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The aim of the present study is to compare changes in the total phenolic, flavonoid
and reducing sugar content and antioxidant activity of alcoholic extracts of Oenothera bien-
nis, Borago officinalis and Nigella sativa oilseed cakes before and after enzymatic hydrolysis.
Extraction with ethanol and hydrolysis with different commercially available glycosidases:
o-amylase, B-glucosidase, B-glucanase and their combinations in a ratio of 1:1:1 were in-
vestigated. Total phenolic, flavonoid and reducing sugar content, iron-chelating activity
and antioxidant activity according to DPPH and ABTS tests were measured in non-hydro-
lysed extracts and compared with the results obtained for the extracts after the application
of immobilised enzymes. As a result, the hydrolysed extracts had a higher phenolic and
reducing sugar content as well as higher iron-chelating and antioxidant activities. Total
phenolic content of Oenothera biennis, Borago officinalis and Nigella sativa oilseed cake ex-
tracts after enzymatic hydrolysis was higher in comparison with non-hydrolysed extracts,
ie. 2 times (for the enzyme combination), and 1.5 and 2 times (for B-glucanase) (p<0.05),
respectively. The best results in increasing the flavonoid and sugar content as well as in
iron-chelating activity were obtained after enzymatic hydrolysis of oilseed cake extracts by
B-glucanase. Oilseed cake extracts after hydrolysis with an enzyme combination in a ratio
of 1:1:1 had the highest increase in antioxidant activity.

Key words: Oenothera biennis, Borago officinalis, Nigella sativa, oilseed cake, polyphenols, en-
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Introduction

The oilseeds of Oenothera biennis (evening primrose
or evening star), Borago officinalis (starflower) and Nigella
sativa (black cumin or black seed) have a well-established
status in pharmaceutical, medicinal, cosmetic and nutri-
tional applications (1-3). They are mainly known as raw
materials of plant origin possessing high biological ac-

tivity, and are rich in triglycerides of fatty acids, espe-
cially y-linolenic acid (8-14 % in Oenothera biennis and
17-25 % in Borago officinalis oilseeds) and linoleic acid
(50-55 % in Nigella sativa and 70-75 % in Oenothera bien-
nis oilseeds) (4-7). They are also found to be a rich source
of unsaponifiables, which include antioxidant substances
such as tocopherols, tocotrienols, carotenoids, flavonoids,
phenolic acids and hydrolysable tannins, triterpenes and
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others (8-12). Some active compounds are still present in
by-products left over from oil pressing. Thus, defatted
seeds (oilseed cakes) seem to be a potential source of na-
tural bioactive substances (13-16).

The secretion of active substances, especially of func-
tional terpenes, flavonoids and phenolic acids, causes
considerable difficulties on a technological scale due to
the fact that some of these active compounds are present
in a form associated with carbohydrates. Most of these
compounds are present in glycoside and ester form,
which is characterised by lower antioxidant activity and
bioavailability as compared to the free aglycone form
(17,18). However, it is possible to effectively improve the
quality of raw material with the use of biotechnological
methods, especially by enzymatic hydrolysis of the ob-
tained extract. Enzymes from the class of hydrolases (EC
3), particularly the subclass of glycosidases (EC 3.2), al-
low to increase the efficiency of extraction of polyphe-
nols from vegetable products and wastes as well as to
enhance the efficiency of oil extraction from seeds (19—
27).

The aim of the present study is to compare the anti-
oxidant activity of oilseed cake extracts before and after
enzymatic hydrolysis. For this purpose, extraction with
ethanol and hydrolysis of the obtained extract with dif-
ferent commercially available glycosidases: o-amylase (EC
3.2.1.1) from Aspergillus oryzae, B-glucosidase (EC 3.2.1.
21) and B-glucanase (EC 3.2.1.6) from Aspergillus niger, as
well as an enzyme combination in a ratio of 1:1:1 were
investigated.

Materials and Methods

Plant material and the preparation of extracts

Oenothera biennis, Borago officinalis and Nigella sativa
oilseed cakes were obtained from Efavit (Poznan, Po-
land). The oilseed cake samples were extracted with eth-
anol (50 %, by volume). The extraction was performed
with a 10:1 solvent/raw material ratio (by volume per
mass) in 100-mL flasks at a temperature of 50 °C for 24 h
in a water bath shaker with a frequency of 200 cycles
per min (Elpin-Plus, Lubawa, Poland). After 24 h, the
extracts were hydrolysed by immobilised enzymes at 50
°C for 24 h on the water bath shaker with a frequency of
200 cycles per min (Elpin-Plus). The flasks with non-hy-
drolysed extracts (control) were also left on the water
bath shaker for another 24 h. The obtained extracts (hy-
drolysed and non-hydrolyzed) were filtrated through
Whatman filter paper (no. 1; GE Healthcare, Maidstone,
UK). The solvents were evaporated under reduced pres-
sure, using a rotary evaporator at 40 °C (Unipan 357;
UNIPRO, Warsaw, Poland). Dry extract was dissolved in
ethanol (50 %, by volume) (POCh S.A., Gliwice, Poland),
collected and analysed. Total phenolic, total flavonoid
and total reducing sugar contents of the extracts were
investigated, and the free radical-scavenging activity was
determined using DPPH and ABTS. Apart from that, the
chelating activity was also measured.

Determination of enzyme activity and optimal
reaction conditions for hydrolysis (pH, time and
enzyme ratio)

The activity of a-amylase (EC 3.2.1.1) from Aspergil-
lus oryzae (Sigma-Aldrich, St. Louis, MO, USA) was de-
termined using the 3,5-dinitrosalicylic acid (DNS; Sigma-
-Aldrich) method described by Miller (28), with a slight
modification. The soluble starch (Sigma-Aldrich) was used
as a substrate for the determination of a-amylase activ-
ity, and maltose was used as the assay standard. The
standard reaction mixture containing 40 mL of 1 % solu-
ble starch solution in 0.1 mol/L of phosphate-citrate
buffer (POCh) (pH=4.5, 5.0 or 5.5) was incubated with 8
mL of various ratios of a-amylase (1-5 %) in 0.1 mol/L
of phosphate-citrate buffer (pH=4.5, 5.0 or 5.5) at 50 °C
from 30 min to 48 h. The reaction was stopped by add-
ing 1 mL of DNS solution. The DNS solution was pre-
pared by mixing 10 g of 3,5-dinitrosalicylic acid with 200
mL of 2 M sodium hydroxide (POCh) and 300 g of po-
tassium sodium tartrate (Sigma-Aldrich). The sample (2
mL) was mixed with DNS at the ratio of 1:1 (by volume)
and incubated at 100 °C for 10 min. Next, the samples
were cooled and transferred quantitatively to 10 mL of
water. Absorbance was measured at a wavelength of 550
nm against a reagent sample containing a respective pro-
duction medium instead of the exact sample. The con-
centration of maltose released during the starch hydrolysis
was read out from a standard curve (previously prepared
for maltose in the concentration range from 50 to 500
mg/L) (29).

Activities of B-glucosidase (EC 3.2.1.21) and B-glu-
canase (EC 3.2.1.6) from Aspergillus niger (Sigma-Aldrich)
were also determined using the DNS method. Salicin (2-
-(hydroxymethyl)phenyl-$-D-glucopyranoside) (Sigma-
-Aldrich) was used as a substrate for the determination
of the activity of B-glucosidase, B-glucanase and a com-
bination of enzymes (in a ratio of 1:1:1). Glucose was
used as the assay standard. The concentration of glucose
(POCh) released during salicin hydrolysis was read out
from a standard curve (previously prepared for glucose
in the concentration range from 50 to 500 mg/L). The re-
ported study involved the enzymes immobilised in so-
dium alginate.

Immobilisation of enzymes

Enzymes (1-5 %, by volume) in 0.1 mol/L of phos-
phate-citrate buffer (pH=4.5, 5.0 or 5.5) were mixed with
a solution of 40 g/L of sodium alginate (Sigma-Aldrich)
at 1:1 ratio (by volume). From the enzyme solution,
beads of equal size were formed by direct instilling
(using a syringe and a needle of 0.1 cm in diameter) into
0.2 mol/L of a solution of calcium chloride (POCh). The
enzymes were left in the solution of calcium chloride for
20 min to harden, then they were separated from the so-
lution and rinsed off with distilled water. The immobi-
lised enzymes were transferred into flasks with oilseed
cake extracts. Hydrolysis was conducted at 50 °C for 24 h
in a water bath shaker with a frequency of 200 cycles
per min (Elpin-Plus) (30).
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Determination of total phenolic content

For the determination of total phenolic content
(TPC), the method with Folin-Ciocalteu (POCh) reagent
was used (31). The TPC was measured as follows: 0.5
mL of diluted extracts or standard solutions of gallic
acid (25-500 mg/L; POCh) were added to a 50-mL volu-
metric flask containing 30 mL of distilled water, then 2.5
mL of 50 % (by mass per volume) Folin-Ciocalteu re-
agent were added to the mixture and shaken. After 5
min, 7.5 mL of 7 % sodium carbonate solution (by mass
per volume) (POCh) were added with mixing and the so-
lution was immediately filled up to 50 mL with distilled
water. After incubation in a dark place for 2 h at room
temperature, the absorbance of the solution was mea-
sured by the spectrophotometer Helios y (Spectronic,
Thermo Scientific, Cambridge, UK) at 765 nm. The results
were calculated according to the calibration curve for gal-
lic acid (y=0.0009x, R?>=0.9993, y=absorbance at 765 nm,
x=concentration of gallic acid in mg/L). The TPC was
expressed as mg of gallic acid equivalents (GAE) per g
of extract dry mass.

Determination of total flavonoid content

The total flavonoid (TF) content assay was performed
as previously described by Dragovic¢-Uzelac et al. (32). A
volume of 1 mL of diluted extracts or standard solution
of quercetin (50-500 mg/L; POCh) was placed in a 10-mL
volumetric flask, then 4 mL of distilled water and, after
5 min, 300 mL of sodium nitrate (1:20) and 3 mL of alu-
minium chloride (POCh) (1:10) were added. The mixture
was shaken and 6 min later 2 mL of 1 mol/L of sodium
hydroxide solution were added, again well shaken and
centrifuged for 5 min at 2236xg. The supernatant was
decanted and the absorbance was measured at 510 nm
against the blank. The results were calculated according
to the calibration curve for quercetin (y=0.0003x, R*=
0.9973). The content of TF was expressed as mg of quer-
cetin equivalents (QE) per g of extract dry mass.

Determination of reducing sugar content

Reducing sugar content was determined using the
DNS method described by Miller (28) with a slight modi-
fication. Glucose was used as the assay standard. The ex-
amined sample (2 mL) was mixed with DNS acid at the
ratio of 1:1 (by volume) and incubated at 100 °C for 10
min. Next, the samples were cooled and transferred
quantitatively to 10 mL of distilled water. Absorbance
was measured at a wavelength of 550 nm against a re-
agent sample containing respective production medium
instead of the exact sample. The results were calculated
according to the calibration curve for glucose (y=0.0009x+
0.0144, R?=0.9979).

Determination of total antioxidant capacity by DPPH
free radical assay method

The free radical-scavenging capacity of oilseed cake
extracts was determined according to the previously re-
ported procedure, using the stable 2,2-diphenyl-2-picryl-
hydrazyl (DPPH) radical (Sigma-Aldrich) (33). The meth-
od was based on the reduction of stable DPPH nitrogen
radicals in the presence of antioxidants. Briefly, 2 mL of
oilseed cake extract at various concentrations were mixed

with 2 mL of methanol (POCh) and 1 mL of 0.5 mM
DPPH methanolic solution. The mixture was thoroughly
mixed, kept in the dark for 20 min, and after that the
absorbance was measured at 517 nm against the metha-
nol as a blank. The DPPH activity was calculated as I1Cs,
using a plot of the percentage of radical-scavenging ac-
tivity against the extract concentration (in pg/mL) and
determined as a concentration of the extract necessary to
reduce DPPH radicals by 50 % (ICsy). Samples with a
lower ICs, had a stronger antioxidant activity. Positive
controls were quercetin and rutin (quercetin-3-O-ruti-
noside).

Determination of total antioxidant capacity by ABTS
radical cation assay method

The radical-scavenging capacity of oilseed cake ex-
tracts was evaluated against 2,2-azinobis(3-ethylbenzo-
thiazoline-6-sulphonic acid) (ABTS; Sigma-Aldrich) gene-
rated as previously reported (34). ABTS radical cation
(ABTS*) was produced by reacting 7 mmol/L of ABTS
stock solution with 2.45 mM potassium persulphate
(Sigma-Aldrich) in the dark at room temperature for
12-16 h before use. The next day, ABTS* solution (1 %,
by volume) was diluted with 96 % ethanol (POCh) to an
absorbance of 0.73£0.02 at 734 nm. After the addition of
0.16 mL of sample to 2 mL of diluted ABTS™* solution,
absorbance readings were taken after 1 min at 734 nm
using the spectrophotometer Helios y (Spectronic). Etha-
nol was used as a blank. The ABTS™ activity was calcu-
lated as ICs, using a plot of percent radical-scavenging
activity against extract concentration (in pg/mL) and de-
termined as a concentration of the extract necessary to
reduce ABTS* radicals by 50 % (ICsy). Samples with a
lower ICs, had a stronger antioxidant activity. Positive
controls were quercetin and rutin (quercetin-3-O-ruti-
noside).

Determination of chelating activity

The ferrous ion-chelating activity of the studied sam-
ples was estimated based on the decrease in the maxi-
mal absorbance of the iron(Il)-ferrozine complex, ac-
cording to previously reported method (35), with some
modifications. Briefly, 1 mL of a solution of a test com-
pound at various concentrations dissolved in ethanol was
incubated with 0.5 mL of ferrous chloride tetrahydrate
(1.0 mM; Sigma-Aldrich). The reaction was initiated by
the addition of 1 mL of ferrozine (5.0 mM; Sigma-Aldrich),
and then the total reaction volume was adjusted to 4 mL
with ethanol. After the mixture had reached equilibrium
(10 min), the absorbance was read at 562 nm. The con-
trol was prepared without the test compound. The che-
lating activity was plotted against the plant extract con-
centration (in pg/mL) to determine the concentration of
the extract necessary for the chelation of 50 % (ICs;) of
iron ions. Samples with a lower IC5, had a stronger che-
lating activity. Positive controls were quercetin and rutin
(quercetin-3-O-rutinoside).

Statistical analysis

All results are presented as a mean valueststandard
deviations of at least six independent experiments (each
performed in triplicate). Statistical analysis was performed
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by using Student’s t-test. A probability at p<0.05 was
considered significant. Pearson’s correlation coefficients
(R?) were calculated. IC5, values were obtained from
dose-effect curves by linear regression.

Results and Discussion

In the experiment, hydrolases (a-amylase, B-glucosi-
dase, B-glucanase and an enzyme combination in a ratio
of 1:1:1) immobilised in sodium alginate showed the
strongest ability to hydrolyse the substrates: water-solu-
ble starch (for a-amylase) and salicin (for the B-gluco-
sidase, B-glucanase and enzyme combination) during 48

h, pH=5.5, at a temperature of 50 °C (Table 1). The ob-
tained results are comparable with literature data (36,
37).

The next stage of the experiment was to determine
the total phenolic, total flavonoid and reducing sugar
content in the obtained extract. The results are shown in
Fig. 1. A comparison of extracts revealed that Oenothera
biennis contained the highest total phenolic content (in
mg of GAE per g): 466.67 (Fig. la), followed by Borago
officinalis with 374.07 and Nigella sativa with 196.96. The
extract with the highest content of flavonoids (in mg of
QE per g) and reducing sugars (in mg of glucose per g)
was also Oenothera biennis: 211.11 (Fig. 1b) and 277.78

Table 1. Determination of optimal pH conditions for enzymes (a-amylase, B-glucosidase, B-glucanase and combination of enzymes

during hydrolysis

y(reducing sugars)/(mg/L)

Enzyme

pH=4.5 pH=5.0 pH=55
o-amylase 117.1+11.3 115.7+8.3 130.5+£11.9
B-glucosidase 31.7+£3.8 45.6+2.9 163.5+12.5
B-glucanase 44.6+2.1 103.7+10.6 127.5+£11.5
combination of enzymes (1:1:1):

15.9+£2.1 205.3+12.8 245.5+13.5

o-amylase/B-glucosidase/B-glucanase

Hydrolysis conditions: time=48 h, temperature=50 °C. Starch was a substrate for o-amylase, maltose was a standard. Salicin was a
substrate for B-glucosidase, B-glucanase and combination of enzymes (1:1:1), glucose was a standard. Data represent the mean val-
ueststandard deviation of three independent experiments, each performed in triplicate
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Fig. 1. Change in the: a) total phenolic, b) total flavonoid, and c) reducing sugar content of Oenothera biennis, Borago officinalis and
Nigella sativa oilseed cake extracts before and after enzymatic hydrolysis by a-amylase, B-glucosidase, p-glucanase and a combina-
tion of enzymes. Data represent the mean valueststandard deviation of six independent experiments, each performed in triplicate.
Student’s t-test: p<0.05
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(Fig. 1c), followed by Borago officinalis with 77.78 and
105.56, and Nigella sativa with 19.25 and 24.07, respec-
tively. The total phenolic content was at a similar level
as that observed by earlier researchers: 495.38 and 653
mg/g in Oenothera paradoxa (11,38), 413 and 14.01 mg/g in
Borago officinalis (2,23), and 78 mg/g in Nigella sativa (39,
40). The amount of polyphenols depends on the solvents
and methods of determination that are used. Moreover,
differences among the results are explained primarily by
different sources of the biological material that is used,
conditions of cultivation and also by different methods
of sample preparation as well as extraction conditions in
both experiments.

It was observed that enzymatic hydrolysis caused
an increase in the total phenolic, flavonoid and reducing
sugar content in all seed cake extracts in comparison
with the non-hydrolysed extracts (p<0.05). Flavonoid
and reducing sugar content after enzymatic hydrolysis
was higher: 2 times with B-glucanase and the enzyme
combination from Oenothera biennis (p<0.05), 2 times with
B-glucanase and 4 times with enzyme combination from
Borago officinalis (p<0.05), and 5 times with B-glucanase
and enzyme combination from Nigella sativa (p<0.05), in
comparison with the non-hydrolysed extracts, respective-
ly (Figs. 1b and c). The total phenolic content in Oeno-
thera biennis, Borago officinalis and Nigella sativa seed cake
extracts after enzymatic hydrolysis was higher in com-
parison with the non-hydrolysed extracts: 2 times with
the enzyme combination and 1.5 and 2 times with p-glu-
canase (p<0.05), respectively (Fig. 1a). This is primarily
related to the biotransformation of polyphenols from their
glycosidic to aglycone forms. The experiment showed that

glycosidases, especially B-glucanase, as well as the en-
zyme combination in a ratio of 1:1:1 have a significant
impact on the release of polyphenols from their glyco-
sidic forms. The highest increase in the content of phe-
nols, flavonoids and reducing sugars was observed in
the Oenothera biennis extract hydrolysed by B-glucanase
and the enzyme combination. The experiment showed
that an enzyme combination in a ratio of 1:1:1 has a sig-
nificant impact on the release of polyphenols from their
glycosidic forms, which results in the release of reducing
sugars. A higher sugar content is attributed to the in-
crease in reducing sugar content after hydrolysis of the
glycosidic form of polyphenols and to the hydrolysis of
oligosaccharides or saponin glycosides from the extract
(41-43).

Antioxidant properties of seed cake extracts before
and after hydrolysis were evaluated by electron transfer
(ET)-based assays (44) with synthetic DPPH radical and
ABTS cation radical reaction (Fig. 2). The results indicate
that after enzymatic hydrolysis of seed cake, the extract
showed significantly higher antioxidant activity as com-
pared to the non-hydrolysed extract (p<0.05). In both as-
says, the Oenothera biennis extract exhibited higher anti-
oxidant activity (ICs, of 110 and 75 pg/mL for DPPH
and ICs, of 100 and 65 pg/mL for ABTS assay) than
Borago officinalis (IC5y of 210 and 125 ng/mL for DPPH
and ICs, of 195 and 95 pug/mL for ABTS assay) and
Nigella sativa extracts (ICs, of 500 and 350 ng/mL for
DPPH and ICs, of 485 and 295 ng/mL for ABTS assay)
before and after enzymatic hydrolysis with the enzyme
combination. The results were compared with the results
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Fig. 2. Change of: a) DPPH radical-scavenging activity, b) ABTS radical-scavenging activity, and c) iron-chelating activity of Oenothera
biennis, Borago officinalis and Nigella sativa oilseed cake extracts before and after enzymatic hydrolysis by a-amylase, p-glucosidase,
B-glucanase and a combination of enzymes. Quercetin and rutin were used as positive control. Data represent the mean valueststan-
dard deviation of six independent experiments, each performed in triplicate. Student’s t-test: p<0.05
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of DPPH and ABTS assays for quercetin and rutin (quer-
cetin-3-O-rutinoside). It was observed that quercetin (the
aglycone form of flavonoid) had higher antioxidant ac-
tivity (IC5,=65 ng/mL for DPPH and IC5,=50 pg/mL for
ABTS) as compared to rutin (the glycosidic form of quer-
cetin; IC5y=85 ng/mL for DPPH and 75 ng/mL for ABTS).
Moreover, the antioxidant activity of Oenothera biennis
seed cake extract after enzymatic hydrolysis with the en-
zyme combination (IC5,=75 pg/mL for DPPH assay and
65 pg/mL for ABTS assay) was at a comparable level to
the antioxidant activity of quercetin.

The increase in the antioxidant activity was associ-
ated with the hydrolysis of glycoside molecules and also
with the increase of free hydroxyl groups in the flavo-
noid ring. After enzymatic hydrolysis, the active ingredi-
ents may also dissolve more easily in the extraction me-
dium. Previously, Laroze et al. (45) demonstrated that
the use of commercial pectinases (Grindamyl™ CA 150;
Danisco, Palo Alto, CA, USA, and Maxoliva® DSM,
Heerlen, The Netherlands) affects the increase of the to-
tal phenolic content and the antioxidant activity. Also,
after hydrolysis of polyphenol glycosides by using B-glu-
cosidase from Rhizopus oligosporus (29,43), it was ob-
served that the phenolic content can increase by 66 %
(from 3.0 to 5.0 mg/g) with the biotransformation of seed
cake (5 g of aronia pomace and 5 g of evening primrose
cake) (25).

In our experiment, the increase in the antioxidant ac-
tivity was lower than the increase in total phenolic and
flavonoid content after hydrolysis. However, it is worth
mentioning that a significant correlation between poly-
phenolic and flavonoid content was observed (Table 2).
Also, a high correlation was demonstrated between total
phenolic content and antioxidant activity in the Oeno-
thera biennis extract. Pearson’s correlation coefficients
(R?) were 0.9523 and 0.9503 between the phenolic con-
tent and the DPPH and ABTS assays, respectively. Also,
other authors found a positive correlation between the
phenolic content and antioxidant activity in seed cake
extracts and indicated that a high level of polyphenols
results in high free radical-scavenging activity (39,46). A
higher content of polyphenols and reducing sugars was
obtained after the application of B-glucanase, while,
when referring to antioxidant activity, better results were
obtained by using B-glucosidase. This may be connected
with the fact that the phenolics in the early stages of hy-
drolysis inhibit enzyme activity which, in turn, reduces
antioxidant activity (25). The weakest effect on the in-
crease of polyphenols and antioxidant activity was ob-

Table 2. Pearson’s correlation coefficients

Polyphenols

Oenothera  Borago Nigella

biennis officinalis sativa

flavonoids 0.9752 0.9289 0.9374
reducing sugars 0.8285 0.8655 0.9471
DPPH scavenging activity ~ 0.9523 0.8554 0.8545
ABTS scavenging activity 0.9503 0.8612 0.8799
iron-chelating activity 0.8887 0.9055 0.9380

served for o-amylase. This may be related to the inhibi-
tion of active ingredients found in the seed cake. Also,
other authors observed a decrease in pancreatic a-amy-
lase activity caused by the presence of phenolics in the
fermented meal substrate (47). Furthermore, the higher
content of reducing sugars and higher antioxidant activ-
ity but lower amount of phenolics and flavonoids may
be connected with a competitive mechanism of enzyme
inhibition and the restoration of glycosidic bonds (48).

Polyphenols scavenge free radicals and thus may re-
duce oxidative stress through several mechanisms that
depend on their chemical structure. One of the mecha-
nisms is the chelation of metal ions (iron or copper) (49—
51). The chelating activity of seed cake extract using iron-
(IT)-ferrozine complex was expressed as the extract con-
centration (in pg/mL) that is necessary for the chelation
of 50 % (ICs) of iron ions (Fig. 2c). In our research the
highest chelating activity was displayed by the Oeno-
thera biennis extract: IC5,=95 and 65 pg/mL, followed by
Borago officinalis: 1C5,=150.50 and 110 pg/mL before and
after enzymatic hydrolysis with B-glucanase, and the Ni-
gella sativa extract: 1C5=351.50 and 290 pg/mL, before
and after enzymatic hydrolysis with the enzyme combi-
nation, respectively. The results were compared with the
IC5, values of chelating activity for quercetin and rutin.
It was observed that quercetin (the aglycone form of fla-
vonoid) had higher chelating activity (ICs5,=65 png/mL)
than rutin (the glycosidic form of quercetin) (IC5,=85
png/mL). Moreover, the chelating activity of Oenothera
biennis oilseed cake extract after enzymatic hydrolysis
with the enzyme combination (IC5,=65 pg/mL) was at a
comparable level to the chelating activity of quercetin.
Enzymatic hydrolysis of oilseed cake extracts increased
with the chelating activity through the release of hydro-
xyl groups involved in the formation of the complex. The
best results were observed for B-glucanase and the en-
zyme combination in a ratio of 1:1:1 (Fig. 2c). The strong-
est chelating activity of Oenothera biennis may be corre-
lated with its high polyphenolic content, especially of low
molecular mass phenolic antioxidants like (+)-catechin,
(-)-epicatechin and gallic acid (562-54). The results ob-
tained for Borago officinalis and Oenothera biennis oilseed
cake extracts were higher than the values reported in the
literature by Wettasinghe and Shahidi (49). In that study,
extract from Borago officinalis oilseed cake at a concentra-
tion of 462 mM chelated 91 % of the iron ions, while the
Oenothera biennis oilseed cake extract at a concentration
of 506 mM chelated 100 % of the iron ions (49).

Conclusions

On the basis of the obtained results, it may be con-
cluded that oilseed cake extracts from Oenothera biennis,
Borago officinalis and Nigella sativa have a high poly-
phenolic content and thus display high antioxidant ac-
tivity. Enzymatic hydrolysis can improve the quality of
oilseed cake extracts by an increase in the phenolic and
flavonoid content. It can also improve the antioxidant
properties of oilseed cake extracts by biotransformation
of polyphenolic glycosides to their aglycone form. This
is accompanied by an increased reduction of sugar con-
tent. Thus, the obtained extracts may render better anti-
oxidant activity than the non-hydrolysed extracts since
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aglycones have free hydroxyl groups corresponding to
the described phenomenon. Oilseed cake extracts after
enzymatic hydrolysis may have numerous applications
in food, pharmaceutical and cosmetic industries. How-
ever, the above observations require further research into
the influence of enzymatic hydrolysis on oilseed cakes
and into the biological properties (e.g. antimicrobial ac-
tivity, enzyme inhibition) of products obtained by enzy-
matic hydrolysis.
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