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Balangu (Lallemantia royleana) seed oil is a valuable source of omega-6 fatty acids that reduces the risk of cardiovascular diseases.
Due to the high sensitivity of this oil to environmental factors, microencapsulation has been recommended to preserve valuable
compounds of oils and prevent adverse environmental effects. In this study, the oil of balangu seeds was extracted using a
combination of ultrasound and shaking incubation and was microencapsulated using an emulsification method. The process was
optimized using the response surface methodology (RSM). For this purpose, the effect of three independent variables such as
chitosan concentration (0-1.5%), sodium alginate concentration (0-4.5%), and pH (3-7) on emulsification and microencap-
sulation condition was analyzed. The results showed that the optimal conditions for emulsification and microencapsulation
included 0.30% chitosan, 0.14% sodium alginate, and pH 3. Scanning electron microscopy (SEM) showed that the structure of the
optimal sample was smooth, spherical, and without cracks, which confirms the success of emulsification and

microencapsulation processes.

1. Introduction

Oil seeds are valuable sources of unsaturated fatty acids,
protein, fiber, amino acids, antioxidants, and other nutrients
[1]. Balangu (Lallemantia Royleana) from the mint family is
one of the oilseeds that has about 30% of oil and is a rich
source of omega-3 fatty acids. Balangu seed oil contains
linolenic acid, which makes it a good source of omega-3 fatty
acids. It is a very good source of tocopherol, phenolic
compounds with high antioxidant activity [2, 3].

The conventional oil extraction methods such as Soxhlet
extraction have limitations such as high solvent consump-
tion, extraction time, loss of volatile compounds, low effi-
ciency, and degradation of unsaturated fatty acids [4]. The
shaking incubation extraction causes a complete contact of
the solvent with the solid phase and thus increases the
extraction efficiency [5]. The emergence of new methods of

oil extraction eliminates the disadvantages of conventional
methods of oil extraction. One of the new technologies for
oil extraction is the use of ultrasound, which is more eco-
nomical than other new extraction methods and reduces the
amount of solvent [4]. In the extraction of vegetable oils
(grape seeds, mango kernel, pomegranate kernel, and pis-
tachio kernel) using ultrasound compared to the Soxhlet
method, the oil extraction efficiency has increased and the
oils were less oxidized [4, 6-8].

Oil protection from environmental factors is also im-
portant. Vegetable oils oxidize easily by heating, chemical
reactions, and light. Microencapsulation is a good way to
preserve valuable compounds of vegetable oils and prevent
adverse environmental effects that have recently received
much attention. In this technology, the target compounds
are coated by the wall compounds to form microcapsule
particles [9].
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The emulsification is one of the microencapsulation
methods which release the functional compounds. In
emulsification, the continuous phase consists of aqueous
solution and the dispersed phase consists of wall constitu-
ents [10]. Jafari et al. [11] showed that the smaller particles of
the emulsion have the better microencapsulation process.
Quispe-Condori et al. [12] reported that the micro-
encapsulated polyunsaturated fatty acids of flaxseed oil were
not degraded during the spray drying process but were
reduced during the freeze drying process. Mohammadi et al.
[13] showed that nanocapsulation of the olive leaf by
emulsification method increased the stability of oil to oxi-
dation. Asadpour et al. [14] showed the nanoemulsification
of folic acid using maltodextrin and whey protein increases
the emulsion particle size.

In this study, emulsification and microencapsulation of
balangu seed oil have been investigated to preserve its
valuable nutrients. The process conditions were optimized
using the response surface methodology (RSM).

2. Materials and Methods

2.1. Materials. Whey protein concentrate and maltodextrin
were obtained from Hirad Powder Co (Tehran, Iran).
Chitosan, sodium alginate, and all chemical reagents were
purchased from Merck Company (Germany).

2.2. Sample Preparation. Balangu seeds were purchased
from the local market (Isfahan, Iran) in May 2021. After
grinding, the powder was stored in plastic bags in the re-
frigerator [15].

2.3. Oil Extraction. In the Soxhlet method, 50 g of sample
were placed in an extractor and the extraction was carried
out with 300 ml of n-hexane for 8 hours at 40°C and the
residual solvent was removed an oven (Model EO 155,
Shimifann, Iran) at 30-40°C for 2 hours. In the shaking
incubation-ultrasonic method, 50g of Balangu seeds
powder was placed in a laboratory incubator (Model Fan
Azma Gostar, Tehran, Iran) and then in an ultrasonic bath
(Model 300, Pulse, Italy) at 25kHz. The oil was centri-
fuged (Model 2-16P, Sigma, Germany) at 7800 rpm for
20 minutes. Finally, the residual solvent was evaporated in
a rotary evaporator (Model Heidolph, Germany) for
15min at 115rpm and 50°C [15].

adsorption control — adsorption sample
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2.4. Emulsification Process. The high energy emulsification
method and ultraturrax homogenization-ultrasound com-
bination were used to prepare oil in water emulsion (O/W).
The wall material including chitosan (0-1.5%), sodium al-
ginate (0-4.5%), whey protein concentrate (15%), and
maltodextrin (10%) were mixed with balangu seed oil and
distilled water. The mixture was homogeneous with ultra-
turrax for 3 minutes. The pH of the emulsion was adjusted
(pH: 3-7) by 0.1 N sodium hydroxide and hydrochloric acid.
The emulsion was homogenized for 6 minutes and placed in
an ultrasound bath (25kHz) at room temperature for
10 minutes. The final emulsion was stored in a freezer at
-18°C [11].

2.5. Emulsification Tests

2.5.1. Particle Size and (-Potential Measurement. The par-
ticle size of the emulsions was measured using the dynamic
light scattering instrument (Malvern Instruments Ltd.,
United Kingdom). {-potential was measured using a com-
mercial microelectrophoresis instrument (Zetasizer ZA se-
ries, Malvern Instruments Ltd., UK). Samples were diluted
using 10 mM phosphate buffer prior to analysis [16].

2.5.2. Emulsion Stability Index (Creaming Index). First,
10ml of the emulsion was poured into a test tube and
centrifuged at 7800 rpm for 20 minutes. Then, the total
height of the emulsion and the height of the cream layer were
measured using a ruler.

2.5.3. Turbidity. The emulsion (0.5ml) was mixed with
distilled water and the sample absorption was determined
using a UV-visible spectrophotometer at 600 nm (Model
T70, PG, United States) [17].

2.5.4. Antioxidant Activity. To measure the antioxidant
activity, 3.5 ml of DPPH methanolic solution was added to
0.1 ml of emulsion, and after 10 minutes, the absorption
sample was read at 517 nm using a spectrophotometer. The
DPPH solution was considered as a control sample. The
antioxidant activity was calculated using the following
equation [18]:

The radical inhibitors (%) =

% 100. (1)

adsorption control



Journal of Food Quality

2.6. Microencapsulation Process. All prepared emulsions
were dried in a freeze-dried for 24 hours (1 hPa and -20°C)
using a freeze dryer (Model DW8030, USA). After drying,
the powders were stored at —18°C for further analysis
(Quispe-Condori et al., 2011).

2.6.1. Microencapsulation Efficiency. The microencapsula-
tion efliciency was calculated using the following equation:

The efficiency of extracted oil =1—(surface oil/total
oil) x 100.

To measure surface oil, 0.5g of the powder was mixed
with 10ml of hexane and its absorbance at 228 nm was
determined. To measure total oil, the powder was dissolved
in water (1:10) and 20 ml of hexane. The mixture was put
through ultrasound for 2 minutes at 100 Hz at an ambient
temperature using an ultrasound probe. The sample was
centrifuged for 15 minutes at 7500 rpm and then its ab-
sorption was determined at 228 nm [19].

2.6.2. Moisture Content. The moisture content of the
microcapsulated powder was calculated using the gravi-
metric method in the oven at 60°C for 2h [20].

2.6.3. Oil Release Test in Simulated Gastric (SGF) and In-
testinal Environment (SIF). To prepare the SGF solution, 2 g
of sodium chloride was dissolved in 900 ml of distilled water
and the pH of the solution was increased to 1.2 using 36%
hydrochloric acid. Then, 3.2 g of pepsin was added to the
solution and was kept at 4°C. To prepare the SIF solution,
potassium hydrogen phosphate and water were mixed in a
ratio of 6:400 (w/v) and 77 ml of sodium hydroxide. Then,
using HCL and NaOH, the pH of the solution was adjusted
to 6.8. Finally, 10 g of pancreatin was added to the solution
and was kept at 4°C for later use.

In the digestion step, 2 g of the finely microencapsulated
powder was mixed with 20 ml of SGF solution and placed in
a water bath (38°C) for 2 hours. Then, 20 ml of SIF was added
to the solution and placed in a vibrating water bath for 3
hours. Then, 25ml of hexane was added to the solution.
Finally, the oil and hexane were rotated at 60°C to evaporate
the hexane. The oil release rate was calculated using the
following equation [21].

_ primary weight — Second weight

Oil release (%) = x 100.

(2)

total oil

2.6.4. Scanning Electron Microscopy (SEM). The optimal
treatment was coated with a thin layer of gold alloy and then
analyzed using scanning electron microscope (Zeiss, Ger-
many) with a magnification of 5000 x and a voltage of 10kV.

2.7. Experiment Design. The effects of three independent
variables of chitosan concentration (0-1.5%), sodium algi-
nate concentration (0-4.5%), and pH (3-7) on dependent
variables were analyzed (Table I).

The central composite design (CCD) using Minitab
software version 16.1.1.0 was used to design 20 treatments
(Table 2). The quadratic equation used for regression
analysis of the experimental data for each dependent re-
sponse as a function of independent variables is shown as
follows:

k k k
2
Y =P+ Zﬁixi + Zﬁiixi + Z Bijxix;s (3)
i=1 i=1 i

i=j=1

where o, i, Bii» and Bj; are constant coefficient, linear re-
gression coeflicient, quadratic regression coefficient, and
interaction regression coefficient between the two variables,
respectively.

The mathematical models indicated the function of the
independent variables on dependent responses as shown in
the following equations:

3. Results and Discussion

3.1. Particle Size. 'The mean particle diameter and {-potential
of optimal emulsion were 30.9-74.39 nm and—30.4mV,
respectively.

3.2. Creaming Index. The emulsion stability ranged from 6
to 32%. Three-dimensional response plots for the stability
index are presented in Figure 1. The highest emulsion sta-
bility (52.4%) was observed at pH 3, 0% chitosan, and 4.5%
sodium alginate and the lowest emulsion stability (2.89%)
was observed at pH 7, 0.84% chitosan, and 3.4% sodium
alginate.

According to Figure 1(a), at pH values 3 and 7, with
increasing the concentration of chitosan from 0 to 0.5%, the
stability index of the emulsion decreased and with further
increase of the concentration from 1.2 to 1.5, the emulsion
stability increased. Chitosan forms the electrostatic inter-
actions between particles, the particles repel each other, and
the emulsion is thermodynamically stable. At the high
concentrations of chitosan, instability occurs due to coa-
lescence and the flocculation of particles and creaminess
increases [22]. Lements [23] reported that the emulsion
stability at high concentrations of chitosan increased due to
charge neutralization and bridging flocculation effects. In
general, polysaccharides cause the droplets to come closer
together and increase the instability and creaminess of the
emulsion.

Figure 1(b) shows that in the presence of 4.5% sodium
alginate, creaming increased with decreasing pH. As the pH
decreases, the concentration of positive ions increases and
these ions in the presence of sodium alginate cause elec-
trostatic repulsion and increasing creaming [24].

As can be seen in Figure 1(c), at 1.5% chitosan and 4.5%
sodium alginate, the creaming of emulsion was highest. But
the least instability occurred when chitosan was 1% and
sodium alginate was 1.5%. With increasing chitosan con-
centration from 0 to 1, the emulsion stability decreased and
then increased with a further increase of chitosan concen-
tration. Similar results were reported by Lements [25].
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TaBLE 1: Uncoded and coded levels of three independent variable of chitosan concentration, sodium alginate concentration, and pH used in

the RSM design.

Uncoded values of different independent variables

Coded independent variables levels X1: X2: X3:
Chitosan concentration (%) Sodium alginate concentration (%) pH

+a 1.50 4.50 7.00
1 1.19 3.58 6.18
0.75 2.25 5.00

-1 0.30 0.91 3.81
-« 0.00 0.00 3.00

TaBLE 2: Central composite experimental design for the three independent variables used in this study.

Run X1: X2: X3:

Chitosan concentration (%) Sodium alginate concentration (%) pH
1 0.75 2.25 5.00
2 1.19 3.58 6.18
3 0.75 2.25 5.00
4 1.19 0.91 6.18
5 0.75 2.25 5.00
6 0.75 2.25 5.00
7 0.75 0.00 5.00
8 0.75 4.50 5.00
9 1.19 3.58 3.81
10 0.30 3.58 6.18
11 1.50 2.25 5.00
12 0.75 2.25 5.00
13 0.30 3.58 3.81
14 0.30 0.91 6.18
15 1.19 0.91 3.81
16 0.75 2.25 7.00
17 0.75 2.25 5.00
18 0.75 2.25 3.00
19 0.00 2.25 5.00
20 0.30 0.91 3.81

3.3. Turbidity. The turbidity of colloidal systems depends on
the size and number of particles (103). The emulsion tur-
bidity was ranged from 0.24-0.78 nm. Three-dimensional
response surface plots for emulsion turbidity are shown in
Figure 2. The highest turbidity (1.3 nm) was reported at pH
7, 0% chitosan, and 4.5% sodium alginate and the lowest
turbidity (0.21 nm) was reported at pH 4.3, 0.37% chitosan,
and 0% sodium alginate.

Figure 2(a) shows that at pH values 3 and 7, the turbidity
of the emulsion decreased by increasing the chitosan con-
centration and with chitosan increasing, the turbidity in-
creased. It is due to the increase diameter of colloidal
particles and their accumulation [26]. Neirynck et al. [27]
confirmed that increasing the pectin-whey protein complex
reduced turbidity due to emulsion stabilization, but exces-
sive increase of these biopolymers due to their insolubility
caused an increase of turbidity, which is consistent with the
results of our study.

Figure 2(b) shows that at pH values 3 and 7, the turbidity
of the emulsion increases with increasing concentration of
sodium alginate, and the highest turbidity occurred at 4.5%
sodium alginate and pH 7. Harnsilawat et al. [24] found that
with the increasing alginate concentration, turbidity

increased significantly due to the accumulation of
biopolymers.

Figure 2(c) shows that at the lowest concentration of
polysaccharides (0% sodium alginate and 0.4% chitosan)
turbidity was the lowest. The highest turbidity was obtained
in the presence of 4.5% sodium alginate and 0% chitosan.
The high turbidity in a high levels of sodium alginate
compared to chitosan can be related to the accumulation of
particles or the formation of large particles in the presence of
alginate.

3.4. Antioxidant Activity. The antioxidant activity of the
emulsion ranged from 24 to 78%. Three-dimensional re-
sponse surface plots for emulsion antioxidant activity are
presented in Figure 3. The highest antioxidant properties
were reported at pH value 3, 0.75% chitosan, and 3.54%
alginate and the lowest antioxidant properties were reported
at pH 4.6, 0.84% chitosan, and 0% sodium alginate.

With increasing pH, the antioxidant properties reduced
and then increased (Figure 3(a)) because chitosan is an
insoluble polysaccharide at alkaline pH with a negative
charge but is soluble at acidic pH with a positive charge. At
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FIGURE 1: Three-dimensional plot of creaming of emulsion. (a) Creaming index vs. chitosan concentration. (b) Creaming vs. sodium
alginate concentration. (c) Creaming vs. chitosan concentration and sodium alginate concentration.

higher pH, chitosan is insoluble and has high emulsifying
properties [28, 29].

As can be seen in Figure 3(b), the highest antioxidant
properties were obtained at pH 3 and 4.5% sodium alginate.
Unlike chitosan, the use of this polysaccharide at lower pH
increases its antioxidant properties [24]. However, the vis-
cosity of sodium alginate is very high at low pH, its solubility
is reduced, so in these conditions, it shows the highest
emulsifying properties with high antioxidant activity [30].

Figure 3(c) shows the interaction of sodium alginate and
chitosan. At 1.5% chitosan, with increasing the concentra-
tion of sodium alginate from 0 to 3.8%, the antioxidant
properties increased, which can be attributed to high vis-
cosity and stable emulsion [31]. With increasing the sodium
alginate concentration from 3.8 to 4.5%, the antioxidant
properties are constant. Sellimi et al. [30] stated that in-
creasing the concentration of alginate were associated with
increasing the antioxidant properties of the emulsion.

3.5. Microencapsulation Efficiency. The microencapsulation
efficiency of balangu seed oil ranged from 77.36-90.28%.
Three-dimensional response plots for microencapsulation

efficiency are presented in Figure 4. According to these
results, the highest microencapsulation efficiency (99.1%)
was at pH 3, 1.5% chitosan, and 4.5% sodium alginate and
the lowest microencapsulation efficiency (76.9%) at pH
5.4,1.2% chitosan, and 0% sodium alginate.

According to Figure 4(a), the interaction between chi-
tosan concentration and pH shows that the highest mi-
croencapsulation efficiency is related to 1.5% chitosan with
pH 3. The lowest microencapsulation efficiency was reported
at pH 5. Chitosan has a high solubility in acidic conditions
and bind to other polysaccharides and proteins and pro-
duces stable capsules that increase the microencapsulation
efficiency, but at the alkaline pH, the positive charge of
chitosan decreases, the coacervation will occur, which will
reduce the microencapsulation efficiency [32].

As Figure 4(b) shows at pH equivalent to 3, the efficiency
also increased with the increasing concentration of sodium
alginate. Ahn et al. [33] found that increasing the concen-
tration of wall materials increased the viscosity and the
microencapsulation efliciency of sunflower oil.

Figure 4(c) shows that at 1.5% chitosan with increasing
the concentration of sodium alginate, the microencapsula-
tion efficiency increased and the highest microencapsulation
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FiGure 2: Three-dimensional plot of turbidity of emulsion. (a) Turbidity vs. chitosan concentration. (b) Turbidity vs. sodium alginate
concentration. (c) Turbidity vs. chitosan concentration and sodium alginate concentration.

efficiency occurred at 1.5% chitosan and 4.5% sodium al-
ginate. The lowest yield occurred at 1.2% chitosan and 0%
sodium alginate, which showed the high importance of high
concentrations of wall materials in increasing the efficiency
of microencapsulation.

Frascareli et al. [34] observed that with increasing the
concentration of the Arabic gum, the microencapsulation
efficiency of coffee oil increased due to the high rate of
emulsion formation and the smaller particle size of the
emulsion.

3.6. Moisture Content. The moisture content of the micro-
encapsulated balangu seed oil ranged from 2.12-4.12%.
Three-dimensional response surface plots for the moisture
content of the capsule are shown in Figure 5. The highest
moisture content (5.88%) was observed at pH 3, 1.5%
chitosan, and 4.5% sodium alginate and the lowest moisture
content (1.78%) was observed at pH 4.7, 0.36% chitosan and
0.96% sodium alginate.

According to Figure 5(a), at pH 3, with increasing
chitosan concentration from 0 to 1.5%, the moisture content
of the capsule increased. Figure 5(b) similarly shows that the
moisture content of the capsule increased with increasing

sodium alginate. Increasing the concentration of wall ma-
terials increases the viscosity of the emulsion and makes it
harder to water diffuse, thus increasing the humidity [34].

Figure 5(c) shows that chitosan and sodium alginate do
have not a significant difference in moisture content, which
is consistent with the results of Carneiro et al. [35].

3.7. Oil Release Test in Simulated Gastric (SGF) and Intestinal
Environment (SIF). 'The release of balangu seed oil capsules
ranged from 17.10-80.60%. Three-dimensional response
plots for oil release rate are presented in Figure 6. The lowest
release rate (15%) was observed at pH 3.33, 1.23% chitosan,
and 4.36% sodium alginate. The highest release rate (91%)
was observed at a pH value at 6.2, 0% chitosan, and 1.94%
sodium alginate.

Figure 6(a) shows that the lowest release was related to
pH 3 and 1.5% chitosan. At acidic pH, the electrostatic bond
between chitosan and sodium alginate is strongest and
prevents the release of contents of the capsule, but at higher
pH, the release is greater.

Figure 6(b) shows that at the pH range of 3 and 7, in-
creasing the concentration of sodium alginate caused a
decrease in the release of balangu seed oil due to the
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FiGure 3: Three-dimensional plot of antioxidant activity of emulsion. (a) Antioxidant activity vs. chitosan concentration. (b) Antioxidant
activity vs. sodium alginate concentration. (c) Antioxidant activity vs. chitosan concentration and sodium alginate concentration.
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FIGURE 6: Three-dimensional plot of microencapsulation digestion. (a) Microencapsulation digestion vs. chitosan concentration.
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and sodium alginate concentration.

FIGURE 7: Scanning electron microscopy images of balangu seed powders with a magnification of 5000 x; (a) the optimal sample (0.30%
chitosan, 0.14% sodium alginate, and pH 3); (b) the worst sample including 1.5% chitosan, 0% sodium alginate, and pH 4.2.

increased rate of formation and high strength of the wall
around the core, which reduces the loss of core compounds
[36].

Figure 6(c) shows that the lowest oil release occurred at
4.5% sodium alginate and 0.1% chitosan. The low release of
balangu seed oil at the low concentration of chitosan can be
attributed to the high viscosity of chitosan [37]. Increasing
the concentration of chitosan and sodium alginate increases
the viscosity of the emulsion and decreases the release rate
[11].

3.8. Optimization. The best sample in terms of microen-
capsulation efficiency included 0.30% chitosan, 0.14% so-
dium alginate, and pH value of 3.

3.9. Scanning Electron Microscopy (SEM). Microscopic ob-
servations showed that the structure of the optimal sample
was smooth, spherical, and regular, and these data con-
firmed the successful microencapsulation (Figure 7). The
outer surface of the particles also showed that the optimal



10

sample has different sizes and without cracking, which
causes reduced oil release and increased material retention.
It should be noted that despite some accumulation of
particles, these can open over time and the particle size
decreases [38].

The treatment with the lowest microencapsulation effi-
ciency did not have a definite shape and had large pores and
cracks. Because the microencapsulation was not done
properly, the particles had a high dispersion.

4. Conclusion

Microencapsulation of balangu (Lallemantia royleana) seed
oil extracted by the ultrasound-incubation method in
polysaccharide and protein matrices indicated that this
process has high efficiency, low release, good moisture, and
high antioxidant properties and stability and good trans-
parency of the emulsion showed that this process can be an
efficient method to protect oil extracted from unsuitable
conditions and it can be easily used in water-based foods.
The structure of the optimal sample (0.30% chitosan, 0.14%
sodium alginate, and pH 3) confirmed the success of
emulsification and microencapsulation processes.

Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.
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