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1. Introduction

Effect of nano-encapsulated food flavorings on
streptozotocin-induced diabetic rats

Dina Mostafa Mohammed, (2 ** Mohamed A. Abdelgawad,”
Mohammed M. Ghoneim,“ Mohamed El-Sherbiny,*" Wael A. Mahdi,°
Sultan Alshehri, €29 Hasnaa A. Ebrahim" and Amr Farouk’

Flavors and aromas are widely used in food and pharmaceutical industries to enhance food palatability.
However, it is worth noting that they may also have bioactivity. This study aims to examine the potential
impact of key flavors and their nanocapsules on health and diseases, such as type 2 diabetes mellitus
(T2DM). The 36 nanocapsules of key flavorings were prepared by high shear homogenization (HSH).
Seventy-two male Sprague-Dawley rats received a single dosage of streptozotocin (35 mg kg‘1 body
weight) intraperitoneally. All of the nutritional and biochemical parameters were statistically analyzed. A
virtual docking study was conducted. Linalool nanoemulsion results showed the highest encapsulation
efficiency (86.76%), while isoamyl acetate nanoparticles showed the lowest (69.99%). According to
GC-MS analysis, encapsulation did not affect the flavoring structure with particle size distributions ranging
from 277.3 to 628.8 nm. Using TEM, nanoemulsion particles appeared spherical with a desired nanometric
diameter size. In the oral glucose tolerance test, flavorings in oil and nanoforms had no discernible hypo-
glycemia effects in normal rats. The nutritional and biochemical parameters confirmed that both normal
and nanoencapsulation forms demonstrated a potential anti-hyperglycemic effect, and enhanced the rat
health compared to the raw flavorings. The studied flavorings and their nanocapsules seem to have the
potential double effect of a flavor compound as a food palatability enhancer with a potential beneficial
effect on type 2 diabetes mellitus without any health drawbacks.

oils, such as terpenes and terpenoids, have been proposed to
contribute to the antimicrobial include bacteria and fungi,

Flavors and aroma are crucial in making food products more
appealing to consumers. However, they may also have bioactiv-
ity, especially those naturally occurring in fruits and veg-
etables. For instance, many aroma components of essential
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antiviral, anti-inflammatory, analgesic, antioxidant, and many
other bioactivities. These include o-terpinene, p-terpinene,
and p-terpinolene in tea tree (M. alternifolia); 1,8-cineole in
M. aquatica L., M. longifolia L., and M. piperita L.; menthone
and isomenthone in M. longifolia and M. piperita; thymol,
eugenol, and linalool in black cumin, cinnamon bark, and
ginger; thymol; eugenol in thyme and clove leaf; and neral/ger-
anial (citral), citronellal, isomenthone, and menthone in
lemon balm oil (M. officinalis L.)."

The necessity for preventive bioactive ingredients, nutraceu-
ticals, or functional foods as an essential element in the diets
of today’s cuisine to overcome poor dietary habits and seden-
tary lifestyles that increase the prevalence of chronic degenera-
tive diseases, such as type 2 diabetes mellitus (T2DM), rep-
resents a potential objective.” Hyperglycemia, a hallmark of
T2DM, involves numerous biological processes, including
glucose absorption, insulin resistance, and secretion.” More
than 537 million people worldwide are diagnosed with T2DM,
accompanied by diagnostic complications, such as cardio-
vascular and neuropathy diseases.? The main proteins involved
in T2DM and its development are glucagon-like peptide-1, glu-
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tamine fructose-6-phosphate amidotransferase, 17-hydroxy-
steroid dehydrogenase, dipeptidyl peptidase IV, C-reactive
protein, protein tyrosine phosphatases, and insulin-like
growth factor 1 receptor kinase.”

Many flavorings, such as limonene, citral, and linalool,
demonstrated antidiabetic activity.®® However, their nano-
forms or their effects on the proteins responsible for T2DM
development have not been studied. Nanoencapsulation
seems promising for applying different flavorings in various
sectors to avoid poor dispersibility in hydrophilic media and
susceptibility to environmental conditions.” Therefore, the
conventional delivery of antidiabetic drugs through encapsula-
tion into a nanoform leads to a thermodynamic therapeutic
agent that is stable for a longer time and can overcome
difficulties, including insufficient absorption, inadequate bio-
availability, and drug deterioration.® Therefore, this work
aimed to investigate the impact of crucial food flavorings
widely applied in foods and pharmaceuticals; linalool, orange
peel oil, citral, isoamyl acetate, and allyl caproate on streptozo-
tocin-induced diabetic rats and find out any drawbacks or
developments in T2DM. In addition, the potential antidiabetic
properties were investigated using an in silico approach by pre-
dicting the binding interactions between flavorings and target
cell signaling proteins involved in the development of dia-
betes. The effect of encapsulation into nanoparticles using
high shear homogenization (HSH) on T2DM and the flavor-
ings’ antidiabetic properties was also studied.

2. Materials and methods

2.1. Materials

The n-alkanes C¢—C, mixture, isoamyl acetate (>97%), linalool
(297%), citral (>96%), allyl caproate (>98%), diethyl ether,
sodium sulfate anhydrous, Tween 80, casein, cellulose, and
streptozotocin (STZ) were supplied by Sigma-Aldrich (St Louis,
MO, USA). Orange peel oil was provided by Ernesto Ventos S.A.
(Brazil). Maltodextrin MD with DE 12-15 (National Co. for
Corn Products, 10th of Ramadan, Egypt), sodium caseinate
(SC) (Fonterra, New Zealand), and gum Arabic (GA)
(Avonchem, Cheshire, UK) were the components used for the
wall formulations. The unsaturated fat, sucrose and maize
starch were supplied from a local market. ELISA kits were pur-
chased from Abcam (Discovery Drive, Cambridge Biomedical
Campus, Cambridge, CB2 0AX, UK), and other kits were
acquired from the Biodiagnostic Company, Egypt.

2.2. Methods

2.2.1. Preparation of nanoencapsulation for flavorings. The
coating solution was prepared using a previously described
procedure based on,'® with some modifications. Briefly, GA
(15% weight/volume w/v) and SC (5% w/v) were dissolved t sep-
arately in warm deionized water, and kept at 4 °C overnight to
enable the polymer molecules to hydrate thoroughly. A total
solid content of 35.0% w/v was then achieved by dissolving
MD (15% w/v) in the gum solution first, followed by SC, while
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stirring constantly. The ratio of the core and wall was about
1:2 to achieve the best encapsulation efficiency, as reported
by'® with respect to the wall composition.'®'" After dissolving
Tween 80 (1.0% w/v, based on water), flavorings were added to
the coating solution to create a 15% w/v water-feeding emul-
sion. After emulsification for 15 min with a magnetic stirrer
(Bibby Scientific Ltd, U.K., 230 V, 500 W, 50 Hz), the mixture
was homogenized using a high-speed homogenizer (PRO 400
PC, Pro Scientific, USA) at 20 000 rpm for 20 min in an ice
bath to reduce the temperature to less than 5 °C.

2.2.2. Effect of the encapsulation process on the chemical
structure of flavorings and orange oil. The effect of the encap-
sulation technique applied during the study was investigated
by gas chromatographic-mass spectrometry (GC-MS) analysis.
Following,'" a vortex mixer combined 2 ml of flavoring nano-
capsules in a screw-cap vial mixed with 4 ml of diethyl ether.
After settling and drying using anhydrous sodium sulfate, the
supernatant was transferred to a 2 mL screw-cap vial that was
wrapped with aluminum foil at 20 °C until analysis. The
orange peel oil was extracted from the nanocapsules using the
Clevenger distillation process.'® All extraction steps were
repeated in triplicate.

2.2.3. Nanoparticle measurement techniques

2.2.3.1. Nanoemulsion characterizations. The particle size
distribution, polydispersity index (PDI) and &-potential were
estimated via Zeta Sizer Nano ZS (Nano-S90, Zetasizer,
MalvernPanalytical Ltd, Enigma Business Park, Grovewood
Road, United Kingdom) at 25 + 0.1 °C."*> The sample was pre-
pared by diluting an adequate volume of emulsion sample of
about 0.1 ml, which was added to about 3.5 ml of distilled
water. Then, the mixture was subjected to gentle sonication.
The diluted sample was transferred to a 3 ml disposal PVC
transparent cuvette, where 1 ml was used for measurements.
For each sample, a detection angle of 173 °C was chosen for
the size measurement. The formula for calculating the encap-
sulation efficiency was encapsulation (%) = W/W, x 100%,
where W, and W, are the amounts of the supernatant and total
flavoring, respectively. The nanoemulsion was mixed with
diethyl ether using a vortex, and then ultrasonically processed
for 30 minutes at 37 °C before Gas Chromatography-Mass
Spectrometry analysis."™

Transmission electron microscopy was used to determine
the morphology of the nanocapsules and nanoemulsions (JED
1230, JEOL Ltd, and Tokyo, Japan). A 200-mesh copper speci-
men grid was coated with 20 microliters of the diluted sample,
which was then left for 10 minutes while the extra liquid was
blotted away using filter paper. Following one drop of 3%
phosphotungstic acid staining, the grids were left to dry for
three minutes. After drying, the coated grids were observed
under a TEM microscope. The samples were examined via 160
kV operation.™*

2.2.3.2. Gas chromatography-mass spectrometry (GC-MS)
analysis

Analysis was performed using a GC (Hewlett-Packard model
5890) connected to an MS (Hewlett-Packard model 5970).
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Volatiles were separated on DB-5 (60 m x 0.32 mm x 0.25 mm
film thickness, ] & W Sci., USA). The oven was kept at 50 °C for
the first five minutes, and then scheduled to increase by 4 °C
per minute from 50 to 250 °C. The flow rate of the helium
carrier gas was 1.1 ml min™". The split ratio was 1:10, the
injector temperature was 220 °C, and the sample volume was
2 pL. At 70 eV, electron impact mode (EI) mass spectra were
obtained, with the scan m/z ranging from 29 to 400 amu.
Calculating the retention indices of the isolated volatile mole-
cules included using the retention times of the n-alkanes
series (C¢—C,,), which were performed under identical circum-
stances. Published data, standards, and mass spectrum data-
bases (National Institute of Standards and Technology, NIST)
were used to identify the isolated peak."’

2.2.4. The biological evaluation of experimental animals

2.2.4.1. Animal study. Seventy-two male Sprague-Dawley
rats averaging 150-200 g and aged 2 months were sourced
from the Animal House Colony of the National Research
Center in Cairo, Egypt. Before the experiment, the animals
were given a standard laboratory diet of food and water for a
week to help them to acclimate and confirm appropriate devel-
opment and behavior. Solid-bottomed cages were used to dis-
tribute and house the animals in a clean, temperature-con-
trolled (23 °C), relative humidity-controlled (40-60%), and arti-
ficially lit (12 h dark/light cycle) room. The Ethical Committee
of Medical Research approved the animal study protocol at the
Egyptian National Research Centre (Approval no. 1495062022).
All animals were handled humanely, and used in accordance
with the national law and the UK’s Animals (Scientific
Procedures) Act, 1986 and its supporting guidelines, as well as
EU Directive 2010/63/EU for animal research (Publication No.
85-23, revised 1985).

2.2.4.2. Diet composition. The synthetic base diet was for-
mulated with modification using casein (150 g kg™ diet),
unsaturated fat (100 g kg™' diet), sucrose (220 g kg™* diet),
maize starch (440 g kg™ diet), cellulose (40 g kg™ diet), salt
mixture (40 g kg™" diet), and vitamin mixture (10 g kg™" diet),
as stated by.'®"” The AIN-93M diet was a reference for formu-
lating the salt and vitamin mixtures."®

2.2.4.3. Diabetes induction. A single STZ dosage for indu-
cing diabetes (35 mg per kg BW) was diluted in 50 mM citrate
buffer pH 4.5.% The diabetic rats’ blood glucose levels were
tracked for two days after they received STZ intraperitoneally
on the first day of the trial."

2.2.4.4. Experimental design. Seventy-two rats were orga-
nized into (12) groups of six, each of which was characterized
as follows:

« Negative control: Normal rats received a synthetic base diet.

« Positive control: STZ-induced diabetic rats received a syn-
thetic base diet.

+ Group (1): Diabetic rats received a synthetic base diet sup-
plemented with an oral daily dose of citral (45 mg per kg BW
per day).®

+ Group (2): Diabetic rats received a synthetic base diet sup-
plemented with an oral daily dose of nano-encapsulated citral
(45 mg per kg BW per day).?
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+ Group (3): Diabetic rats received a synthetic base diet sup-
plemented with an oral daily dose of linalool (25 mg per kg
BW per day).>’

+ Group (4): Diabetic rats received a synthetic base diet sup-
plemented with an oral daily dose of nano-encapsulated lina-
lool (25 mg kg per BW per day).>’

+ Group (5): Diabetic rats received a synthetic base diet sup-
plemented with an oral daily dose of allyl caproate (100 mg per
kg BW per day).”"

+ Group (6): Diabetic rats received a synthetic base diet sup-
plemented with an oral daily dose of nano-encapsulated allyl
caproate (100 mg per kg BW per day).>!

+ Group (7): Diabetic rats received a synthetic base diet sup-
plemented with an oral daily dose of isoamyl acetate (10 mg
per kg BW per day).”*>?*

+ Group (8): Diabetic rats received a synthetic base diet sup-
plemented with an oral daily dose of nano-encapsulated
isoamyl acetate (10 mg per kg BW per day).”>**

+ Group (9): Diabetic rats received a synthetic base diet sup-
plemented with an oral daily dose of orange peel oil (600 mg
per kg BW per day).”*

+ Group (10): Diabetic rats received a synthetic base diet
supplemented with an oral daily dose of nano-encapsulated
orange peel oil (600 mg per kg BW per day).**

2.2.4.5. Oral glucose tolerance test (OGTT). The rats’ glucose
tolerance was assessed using the OGTT. On normal rats that
had fasted the night before, the OGTT was conducted. Rats
were given Glibenclamide (2 mg kg™") and food flavorings
(citral, linalool, allyl caproate, isoamyl acetate, and orange oil).
After pretreatment with distilled water, Glibenclamide, and the
flavorings individually in both conventional and nano-encap-
sulated forms, glucose (2 g kg™") was administered 30 minutes
later. Then, blood glucose levels were assessed using hepari-
nized capillary tubes at 0, 30, 60, and 120 minutes. A gluc-
ometer and glucose test strips were used to measure the blood
sugar.

2.2.4.6. Blood sample collection. After the two-month study
period, the animals were fasted for 12 hours and then anesthe-
tized with ketamine hydrochloride (35 mg kg™' i.m.) before
being sacrificed by cervical dislocation. The serum and plasma
were separated from the blood samples by centrifugation
(Sigma Labor Centrifuge GMBH, Germany, model 2-153360
osterode/Hz) at 4000 rpm for 15 minutes, and stored at
—20 °C.

2.2.4.7. Biochemical parameters. Insulin, tumor necrosis
factor (TNF-a), and interleukin-6 (IL-6) were analyzed by ELISA
kits. By using the enzymatic colorimetric technique, glucose,?®
Hb,?® and the total cholesterol, HDL, LDL, and triglycerides
were determined.””*° Colorimetric methods were used to
assess alkaline phosphatase (ALP), aspartate aminotransferase
(AST), and alanine aminotransferase (ALT) activities,*>**> and
total plasma protein and plasma albumin®*?* as indices of
liver function. As indications of renal function, colorimetric
methods measured creatinine, urea, and uric acid.**™”

2.2.5. Molecular docking. The crystal structure of gluca-
gon-like peptide-1, human glucose:fructose-6-phosphate ami-

This journal is © The Royal Society of Chemistry 2023
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dotransferase, human estrogenic 17f-hydroxysteroid dehydro-
genase, the crystal structure of human dipeptidyl peptidase 1V,
human C-reactive protein, and the crystal structure of PTP1B-
inhibitor complex, and insulin-like growth factor 1 receptor
kinase (PDB IDs: 3IOL, 2ZJ3, 1BHS, 1J2E, 1GNH, 2NT7 and
1K3A, respectively), originating from the Protein Data Bank
(PDB) (https://www.rcsb.org/), were accessed on September 22
and 26, 2021 and January 17, 2022. Water, co-crystallized
ligands, and ions were removed from receptors, which were
subsequently protonated using Pymol software (Ver. 2.5.1).
Avogadro Software (Version 1.2.0) was used to improve the
ligands’ 3D structure retrieved from the PubChem database,
accessed on August 4, 2021 (https:/pubchem.ncbi.nlm.nih.
gov/).*® A web-based application called SwissDock, accessed on
September 18, 2021, and January 18-19, 2022 (https:/www.
swissdock.ch/docking), was used to execute blind docking.
SwissDock predicts all probable binding sites on a target
protein. It operates using a docking program called EADock
DSS. Chimera 1.15 software was used to visualize the docking
results (AG), whereas the best-docked complexes’ interface and
visualization profiles were created using the Discovery Studio
software (Version 21.1.0.20298).>

2.2.6. Statistical analysis. The SPSS/PC software (version
22.0; SPSS Inc., Chicago, IL, USA) was used to perform one-way
analyses of variance (ANOVA) and post hoc multiple compari-
sons using the Duncan test to evaluate the differences in all
biochemical parameters.
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3. Results and discussion

3.1. The effect of encapsulation on the flavorings’
physicochemical properties

3.1.1. Gas chromatography-mass spectrometry (GC-MS).
GC-MS was used to characterize the chemical composition of
the flavorings and orange oil nanocapsules compared to their
standards. Except for orange oil, the encapsulation technique
applied in this study by HSH does not affect the chemical com-
position of the flavorings used (Fig. 1). The coating compo-
sitions chosen in the current study were based on previous
findings,'® which studied the effect of different wall materials
in coating other flavorings, and reported that the optimum
concentration was MD-GA-SC in the ratio of 15%-15%-5%.

In agreement with,’® a decrease in the major component,
limonene, with the formation and increase in oxygenated ter-
penes was observed due to encapsulation compared to the
control, as shown in Table 1. The capsule’s physical stability
and biological activity may change due to the formulation
using energy-intensive procedures like HSH, which may cause
Ostwald ripening, flocculation, or coalescence.'” Interestingly,
non-oxygenated terpene concentrations found in the essential
oil decreased as the oxygenated terpene concentrations
increased in the oil nanocapsules. As a result, additional
research can be done to determine the stability of various vola-
tile substances and essential oils during microencapsulation
procedures, particularly under harsh conditions, and to learn
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Fig. 1 GC-MS chromatograms of nanocapsules (A) linalool, (B) citral, (C) allyl caproate, and (D) isoamyl acetate.
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Table 1 Identification of the volatile constituents of orange peel oil and its nanocapsules using GC-MS
% Area

Peak No. Components RI¢ Control Nanoform Method of Identification®
1 o-Pinene 938 0.44 0.49 RI, MS
2 Sabinene 978 — 0.25 RI, MS
3 a-Myrcene 992 2.13 1.42 RI, MS, STD
4 Limonene 1037 97.43 92.06 RI, MS, STD
5 Linalool 1104 — 0.36 RI, MS
6 p-Mentha-2,8-dienol 1129 — 0.8 RI, MS
7 Limonene oxide 1140 — 1.31 RI, MS
8 4-Terpineol 1144 — 0.23 RI, MS
9 trans-Carvacrol 1207 — 0.28 RI, MS
10 Linalyl acetate 1253 — 2.62 RI, MS

Total — 100 99.99 —

“RI: retention indices calculated on DB-5 column using alkanes standards. ? Confirmed by comparison with the retention indices (RI), the mass
spectrum of the authentic compounds (STD), and the NIST mass spectra library data (MS).

the mechanisms of transmitting such volatile substances to
others.

Table 1 shows a remarkable decrease in limonene, the
major component of the orange peel oil, from 97.43% to
92.06% due to the nanoencapsulation process with the for-
mation of oxygenated terpenes like linalool, limonene oxide,
and linalyl acetate.

3.1.2. Droplet size, &-potential and polydispersibility index.
The DLS technique was used to evaluate the droplet size distri-
bution, zeta potential and PDI of the nanocapsules. All formu-
lated nanocapsules exhibited a monomodal size distribution
pattern. Citral and isoamyl acetate showed the smallest
z-average size for the nanocapsules, 277.3 and 287.1 nm,
respectively. In contrast, the orange oil droplets showed the
largest z-average size (628.8 nm). The particle size increase
from citral to allyl caproate, linalool, and orange oil is evidence
of micelles swelling to accommodate the solubilized load of
extracts. The zeta potential plays a vital role in maintaining the
physical stability of emulsions. A higher zeta potential,
whether positive or negative, indicates greater stability in the
emulsions. According to Table 2, linalool, allyl caproate, and
citral showed the highest potential with the smallest PDI and
an increase in encapsulation efficiency. The PDI shows the dis-
persions’ uniformity, which ranges between zero and one
(Table 2). Molecular weight and vapor pressure are the reason-
able and primary factors determining aroma diffusion, where
an inverse relationship was observed.'' The encapsulation

Table 2 Particle size, PDI, and encapsulation efficiency of nanoemulsions

Particle &-Potential Encapsulation

Nanoemulsion size (nm) (mv) PDI efficiency %
Linalool 428.4 +19.55 —34.54 +1.08 0.290 £ 0.05 86.76 + 2.28
Citral 277.3 +13.34 -26.74 £1.79 0.237 £0.08 82.36 +2.63
Orange 628.8 + 25.12 —19.31 £ 1.54 0.487 £0.09 83.97 + 2.02
peel oil

Allyl caproate ~ 337.3 +16.80 —31.25+2.18 0.322 +0.06 86.33 +1.74
Isoamyl acetate 287.1 +17.14 —-17.47 +1.17 0.394 +£ 0.04 69.99 + 1.65

8818 | Food Funct, 2023, 14, 8814-8828

efficiency % data showed the highest percentages for the lina-
lool and allyl caproate nanoemulsions compared to other
samples, with 86.76 and 86.33%, respectively (Table 2). In con-
trast, the isoamyl acetate nanoemulsion showed the lowest %
among the investigated flavorings (69.99%). This is because it
has the lowest molecular weight (130.19 ¢ mol™") compared to
the other investigated flavorings, and the highest vapor
pressure (4 mmHg at 20 °C), and the lowest boiling point
(142.5 °C).

The drop size distribution of the flavorings is in good agree-
ment with,"" where MD, WPC, and GA were used to encapsu-
late red ginseng extract with particle sizes ranging from
100 nm to 3 pm. Also, nano-encapsulated M. piperita using
chitosan and Alyssum homolocarpum gum with a particle size
distribution range from 490-790 nm demonstrated that the
droplet size distribution is consistent across all samples.*> The
cause for variations in the size of the droplets of various forms
can be attributed to variations in the emulsifying capabilities
of multiple coatings, surface activity, surface adsorption rate at
the droplet level, ductility, and intramolecular interactions in
the oil-water joint.*> The value of close to zero for the PDI
index indicates homogeneity in size for the dispersion par-
ticles. However, for PDI index values greater than 0.5, non-uni-
formity in particle size could be observed.*® Therefore, the for-
mulated nanoparticles shown in Table 2 exhibited good
uniformity.

3.1.3. Transmission electron microscopy. TEM is a tech-
nique that is frequently used to validate droplet size findings.
Image ] software was used to adjust the contrast between the
background and particles, and automatically determine the
diameter of spherical nanoparticles. Fig. 2 demonstrates that
the nanoemulsion particles appear dark and spherical with
the necessary nanometric diameter size. The TEM and
dynamic light scattering results are slightly different since
TEM produced a lower value. This is expected, as shrinkage
may occur when samples are dried for TEM investigation.**
The orange oil peel nanoparticles discovered in this investi-
gation had an average diameter larger than similar flavorings

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Transmission electron micrographs of (A) linalool, (B) citral, (C) isoamyl acetate, (D) allyl caproate, and (E) orange peel oil nanoemulsions.

encapsulated in the same settings (Fig. 2E). This may have
something to do with the Ostwald ripening phenomena, in
which the oil phase of the emulsion system showed mild solu-
bility in the surrounding aqueous phase with transfer from
small to large droplets.™*

This journal is © The Royal Society of Chemistry 2023

3.2. Effect of flavorings and their nanoparticles on the
nutritional parameters

In agreement with,® no changes could be observed in the
initial or final body weights and meal efficiency (Table 3). The
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Table 3 The impact of flavorings and their nanoparticles on nutritional parameters of the 8-week trial

Group Initial body weight (g) Final body weight (g) Body gain (g) Total food intake (g) Feed Efficiency
Negative control 186.2 + 3.35 215.7 +4.48 29.5+1.13 7135.5 £3.29 0.004 + 0.34
Positive control 185.4 + 2.33% 195.2 + 3.87% 9.8 +1.54% 7100 * 2.09° 0.001 + 0.74%
Group (1) 184.9 + 3.82° 198.2 + 4.35% 13.3 +0.53° 7130.5 + 4.63° 0.002 +0.11%
Group (2) 185.8 + 3.92° 199.2 + 4.35% 13.4 + 0.43° 7120.2 * 3.63¢ 0.002 + 0.12°
Group (3) 184.2 + 4.13% 190.3 + 4.67° 6.1 + 0.54¢ 7125.8 + 2.249 0.001 + 0.24°
Group (4) 184.2 + 3.45° 191.5 + 3.55% 7.3+0.1° 7115.5 + 2.17° 0.001 + 0.05°
Group (5) 185 + 3.53% 201.2 + 4.87% 16.2 + 1.34F 7123.2 + 3.09° 0.002 + 0.43%
Group (6) 184 + 3.76° 200.7 + 3.97° 16.7 + 0.218 7125 + 2.618 0.002 + 0.08°
Group (7) 183.8 + 3.957 197.2 + 4.35% 13.4+ 0.4" 7130.2 + 3.63" 0.002 + 0.11°
Group (8) 182.9 + 4,137 196.3 + 4.67° 13.8 + 0.54! 7127.3 +2.24! 0.002 + 0.24°
Group (9) 182.5 + 3.25% 196.5 + 3.5% 14 +0.25 7122.5 £ 2.27 0.002 +0.11%
Group (10) 182.3 + 3.15° 196.5 + 5.5 14.2 +2.35" 7123.5 + 2.97% 0.002 + 0.79°

Values were represented as mean + SE (n = 6), in which the same letters in each column reflect a non-significant difference across varieties,
whereas different letters reflect a significant difference at P < 0.05. Feed Efficiency = (Body Gain/Total Food Intake).

same pattern was studied by,® which showed the effect of
p-limonene on streptozotocin-induced rats with a considerable
reduction in body weight relative to the negative control rats.
Table 3 shows that there are no significant differences in the
initial and final body weights or feed efficiency in all groups
compared to the negative and positive control groups.
Meanwhile, a significant decrease was observed in the body
weight growth in the positive control group and all treated
groups compared to the negative control (Table 3). A more sig-
nificant decrease was observed in treated groups 3 and 4, com-
pared to the positive control group, in contrast to the remain-
ing treated ones. The positive control group exhibited signifi-

450

Blood glucose levels (mg/dl)

W Nazgative control @ Positive control  Group (1)

cantly decreased overall food intake compared to the negative
control group and all other treated groups (Table 3). The
decrease in body gain was observed in the positive control and
treated groups due to structural proteins being lost or broken
down in streptozotocin-induced diabetes, leading to a large
body weight loss.*>*® confirmed a decrease in overall food
intake while applying the extracted dihydroxy gymnemic triace-
tate from Gymnema sylvestre on STZ-induced diabetic rats with
lower blood sugar and cholesterol in the long-term therapy
of diabetes. These changes may be caused by a decline in
stomach health, which prompts the refusal of meals to lessen
the strain on the gastrointestinal tract and acid secretion.

6 8
Time (week)
¥ Group (2) ® Group (3) M Group (4)
8 Group (8) M Group (9) 8 Group (10)

W Group (3) @ Group (6) M Group (7)

Fig. 3 Periodic changes in the blood glucose level.
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3.3. Effect of nanoencapsulation forms on the biochemical
parameters

Streptozotocin (STZ) is commonly used to create diabetes mel-
litus in experimental animals, which causes a reduction in
insulin release.”” It achieves this by triggering the degener-
ation and necrosis of the pancreatic islet of Langerhans cells.
The mechanism of STZ is based on its glucose moiety, which
can enter cells through the low-affinity glucose transporter
GLUT?2 in the plasma membrane. Then, STZ changes into reac-
tive methyl carbonium ions that alkylate DNA and produce
free radicals that target the DNA sugar moiety, breaking the
DNA strand.”® Blood glucose levels were monitored period-
ically every two weeks, as shown in Fig. 3. A significant
decrease could be observed in all treated groups throughout
the experimental period.

Table 4 shows that the positive control group had signifi-
cantly higher levels of glucose, GHb%, TNF-a, and IL-6 than
the negative control group. Interestingly, all treated groups
exhibited significant decreases in the same metrics compared

View Article Online

Paper

to the positive control group. The Hb level, which is regarded
as a trustworthy indicator of diabetes, is inversely related to
the fasting blood glucose levels, as reported by*®° in diabetic
animals medicated with Terminalia arjuna and Ferula duranii
extracts compared with positive control rats. TNF-a is a potent
pro-inflammatory agent that affects many aspects of macro-
phage activity. It is rapidly released after trauma, infection, or
exposure to bacterial-derived LPS, and is one of the early
mediators that is most prevalent in inflamed tissue.’
Therefore, the successful reduction of TNF-« in treated groups
represents a potential target, as TNF-a has been proposed as a
central player in inflammatory cell activation and the develop-
ment of many chronic inflammatory diseases. A significant
decrease in insulin level in the positive control group was
observed compared to the negative control group. All treat-
ment groups were caused by either damage or improper func-
tioning of the p-cells. Nevertheless, all treated groups had
higher insulin levels, showing they can stimulate p-cell regen-
eration or insulin production from these cells, which agreed
with an earlier study® that confirmed the decreased blood

Table 4 Effect of flavorings and their nanoforms on the biochemical parameters

Glucose Insulin TNF-o IL-6 AST ALT ALP Albumin Total Protein
Group (mgdL™) (WUml™)  GHb (%) (pgml™) (pg ml™) (uL™ (uL™ (uL™ (gL™) (tmol L™
Negative ~ 95.7 +3.55 17.16 +2.13 51+0.45 97.16+5.13 48.1+2.65 132.8+1.71 94.6+1.07 65.7+3.19 2.78+1.22 11.77 + 0.54
control
Positive 285.5+2.34% 9.51+2.27* 13.4+0.31% 218.5+3.27° 183.4+3.31% 240.5 + 1.46" 201.3 +2.37° 115.1 +3.28% 1.77 +1.17% 6.28 + 0.43"
control
Group (1)  105.6 +3.43° 14.3+2.23° 7.3+0.25° 1153 +3.23° 42.3+3.25° 127.5+1.35° 118.5+2.32° 71.1+2.21° 2.74 +2.29° 12.62 + 0.38"
Group (2) 100+ 3.35°  13.16 +2.03° 6.1+0.45° 114.19 +2.03° 43.1 +3.45° 120.7 £1.15° 117.2 +3.18° 69.3 +2.78° 2.29 +2.16° 11.83 £ 0.39°
Group (3) 113.2+2.44% 13.61+2.279 9.1+0.31¢ 116.61+2.279 44.1+2.319 137+1.48% 125.8+1.33¢ 83.5+2.09 2.54+1.13¢ 13.17 + 0.14¢
Group (4) 105.4 £3.23° 12.3+2.43° 8.5+0.25° 115.3 £2.43° 43.2+2.25° 128.2+1.67° 123.1+2.67° 80.78 +5.48° 2.39+1.17° 12.38 +0.18°
Group (5) 123.3+3.35" 11.16 +3.03" 8.1+0.45" 11516 +3.037 43.1+2.45" 1475+1.36" 132.5+2.327 75.4+2.117 2.78 +2.32" 13.47 +0.39
Group (6)  105.6 +2.44% 10.61 +3.27% 7.4+0.31% 114.61 +3.27% 43.4+2.51® 139.7 +1.15% 130.2 +2.58% 71.5+2.18% 2.29+2.17% 12.98 +0.33%
Group (7) 133.4+3.23" 12.3+2.53" 10.5+0.25" 116.13 £2.53" 43.5+2.25" 157.2+1.28" 131.8+1.53" 88.1+2.12" 2.14+1.19" 13.12+0.31"
Group (8) 114.2+3.75' 10.16 £2.43' 9.9+0.45' 11576 +2.43' 45.9+2.45" 148.1+1.17 129.7 +2.67° 80.7+2.41' 2.39+1.22" 12.63 £ 0.22'
Group (9) 123.5+2.14° 10.61+2.27 9.4+0.317 116.71+2.27 46.4+2.31" 135.5+1.48 125.8+2.83 76.3+2.33 2.54+2.13 13.57 £0.25
Group (10) 117.3 +2.43% 10.3+2.73% 8.6 +0.25X 1155 +2.73X 46.6 +2.25X 130.2 +1.57% 120.7 +2.67% 70.8 +2.46% 2.79 +2.16 12.78 + 0.38"

Values were represented as mean + SE (n = 6), in which the same letters in
different letters reflect a significant difference at P < 0.05.

each column reflect a non-significant difference across varieties, whereas

Table 5 The effect of flavorings in nano-encapsulated forms on the total cholesterol, HDL, LDL, triglycerides, creatinine, urea, and uric acid

Total cholesterol HDL LDL Triglycerides Creatinine Urea Uric Acid
Group (mg dL™) (mgdL™) (mgdL™) (mg dL™) (mg dL™) (mgdL™) (mg dL™)
Negative control 88.6 + 3.45 47.7 +3.56 30.8 +2.61 48.5 +2.30 0.85 + 0.03 35.4 +1.24 2.87 +0.14
Positive control 116.1 + 3.6 32.1+3.7° 62.7 + 3.26 65.8 + 3.51° 0.95 + 0.04* 38.6 + 1.33% 3.52 +0.28"
Group (1) 88.2 + 3.95° 40.6 +1.35° 30.3 +2.29° 41.4 + 3.64° 0.86 + 0.02° 35.7 £1.13% 2.73 +0.18°
Group (2) 88.4+ 3.24° 45.1 +4.22° 31.3 +2.87° 40.7 +7.42° 0.85 + 0.02° 35.9 + 1.12% 2.69 + 0.15°
Group (3) 89.3 + 5.149 46.9 + 0.97¢ 31.2 +3.69¢ 48.1 +7.05¢ 0.88 + 0.02¢ 37.8 +2.57° 2.80 +0.18¢
Group (4) 89 + 2.45° 45.8 + 0.85° 32.2 +1.88" 47.9 +6.31° 0.86 + 0.04° 37.9 +1.37% 2.78 +0.19°
Group (5) 101.5 + 3.43" 51.5 + 1.56' 319+ 1.61° 53.1 +5.30 0.90 + 0.03 36.1 +1.04* 2.77 +0.17°
Group (6) 100.1 + 2.6% 52.1 +1.78 36.7 + 2.268 52.8 + 4.31% 0.88 + 0.048 36.2 +1.33% 2.71 +0.18%
Group (7) 93.6 +2.95" 49.6 + 1.35" 33.3 +2.29" 49.4 + 6.64" 0.89 + 0.02" 37.2 +1.13 2.75 = 0.24"
Group (8) 93.8 + 4.04! 50.1 + 3.22! 32.3 +2.87' 48.7 + 6.12 0.88 + 0.03 37.5 £ 1.12% 3.75 +0.25'
Group (9) 96.2 + 6.34) 54.4 +0.97 33.2 + 4.69 48.9 +7.25 0.90 + 0.02) 37.8 +2.57% 2.76 + 0.17!
Group (10) 96.5 + 6.45" 54.8 + 0.75" 32.2 +1.88" 48.1 + 4.31% 0.88 + 0.03" 37.9+1.37% 2.71 + 0.19%

Values were represented as Mean + SE (n = 6), in which the same letters in each column reflect a non-significant difference across varieties,

whereas different letters reflect a significant difference at P < 0.05.

This journal is © The Royal Society of Chemistry 2023
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glucose level and increased plasma insulin in diabetic rats due
to supplemented diets with citral. Therefore, the anti-hypergly-
cemic activities of flavorings and their nanoparticles should be
due to their effect on improving pancreatic p-cells function.
Similarly, positive control and treated groups decrease the elev-
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ated levels of serum enzymes caused by STZ induction, as pre-
viously reported.>

The positive control group had significantly elevated serum
enzyme levels (AST, ALT, and ALP) compared to the negative
control group (Table 4). Different flavorings and their nano-

Time (min)
& Group [2) o Group (3) H Group [4)
W Group [9) W Group (10)

Fig. 4 Effect of flavorings and their nanocapsules on the oral glucose tolerance test (OGTT).

L

M Linalool mCitral mLimonene Allyl Caproate mIsoamyl Acetate m Glibenclamide (Control)

Fig. 5 Binding free energy values were calculated by molecular docking of the flavorings and receptors.
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forms demonstrated pronounced protective effects via decreas-
ing levels of serum enzymes altered by STZ induction
(Table 4).

The significant reduction in albumin and total protein
levels (Table 4) in the positive control compared to the nega-
tive control or treated groups with flavorings and their nano-
forms is due to glycation of renal matrix proteins causing
alterations in kidney architecture and increased basement
membrane permeability, resulting in nephropathy.>® These
gradual alterations build up over time, eventually leading
to renal failure. Preventing protein glycation can be very
helpful in preventing the formation of such alterations.
Microproteinuria and albuminuria, vital clinical indicators of
diabetic nephropathy, and/or enhanced protein catabolism
could explain the decrease in total protein and albumin
percentage.>*
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Table 5 shows that the diabetic groups treated with flavor-
ings and their nanoparticles decreased the serum lipid profile
(total cholesterol, LDL, and triglycerides) compared to the
positive control group. The findings show that the positive
control group had significantly higher creatinine, urea, and
uric acid levels than the negative control group. The lipid-low-
ering effect of the flavoring nanoparticle-treated groups
(Table 5) might avoid cardiovascular disease in diabetes,
which is supported by an increased serum insulin level in the
treated groups, as summarized in Table 4. The previous find-
ings agreed with,>> where an aqueous extract of Ocimum
sanctum L. leaves showed anti-hyperglycemic and lipid-lower-
ing activities in the positive control group rats due to its effect
on improving pancreatic p-cells function. It has been estab-
lished that various metabolic and regulatory abnormalities
that occur during diabetes lead to hyperlipidemic conditions
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(D and D’) linalool and control with 1J2E, (E, E') Allyl caproate and control with 1GNH, (F and F’) Citral and control with 2NT7, and (G and G’) Citral

and control with 1K3A.
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in people with diabetes, while increased TC, LDL-C, and TG
levels in the blood cause diabetic dyslipidemia.>®>”

The findings show that the positive control group had sig-
nificantly higher creatinine, urea, and uric acid levels than the

negative control group. All treated groups had significantly

8824 | Food Funct, 2023, 14, 8814-8328

View Article Online

Food & Function

PHE
240

VAL

= 2 ‘e 252
N
e L

[ A
] Pt
PHE
A180
ors
A36
ILE
AL74
HIS
A95
o
N .
Ll \°
VR .
A175 A
PRO
A206
Interactions
[ Conventonal Hydrogen Bond [ At
[] Corbon Hydrogen Bond [ Poast
(¥
ALA
27
™
46
AA
27
6Ly p PHE
259 GN 182
262
ARG
b2)
Interactions
[ Conventonal Hydrogen Bond [ Aot
[] Cerbonydrogen Bond [ Pt

(G")

ARG
1054

Interactions
[ ConventonaiHydrogen Band
[[] carbonHydrogen Bond

[ Pessont

lower creatinine, urea, and uric acid levels than the positive
control group, which is in line with the negative control group
(Table 5). It was revealed that circulating lipids bind to and
become trapped by the extracellular matrix, where they are oxi-
dized, increasing the reactive oxygen species generation, which

This journal is © The Royal Society of Chemistry 2023
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could damage the structure and function of diabetic kidneys.>®
Therefore, treatment with flavorings in nano-encapsulated and
non-encapsulated forms inhibited lipid alterations, which
could be one explanation for its possible renoprotective
activity.

The oral glucose tolerance test (OGTT) assesses insulin re-
sistance and apparent insulin release in many clinical settings.
The blood samples for the OGTT were examined for glucose
content at 0, 30, 60, and 120 minutes, respectively (Fig. 4).
Citral, linalool, allyl caproate, isoamyl acetate, and orange oil
in raw and nano-encapsulated forms showed no discernible
hypoglycemia effects in normal rats. The current study is
based on Glibenclamide, a long-used positive control used to
treat diabetes and promote insulin secretion. The blood
glucose levels of all treated groups had a significant with nega-
tive control and Glibenclamide at 30, 60 and 120 min. Based
on the effect of flavorings and their nanoparticles on OGTT
(Fig. 4), it is suggested that food flavorings such as citral, lina-
lool, allyl caproate, isoamyl acetate, and orange oil in typical
and nano-encapsulated forms may have insulin-mimetic
activity. Further studies are necessary to reveal the mechanism
of their action and the possibility of using them safely for
T2DM patients. The previous findings agreed with,*® which
suggested the potential antihyperglycemic activity of limonene
and citral in their original forms in streptozotocin-induced
diabetic rats.

Flavorings in nanoforms showed lower levels of glucose and
OGTT than those in free forms, as shown in Table 4 and
Fig. 4. The previous findings agreed with many previous
studies dealing with the effect of nanoparticles based upon
inartificial polymers on STZ-induced diabetic rats. For
example, due to chitosan’s remarkable capacity to momenta-
rily relax the tight junctions between epithelial cells and
improve adhesion to negatively charged mucosal surfaces,
ferulic acid-chitosan nanoparticles demonstrated an in vivo
oral bioavailability that was four times greater than that of free
ferulic acid. This resulted in a greater uptake of cells.>
Similarly, a chitosan-alginate complex-prepared curcumin
nanoformulation demonstrated a 30% greater glucose-lower-
ing impact in vivo than chitosan alone.®® Additionally,*"
created thymoquinone-loaded gum rosin nanocapsules with a
greater antihyperglycemic effect in T2DM rats despite only
having half as much administered as native thymoquinone.

3.4. Evaluation of molecular docking

Fig. 5 shows the binding capacity of the food flavorings under
investigation: linalool, citral, limonene (which is the predomi-
nant orange peel oil), allyl caproate, isoamyl acetate, and
Glibenclamide as a control on seven proteins related to T2DM.
Binding energy values for the flavorings ranged from —6.02 to
—7.07 kecal mol ™. In this range, the highest scores were —6.51
to —7.07 kecal mol™" for citral, linalool, and allyl caproate
against the receptors. Therefore, they were selected for mole-
cular docking demonstration, which is shown later in Fig. 5.
However, the investigated flavorings showed a lower binding
capacity than the control; Glibenclamide showed a binding

This journal is © The Royal Society of Chemistry 2023
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energy range of —8.49 to —9.54 kcal mol~". The lower binding
energy is due to the simple structure of the flavorings applied
with a lack of aromaticity and few hydroxyls or other functional
groups outside, which may explain their low binding affinity.
Consequently, these compounds have a small tendency to
develop a complex with the four target proteins.®>

Fig. 6A-G shows the interaction of flavorings with the
highest binding energy scores and the control (Glibenclamide)
against five receptors. The higher binding affinity of the
control with the 3IOL receptor compared to citral is attributed
to the crucial conventional H-bonds formed with GLU127 and
C-H interaction with LEU123. Citral is also connected to
GLU127 through the C-H bond, and has similar alkyl inter-
action and pi-alkyl with ALA30 and VAL33 compared with the
control (Fig. 6A and A’). Conventional hydrogen interactions
firmly bind the control with the 2ZJ3 receptor residues SER376
and SER473, while bonding with the LYS675 moiety was
common for both citral and the control against the 2ZJ3 recep-
tor (Fig. 6B and, B'). The number, types, and uniqueness of
bonds were the main criteria that led to the control’s higher
binding affinity with all investigated receptors contrasted with
the highest flavorings, as shown in Fig. 4A'-G'. For example,
allyl caproate showed a conventional H-bond with LYS223, C-
H, and alkyl interaction with MET193 and PRO187 residues of
the 1BHS receptor. On the other hand, the control showed
more conventional H-bonding with the TYR155 and
LYS159 moieties in addition to the C-H bonds (GLY186,
CYS185, GLY92), pi-pi T-shaped (TYR155), pi-sulfur interaction
(MET193, TYR155), and many other alkyls and pi-alkyl inter-
actions with the same receptor (Fig. 6C and C'). In the same
context, linalool, allyl caproate, and citral showed the same
types and numbers of bonds with the moieties of the 1J2E,
1GNH, 2NTF, and 1K3A proteins (Fig. 6D-G), which revealed
that the comparable binding energies values ranged from
—6.54 to —6.86 kcal mol™ (Fig. 5). The interactions between
the moieties of the proteins involved in T2DM pathogenesis
and flavorings agree with,” who reported similar molecular
interactions between phenolic metabolites of black beans and
blue corn extracts and the same protein moieties identified in
the present study.

4. Conclusions

The current study examined the effect of food flavorings and
their nanocapsules, which are widely used to increase food
and pharmaceutical palatability, on T2DM patients. Using
high-shear homogenization to encapsulate flavorings did not
affect the volatile constituents of delivery systems with a
higher encapsulation efficiency with the nanometric scales, as
proved by both dynamic light scattering and transmission elec-
tron microscope techniques. Interestingly, nanoforms showed
better results compared to raw flavorings. T2D rats treated
with flavorings and their nanoparticles exhibited enhanced
biochemical parameters and lowered glucose and OGTT levels.
Thus, the flavorings used and their nanoformulations have the
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