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A B S T R A C T

In recent years, the application of nanoencapsulation has attracted enormous attention for various 
food and pharmaceutical purposes. In this study, a functional powder containing limonene (the 
nutraceutical at concentration of 5 and 10 %) was prepared using octenyl succinic anhydride- 
modified starch (OSA-ST) and maltodextrin as carriers at 15 and 30 %. The emulsions were 
sonicated at a frequency of 30 kHz and a power of 100 W for 9 and 18 min, and the final 
nanoparticles were prepared through freeze-drying. The particle sizes were in the ranges of 
62–248 and 10–24 nm in the suspensions of OSA and maltodextrin, respectively. The smaller 
particles of the maltodextrin-prepared sample resulted in more transparency. The zeta potential 
and consequently the stability of the maltodextrin-prepared emulsions were higher than those of 
the OSA-ST-prepared ones. As the maltodextrin concentration increased, this parameter was 
elevated from − 42 to − 36 as a result of the coverage of the surface-active lipids. The results of 
solubility correlated with those of the zeta potential (89.21 % for maltodextrin-prepared and 
82.51 % for OSA-ST-prepared samples). The highest encapsulation efficiency (EE = 0.9) belonged 
to the samples prepared with OSA-ST. Comparison of the scanning electron microscopy (SEM) 
images revealed that the type of the wall material influenced the physical structure of the 
nanoparticles which were mostly porous and flake-like. Considering its encapsulating-emulsifying 
properties, OSA-ST can be suggested as a carrier for limonene with the need for emulsifiers.

1. Introduction

Flavor is highly vital and effective for the marketability of food products. Most aromatic compounds are unstable and generally 
volatile, due to their special chemical structures. They sometimes undergo loss and undesirable changes during the product processing 
and storage [1]. The low stability of natural flavorings and challenges encountered in their application in the food industry encourages 

* Corresponding author.
E-mail address: Sajadghaderi1985@yahoo.com (S. Ghaderi). 

Contents lists available at ScienceDirect

Heliyon

journal homepage: www.cell.com/heliyon

https://doi.org/10.1016/j.heliyon.2024.e39387
Received 22 July 2024; Received in revised form 13 October 2024; Accepted 14 October 2024  

Heliyon 10 (2024) e39387 

Available online 15 October 2024 
2405-8440/© 2024 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 

mailto:Sajadghaderi1985@yahoo.com
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e39387
https://doi.org/10.1016/j.heliyon.2024.e39387
http://creativecommons.org/licenses/by-nc-nd/4.0/


the use of artificial flavorings for industrial applications. However, due to increasing health conscious issues amongst population, the 
demand for the use of natural ingredients is on the rise [2].

One of the most common ways of meeting this challenge is the encapsulation of natural aromatic compounds with suitable wall 
materials prior to use in the food formulae. This not only protects the compounds from outside harsh environment during processing as 
well as digestion, but also may to a great extent control their release during the while such substances with wall materials that can 
control their release in addition to protecting them against environmental and processing factors [3]. This contributes to the targeted 
delivery of such components which usually have pharmacological effects. Encapsulation is divided into several techniques in terms of 
particle preparation method and the final size of the carriers. In fact, encapsulation can be regarded as a method through which solid, 
liquid, or gaseous ingredients are entrapped in tiny capsules and released under specific conditions [4].

Limonene is widely utilized as a flavoring agent in various industries including the food and pharmaceutical industries. It is the 
major aromatic compound of citrus fruits. Despite having technological (odor and flavor), anticancer and antimicrobial properties [5], 
application of limonene faces many challenges because of technological limitations such as its hydrophobicity, high reactivity, sus
ceptibility to oxidation and volatility. Encapsulation is a technique which can contribute to the targeted and effective application of 
this valuable component [6].

Carrier size and type are two factors influencing EE. This process can be performed on nano-, micro- and macro-scales, each having 
its own advantages. Carrier type varies depending on the core material and the process purpose. In food and pharmaceutical systems, 
carriers are typically made from protein, polysaccharide or a complex of them [7].

Polysaccharides, including starch, gums, maltodextrin and a variety of other compounds, are one of the most useful groups of 
carriers in the encapsulation of food ingredients. Modification of polysaccharides, especially starch, raises their EE. OSA-ST is a cheap 
encapsulating agent/emulsifier, which is considered generally recognized as safe (GRAS) by food and drug administration (FDA), if 
modified up to 3 % relative to the total weight of the starch. Among alkenyl succinic anhydrides, only OSA (C12H18O3) can be used for 
food purposes. As result of esterification, its hydrophobic sites bind with the hydrophilic molecules of hydrocolloid, leading to the 
development of emulsifying properties in the hydrocolloid in addition to the stabilizing and thickening ones. Indeed, the hydrocolloid 
converts into a amphiphile and acts as a surfactant [8]. Maltodextrin can also form a proper shell around the core material, owing to its 
hydrocolloid chemical structure, which can act as a barrier against environmental and processing factors and restrain the destruction 
of the core material to a high degree [9].

In recent years, utilization of physical methods (without the use of chemicals) has received considerable attention for the prep
aration of carrier particles, particularly on nano- and micro-scales. One of these physical methods is the application of ultrasound 
which is actually a form of energy generated by sound waves at frequencies above the hearing ability of human (>20 kHz). Ultrasound 
is broadly applied in encapsulation, due to its low energy consumption and processing time as well as high efficiency [10]. Ultrasonic 
waves produce their effect through cavitation which is effective in size reduction and achieving a homogenous particle size distribution 
in processes like encapsulation [11]. Furthermore, the cavitation’s high energy can destroy strong tissues and dissociate bonds needing 
high mechanical stress for hydrolysis. The aim of the present study was to employ the physical technique of sonication to prepare 
limonene nanoparticles using OSA-ST and maltodextrin as carriers, as well as comparing their physicochemical and structural 
properties.

2. Materials and methods

2.1. Preparation of amylose nanoparticles containing limonene

First, the solutions of maltodextrin (Sigma-Aldrich, the USA) and OSA-ST (National starch, the UK) as a carrier, were prepared in 
water at 15 and 30 % and set aside at ambient temperature overnight for complete hydration. Afterwards, limonene (citrus concentrate 
Co., Ramsar, Iran) was added in multiple steps to the solutions at 5 and 10 % (relative to the carrier concentration) while stirring at 
70 ◦C. Tween 80 was added as emulsifier to the maltodextrin solutions. Stirring continued for 30 min, and the prepared emulsions were 
immediately sonicated using the UP100 ultrasonic homogenizer (Hielscher, Germany) at 100 W and 30 kHz for 9 and 18 min. 
Eventually, the nanoparticles were prepared [12]. The ultrasonic waves were transmitted from the piezoelectric field to the sample 
through a sonotrode with a diameter of 19 mm, which had been immersed in the emulsion to a depth of 1 cm. An ice bath was used for 
temperature control. The obtained emulsions were powdered using a freeze-drier (Dena vacuum, Iran) and stored in sealed containers 
at refrigerator temperature for further analyses.

2.2. Determination of amylose nanoparticle sizes and zeta potential

The size and zeta potential of the nanoparticles were quantified through dynamic light scattering (DLS) using Nanotrac Flex In-situ 
Particle Size Analyzer and Microtrac ZETA-check respectively. These parameters were measured without any dilution 24 h after 
preparation.

2.3. Analysis of the nanoparticle’s microstructure

The morphology of the nanoparticles was examined through scanning electron microscopy (SEM) (TESCAN-Vega3, Czech Re
public). To that end, some of the freeze-dried powder was spread onto an aluminum plate and covered with a thin layer of gold by a 
sputter coater (Quorum Technologies- Q150R- ES, the UK). Finally, the SEM images were captured.
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2.4. Measurement of solubility

1 g of the powder was dissolved in 100 mL of distilled water while stirring at 385 rpm for 5 min. The resulting dispersion was 
centrifuged at 3000 g for 5 min. 25 mL of the supernatant was drawn, poured onto a pre-weighed petri-dish and dried in a hot-air oven 
at 105 ◦C for 5 h. The percentage of the weight difference between the dry matter in the dish and the powder was used to determine the 
powder solubility [13].

2.5. Encapsulation efficiency

5 mg of the freeze-dried limonene-containing nanoparticles was dispersed in 5 mL of hexane (Merck Co., Germany). After the 
dispersion was passed through Whatman No. 1 filter paper, the absorbance value of the filtrate was measured at 252 nm using a 
spectrophotometer (ModelVIS-7220G/UV-9200, Rayleigh, China) and reported as the free (non-encapsulated) limonene. Encapsula
tion efficiency was calculated using equation (1) [14]. 

EE=
total limonene − free limonene

initial limonene
× 100 Eq. 1 

Fig. 1. Particle size of nanoemulsions prepared with maltodextrin and OSA-ST.

Fig. 2. Effect of particle size distribution on transparency of emulsion prepared with a) OSA-ST and b) maltodextrin. Particle size distribution of 
emulsion prepared with c) OSA-ST and d) maltodextrin.
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2.6. Statistical analyses

A three-factor full factorial completely randomized design was created to investigate the effects of the independent variables 
(starch concentration, limonene concentration and sonication time) on the responses. All the experiments were carried out in tripli
cate. Using the SAS software, analysis of variance (ANOVA) and Duncan’s multiple range test was conducted to analyze the obtained 
data at 95 % confidence level. All the graphs were drawn using Excel 2010. To test the correlation between variables, the Pearson 
analysis method was used.

3. Results and discussion

3.1. Particle size

Measurement of emulsion particle size is one of the most useful and reliable methods for studying emulsion formation and stability 
as well as determining the interactions between the emulsion components. Measurement of the particle size of emulsions is one of the 
most applicable and reliable methods [4]. In the samples prepared with OSA-ST, the particle sizes varied between 62 and 284 nm, 
while they were in the range of 10–24 nm for those containing maltodextrin (Fig. 1). An increase in the concentration of the wall 
materials led to a rise in the particle size. This may be attributed to the reduction in the destructive effect of ultrasound at higher 
concentrations. Contrary to the carrier concentration, limonene percentage did not significantly affect the particle size. Cavitation 
could be the major reason behind the reduction in the particle sizes. In fact, bubbles are continuously formed and collapsed as a result 
of sonication. Therefore, the wall materials are severely mechanically damaged. This phenomenon, in addition to the collision between 
the particles, causes their breakdown to nano-sizes [15,16]. Some researchers reported the particle sizes of 200–300 nm for the powder 
of Q10-coenzyme encapsulated using OSA-ST through high-pressure homogenization [17]. The interactive effect of OSA-ST and Tween 
80 was also investigated on the properties of cardamom oil-in-water emulsion and the microcapsules resulting from it. It was observed 
that the mean droplet sizes of the different emulsion samples ranged from 182 to 383 nm after sonication [18].

Transparency is the most profound effect that particle size has on emulsion appearance. As can be seen in Fig. 2(a and b), there was 
a considerable difference in the appearance of the emulsions prepared with OSA-ST and maltodextrin, which was due to the major 
difference between the particle sizes of the two systems. After sonication, the maltodextrin emulsions became much more transparent 
than the OSA-ST ones, as their particle sizes were approximately equal to 10 nm. In addition to particle size reduction, the particles 
homogeneity also increased as their sizes decreased. It is obvious in Fig. 2 c and d that particle size distribution was narrower in the 
maltodextrin solutions compared with the OSA-ST ones.

An emulsion will be considered transparent if its turbidity is less than 0.05 cm− 1 [19]. The turbidity of a nanoemulsion will be less 
than 0.05 cm− 1 if its mean particle diameter is smaller than 80 nm, and its particle diameter distribution is narrow [19,20]. Conse
quently, the emulsion will be transparent and appropriate for transparent drinks which could be enriched without any alterations in 
their appearance [21].

3.2. Zeta potential

As it can be observed in Fig. 3, zeta potential was much higher in the samples prepared with maltodextrin than in those with OSA- 
ST. Our impression is that the application of Tween 80 could be the reason behind this difference. The literature has shown that the 
small molecules of the surfactant bind with maltodextrin through the entrapment of the non-polar moieties of the molecules in the 
helices of the maltodextrin chain [22,23].

The electric flux of the particles stabilized by non-ionic surfactants is associated with the absorption of H3O+ (low pH) or OH− (high 
pH). As the maltodextrin or OSA-ST concentration increased, the system zeta potential lowered, which is in line with the results re
ported by Ref. [24] who stabilized corn oil using maltodextrin as wall material. In that study, with a rise in the maltodextrin con
centration from zero to 35 % in the presence of Tween 80, mean zeta potential was elevated from − 42 to − 36. One of the reasons 

Fig. 3. Zeta potential of emulsions prepared with OSA-ST and maltodextrin.
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behind the decrease in zeta potential with an increase in the maltodextrin concentration is that the maltodextrin molecules have more 
chance to adsorb onto surface active lipids which are actually the sites for the adsorption of the target compound [25,26]. This results 
in the negative charge of the particle surfaces [27,28].

The negative charge of the OSA-ST molecules is ascribed to the anionic carboxyl groups present on their surfaces [29,30]. Other 
researchers have also acquired Comparable results for OSA-ST and related its negative charge to the type of the polysaccharide chain 
substitutions (OSA basis). No statistically significant change was observed (p > 0.05) with a rise in the OSA-ST concentration, and the 
slight reduction in zeta potential could be attributed to the larger degree of overlap between the starch molecules at higher con
centrations, which reduced or neutralized the electrical effect of the anionic carboxyl groups [31,32].

3.3. Solubility

Nanoencapsulation is one of the common methods for overcoming the low solubility and bioavailability of many nutraceuticals. 
Indeed, the bioavailability of these compounds as well as their applications in the formulation of food products is raised by using 
polysaccharide carriers [33,34].

Solubility is one of the most important indices for verifying powder efficiency in many industries, in particular the food industry 
[35,36]. This parameter can be intensely impacted by the drying process, particle sizes and zeta potential [25]. Given the results 
illustrated in Fig. 4, the solubility of the maltodextrin-prepared samples (89.21 %) was higher than that of the OSA-ST-prepared ones 
(82.51 %). In the maltodextrin-containing samples, as the limonene concentration was elevated, solubility increased, too (mean 
solubility of 90.83 and 87.59 % for 10 and 5 % limonene respectively). At the same time, this correlation was reversed in the case of the 
samples containing OSA-ST, and the ones containing the lower concentration of limonene showed higher solubility (mean solubility of 
80.52 and 85.30 % for 10 and 5 % limonene respectively). These values are proportional to the surface charge or zeta potential of the 
prepared particles such that the higher the zeta potential of the particles, the more pronounced the electrostatic repulsion between 
them, leading to enhanced solubility [37,38]. The effect of the carriers’ concentration on solubility was not significant and did not 
follow a specific trend. In similar studies, researchers have observed a decrease in the solubility of mango juice powder with a rise in 
the maltodextrin concentration [39]. However, some other papers have declared that powder solubility was improved after increasing 
the carrier concentration [40,41]. Considering the observed trends, particle sizes and zeta potential could be regarded as two major 
factors affecting the solubility of the powders.

Esterification of natural starch with OSA causes it to become hydrophobic while retaining its hydrophilic basis [42,43]. This results 
in emulsifying properties for the modified starch and makes it suitable for the preparation of oil-in-water emulsions [44,45]. Moreover, 
the low viscosity of the aqueous solutions prepared with this compound, makes it very suitable for use as emulsifier in emulsion 

Fig. 4. Solubility percentage of various powders prepared with maltodextrin and OSA-ST.

Fig. 5. Encapsulation efficiency of emulsions prepared with maltodextrin and OSA-ST.
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preparation and as carrier in encapsulation [46].

3.4. Encapsulation efficiency (EE)

As shown in Fig. 5, the highest EE belonged to the samples prepared with OSA-ST. EE was maximized in the samples containing 10 
% limonene and both 15 and 30 % of OSA-ST. It seems that the OSA-ST molecules were adequately able to adsorb and entrap the 
limonene. In the first stage, a reduction in concentration of OSA-ST from 30 to 15 % at a constant concentration of limonene (10 %) 
resulted in 10 % reduction in EE from 91 to 81 % (P < 0.05). In the second stage of EE reduction, as the limonene concentration 
lowered from 10 to 5 %, EE decreased more regarding the more distribution of this compound, and the OSA-ST concentration did not 
have a significant effect (at 5 % limonene). In other words, as the limonene concentration was elevated, its molecules were more likely 
to be adsorbed onto and entrapped in the OSA-ST structure [38]. [47] Luo et al. (2011) claimed that with an increase in the con
centration of zein-chitosan loaded with α-tocopherol, EE was raised from 76.5 to 86.5 % [47].

Conversely, maltodextrin exhibited behavior that was contrary to that of OSA-ST. As the concentration of the core material 
(limonene) rose, EE decreased, which could be associated with the limited capacity of maltodextrin to entrap limonene. In fact, the 
denominator of the EE equation (Equation (1)) was raised with an increase in the limonene concentration, whereas the numerator, 
which denotes the encapsulated limonene, was constant or reduced. This caused the EE to lower. Other researchers have employed 
OSA-ST along with β-cyclodextrin for the encapsulation of allicin and observed an EE of 91 %. Furthermore, allicin resistance to heat, 
pH, light and oxidation was improved [48]. In addition, some studies have so far been conducted on the encapsulation of juices, 
lycopene and menthol using OSA-ST. In all the cases, EE was considered acceptable [49].

3.5. Nanoparticles microstructure

The SEM graphs of the nanoparticles are depicted in Fig. 6. Composition of wall material, drying method and drying rate, especially 
in the early stages of drying, are included in the factors which can influence the surface properties of nanoparticles [50]. The 
microscopic images of a freeze-dried product are used for directly observing its matrix structure in addition to its structural integrity 
and changes [4]. Nanocapsules obtained through freeze-drying typically exhibit irregular geometric shapes and a flake-like structure. 
Indeed, the structure of the products resulting from this drying method is mainly porous and flake-like, owing to the nature of this 
process where the material is first frozen followed by the sublimation of the frozen water because of pressure decrease. Some re
searchers have pointed to the asymmetrical and irregular structure of freeze-dried products. In fact, these irregular structures protect 
the core material from destructive environmental factors such as heat and oxygen [51,52].

Comparison of the SEM images revealed that the type of wall material affected the physical structure of the nanoparticles. As 
illustrated in Fig. 6a, OSA-ST brought about the development of more angular shapes than maltodextrin. The rougher the surface of 
particles, the more difficult the powder flowability. The literature has shown that nanoparticles with rougher surfaces are more prone 
to decomposition reactions like oxidation, caused by their larger contact areas [53].

Application of maltodextrin led to the preparation of more homogenous capsules (Fig. 6b). The morphology of the particles denoted 

Fig. 6. Scanning electron microscopy images of emulsions prepared with a) OSA-ST and b) maltodextrin.
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that the formed matrices were rather smooth and fragile and had porous structures. The porosity of the matrices differed, probably due 
to the pores remaining from ice crystals or air bubbles. This difference could be ascribed to the high dextrose content of maltodextrin 
[54]. These properties are effective in the formation of more spherical and smoother particles [55].

3.6. Investigating the correlation of the measured characteristics

Table 1 shows that all the measured characteristics have a positive correlation with each other except the Solubility index, which 
indicates that all the studied parameters, radiuses the solubility of emulsion. On the other hand, it was found that among the char
acteristics measured, the highest correlation was between the two characteristics of Solubility index and the encapsulation efficiency, 
and this correlation was negative (− 0.919). The lowest correlation was between the Solubility index with the particle size (− 0.640), 
which also exhibited a negative value.

4. Conclusions

The limonene nanoemulsion prepared with OSA-ST was compared with that prepared with maltodextrin. Favorable results were 
obtained in the present study. The particle sizes of both emulsions were on nanoscale. The maltodextrin-prepared emulsion was more 
transparent than the OSA-ST-prepared one, as the particles of the former were smaller than those of the latter. In addition, the zeta 
potential of the former was considerably higher than that of the latter. The outcome was interesting, as a stable emulsion achieved 
solely with OSA-ST, eliminating the need for conventional emulsifying agents. The solubility of the powders produced from the OSA- 
ST-emulsion was comparable with those resulting from the maltodextrin-prepared emulsion. This proved that esterification of natural 
starch with OSA made it hydrophobic while keeping its hydrophilicity. Furthermore, the higher EE of OSA-ST than maltodextrin 
demonstrated that this compound had much more capacity to entrap limonene than maltodextrin. In conclusion, OSA-ST can be 
utilized as a carrier for limonene without the need for emulsifiers, due to its encapsulating-emulsifying properties.
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[40] S.S. Vidović, et al., Maltodextrin as a carrier of health benefit compounds in Satureja Montana dry powder extract obtained by spray drying technique, Powder 

Technol. 258 (2014) 209–215.
[41] M.M. Jamal Moideen, et al., Application of the Box–Behnken design for the production of soluble curcumin: skimmed milk powder inclusion complex for 

improving the treatment of colorectal cancer, Food Sci. Nutr. 8 (12) (2020) 6643–6659.
[42] N.Z. Abiddin, A. Yusoff, N. Ahmad, Effect of octenylsuccinylation on physicochemical, thermal, morphological and stability of octenyl succinic anhydride (OSA) 

modified sago starch, Food Hydrocolloids 75 (2018) 138–146.
[43] A.M.P. Dewi, et al., Dual modification of sago starch via heat moisture treatment and octenyl succinylation to improve starch hydrophobicity, Polymers 14 (6) 

(2022) 1086.
[44] A. Yusoff, B.S. Murray, Modified starch granules as particle-stabilizers of oil-in-water emulsions, Food Hydrocolloids 25 (1) (2011) 42–55.
[45] S. Jain, T. Winuprasith, M. Suphantharika, Design and synthesis of modified and resistant starch-based oil-in-water emulsions, Food Hydrocolloids 89 (2019) 

153–162.
[46] A.M. Pisoschi, et al., Nanoencapsulation techniques for compounds and products with antioxidant and antimicrobial activity-A critical view, Eur. J. Med. Chem. 

157 (2018) 1326–1345.
[47] Y. Luo, et al., Preparation and characterization of zein/chitosan complex for encapsulation of α-tocopherol, and its in vitro controlled release study, Colloids 

Surf. B Biointerfaces 85 (2) (2011) 145–152.
[48] Y.-F. Wang, et al., Study of allicin microcapsules in β-cyclodextrin and porous starch mixture, Food Res. Int. 49 (2) (2012) 641–647.
[49] D. Borrmann, S. Gomes Ferreira Leite, M.H. Miguez Da Rocha Leão, Microencapsulation of passion fruit (Passiflora) juice in Capsul®, Int. J. Fruit Sci. 11 (4) 

(2011) 376–385.
[50] M.N. Norizan, et al., Nanocellulose-based nanocomposites for sustainable applications: a review, Nanomaterials 12 (19) (2022) 3483.

M. Ganje et al.                                                                                                                                                                                                         Heliyon 10 (2024) e39387 

8 

http://refhub.elsevier.com/S2405-8440(24)15418-7/sref3
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref4
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref4
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref5
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref6
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref6
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref7
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref7
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref8
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref9
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref10
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref11
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref12
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref13
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref13
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref14
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref14
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref15
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref16
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref17
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref18
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref19
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref19
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref20
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref20
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref21
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref21
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref22
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref22
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref23
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref24
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref24
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref25
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref26
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref26
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref27
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref27
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref28
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref28
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref29
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref29
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref30
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref30
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref31
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref32
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref32
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref33
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref34
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref34
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref35
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref35
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref36
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref36
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref37
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref37
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref38
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref38
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref39
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref39
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref40
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref40
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref41
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref41
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref42
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref42
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref43
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref43
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref44
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref45
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref45
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref46
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref46
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref47
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref47
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref48
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref49
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref49
http://refhub.elsevier.com/S2405-8440(24)15418-7/sref50


[51] Z. Ahmadian, R. Niazmand, A. Pourfarzad, Microencapsulation of saffron petal phenolic extract: their characterization, in vitro gastrointestinal digestion, and 
storage stability, J. Food Sci. 84 (10) (2019) 2745–2757.

[52] S. Tripathy, P.P. Srivastav, Encapsulation of Centella asiatica leaf extract in liposome: study on structural stability, degradation kinetics and fate of bioactive 
compounds during storage, Food Chemistry Advances 2 (2023) 100202.

[53] M. Fathi, et al., Hesperetin-loaded solid lipid nanoparticles and nanostructure lipid carriers for food fortification: preparation, characterization, and modeling, 
Food Bioprocess Technol. 6 (2013) 1464–1475.

[54] M. Rosenberg, I. Kopelman, Y. Talmon, Factors affecting retention in spray-drying microencapsulation of volatile materials, J. Agric. Food Chem. 38 (5) (1990) 
1288–1294.
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