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Summary

The antioxidant activity of three types of pumpkin seed oil or oil mixtures (cold-
-pressed, produced from roasted seed paste and salad) produced in the northern part of
Croatia and the kinetics of their behaviour as free radical scavengers were investigated
using DPPH’. In addition, the involvement of oil tocopherol isomers (a-, y- and d-) in dif-
ferent steps of DPPH’ disappearance and their impact on the rate of reaction were anal-
ysed. The kinetics of DPPH’ disappearance is a two-step process. In the first step, rapid
disappearance of DPPH’ occurs during the first 11 min of the reaction, depending on the
oil type, followed by a slower decline in the second step. To describe DPPH" disappear-
ance kinetics, six mathematical models (mono- and biphasic) were tested. Our findings
showed that y- and d-tocopherols affected DPPH" disappearance during the first step, and
a-tocopherol in the second step of the reaction. Moreover, a-tocopherol demonstrated 30
times higher antioxidant activity than y- and d-tocopherols. The results indicated the bi-
phasic double-exponential behaviour of DPPH" disappearance in oil samples, due to the
complexity of reactions that involve different tocopherol isomers and proceed through dif-
ferent chemical pathways.

Key words: DPPH’ disappearance kinetics, mathematical modelling, pumpkin seed oil, to-

copherols

Introduction

The northern part of Croatia is known for a long tra-
dition of pumpkin (Cucurbita pepo L.) cultivation primari-
ly for the production of high quality pumpkin seed oil.
Hulless or naked seeds and husk, raw or roasted, can be
eaten by themselves or used in the production of oil.
There are two main methods of pumpkin seed oil produc-
tion, resulting in two different products. In the first meth-
od maximum temperature during the procedure is 50 °C
and the oil is pressed from dry, unroasted seeds, resulting
in an olive oil-like greenish colour and a characteristic
pumpkin taste (1). This oil, called cold-pressed, is mainly

used therapeutically. In the second method, the oil is
pressed from the seed paste previously roasted at 100-120
°C. Resulting pumpkin seed oil has a dark green to brown
colour and a nutty and roasted flavour (2). In the last few
years, this oil has been called virgin pumpkin seed oil and
is usually consumed without further treatment mainly as
a salad oil (in Austria, Croatia, Slovenia and Hungary) or
as a cooking oil (in the Middle East and some African
countries) (3). The main components of pumpkin seed oil
are triacylglycerols (98 % of pumpkin seed oil), while the
rest is made up of minor components such as tocopherols,
phytosterols, phospholipids, squalene, carotenoids, pig-
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ments, phenolic compounds and minor glyceridic com-
pounds (4-8). Containing predominantly linoleic and
oleic acids, pumpkin seed oil is considered as highly un-
saturated oil. Linolenic and other highly unsaturated fat-
ty acids are present at low levels, providing this oil with
high oxidative stability and low free radical production.
Among the biologically active compounds in pumpkin
seed oil, tocopherols and tocotrienols, collectively known
as tocols, have one of the most important roles in human
diet and health protection (9). They are lipophylic com-
pounds, having a chromane head with two rings: a phe-
nolic and a heterocyclic, and a phytyl tail saturated in
tocopherols and possessing three double bonds in toco-
trienols. Isomers also differ in the number and position of
methyl groups on the chromane head and are classified as
a- (5,7,8-trimethyl), B- (5,8-dimethyl), y- (7,8-dimethyl) and
0- (8-methyl) tocols. In general, in vegetable oil an abun-
dance of a-, y- and d-tocopherols can be found as well as
B-isomer and tocotrienols in minor amounts (9). In both
types of pumpkin seed oil, cold-pressed and virgin oil,
Y-tocopherol was found to be the dominant isomer, while
other isomers and vy-tocotrienol occur in varying propor-
tions (7,10-13). Additionally, in the last few years two
new compounds, y-tocomonoenol and a-tocomonoenol,
have also been determined (12) in virgin pumpkin seed
oil. Protective effects of tocols achieved through the anti-
oxidant activity are manifested in the suppression of lipid
oxidation in foods. Their high antioxidant activity is the
result of the ability of chromane head to easily release
and donate phenolic hydrogen atoms to the free radicals
in lipids. In the literature, a great deal of information
about the antioxidant activity of tocopherols in in vivo
and in vitro studies can be found. In vivo studies give al-
most identical results indicating that the antioxidant ac-
tivity of tocopherols decreases in the following order
o>B>y>d (14). However, the results obtained by in vitro
studies are contradictory. Thus, some scientists found that
the a-isomer is more potently antioxidant than 3-, y- and
O-isomers, while others contradict this (15-17). The reason
for this different behaviour in in vitro studies is not only
the chemical reactivity of tocopherols but also other fac-
tors, such as their concentration, temperature, light, type
of solvent, and the presence of chemical substances that
act antagonistically or synergistically on the system (15,
17).

Although many methods have been developed to
study the antioxidant activity of different compounds
and foods in vitro, the method using the 2,2-diphenyl-1-
-picrylhydrazyl radical (DPPH’) is widely used today to
test the ability of compounds to act as free radical scaven-
gers or hydrogen donors, as well as to evaluate antioxi-
dant activity of either single compounds or complex mix-
tures that food contains (18,19). In order to describe and
predict the behaviour of radicals in the food as a matrix,
mathematical modelling is used to analyse DPPH" disap-
pearance kinetics. The monophasic models, such as zero-
-order (20), single first-order (20,21) and pseudo-first order
(22,23) have been dominant for decades due to their sim-
plicity. However, in practice, the disappearance of DPPH’
takes place in two distinct but concurrent steps: the first is
rapid and the second slow. Espin et al. (24) assumed that
the reason for this behaviour was related to the presence
of two groups of antioxidants, which possess the ability
to scavenge radicals at different rates. Therefore, alterna-

tive biphasic kinetic models, such as the Weibull model
(20,25), the first-order double exponential model (24) and
the Gustafson and Holden model (26), should be used.

Pumpkin seed oil production in Croatia has a long
tradition and the oil has been well characterized in some
studies (2,13), but the data about its kinetic behaviour as
an antioxidant in scavenging radicals are scarce. There-
fore, in the present study, in order to ascertain antioxidant
behaviour of pumpkin seed oil or mixtures, six mathe-
matical models (three monophasic and three biphasic)
were tested. The used oil samples differ in production
methods and in geographic origin. The possible involve-
ment of tocopherol isomers (a-, y- and d-) and specific
fatty acids (oleic and linoleic) in DPPH’ disappearance as
well as their impact on the rate of reaction were evaluat-
ed. Concerning the differences in the standard composi-
tion parameters of these oil samples, different kinetics of
DPPH’ disappearance was expected and tested.

Materials and Methods

Standards and chemicals

Standards of fatty acid methyl esters and DPPH’
were purchased from Sigma-Aldrich Corp. (St. Louis,
MO, USA), while single tocopherol standards (a, y and d)
were from Supelco Inc. (Bellefonte, PA, USA). All other
chemicals and solvents used were of analytical grade and
were obtained from Carlo Erba Reagents (Milan, Italy),
except acetonitrile, methanol and chloroform (J.T.Baker,
Deventer, The Netherlands), which were of chromato-
graphic grade.

Samples

Nine samples of pumpkin seed oil or oil mixtures of
three types were used. The first type comprised two sam-
ples of cold-pressed pumpkin seed oil (CP1 and CP2) pro-
duced from unroasted seeds, the second contained five oil
samples made from roasted seed paste (RS1, RS2, RS3,
RS54 and RS5) and the third two samples of salad oil (S1
and S2). Salad oil was a mixture of 20 % of pumpkin seed
oil (produced from roasted seed paste) and 80 % of some
other (sunflower or soybean) oil. All types of oil were
supplied from the local producers from the continental
region of Croatia. Oil samples RS1, RS5, CP1 and S1 were
from Medimurje, oil RS2 was from Zagorje, RS3 and CP2
from Podravina, and RS4 and S2 from Slavonija. In all of
these geographical regions, pumpkin seed oil is produced
mainly from the seeds of the plant Cucurbita pepo var. sty-
riaca.

Determination of pumpkin seed oil quality parameters

To evaluate the quality of pumpkin seed oil, free fatty
acid (FFA) content and peroxide value (PV) were deter-
mined according to the ISO methods 660:2009 and 3960:2007,
respectively (27,28).

Determination of fatty acid composition

Fatty acids in the form of their methyl esters (FAMEs)
were determined by gas chromatography according to
the ISO method 12966-2:2011 (29). FAMEs were analysed
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by Auto System XL (Perkin-Elmer, Norwalk, CT, USA),
gas chromatograph equipped with a flame-ionization de-
tector, a capillary column model SP-2330 (30 mx0.32
mmx0.2 um; Supelco, Bellefonte, PA, USA) and a Turbo-
chrom 4 chromatography software (Perkin-Elmer). Injec-
tor and detector temperatures were set at 300 and 350 °C,
respectively. The analyses were carried out in a pro-
grammed temperature mode as follows: 1 min isother-
mally at 140 °C (initial oven temperature), 5 °C/min to 220
°C and then isothermally for 25 min at 220 °C. Helium
(5.0 grade; Messer, Sulzbach, Germany) was used as the
carrier gas. The injected sample volume was 1 puL with
split injection (100:1). FAMEs were identified by compari-
son with the commercial standard mixture (Lipid stand-
ards: fatty acid methyl ester mixtures C8:0-C24:0, Sigma-
-Aldrich). Analysis was done at least in triplicate and the
data reported as relative area percentages.

Determination of tocopherols

The tocopherols (a-, Y- and d-) were determined ac-
cording to the method proposed by Xu (30) with modifi-
cations. Before tocopherol extraction, oil samples were
subjected to alkaline hydrolysis with potassium hydrox-
ide. After the incubation in a water bath, samples were
extracted with n-hexane and centrifuged (Jouan BR4i
multifunction centrifuge, Thermo Electron Corporation,
Saint-Herblain, France) to separate hexane layer. Hexane
supernatant was first evaporated, then reconstituted with
1 mL of mobile phase (a mixture of acetonitrile and meth-
anol, 75:25, by volume) and filtered through a 0.45-pm
polypropylene hydrophilic filter (Whatman™ Puradisc™
25 TF, Sigma-Aldrich) prior to analysis. An aliquot (20
pL) was analysed by Spectra System (Thermo Scientific
(Thermo Separation Products), Waltham, MA, USA) lig-
uid chromatograph equipped with a P2000 gradient bi-
nary pump and a UV2000 UV/Vis detector operating at
295 nm. For tocopherol isomer separation a 150 mmx4.6
mm i.d., particle size 5 um reversed phase, Hypersil Gold
C18 column was used, with a 10 mmx4.6 mm i.d. guard
column of the same material (Thermo Electron Corpora-
tion, Runcorn, UK). Isocratic elution was carried out at a
flow rate of 1.2 mL/min with a mixture of acetonitrile and
methanol (75:25, by volume) as mobile phase. Under
these conditions, the retention times of a-, y- and d-toco-
pherol were 19.99, 16.99 and 14.16 min, respectively. Cali-
bration curves, used in identification and quantification
of tocopherols, were linear from 5 to 400 ug/L, from 6.25
to 50 pg/L and from 0.25 to 5 ug/L for a-, y- and d-to-
copherol, respectively, with regression coefficients of R?>
0.997 (at least six calibration points, in triplicate).

Determination of DPPH " radical scavenging activity
and kinetic analysis

The radical scavenging activity (RSA) of the oil was
determined by measuring the DPPH" disappearance due
to the effect of radical scavengers present in oil as de-
scribed by Kalantzakis et al. (31). Oil samples were added
to the freshly prepared solution of 0.1 mmol/L of DPPH’
in ethyl acetate in order to obtain a 4 % (by mass per vol-
ume) oil solution. After 10 s of vigorous mixing on a vor-
tex agitator, the absorbance of the mixture was measured
at 517 nm, using Cary 100 Bio WinUV (Agilent Technolo-

gies, Santa Clara, CA, USA) spectrophotometer. The ab-
sorbance of the mixture was measured at 0, 0.5 and every
1 min for 20 min when the reaction reached a steady state.
The total RSA of the oil was calculated as the percentage
of DPPH’" inhibition after 20 min according to the follow-
ing equation:
. . AO_Asample
DPPH scavenging=——71 -=——" 100 11/
0

where A, and A, are the absorbance of the control so-
lution and of sample at time t, respectively. A, was calcu-
lated as the sum of the absorbance of freshly prepared
DPPH’ solution multiplied by 0.8 and absorbance of 4 %
oil solution in ethyl acetate. The correction factor 0.8 was
determined experimentally.

In order to find the mathematical model that best de-
scribes DPPH" disappearance kinetics in pumpkin seed
oil samples, six mono- (Eqs. 2—4) and biphasic (Egs. 5-7)
mathematical models were tested:

zero-order model: DPPH,=DPPH +k - t 12/
single first-order model: DPPH,=DPPH;-e ™" 13/
logarithmic model: DPPH;=DPPH;,-e ™ "+c /4]

Weibull distribution model: DPPH:=DPPH; -e" <" /5/

first-order double-exponential model:

. ket okt ) 16/
DPPH,=DPPH;-e”"'+DPPH, e "' +DPPH’
Gustafson and Holden I{lodel:
X, .
DPPH;=DPPH'O(:J+1) 17/

where DPPH|, DPPH', DPPH’, DPPH,, and DPPH;, are
the ratios of absorbance at the beginning of the experi-
ment, at time ¢, in steps 1 and 2 at =0, and remaining val-
ue, respectively, k,, k, and k, are kinetic constants, k,and 3
are shape and location parameter, respectively, and ¢ is
the reaction time. Curves obtained with predicting mod-
els were plotted with the non-linear regression proce-
dures, available with Wolfram Research Mathematica®
(32).

Statistical analysis

All results were expressed as mean value+standard
deviation (N=3). All statistical analyses were performed
using the STATISTICA® v. 8 (33). The effects of tocopherol
isomers on DPPH’ disappearance kinetics in pumpkin
seed oil samples were tested by a nonparametric correla-
tion test (Kendall-Tau) and by multiple linear regression
analysis. Furthermore, differences between types of
pumpkin seed oil samples in the ability to scavenge
DPPH' were tested by one-way ANOVA test with post hoc
comparison (Tukey’s HSD test). The results were consid-
ered statistically significant at p<0.05. The goodness of fit
of the tested mathematical models to the experimental
data was evaluated by the coefficient of determination
(R?), the scaled root mean square error (SRMSE; Eq. 8),
and error of chi-square test (x* Eq. 9):

N
2
1 Zl ( Mexp,i_ Mpred,i )

SRMSE=—— 8
N 18/

exp,i
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c? error=100- L 2
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tabulated i=1

where M,,, and M,,.q are experimental and predicted data,
M., is the mean of all experimental data, and N number
of measurements. The similarities between mathematical
models were determined with hierarchical agglomerative

cluster analysis.

Results and Discussion

Standard quality and composition of pumpkin seed oil

The cold-pressed pumpkin seed oil samples were
light green in colour with characteristic pumpkin odour
and taste, while the samples of oil produced from roasted
seed paste had a deep greenish brown colour, with a spe-
cific roasted and nutty aroma. Salad oil had less intense
greenish brown colour and aroma. The standard quality
parameters showed that all oil samples had FFA content
<1 g per 100 g of oil, and PV<7.5 mmol of O, per kg of oil
(Table 1). Similar values of quality parameters of cold-
-pressed oil and oil produced from roasted seed paste
were found in the literature (3,7,13).

The fatty acid composition of the tested oil samples is
shown in Table 1. All oil samples had high content of un-
saturated fatty acids (comprising more than 82 % of total
fatty acids), with predominant linoleic acid (C18:2) and
high content of oleic acid (C18:1). Saturated fatty acids
were within a range of 10.6 in salad oil mixture to 17.5 %
of total fatty acids in cold-pressed oil, with the palmitic
acid (C16:0) as the main type. These results are consistent
with the results found in the literature (2,8,13). The high-

est content of linoleic acid (C18:2) and the lowest of pal-
mitic acid (C16:0) in the S1 oil was a consequence of the
addition of sunflower oil that contains more than 65 % of
linoleic acid and nearly 6 % of palmitic acid (data not
shown). The content of these two fatty acids can be direct-
ly related to the content of the sunflower oil added during
the production. The S2 oil is actually a soybean oil mix-
ture; the presence of soybean oil is revealed in the high
content of linolenic (C18:3) acid. It is known that during
mechanical extraction in the pumpkin seed oil produc-
tion, sunflower, soybean or any other oil can be added,
depending on the producer. The addition of another oil,
because of the characteristic fatty acid profile, is reflected
in the fatty acid profile of the produced pumpkin seed oil
and can be a measure of oil adulteration (34).

In all analysed oil samples or mixtures, a-, y- and
d-tocopherols, known as important biological antioxi-
dants, were identified. Although in very low amounts, in
some samples (-tocopherols (in sunflower mixture SI)
were also identified. The mass fraction of quantified toco-
pherols (-, Y- and d-isomers) in the analysed samples
ranged between 263 and 465 mg/kg, as shown in Table 1,
which is consistent with the literature (2,10,12). The
Y-tocopherol prevailed in cold-pressed oil, making more
than 95 % of total tocopherol content, and in the oil pro-
duced from roasted seed paste in which it accounted for
60.6 % (275 mg/kg) in RS3 to 86.4 % (243 mg/kg) in RS5 of
total tocopherol content. In salad oil mixtures, the mass
fraction of a-tocopherol was higher compared to other oil
types, due to the addition of other types of oil: sunflower
(in oil sample S2) and soybean (in sample S1). The adul-
teration or admixture of soybean oil was visible in the
higher mass fraction of d-tocopherol isomer in samples S1
and RS3.

Table 1. Standard quality and composition parameters (FFA and PV), fatty acid and tocopherol contents in pumpkin seed oil samples

Oil sample
CP1 CP2 RS1 RS2 RS3 RS4 RS5 S1 S2
FFA/(mg KOH/g oil) 0.90+0.04 0.6+0.1 0.9£0.1  0.72+0.02 0.70£0.05 0.67+0.04 0.65+0.02 0.59+0.02  0.6+0.1
PV/(mg O,/kg oil) 3.010.1 2.5+0.1 5.6+0.1 5.4+0.1 2.5+0.4 4.7+0.5 5.0£0.2 4.9+0.5 3.310.1
w(fatty acid)/%
C16:0 11.1+0.2 12.3x0.1  12.0+0.3 9.0£0.1  10.0+0.3 10.11+0.01 11.3+0.2 74402  7.84+0.04
C18:0 3.8+0.1 4.6:0.1 3.540.2 3.0£0.1 29+0.1  4.02+0.04 4.1+04 2.240.1 3.440.1
C18:1 35.740.4  36.70£0.04 33.6+0.2 32.52+0.01 28.79+0.04 39.1+x0.0  33.3+0.7 31.7+02  31.0+0.2
C18:2 48.0+02  45.6£0.1  49.6+0.1 54.40+0.04 56.2+0.2 45.87+0.03 50.9+1.4 54.49+0.07 57.4+0.6
C18:3 0.8+0.5  0.1x0.1 0.73+0.07  0.4+0.2 1.5+0.1 0.4+0.0 0.2+#0.1  3.23x0.02  0.28+0.04
C20:0 0.44+0.07  0.6+0.3 0.4+0.0 0.35x0.01 0.32+0.02 04+0.0  0.10+0.04 0.54+0.01 0.07+0.04
C22:0 0.08+0.02  0.04+0.01  0.2+0.1  0.36x0.02 0.37+0.01  0.1+x0.0  0.02+0.02 0.44+0.02  0.06+0.02
Y(unsaturated fatty acids) 84.5+0.3  82.46+0.09 84.0+0.1 87.33+0.07 86.4+0.1 85.29+0.01 84.4+0.8  89.4+0.2  88.7+0.4
w(tocopherol)/(mg/kg)
a 10.1+0.9 11.5+3.1 324459  85.1+2.1 160.2+5.7  89.3#5.3  95.0+5.8 198.8+4.3 237.2+0.1
Y 251.0+¢1.1 3329453 401.74¢9.5 174.7#5.6 2754+7.7 315.0+6.8 242.8+1.7 2485+34  83.5+2.4
o 2.3+0.2 22402  30.8+1.3 7.1+04  185x0.8  157+#0.1  3.70+0.04 10.1+0.4 3.0£0.3
Y(tocopherols) 263.4+3.1 346.6£1.8 464.9+10.6 266.9+3.42 454.1+10.0 420.0+7.1 374.8#3.9 457.4+34 323.7+1.8

All parameters are expressed as mean value+standard deviation (N=3). Pumpkin seed oil samples: CP1 and CP2=cold-pressed,
produced from unroasted seeds, RS1-RS5=0il mixtures produced from roasted seed paste, and S1 and S2=salad oil mixtures. FFA=free
fatty acids, PV=peroxide value
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Radical scavenging activity and analysis of DPPH"
disappearance kinetics

The effect of antioxidants from pumpkin seed oil on
the kinetics of DPPH’ disappearance is shown and com-
pared in Fig. 1. As can be seen in Fig. 1 the kinetics of
DPPH'’ disappearance was a two-step process. In the first

a) 80
60 -
X
<
o
£
[
c
g
% 40 -
(s}
(2]
T
o
o
a
20 A
—e— CP1
—A— CP2
0 .
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DPPH’ scavenging/%
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DPPH’ scavenging/%
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Fig. 1. Radical scavenging activity of pumpkin seed oil: a) cold-
-pressed oil (CP1 and CP2), b) oil produced from roasted seed
paste (RS1-RS5), and c) salad oil (S1 and S2). Values are ex-
pressed as meantstandard deviation (N=3)

step, fast disappearance of DPPH" occurs during the first
11 min of the reaction, depending on the oil sample, fol-
lowed by a slower decline in the second step. The time of
the rapid step was determined graphically according to
the slope of the DPPH" disappearance curve (and also
confirmed by software).

Thus, the longer time of the first step when using
cold-pressed and salad oil mixture has been confirmed
(8.5-10.5 min, Table 2) compared to the oil obtained from
roasted seed paste (4.5-6.5 min, Table 2). Although the
time of the first step of DPPH’ disappearance in the cold-
-pressed and salad oil mixture was identical, considerable
differences in their antioxidant activity at the end of this
step can be found. Higher antioxidant activity was found
in salad oil mixture (average of 68.5 %) than in the cold-
-pressed oil (average of 58.7 %). At the end of the reaction
the overall depleted DPPH" amount in the oil from the
roasted seeds was considerably lower (59.7 %, Table 2)
than in cold-pressed and salad oil (70.3 and 75.1 %, Table
2). The results of one-way ANOVA showed that a highly
significant difference in RSA between the cold-pressed
and oil from roasted seeds (p=0.0017) and between the oil
from roasted seeds and salad oil (p=0.0002) existed, but
no such difference was observed between cold-pressed
and salad oil (p=0.1379) (data not shown).

Table 2. Radical scavenging activity (RSA) of pumpkin seed oil
in the first (rapid) step of the reaction and at the end

Oil sample t,/min RSA% RSA®/%
CP1 8.5+0.4 51.8+2.6 66.4+2.1
CP2 10.5+0.1 65.7+0.6 74.10+0.01
RS1 4.5+0.1 51.9+1.2 63.4+2.1
RS2 6.50+0.06 43.6+0.6 58.3+0.6
RS3 6.5+0.2 53.0£1.5 64.0+2.4
RS4 5.5+0.2 46.9+1.8 53.8+2.5
RS5 5.50+0.04 51.3+0.5 58.8+0.4

S1 8.5+0.1 69.3+1.4 74.9+1.1
S2 10.50+0.07 67.7+0.2 75.3+0.6

Values are expressed as mean value+standard deviation (N=3).
t,=time of the first step of DPPH" disappearance; *=percentage of
DPPH’ depleted in the first step of the reaction; "=percentage of
DPPH'’ depleted at the end of the reaction. For oil sample
abbreviations see Table 1

In order to explain the mechanisms controlling the
antioxidant activity changes of pumpkin seed oil, the ex-
perimental data were fitted to six mathematical models,
three monophasic and three biphasic, as explained in the
Materials and Methods section. The data obtained by
models were compared with experimental data and eval-
uated by statistical indices (R?>, SRMSE and x? error). As
previously noted, in all oil samples the DPPH" disappear-
ance took place in two steps. It can be suggested that the
biphasic kinetic models (Weibull, first-order double-expo-
nential and Gustafson and Holden model) are more ap-
plicable in the case of the biphasic pattern of DPPH" dis-
appearance than the monophasic models (zero-order,
single-first order and logarithmic model). The values of
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the parameters obtained by regression analysis and statis-
tical indices are presented in Tables 3 (for monophasic)
and 4 (for biphasic models). The better applicability of bi-
phasic models in the description of DPPH’ disappearance
is confirmed by the high coefficients of determination and

low error values (R*>>0.9947, SRMSE=0.001-0.077; x? er-
ror=0.03-6.37, Table 4). The biphasic first-order double-
-exponential model had the smallest y?error values (Table
4) in almost all tested samples, except for samples RS1
and S2, for which the Weibull distribution model de-

Table 3. Monophasic models, kinetic parameters and statistical indices in the prediction of radical scavenging activity of pumpkin

seed oil
Oil sample

Model/parameter

CP1 CP2 RS1 RS2 RS3 RS4 RS5 S1 S2
Zero-order model
k, -0.029 -0.030 -0.018 -0.025 -0.025 -0.020 -0.019 -0.027 -0.031
R? 0.9792 0.9563 0.9593 0.9816 0.9642 0.9723 0.9654 0.9138 0.9443
SRMSE 0.144 0.221 0.200 0.134 0.190 0.164 0.185 0.311 0.251
X2 error 11.96 18.57 16.62 11.15 15.78 13.62 15.47 25.79 20.94
First-order model
ky 0.062 0.081 0.044 0.050 0.058 0.043 0.043 0.097 0.090
R? 0.9912 0.9832 0.9663 0.9892 0.9773 0.9792 0.9724 0.9564 0.9764
SRMSE 0.094 0.137 0.182 0.103 0.151 0.142 0.165 0.221 0.163
X2 error 7.79 11.51 15.13 8.54 12.57 11.81 13.81 18.34 13.62
Logarithmic model
k, 0.188 0.224 0.833 0.236 0.344 0.412 0.504 0.369 0.255
R? 0.9996 0.9997 0.9923 0.9995 0.9986 0.9994 0.9986 0.9996 0.9983
SRMSE 0.019 0.019 0.084 0.022 0.036 0.024 0.036 0.021 0.043
x> error 1.60 1.65 7.17 1.90 3.09 2.04 3.07 1.79 3.66

k, and k,=rate constants, R>=determination coefficient, SRMSE=scaled root mean square error, x* error=error of chi-square test. For oil

sample abbreviations see Table 1

Table 4. Biphasic models, kinetic parameters and statistical indices in the prediction of radical scavenging activity of pumpkin seed

oil

Oil sample

Model/parameter

CP1 CP2 RS1 RS2 RS3 RS4 RS5 S1 S2
Weibull distribution model
k, 4.054 2.629 0.813 4.479 2.370 2.907 1.866 1.863 2.668
B -0.550 -0.606 —-0.249 -0.436 -0.413 -0.333 -0.311 -0.627 —-0.685
R? 0.9999 0.9995 0.9999 0.9998 0.9994 0.9986 0.9984 0.9947 0.9983
SRMSE 0.012 0.023 0.006 0.014 0.025 0.036 0.039 0.077 0.001
x2error 0.96 1.93 0.47 117 2.08 2.97 3.28 6.37 0.03
First-order double-exponential model
ky 0.067 0.417 3.671 0.484 0.866 0.953 0.239 0.431 0.356
k, 0.307 0.131 0.186 0.094 0.160 0.217 1.302 0.072 0.069
R? 0.9999 0.9999 0.9999 0.9995 0.9997 0.9999 0.9999 0.9999 0.9988
SRMSE 0.008 0.003 0.008 0.022 0.018 0.003 0.009 0.011 0.037
x?error 0.73 0.27 0.73 1.96 1.62 0.28 0.82 0.97 3.34
Gustafson and Holden model
k, 0.564 0.651 0.175 0.336 0.315 0.226 0.216 0.536 0.705
B 3.207 2.580 0.065 1.423 0.675 0.399 0.238 1.146 2.554
R? 0.9998 0.9996 0.9999 0.9998 0.9954 0.9992 0.9990 0.9966 0.9973
SRMSE 0.015 0.012 0.010 0.070 0.021 0.028 0.030 0.060 0.054
x?error 1.30 1.70 0.84 5.94 1.77 2.34 2.56 5.08 4.59

k, and k,=rate constants, k, and p=shape and location parameters, R>=determination coefficient, SRMSE=scaled root mean square error,
X?* error=error of chi-square test. For oil sample abbreviations see Table 1
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scribed the DPPH" disappearance most satisfactorily. Con-
trastingly, monophasic models provide a relatively poor
data fit (SRMSE=0.094-0.311; x2error=7.79-25.79, Table 3)
except for the logarithmic model in which low errors
were obtained (SRMSE=0.019-0.084; x? error=1.60-7.17).
All the above statistical indices evince that there were no
large differences in the applicability among biphasic
mathematical models (Weibull, first-order double-expo-
nential model and Gustafson and Holden model) and
that they may be successfully used in the description of
DPPH’ disappearance in the tested oil samples.

A more detailed study of biphasic DPPH" disappear-
ance kinetics was carried out in CP1, RS1 and S1 oil sam-
ples, which are selected as representative samples of each
type of oil. The kinetics of DPPH’ disappearance in these
samples is shown in Fig. 2, where experimental data for
depleted DPPH" are shown together with the curves sim-
ulated by the best and worst fit (approved also by hierar-
chical agglomerative cluster analysis, Fig. 3).

The model that best explains the kinetic behaviour of
DPPH’ in representative samples was ascertained by
cluster analysis showing the relationships between the
models used on the basis of statistical indices (R?, SRMSE
and 2 error). For predicting DPPH" disappearance in sample
CP1, the lowest errors (SRMSE=0.008 and x?error=0.73)
and the highest R? values (R>=0.9999) were obtained by
the first-order double-exponential model, followed by the
Weibull distribution model and the Gustafson and Hold-
en model (Table 4). This is also obvious from Fig. 2a,
where the residual plots (inserts in Fig. 2) for the biphasic
kinetic models (Weibull distribution and first-order dou-
ble-exponential models) are closer to zero than the mono-
phasic models (zero-order and first-order models).

In addition, following cluster analysis, the double-
-exponential and Weibull distribution models were divid-
ed into the same cluster (Fig. 3a), leading to the conclu-
sion that these models should be used for description of
DPPH’ loss in sample CP1, rather than other used mod-
els. For sample RS1, an excellent fit of the experimental
data for the Weibull distribution model and the Gus-
tafson-Holden model was indicated by low errors and
high R? values (SRMSE=0.006-0.010, x? error=0.47-0.84,
R*=0.9999; Table 4, Fig. 2b). At the same time, these mod-
els are classified by cluster analysis in the same group
(Fig. 3b). Therefore, these biphasic models can be recom-
mended for the description of DPPH’ disappearance in
sample RS1. A somewhat different situation was found in
sample S1, where DPPH" disappearance was described
equally well by the monophasic logarithmic model and
the biphasic first-order double-exponential model, be-
cause cluster analysis classifies these models in the same
group (Fig. 3c). This is supported by the obtained statisti-
cal indices, where fitting of experimental data to the loga-
rithmic model and the first-order double-exponential
model (Tables 3 and 4) generated almost identical R?, er-
rors and residual values. According to all these results, it
may be concluded that the use of the first-order double-
-exponential model and the logarithmic model was pref-
erable for describing the DPPH’ disappearance in sample
S1.
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Fig. 2. Experimental data and theoretical curves from kinetic
models of DPPH’ disappearance in pumpkin seed oil: a) cold-
-pressed oil (CP1), b) oil produced from roasted seed paste (RS1)
and c) salad oil (S1). Values are expressed as mean+standard
deviation (N=3). The inserted figures represent residual plot for
experimental data against values predicted by the model for the
best and worst fit. S.D.=standard deviation
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Fig. 3. Hierarchical agglomerative cluster analysis of mathe-
matical models used in the prediction of radical scavenging ac-
tivity of pumpkin seed oil: a) cold-pressed oil, b) oil produced
from roasted seed paste, and c) salad oil. Proximity measure:
squared Euclidean distance. Clustering method: similarities be-
tween models

Effect of oil composition on the DPPH " disappearance

All the previously mentioned facts about biphasic
DPPH" disappearance indicate that the scavenging proc-
ess is governed by two different reaction mechanisms.
Since the biphasic first-order double-exponential model
gave the best description of DPPH’ disappearance in the
experimental oil samples, it was selected to give a more

detailed explanation of the reaction mechanism. General-
ly, the scavenging reaction between DPPH’ radical and
antioxidants present in the oil starts with the transfer of
the most labile H atom from the scavenger molecule to
the free radical. The newly formed less reactive radical
(A’) can react with another DPPH" or with A" via radical
disproportionation reaction to form more stable products.
Our findings relating to biphasic DPPH" disappearance
are consistent with several prior studies (24). Espin et al.
(24) assumed that the reason for biphasic behaviour can
be attributed to the complexity of the reactions, since they
involve two different groups of antioxidants and proceed
through different chemical pathways. This means that
antioxidants present in the oil possess different radical-
-suppressing abilities with which they react at different
rates and thereby cause two steps of reaction. Each of the
two antioxidants (AH; and AH,) reacts with DPPH" ac-
cording to the following reactions:

DPPH'+(AH), LDPPH-H+(A‘)1 /10/
DPPH"+(AH), K, DPPH-H+A"), /11/

In these reactions, the overall reaction rate is charac-
terized by the two rate constants, k, and k,, which repre-
sent the rate of DPPH’ disappearance. Assuming that
during the reaction all of the antioxidants present in the
oil react with the DPPH’ radical, constants k; and k, can
represent the rate of antioxidant disappearance. There-
fore, it can be concluded that the amount of disappeared
DPPH’ is equal to the capacity of the antioxidants present
in the oil to scavenge radicals.

In order to determine the possible involvement of oil
tocopherols and fatty acids in two steps of DPPH’ disap-
pearance and its rate, the rate constant values k; and k,
were correlated with the tocopherol content (a-, y- and
0-) and with oleic (C18:1) and linoleic (C18:2) acid content
using a Kendall-Tau correlation test. Correlation analysis
between k, values and selected oil parameters showed
that the first step of DPPH" disappearance in the experi-
mental oil samples was positively influenced by y- and
d-tocopherol content, with a stronger relationship be-
tween k, and d-tocopherol content (data not shown). Rela-
tions between k, and other oil parameters were also posi-
tive, but insignificant at p<0.05 level. The same analysis
test showed negative dependence between k, values and
a-tocopherol and C18:2 content, while C18:1 content posi-
tively influenced the reaction rate k,. Thus, these results
suggest that the y- and d-tocopherols are antioxidants
that are involved in the first step of DPPH’ scavenging in
the experimental oil samples and that they have a major
influence on it. By contrast, in the second reaction of
DPPH’ disappearance, a-tocopherol, oleic (C18:1) and li-
noleic (C18:2) acids were predominantly involved. In ad-
dition to the nonparametric test, multiple linear regres-
sion analysis was used, which simultaneously compares
various oil parameters and rate constants (k; and k) lead-
ing to a linear predictive model for rate constant values.
This analysis resulted in the following correlations for k,
and k,:

k,=10.881- w(d-tocopherol)+0.113-

-w(g-tocopherol)+0.429 (R*=0.821) 121
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k,=0.013- w(a-tocopherol)+0.103-w(C18:1)+

+0.115-w(C18:2)+0.129 (R*=0.080) 13

Nonparametric regression analysis showed that y-
and d-tocopherols affected DPPH" disappearance during
the first step of the reaction, but the multiple linear re-
gression equation suggested that the d-tocopherol pre-
dominantly influenced DPPH" disappearance in the ex-
perimental oil samples. In the second step of the reaction,
a very weak linear relationship between constant k, and
tested parameters (a-tocopherol, C18:1 and C18:2) was
achieved, indicating that none of the tested oil parameters
had a dominant effect on the DPPH" disappearance rate
during the second step of reaction.

Besides, in this work an attempt has been made to
analyse differences in the antioxidant activity of individu-
al tocopherol isomers. In almost all oil samples y-toco-
pherol was identified as the dominant isomer, except for
sample S2 (salad oil mixture) where higher content of
a-tocopherol was found (Table 1). In these samples the
manufacturers added synthetic a-tocopherol and other
supplements during the production process, in quantities
known only to the producers, to enrich and improve the
quality of oil. To determine the antioxidant capacity of to-
copherols involved in both steps of DPPH" disappear-
ance, experimental values were fitted to the equation of
the first-order double-exponential model (Table 5).

An evident difference in the antioxidant activity be-
tween the two steps was found only in salad oil mixtures
(Table 5). Assuming that tocopherols are responsible for
scavenging about 40 % of DPPH" (11) and taking into ac-
count the mass fraction of each tocopherol isomer as well
as their contribution to DPPH’ scavenging (RS1 and RS2),
it was found that they possess different efficacy as anti-
oxidants. Comparing the antioxidant activity of y- and
d-tocopherols in the first step of the DPPH" disappear-
ance reaction with the antioxidant activity of a-toco-
pherol, involved in the second step of reaction, there was
approx. 30 times more activity of a-tocopherol in the

cold-pressed oil samples. Very similar antioxidant toco-
pherol behaviour was observed in the oil samples from
roasted seed paste, where the ability of a-tocopherol to
scavenge DPPH’ radical was 5 times higher compared to
Y- and d-tocopherols. Therefore, all these facts may indi-
cate that the biphasic double-exponential behaviour of
DPPH’ disappearance in oil samples is a result of the
presence of different tocopherol isomers that scavenged
DPPH’ with different intensity. The obtained results indi-
cate the strongest antioxidant activity of the a-tocopherol
isomer, which is in agreement with the results of the in
vitro study of the reactivity of tocopherols reported by
Burton and Ingold (35). They found that the observed dis-
crepancy between tocopherol reactivity was due to two
effects, the inductive and the stereoelectronic. More spe-
cifically, the inductive effect arises as a consequence of the
presence of electron donating methyl groups in the ortho
or para position in the hydroxyl group on the aromatic
ring of tocopherol. Such positioning of methyl groups in-
creases the electron density of the active centres, allowing
homolytic cleavage of O-H bond and increasing the sta-
bility of the chromanoxyl radical and its reactivity with a
peroxy radical (17). Since the a-tocopherol ring is substi-
tuted with two methyl groups in the ortho position of the
hydroxyl group on the aromatic ring of the tocopherol
molecule, it will easily release the hydrogen ion compared
to the y- and d-tocopherols. Another effect, the stereo-
electronic, indicates that individual tocopherol isomers
showed differences in their reactivity due to the heterocy-
clic ring with an oxygen atom in the para position of the
hydroxyl group on the aromatic ring of the tocopherol mo-
lecule. This oxygen atom possesses a single electron pair
whose p-type orbitals overlap with the semi-occupied
molecular orbitals of the tocopherol molecule, making it
more stable because of the conjugated electron delocaliza-
tion. If the overlapping of orbitals is of higher intensity,
the antioxidant activity is stronger. Concerning these
effects, a-tocopherol is structurally the most potent as a
hydrogen donor compared to other isomers and it was

Table 5. Parameters of DPPH’ disappearance determined by first-order double-exponential model, total radical scavenging activity
(RSA,), radical scavenging activity during the first and second steps of reaction (RSA, and RSA, respectively) and antioxidant activ-

ity of tocopherol isomers involved in different steps of the reaction

oil . . . RSA; RSA, RSA, Activity Ra.ti(.> pf
DPPH DPPH, DPPH; activities
sample % A B (B/A)
CP1 0.376 0.365 0.246 74.07 38.08 37.02 0.060 1.473 24.51
CP2 0.336 0.431 0.230 76.75 33.71 43.24 0.040 1.505 37.40
RS1 0.357 0.277 0.366 63.41 35.71 27.72 0.033 0.342 10.37
RS2 0.294 0.338 0.368 63.21 29.40 33.82 0.065 0.159 2.46
RS3 0.312 0.342 0.350 65.36 31.05 34.09 0.042 0.085 2.02
RS4 0.264 0.293 0.442 55.75 26.44 29.31 0.032 0.131 4.10
RS5 0.290 0.297 0.410 58.69 29.08 29.77 0.047 0.125 2.65
S1 0.659 0.124 0.222 78.32 65.59 12.34 0.101 0.025 0.25
S2 0.553 0.273 0.177 82.54 55.10 27.22 0.255 0.045 0.18

A=activity of y- and d-tocopherols, calculated as (0.4-RSA,)/(w(y-tocopherol)+w(d-tocopherol)), B=activity of a-tocopherol, calculated

as (0.4-RSA,)/w(a-tocopherol).

DPPH|, DPPH|, DPPH, DPPH;, and DPPH, are the ratios of absorbance at the beginning of the experiment (at time ¢=0), at time ¢,

steps 1 and 2 and remaining value, respectively
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found that it is mainly a-tocopherols that regenerate (3-,
Y- and d-tocopherols from their radicals (17). It should not
be overlooked that some authors advocate the coantioxi-
dant activity of tocopherols and other antioxidants
present in food, i.e. ascorbate or flavonoids and that par-
tial regeneration between tocopherols (particularly d-iso-
mer) and flavonoids occurs (36).

Conclusions

In order to predict the antioxidant activity of oil and
give a more comprehensive understanding of kinetic re-
action mechanisms, a combination of different oil compo-
sition parameters, i.e. their mutual analyses and kinetic
evaluation, is necessary. Thus, we recommend the use of a
first-order double-exponential model in describing bipha-
sic DPPH" disappearance, providing immediate and de-
tailed information on antioxidant potential linked to the
differences in the chemical composition of the oil. This
model also suggests that tocopherol isomers found in the
oil possess different radical suppressing ability and that
they react at different rates with radicals, thereby causing
two steps of reaction. For a deeper insight into the mecha-
nisms involving the DPPH" and oil antioxidants, it is nec-
essary to characterize the oil in more detail with regard to
the presented antioxidants, the reaction intermediates
and the products exhibiting different efficiencies towards
radicals, as well as to develop a mathematical model that
will link together all the parameters. This will be included
in our future research.
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