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Jujube, a fruit rich in phenolic compounds, is renowned for its potential health benefits, including lowering
blood pressure, and exhibiting anti-cancer, and anti-inflammatory effects, attributed to its potent antioxidant
properties. However, the application of these phenolics in food products is limited by their instability and low
concentration in plant tissues. This study investigates the nanoencapsulation of jujube extract (JE) using

nanoliposomes (NLs) coated with pea protein isolate (PPI) to enhance stability and bioavailability. NLs were
prepared via the ethanol injection method and optimized through comprehensive characterization, including
dynamic light scattering, polydispersity index, and zeta potential. The encapsulated JE showed improved anti-
oxidant activity and controlled release profiles in simulated gastric fluid and simulated intestinal fluid. This
research highlights the potential of PPI-coated NLs in stabilizing and enhancing the bioactivity of jujube phe-
nolics, providing a promising approach for their integration into functional foods.

1. Introduction

Jujube (Ziziphus jujuba Mill.), is considered the most important
Ziziphus species for fruit production in the buckthorn family Rhamna-
ceae. It is native to China with a history of over 4000 years and is now
widely distributed in Europe, southern and eastern Asia, and Australia.
Renowned for its exceptional content of biologically active compounds,
particularly phenolic compounds such as gallic acid, catechin and epi-
catechin, it offers significant nutritional and nutraceutical values (Gao
etal., 2013). Phenolics are natural bioactive molecules mainly present in
plant tissues. They form a significant portion of plant secondary me-
tabolites, displaying distinct biological activities such as antioxidants,
antimicrobials, and anti-inflammatory properties. The well-established
antioxidant activity (AA) of phenolics has prompted extensive
research and development for their utilization (Ribeiro et al., 2016).

Still, The food industry faces obstacles due to the low concentration of
phenolics in plant tissues and the challenge of meeting the high demand
from consumers (Cosme et al., 2020). Additionally, the vulnerability of
phenolics to environmental factors such as light, heat, and oxygen may
result in their degradation, causing a decline in their biological activities
(Albuquerque & Heleno, 2021).

To address these limitations, encapsulation techniques are frequently
employed to enhance the shelf life of phenolic compounds (Han et al.,
2015). This procedure greatly improves phenolics' solubility, bioavail-
ability, and resilience and prevents their degradation by external factors
during processing and storage (Garavand et al., 2021). For this purpose,
a variety of food carriers, such as polysaccharides, lipids, proteins, and
surfactants, can be used to encapsulate phenolic compounds. However,
it is crucial to ensure that encapsulated phenolics do not affect the color,
flavor, or sensory attributes of the final product. More importantly, it is
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necessary to select carriers that are natural, cost-effective, and generally
recognized as safe (GRAS) for health (Tamjidi et al., 2013). Nano-
liposomes (NLs) are a widely utilized form of nanocarriers, which are
composed of two layers of phospholipids, trapping one or more hydro-
philic and hydrophobic bioactive and they offer the capability to achieve
controlled release of phenolics at precise locations and times
(Bhattacharya et al., 2022). (Liu et al., 2020) demonstrated that NLs of
B-carotene, vitamin C, and other bioactive all exhibited encapsulation
efficiency (EE) > 60 %.

One of the techniques for preparing NLs is the ethanol injection
approach, in which an organic (solvent) solution is injected into an
aqueous (non-solvent) solution. This technique is preferred over other
methods like Thin Film Hydration and Reverse Phase Evaporation,
because the stability of prepared NLs by it is generally higher. Addi-
tionally, it is favored on an industrial scale due to its speed, safety, and
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Extraction Efficiency = (Weight of extract)/(Initial sample weight) x 100
@

Total phenolic content (TPC) was measured according to Zhou et al.
(2023), and the results were expressed in terms of GA. In this method,
Folin-Ciocalteu was used as the reagent. First, a calibration curve was
drawn based on GA (within the range of 100 to 1000 ppm), and the
absorbance of the samples was read at 760 nm. The DPPH radical
scavenging assay was used to determine AA (Tan et al, 2014).
Accordingly, 1.0 mL JE was mixed with 9.1 mL ethanol and 0.2 mL of a
0.5 mM DPPH solution. The resulting mixture was vortexed and left at
room temperature for 30 min. Then, its absorption at 517 nm was
measured. The scavenging rate of DPPH was calculated using Eq. 2. The
control absorption was obtained by replacing the sample with ethanol.
Distilled water was used as a blank sample.

Scavenging of DPPH (%) = [1 — (Absorbance of control/Absorbance of sample) ] x 100 )

reproducibility (Shin et al., 2013). To enhance the stability and attain
improved control over the release, a novel strategy is coating of NLs
(Hasan et al., 2019). One of the biopolymers considered suitable for
coating nanoliposomes (NLs) is pea protein, which exhibits numerous
advantageous traits, particularly its plant-based origin and lack of al-
lergens (Song et al., 2023). Pea protein isolate (PPI) possesses emulsi-
fication capability, which can be affected by its origin, extraction
method, and environmental or processing factors like pH, ionic strength,
and temperature (Burger & Zhang, 2019).

The purpose of this research was to nanoencapsulate jujube extract
(JE) within optimized NLs and enhance their stability through PPI
coating. Additionally, this paper provides an in-depth characterization
of JE-loaded NLs, including analysis of particle size, polydispersity index
(PDI), zeta potential (ZP), release kinetics, and morphology. These
findings are expected to facilitate practical and efficient utilization of
the developed NLs within the industry.

2. Materials and methods
2.1. Materials

The 96 % Ethanol was obtained from Kimia Alcohol (Zanjan, Iran),
potassium acetate from Drmojallali Co., fish oil from Isfahan Research
Center (Isfahan, Iran), 3 from Dana Co., vitamin D from Gorgan
Research Centre (Gorgan, Iran), and PPI from Saf Co. (Turkey). Other
materials including sodium carbonate, aluminum chloride, Folin, DPPH,
lecithin, B-sitosterol, cholesterol, monopotassium phosphate, Triton X-
100, EDTA, sodium hydrogen carbonate, sodium chloride, pepsin, hy-
drochloric acid, pancreatin, sodium hydroxide and Tween 80 (Tw) were
purchased from Merck (Germany).

2.2. Extraction of jujube extract and its properties

For obtaining JE, the method utilized was adapted from Tian et al.
(2017) with minor adjustments. Essentially, the de-seeded fruit powder
underwent filtration through a mesh size of 60. Subsequently, 50 g
jujube powder was mixed with 500 mL ethanol/water solvent (80:20). It
was then agitated on a shaker at 180 rpm for 24 h at room temperature.
Next, JE underwent filtration using Whatman filter paper No.1 and
concentrated via a rotary evaporator (IKA, Germany). Ultimately, the
concentrated JE was dried using a freeze-dryer (Operon, South Korea).
The extraction efficiency was determined by Eq. 1 (Han et al., 2015).

Finally, the phenolic profile of JE was characterized by high per-
formance liquid chromatography (HPLC).

2.3. Loading jujube phenolic extract into nanoliposomes

NLs were prepared using the ethanol injection method, as described
by Toniazzo et al. (2017), with slight modifications. The organic phase,
consisting of a specific ratio of lecithin to Tw (10 and 20 mg) and 10 mg
stabilizers (w3, cholesterol, fish oil, and p-sitosterol) heated in ethanol at
60 °C, and mixed by a magnetic stirrer. Then, JE (40/20 mg) was dis-
solved in 20 mL of preheated deionized water (aqueous phase). The
organic phase was then injected into the aqueous phase by a syringe. The
resulting sample was sonicated (70 % power and 0.5 cycles) for 30 min
(6 s on and 3 s off). After the characterization of NLs (Section 2.5), the
sample with ©3 stabilizer and 0.01 Tw was selected as the optimal one
for coating. For the preparation of PPI-coated NLs (C-NLs), different
concentrations of PPI (0.1, 0.2, 0.4 % w/v) dissolved in 20 mL of pre-
heated deionized water and added drop-wise into NLs solutions under a
magnetic stirring at 500 rpm for 1 h, followed by static standing of the
mixture for 0.5 h to ensure the complete combination of PPI with NLs
(Tai et al., 2020). Afterward, the dispersion solution was sonicated.
Different samples with relevant codes are shown in Table 1.

2.4. Characterization of loaded nanoliposomes

The mean particle size, PDI, and ZP of NLs were measured using a
dynamic light scattering (DLS) instrument (Nanosizer 3000, Malvern

Table 1
Various treatments and sample codes in this study.
Nanocarrier Stabilizer Tween concentration Sample
(%) code
Nanoliposomes Cholesterol 0.1 CH-To 1
(NLs) 0.2 CH-To.»
Fish oil 0.1 FI- T
0.2 FI- To.2
Omega 3 fatty 0.1 ®-To1
acids 0.2 ®-To.2
B-sitosterol 0.1 B-To.1
0.2 B-To.2
Coating Coating
biopolymer concentration (%)
Coated Pea protein 0.1 Co.1-NLs
nanoliposomes isolate 0.2 Co.2-NLs
(C-NLs) 0.4 Co.4-NLs
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Instruments, UK). To avoid multiple scattering, each sample (1 mL) was
diluted with distilled water in a 100-fold ratio. The measurement was
conducted at 25 °C with an angle of 90  and a wavelength of 633 nm
(Sarabandi, Mahoonak, et al., 2019). For the separation of the non-
encapsulated phenolics from NLs suspension, centrifugation at 3000
rpm for 15 min was employed. The absorption levels in both fractions
were measured using a spectrophotometer at 760 nm, and EE was
calculated using Eq. 3(Flamminii et al., 2021).

Encapsulation Efficiency (%) = [1-Unencapsulated drug/Total drug| x 100
3

Subsequently, AA was calculated using the DPPH scavenging method
(Tan et al., 2014).

The optimized samples, comprising loaded and empty NLs, C-NLs
along with JE, 3, Tw, and PPI underwent FTIR analysis within the
range of 4000 to 400 cm ! using an FTIR spectrophotometer (Shimadzu
8400, Japan)(Zhang et al., 2022). For evaluating the structure and
morphology of all NLs, scanning electron microscopy was employed. In
this process, a 100-uL NLs suspension was dried on a glass slide. The
selected sample was subsequently coated with gold, and imaging was
conducted (Sarabandi, Jafari, et al., 2019).

2.5. Release of phenolics from nanoliposomes

In summary, dialysis bags were immersed in a simulated gastric fluid
(SGF) containing 2.0 % sodium chloride and 32.0 % pepsin by weight.
The pH was adjusted to 2 using a 5.0 M hydrochloric acid solution. The
SGF was maintained in a shaking incubator at 37 °C for 2 h, with peri-
odic sampling every 30 min(Hasan et al., 2018). After 2 h digestion in
SGF, dialysis bags were transferred to a simulated intestinal fluid (SIF),
which contained 0.1 % pancreatin and 50 mM potassium dihydrogen
phosphate. The pH of SIF was adjusted to 8.6 with 5.0 M sodium hy-
droxide. Then, they were placed in a shaking incubator at 37 °C for 4 h,
with sampling every 30 min (Hasan et al., 2019).

2.6. Statistical analysis

The findings from this study were subjected to statistical analysis
using a completely randomized design with three replications,
employing SPSS software version 26. The means were compared using
the Duncan test at a significance level of 0.05 (P < 0.05). Furthermore,
graphical illustrations were generated using Microsoft Office Excel
20109.
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Table 2
Summary of HPLC data.
Peak IDs Retention Peak Recovery Concentration
Time (min) area (%) (%) (mg/100 g)
3.44 22.644 98 153.357

Gallic Acid
Catechin 4.31 8.366 94 27.836

. . 5.26 9.939 99 31.044
Epicatechin

. 7.21 7.733 96 18.714
Rutin

o 9.67 3.618 90 4.337
Quercitrin
m-Coumaric 10.18 6.524 98 12.711
Acid
. 13.71 9.258 94 28.215
Quercetin
Caffeic Acid 14.23 13.342 93 61.370
Chlorogenic 15.19 18572 98 112.023

Acid

3. Results and discussion
3.1. The extraction efficiency of jujube extract and its properties

The extraction efficiency of JE was 84.76 % based on dry matter,
which was slightly lower than those reported by Farahani (2019) Ac-
cording to HPLC analysis, as shown in Fig. 1 and Table 2, GA was
identified as the primary phenolic compound in the JE. TPC in the
powder of ethanol JE was 28.531 mg GA equivalent (GAE)/g dry weight,
which is comparable to the range reported by Zhou et al. (2023),
approximately from 18.11 to 21 mg/g. The DPPH scavenging rate of JE
was 86.16 %. (Li et al., 2005) found DPPH scavenging for various jujube
varieties from 33.6 % to 98.6 %.

3.2. Properties of loaded nanoliposomes

The nanoliposomes utilized in this research were multivesicular
vesicles (MVVs), which enable the encapsulation of multiple substances
within distinct vesicles in them. This structural complexity not only
enhances the versatility of the delivery system but also significantly
improves the stability of the encapsulated materials. The crucial factors
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Fig. 1. The HPLC chromatogram of the jujube extract.
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determining the characteristics of NLs are their size and PDI. Factors
influencing the size of NLs include concentrations of phospholipids,
stabilizers, and the use of various non-ionic surfactants (Shaker et al.,
2017). In this study, the smallest and largest sizes of NLs corresponded to
treatments -T2 and p-Ty ; with sizes of 109 + 0.87 nm and 345 + 0.26
nm, respectively. Increasing the amount of Tw leads to a smaller size of
NLs due to its amphiphilic nature. Higher concentrations of Tw increase
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the curvature of the NLs' outer bilayer membrane, resulting in a more
spherical shape. The hydrophilic head of Tw interacts with the aqueous
environment, while its hydrophobic tail inserts into the lipid bilayer.
This insertion disrupts the packing of the lipids in the bilayer, increasing
the curvature. Tw molecules create a more disordered and flexible
membrane structure, enhancing the overall curvature of the nano-
liposome bilayer, ultimately resulting in smaller NL sizes. However, with
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Fig. 2. (A) Particle size, (B) polydispersity index (PDI), and (C) zeta potential of different nanoliposomes (NLs); identical letters indicate no statistically significant
difference between treatments at P > 0.05 (CH-Ty ; and CH-Ty »: NLs with cholesterol stabilizer and 0.1 % or 0.2 % Tw; ©-To; and ®-Tg 2! ®3 and 0.1 % or 0.2 % Tw;
B-To.; and B-To o: -sitosterol and 0.1 % or 0.2 % Tw; FI- Tg 1 and FI- Ty »: fish oil and 0.1 % or 0.2 % Tw; Control: NLs without Tw and stabilizer, Control + Tw: NLs
without stabilizer and with Tw); Cg 1-NLs, Cg »-NLs, Cg 4-NLs refers to NLs coated with 0.1, 0.2, and 0.4 % pea protein).
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a decrease in Tw, NLs lose their spherical shape and become more
irregular, leading to an increase in their size. This trend was also sup-
ported by Fan et al. (2008).

In this study, two natural sterols as stabilizers of NLs were f-sitosterol
and cholesterol. They contribute to maintaining the integrity and sta-
bility of NLs by incorporating them into the lipid bilayer. Among
treatments, the highest particle size was observed for $-Tp 1 and p-To 2
treatments, which were stabilized by p-sitosterol. Following these
treatments, CH-T ; was stabilized by cholesterol. The larger size of NLs
containing sterols compared to other samples is attributed to the inter-
action of sterols with the lipid chains close to the phospholipid head
groups, forming space between lipids and expanding the membrane
(Jovanovic et al., 2018). For example, sterols, due to their cyclic struc-
ture, have larger particle sizes than ®3 and fish oil. Among sterols,
B-sitosterol, and cholesterol have similar chemical structures, both being
hydrophobic in the core and hydrophilic at the head. However,
cholesterol is smaller (with a molecular weight (Mw) = 386.65 g/mol)
and stiffer, while B-sitosterol has a larger structure (Mw = 414.71 g/
mol) and is more flexible. Compared to other stabilizers (fish oil and ©3),
o3 resulted in a smaller particle size. The combination between ®3 and
Tw is particularly effective in reducing surface tension and preventing
particle aggregation. It also promotes the formation of smaller and more
stable particles compared to other treatments. Fish oil is a complex
mixture of w3 fatty acids, phospholipids, and other components. The
presence of these additional lipids in fish oil may lead to the formation of
larger NLs compared to those stabilized only with w3 fatty acids.

In the next step, by coating NLs with different PPI concentrations
(0.1, 0.2, and 0.4 %), the size of all samples increased, similar to studies
by Song et al. (2023), where a higher coating material concentration led
to an increase in particle size. As shown in Fig. 2A, the size of NLs after
coating ranged from 104 + 1.70 nm for sample Cp 1-NLs to 268 + 0.40
nm for sample Cp 4-NLs, all of which differed significantly (P < 0.05)
with the uncoated NLs (142 + 0.87 nm). The higher size of C-NLs is
attributed to the increase in the thickness of the protein layer on the lipid
membrane (Ramezanzade et al., 2017).

In the work by Hanafy et al. (2015), the effect of 80 % Tw in
retention of particle size and PDI during short-term (one week) and long-
term (3 months) storage of NLs was confirmed. Therefore, in all treat-
ments of this study, Tw was used at two different ratios. we found that an
increase in Tw resulted in a reduction of these indices. As depicted in
Fig. 2B, the PDI of treatments CH-T; and CH-T( 5 were 0.311 + 0.013
and 0.296 + 0.008, respectively. Still, they did not differ significantly (P
> 0.05), which was consistent with the data of Nowroozi et al. (2018)
regarding the PDI of cholesterol treatments. Although cholesterol may
harm the human body, it has been analyzed in this research for
comparative purposes (Guo et al., 2024). The effects of sterols on PDI
vary due to their different chemical compositions. For example, in -Tg 1
and p-T 2 samples, PDI was significantly higher than those containing
cholesterol due to the difference in sterol structures. Notably, the lowest
PDI was associated with treatment ®-Ty 2, which showed no significant
difference with ®-Tg 1. On the other hand, the highest PDI was linked to
treatment $-Tp 1.

Furthermore, all C-NLs differed significantly (P < 0.05) from each
other and the uncoated NLs. The lowest PDI was observed in treatment
Co.1-NLs, while the highest PDI was related to treatment Cg 4-NLs. Based
on these values, coating of NLs with 0.1 % and 0.2 % PPI led to a lower
PDI, while coating with 0.4 % PPI caused an increase in PDI, which was
also observed by Pan et al. (2020), indicating the relatively homoge-
neous distribution of NLs after coating and attributing it to protein
adsorption and NLs aggregation. However, since a PDI < 3.0 is accept-
able and indicates greater uniformity in the samples, treatment with 0.4
coatings was considered unacceptable.

By comparing the particle size distributions and their ZP, it can be
observed that NLs with a common stabilizer, which had smaller particle
sizes, had a higher absolute ZP because with an increase in particle size,
the surface-to-volume ratio increases, leading to a higher charge density
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on the particle surfaces(Nakatuka et al., 2015). Consequently, the
electrostatic repulsion between NLs increases, resulting in reduced ag-
gregation and increased stability (Das & Das, 2022). In this study, we
had different ZP values due to the diversity of stabilizers. For example,
treatments of ©-Ty 1 and ©-Ty 2 had a negative ZP because they contain
fatty acids whose carboxylic acid group ionizes at pH > 5.4. The sig-
nificant reduction in ZP can be explained by the fact that carboxylic acid
groups of fatty acids are positioned more on the surface due to confor-
mational changes during encapsulation, leading to a better formation of
NLs. Consequently, treatment o-T( > showed a significant decrease in ZP
(—27.8 + 0.36 mV). Similarly, treatments $-T0.1 and p-T0.2 exhibited
negative ZPs. This negative ZP arises from the interaction of p-sitosterol
with phospholipid head groups through hydrogen bonding, which re-
duces electrostatic repulsion between the head groups. However,
incorporating them enhances hydrophobic interactions with acyl chains,
which can further stabilize the bilayers.

NLs formulated with cholesterol (CH-Ty; and CH-Tg ) also showed
negative ZP (—14.80 + 0.56 and — 3.19 + 0.45 mV, respectively), which
were similar to the study of Németh et al. (2022) in the range of —17.10
to —6.32 mV. It has occurred due to the formation of hydrogen bonds
between the hydroxyl group of cholesterol and the choline of lecithin,
creating dipole-dipole attractions. Treatments with fish oil (FI-To; and
FI-Tp2) had ZP of —13.12 + 0.25 and — 6.15 + 0.47 mV, respectively.
Additionally, biopolymers with opposite charges are used for coating of
NLs. In this study, PPI had a ZP = +17.56 £+ 0.39 mV similar to the data
of Helmick et al. (2021), where the ZP of PPI ranged from —30 to +30
mV. As shown in Fig. 2C, treatment C 4-NLs did not significantly differ
(P > 0.05) from the absolute value of the uncoated optimal NLs, indi-
cating low interaction at this concentration. However, all of the C-NLs
exhibited significant differences from each other and the uncoated NLs,
indicating a transition from a negative to a positive ZP. These changes in
ZP after protein coating indicate electrostatic interactions, which are the
main driving force for the successful coating of NLs(De Villiers et al.,
2011).

Treatments CH-Ty; and CH-Tq o, which contained cholesterol, had
relatively low EE (35.66 % and 40.45 %, respectively), as shown in
Fig. 3A. Another influential factor on EE in this study was the level of
Tw; a higher Tw level decreased the EE, which could be attributed to the
complete destruction of NL layers due to encapsulated material leakage.
However, in the study of Fan et al. (2008), due to the hydrophobicity of
the encapsulated compound, a slight increase in Tw led to higher EE
because it increased the surface density of NLs and availability of the
lipid-friendly environment. The lowest EE was observed in treatments
with p-sitosterol (3-Tp.; and B-Ty 2), which were 32.13 % and 29.15 %,
respectively. As shown in Fig. 3A, the highest EE was related to treat-
ments ®-Tg 1, ®-Tg o, and FI-Tg 1, which were 73.76 %, 64.75 %, and
71.71 %, respectively, consistent with the findings of Caddeo et al.
(2008).

The size of carriers significantly impacts the success of the encap-
sulation process. While sizes between 50 and 150 nm are generally
recommended, larger sizes have also been observed. The size of carriers
and EE are closely related due to the surface area-to-volume ratio and
diffusion path length. Smaller carriers, with their larger surface area,
interact more effectively with the encapsulating bioactive, leading to
higher EE (Aguilar-Pérez et al., 2020). However, extremely small car-
riers may also lead to encapsulated material leakage or instability.
Conversely, larger carriers may have lower EE due to a reduced surface
area for interaction and a longer diffusion path for the core material, but
they may provide better stability. For example, NLs made with ®3,
which had the smallest size, had the highest EE. This aligns with the
findings of Jgraholmen et al. (2015), who discovered NLs with larger
sizes had lower EE. Regarding C-NLs, there was a significant difference
(P < 0.05) in EE between them and the uncoated NLs. Moreover, there
was an increase in EE after coating, which gradually decreased at a
higher PPI level. Higher EE after coating up to a certain concentration in
the study by Pan et al. (2020) was attributed to the effective prevention
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Fig. 3. (A) Encapsulation efficiency and (B) DPPH scavenging rate of different nanoliposomes (NLs); identical letters indicate no statistically significant difference
between treatments at P > 0.05 (CH-Ty ; and CH-Ty »: NLs with cholesterol stabilizer and 0.1 % or 0.2 % Tw; ©-Tp ; and ®-Tg »: ®3 and 0.1 % or 0.2 % Tw; B-To 1 and
B-To.o: p-sitosterol and 0.1 % or 0.2 % Tw; FI- Ty ; and FI- Ty »: fish oil and 0.1 % or 0.2 % Tw); Cq 1-NLs, Cg »-NLs, Cy 4-NLs refers to NLs coated with 0.1, 0.2, and 0.4

% pea protein).

of encapsulated material leakage from the NLs lipid membrane by the
coated layer during the preparation process.

As shown in Fig. 3B, the DPPH scavenging activity before encapsu-
lation was 16.86 + 0.74 %, which significantly increased within the NLs,
particularly in the ©-T0.1 and ®-T0.2 treatments, where it reached 85 +
0.62 %. This substantial enhancement in DPPH scavenging post-
encapsulation suggests that the encapsulation process significantly im-
proves the AA of the compounds. This could be attributed to the pro-
tective environment provided by NLs, which helps to maintain the
stability and integrity of the encapsulated antioxidants, thereby pre-
venting oxidation. On the other hand, a decrease in DPPH scavenging
was observed for other treatments (FI-T0.1, CH-T0.1, CH-TO0.2, FI-T0.2,
$-T0.1, and p-T0.2) following EE. Tan et al. (2013) also reported higher
antioxidant activity after encapsulation, suggesting that non-coated NLs
are more prone to oxidation due to unsaturated fatty acids in their
phospholipids.

3.3. The release of jujube phenolics from nanoliposomes

The release of phenolics from different NLs under SGF and SIF con-
ditions is shown in Fig. 4, revealing that the surfactant and stabilizer had
a significant effect on the release (P < 0.05). Under SGF, the highest
release (3.41 + 0.25 mg/g) after 2.0 h was related to treatment $-Ty 5,
followed by treatments Ch-Ty 2 and p-Tp 1 (2.67 + 0.34 and 3.24 + 0.25
mg/g, respectively). According to Fig. 4i, the lowest release was related
to FI-Tp; treatment. At a higher surfactant level (Tw), the release
increased while its stability decreased. Surfactants can reduce the sur-
face tension between NLs and their surrounding environment, facili-
tating effective dispersion and release of loaded bioactive. Therefore,
NLs with higher Tw content exhibited greater release, as reported by Fan

et al. (2008).

On the other hand, stabilizers help NLs maintain their structural
integrity and prevent aggregation or premature leakage of their con-
tents. They form a protective layer on the surface of NLs, which reduces
direct contact between liposomes and minimizes the risk of aggregation.
By imparting electrostatic charges onto the surface of NLs, stabilizers
create repulsive forces that help maintain separation between lipo-
somes, thus preventing aggregation. Additionally, stabilizers create a
physical barrier around NLs, increasing the distance between individual
liposomes and further reducing the likelihood of aggregation. Further-
more, stabilizers interact with the lipid bilayer of NLs, enhancing their
rigidity and reducing the likelihood of membrane disruption, which
helps to prevent leakage of encapsulated contents. (Tasi et al., 2003)
stated that the use of Tw increases the stability of NLs. Therefore, Tw
was used in all treatments in this study. Used stabilizers had a significant
difference (P < 0.05) in terms of release rate. Furthermore, as shown in
Fig. 4i(B), the highest release (5.33 + 0.38 mg/g) under SIF, similar to
the stomach, was attributed to treatment ®-Tg 1; whereas the lowest
release (2.44 + 0.46 mg/g) was related to treatment B-To 2 which was
contrary to SGF, indicating the low impact of f-sitosterol due to low
release in the intestine.

According to Kushnazarova et al. (2021), two influential factors
affecting the release are the extent of interactions between loaded
bioactive and the NLs membrane and their permeability (increased
fluidity of the membrane leads to the release of loaded bioactive into the
surrounding environment). One of the stabilizers used in this study was
cholesterol, which has been proven to be effective in the stability of NLs.
Therefore, they also have a significant impact on controlling the release.
In general, all treatments had a higher release in the intestine, which is
probably due to the presence of pancreatin in SIF capable of hydrolyzing
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Fig. 4. (i) Release of loaded nanoliposomes (NLs) with jujube extract in SGF (A) and SIF (B) conditions (CH-T ; and CH-Ty 5: NLs with cholesterol stabilizer and 0.1
% or 0.2 % Tw; »-To; and @-To 2: ®3 and 0.1 % or 0.2 % Tw; B-To 1 and p-To o: B-sitosterol and 0.1 % or 0.2 % Tw; FI- Tg 1 and FI- Ty 5: fish oil and 0.1 % or 0.2 % Tw);
(ii) Release of phenolic compounds from coated nanoliposomes in SGF (A) and SIF (B) environments (Co 1-NLs, Co »>-NLs, Cy 4-NLs refers to NLs coated with 0.1, 0.2,
and 0.4 % pea protein); similar letters indicate no statistically significant difference between treatments at P > 0.05.

lipid compounds present in the NLs membrane. Additionally, in the in-
testine, due to the forces generated by intestinal movement, they are
emulsified, leading to faster action of pancreatic enzymes in the
breakdown of NLs, resulting in membrane degradation and faster release
of loaded bioactive (Salehi et al., 2022).

After coating, the highest release under SGF was related to treatment
Co.4-NLs, while the lowest release was related to treatment Cg 1-NLs,
which also had a lower release than uncoated NLs (Fig. 4ii). In the study
by Hasan et al. (2019), the rate of drug release in SGF decreased for
chitosan-coated NLs, which is a desirable feature for protecting

bioactive molecules against the harsh gastric environment. Under SIF,
the highest release was attributed to treatment Cg 1-NLs, indicating the
successful delivery of JE to the target site; while other treatments in this
environment even had less release than the optimal non-coated NLs.

3.4. Morphological characteristics of nanoliposomes

In the study of Amnuaikit et al. (2018), who used ethanol injection
method, the morphological shapes of NLs were similar to those in our
study (Fig. 5i). In SEM images corresponding to B-To; and B-To2
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non-coated nanoliposomes (A and B: treatments $-Tojand B-To», C and D: treatments FI- T, and FI- Tg o, E and F: treatments CH-Ty ; and CH-T(» and G and H:

treatments ®-Tp 1 and ®-Tg.5).

treatments (Fig. 5i(A and B)), it can be observed that a small number of
NLs had a spherical shape without smooth surfaces. In the SEM images
related to FI-Tp; and FI-Tg o treatments (Fig. 5i(C and D)), a greater
number of NLs are formed, and they exhibit smoother surfaces. For CH-
To.1 and CH-Tg 5 treatments (Fig. 5i(E and F)), the number of NLs is
lower, but they are larger and have smooth surfaces. The images related
to the optimal samples ®-Ty ; and ®-Ty 2 (Fig. 5i(G and H)) show a higher
number of NLs, mostly in spherical shape, with smaller sizes and better
dispersion. As evident in Fig. 5i, the vesicular shape is more prevalent in
NLs with cholesterol and ®3 stabilizers.

Fig. 5ii depicts the SEM images of C-NLs. The Cy 1-NLs showed a
higher vesicular state compared to other NLs, and in Cg4-NLs, we
observed aggregation of NLs, which was predictable based on the PDI
associated with this treatment. Generally, after coating with PPI, the
number of NLs formed increased, and their spherical nature was
enhanced, particularly in Co1-NLs. Moreover, this sample exhibited a

smoother surface compared to other C-NLs.

3.5. Chemical interactions

The results of FTIR spectroscopy for the optimal NLs (treatment
®-To.1), both loaded and unloaded, as well as JE, ®3, and Tw are shown
in Fig. 6A. In the spectrum corresponding to JE, the characteristic peaks
were observed at 1049, 1626, and 3433 cm™'. The first peak, at 1049
cm™, signifies alkyl halides (groups with C—H bonds) and amines,
indicating stretching vibrations of C—N (aliphatic amines) and carbox-
ylic acids. Esters are also identified in this peak, displaying C—O
stretching vibrations as two or more bands in the range of 1300-1000
cm L. The subsequent peak in the JE spectrum, at 1626 cm ™}, indicates
amides, possessing characteristics of amines (Shao & Tang, 2016) and
ketones. This peak also suggests the presence of alkenes (C—=C bond
stretching vibrations) and amine groups (N—H bending, primary amines
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Fig. 6. FTIR spectra of (A) loaded nanoliposomes (NLs) with jujube extract,
unloaded NLs, and jujube extract.

only). The last peak (3433 c¢m ™)) confirms the presence of alcohols and
phenols, with hydrogen bonding (O—H stretching) in the range of
3500-3200 cm . Similar peaks were found by Golmohammadi et al.
(2020), with a strong and broad characteristic peak at 1342 cm’l,
indicating O—H stretching vibrations. Additionally, peaks at 2925 and
1425 cm™}, corresponding to CHy and C—C, respectively, were identi-
fied and attributed to aromatic ring structures.

The FTIR spectra of empty and loaded NLs exhibited remarkable
similarities (Fig. 6A). Soleimanifar et al. (2020) also noted minor dif-
ferences between loaded and unloaded NLs, indicating successful
encapsulation of the bioactive. The observed peaks in these NLs were at
1042, 1642, and 2395 cm ™!, The first peak suggests the presence of alkyl
halides that exhibit C—F stretching vibrations in the range of
1350-1000 cm ™. This peak also indicates the presence of amino com-
pounds (aliphatic amine C—N stretching vibrations). The subsequent
peak at 1642 cm ™! signifies alkenes, displaying C=C stretching vibra-
tions, and amides similar to those found in the JE spectrum. The final
peak (2395 cm ™) indicates alkynes, carboxylic acids, and amines, as
well as alcohols and phenols, consistent with the previous findings.
Comparing the FTIR spectra of empty (zero) and optimal (#-T 1) NLs, an
increase in peak intensity was observed which is indicative of the
presence of JE in NLs. Furthermore, the location of the peaks, resem-
bling those in the JE spectrum, further confirms the incorporation of JE
into NLs.

(Ze: NLs without extract, omega-Tp 1: NLs with 0.1 % Tw and ®3
stabilizer, jujube: non-liposomal jujube extract, omega3: the ®3 stabi-
lizer alone, and Tw: Tw alone); (B) non-coated nanoliposomes loaded
with jujube extract (#3 and 0.1 % Tw) and coated nanoliposomes con-
taining jujube extract Cp 1-NLs, Cp 2-NLs, Cg 4-NLs refers to NLs coated
with 0.1, 0.2, and 0.4 % pea protein, and pure pea protein (Pr)

In the spectrum of PPI (Fig. 6B), the peak at 1607 cm ™! indicates the

Food Chemistry: X 23 (2024) 101771

presence of amides. A similar peak was observed by Saxton and
McDougal (Saxton & McDougal, 2021) for PPL In this region, in the
spectrum corresponding to the optimal non-coated NLs (#3), the peak at
1625 cm ! signifies the presence of amides, amines, and alkenes, which
after coating, was confirmed by the peak at 1636 cm™! indicating the
presence of amides and amines. In the spectrum of PPI, the peak at 1062
em™! corresponds to alkyl halides and amines, which in the optimal non-
coated NLs (03) was reflected by the peak at 1043 cm™}, indicating the
same compounds. After coating, an additional peak appeared between
these two peaks at 1053 cm ™, confirming the presence of alkyl halides,
amines, and additionally alcohols. The production of alcohol from alkyl
halides and amines can be attributed to a process known as nucleophilic
substitution, involving the reaction of an alkyl halide with an amine to
form an alkylamine intermediate, which can further undergo reactions
to produce alcohol. The next peak in the PPI spectrum (at 3282 cm™!)
corresponds to alkenes and carboxylic acids, which in non-coated NLs
(@3) is represented by the peak at 3295 cm™, indicating similar com-
pounds. Overall, in the spectrum of the optimal C-NLs (Cy 1-NLs), the
intensity of the peaks decreased, indicating successful coating by PPI.

4. Conclusion

This research successfully demonstrated the nanoencapsulation of JE
into NLs and further stabilized them with PPIL. Phenolics, particularly
those derived from jujube, are notable for their antioxidant, antimi-
crobial, and anti-inflammatory properties but are highly sensitive to
environmental conditions. The encapsulation process using NLs pro-
vided a protective barrier against factors such as oxygen, light, and free
radicals, significantly enhancing the stability and bioavailability of these
phenolic compounds. Among the various stabilizers tested, ®3 exhibited
the best performance with the highest EE of 76.238 + 0.23 % and
minimal release in SGF. The optimal formulation, ®3-T-0.1, demon-
strated an EE of 78.19 + 0.21 % and the lowest release in SGF, making it
suitable for further industrial applications. Moreover, this study pro-
vided an in-depth characterization of JE-loaded NLs, analyzing particle
size, PDI, ZP, release kinetics, and morphology. The findings revealed
that coating the NLs with different concentrations of PPI improved their
stability, with 0.1 % PPI being the most effective. The successful
encapsulation and enhanced stability of JE in NLs provide a promising
method for integrating bioactive compounds into food products,
ensuring their effectiveness, and prolonging their shelf life. While the
materials used in this study are considered safe, further research is
needed to evaluate long-term toxicity, chronic effects, and potential
mechanisms of action. These insights pave the way for the practical and
efficient utilization of NLs in the food industry, potentially leading to
healthier and more stable functional foods.
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