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Abstract

The present considers the encapsulation of Sesamum indicum L. seeds oil obtained by
means of the supercritical CO, extraction technique in new polymethyl methacrylate
based nanoparticles and investigates the in vitro antioxidant and enzymatic inhibition
effects. The activity of the formulation to inhibit carbohydrate hydrolyzing enzymes (i.e.
a-amylase and o-glucosidase), cholinesterase (i.e. acetylcholinesterase and
butyrylcholinesterase) and urease involved in the management of diabetes, Alzheimer
and ulcer, respectively, was investigated. Round nanoparticles with a mean size of 259 +
4 nm, a zeta-potential ({) of +78 + 4 mV, and an efficiency of encapsulation of 99 + 1%
were obtained. A high antidiabetic effect with 1C50 around 77.72 and 53.6 pg- mL™
towards a-amylase and o-glucosidase, respectively) and moderate antiurease and anti-
Alzheimer activities with 1C50 equal to 130.74, 62.21 and 77.73 ug.mL™ towards
acetylcholinesterase, butyrylcholinesterase and urease, respectively, were observed. This
study contributes to the development of an effective approach to enhance sesame seeds

oil stability and efficiency, provided drug carriers for hydrophobic oil drugs.
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1. Introduction

Since time immemorial, plant based remedies have been the backbone of traditional
medicine for the betterment of people worldwide. Plants constitute an inexhaustible
potential that can be exploited in the identification, development, synthesis, etc. new
substances intended for the production of effective drugs or reliable drug leads against a
large number of types of diseases [1, 2]. Basing on information from the World Health
Organization (WHO), traditional medicine is used by 70 to 95% of the contemporary
world population for primary health purposes [3]. This renewed interest is essentially
based on the strength of innovation in the pharmaceutical industry field to meet the needs
of an ever more demanding market in terms of cost, accessibility and efficiency. Indeed,
traditional medicine can be easily afforded, is closer to the patient's ideology and more
accessible to the public comparatively to drugs of synthetic origin [4]. Despite the
increase of the popularity of the natural products, the biodiversity of the world has been
considered for essential biological activities in just a proportion of less than 10% [5], the
remaining part still to be discovered and identified.

Sesamum indicum L., currently known as sesame is from the family of Pedaliaceae. It is

greatly used for various medicinal, nutritional and industrial applications [6-8]. Sesame
seeds have been shown to be effective as antioxidant [9,10], antimicrobial [10],
hypolipidemic [11], hepatorenal protective [12], antidiabetic [13], anti-inflammatory [14]
and analgesic [15]. It has been recently reported that sesame seeds exhibit a potential to
protect from COVID-19 disease [16]. Sesame seeds contains 47 to 55% of oil and is
considered to be one of the main oilseed crops worldwide [17]. Sesame oil is generally

involved in the preparation of food, cosmetics, and pharmaceuticals formulations [18].
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However its possible oxidation in environmental stresses induced by the presence of
oxygen, trace metal, light and humidity due to a chemical structure characterized by an
unsaturated bond [19]. Rustan and Drevon reported that polyunsaturated fatty acids are
chemically unstable and are may be affected by loss of volatile compounds, oxidation,
polymerization and isomerization upon exposure to several factors such as moisture,
light, heat, oxygen and metallic ions [20]. As reported by Omar et al., the oxidative
stability of sesame oil after a storage of two months might be affected by the antioxidant
activity of punicalagin so that an addition of this phenolic compound to sesame oil
significantly inhibited the formation of thiobarbituric acid reactive substances and
decreased P-ansidine value and total oxidation index as compared to sesame oil alone
[19]. The oxidative deterioration of the polyunsaturated fatty acids affects negatively on
oils nutritional quality and shelf life and in many cases, can form toxic compounds [21].
Attention is now progressively paid to improve the vegetable oils stability [22,23].
Nanoencapsulation strategy arises as an effective and feasible solution to prevent the
deterioration of polyunsaturated fatty acids during industrial processing, since it avoids
the direct contact with the common environmental stressing factors. The incorporation of
vegetable oils in polymeric nanoparticles (NP) can be a promising approach to enhance
their properties like water solubility, stability, bioavailability and biological activity
[24,25]. Several research works have been recently concerned by the encapsulation of
plant oils in polymeric NP [26-30]. In a previous study, a nanosystem made from a new
Poly (ethyl acrylate-co-methyl methacrylate-co-trimethylammoniethyl methacrylate
chloride) (PMMA) (Eudragit® RS100) had been designed as a carrier for vegetable oils

[29]. To the best of our knowledge this study is the first one to consider the encapsulation



of sesame seeds oil in PMMA nanoparticles, assessing the antioxidant, anti-Alzheimer,
antidiabetic and anti-urease potentials. A priori, supercritical CO, extraction process, an
innovative and ecofriendly technique, was used as an alternative to organic solvent
extraction to extract sesame oil. The analyses of the extracted oil were performed by
means of gas chromatography with a flame ionization detector (GC—FID). The
encapsulation of oil in PMMA-NP was followed by its characterization by dynamic light
scattering, scanning and transmission electron microscopy, Fourier transform infrared
spectroscopy (FTIR) and stability study. Finally, the investigation of in vitro antioxidant
and enzyme inhibition activities for sesame oil in both free and encapsulated forms was
performed and compared to that of standard drugs.

2. Material and methods

2.1. The Sesame plant material

The seeds of Sesamum indicum L. used were purchased from an herbs store (Setif,
Algeria). After washing the seeds were ground by means of a grinder (Sunbeam Osterizer
blender, Boca Raton, USA). In order to obtain particles with a diameter around 0.3 mm,
the seeds were sieved and the resulting powder was kept in glass bottles under a vacuum
desiccator ready for extraction experiments.

2.2. Chemical reagents

Carbon dioxide of 99.5% purity was supplied by SIDAL SPA Air liquid (Algeria) and
Eudragit?® RS100 was purchased from EVONIK (EVONIK, Germany). Acarbose,
galantamine, thiourea, butylhydroxyanisole (BHA), 4-nitrophenyla-D-glucopyranoside,
starch powder, 5,5'-dithiobis(2-nitrobenzoic) acid, acetylthiocholine iodide, S-

butyrylthiocholine iodide, DPPH (1,1-diphenyl-2-picrylhydrazyl), ABTS (2,2' -azino-bis



(3-ethylbenzothiazoline-6-sulfonic acid), potassium ferricyanide, trichloroacetic acid,
iron (1) chloride, phenanthroline and urea were all supplied by Sigma Chemical Co.
(Germany).

For enzymatic studies, electric eel acetylcholinesterase (Type-VI-S, EC 3.1.1.7, 827,84
U/mg), horse serum butyrlcholinesterase (EC 3.1.1.8, 7,8 U/mQ), Aspergillus oryzaewere
a-amylase, Saccharomyces cerevisiae a-glucosidase (Type I, >10 units/mg protein) and
Jack bean urease were all obtained from Sigma Chemical Co. (Sigma-Aldrich GmbH,
Stern-heim, Germany). Potassium iodide was purchased from Biochem Chemopharma
and all other reagents and chemicals were of analytic grade. Milli-Q system was used to
provide deionized water for all experiments.

2.3. Supercritical CO; extraction of sesame oil

A total mass of 100g of sesame powder was fed to a dynamic pilot-plant (Separex 4343,
type SF2, Champigneulles, France), to undergo a supercritical fluid extraction using
99.99% pure supercritical carbon dioxide as the carrier solvent. The operating parameters
of extraction and separation temperature, pressure, extraction time and CO; flow rate
were set at 40 and 30°C, 250bar, 180 min and 50g.min™, respectively. The oil was
collected and kept at 4°C ready for analysis (Figure in Supporting Information).

2.4. Gas chromatography analysis of fatty acids

The analysis of sesame oil was investigated using an Agilent 6890 N apparatus equipped
with a flame ionization detector (FID) and a split/splitless injector. Helium was the
carrier gas with a flow rate of 1.3 mL.min™. The first injection was conducted on an
INNOWAX column (60 m x 0.32 mm, 0.50-um film thickness) according to the

following temperature program: 2min at 60°C, an increase up to 245°C at a rate of



2°C/min and then constant for 30 min. An HP-1 (Agilent) column (50 m x 0.32 mm,
0.50-um film thickness) was used for a second injection with an initial temperature of
80°C for 8 min, a first increase up to 220°C at 2°C/min and then a second one up to 310°C
at 10°C /min and finally constant isothermally at 310°C for 20 min. The temperatures of
the injector and the detector were maintained in both cases at 250°C. Before GC analysis,
the derivatization of fatty acids to fatty acid methyl esters was performed by boron
trifluoride (BFs)/methanol (10% BF3), followed by the injection of 1ul of the solution in

split mode (1/60) into the chromatograph column.

2.5. Preparation of PMMA loaded nanoparticles

The preparation of PMMA-NP was performed using a protocol that was already reported
[29] using the nanoprecipitation technique [31]. Through this, 220mg of PMMA was
dissolved in 12.5mL of acetone; then mixed with different amounts of sesame seeds oil
(15, 30, 60, 120, 240 and 300 mg). After that, the resulting organic phase was added to
the aqueous phase consisting of 25 mL water, under magnetic stirring (500 rpm) and
ambient temperature (Figure in Supporting Information). A total evaporation of
acetone was carried out subsequently using Buchi Rotavapor R-124" (10°C, 25rpm). For
blank nanoparticles, the same protocol was repeated without adding vegetable oil.

2.6. PMMA loaded NP Characterization

2.6.1. Size and zeta potential

The determination of the particle size diameter was performed by the dynamic light
scattering (DLS) technique, using the determined mean size (Z-average size) at 25°C by
means of a Malvern Zetasizer Nano ZS 200 (Malvern Instruments, UK). The dilution of

the colloidal dispersions in 1 mL of distilled water was performed before each size



measurement. For zeta ({) potential, DLS measurement was carried out in a clear
disposable zeta cell with the same instrument after dispersion in 1mM NacCl solution and
at pH around 6.5. All the measurements were triplicated and values were expressed as
means =+ standard deviations (SD).

2.6.2. Efficiency of encapsulation and oil loading

For the determination of the encapsulation efficiency (EE%) and the oil loading (mg.mg’
'of polymer), a separation of the encapsulated sesame oil into the nanoparticles within the
colloidal dispersion, was necessary. Thus, a centrifugation for 30 min and at 15000 rpm
of the provided dispersion Then, the dissolution of the precipitated nanoparticles in
chloroform, was followed by filtration and analysis by ultraviolet spectrophotometer UV -
1800 (Shimadzu, Japan) at A = 274.8 nm. The analytical method has been validated in
terms of linearity, precision and repeatability. The standard curve equation was found to
be Y = 0.2466X - 0.0046 with good regression coefficient (R*= 0.9992). The oil
recoveries at different concentrations (1, 2 and 4mg/ml) were more than 99%, whereas
the relative standard deviations (RSD) for the interday and intraday precisions were
below 10.0%. The limit of detection (LOD) and quantification (LOQ) values were found
to be as 0.13 and 0.46 mg/mL, respectively (Supporting Information).

The determination of EE% and oil loading was by means of the following equations:

Encapsulation efficiency (EE %) — Amount of encapsulated sesame oil 100 (1)

Total amount of sesame oil

Encapsulated sesame oil amount (2)

0il loading (mg.mg™") =

Total Polymer amount

2.6.3. Scanning electron microscopy
The evaluation of the nanoparticles morphology was performed by scanning electron

microscopy (SEM) using a FEI Quanta 250 FEG microscope, operating at 15 kV. A



spreading of five microliters of diluted aqueous suspension of NP on a flat steel holder
was followed by drying at room temperature. The grids were analyzed after a coating
under vacuum by cathodic sputtering with copper.

2.6.4. Transmission electron microscopy

The transmission electron microscopy (TEM) was used to observe the morphology of the
obtained NP using Philips CM200 EFG microscope. The procedure consisted in
spreading one drop of colloidal dispersion onto a microscope grid with a copper support
covered with carbon, followed by drying at room temperature for TEM analysis under

120 kV acceleration voltage.

2.6.5. Fourier transform infrared spectroscopy

The determination of the encapsulation and the distribution of sesame oil in PMM-NP,
was carried out by means of Fourier transform infrared spectroscopy (FTIR) analysis
using a FTIR spectrometer (Thermo Scientific Technologies FTIR spectrometer with IR
MONIC Solution software). The infrared spectra of sesame oil, PMMA, and sesame oil
loaded-NP were recorded between 400 and 4000 cm ™' and plotted as transmittance versus
wave number.

2.7. The study of the stability of PMMA- NP loaded with sesame oil

Sesame oil loaded-NP were stored for one month at different temperatures of 4, 25 and
40°C and characterized for particle size, zeta potential and EE% after each 10 days. The
results were given as mean + SD.

2.8. Antioxidant activity



The evaluation of the antioxidant activity was performed in vitro using four tests: DPPH,
FRAP ABTS and phenanthroline. The results were compared to that of a positive control
(BHA).

2.8.1. DPPH radical scavenging activity assay

The determination of the free radical scavenging activity of DPPH was performed
according to the slightly adjusted method previously reported by Blois (1958) and
consisted in mixing 40 pL of different concentration sample solutions with a volume of
160 pL of the DPPH solution, followed by an incubation in the dark for 30 min and at
ambient temperature. The absorbance reading of the solution was at 517 nm. The
calculation of the activity of the DPPH free radical scavenging performed according to

the following equation:

DPPH Inhibition% = W x 100 3)
The IC50 “the concentration of the tested sample required to scavenge 50% of free
radicals” of all the samples were calculated.

2.8.2. ABTS radical scavenging activity assay

The assessment of the scavenging activity of ABTS™ (2,2’ -azino-bis (3-
ethylbenzothiazoline-6-sulfonic acid)) followed the slightly modified method described
by Re et al. [33]. It consisted in adding 40 uL of the sample solution at different
concentrations to 160 pL of ABTS™ solution, followed by an incubation during 5 min at

ambient temperature. The absorbance reading was at 734 nm and the ABTS™" free radical

scavenging activity was determined as follow:

ABTS Inhibition% = “blank=4sample o 400 (4)

Ablank

2.8.3. Ferric reducing antioxidant power assay



The evaluation of the Ferric ion reducing antioxidant power (FRAP) was performed
according to the modified method of Oyaizu [34]. Volume samples of 10 pL at different
concentrations were mixed with 50 pL of potassium ferricyanide (1%) and 40 pL of
phosphate buffer (pH 6.6). After an incubation time of 20 min at 50°C, the addition of
50uL of trichloroacetic acid (10%) halted the reaction. The absorbance reading was at
700nm after addition of 10 pL of iron (III) chloride (0.1%) and 40 pL of distilled water.
The antioxidant activity was evaluated as A0.5 (ug. mL™), hence the concentration
corresponding to 0.50 absorbance.

2.8.4. Phenanthroline assay

Phenanthroline assay was performed as described previously [35] by mixing 10 pL of the
sample at different concentrations, 50 pL iron (III) chloride, 30 pL phenanthroline and
110 pL of methanol. The incubation took place in dark for 20 min and at 30°C and the
absorbance reading was at 510 nm.

2.9. Enzyme inhibitory activities

All the measurements were carried out on sesame oil loaded-NP, un-encapsulated sesame
oil and un-loaded-NP basing on quantitative colorimetric assays at a National local
Research Center in Biotechnology (CRBT, Constantine, Algeria) using a PerkinElmer
Multimode Plate Reader EnSpire. The calculation of the IC50 (the concentration at which
50% of the enzyme is inhibited) was performed by using the plot of the percentage of
inhibition versus the concentration of the sample. The percentage of enzyme inhibition

was calculated as follow:

% Inhibition = 2c—4s

x 100 (%)

c

Where A. is the absorbance of the control and A is the absorbance of the test sample.



2.9.1. The inhibition activity of alpha amylase

The evaluation of the inhibitory activity of alpha amylase was carried out according to
the iodine/potassium iodide protocol due to Caraway-Somogyi [36]. In 96-well
microplate, 25 uL of sample solutions of different concentrations were incubated for 10
min and at 37°C using 50 uL of a-amylase solution. Then, the reaction was initiated
following the addition of 50 uL of a solution of starch (0.1%). Besides, a preparation of a
blank was carried out by the addition of sample solution to all reaction reagents without
the solution of a-amylase. After incubation, 25 pL of HCI (1 M) were added to stop the
reaction. Finally, the absorbances of sample and blank were read at 630 nm after addition
of 100 uL of solutions of iodine-potassium iodide to all the wells. The used positive
control was Acarbose.

2.9.2. Alpha glycosidase inhibition activity

The investigation of the inhibitory activity of alpha glucosidase was performed according
to a previous slightly modified method [37]. Sample solution volumes of 50 pL at
different concentrations were added to an a-glucosidase solution volume of 100 pL (0.1
U.mL™") to be incubated during 15 min at 37 °C. This was followed by the addition of
50 uL of p-nitrophenyl o-D glucopyranoside solution and the incubation of the
microplate for 5 min at 37 °C. Acarbose was used as standard and the absorbance reading
was at 405 nm.

2.9.3. Cholinesterase inhibition

The determination of Acetyl and butyryl cholinesterase inhibitory activities was
performed following the method described in the literature by Rhee et al. [38], basing on

Ellman’s method [39]. In a 96-well microplate, a volume of 10 uL of a sample solution



was mixed and incubated with 20 uL of acetylcholinesterase (5.32x10-3 U) or
butyrylcholinesterase (6.85x10—3 U) solution and a sodium phosphate buffer (pH 8.0)
volume of 150 uL, for 15 min at 25 °C. This was followed by the addition of 10 uL of
DTNB solution (0.5Mm) along with 10 pL of butyrylthiocholine or acetylthiocholine
iodides. The absorbance was read at 412 nm and compared to that of the positive control
which was galantamine hydrobromide.

2.9.4. Urease inhibition

The inhibitory activity of Urease was determined according to the indophenol method as
described previously [40]. The incubation of ten microliters of sample solutions was
carried out at 30°C for 15 min at different concentrations using 25 pL of urease solution
and 50 pL of urea. This was followed by the addition of phenol (45 pL) and alkali
reagents (70 pL) to the reaction mixture. The absorbance was measured at 630 nm after
an incubation time of 50 min. The used standard compound was Thiourea.

2.10. Statistical analysis

The data values are denoted as mean + SD and analyzed statistically using XLSTAT
software with one-way analysis of variance (ANOVA). For significant difference, p <
0.05 was selected such as criterion.

3. Results and discussion

3.1. Gas chromatography analysis

The fatty acid composition of the obtained vegetable oil is summarized in Table 1. A
total of 13 components were identified, representing 98.393% of the total oil weight, of
which 81.858% are unsaturated fatty acids and 16.535% corresponding to saturated fatty

acids. It is also noted that oleic and linoleic acids were the main components with 40.784



and 39.840% of the total weight, respectively; followed by palmitic acid (10.086%) and

stearic acid (5.623%). These results were in agreement with those reported by various

works where the predominance of oleic and linoleic acids was observed, but in variable

quantities [41-43]. Other compounds appeared as traces in our oil such as: lauric acid,

myristic acid, arachidonic acid, linolenic acid, behenic acid, etc.

Table 1. Gas chromatography analysis of sesame oil.

N Component Symbol Formula Retention index Qu(%/r;;'ty
1 Lauric acid C12:0 CioHxu0, 1817 0.272
2 Myristic acid Cl4:0 CyHxp0, 2024 0.232
3 Palmitic acid C16:0 CisH30, 2233 10.086
4 Palmitoleic acid C16:1 CieH30; 2261 0.123
S Margaric acid C17:0 Cy7H340; 2335 0.060
6 Stearic acid C18:0 CigHszs0, 2440 5.623
7 Oleicacidomega9  C18:1 CigH340, 2468 40.784
8 Iémolelc acid omega C18:2 CigHeOs 9515 26,840
9 '(;r':g;”?ic acid C18:3 CisHaOs 2583 0278
10 Gadoleic acid C20:1 CyH30, 2645 0.624
11 Arachidonic acid C20:4 CyHs30; 2670 0.212
12 Behenic acid C22:0 CyHuO, 2851 0.168
13 Lignoceric acid C24:0 CyHus0, >3000 0.094
Unsaturated fatty acids 81.858
Saturated fatty acids 16.535
Total 98.393

3.2. Nanoparticles characterization

3.2.1. DLS measurements

To achieve the required amount of sesame seeds oil to be encapsulated, various amounts

had been investigated (15, 30, 60, 120, 240 and 300 mg) and results of DLS analysis are



summarized in Fig 1. The average diameter of PMMA-NP increased after vegetable oil
encapsulation. This was in accordance with what was reported earlier [29,44]. By
increasing the oil amount from 15 to 300 mg, a significant increase in average size
occurred from 166 to 300 nm. Similar results were already described [29,44]. It is
reported that there is an optimal quantity of plant oils to be encapsulated [45]. In our
previous work, the optimum quantity of Phoenix dactylifera seeds oil to be encapsulated
in PMMA-NP was found to be 120 mg. At higher amounts (more than 120 mg), the
colloidal suspension had not a homogenous aspect and a slight increase in particle size
was depicted. [29]. Further analysis concerning the correlation between sesame seeds oil
amount and the cubic radius of PMMA-NP was carried out in order to determine the
optimum quantity to be encapsulated, as demonstrated in Fig. 2. According to equation 6,
when increasing the amount of polymer/oil in the formulation, the average diameter of

the NP increases but their number keeps constant.
R3~—2L (6)

with R the radius of particles, Nb, the number of particles and m, the amount of polymer
or oil.

The size increase of an un-loaded NP with the increase of the polymer amount,
suggests a correlation between these two parameters (Fig. 2.A). It was also showed that
the radius of the NP might be affected by the sesame oil amount in the case that this latter
increased from 15 to 120mg (Fig. 2.B). However greater sesame oil amounts (> 240 mg)
did not show any increase of PMMA-NP sizes, but new particles were rather generated,
as supported by (Fig. 1). Therefore an oil amount of 120 mg may be considered as a

convenient value in order for the sesame seeds oil to be entrapped.



A)

Size (nm)

Further C-potential analysis was investigated for all the samples and the results
were illustrated in Fig. 1. Sesame oil loaded-NP exhibited higher {-potential values as
compared to un-loaded NP due to the interaction of the vegetable oil with PMMA
polymer. Similar results were found by Froiio et al. when encapsulating Citrus bergamia
and Citrus sinensis essential oils in PMMA-NP [46]. The positive charge of the
developed NP is ascribed to the ammonium quaternary groups of PMMA polymer as
reported earlier [47].

With respect to EE%, high values were obtained when varying sesame seeds oil
from 30 to 120mg; however, lower values were assessed when incorporating more than
120mg of vegetable oil, as illustrated in Table 2. The optimal formulation showed a high

EE% (99 + 1%) with a loading capacity of 0.497 mg oil/mg of PMMA polymer.
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Fig. 1. Effect of sesame seeds oil amount on (A) particle size, and (B) {-potential of PMMA based

nanoparticles. The results are the mean of three independent experiment + S.D.
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Table 2. Encapsulation efficiency and oil loading of sesame seeds oil-loaded PMMA based

nanoparticles.

Sesame seed oil amount (mg) EE (%) Oil loading (ng/mg polymer)

0 / /

15 99+ 1 62+0
30 98 +2 123+3
60 100 + 1 249 +3
120 99 +1 497+ 6
240 96 + 1 961+ 6
300 86+ 1 1078 £ 14

3.2.2. Nanoparticles morphology

The sesame seeds oil loaded NP were examined by SEM (Fig. 3) and TEM (Fig. 4) and

results demonstrated a spherical and regular form.

350



a) 10 pm scale bar b) 5 pm scale bar ¢) 1 pm scale bar

Fig. 3. Scanning Electron Microscopy images of sesame oil loaded PMMA nanoparticles, (a) 10 um
scale bar, and (b) 5 um scale bar and (c) 1 um scale bar.

!

0.2 ym 200 nm

Fig. 4. Transmission Electron Microscopy images of sesame oil loaded PMMA nanoparticles.
3.2.3. Fourier transform infrared spectroscopy analysis

Fourier transform infrared spectroscopy analysis was performed to determine the
eventual interaction between PMMA polymer and sesame seeds oil. The FTIR spectra of
PMMA, un-encapsulated sesame seeds oil and sesame oil loaded-NP are illustrated in
Fig. 5. In sesame oil spectrum, the peaks at 3007 cm* was attributed to stretching
vibration of cis C=CH, whereas peaks at 2922 and 2853 cm™ were assigned to the

stretching vibrations of aliphatic C—H in terminal CH, and CHj3 groups, respectively. The



peaks at 1160 and 1097cm™ were due to C-O vibrations. While, that at 722 cm™* was
related to CH, rocking vibration. The peaks at 1743 and 1160 cm™ correspond to
stretching vibration of the C=0 and C-O groups of the ester, respectively. These findings
were in agreement with those reported in [48-52].

In PMMA spectrum, the peaks at 2950 cm™ was assigned to C-H stretching of the
aliphatic groups. Whereas, peaks at 1143 and 1722 cm * were due to the stretching
vibrations of C-O and C=0 ester groups, respectively. Similar results were reported
earlier in [53,54]. Matching up FTIR spectrum of un-encapsulated sesame oil, PMMA
with oil loaded-NP demonstrated the appearance of new peaks at 2925 and 2853 cm™
characterizing sesame seeds oil as well as shifting of other peaks in 1729 and 1149 cm™.
This finding might be explained by the interaction between sesame seeds oil and PMMA

polymer. Thus, sesame seeds oil was efficiently entrapped within PMMA-NP.
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Fig. 5. Fourier transformed infrared spectroscopy (FTIR) spectrum noted between 650 cm ™ and 4000 cm™

for unencapsulated sesame seeds oil, PMMA and sesame oil loaded-nhanoparticles.

3.3. Stability study
In order to investigate the colloidal stability of the prepared nanoparticles formulation,

particle size, {-potential and EE% were measured during one month as a function of



temperature (4, 25 and 40°C), as demonstrated in Table 3. Independently of the

temperature and time, the average diameter, {-potential and EE% remain almost constant

during all the storage period.

Table 3. Stability of PMMA based nanoparticles containing sesame seeds oil in terms of size, {-potential and

encapsulation efficiency. Measurements from separate assays were combined (n = 3) and represented as mean + SD.

4°C 25°C 40°C
Day 1 Day10 Day20 Day30 | Dayl Day 10 Day20 Day30 Day 1 Day 10 Day20 Day30
Average 259+2 260+3 258+4 257+3 | 258+2 2611 2601 260+3 259+3 260+1 260+2 259+3
diameter (nm)
{-potential 782+5 77.0£3  782+4 77.1+3 78.14£5  79.244  79.243  77.3+4 78.1+£3  77.6+4 76245 77.1+4
(mV)
EE % 99+1 98+2 97+2 98+2 98+1 98+2 99+2 9743 100+1 99+2 99+3 98+2

3.4. Antioxidant activity

The human body is subjected to a wide variety of chemical (combustion fumes, smoking,

transition metals, toxins), physical (ionizing radiation, ultraviolet, trauma), and metabolic

aggressions (exposure to xenobiotics, deprivation of growth or hormonal factors) [55].

Most of these aggressions lead to the oxidative stress, which is defined as a disturbance

of the endogenous balance between free radicals (reactive oxygen species) and

antioxidant agents in favor of the former, resulting in fats, DNA and protein damages

[56]. Free radicals have an unpaired valence electron in the outer orbital; they can be

derivatives of nitrogen such as nitric oxide NOe, or of oxygen such as the hydroxyl

radical OHe or the superoxide anion O2e¢-[56]. In the presence of antioxidants, the

balance is restored either by reduction (gain of another electron) or by oxidation (loss of

the free electron) [57].



There is no universal method by which the antioxidant profile of samples is quantitatively
determined in a very precise manner given the complexity of the oxidation process and
the diverse nature of antioxidants. As a result, various methods and analytical tools are
developed for the evaluation of scavenging activity [58]. In the present study, four
methods were used to evaluate the antioxidant activity: DPPH, ABTS, phenanthroline
and reducing power. The activity of different samples was deduced using a
spectrophotometer following the scavenging of free radicals which was accompanied by
the color change from violet to yellow for DPPH and from blue to colorless for ABTS; or
following the reduction of ferric iron which was reflected by the color change from
orange to red-orange for phenanthroline and from yellow to blue for reducing power. The
results were compared to those of the standard: BHA, and are summarized in Table 5 in
terms of percentage inhibition for each concentration.

Table 5. DPPH, ABTS, phenanthroline and reducing power results of sesame oil, loaded

nanoparticles and BHA.

C(ug/mL) 125 25 50 100 200 400 800
DPPH (% inhibition)

Oil - 6.5+£0.4 142+0.2 19.24¢0.1 25.5+3.1 29.6+0.1 32.0+0.4

Loaded NP 15.3+1.3 28.0+1.0 30.3#0.9 33.3+0.01 35.4+1.1 40.740.3 51.7+1.2

BHA 48.2+26 624+28 81.1+1.4 842401 87.2+1.2 889423 90.2+2.5
ABTS (% inhibition)

Oil - - 9.5+2.4 17.5¢0.4 25.6+1.5 32.6+2.1 30.5%+1.3

Loaded NP - - - 7.147.5 21.9+0.4 31.4+19 38.6%0.7

BHA 64.7+0.6  78.5+2.7 88.4+1.3 95.3+0.3 95.6+0.5 95.840.2 95.9+0.1

C(ug/mL) 3.125 6.25 125 25 50 100 200
Phenanthroline (Absorbance)

Oil 0.10+0.01 0.19+0.02 0.25+0.01 0.26+0.02 0.29+0.00 0.32+0.01 0.38+0.03

Loaded NP  0.15+0.01 0.25+0.02 0.32+0.01 0.34+0.01 0.39+0.01 0.41+0.01 0.47+0.01

BHA 0.73£0.02 0.93+0.01 1.25+0.04 2.10+0.05 4.89+0.06 4.90+0.01 4.92+0.01

Reducing power (Absorbance)



Oil 0.07+0.01 0.08+0.01 0.10+0.01 0.14+0.01 0.18+0.01 0.25+0.09 0.25+0.10
Loaded NP  0.06+0.01 0.09+0.01 0.11+0.01 0.14+0.01 0.18+0.00 0.24+0.03 0.26+0.03
BHA 0.09+0.01 0.12+0.01 0.19+#0.02 0.38+0.02 0.77+0.02 1.72+0.03 3.52+0.02

(-): No absorbance.
Mean values are expressed as mean = SD of three parallel measurements.
Oil: sesame oil; loaded NP: nanoparticles containing sesame oil.

Table 6. Results of the measurement of IC50 and AO0.5 of sesame oil, loaded
nanoparticles and BHA for the various tests (DPPH, ABTS, phenanthroline and reducing
power).

Oil Loaded NP BHA
ICso DPPH (pg.mL7) > 800 736.616.8 12.7+38
ICso ABTS (ug.mL7) > 800 > 800 6.7+0.5
A0.5 Phenanthroline (ug.mL™) > 200 > 200 0.9+0.1
A0.5 Reducing power (ug.mL™) > 200 > 200 329+0.3

By comparing the results obtained from all the tests with those of BHA, it can be deduced
that sesame oil had a very low antioxidant activity. No color change was detected on the
microplates from the different tests. Regarding DPPH test, the IC50 values were very
high (> 0.8mg.mL™) (Table 6). The same was for the values of 1C50 for ABTS test and
A0.5 for phenanthrolline and reducing power methods. The IC50 (DPPH) found
presently did not match with those obtained in previous studies. Ruslan et al. revealed
that the 1IC50 (DPPH) of ethanolic extracts of the two varieties of sesame seeds was in the
range of 8.88-44.21pg.mL™" [59]. Bopitiya and Madhujith demonstrated that the

methanolic extract of sesame oil had an IC50 of 26 pg.mL™ [60].

According to the literature, the natural phenolic compounds have received increasing
interest in the last decade due to their antioxidant power, among other plant components

[61]. In order to explain the low antioxidant activity of sesame oil, the content of total



polyphenols was quantified and the results revealed a low quantity (0.20 + 0.02 mg Gallic
acid equivalent/mg oil). The principle of the used method is inserted in Supporting
Information. These results are attributed to the polarity of the solvent used in the
extraction process. Different studies have revealed a proportional relationship between
the polarity of the used solvent, the content of total polyphenols and the antioxidant
potential [62—65]. In the present study, since CO, is non-polar, it had a low ability to
dissolve polar compounds such as polyphenols; resulting in low antioxidant activity.
Adding a co-solvent such as methanol to the supercritical CO, extraction process is
reported to improve the level of extracted polyphenols [66,67]. A similar study conducted
by Dijenidi et al. demonstrated considerable extracted amounts of polyphenols

(56.7ug.mg™) by adding methanol [68].

3.5. Enzyme inhibition activities

3.5.1. Cholinesterase inhibition activity

It is well established that memory deficit and cognitive problems are signs of Alzheimer's
disease mainly due to destructive neurodegeneration.

It results from a significant decline in acetylcholine amount following its hydrolysis by
both acetylcholinesterase and butyrylcholinesterase enzymes [69]. Therefore, the
inhibition of these two enzymes can boost acetylcholine levels and symptoms associated
with the progressive loss of cholinergic function in Alzheimer's disease [70,71]. The
anticholinesterase activity was investigated and compared to that of galantamine. The

results of enzymes inhibition are illustrated in Fig. 6.
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Fig. 6. Inhibition by sesame oil, loaded-nanoparticles and galantamine of
acetylcholinesterase (A) and butyrylcholinesterase (B).
The inhibition of the two enzymes is dose dependent. Sesame oil had cholinesterase
inhibitory activity since the free particles did not exhibit any enzyme inhibition. From
Fig. 6, it can be seen also a weak activity of sesame oil on acetylcholinesterase.
Galantamine showed the highest inhibitory effect in terms of percentage (94.8%) for a
concentration of 200ug.mL™ followed by sesame oil loaded-NP and un-encapsulated
sesame oil with inhibition rates of 62.3 and 53.8%, respectively. In respect to
butyrylcholinesterase, a moderate activity of the oil is noticed; the IC50 were equal to
90.1, 62.2 and 34.7 ug.mL" for the un-encapsulated oil, the loaded NP and galantamine,

respectively (Table 7). The cholinesterase used in this study were horse



butyrylcholinesterase and Electrophorus electricus acetylcholinesterase. It was reported
in our previous work elaborated on Saussurea lappa essential oil [30] that horse derived
butyrylcholinesterase is similar to the human serum butyrylcholinesterase at 90.1% and it
contained sulfhydryl groups which interact with electrophilic groups by Michael-type
reactions. Frasco et al. noticed an irreversible human cholinesterase inhibition in the
micromolar range as a consequence of inhibiting the free sulfhydryl groups [72].
According to the literature, during digestion in the human body, mono and
polyunsaturated fatty acids like linoleic and oleic acids, the main fatty acids of sesame
oil, transform into nitrated fatty acids having electrophilic characteristics and promoting
with histidine and cysteine residues Michael-type addition reactions, as illustrated in Fig.
7 [73-75]. This may explain the chemical interaction between sesame oil and
butyrylcholinesterase.

Unsaturated fatty acids
o (i-e oleic acid)

Ho)]\/WW/\/\/

Digestion in the human body

——————— £ Protein
o 4 N Cys

NO2 3 HS
)J\/\/\/\\\)—\’i/\/\/\/ Enzyme
HO -

______

Nitro oleicacid Michael acceptor

Protein
(o] _Cys

W/\/V\/
HO
Enzyme inhibition
Fig. 7. Michael addition of nitro fatty acids with thiol groups of enzymes.
Regarding acetylcholinesterase, it was reported that Electrophorus electricus

acetylcholinesterase does not contain free sulfhydryl groups and the enzyme inhibition

happened in the millimolar range [72]. At the same time, several reports have illustrated



the major effect of polyphenols on the inhibition of cholinesterase enzymes and more
particularly on acetylcholinesterase [76,77]. Lan et al. showed that cinnamic acid had an
acetylcholinesterase inhibitory potential three times higher than the standard drug
(donepezil) [78]. Additionally, Balkis et al. noticed that the position, the substitution, the
number of hydroxyl groups, and the oxidation of flavonoids affect acetylcholinesterase
inhibition [79]. Taking into account the results of this work, the low activity of sesame oil
on acetylcholinesterase can be attributed to its very low content of total polyphenols. This
explained the difference between the IC50 values sesame oil against the two enzymes.
Fig. 6 illustrates also that the encapsulation of sesame oil enhances its anti-cholinesterase
potential. Lower IC50 values were shown for both enzymes (Table 7). This was in
agreement with other studies where they noticed improved biological activity upon the
encapsulation of plant oils [80].
Overall, the developed sesame oil NPs can be considered as a reliable way to manage
Alzheimer's disease.

Table 7. Concentrations of 50% inhibition of enzymes for sesame oil, loaded-

nanoparticles and standard drugs.

IC50 (pug.mL™) AchE BchE a-amylase  a-glucosidase Urease
Sesame oil 182.60+8.66 90.12+8.19 107.77+£7.39 33.3+4 182.29 + 4.31
Oil loaded-NP  130.74 +3.54 62.21+8.69  77.72+3.62 53.6+2 77.73 £8.25
Galantamine 6.3+1.2 34719 - - -
Acarbose - - 365.3+10.7 271.7+7.1 -
Thiourea - - - - 11.57 £ 0.68

AchE: Acetylcholinesterase; BchE : Butyrylcholinesterase.

3.5.2. Inhibition activities of Alpha amylase and a-glucosidase



Diabetes mellitus, a complex chronic disease characterized by high glucose level in blood
attributable to insulin deficiency, is considered an important cause of death worldwide
[81]. Correcting the postprandial hyperglycemia may form part of the strategy for the
management of diabetes. Currently, providing diabetic people with healthy diet is
challenging [82]. Many researchers revealed the link between oa-amylase and o-
glucosidase inhibition and the management of diabetes [83]. The inhibition of these two
enzymes was evaluated and compared to that of acarbose and the results are

demonstrated in Fig. 8 and Table 7.
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By comparing the activities of empty and loaded NP, it can be deduced that the
Oantidiabetic effect was due to the presence of sesame oil and more specifically to
unsaturated fatty acids. Indeed, several studies have demonstrated the effectiveness of
unsaturated fatty acids in the management of type 2 diabetes [84-86]. The GC-FID
analysis revealed that sesame oil consisted mainly of unsaturated fatty acids (81.858%)
including 40.784% of oleic acid and 39.840% of linoleic acid.

Table 7 demonstrates that sesame oil in its free or encapsulated form exhibited better
inhibition than acarbose against both enzymes. The IC50 values were 107.8, 77.7 and
365.3 pg.mL? against o-amylase; and 33.3, 53.6 and 271.7 pg. mL™ against a-
glucosidase for, free oil, oil loaded-NP and acarbose, respectively.

Table 7 revealed also that sesame oil was more effective in inhibiting o glucosidase
compared to a amylase. As mentioned previously concerning the chemical structure of
diabetes key enzymes, almost all a-glucosidases are extremely inhibited by sulfhydryl
groups-binding reagents [87,88]. Additionally, Su et al. reported that oleic acid was a
competitive inhibitor of a-glucosidase [89]. Miyazawa et al. stated that increasing the
number of fatty acid double bonds enhanced a-glucosidase inhibition [90]. This explain
the high IC50 for sesame oil comparing with date seeds oil (IC50 =88.9ug.mL'1),
investigated in a previous work [30] where the oil contained only 58.027% of unsaturated
fatty acids. With respect to a-amylase, Schramm et al. pointed out that the complete
oxidation of sulfhydryl groups concurred with 80% inactivation of a-amylase [91], thus
these groups were not absolutely required in enzyme inhibition. Moreover, it was

reported that polyphenols can inhibit a-amylase in a competitive, non-competitive or



mixed way [92]. Therefore, the low content of polyphenols present in the oil explained
the moderate activity on this enzyme.

In overall, sesame oil in its free or encapsulated form represent a promising formulation
system for the inhibition of diabetes-associated enzymes and can be used as an alternative
to oral hypoglycemic drugs, the intake of which is often associated with adverse reactions
like diarrhea, gastrointestinal discomfort, nausea, cramps, flatulence and weight gain
[93].

3.5.3. Urease activity

Urease is generally found in different bacteria like Helicobacter pylori, an enzyme that
catalyzes the hydrolysis of urea to ammonia and carbamate, which decomposes rapidly
and spontaneously, yielding a second molecule of ammonia. These reactions may
increase the pH and cause negative effects in human health like gastric and duodenal
ulcers [94]. Targeting urease for treating diseases caused by urease-producing bacteria
has gained tremendous attention over the years [95,96]. In this context, the urease activity
of sesame oil and its corresponding NP has been tested and compared to that of a

standard drug: Thiourea and the results are demonstrated in Fig. 9.
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Fig. 9. Inhibition by sesame oil, loaded-nanoparticles and thiourea of urease.



Fig. 9 revealed that sesame oil exhibited a moderate urease activity which was enhanced
upon its encapsulation. The ranked order of inhibition at the higher concentration (200
ug.mL'l) was as follow: thiourea (98.9%) > sesame oil loaded NP (64.6%) >un-
encapsulated sesame oil (51.5%). These results were further confirmed by the values of
IC50, demonstrated in Table 7, where thiourea showed the best enzyme inhibition. The
effect of sesame oil on urease enzyme was related to its composition in fatty acids. For
instance,

According to Thompson et al. unsaturated fatty acids have shown inhibitory effects on
Helicobacter pylori urease. The higher is the unsaturation degree of the fatty acids, the
greater are these effects, following, for instance, the typical order: (eicosapentaenoic acid
[C20:5] > arachidonic acid [C20:4] > linolenic acid [C18:3] > linoleic acid [C18:2] >
oleic acid [C18:1]) [97].

To elucidate the reaction mechanism between sesame oil and the enzyme, it has been
reported that Jack bean urease reactivity, the enzyme used in this study, is linked to its
thiol groups. Riddles et al. related urease activity to the unique active-site cysteine
residue which was inhibited by adding p-mercaptoethanol [98]. Sakaguchi et al.
illustrated that diazonium-1H-tetrazole modified specifically cysteine residues resulting
in inhibition of urease enzyme and loss of polymerization ability [99]. Thus, it may be
assumed that oleic and linoleic acids of the studied oil interacted with urease cysteine
residues via Michael type reactions.

4. Conclusion

The current research explored a novel approach of polymeric NP for the encapsulation of

sesame oil produced by a green, an innovative, a rapid and a reproducible technique. The



physicochemical characterization revealed that the vegetable oil consisting of oleic and
linoleic as the major constituents, was efficiently encapsulated in PMMA based NP of
259 nm diameter, a {-potential value of +78 mV and an encapsulation efficiency equal to
99%. Furthermore, in vitro enzymatic and antioxidant activities were for the first time
carried out and compared to that of standard drugs. Results revealed that the developed
NP were more effective in inhibiting diabetes key controlling enzymes. The 1C50 against
a-glucosidase and o-amylase were equal to 53.6 and 77.72 pg-mL™, respectively.
Moderate antiurease and anti-Alzheimer activities were also observed with 1C50 around
77.73, 6221 and 130.74 ug.mL™ against urease, butyrylcholinesterase and
acetylcholinesterase, respectively. Finally, a very low antioxidant property was noticed
due to the low content of total polyphenols. Further in vivo clinical studies would be
warranted for a more complete characterization of the systems developed in this study.
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