9y

Pol. J. Food Nutr. Sci., 2021, Vol. 71, No. 4, pp. 441-449
On-line ISSN: 2083-6007

Print ISSN: 1230-0322

o DOI: 10.31883/pjfns/143574

)
Saouapps ¥

Yy o
w bue po'ﬂ y

Original article
Section: Food Quality and Functionality
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Encapsulation of sinigrin in liposomes with the proliposomal method was performed in order to evaluate the effect of this process on in vitro
simulated digestion and antioxidant potential of sinigrin. The recovery of sinigrin after simulated gastric and duodenal digestion of its free and lipo-
somal forms was determined with HPLC-UV using human digestive juices. The antioxidant potential of sinigrin and sinigrin-loaded liposomes was
determined with the Rancimat test as their ability to prolong oxidative stability of edible oil. The efficiency of 62% was obtained by encapsulating
sinigrin in liposomes. The values of mean diameter, polydispersity index and zeta potential showed satisfactory size uniformity and physical stability
of the liposomes containing sinigrin. Liposomes were shown to inhibit the digestion of sinigrin in both human gastric and intestinal juices, clearly en-
abling its prolonged release. Moreover, sinigrin in the liposomal form significantly prolonged the induction time of edible oil oxidation compared to its
free form. The results obtained are encouraging from the point of view of a possible incorporation of the sinigrin-loaded liposomes in real functional

food systems or their use as nutraceuticals.

INTRODUCTION

Glucosinolates (GSLs) are water-soluble plant secondary
metabolites with an S-p-D-glucopyrano unit, an O-sulphated
anomeric (Z)-thyohydroximate function, and a variable aglu-
con side chain. To date, 140 structurally different GSLs have
been reported, although over 30% of them have not yet been
characterized by nuclear magnetic resonance (NMR) and mass
spectrometry (MS) techniques [Blazevi¢ er al., 2020]. GSLs
are typical of Brassicaceae plants including mustard, radish,
cabbage, broccoli, Brussels sprouts, cauliflower, horseradish.
They are also found in other families of Brassicales, e.g. Cap-
paraceae, Cleomaceae, Caricaeae [Mithen et al., 2010]. Due
to the activity of myrosinase (B-thioglucosidase), and depend-
ing on their variable chain, GSLs break down into different
products, including mostly biologically active isothiocyanates,
which exhibit potent antimicrobial, antioxidant and anticancer
activities [Melrose, 2019].

Sinigrin (allyl GSL or prop-2-enyl GSL, ) is one
of the first known GSLs, whose name is derived from “Si-
napis nigra” (currently known as Brassica nigra). It is one
of the most abundant GSLs found in Brassica vegetables.
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The correct structure was proposed by Ettlinger & Lundeen
[1956] while the structural issue of the geometrical isomer-
ism at the C=N bond was shown to be Z (or anti-) by X-ray
crystallographic analysis by Waser & Watson [1963]. It is one
of the most studied GSLs thanks to its degradation product,
the pharmacologically active allyl isothiocyanate, a volatile
sulphur-containing compound [Blazevi¢ et al., 2019; Cor-
rales et al., 2014]. A very important aspect of the biologi-
cal activity of isothiocyanates is their antimicrobial poten-
tial against human pathogens, especially against bacteria

FIGURE 1. Chemical structure of sinigrin.
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with multi-drug-resistance phenotypes [Romeo et al., 2018].
Moreover, many studies have shown that isothiocyanates ex-
hibit anti-tumour activity by affecting multiple pathways in-
cluding apoptosis, mitogen-activated protein kinase (MAPK)
signaling, oxidative stress, and cell cycle progression [Jie
et al., 2014; Mitsioginanni et al., 2019; Wu et al., 2009]. There
are many examples of the use of encapsulation techniques
to enhance/protect the biological activities of GSLs and iso-
thiocyanates: the antitumor effect against glial tumour cells
by broccoli extracts [Radiinz et al., 2020]; the antimicrobial
activity of allyl isothiocyanate using different carriers such as
gum Arabic, chitosan, sodium polyacrylate-coated halloysite,
mesoporous silica particles [Park ez al., 2012; Maruthupandy
& Seo, 2019]; the cytotoxic activity of sinigrin-loaded phyto-
somes (phytolipid delivery system) against A-375 cells (hu-
man melanoma cell line) [Mazumder et al., 2016]; or the cy-
totoxic and apoptotic potential of silver nanoparticles with
sinigrin [Yuan et al., 2018]. However, there is no study on sini-
grin encapsulated in liposomes. Liposomes, i.e. lipid bilayers
with a diameter of 50-1000 nm, are particularly attractive en-
capsulation systems that offer increased stability of encapsu-
lated materials against a range of environmental, enzymatic,
and chemical stresses [Emami ez al., 2016]. What distinguish-
es liposomes from other encapsulation systems is their abil-
ity to encapsulate both hydrophobic (within the membrane
of the particle) and hydrophilic (within the core of the lipo-
some) substances [Gaede & Gawrisch, 2003]. The possibility
of industrial production is also of great importance for their
use in the food industry. However, the fact that liposomes
can be produced from natural components (biocompatible,
biodegradable and non-toxic) makes these systems attractive
from the point of view of faster and easier implementation
in cosmetic and food end products [Malheiros et al., 2010].
There are several reports demonstrating improved stability
of liposomal formulations of commonly used nutraceuticals,
such as vitamin C [Wechtersbach et al., 2012; Yang et al.,
2012] during storage or processing conditions (e.g., heat
treatment), compared to the solutions of free nutraceuticals.
Due to the delayed release of active ingredients, liposomes
can improve the bioavailability of antioxidants [Takahashi
et al., 2009] and reduce their cytotoxicity [IsailoviC et al.,
2013]. Enhanced antimicrobial (e.g., Citrus limon), antifungal
(e.g., Eucalyptus camaldulensis) and other biological activi-
ties (e.g., Artemisia arborescens L.) of essential oils incorpo-
rated into liposomes have also been reported [Gortzi et al.,
2007; Moghimipour et al., 2012]. Previously, liposomes were
reported to be quite effective in enhancing the chemopreven-
tive efficacy of phenethyl isothiocyanate [Pulliero ez al., 2015;
Sun et al., 2019]. This is the first report on the gastrointesti-
nal stability of the sinigrin-loaded liposomes in the simulated
two-phase digestion model (gastric and duodenal) with hu-
man digestive enzymes. There are few studies on the stabil-
ity and bioaccessibility of sinigrin after a simulated gastro-
intestinal process and some of them evaluated the influence
of human microflora in the bioconversion of sinigrin [Cheng
et al., 2004; Girgin & Nehir, 2015]. The aim of this study was
to monitor the recovery of free sinigrin and sinigrin released
from liposomes after a simulated two-phase digestion pro-
cess using high-performance liquid chromatography with

UV detector (HPLC-UV). The effect of the liposomal form
of sinigrin on the prolongation of oxidative stability of edible
oil was measured with Rancimat test.

MATERIAL AND METHODS

Chemicals

Sinigrin hydrate (299.0% (TLC)) was obtained from Sig-
ma Aldrich (St. Louis, MA, USA). Phospholipon 90G was
supplied by Natterman Phospholipids GmbH (KoIn, Germa-
ny). All other reagents and solvents were of analytical grade.

Preparation of sinigrin-loaded liposomes

Liposomes with sinigrin were prepared with the prolipo-
some method, which allows to easily increase the scale of pro-
duction to the industrial level [Liovi¢ ef al., 2019]. We used
soy lecithin Phosholipon 90G which is purified phosphatidyl-
choline (min 94.0% by weight), with a low content of lyso-
phosphatidylcholine (max. 4.0% by weight) and tocopherol
(max. 0.3% by weight). Phosholipon 90G was mixed with
ethanol and water (1:0.8:2, w/w/w) at the temperature up to
60°C under continuous stirring at 800 rpm to form a homog-
enous mixture. The mixture was cooled down to room tem-
perature, and sinigrin was added to the homogenous mixture
under continuous stirring at 800 rpm during the next 30 min
to obtain the final liposomal formulation.

Determination of the encapsulation efficiency of sinigrin
by liposomes

The proportion of sinigrin entrapped within liposomes
was determined according to the following procedure. Cen-
trifugation of 10 times diluted suspension of liposome at
21,952xg for 1 h at 10°C (Eppendorf centrifuge 5804R,
Hamburg, Germany) was used to separate supernatant (con-
taining non-encapsulated sinigrin) from the precipitate (lipo-
somes with encapsulated sinigrin). The resulting precipitate
was dissolved in 10 mL of methanol, filtered through 0.2 um
pore size filter and transferred to a clean tube for further anal-
ysis on HPLC-UV. Based on HPLC-UV analysis, the percent-
age of encapsulated sinigrin was calculated, as the percentage
of sinigrin entrapped in liposomes relative to the total amount
of added sinigrin.

In vitro release kinetics of sinigrin from liposomes

In vitro monitoring of the release kinetics of sinigrin from
the liposome formulation was performed in a Franz diffusion
cell (PermeGear, Inc., Hellertown, PA, USA), containing do-
nor and receptor cell separated with an acetate-cellulose mem-
brane, based on the procedure given in IsailoviC ef al. [2013].
In brief, after Franz cell thermostating, we placed 1 mL of lipo-
some dispersions containing sinigrin as a donor phase in dif-
fusion cell chamber. Magnetic stirring speed and temperature
were set at 600 rpm and 37°C, respectively. During the next
6 h, an aliquot of the sample (0.5 mL for each time point)
was taken from the receptor section at different time intervals
(5, 10, 15, 30, 45, 60, 90, 120, 180, 200, 240 and 360 min) for
HPLC-UV analysis and replaced by the same volume of dis-
tilled water. The results were expressed as C/C_ against time
(where C is sinigrin concentration at time t and C, is sinigrin
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equilibrium concentration). The release profile of sinigrin from
liposomes was compared with the profile of a sinigrin aqueous
solution that was used as a control (with identical sinigrin con-
centration as the one used for liposomes preparation).

Size and zeta potential measurements

The average particle size (hydrodynamic weighted
mean diameter, z-average) and polydispersity index (PDI)
of 1000 times diluted liposome suspension was measured on
a Zetasizer Nano ZS (Malvern Instruments, Malvern, UK)
at 25+0.1°C, using the dynamic light scattering (DLS), so-
-called photon correlation spectroscopy (PCS). The same
instrument was used for the zeta-potential measurement as
described in Liovi€ ef al. [2019]. The physical stability test
was performed during 14 days with the liposomal preparation
stored at 4°C.

Light microscopy analysis

Empty liposomes and liposomes loaded with sinigrin
were viewed under a Motic light microscope (BA 210, Xia-
men, China) equipped with a Moticam digital camera (1 SP,
1,3 MP) and a Motic Images Plus 2.0 software.

In vitro digestion method

Prior to the in vitro digestion procedure, the collection
of human digestive juices from the stomach and duodenum
of healthy donors was carried out using an endoscope. The col-
lected juices were stored in a sterile tube and then centrifuged
in a mySpin 12 microcentrifuge (Thermo Scientific, Waltham,
MA, USA) at room temperature, for 10 min at 7,700 xg to re-
move mucus and cell debris. To reduce inter-individual varia-
tions, batches of pooled gastric and duodenal juices were pre-
pared and then stored at—20°C until use. The enzymatic activity
of collected digestive juices was determined using the spec-
trophotometric method described by Almaas er al. [2006].
According to this method, one unit of enzyme activity (U)
is defined as the amount of enzyme that causes the absorbance
change of 1 between the blank and the sample, after 20 min
at 37°C. The in vitro digestion procedure was performed ac-
cording to Furlund er al. [2013]. The incubation temperature
was 37°C. The simulated digestion process was carried out
in a horizontal shaking bath (1,200 rpm). The adjustment
of appropriate pH (2.5 for gastric phase and 7.5 for duodenal
phase) was done using 1 M HCI and 2 M NaOH. Incubation
intervals were 60 min for the gastric phase, and 120 min for
the duodenal phase. Due to the liquid nature of the sample,
the incubation interval of 60 min for gastric phase was long
enough. According to the previously mentioned spectropho-
tometric method, the enzymatic activity of 1 U was equivalent
to 20 uL of human gastric juice and 25 uL of human duodenal
juice. The quantities of digestive juices used in this experiment
were as follows: 200 mL for the gastric phase, and 800 mL
for the duodenal phase. The in vitro digestion process was
stopped on ice for the period of 5 min. After the digestion,
the samples were centrifuged at room temperature, for 10 min
at 13,000xg. The undigested sample (control) and digested
samples were kept at —20°C. All digestive processes were run
in duplicate. The recovery of sinigrin was calculated as follows
[Girgin & Nehir, 2015]:

Recovery of sinigrin (%) = (S/C) x 100

where: S — sinigrin content after in vitro digestion; C — sinigrin
content before in vitro digestion.

HPLC-UYV analysis

The identification and quantification of the encapsulated
sinigrin, as well as the monitoring of its release from the ob-
tained formulations, was performed using HPLC-UV accord-
ing to the modified procedure by Tsao ez a/. [2000]. The anal-
ysis was performed on the Ultimate 3000 UHPLC system
(Thermo Fisher Scientific, Schwerte, Germany). By optimiz-
ing the elution conditions (flow rate 1 mL/min, isocratic con-
ditions) and selecting the mobile phase (acetonitrile/0.025 M
ammonium acetate, 1:99, v/v), the detection and quantifica-
tion of sinigrin in the tested formulations at 228 nm (A )
was successfully performed using the obtained standard curve
in methanol and water (80:20). Prior to HPLC-UV analy-
sis, all samples were filtered through 0.2 um syringe filters
and prepared as described above.

Antioxidant potential evaluation

The antioxidant potential of sinigrin, and sinigrin-loaded
liposomes was determined as their ability to inhibit the olive
oil oxidation. The oxidation of olive oil (pure and with anti-
oxidants) was carried out using the Rancimat apparatus (Me-
throm 743, Herisau, Switzerland) [ISO 6886:1996] at 120°C
(DT=1.4°C) and the constant airflow of 20 L/h. The quantity
of olive oil used for this experiment was 2.5 g. Concentra-
tions of samples (sinigrin, liposomes with sinigrin, and pure
liposomes) in the olive oil were 0.2 and 0.1% (w/w). The con-
ductivity was measured as a function of time, and the results
were expressed as induction time. All measurements were per-
formed in triplicate, and the results were expressed as mean
value + standard deviation.

RESULTS AND DISCUSSION

Nowadays, encapsulation technologies have proved to
be competitive tools in the development of new nutraceuticals
or the properties and functions of commonly used ingredi-
ents in the food industry, as they are able to protect active
ingredients, improve their stability and prolong their release
in the gastrointestinal tract. Encapsulation in liposomes has
a number of advantages that are important for the food in-
dustry. These include the ability to carry a variety of bioac-
tive compounds, and the health benefits of natural liposomal
ingredients such as phospholipids and sphingolipids for hu-
mans [Emami et al., 2016]. This is the first study on the sini-
grin encapsulation in liposomes, the effect on recovery after
invitro digestion process, and its antioxidant potential by pro-
longing the oxidative stability of olive oil.

Characterization of sinigrin-loaded liposomes
Encapsulation efficiency of 62+3% has been achieved via
encapsulation of sinigrin in liposomes by the proliposome
method using a commercially available mixture of Phospoli-
pon 90G. In addition to the reports showing that proliposome
method provides better encapsulation efficacy in comparison
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FIGURE 2. Micrographs of a) empty liposomes and b) liposomes with ensapuslated sinigrin obtained by a light microscope (1,000 x magnification).

to some other methods for liposomes preparation, e.g. etha-
nol injection method [Chen et al., 2012] or thin-film method
[Isailovi¢ et al., 2013], it was chosen in this study as a method
that is easily applicable on the industrial scale [PordeviC ez al.,
2015]. It has been reported that in the case of polyphenols,
the efficiency of encapsulation in liposomes varied between
10 and 70% depending on the molecular weight of the encap-
sulated compound (and consequently the ability to leak out
from liposomes) and its molecular structure and the affinity to
phospholipidic membranes [Pordevic et al., 2015]. For the li-
pophilic molecules, such as resveratrol, encapsulation effi-
ciency up to 97% was achieved using the proliposome method
[Isailovi¢ et al., 2013]. Similar results to those demonstrated
in this study for encapsulation of sinigrin, as a water-soluble
compound, were obtained in the case of (+)-catechin encap-
sulation in liposomes (approximately 70%). Furthermore,
the entrapment efficiency of phenolic compounds of algal ex-
tract in soy lecithin liposomes was shown to be 50.2% by Sav-
aghebi e al. [2020], while an entrapment efficiency of 47.5%
was obtained for encapsulation of garlic extract in liposomes
[Pinilla et al., 2017]. The slight variation may be associated
with a difference in the encapsulation method or lecithin con-
centration applied [Rashinidejad et al., 2014; Savaghebi et al.,
2020]. Although obtained encapsulation efficacy in this study
is in accordance with the results of other reports and could

be accepted as satisfying, further studies should investigate
the effects of the addition of different components in lipo-
somes preparation, since they have been recognized as impor-
tant in encapsulation efficiency improvement. For instance,
the addition of chitosan coatings on liposomes was found to
be beneficial in encapsulation efficiency or slow-release im-
provement [Akgiin et al., 2020; Li et al., 2015].

Figure 2 (a-b) shows the micrographs obtained by a light
microscope of the produced empty liposomes (control)
and liposomes loaded with sinigrin. We have noticed the simi-
larity in control and sinigrin-containing liposomes at the first
glance, both revealing spherical structures, which have been
typically observed for phosphatidylcholine liposomes [Pini-
lla et al., 2017]. Since the used microscopic technique could
not provide quantitative data or detailed insight into the mor-
phology, like other more sophisticated techniques — atomic
force microscopy or transmission electron microscopy, fur-
ther characterization of the liposomes prepared in this study
relied on dynamic light scattering technique.

Determination of mean diameter, PDI and zeta potential
has revealed satisfying size uniformity of liposomes contain-
ing sinigrin. Compared with the control, the encapsulation
of sinigrin did not lead to a statistically significant change
in surface charge, as well as the mean diameter (Table 1).
The obtained results can be explained by the incorporation

TABLE 1. Zeta potential, polydispersity index (PDI) and mean diameter of liposomes with and without encapsuled sinigrin during 2-week storage

at 4°C.

Zeta potential (mV) PDI Mean diameter (nm)

Sample

0 days | 7 days | 14 days 0 days | 7 days | 14 days 0 days | 7 days | 14 days
Liposomes
without sinigrin -34.6x0.5 -33.8+04  -32.0+0.8 0.454+0.01 0.450+0.01 0.461£0.03 1070267 1260432  1365+402
(control)
Liposomes
with encapsulated -24.0+0.5  -284=0.8  -30.1x0.1 0.497x0.07 0.566+0.04 0.509=0.03 1196267 1227+553 1263308
sinigrin

All measurements were made in triplicate and results are reported as mean = standard deviation.
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of the bioactive compound within the aqueous core of li-
posomes, and only slightly between the bilayer membranes
of liposomes or their surface. The PDI determines the particle
size distribution and system homogeneity. A system whose
PDI ranges from 0 to 0.5 is considered homogeneous [Balanc¢
et al., 2016]. Zeta potential is a physicochemical parameter
that represents the charge on the particle surface. It correlates
with the stability of colloidal suspensions: thus, a high abso-
lute value of the zeta potential indicates a more stable system
[Mateos et al., 2019]. Our results regarding zeta potential
of sinigrin-loaded liposomes are comparable with the results
from other studies on the encapsulation of different bioactive
ingredients in lecithin liposomes [Akgiin et al., 2020; Pinilla
et al., 2017; Savaghebi et al., 2020]. The obtained negative
values of the zeta potential ( ), revealed satisfying
electrostatic stabilization of the preparation, preventing ag-
gregation of liposomes [Lin ez al., 2018]. This was confirmed
by the results of stability testing, since the mean diameter
of liposomes with sinigrin did not change for more than 6%
during 2-week storage at 4°C ( ). The observed slight
changes in zeta potential could be a result of rearrangement
of phospholipids, which are responsible for negative zeta po-
tential values, due to the presence of phosphate groups (PO *)
in phospholipids.

The physical stability of sinigrin liposomes and prolonged
release of sinigrin over 5 h, as shown by the sinigrin release ki-
netic curves ( ), indicated that the obtained liposomes
made of natural phospholipids present potentially adequate
carriers for this compound. In the control solution of sinigrin,
distribution of sinigrin happened rapidly, reaching maximum
content in acceptor cell after 180 min. As expected, sinigrin
release from liposomes was slower, achieving the maximum
content in the acceptor compartment after more than 300 min.
In the release profile of sinigrin from liposomes in an aque-
ous medium there was the initial burst, which was probably
associated with the small amount of surface-bound sinigrin.
The initial burst (which lasted 15 min) was followed by a slow
lag phase (which lasted another 15 min) and then a second
burst release phase. It is generally believed that the molecules
entrapped within liposomes are released primarily by three
mechanisms [Pothakamury & Barbosa-C’anovas, 1995].
These are 1) diffusion of molecules through the intact liposo-
mal membrane into the surrounding environment, 2) erosion
of liposomal membrane caused by phospholipid degradation,
and 3) swelling of pores in the liposomal membrane allowing
the leakage of entrapped molecules [Liu ez al., 2020]. The ex-
istence of lag-phase in the release pattern of sinigrin-loaded
liposomes in this study may indicate that, apart from diffu-
sion, some changes of the liposomal membranes, like erosion
or swelling, were involved, too.

In vitro digestion and antioxidant potential of sinigrin
loaded liposomes

The digestion of food in vivo is a complex process and in-
cludes mouth, stomach, and small intestine, as compart-
ments where the digestion can be done. Liquid food stays
in the mouth for a very short time because it does not need
to undergo chewing. Thus, the digestion of sinigrin solution
and liposomes with sinigrin as samples that are in the liquid
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FIGURE 3. Kinetic curve of release of sinigrin from liposomes and pro-
life of free sinigrin in aqueous solution against time (control). C: sinigrin
concentration at time t; C,: sinigrin equilibrium concentration. Measure-
ments were made in triplicate and results are shown as mean and stan-
dard division.

state would start in the gastric compartment and then be con-
tinued in the intestinal section. However, in this study, it was
only possible to perform digestion discontinuously, starting
from gastric or intestinal conditions simulation, and the per-
centage of unbroken molecules of sinigrin was monitored.
We are aware of the limitation of such kind of analysis, so
the establishment of reliable in vitro-in vivo correlation could
not be expected. However, we believe that even preliminary
data obtained from the two-phase digestion could contribute
to further optimization in the development of sinigrin-load-
ed liposomes and their incorporation in real food matrices.
The results of the in vitro recovery of free sinigrin and sinigrin
released from liposomes after simulated gastric and duode-
nal digestion phases are given in and , Tespec-
tively. The recovery of free sinigrin was high after simulated
gastric (87.39%) and duodenal digestion (83.31%) ( ).
The recovery of free sinigrin in simulated acidic medium
without human digestive enzymes was lower (71.23%), while
in simulated slightly basic medium free sinigrin was almost
completely stable (98.15%) ( ). High gastrointestinal
stability of sinigrin was also reported by other authors who in-
vestigated its stability after a simulated digestion process with
commercial digestive enzymes [Kuljarachanan et al., 2020].
Hwang et al. [2019] reported high stability of sinigrin in kale
after gastric digestion with commercial digestive enzymes, but
in contrast, the authors reported a low stability rate of sini-
grin in kale after simulated duodenal digestive phase. This
discrepancy can be explained by the effect of plant matrix on
the duodenal stability of sinigrin and/or the differences be-
tween in vitro studies based on human and commercial di-
gestive enzymes. Discrepancies between in vitro digestion
studies with human and commercial digestive enzymes have
already been reported [Aarak et al., 2013; Zori€ et al., 2016].

shows results of the recovery of sinigrin released from
liposomes. Sinigrin loaded in liposomes was protected from
the influence of pH and digestive enzymes. Namely, starting
from 38% of available sinigrin in the case of liposomes, after
the digestion process, the percentage of free sinigrin increased
to 52.50% in the gastric medium and 52.71% in the duodenal
medium. A similar portion of available sinigrin after digestion
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TABLE 2. Concentration and recovery of sinigrin after its two-phase
in vitro digestion.

TABLE 3. Concentration and recovery of sinigrin after a two-phase in vi-
tro digestion of sinigrin-loaded liposomes.

Digestion phase Concentration (uM) Recovery (%) Digestion phase Concentration (uM) Recovery (%)
Befor digestion (control) 61.03x1.55 Befor digestion (control) 1.08=0.12 38.00
After gastric digestion 53.34+2.26 87.39 After gastric digestion 1.49+0.32 52.50
After duodenal digestion 50.85+0.23 83.31 After duodenal digestivom 1.50=0.47 52.71

pH 2.5 (without 4348041 7123 pH 2.5 (without 143041 50.16
digestive enzymes) digestive enzymes)

PH 7.5 (without 59.91+0.15 98.15 PH 7.5 (without 124022 1374

digestive enzymes)

digestive enzymes)

The quantification of sinegrin was performed by HPLC-UV. Results are
expressed as mean =+ standard deviation (n=3).

of sinigrin-loaded liposomes in the gastric and duodenal me-
dium was somewise unexpected result. Namely, it is generally
accepted that liposomal structural integrity remains practical-
ly unchanged under gastric conditions, while the lipid diges-
tion and consequent liposomes destruction occur primarily
in the duodenum [Liu ef al., 2020]. Since gastric juice in this
study was obtained from human volunteers, it may be specu-
lated that the samples were rich in gastric lipases. On the oth-
er hand, it is known that apart from the disruption of lipo-
somal structure by pancreatic enzymes, bile salts contribute
crucially to the digestion of lipids in duodenal medium, since
the activity of phospholipase A, and lipase requires the pres-
ence of bile salts [Liu ef al., 2020]. The low level of bile salts
in the intestinal juices collected from healthy human donors
could be a possible explanation for the obtained results on
liposomes digestion. Furthermore, since the bile salts are very
potent surface-active compounds, their content in the human
juices used may not be sufficient for the complete lipid diges-
tion and liposomes degradation, but adequate for rearrange-
ment of the liposomes to smaller ones still encapsulating sini-
grin. Although it is considered that without digestive enzymes,
the change of pH through gastrointestinal system does not in-
fluence the liposomes’ structure [Liu er al., 2019], the results
on the available amount of sinigrin after incubation in a me-
dium with pH 2.5 and 7.5 indicate that not just diffusion,
but also swelling of liposomes in acidic/basic media and their
transformation to the gelled state could contribute to sinigrin
release. Overall, the obtained results proved the protective ef-
fect of liposomes on sinigrin digestion under various condi-
tions, since a high portion of sinigrin remains encapsulated
and thus is available for further release and transformation
to highly bioactive isothiocyanates. This indicates real poten-
tial for liposomes application as a prolonged delivery system
of sinigrin in food matrices. For that sake, besides the use
of free sinigrin, in this study we have tested its potential after
encapsulation in liposomes for the preservation of oxidative
stability of edible oil.

Results presented in show the effect of free sinigrin
(at the concentration of 0.2%) on the prolongation of the oxi-
dative stability of olive oil (the percentage of the prolonga-
tion was 23.5%). This effect was higher with sinigrin loaded
in liposomes (the percentage of the prolongation of the oxida-
tive stability was 38.68%, at the concentration of 0.2%). Weil
et al. [2004] reported that sinigrin inhibited lipid peroxidation

The quantification of sinigrin was performed by HPLC-UV. Results are
expressed as mean =+ standard deviation (n=3).

TABLE 4. Induction time of oxidation of olive oil with the addition
of sinigrin, singrin loaded in liposomes and pure liposomes in Rancimat
test. The quantity of olive oil was 2.5 g. Concentrations of samples (sini-
grin, sinigrin-liposomes complex, and pure liposomes in olive oil) were
0.2 and 0.1% (w/w).

Induction time (h)

Sample

0.2% 0.1%
Sinigrin 8.10x0.11 7.60+0.28
Sinigrin-liposomes 10.11%0.55 9.24+0.40
Liposomes 3.22+0.48 415+ 0.31

The induction time of pure olive oil oxidation (control) was 6.20=0.31 h.
All measurements were made in triplicate and results are reported as
mean = standard divisoin.

by 71% in vitro. The effectiveness of liposome systems in pro-
longing the induction period was reported by Gortzi et al.
[2008]. The low oxidative stability of pure liposomes (without
bioactive compound) ( ) can be explained by the lipo-
philic components present in lipid bilayers, which stabilized
the liposome membranes but also underwent to oxidation
firstly due to the presence of double bonds prone to oxidative
degradation [Huang et al., 2019]. It is already known that en-
capsulated antioxidants (for instance, essential oils and poly-
phenols) protect lipid bilayers from oxidation to some extent
[Balanc et al., 2016; Detoni et al., 2012]. In our case, encap-
sulated sinigrin in liposomes partially stabilized the liposomal
membrane, protecting itself from degradation, so it could pre-
vent lipid peroxidation of olive oil.

The application of the sinigrin-loaded liposomes as a pro-
tective agent against lipid peroxidation might be of great inter-
est in lipid-based food systems.

CONCLUSION

The present study demonstrated the high stability of sini-
grin after simulated digestion with human gastric and duo-
denal medium, and the influence of a slightly basic medium
on the stability of sinigrin. The use of liposomes enabled
the protection of sinigrin under the conditions of the simulat-
ed digestive process (stomach and duodenum) and prolonged
its release in the gastric and duodenal medium. Moreover,
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the liposomal form enhanced the effect of sinigrin on pro-
longing the induction time of edible oil compared to the free
form of sinigrin. The innovative potential of the sinigrin-load-
ed liposomes in real functional food systems or their use as
dietary supplements deserves further investigation.

RESEARCH FUNDING

The research was funded by the Croatian Science Foun-
dation within the project “Plants as a source of bioactive sul-
phur compounds and their ability to hyperracumulate met-
als” (IP-06-2016-1316).

CONFLICT OF INTEREST
The authors declare no conflict of interest.
COMPLICANCE WITH ETHICAL STANDARDS

This article contains a study with human digestive juices.
The approval for the collection of digestive juices was ob-
tained from the Ethics Committee of the University Hospital
Centre Split.

ORCID IDs

T. Bilusi¢

I. Blazevi¢
A. Bratanic¢
B. Bugarski
I. Drvenica

REFERENCES

1. Aarak, K.E., Kirkhus, B., Holm, H., Vogt, G., Jacobsen, M.,
Vegarud, G.E. (2013). Release of EPA and DHA from salmon
oil — a comparison of in vitro digestion with human and porcine
gastrointestinal enzymes. British Journal of Nutrition, 110(8),
1402-1410.

2. Akgiin, D., Gultekin-Ozguven, M., Yiicetepe, A., Altin, G., Gibis,
M., Weiss, J., Ozgelik, B. (2020). Stirred-type yoghurt incorpo-
rated with sour cherry extract in chitosan-coated liposomes. Food
Hydrocolloids, 101, art. no. 105532.

3. Almaas, H., Cases, A.L., Devold, T.G., Holm, H., Langsrud, T,
Aabakken, L., Aadnoey, T, Vegarud, G.E. (2006). In vitro diges-
tion of bovine and caprine milk by human gastric and duodenal
enzymes. International Dairy Journal, 16(9), 961-968.

4. Balan¢, B., Trifkovi¢, K., Dordevi¢, V., Markovi¢, S., Pjanovic,
R., Nedovi¢, V., Bugarski, B. (2016). Novel resveratrol delivery
systems based on alginate-sucrose and alginate-chitosan micro-
beads containing liposomes. Food Hydrocolloids, 61, 832-842.

5. Blazevi¢, I, Pulovié, A., Maravi¢, A., Cikes Culi¢, V., Mon-
taut, S., Rollin, P. (2019). Antimicrobial and cytotoxic activities
of Lepidium latifolium L. hydrodistillate, extract and its major

sulfur volatile allyl isothiocyanate. Chemistry & Biodiversity,
16(4), art. no. e1800661.

. Blazevi¢, 1., Montaut, S., Burcul, E, Olsen, C.E., Burow, M.,

Rollin, P, Agerbirk, N. (2020). Glucosinolate structural diversity,
identification, chemical synthesis and metabolism in plants. Phy-
tochemistry, 169, art. no. 112100.

. Chen, Y., Wu, Q., Zhang, Z., Yuan, L., Liu, X., Zhou, L. (2012).

Preparation of curcumin-loaded liposomes and evaluation
of their skin permeation and pharmacodynamics. Molecules,
17(5), 5972-5987.

. Cheng, D.L., Hasimoto, K., Uda, Y. (2004). In vitro digestion

of sinigrin and glucotropaeolin by single strains of Bifidobacte-
rium and identification of the digestive products. Food Chemistry
and Toxicology, 42(3), 351-3577.

. Corrales, M., Fernandez, A., Han, J.H. (2014). Antimicrobial

packaging systems. Chapter 7, in J.H. Han (Ed.), Innovation
in Food Packaging, Elsevier, pp. 133-170.

. Detoni, C.B., de Oliveira, D.M., Santo, L.E., Pedro, A.S., El-Ba-

cha, R, da Silva Velozo, E., Ferreira, D., Sarmento, B., de Mag-
alhaes Cabral-Albuquerque, E.C. (2012). Evaluation of ther-
mal-oxidative stability and antiglioma activity of zanthoxylum
tingoassuiba essential oil entrapped into multi- and unilamellar
liposomes. Journal of Liposome Research, 22(1), 1-7.

. Pordevi¢, V., Balan¢, B., Belscak-Cvitanovi¢, A., Levic, S.,

Trifkovi¢, K., Kalusevi¢, A., Kosti¢, 1., Komes, D., Bugarski, B.,
Nedovi¢, V. (2015). Trends in encapsulation technologies for de-
livery of food bioactive compounds. Food Engineering Review, 7,
452-490.

. Emami, S., Azadmard-Damirchi, S., Peighambardoust, S.H.,

Valizadeh, H., Hesari, J. (2016). Liposomes as carrier vehicles
for functional compounds in food sector. Journal of Experimental
Nanoscience, 11(9), 737-759.

. Ettlinger, M.G., Lundeen, A.J. (1956). The mustard oil of Lim-

nanthes douglasii seed, m-methoxybenzyl isothiocyanate. Journal
of American Chemical Society, 78(9), 1952-1954.

. Furlund, C.B., Ulleberg, E.K., Devold, T.G., Flengsrud, R., Ja-

cobson, M., Sekse, C., Holm, H., Vegarud, G.E. (2013). Identifi-
cation of lactoferrin peptides generated by digestion with human
gastrointestinal enzymes. Journal of Dairy Sciences, 96(1), 75-88.

. Gaede, H.C., Gawrisch, K. (2003). Lateral diffusion rates of lip-

id, water, and a hydrophobic drug in a multilamellar liposome.
Biophysical Journal, 85(3), 1734-1740.

. Girgin, N., Nehir El, S. (2015). Effects of cooking on in vitro

sinigrin bioaccessibility, total phenols, antioxidant and anti-
mutagenic activity of cauliflower. Journal of Food Composition
and Analysis, 37, 119-1277.


https://orcid.org/0000-0001-8834-9562
https://orcid.org/0000-0002-0715-3216
https://orcid.org/0000-0002-3261-183X
https://orcid.org/0000-0002-1846-8555
https://orcid.org/0000-0003-4985-1642
https://doi.org/10.1017/S0007114513000664
https://doi.org/10.1016/j.foodhyd.2019.105532
https://doi.org/10.1016/j.idairyj.2005.10.029
https://doi.org/10.1002/cbdv.201800661
https://doi.org/10.1016/j.phytochem.2019.112100
https://doi.org/10.3390/molecules17055972
https://doi.org/10.1016/j.fct.2003.09.008
https://doi.org/10.1016/B978-0-12-394601-0.00007-2
https://doi.org/10.3109/08982104.2011.573793
https://doi.org/10.1007/s12393-014-9106-7
https://doi.org/10.1080/17458080.2016.1148273
https://doi.org/10.3168/jds.2012-5946
https://doi.org/10.1016/S0006-3495(03)74603-7
https://doi.org/10.1016/j.jfca.2014.04.013

448

Pol. J. Food Nutr. Sci., 2021, 71(4), 441-449

17.

18.

19.

20.

2

22.

23.

24.

25.

26.

27.

28.

Gortzi, O., Lalas, S., Tsaknis, J., Chinou, I. (2007). Enhanced
bioactivity of Citrus limon (Lemon Greek cultivar) extracts, es-
sential oil and isolated compounds before and after encapsula-
tion in liposomes. Planta Medica, 73, 184.

Gortzi, O., Lalas, S., Chinou, I., Tsaknis, J. (2008). Reevaluation
of bioactivity and antioxidant activity of Myrtus communis extract
before and after encapsulation in liposomes. European Food Re-
search and Technology, 226, 583-590.

Huang, M., Liang, C., Tan, C, Huang, S., Ying, R., Wang, Y.,
Zhang, Y. (2019). Liposome co-encapsulation as a strategy for
the delivery of curcumin and resveratrol. Food & Function, 10,
6447-6458.

Hwang, E.S., Bornhorst, G.M., Oteiza, PI., Mitchell, A.E.
(2019). Assessing the fate and bioavailability of glucosinolates
in kale (Brassica oleracea) using simulated human digestion
and Caco-2 cell uptake models. Journal of Agricultural and Food
Chemistry, 67(34), 9492-9500.

. Isailovi¢, B.D., Kosti¢, I.T., Zvonar, A., Dordevi¢, V.B., GaSperlin,

M., Nedovi¢, VA., Bugarski, B.M. (2013). Resveratrol loaded lip-
somes produced by different techniques. Innovative Food Science
and Emerging Technologies, 19, 181-189.

ISO 6886:1996. Animal and vegetable fats and oil — Determina-
tion of oxidation stability (Accelerated oxidation test).

Jie, M., Cheung, WM., Yu, V., Zhou, Y., Tong, PH., Ho, J.W.S.
(2014). Anti-proliferative activities of sinigrin on carcinogen-
-induced hepatotoxicity in rats. PLoS ONE, 9(10), art. no. e110145.

Kuljarachanan, T., Fu, N., Chiewchan, N., Devahastin, S., Chen,
X.D. (2020). Evolution of important glucosinolates in three com-
mon Brassica vegetables during their processing into vegetable
powder and in vitro gastric digestion. Food & Function, 11(1),
211-220.

Li, Z., Paulson, A.T,, Gil, TA. (2015). Encapsulation of bioac-
tive salmon protein hydrolysates with chitosan-coated lipsomes.
Journal of Functional Foods, 19, Part A, 733-743.

Lin, L., Zhu, Y., Thangaraj, B., Abdel-Samie, M.A.S., Cui, H.
(2018). Improving the stability of thyme essential oil solid lipo-
some by using B-cyclodextrin as a cryoprotectant. Carbohydrate
Polymers, 188, 243-251.

Liovi¢, N., Boskovi¢, P, Drvenica, 1., Rezek Jambrak, A., Dropuli¢,
AM., Kresi¢, G., Nedovi¢, V., Zori¢, Z., Pedisi¢, S., Bilusi¢, T.
(2019). Phenolic extracts from Vaccinium corymbosum L. loaded
in microemulsions and liposomes as enhancers of olive oil oxida-
tive stability. Polish Journal of Food Nutrition and Sciences, 69(1),
23-33.

Liu, W, Ye, Y., Han, E, Han, J. (2019). Advances and chal-
lenges in liposome digestion: Surface interaction, biological fate,
and GIT modeling. Advances in Colloid and Interface Science,
263, 52-67.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

Liu, W,, Hou, Y., Jin, Y., Wang, Y., Xu, X., Han, J. (2020). Re-
search progress on liposomes: Application in food, digestion
behavior and absorption mechanism. Tiends in Food Science &
Technology, 104, 177-189.

Malheiros, P.S., Daroit, D.J., Brandelli, A. (2010). Food appli-
cations of liposome encapsulated antimicrobial peptides. Trends
in Food Science & Technology, 21(6), 284-292.

Maruthupandy, M., Seo, J. (2019). Allyl isothiocyanate encap-
sulated halloysite covered with polyacrylate as a potential an-
tibacterial agent against food spoilage bacteria. Materials Sci-
ence and Enginerring: C, Material for Biological Application, 105,
art. no. 110016.

Mateos, H., Valentini, A., Robles, E., Brooker, A., Cioffi, N.,
Palazzo, G. (2019). Measurement of the zeta-potential of solid
surfaces through Laser Doppler Electrophoresis of colloid tracer
in a dip-cell: survey of the effect of ionic strength, pH, tracer
chemical nature and size. Colloids and Surfaces A: Physicochemi-
cal and Engineering Aspects, 576, 82-90.

Mazumder, A., Dwivedi, A., Fox, L.T., Briimer, A., du Preez, J.,
Gerber, M., du Plessis, J. (2016). In vitro skin permeation of sini-
grin from its phytosome complex. Journal of Pharmacy and Phar-
macology, 68(12), 1577-1583.

Melrose, J. (2019). The glucosinolates: A sulphur glucoside family
of mustard anti-tumor and antimicrobial phytochemicals of po-
tential therapeutic application. Biomedicines, 7(3), art. no. 62.

Mithen, R., Bennet, R., Marquez, J. (2010). Glucosinolate bio-
chemical diversity and innovation in the Brassicales. Phytochem-
istry, 71(17-18), 2074-2086.

Mitsiogianni, M., Koutsidis, G., Mavroudis, N., Trafalis, D.T.,
Botaitis, S., Franco, R., Zoumpourlis, V., Amery, T, Galanis, A.,
Pappa, A., Panayiotidis, M.1. (2019). The role of isothiocyanates
as cancer chemo-preventive, chemo-therapeutic and anti-mela-
noma agents. Antioxidants, 8(4), art. no. 106.

Moghimipour, E., Aghel, N., Mahmoudabadi, A.Z., Ramezani, Z.,
Handali, S. (2012), Preparation and characterization of liposomes
containing essential oil of Eucalyptus camaldulensis leaf. Junidsha-
pur Journal of Natural Pharmaceutical Products, 7(3), 117-122.

Park, S.Y., Barton, M., Pendleton, P. (2012). Controlled release
of allyl isothiocyanate for bacteria growth management. Food
Control, 23(2), 478-484.

Pinilla, C.M.B., Norena, C.P.Z., Brandelli, A. (2017). Develop-
ment and characterization of phosphatidylcholine nanovesicles,
containing garlic extract, with antilisterial activity in milk. Food
Chemistry, 220, 470-76.

Pothakamury, U.R., Barbosa-C‘anovas, G.V. (1995). Fundamen-
tal aspects of controlled release in foods. 7iends in Food Science
& Technology, 6(12), 397-406.


https://doi.org/10.1055/s-2007-986965
https://doi.org/10.1007/s00217-007-0592-1
https://doi.org/10.1039/C9FO01338E
https://doi.org/10.1021/acs.jafc.9b03329
https://doi.org/10.1016/j.ifset.2013.03.006
https://doi.org/10.1371/journal.pone.0110145
https://doi.org/10.1039/C9FO00811J
https://doi.org/10.1016/j.jff.2015.09.058
https://doi.org/10.1016/j.carbpol.2018.02.010
https://doi.org/10.31883/pjfns-2019-0003
https://doi.org/10.1016/j.cis.2018.11.007
https://doi.org/10.1016/j.tifs.2020.08.012
https://doi.org/10.1016/j.tifs.2010.03.003
https://doi.org/10.1016/j.colsurfa.2019.05.006
https://doi.org/10.1111/jphp.12594
https://doi.org/10.3390/biomedicines7030062
https://doi.org/10.1016/j.phytochem.2010.09.017
https://doi.org/10.3390/antiox8040106
https://doi.org/10.17795/jjnpp-5261
https://doi.org/10.1016/j.foodcont.2011.08.017
https://doi.org/10.1016/j.foodchem.2016.10.027
https://doi.org/10.1016/S0924-2244(00)89218-3

1. Drvenica et al.

449

41.

42.

43.

44,

45.

46.

47.

Pulliero, A., Wu, Y., Fenoglio, D., Parodi, A., Romani, M.,
Soares, C.P, Filaci, G., Lee, J.L., Sinkam, PN., [zzotti, A. (2015).
Nanoparticles increase the efficacy of cancer chemopreventive
agents in cells exposed to cigarette smoke condensate. Carcino-
genesis, 36(3), 368-377.

Radiinz, M., Dos Santos Hackbart, H.C., Pontes Bona, N., Stark
Pedra, N., Hoffman, J.E, Moro Stefanello, F, Da Rosa Zavareze,
E. (2020). Glucosinolates and phenolic compounds rich broccoli
extract: Encapsulation by electrospraying and antitumor activity
against glial tumor cells. Colloids and Surfaces B: Biointerfaces,
192, art. no. 111020.

Rashidinejad, A., Birch, E.J., Sun-Waterhouse, D., Everett, D.W.
(2014). Delivery of green tea catechin and epigallocatechin gal-
late in liposomes incorporated into low-fat hard cheese. Food
Chemistry, 156, 176-183.

Romeo, L., Tori, R., Rollin, P, Bramanti, P., Mazzon, E. (2018).
Isothiocyanates: An overview of their antimicrobial activity
against human infections. Molecules, 23(3), art. no. 624.

Savaghebi, D., Barzegar, M., Mozafari, M.R. (2020). Manufac-
turing of nanoliposomal extract from Sargassum boveanum algae
and investigating its release behavior and antioxidant activity.
Food Science & Nutrition, 8(1), 299-310.

Sun, M., Dang, U.J., Di Pasqua, A.J. (2019). Phenethyl isothio-
cyanate and cisplatin co-encapsulated in a liposomal nanopar-
ticle for treatment of non-small cell lung cancer. Molecules, 24(4),
art. no. 801.

Takahashi, M., Uechi, S., Takara, K., Asikin, Y., Wada, K. (2009).
Evaluation of an oral carrier system in rats: bioavailability
and antioxidant properties of liposome-encapsulated curcumin.
Journal of Agricultural and Food Chemistry, 57(19), 9141-9146.

48.

49.

50.

51

52.

53.

54.

55.

Tsao, R., Yu, Q., Friesen, 1., Potter, J., Chiba, M. (2000). Factors
affecting the dissolution and degradation of oriental mustard-
-derived sinigrin and allyl isothiocyanate in aqueous media.
Journal of Agricultural Food Chemistry, 48(5), 1898-1902.

Waser, L.R., Watson, W.H. (1963). Crystal structure of sinigrin.
Nature, 198, 1297-1298.

Wechtersbach, L., Poklar Ulrih, N., Cigic, B. (2012). Liposomal
stabilization of ascorbic acid in model systems and in food ma-
trices. LWT — Food Science and Technology, 45(1), 43-49.

Weil, M.J., Zhang, Y., Nair, M.G. (2004). Colon cancer prolif-
erating desulfosinigrin in wasabi (Wasabia japonica). Nutrition
and Cancer, 48(2), 207-213.

Wu, X., Zhou, Q., Xu, K. (2009). Are isothiocyanates potential
anti-cancer drugs? Acta Pharmacologica Sinica, 30, 501-512.

Zori¢, Z., Markic, J., Pedisi¢, S., Bucevi¢-Popovi¢, V., Generali¢-
-Mekini¢, ., Grebenar, K., Bilusi¢, T. (2016). Stability of rosma-
rinic acid in aqueous extracts from different Lamiaceae species
after in vitro digestion with human gastrointestinal enzymes.
Food Technology and Biotechnology, 54(1), 97-102.

Yang, S., Liu, W,, Liu, C., Liu, W., Tong, G., Zheng, H., Zhou, W.
(2012). Characterization and bioavailability of vitamin C nano-
liposomes prepared by film evaporation-dynamic high pressure
microfluidization. Journal of Dispersion Science and Technology,
33(11), 1608-1614.

Yuan, Y.G,, Zhang, S., Hwang, J.Y., Kong, [.LK. (2018). Nanopar-
ticles potentiates cytotoxicity and apoptotic potential of campto-
thecin in human cervical cancer cells. Oxidative Medicine and Cel-
lular Longevity, 2018, art. no. 6121328.


https://doi.org/10.1093/carcin/bgv008
https://doi.org/10.1016/j.colsurfb.2020.111020
https://doi.org/10.1016/j.foodchem.2014.01.115
https://doi.org/10.3390/molecules23030624
https://doi.org/10.1002/fsn3.1306
https://doi.org/10.3390/molecules24040801
https://doi.org/10.1021/jf9013923
https://doi.org/10.1021/jf9906578
https://doi.org/10.1038/1981297b0
https://doi.org/10.1016/j.lwt.2011.07.025
https://doi.org/10.1207/s15327914nc4802_11
https://doi.org/10.1038/aps.2009.50
https://doi.org/10.17113/ftb.54.01.16.4033
https://doi.org/10.1080/01932691.2011.629511
https://doi.org/10.1155/2018/6121328

