackcurrant, CH choke-
berry, RB raspberry, RC redcurrant). The results are given as means, 

results with different letters in the superscript are significantly differ-
ent (p < 0.05) among samples originating from one type of seeds
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Fig. 2  PDSC curves for blackberry (BB), blackcurrant (BC), chokeberry (CH), raspberry (RB) and redcurrant (RC) seed oils, extracted using different 
techniques
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US was more effective extraction method considering OIT 
of oil than PEF or control. Particularly, US with amplitude 
75% applied in 5 min time resulted in blackberry seed oil 
with the longest OIT. Blackcurrant seed oil extracted in the 
control conditions was characterized by higher OIT than 
US or PEF-extracted oils. Chokeberry seed oil extracted by 
applying US with 75% amplitude during 5 min presented 
significantly higher OIT comparing to other methods. PEF-
assisted extraction resulted in raspberry seed oil with more 
than 1.5-fold higher OIT than control sample and also higher 
than US-extracted samples. Considering redcurrant seed oil, 
50% amplitude of US applied in 10 min time was the most 
beneficial in terms of OIT. Taking into account the differ-
ences between OIT results for oils extracted in different 
conditions, the increased OIT may be attributed with accel-
erated antioxidant compounds extraction subsequently with 

US or PEF-assisted extraction of oil [19, 20]. The presence 
of natural antioxidants, like tocopherols, polyphenols, sterols 
and carotenoids, may prevent oil from oxidation and thus, 
prolong its stability or shelf life. However, the compounds 
with antioxidative capacity were described as thermolabile 
[21] and unstable in the extreme conditions of extensive 
sonication [22]. Moreover, ultrasound treatment may cause 
formation of hydroperoxides and degradation of oil [23]. It 
may be the reason why in some cases, oil extracted using 
alternative methods was characterized by lower values of 
OIT. Also, particular conditions of alternative extraction 
should be determined in the optimization study for each 
material, as it was noted that, generally, applying US with 
higher amplitude during shorter time in sonication process 
and, higher voltage of electrode in PEF-assisted extraction 
resulted in oil with higher OIT.
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Fig. 2  (continued)
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Comparing oxidative stability of obtained oils to the other 
plant-derived oils using PDSC method at 120 °C, all of the 
studied berry seed oils presented longer OIT than hexane-
extracted hempseed oil (13.6–28.9 min) [24], cold-pressed 
or hexane-extracted strawberry seed oil (9.0–12.8 min) [25, 
26]. The OIT of camelina cold-pressed seed oil ranged from 
61.4 to 76.2 min [27], of olive oil—from 134.2 to 180.1 min 
and of rapeseed oil—from 82.4 to 98.5 min [28].

Melting profile of obtained oils

The peak melting temperatures (Tm) coupled with enthalpy 
changes (ΔHm) values of the transitions observed on the 
DSC melting curves of oils are shown in Table 2, and the 
visual presentation of curves is shown in Fig. 3. In the 
case of all tested samples of blackberry and raspberry seed 
oils, two events on the curve were observed, first—around 
− 40 °C and second—around − 20 °C in both cases. The 
first transition was described by greater enthalpy change; 
however, higher enthalpy change in the second event was 
observed in control samples of blackberry and raspberry 

oils. Chokeberry seed oils were characterized by similar, 
single events with peak temperature around − 35 °C visible 
in all tested samples. In the case of blackcurrant seed oil, 
as well as redcurrant seed oil, single or double transitions 
were observed, depending on the sample. As regards the 
PEF-treated samples, one event was noted around − 40 °C, 
for blackcurrant seed oil, the same course of curve was also 
recorded for the control sample. The second event, with 
lower enthalpy change, was observed around − 30 °C for 
US-extracted blackberry oils and at around − 25 °C for US-
extracted and control redcurrant oils. Based on the statisti-
cal analysis, it can be observed that considering one source 
of oil, there were some slight differences among samples 
extracted in different procedures. However, the differences 
among samples extracted in the same procedure but apply-
ing various conditions of the process were not detected. The 
melting characteristics of oils is predominantly affected by 
composition, content and structure of TAG. The detected 
events on the melting profiles of studied oils correspond 
mainly with the presence of low-melting TAG (around 
− 40 °C) and middle-melting TAG (around − 20 °C) [29]. 

Table 2  DSC melting 
profiles of oils at heating rate 
15 °C  min−1

Tm, peak temperature on the melting curve; ΔHm, enthalpy change on the melting curve. Means with differ-
ent letters in the superscript are significantly different (p < 0.05) among samples originating from one type 
of seeds.

Source of oil Sample Tm1/°C ΔHm1/J  g−1 Tm2/°C ΔHm2/J  g−1

Blackberry BB_C − 45.62 ± 2.28a 23.15 ± 1.90a  − 21.62 ± 0.64b 37.23 ± 3.00d

BB_US50/10 − 42.23 ± 0.09b 34.57 ± 0.25b  − 21.56 ± 0.07ab 0.33 ± 0.04a

BB_US75/5 − 42.18 ± 0.06b 33.11 ± 1.09b  − 21.51 ± 0.13ab 1.09 ± 0.16a

BB_PEFI − 44.04 ± 1.61ab 36.46 ± 1.62b  − 22.09 ± 0.16a 5.89 ± 0.59b

BB_PEFII − 42.37 ± 0.30ab 40.42 ± 1.64c  − 21.69 ± 0.21ab 11.48 ± 0.65c

Blackcurrant BC_C − 42.48 ± 1.99b 0.58 ± 0.11a –
BC_US50/10 − 41.44 ± 2.47b 14.63 ± 2.52b  − 28.74 ± 1.15b 0.07 ± 0.02a

BC_US75/5 − 47.68 ± 0.13a 9.88 ± 1.16b  − 33.18 ± 0.02a 0.25 ± 0.01b

BC_PEFI − 43.80 ± 0.86ab 10.83 ± 2.31b –
BC_PEFII − 41.81 ± 2.46b 13.79 ± 2.15b –

Chokeberry CH_C − 35.24 ± 1.39a 23.90 ± 1.03b –
CH_US50/10 − 34.41 ± 0.07ab 28.37 ± 0.57d –
CH_US75/5 − 32.92 ± 0.90b 25.35 ± 0.88bc –
CH_PEFI − 34.45 ± 0.63ab 27.15 ± 0.91cd –
CH_PEFII − 34.72 ± 0.26ab 13.39 ± 1.04a –

Raspberry RB_C − 47.00 ± 0.25a 16.91 ± 1.20a  − 25.85 ± 0.10b 44.39 ± 0.43c

RB_US50/10 − 42.39 ± 0.07b 36.04 ± 0.42b  − 23.95 ± 0.01b 0.07 ± 0.02a

RB_US75/5 − 43.12 ± 0.48b 32.13 ± 0.92b  − 24.54 ± 0.32b 1.09 ± 0.12a

RB_PEFI − 40.24 ± 2.28b 21.25 ± 2.45a  − 25.40 ± 0.70b 0.02 ± 0.00a

RB_PEFII − 47.28 ± 1.74a 20.23 ± 5.03a  − 28.00 ± 1.61a 8.38 ± 2.24b

Redcurrant RC_C − 41.55 ± 0.06bc 24.31 ± 1.91c  − 25.82 ± 0.30b 0.86 ± 0.06a

RC_US50/10 − 43.39 ± 0.89ab 34.98 ± 0.40e  − 26.77 ± 0.10a 0.94 ± 0.03ab

RC_US75/5 − 42.18 ± 0.04abc 31.08 ± 0.56d  − 26.48 ± 0.04a 0.98 ± 0.05b

RC_PEFI − 40.48 ± 0.28c 5.62 ± 1.38b –
RC_PEFII − 43.93 ± 1.69a 0.85 ± 0.07a –
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Fig. 3  Melting curves of blackberry (BB), blackcurrant (BC), chokeberry (CH), raspberry (RB) and redcurrant (RC) seed oils
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All the TAG present in tested oils were melted completely 
at temperatures below 0 °C which is typical for TAG with 
high unsaturation level [30]. That is accordant with the GC 
study results, which showed high percentage share of poly-
unsaturated fatty acids in all studied oils. While analyzing 
DSC melting curves, exothermic peaks before the melting 
onset might be observed in the case of chokeberry and con-
trol samples of raspberry and blackberry seed oils. Their 
presence was probably connected to the polymorphism phe-
nomenon, particularly solid-to-solid transformation [31].

Although the DSC study may be used as a tool to identify 
oils or detect their adulteration [32], applying different con-
ditions in the extraction process may influence the content 
of TAG or their structure [33, 34] and thus, impact the melt-
ing behavior recorded in DSC study. However, obtained in 

the following study DSC curves presented similar courses 
to the previously published results of berry seed oils with 
comparable fatty acid profile: raspberry seed oil [35–37], 
blackcurrant, cranberry and strawberry seed oils [26]. In all 
of the studies, melting curves of oils were characterized by 
the presence of the main, largest peak with the maximum 
temperature at around − 40 °C, sometimes accompanied 
with additional peaks at higher temperature.

Thermal behavior in heat/cool/heat DSC procedure

The specific temperatures of crystallization (Tc) and melting 
(T′m) events coupled with enthalpy changes (ΔHc, ΔH′m) 
obtained in the heat/cool/heat procedure are summarized in 
Supplementary Table 2. The heat/cool/heat procedure was 
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applied to reveal thermal behavior in the cycle of cooling and 
heating the oil samples, without the initial heating applied in 
order to erase the crystal memory of oils in the classic DSC 
melting characteristics assay. Also, different heating/cool-
ing rate was employed. Similarly, as for the aforementioned 
results of melting curve, the extraction method impact on 
the heat/cool/heat curve course was recognizable, although 
slight. Zhang et al. [38] described changes in thermal behav-
ior of papaya seed oil extracted in UAE process comparing 
to the Soxhlet extraction. Soxhlet extraction yielded in oil 
with higher Tm and lower Tc than oil obtained in UAE. The 
temperatures of crystallization recorded in the following 
procedure were around − 60 °C for all tested oil samples, 
which is typical for the highly unsaturated TAG presence 
in the berry seed oils. Also, the enthalpy change is quite 
low, which is due to low saturation level of berry seed oils. 
Similar results were previously observed for mango seed 
oils [39]. Not all the oils presented in the following study 
were previously assessed for the thermal behavior; however, 
comparable crystallization temperatures were observed for 
cold-pressed raspberry seed oils by Rajagukguk et al. [36]. 

Also, T′m of raspberry seed oil was similar to one of the 
three detected melting points by Rajagukguk et al. [36]. 
However, in the aforementioned study, the rate of heating/
cooling equal to 1 °C was applied and that might have influ-
enced the results significantly.

The chokeberry seed oil revealed different course of 
curve, with the exothermic peak around 20 °C regardless 
of the extraction method. The peak temperature in that area 
indicates crystallization of highly saturated TAG; however, 
in that case, it may be contributed to the crystallization of 
one of polymorphic form phenomenon [31] as the choke-
berry seed oil was not characterized by high saturated fatty 
acids percentage share in the GC study. Indeed, crystalliza-
tion occurrence in the 20 °C temperature was visible.

Thermogravimetric analysis

The courses of TG/DTG curves were similar for all tested 
oils and were not influenced by the extraction method. 
The behavior of oils was typical for the plant-derived fats. 
The results of TG study showed that oils decomposition in 

Table 3  Percentage of mass 
losses recorded in the oils 
samples during TG study

Different letters in the superscript are significantly different (p < 0.05) among samples originating from 
one type of seeds

Source of oil Sample Mass loss/%

Range 180–370 °C Range 370–420 °C Range 420–550 °C

Blackberry BB_C 40.1 ± 0.1a 39.9 ± 0.1a 19.1 ± 0.0ab

BB_US50/10 36.6 ± 5.1a 35.6 ± 4.1a 16.9 ± 2.0a

BB_US75/5 41.8 ± 0.5a 39.1 ± 0.0a 19.3 ± 0.4ab

BB_PEFI 42.0 ± 0.3a 38.4 ± 1.1a 19.0 ± 0.6ab

BB_PEFII 42.4 ± 0.2a 37.1 ± 0.2a 19.6 ± 0.1b

Blackcurrant B_CC 48.9 ± 4.8a 30.1 ± 5.1a 19.7 ± 0.5bc

BC_US50/10 48.2 ± 5.9a 32.9 ± 5.7a 18.3 ± 0.0a

BC_US75/5 47.6 ± 1.8a 33.3 ± 2.1a 18.6 ± 0.4a

BC_PEFI 56.1 ± 2.6a 24.3 ± 2.3a 18.9 ± 0.4ab

BC_PEFII 48.9 ± 5.7a 30.2 ± 5.4a 19.9 ± 0.0c

Chokeberry CH_C 51.7 ± 0.7ab 30.3 ± 0.1ab 17.2 ± 0.8a

CH_US50/10 51.9 ± 1.0ab 30.1 ± 0.1ab 17.5 ± 1.0a

CH_US75/5 51.7 ± 1.5ab 30.3 ± 0.5ab 17.5 ± 1.0a

CH_PEFI 54.2 ± 3.0b 28.2 ± 1.0a 16.7 ± 2.0a

CH_PEFII 48.5 ± 2.0a 32.2 ± 1.5b 19.2 ± 0.5a

Raspberry RB_C 40.7 ± 0.2a 39.6 ± 1.6c 19.0 ± 0.8ab

RB_US50/10 41.2 ± 0.7ab 40.0 ± 0.8c 18.0 ± 0.1a

RB_US75/5 43.7 ± 1.0bc 38.0 ± 0.5bc 17.7 ± 0.5a

RB_PEFI 44.6 ± 1.6c 36.2 ± 1.4b 18.2 ± 0.1a

RB_PEFII 51.7 ± 1.2d 25.9 ± 0.2a 20.7 ± 1.0ab

Redcurrant RC_C 47.6 ± 2.6b 31.0 ± 3.2b 20.5 ± 0.6c

RC_US50/10 46.8 ± 1.5b 32.0 ± 1.5b 19.8 ± 0.0bc

RC_US75/5 51.3 ± 1.6bc 29.5 ± 1.0b 18.1 ± 0.4a

RC_PEFI 56.5 ± 2.0c 22.6 ± 2.0a 19.7 ± 0.1bc

RC_PEFII 39.9 ± 2.3a 40.9 ± 1.4c 19.0 ± 0.9ab
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oxygen atmosphere proceeded in three main stages occurring 
in the temperature range of 180–550 °C (Table 3) with only 
a trace amount of residue left at 1000 °C. The decomposition 
progressed with increasing temperature and was associated 
with the presence of polyunsaturated fatty acids (PUFA), 
monounsaturated fatty acids (MUFA) and saturated fatty 
acids (SFA), respectively. The first degradation stage indi-
cated thermal stability of edible oils. All the studied berry 
seed oils were stable during heating up to around 180 °C, 
where the decomposition started. In the initial step, decom-
position involved liberation of volatile compounds which 
were formed during TAGs degradation as well as oxygen 
uptake and peroxides forming which was observed as a small 
mass increase in the TG curve right before the start of the 
decomposition. Second decomposition step at temperature 
range 370–420 °C corresponded with MUFA decomposition 
and third, in the range of 420–550 °C was associated with 
SFA degradation [40, 41] (Figs. 4, 5).

Fatty acid profile

The results of fatty acid percentage share of obtained oils is 
shown in Supplementary Table 3. All of the samples were 
characterized by high (over 70%) percentage share of poly-
unsaturated fatty acids, what is a distinctive feature of berry 
seed derived oils. The most abundant fatty acid was linoleic 
acid (LA) in case of every tested oil. The proportion of LA 
varied from 40% in the case of redcurrant seed oil to 70% 
as regards the chokeberry seed oil. Taking into considera-
tion the extraction influence on the fatty acid profile, there 
were noted some significant differences in the percentage 
values; however, noted changes were not sufficient to impact 
the overall chemical characteristics of oils. The noticeable 

observation was that the sum of SFA percentage share in 
the oils extracted using higher temperature (PEF-assisted) 
was slightly higher comparing to other extraction methods—
US-assisted and solid–liquid extraction carried out at 40 °C 
temperature. That is in agreement with the previous find-
ings for microalgae oil extracted in US-assisted process at 
different temperatures [42]. Also, Teng et al. [43] proved 
US-assisted extraction to provide raspberry seed oil with 
lower SFA than Soxhlet extraction. Wei et al. [44] suggested 
that higher saturation level in oils extracted using Soxhlet 
method may be caused by unsaturated lipids oxidation initi-
ated by evaluated temperature and time of extraction. On 
the other hand, extraction method did not affect fatty acid 
profile of apple seed oil obtained using US, supercritical 

Fig. 4  Example of DTG curves 
obtained for tested blackberry 
seed oils
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fluid or conventional extraction as reported by Gasparini 
et al. [45]. Applying US-enzyme assisted extraction did not 
influence the fatty acid composition of lipophilic fraction of 
raspberry, strawberry and blackberry pomace as well [46]. 
Taking PEF pretreatment into consideration, previous find-
ings focused mostly on PEF influence on the fatty acid pro-
file of cold-pressed oils. In the case of olive oil [47], rape-
seed oil [48] and Niger seed oil [32], content of fatty acids 
was not affected by PEF pretreatment. In the study in which 
sunflower seeds underwent PEF pretreatment before hex-
ane solid–liquid extraction, fatty acid profile also remained 
unaffected comparing to the ultrasound or conventional 
solid–liquid extraction [49].

Fatty acid profile assessment seems to be useful com-
bined together with the thermal analysis as the fatty acid 
composition of TAG in oils is inseparably associated with 
the thermal behavior of oils. The high unsaturation level of 
TAG corresponds with the low temperature of melting. The 

characteristic temperature of melting in the case of TAG 
with only unsaturated fatty acids occurring in their structure 
is around − 40 °C, so-called moderate unsaturated TAG with 
unsaturated fatty acids melt at temperature around − 20 °C, 
saturated TAG melt at temperatures above 0. Similarly, crys-
tallization peaks of highly unsaturated TAG occur in very 
low temperatures (− 60 °C to − 40 °C) [29]. Also, decom-
position monitored in the TGA study depends on the fatty 
acid profile of fat, as it is closely related to the oxidative 
stability, assessed in the PDSC study as well [16, 50]. The 
further analysis of TAG content and structure appears to be 
necessary to obtain full image of the fatty acid profile influ-
ence on the thermal behavior of studied oils.

Statistical approach

Results from PDSC (OIT), DSC (Tm1, ΔHm1, Tc1, ΔHc1), TG 
(3 mass losses) and GC (sum of SFA, MUFA and PUFA) 
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were used to carry out cluster analysis. The heatmap and 
dendrogram were the result of statistical analysis and showed 
similarities among all studied oils. What can be noted is that, 
generally, among oils obtained from the same source, there 
were observed only slight differences. Method of extrac-
tion usually did not influence studied thermal properties and 
fatty acid composition. However, differences between oils 
derived from different seeds were visible. Thus, it can be 
concluded that thermal properties and fatty acid composi-
tion of extracted oils mostly depended on the used material 
(Figs. 6, 7).

Conclusions

The results of the study allow the following conclusions to 
be drawn. Extraction method influenced significantly oxida-
tion induction time with ultrasound-assisted extraction to 
be the most favorable in the case of blackberry, chokeberry 
(amplitude 75%, 5 min time) and redcurrant (amplitude 
50%, 10 min time) seed oils. PEF treatment was the most 
efficient in the case of raspberry seed oil and no positive 
impact of alternative extraction methods application was 
observed in the case of blackcurrant seed oil. Melting and 
crystallization characteristics courses were not influenced 
by extraction method; however, some significant differ-
ences were observed mostly in the enthalpy change results. 
Thermogravimetric analysis showed that extraction method 

may cause minor deviations in the mass losses noted in the 
same temperature ranges. Also, fatty acid composition was 
only slightly affected by the extraction method. The stud-
ied alternative extraction methods should be considered as 
accurate substitute for conventional extractions in the case 
of berry seed oils, as the ultrasound and PEF applications 
improve oxidative stability still do not deteriorate other 
thermal properties or fatty acid profile of oils. However, to 
choose the most efficient conditions detailed optimization 
should be carried out for each seed oil separately, as the 
characteristics of oil is mostly affected by its source. Choos-
ing proper conditions may contribute to obtain oil with high 
resistance to oxidation and may be applied in preparation of 
oil-based formulas in food industry or cosmetics production. 
Also, reusing berry fruit seeds considered as a by-product in 
alternative extraction procedure may bring financial profits 
as it does not require much energy to maintain yet results in 
valuable product.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10973- 024- 13230-4.
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