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Abstract
In the present investigation, effect of chitosan, Alyssum homolocarpum gum (AHG) and complex (1:1) of chitosan and AHG 
(CCA) on the properties of nanoencapsulated Mentha piperita phenolic extract (polydispersity index (PDI), particle size, 
ζ-potential, encapsulation efficiency, release of phenolic compounds and evaluating effect of nanoencapsulation process on 
the antioxidant activity of phenolic extract of M. piperita in the soybean oil) was studied. The use of a high-pressure homog-
enizer, at pressure of 11,000 psi, reduced the particle size of W/O/W nanoemulsions coated with chitosan, CCA, and AHG, 
with a diameter of 108.66, 65.18, and 70.81 nm, respectively. Moreover, the PDI of nanoemulsions in AHG and CCA in all 
conditions was lower than 0.5, indicating the uniform size distribution and thus the success of the nanoparticle production 
process. The Intensity curve also showed that the emulsion generated by CCA had better emulsion droplets than the others 
due to its lower curve width and therefore greater uniformity. Also, the amount of ζ-potential of droplets of emulsions coated 
with chitosan, CCA and AHG were 28.69, 20.16 and − 37.4 mV, respectively. The results of the peroxide and p-anisidine 
test revealed that CCA extract caused the best oxidative stability in soybean oil, followed by AHG and chitosan, respectively, 
which were consistent with the results of the phenolic release test. Gradual and more release of phenolic compounds over 
time in the CCA-coated sample was superior to other samples.
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Introduction

Oxidation reactions are the main cause of spoilage of oils 
and edible fats during storage or heat treatments such as 
frying or cooking. Spontaneous oxidation is the most com-
mon oxidation phenomenon that occurs through the reac-
tion between oxygen and unsaturated fatty acids by a pro-
cess involving the chain mechanism of free radicals [1, 
2]. To prevent these reactions, antioxidant compounds are 
used in various foods. TBHQ is a very common synthetic 

antioxidant that is commercially added to lipids and lipid-
rich foods to prevent the oxidation process and increases 
their shelf life [3, 4]. However, the problems with the use of 
synthetic antioxidants are well known today, and their anti-
health effects have been confirmed. These chemical antioxi-
dants actually increase the lifespan of food and reduce the 
lifespan of humans [5]. However, the use of natural antioxi-
dants is expanding in the world. One of the ways to increase 
the oxidative stability of edible oils is to use antioxidant 
extracts of various plants, whose beneficial results have been 
reported in many researches. Extracts from plants are impor-
tant sources of natural antioxidant compounds [6, 7].

The Lamiaceae family is one of the plants that grows 
in different parts of Iran. These plants are very important 
because of having essential oil and a variety of terpenoids. 
Mentha is one of the most important aromatic and perennial 
medicinal plants in the Lamiaceae family and is widely dis-
tributed in the world, with the exception of South America 
[8–10]. The leaves, stems and flowers of plants belonging 
to this genus are important and rich sources of essential 
oil, which are widely used in the pharmaceutical, food, 
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cosmetics and health industries [8, 9, 11]. Mentha species 
include M. spicata, M. piperita and M. longifolia, which 
have also been reported in Iran. Among mint species, M. 
piperita species has the most commercial use [12, 13]. A 
study of the antioxidant properties of different species of 
Mentha found that their aqueous extracts had good antioxi-
dant activity due to the high extraction of phenolic com-
pounds [11]. In a study, Singh et al. examined the antioxi-
dant activity of essential oil and the petroleum ether extract 
from M. piperita. The results showed that essential oil and 
extract of this plant had good antioxidant activity compared 
to BHT synthetic antioxidant [14].

Phenolic compounds are the main antioxidants in plant 
extracts. It should be noted that the addition and release of 
antioxidants at once in foods and oil is one of their practical 
problems. Because in the early stages of foods preservation, 
a small amount of antioxidants are needed to prevent oxida-
tion. Also, The enter of phenolic compounds into food has 
its limitations, including rapid release, low solubility, low 
permeability, low access, and rapid degradation by envi-
ronmental compounds. To overcome the above problems, 
phenolic compounds need to be coated using microencap-
sulation and nanocapsulation methods [15, 16]. In addition, 
herbal extracts, if coated, can be added to other formula-
tions, making them easier to produce, use, store, and transfer 
to food [17]. Today, attention has been paid to biodegradable 
food polymers for microporous phenolic compounds. The 
reasons for the tendency to these compounds are due to their 
biocompatibility, ease of preparation, variety in structure 
and low cost [18].

Recently, a wide variety of polysaccharide-based nano-
particles have been used to coat natural compounds [19, 20]. 
Chitosan is a linear polysaccharide with N-acetyl glucosa-
mine and D glucosamine units. Chitosan is widely used as 
a suitable polymer in pharmaceuticals and food additives. 
Optimal biological properties of chitosan (such as biodeg-
radability, biocompatibility and low toxicity) have been 
used as wall materials in the development of transmission 
systems [21]. Moreover, the use of gums for micro-coating 
is increasing. Estakhr et al. reported in a study that the com-
bination (1:1) of locust bean gum and chitosan improved the 
antioxidant activity of the ethanol–water extract of Ferula 
persica [20]. Other studies have also shown that the use of 
nano-encapsulation improves the antioxidant activity of 
various plant extracts in foods and edible oils [22–26]. Alys-
sum Homolocarpum seed gum is one of the native gums of 
Iran that has various uses as a stabilizer and thickener (1), 
which has not been used to cover plant extracts yet [24, 27, 
28]. Therefore, according to the aforementioned cases, in 
the present study, it was decided to investigate the effect 
of nano-encapsulation process on the antioxidant proper-
ties of phenolic extract obtained from M. piperita. For this 
purpose, the creation of W/O/W nano-emulsions with the 

help of Alyssum homolocarpum gum (AHG) and chitosan 
alone and complex (1:1) of chitosan and AHG (CCA) were 
investigated. Finally, the effect of 300 ppm of the nano-
encapsulated extract (based on total phenolic compounds) 
on oxidative stability of soybean oil compared to TBHQ 
was investigated.

Materials and methods

Materials

The M. piperita was obtained from Shiraz Agricultural 
Research Center (Shiraz, Fars, Iran, summer of 2019). 
After manually cleaning, it was dried in the shadow (20 °C) 
and afterward, it was milled (Mullinex Depose-Brevete 
S.G.C.G., France) to get the fine powder. The prepared pow-
ders were kept in 4 °C until the day of experiments. Seeds 
of Alyssum Homolocarpum was purchased from Tabibdaru 
Company in Shiraz city (summer of 2019). Soybean anti-
oxidant-free oil was prepared from Narges Shiraz oil Com-
pany (Shiraz, Fars province, Iran). All the chemicals and 
solvents used were of analytical reagent grade and supplied 
by Merck and Sigma–Aldrich chemical companies (Darm-
stadt, Germany).

Extraction process

First, 50 g M. piperita powder sample was dispersed in 
250 mL of ethanol/water (59.6: 40.4) solvent. Then the 
Erlenmeyer flask of the samples was placed in the ultra-
sonic bath (DT 102H; BANDELIN) (35 kHz, for 50 min at 
65 °C) [20, 23].

Extraction of seed gums of Alyssum Homolocarpum

Seed gum of Alyssum Homolocarpum was extracted at 
explained condition (water to seed ratio of 40:1, pH 4, tem-
perature = 36.3 °C and time = 60 min) by Koocheki et al. 
[27].

Biopolymer solutions preparation

Biopolymer (AHG, Chitosan and CCA) solutions was pre-
pared using the explained method by Estakhr et al. [20] and 
Delfanian et al. [23].

Preparation of W/O/W double emulsions

W/O/W two-layer nano-emulsions are prepared using two 
emulsion-forming steps. First of all, W/O micro-emulsion 
was prepared by dropwise addition of 7% M. piperita 
extract in continuous phase containing 25% span 80 and 
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68% soybean oil without antioxidant. In the second phase of 
emulsification, W/O initial micro-emulsion was coated with 
biopolymers prepared to produce W/O/W double emulsions. 
As a result, 30% initial W/O emulsion was added to 70% 
prepared bipolymers and homogenized at 10 °C for 5 min 
at 12,000 rpm and then at 18,000 rpm for 8 min. Then the 
homogenizer was used at a pressure of 9500 to 12,500 psi in 
3, 5 and 7 cycles (90 s each) to reduce the particle size and 
to better stabilize the emulsion [22, 29].

Particle size measurement

Average particle size (Z-average), Polydispersity Index 
(PDI) and particle distribution were measured using 
dynamic light scattering (DLS) instrument (Zetasizer Nano 
ZS, Malvern Instruments, Malvern, England) at 25 °C. The 
samples were diluted by 100 times using deionized water to 
prevent multiple scattering [20, 23].

ζ‑Potential

ζ-Potential was measured by method described by Estakhr 
et al. [20] and Mohammadi et al. [22].

Freeze drying of nanoemulsions

The preparing nano-emulsions were frozen overnight at 
− 50 °C and lyophilized in a freeze dryer (Martin Christ, 
8891, type 317, Germany) at P = 0.09 mbar and T = 0.01 °C 
for 48 h. The freeze-dried encapsulated samples were con-
verted into powder with help of a pestle and mortar [23].

Encapsulation efficiency and total phenolic content

Encapsulation efficiency of nano-encapsulated powder was 
done using method described by Robert et al. [29]. In order 
to measure the total phenolic content of different samples, 
described method by Delfanian et al. [23].

Encapsulation efficiency was calculated using the follow-
ing equation:

where P2 is the surface phenolic compounds and P1 is theo-
retical total polyphenols content.

Release kinetics

The stability of nano-coatings was measured based on 
the release of phenolic compounds from W/O/W nano-
emulsions. About 12 g of nano-encapsulated samples were 
poured in sealed dark glass containers. Then they were 
kept for 6 weeks at 30 °C and at the end of each week, the 

Encapsulation efficiency (%) = 100 −
((

P2∕P1
)

× 100
)

content of superficial phenolic compounds was determined 
as described by Delfanian et al. [23]. Velocity constant (k) 
and half-life time (t1/2) were determined based on semi-
logarithmic graph slope according to polyphenolic com-
pounds remaining within the microcapsules during storage. 
Half-life time of polyphenolic compounds-expressed as a 
50% reduction of their initial values in the capsule- was esti-
mated based on curve slope and according to this formula: 
t1/2= 0.693/k [20, 30].

Peroxide value and p‑anisidine value

The determination of peroxide value and p-anisidine value 
of the different oil samples was done based on the method 
ascribed by Tavakoli et  al. [4] and Estakhr et  al. [20], 
respectively.

Statistical analysis

All experiments were conducted in three replications and 
the obtained results were analyzed by the aid of analysis of 
variance (ANOVA) (MStatC). Moreover, the Slide Write 
and Excel software were employed to design regression 
and graphs, respectively. Meanwhile the Duncan’s test was 
applied to compare the mean values.

Results and discussion

Evaluation of nano‑emulsion

Distribution and size of emulsion droplets and ζ‑potential

Drop size distribution and polydispersity index (PDI) of 
multiple emulsions with Chitosan, CCA and AHG were 
measured using DLS method under diluted conditions. One 
of the most important and stable parameters determined 
by DLS is z-average size [31]. In this study, Z-average was 
defined as the average harmonic diameter. To reduce the 
size of the droplets and homogenizing, a pressure of 9500 
to 12,500 psi was used, and a pressure of 11,000 psi was 
chosen to create smaller droplets. At higher pressures, larger 
droplets were observed due to the phenomenon of droplet 
re-coagulation. To homogenize the emulsions at a pres-
sure of 11,000 psi, time periods 3, 5, and 7 (90 round per 
second) were used. Previous research has confirmed that if 
the homogeneous input pressure is higher than the optimal 
value, the size of the emulsion’s droplets will increase [32, 
33]. As shown in Table 1, the lowest z-average size of emul-
sion droplets generated by Chitosan, CCA, and AHG were 
108.66, 65.18, and 70.81 nm, respectively, all observed in 
time cycle 5. Examination of the results showed that the 
combined use of Chitosan and AHG had a positive effect 
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on the size of the emulsions. In a similar study using Locust 
bean gum and Chitosan to nano-emulsion of Ferula persica 
extract, it was found that similar to the present study, the 
smallest drop size was observed in the common use of these 
two compounds [20]. But in a study by Delfanian et al. the 
use of Hi-Cap 100 alone made it the best z-average size, 
and the use of different ingredients combined had a negative 
effect on the test [23]. Differences in emulsifying properties 
of various coatings (surface activity, surface adsorption rate 
at the droplet level, ductility and intramolecular interactions 
in the oil–water joint) can be the reason for differences in the 
size of the droplets of different emulsions.

Figure 1 shows the size distribution curve of the emulsion 
droplets prepared in this study based on the intensity distri-
bution parameter. It should be noted that the results given by 
the z-average size for droplets emulsions population are only 
physical, and therefore the intensity distribution parameter 
is more accurate than the z-average size.

Examination of the intensity distribution curve obtained 
from the present study showed that all the emulsions created 
in this study were observed in time cycle 5 which was con-
sistent with the results of particle size (Table 1). It was also 

found that each of the Chitosan, CCA, and AHG curves had 
a peak at 790, 570, and 490 nm, respectively, indicating the 
uniformity of droplet size distribution in all samples. Given 
that the lower width of the intensity distribution curve indi-
cates an amplitude of smaller changes of emulsion particle, 
it can be concluded that the best and most uniform emulsion 
of the present study was related to the CCA sample which 
accords with the findings reported by Estakhr et al. [20]. In 
this study also found that the emulsion created with complex 
of Locust bean gum and Chitosan had the uniform droplet 
size compared to the other treatments. However, it should be 
noted that the emulsions prepared with the combined coat-
ing do not always have an average size of smaller droplets 
than the single coating. Delfanian et al. and Mohammadi 
et al. obtained different results from the present study [20, 
23]. The reason for the difference in the results of the pre-
sent study with other studies can be related to the different 
behavior of biopolymers in relation to the reduction of par-
ticle size.

PDI indicates the level of uniformity of the dispersions, 
which is in the range of zero and 1. If this index is close to 
zero, it indicates that the dispersion particles are homoge-
neous in size. If the PDI is greater than 0.5, it indicates the 
presence of particles of non-uniform size [34]. An examina-
tion of the results of Table 1 showed that the PDI of nanoe-
mulsions in AHG and CCA was determined to be less than 
0.5 in all conditions, indicating a uniform size distribution 
and thus the success of the nanoparticle production process. 
Also in chitosan, this index was close to 0.5 in time cycle 7 
and slightly higher than 0.5 in time cycle 3 and 5. Overall, 
in terms of this test, nano-emulsions created by CCA were 
the most homogeneous among the various treatments, fol-
lowed by those prepared by AHG and Chitosan, respectively. 
A similar study found that PDIs in nanoemulsions created 
with Locust bean gum and complex of Locust bean gum and 
Chitosan in three time cycles of 3, 5 and 7 were set between 
0.378 to 0.439 and 0.256 to 0.344, respectively, which is 
less than 0.5 similar to the present study. It was also found 
that the combined use of Locust bean gum and chitosan also 
led to the best conditions [20]. In another study, Delfanian 

Table 1   Particle size, polydispersity index (PDI) and zeta potential of W/O/W double emulsions stabilized by different wall materials at three-
time cycles

Mean ± SD (standard deviation) within a column with the same lowercase letters are not significantly different at P < 0.05
Mean ± SD (standard deviation) within a row with the same uppercase letters are not significantly different at P < 0.05
AHG, Alyssum homolocarpum gum; CCA, complex of chitosan and AHG (1:1)

Sample Particle size (nm) PDI ζ-potential (mV)

3 5 7 3 5 7

Chitosan 120.37 ± 0.18 Aa 108.66 ± 0.32 Ca 115.08 ± 0.17 Ba 0.51 ± 0.01 Ca 0.57 ± 0.02 Aa 0.53 ± 0.00 Ba 28.69 ± 0.75 a
CCA​ 72.63 ± 0.13 Bc 65.18 ± 0.19 Cc 91.47 ± 0.27 Ac 0.3 ± 0.02 Cc 0.36 ± 0.02 Bc 0.41 ± 0.02 Ac 20.16 ± 0.67 b
AHG 115.08 ± 0.21 Ab 70.81 ± 0.24 Cb 98.66 ± 0.32 Bb 0.43 ± 0.03 Cb 0.5 ± 0.01 Ab 0.48 ± 0.00 Bb − 37.4 ± 0.54 c

Fig. 1   Particle size distribution of W/O/W emulsions of single layer 
AHG and Chitosan and two layer CCA. AHG, Alyssum homolocar-
pum gum; CCL, complex of chitosan and AHG (1:1)
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et al. reported that the PDI of multiple emulsions created 
with different natural materials (Hi-Cap 100, complex whey 
protein isolate-basil seed gum and (soy protein isolate-basil 
seed) was less than 0.3. In this study, the combined use of 
a gum and a protein combination (soy protein isolate-basil 
seed) resulted in the best result in the PDI assay [23]. In 
colloidal systems, if the functional groups of the constituent 
components are ionized or the ions in the environment are 
adsorbed on the surface of the colloidal particles, they cause 
a surface charge in these systems. The electrostatic repulsion 
from the surface charge of the nanoparticles prevents the 
accumulation of particles and thus stabilizes the system. One 
of the indicators used to investigate the stability of colloidal 
systems is ζ-potential, which is the surface load index that 
controls the possibility of interaction between droplets of 
emulsions [35]. The amount of z-potential drops of two-layer 
nano-emulsions prepared with different biopolymers is pre-
sented in Table 1. As it turns out, the amount of this factor 
was measured in droplets of emulsions coated with Chitosan, 
CCA and AHG at 28.69, 20.16 and − 37.4 mV, respectively. 
Experimental results from many studies have shown that 
emulsions with a zeta potential of − 30 to + 30 mV will 
have good stability in terms of electrostatic repulsive force 
[36]. Therefore, it can be predicted that the droplets of emul-
sions created by AHG will be more stable than emulsions 
with chitosan and CCA coatings. In a study, Estakhr et al. 
examined the properties of multilayer Ferula persica extract 
nanoemulsions created with different compounds. The 
results showed that the nanoemulsions created with complex 
of Locust bean gum and chitosan (ζ-potential = − 9.2) has 
the highest stability among different treatments [20]. Also, 
in another study, the amount of z-potential in the emulsions 
coated with composition of whey protein and basil gum and 
complex of isolated soy protein and basil seed gum were 
− 29.2 and − 30.3 mV, respectively [23], which differed 
from the results of the present study.

Encapsulation efficiency and release properties

Normally, antioxidant compounds are added to foods at 
once. However, at the beginning of food storage, all of these 

compounds do not need to be present for antioxidant activ-
ity. Over time, during storage, the need for antioxidants to 
prevent oxidation increases [20]. Encapsulation of antioxi-
dants between two-layer W/O/W nanoemulsions increase 
their strength. So that the controlled and gradual release of 
antioxidant compounds from nano-encapsulation has a great 
impact on the continuation of their antioxidant power in the 
food environment [37]. In the current study, the encapsula-
tion efficiency and release of polyphenols from the inner 
phase of double-layered emulsions were determined within 
24 days of storage at 30 °C by measuring the total polyphe-
nols. It was revealed that encapsulation efficiency is affected 
by coating type.

Thus, CCA-coated powder had a higher encapsulation 
efficiency than other coatings with a lower level of phenols 
attached to the surface. In general, coating produced with 
Chitosan, CCA, and AHG had an initial efficiency of 80.5, 
90.8, and 88.7%, respectively (Table 2). In a similar study, 
the encapsulation efficiency of F. persica extract coated with 
chitosan and locust bean gum was determined between 85.3 
to 93.3%, which was different from the results of the present 
study. It was also found that, as in the present study, the com-
bined use of the two coatings resulted in the best efficiency. 
In a study conducted by Delfanian et al., the initial encap-
sulation efficiency by combining basil seed gum with whey 
and soy proteins was determined 90.9% and 92.88%, respec-
tively, which was close to CCA efficiency [23]. Mohammadi 
et al. reported that the encapsulation efficiency of W/O/W 
emulsions covered with whey protein–pectin as an external 
aqueous phase was 96.64% [38]. Robert et al. also reported 
an encapsulation efficiency of about 84% for complex of soy 
proteins and maltodextrin [29]. Also, the results of 24 days 
of storage at 30 °C showed that the lowest reduction in 
encapsulation efficiency was observed in CCA-encapsulated 
powder (19.9%), followed by AHG-encapsulated powder 
(23%) and Chitosan (24.3%), respectively (Table 2). Previ-
ous research has shown that the smaller the emulsion drop-
lets, the greater the encapsulation efficiency of encapsulated 
powders [39, 40], which was consistent with the results of 
the present study. The highest efficiency was observed in 
CCA-encapsulated powder, which had the lowest Z-average 

Table 2   Encapsulation efficiency (%), regression analysis and half-life values of encapsulated powders produced with different wall materials 
during 24 days storage at 30 °C

Mean ± SD (standard deviation) within a column with the same lowercase letters are not significantly different at P < 0.05
AHG, Alyssum homolocarpum gum; CCA, complex of chitosan and AHG (1:1)

Sample Storage time (day) Parameters

4 8 12 16 20 24 K (day−1) T1/2 (day) R2

Chitosan 80.5 ± 0.6 c 76 ± 1 c 71 ± 0.8 c 67.5 ± 0.7 c 62.9 ± 0.5 c 60.9 ± 0.6 c 0.0143 48.5 0.993
CCA​ 90.8 ± 0.9 a 87.4 ± 0.5 a 84.8 ± 0.6 a 81.1 ± 0.5 a 76.9 ± 0.5 a 72.7 ± 1.3 a 0.0110 63.0 0.987
AHG 88.7 ± 0.3 b 83.8 ± 0.8 b 79.3 ± 0.8 b 76.8 ± 0.1 b 72.7 ± 0.3 b 68.3 ± 1.2 b 0.0127 54.6 0.992
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size. Estakhr et al. reported similar results in another study 
[20]. Mohammadi et al. encapsulated the polyphenolic com-
pounds of olive leaf extract among W/O/W nanoemulsions 
coated with the whey protein–pectin. Their findings showed 
that a system based on protein–polysaccharide interaction 
was very effective in reducing the release of polyphenols. 
So that during 20 days of storage at 30 °C, only 7.7% of 
the release was created [38]. Benichou et al. also reported 
that the interaction between whey protein and xanthan gum 
increased the efficiency and reduced the release of vitamin 
B1 during 20 days of storage at 25 °C [41]. Hammer et al. 
also considered the effect of W/O/W nanoemulsions cov-
ered with soy protein–sodium caseinate to be very effective 
in reducing the release process of Resveratrol antioxidant 
compounds, so that only 10 percent release was observed 
during storage at 25 °C for 21 days [42]. Sadeghi et al. [43] 
and Esfanjani et al. [44] also considered the coatings of soy 
protein isolate and whey protein–pectin to be very effec-
tive on the control release of palm fruit extract and saffron 
extract, respectively, so that the release rate of kernel com-
pounds is less than 12%. In Table 2 and Fig. 2, rate constant 
(k) and half-life period (t1/2) of encapsulated powders are 
reported. These two factors were determined by the slope of 
the semi-logarithmic graph of the values of the remaining 
phenolic compounds in the micro-coating against the storage 
conditions. Compared to other coatings, nano-encapsulated 
powders containing CCA had the lowest constant rate with 
the longest half-life period (0.011 and 63 days, respec-
tively) during 6 weeks of storage at 30C, followed by AHG. 
(0.0127 and 54.6 days) and Chitosan (0.0143 and 48.5 days). 
Another study reported that the amount of constant rate and 
half-life periods of nano-encapsulated F. persica extract 
with complex of chitosan and locust bean gum was 0.0092 
and 75.3 days [20], respectively, which was different from 
the results of the present study. Delfanian et al. in a simi-
lar study determined the amount of these two parameters 

mentioned in the nanoencapsulated phenolic extract with 
combinations of basil seed gum-whey protein and basil seed 
gum-soy protein 0.0563 and 0.0745 and 12.3 and 9.3 days 
[23], respectively, which is very different from the results of 
our finding which may be attributed to the difference in the 
type of coating material.  

Effect of nano‑encapsulated extracts on oxidative stability 
of soybean oil

Checking the oxidative stability of edible oils is one of the 
most important factors in identifying the strength of anti-
oxidant compounds that are commonly used in aggravated 
oxidative conditions [45]. In this study, the effect of free and 
finely nano-encapsulated phenolic extracts of M. piperita on 
oxidative stability of soybean oil during 24 days of storage 
at 60 °C was evaluated and peroxide value and p-anisidine 
value were used to interpret the results.

Peroxide value

The peroxide index determines the amount of hydroperox-
ides formed during the initial oxidation stage. These com-
pounds are unstable to heat and decompose into alcohols, 
aldehydes, and ketones [4, 45, 46]. The peroxide value lev-
els of various samples of soybean oil treated by the free 
and nano-encapsulated extracts of M. piperita and TBHQ 
during the storage period are shown in Table 3. The initial 
values of peroxide in different samples of soybean oil were 
not statistically significant. A study of changes in peroxide 
values after the incubation period showed that the oil sample 
containing the nano-encapsulated extract with CCA showed 
the lowest increase in peroxide value, followed by the sam-
ples of oils containing the nano-encapsulated extract with 
AHG, Chitosan, free extract, and TBHQ and pure soybean 
oil whose peroxide value was increased by 38.4, 49.5, 77.5, 
114.5, 142.3, and 166%, respectively. Therefore, the study 
of these results showed that the addition of various extracts 
improved the oxidative stability of soybean oil. It was also 
found that the nanoencapsulation process increased the anti-
oxidant power of M. piperita phenolic extract. Among the 
coatings used, CCA coatings had the best effect on anti-
oxidant activity of extract, followed by AHG and Chitosan 
coatings. The antioxidant activity of chitosan-coated extract 
in soybean oil was lower due to its very low release. It seems 
that chitosan has created a very strong wall covering around 
the inner layer and has blocked the release of phenols. Simi-
lar results from other studies, including Najafi et al. were 
in agreement with the findings of the present study [30]. In 
a study on the effect of nano-encapsulation process on the 
antioxidant activity of phenolic extract of Pistacia atlantica 
skin, it was found that the antioxidant effect encapsulated 
extract was superior to its free extract. Also, the antioxidant 

Fig. 2   Release rate and regression equations of phenolic compounds 
of nanocapsules coated with AHG, Chitosan and CCA. AHG, Alys-
sum homolocarpum gum; CCL, complex of chitosan and AHG (1:1)
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effect of these extracts was weaker than TBHQ [23]. The 
reason for the difference in results can be attributed to the 
type and amount of phenolic compounds in the extracts. In 
a similar study, Estakhr et al. investigated the effect of F. 
persica nano-encapsulated phenolic extract on the oxidative 
stability of soybean oil, which found that the combined use 
of chitosan and locust bean gum caused the best antioxidant 
effect [20].

p‑Anisidine value

The peroxide value is the primary oxidation index and does 
not alone determine the oxidative stability of edible oils. 
Therefore, to investigate secondary oxidation, it is neces-
sary to perform a test such as Anisidine value, which is an 
indicator of the rate of oxidation development and produc-
tion of secondary products of this reaction [4, 9, 12]. Table 4 
shows the p-Anisidine value of different oil treatments dur-
ing 24 days of storage at 60 °C.

The rate of this index at the moment of zero was between 
1.33 and 1.41, and there was no significant difference 
between them. Moreover, the study of changes in the p-ani-
sidine value over time showed that after incubation, the 
amount of this factor in different samples reached between 

1.76 and 2.12. These results indicated that unlike peroxid 
value, there was not considerable difference between differ-
ent samples in changing the anisidine index. In other words, 
the use of different extracts, unlike the peroxide value test, 
could not have a strong effect on the secondary oxidation of 
soybean oil compared to the oil sample containing TBHQ 
and pure oil. In a study conducted by Delfanian et al., it was 
found that unlike the present study, nanoencapsulation of 
phenolic extract of P. atlantica skin extract using a combina-
tion of whey protein and basil seed gum and a combination 
of soy protein isolate and basil seed gum prevented oxidation 
better than free extract [23].

In many scientific papers, it has been reported that natu-
ral antioxidants extracted from various plants have the abil-
ity to compete with TBHQ and even perform better than it, 
only at concentrations above 5 times [47–49]. However, in 
the present study, a high level of antioxidant activity was 
achieved at lower concentrations of phenolic compounds by 
nano-encapsulation mechanism by multilayer nanoemulsion. 
These results were in agreement with other published sci-
entific results, including the studies of Estakhr et al. [20], 
Mohammadi et al. [22], Esfanjani et al. [43], and Carneiro 
et al. [50]. They also reported that encapsulation of bioactive 
compounds among the two-layer W/O/W nanoemulsions 

Table 3   Effect of adding 
free M. piperita extract and 
nanoencapsulated M. piperita 
extract produced by chitosan, 
CCA and AHG (300 ppm) and 
TBHQ (100 ppm) on peroxide 
value (meq O2/kg oil) of 
soybean oil under accelerated 
storage at 60 °C for 24 days

Mean ± SD (standard deviation) within a row with the same lowercase letters are not significantly different 
at P < 0.05

Time (day) Control Free MPE Nanoencapsulated MPE produced by TBHQ

Chitosan CCA​ AHG

0 4.24 ± 0.05 a 4.25 ± 0.05 a 4.26 ± 0.02 a 4.24 ± 0.04 a 4.26 ± 0.06 a 4.28 ± 0.04 a
4 4.77 ± 0.05 a 4.49 ± 0.08 c 4.22 ± 0.05 d 3.97 ± 0.04 f 4.06 ± 0.05 e 4.69 ± 0.04 b
8 5.46 ± 0.17 a 5.05 ± 0.03 c 4.71 ± 0.07 d 4.35 ± 0.05 e 4.44 ± 0.06 e 5.30 ± 0.15 b
12 7.25 ± 0.37 a 6.02 ± 0.30 c 5.84 ± 0.25 d 5.26 ± 0.14 e 5.45 ± 0.23 de 6.97 ± 0.36 b
16 8.37 ± 0.28 a 7.18 ± 0.16 c 6.08 ± 0.12 d 5.07 ± 0.07 f 5.39 ± 0.06 e 7.84 ± 0.20 b
20 9.16 ± 0.24 a 7.66 ± 0.20 c 6.65 ± 0.16 d 5.61 ± 0.13 f 5.96 ± 0.13 e 8.56 ± 0.21 b
24 11.30 ± 0.10 a 9.11 ± 0.11 c 7.56 ± 0.07 d 5.87 ± 0.04 f 6.37 ± 0.03 e 10.37 ± 0.09 b

Table 4   Effect of adding 
free M. piperita extract and 
nanoencapsulated M. piperita 
extract produced by chitosan, 
CCA and AHG (300 ppm) 
and TBHQ (100 ppm) on 
p-anisidine value of soybean 
oil under accelerated storage at 
60 °C for 24 days

Mean ± SD (standard deviation) within a row with the same lowercase letters are not significantly different 
at P < 0.05

Time (day) Control Free FPU Nanoencapsulated FPU (100 ppm) produced 
by

TBHQ

Chitosan CCA​ AHG

0 1.41 ± 0.06 a 1.37 ± 0.06 a 1.37 ± 0.05 a 1.33 ± 0.02 a 1.37 ± 0.05 a 1.41 ± 0.06 a
4 1.47 ± 0.08 a 1.33 ± 0.05 ab 1.26 ± 0.04 b 1.15 ± 0.03 c 1.16 ± 0.04 c 1.41 ± 0.07 a
8 1.51 ± 0.11 a 1.42 ± 0.10 b 1.33 ± 0.06 b 1.30 ± 0.03 b 1.32 ± 0.02 b 1.5 ± 0.11 a
12 1.73 ± 0.08 a 1.46 ± 0.03 c 1.41 ± 0.02 c 1.39 ± 0.05 c 1.42 ± 0.03 c 1.67 ± 0.05 a
16 1.80 ± 0.06 a 1.64 ± 0.05 c 1.47 ± 0.08 d 1.39 ± 0.06 d 1.42 ± 0.04 d 1.74 ± 0.07 bc
20 1.92 ± 0.07 a 1.74 ± 0.08 b 1.59 ± 0.07 c 1.53 ± 0.09 c 1.56 ± 0.07 c 1.87 ± 0.08 a
24 2.12 ± 0.06 a 1.96 ± 0.04 b 1.87 ± 0.04 c 1.76 ± 0.06 c 1.77 ± 0.03 c 2.09 ± 0.05 a
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coated with protein–polysaccharide compounds led to the 
gradual release and control of phenolic compounds and the 
improvement of their antioxidant activity.

Phenolic compounds release

In order to better identify the performance of nano-encap-
sulated extracts, the release of phenolic compounds from 
them into soybean oil during storage at 60 °C for 24 days 
was investigated (Fig. 3). As seen, the highest release rate of 
phenolic compounds was observed in soybean oil containing 
CCA-coated extract, followed by samples with micronutri-
ent M. piperita extract coated with AHG and chitosan coat-
ings. The results of the peroxide value revealed that CCA 
provided the best oxidative stability in soybean oil, followed 
by AHG and chitosan, respectively, which were consistent 
with the results of the phenolic compounds release test. The 
addition of more phenolic compounds from CCA-coated 
phenolic extract to soybean oil was the reason for the supe-
riority of this coating. Similar to the results presented in 
this study, Estakhr et al. [20], Esfanjani et al. [44], Car-
neiro et al. [50], Kaimainen et al. [51] reported the use of 
phenolic compounds coated with W/O/W nanoemulsions, 
compared to non-encapsulated types, can increase the stabil-
ity and biological activity of phenolic compounds. Belščak-
Cvitanović et al. reported that encapsulation of phenolic 
compounds from some medicinal plants using the alginate-
chitosan system compared to the free extract could increase 
the antioxidant power of these compounds [47]. In contrast 
to the present study, Delfanian et al. reported that the nano-
encapsulation of phenolic extract of P. atlantica skin extract 
could not delay the oxidation of soybean oil with the help of 
a combination of basil seed gum with whey protein and soy 
protein, respectively [23]. Differences in the type of coatings 

used and the way they are coated have led to different results 
in various studies. 

Conclusion

In the present study, M. piperita phenolic extract was coated 
in two-layer W/O/W nano-emulsions encapsulaed with 
Chitosan, AHG and complex (1:1) of Chitosan and AHG 
(CCA) as external phase. Examination of the properties of 
the resulting emulsions using various tests showed that the 
use of CCA resulted in the best W/O/W nano-emulsions, 
followed by AHG and Chitosan, respectively. The results 
of oxidative stability tests also showed that CCA caused the 
highest resistance to oxidation in soybean oil, followed by 
AHG and chitosan, respectively, which were consistent with 
the results of the release test of phenolic compounds. The 
release rate of phenolic compounds in soybean oil environ-
ment in incubation conditions was a good indication of the 
controlled release of these compounds using nano-encap-
sulation prepared by CCA. Overall, the findings show that 
nanoencapsulation of natural antioxidant compounds is a 
good way for increasing their antioxidant activity in foods 
over time and making optimal use of them.
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