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Abstract-The aim of the present study was to determine the proper concentrations of whey protein isolate (WPI), Arabic gum (AG),
and Zedo gum (ZG) for the encapsulation of Nigella sativa seed oil (NSO). WPI, AG, and ZG were used as wall materials for the
encapsulation of NSO by mixture design and then the optimum sample with minimum Z-average, PDI, and a* and maximum zeta
potential, conductivity, encapsulation efficiency, and b* was selected for examining FT-IR and SEM. The findings demonstrated that
lower particle size and particle dispersion index were obtained at higher amounts of AG and WPI with the least a*. Desirability
function results indicate that the mixture of 39.05% WPI, 16.758% AG, and 4.192% ZG led to the production of the optimum sample.
Microencapsulation of Nigella sativa seed oil using the optimum wall composition was recognized to be useful to preserve bioactive
compounds and provide flavor stability, enabling the use of microcapsules in food formulations.
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1. INTRODUCTION

As an annual herb belonging to the Ranuculacea family,
Nigella sativa L. is consumed for edible and medical
purposes. It has been reported that its oil possesses
antioxidant, anti-inflammatory, antitumor, and antimicrobial
activities. It has also used to treat illnesses like asthma,
bronchitis and emphysema [1,2]. Phenolic compounds
existing in Nigella sativa, including thymoquinone,
carvacrol, t-anethole and 4-terpineol have considerable free
radical scavenging properties [3]. Since such these natural
antioxidants are very sensitive compounds, they should be
preserved from environmental conditions such as oxygen,
water, and light in order to demonstrate its pharmaceutical
features. In the field of food processing, Encapsulation is a
practical technique to retain bioactive compounds during
food storage. In addition, encapsulation leads to controlled
release during consumption, prevention of undesirable
interactions of bioactive compounds with the food matrix,
and extension of shelf life of the product. Freeze-drying
technique was used to encapsulate N. sativa seed oil since it
is very suitable for conservation heat sensitive compounds
which almost remain undamaged the initial functional
properties of those components [4]. Possession of high
water solubility, low cost and viscosity, film-forming and
emulsifying properties are essential factors art choosing
suitable wall material for successful encapsulation [5]. The
encapsulating agents used in this study were Zedo Gum
(ZG), Whey Protein Isolate (WPI) and Arabic Gum (AG).
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Arabic gum (AG) is the most common wall material for
encapsulation of oils and bioactive volatile compounds [6].
Whey protein isolate (WPI), as a nutritional ingredient, is
greatly used in the food industry because of its emulsifying,
gelling and foaming properties [7]. WPI has excellent
surface activity due to its mixed composition of f-
lactoglobulin, a-lactalbumin, bovine serum albumin and
other proteins, such as casein [8]. Zedo gum (ZG) which is
also known as Angum, is an anionic and acidic hydrocolloid
which exudes from Amygdalus scoparia Spach tree [9]. It is
consumed as a functional ingredient for nutritional and
pharmaceutical purposes such appetite stimulant and
crushing bladder stones.

The objective of this study was to evaluate the potential
of GA, WPI, and ZG for encapsulation of N. sativa seed oil.
This study investigated the impacts of the different
concentrations of wall materials in various core/wall ratios
(1/1.5 — 1/4) on encapsulation efficiency and other physical
properties of AG/WPI/ZG microcapsules loaded with N.
sativa seed oil. The optimal composition of wall materials
were determined to produce N. sativa seed oil
microcapsules. Finally, the structural and morphological
properties of microcapsules produced in optimized core/wall
ratio and concentration of AG, WPI, and ZG were
characterized by Fourier transform infrared spectroscopy
(FTIR) and scanning electron microscopy (SEM) analyses.



II. MATERIALS AND METHODS
A. Materials

Cold pressed Nigella sativa seed oil was purchased from
a local market (Urmia, west Azerbaijan, Iran). Gum Arabic
and Whey Protein Isolate were obtained from Merck
(Darmstadt, Germany). Zedo Gum was purchased from
Freer flavor and color knowledge-based company (Isfahan,
Iran). All other reagents were provided from Sigma-Aldrich
(Gillingham, Dorset, UK). Distilled water was used in all
experiments.

1.1. Encapsulation process

The wall materials were added to distilled water at
25[1C, and the mixture was stirred magnetically until
completely dissolved. The solution was left overnight at
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4[1C to allow full hydration. The total solid concentration
was adjusted at 20%. Then Tween®80 (1%w/v, based on
water) was dissolved in the mixed wall material solution. N.
sativa seeds oil was then added to the wall material solution
based on the experimental design (Table 1). After the whole
mixture stirred magnetically for 5 minutes, the formed
coarse emulsion was homogenized using an Ultra-Turrax
homogenizer (IKA-T18 Digital) operating at 3000 rpm for
10 minutes to produce pre-emulsion. Lastly, the pre-
emulsion was further homogenized for 10 minutes at full
sonicator power (200.0 Watt, 24 kHz) using ultrasound
homogenizer (UP200; Hielscher, Teltow, Germany)
equipped with a titanium probe of 14 mm in diameter. The
prepared emulsion used as the feed liquid for the freeze-
drying process.

MIXTURE DESIGN USED FOR EXPLORATION OF OPTIMUM WALL COMPOSITION FOR ENCAPSULATION OF

TABLE 1.

NIGELLA SATIVA SEED OIL.

Component 1

Component 2

Component 3

Component 4

Run A: WPI (%) B: Zedo gum (%) C: Arabic gum (%) D: Oil (%)
1 60 20 0 20
2 26.7 0 53.3 20
3 0 10 60 30
4 0 10 60 30
5 60 0 0 40
6 20 6.7 333 40
7 0 20 60 20
8 0 0 80 20
9 80 0 0 20
10 0 20 40 40
11 26.7 20 13.3 40
12 35 0 35 30
13 35 0 35 30
14 35 10 35 20
15 35 10 35 20
16 0 0 60 40
17 50 10 0 40
18 50 20 0 30
19 53.3 0 26.7 20
20 15 15 45 25

1.2. Color analysis

1.3. Emulsion droplet size

The color of the prepared emulsions was measured via a
reflectance Minolta colorimeter (CR-400; Minolta, Tokyo,
Japan). The material was spread over a plate, and four
measurements were taken in random locations. The color
parameters were expressed as L* (lightness), a* parameter
(green-red), and b* parameter (blue-yellow). Chroma (C)
was estimated by a* and b* values. The following equation
was applied to convert L* a* b* coordinates to C:

C=vVaZ+b?2 (1)
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The size distribution and average diameter of the
emulsion droplets were measured by the light-scattering
technique using laser diffraction (Master sizer 2000;
Malvern Instruments Ltd, Malvern, UK). The De Broukere
mean diameter (D4;3) and polydispersity index (PDI) of the
microcapsules were determined by the method used by
Karimi sani et al. in 2019 [10]. The samples were analyzed
in triplicate using the wet method through dispersion in
water and a refractive index of 1.52. All measurements were
carried out at ambient temperature [11].



1.4. Zeta potential

One of the reliable indicators to predict the stability of
emulsion systems is Zeta potential or surface charge
measurement. In order to determine this quantity, the Zeta
sizer instrument (ZS model, Malvern, UK) was used that
operates based on the electrophoretic displacement of
surface charged particles [12].

1.5. Electrical conductivity

Electrical conductivity of the samples was measured
using digital electrical conductivity (Mod 8306, Italy) at
ambient temperature.

1.6. FT-IR analysis

The structure analysis of the GA, WPI, and ZG polymers
was examined by FT-IR. First, the KBr spectrum was
obtained as a control. Preparation of samples for FT-IR
spectroscopic analysis was carried out by mixing 1 mg of
completely dried sample with 150 mg of dry KBr powder. A
thin pellet of each sample was generated by compression the
mixture with about 60 kPa for 10 minutes in a compression
instrument. To detect the structural composition of films
incorporated with GA/WPI/ZG/NSO reinforcements, FT-IR
spectroscopy (Spectrum two; Perkin Elmer, Waltham, MA,
USA) in the wavenumber range of 4000-400 cm™ with a
resolution of 0.5 cm™ was used [13].

1.7. Surface morphology of microcapsules

Scanning electron microscopy (SEM) was used to
evaluate the surface morphology and the microstructural
properties of the freeze-dried encapsulated powder produced
in optimized conditions. Samples were coated with a thin
conductive gold layer and then viewed using a scanning
electron microscope (KYKY-EM3200) at an accelerating
voltage of up to 20 kV.
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1.8. Encapsulation efficiency

The encapsulation efficiency (EE) is characterized as the
ratio of the oil inside the encapsulating wall material to the
total oil present in the microparticles (coated + free). The
amount of encapsulated NSO in the microcapsules was
evaluated with the method used by Silva et al., 2014. In
order to measure that, the surface oil of the powder was
determined after producing by freeze drying. 4 g of powder
was placed in a filter paper and washed six times with 10 ml
n-hexane. Then, the solution containing the extracted oil
was left to evaporate at room temperature. The surface oil
was calculated based on the difference between the initial
clean flask and that containing the extracted oil residue, and
the microencapsulation efficiency was calculated from the
following equation [14];

EE = $70=250) » 1009 )

TO
Where:
EE: Encapsulation efficiency of N. sativa seed oil
TO: Weight of the total oil calculated in a sample of powder
(based on the initial formulated emulsion)
SO: Weight of extractable surface oil experimentally found
in the same weight of powder

1.9. Statistical analysis

A mixture design with 4 components was used for
preparation of microcapsules. Different physicochemical
responses were measured and then fitted to Scheffe models
using least square method. Adj-R2 was used as a criteria of
model selection. Analysis of variance and Fischer
distribution were used for inference about statistical
significance of models. Level of type I error was 0.05.
Design-Expert V 10, was used for data analysis and plotting
of contour plots.

TABLE 2.
PREDICTIVE MODELS OBTAINED FROM MIXTURE DESIGN (MODEL TERMS IS ACCORDING TO TABLE 1).
Variable R, Ryg
Z-average (d.nm) = (457.86*A) + (814.97*B) + (1156.04*C) + (484.60*D) + (9673.79*AB) 0.61 0.49

Zeta potential (mV) = - (22.36%A) + (95.27*B) + (2.56*C) — (465.5*D) — (120.2*AB) — 0.93 0.87
(47.05*AC) + (551.43*AD) — (210.5*BC) + (503.04*BD) + (489.41*CD)

Encapsulation efficiency (%) = (76.59*A) + (64.51*B) + (94.89*C) + (73.21*D) + (98.24*BC) 0.94 0.91

PDI = (0.7769*A) + (2.11*B) + (0.5214*C) + (0.19*D)

0.60 0.51

Conductivity = (0.34632*A) — (0.20018*B) + (0.30008*C) — (0.33352*D) + (2.84866*AB) + 0.91 0.83

(0.03047*AC) + (0.47028*BC) — (8.95829*ABC)

a* =-(8.07448*A) — (3.53583*B) — (6.31957*C) — (7.61198*D)

0.92 0.90

b* = (15.45%A) + (24.6*B) + (12.53*C) + (12.97*D)

0.48 0.36

Chroma = (17.4327*A) + (24.8528*B) + (14.0334*C) + (15.0387*D) 0.94 0.94
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III. RESULTS AND DISCUSSION

A. Characterization of particle size distribution

The results showed that the change in the concentration
of the wall materials had a significant effect on the particle
size of the produced microcapsules (P < 0.05). Moreover,
the predictive models for particle size as a function of the
investigated factors are illustrated in Table 2. Figure 1
shows that by increasing the Whey Protein Isolate, the
average particle size of the microcapsules was reduced. This
finding could be attributed to the effective emulsifying
properties of WPI and several hydrophobic and hydrophilic
parts of WPI [15]. Thus, WPI has a higher capability to
adsorb at the oil-water interface, and can reduce interfacial
tension.

A WPI
8.4

84 0
B: Zedo Gum

84
C: Arabic Gum
Z-Averge
Fig. 1. Contour plot showing the effects of wall materials
on the microparticles size distribution of encapsulated oil at

30% oil level.

Furthermore, increasing the amount of Arabic Gum led
to microcapsules with a smaller particle size. Arabic Gum
owns emulsifier property due to the presence of some
peptide branches in its structure, these peptide branches
might have attached to the droplets of oil contained in the
emulsion and produced smaller particles [16]. In addition,
by increasing Zedo Gum, the average particle size of the
microcapsules was enhanced. This effect can be attributed to
the greater Zedo Gum concentration that could potentially

A WPI
9.6
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provide a higher viscosity and larger particles might be
formed due to the agglomeration [17,18].

B. Surface charge stability

Surface charge stability ({ potential) determines the
surface charge at the interface of the droplets, it can be
anionic, cationic, or non-ionic based on the kind of the
charge of the surfactants that absorbed on the droplets. Zeta
potential of the emulsion system is considered to be stable at
the range of 30-60 mV [19]. In this study, the absolute
values for the zeta potential of emulsions were measured to
be around 30 mV. The results showed that the change in the
concentration of the wall materials affected on the zeta
potential of the microcapsules significantly (P < 0.05).

The presence of a negative charge on the microcapsules
was intensified by raising the amount of WPI, while in case
of AG it was reversed. By increasing the Whey Protein
Isolate, the zeta potential of the microcapsules in all three
levels of the oil was increased. This might be due to the net
negative charge of the WPI at pH values greater than their
isoelectric pH. Plus, it can be attributed to the proper protein
coating, in which case the negative repulsive force of the
particle surface increases, and eventually the zeta potential
gets more negative.

Moreover, increasing the amount of Arabic Gum in 20
and 30 percent of oil (Figure 2, a, and b respectively) led to
decrease in the zeta potential (less negative). It could be due
to the interconnection between Arabic Gum’s chains in the
particles surface which cause a reduction of negative
repulsion force of particles surface while it increased in
higher concentration of the NSO (Figure 2, ¢). Likewise, in
the case of Zedo gum, its increase probably due to the
antagonistic effect with other wall materials, WPI and AG,
influences negatively on zeta potential.

/

0

84
B: Zedo Gum

96 96
B: Zedo Gum C: Arabic Gum

Zeta Potential

(@)

Zeta Potential

(b)

84 7.2
C: Arabic Gum B: Zedo Gum
Zeta Potential

©

Fig. 2. Contour plots showing the ettects ot wall materials on the zeta potential of Nigella sativa seed oil microparticles at (a):
20%, (b): 30%, (c): 40% oil levels.
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C. Encapsulation efficiency

The presence of oil on the powder surface is the most
undesirable property of encapsulated powder since this oil is
readily susceptible to oxidation. In order to calculate the
EE(%), 4 g of powder placed in a filter paper was washed
six times with 10 ml n-hexane. Then, the solution containing
the extracted oil was left to evaporate at room temperature.
The surface oil was calculated based on the difference
between the initial clean flask and that containing the
extracted oil residue. Figure 3 illustrates EE(%) as a
function of the different wall material concentration. As it
can be drawn from all Fig. 3, there is a reverse correlation
between oil loading and EE in terms of WPI concentration,
which agrees with previous reports. Such decrease in EE is
explained by shortening of the diffusion path of oil droplets
in the microcapsules. Higher oil loading makes easier
diffusion of oil droplet into the particle surface by
decreasing the emulsion viscosity. So as a result, the surface
oil content of the powder increases which led to a lower
encapsulation efficiency. The same behavior was observed

B: Zedo Gum

B: Zedo Gum
96

84 0
96 0 96 C: Arabic Gum
C: Arabic Gum A WPL
Encapsul(an)on Efficiency (b)
a

Encapsulation Efficiency
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by some researchers[20-22]. It may also be explained by the
void volume of individual microcapsules; thereby effective
site of the whey protein interacting with oils is too
inadequate to interact with high amount of oils which cause
leakage of oil to the surface of the microcapsules during or
soon after freezing process. Encapsulation efficiency in all
concentrations of oil increased with raising the
concentration of the Arabic gum. One of the reasons may be
due to the high agglomeration of microcapsules with Arabic
gum that preserve better core materials and compounds.
Plus, Arabic gum keeps the aroma and volatile content
better due to its high emulsion properties. Frascareli et al.
observed in 2012 that the encapsulation efficiency of the
coffee oil increased with enhancing the Arabic gum
concentration [21]. As shown in Fig 3, change in the
concentration of Zedo gum has not notable effect on the
microencapsulation efficiency. There is neither antagonistic
nor synergistic interaction between wall materials except
Arabic gum that shows partly synergistic property with
Zedo gum.

B: Zedo Gum
72

7.2 0 72
C: Arabic Gum

Encapsulation Efficiency

©)

Fig. 3. Contour plots showing the effects of wall materials on the encapsulation efficiency of encapsulated oil at (a): 20%, (b):
30%, (c): 40% oil levels.

D. PDI index

The PDI value refers to the degree of uniformity of the
particle size distribution, and lower amount of it results in
smaller distribution [23]. Therefore, low PDI values indicate
strong uniformity and consistent processes. Fig 4 shows that
the particle dispersion index decreases with increasing both
Whey Protein Isolate and Arabic gum. In the case of Arabic
gum, the reason for this is that it can adequately cover the
particles and thus increase the repulsive force between the
particles, which ultimately reduces the particle size
distribution. The particle dispersion index has a direct
correlation with the increase in Zedo gum concentration,
which may be due to the high viscosity of the Zedo gum in
higher concentrations. As it is obvious from the figure 4, the
particle dispersion index was just significant (P < 0.05) in
the 30 percent of the oil. According to Fig. 4, the particle
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dispersion index decreases with increasing the amount of
NSO.

A WPL
84

84 0 84
8: Zedo Gum C: Arabic Gum
PDI

Fig. 4. Contour plot of the effects of wall materials on the
particle dispersion index of Nigella sativa seed oil
microparticles at 30% oil level.



E. Electrical conductivity

Since the electrical conductivity of water, especially due
to the dissolution of electrolytes, is 100 to 1000 times
greater than that of oil, this indicator is used to determine
the continuous phase of the emulsion. The electrical
conductivity of the oil phase is often considered to be zero
in comparison with the water phase. Consequently, the
reduction of electrical conductivity means the formation of

A WPT
96

96 96
B: Zedo Gum C: Arabic Gum

84
Conductivity B:Zedo Gum

(a)

Conductivity
(b)
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O/W emulsion and the lack of change in electrical
conductivity indicates the formation of W/O emulsion [24].
The results showed that different concentrations of wall
materials have a significant effect on the conductivity of the
microcapsules (P < 0.05). Electrical conductivity at all three
levels of the oil increased with increasing in the amount of
the WPI while both AG and ZG caused a decrease in
electrical conductivity.

A WP

0

84
C: Arabic Gum

72 72
B: Zedo Gum C: Arabic Gumi
Conductivity

©

Fig. 5. Contour plots showing the effects of wall materials on the conductivity of encapsulated oil at (a): 20%, (b): 30%, (c): 40%
oil levels.

F. Color parameters

In order to assess the influence of the investigated
variables on the color of N. sativa-loaded microcapsules, the
a* and b* were reported, as these parameters correspond to
the greenness-redness and blueness-yellowness of the
fabricated microcapsules containing NSO respectively. In
the case of a* index, when the number goes to the negative
side, indicating that the color of the food material tends
towards the green color, and as far as the positive side is
concerned, it indicates that the color of the food substance
tends to be red. Increasing the amount of WPI in all three
levels of the encapsulated NSO (a: 20%; b: 30%; c: 40%)

A WPT
84

96
B: Zedo Gum

84 84
B: Zedo Gum C: Arabic Gum

led to decrease in the a* index (Fig 6), which means green
color appearance in capsules. The a* parameter was
reported as a function of the WPI/AG/ZG mixture, which
got more negative by exceeding amounts of WPL. Increasing
the concentration of WPI and AG in all three levels of oil
resulted in a decrease in the b* index (Fig 7) while ZG was
reversed and increased that. In the case of b*, the negative
values indicate a blue color and a positive value means
yellow. Since the ZG was yellow, but AG was white. As a
result, the micro-capsules produced by the ZG were
yellowish.

Fig. 6. Contour plots showing the effects of wall materials on the a* index of microparticles containing Nigella sativa seed oil at
(a): 20%, (b): 30%, (c): 40% oil levels.
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Fig. 7. Contour plots showing the effects of wall materials on the b*
(a): 20%, (b): 30%, (c):

G. Optimization and desirability

One of the objectives of this study was to determine the
optimal values of the variables to generate microcapsules
with the minimum droplet size, PDI, and a* and with
maximal zeta potential, conductivity, encapsulation
efficiency, and b*. The desirability function method was
employed for the multi-objective optimization. The
desirability function for individual responses was estimated
through numerical methods, and the total desirability
function was calculated. The results of statistical analysis,
which led us to finding the optimum variables based on the
physical qualities of microcapsules, are presented in Table
3. It is remarkable that the total desirability values of the
predicted zone correspond to 0.41. Furthermore,
microparticles were produced based on the optimal
conditions of wall material components, and eventually the
structural and morphological characteristics of the optimized
microcapsules were investigated.

TABLE 3.
OPTIMUM ENCAPSULATION CONDITIONS OF NIGELLA
SATIVA SEED OIL MICROCAPSULES.

Factor name Desirability
WPI (%) 39.05
ZG (%) 4.192
AG (%) 16.758
Oil (%) 40
Z-average (d.nm) 876.863
Zeta potential (mV) -32.441
Encapsulation efficiency (%) 80.021
PDI 0.647
Conductivity 0.171
a* -7.353
b* 14.697
Selected desirability (%) 0.41
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index of microparticles containing Nigella sativa seed oil at

40% oil levels.

H. FT-IR analysis

Fig 8 demonstrates the FT-IR spectra of the polymers
and the capsule. According to Carbonaro and Nucara
(2010), a helix, B sheet, random coil and antiparallel sheet
are the main structural forms that can be described by the
bands amide I and II [25]. It is observed in curve A, Whey
Protein Isolate, that a peak at 1656 cm™ appeared.
Generally, the presence of any strong peak in the region of
1630— 1680 cm™ shows strong stretching vibrations of the
carboxyl groups (C=0). The Amide I shows a C-N
stretching band at 1392 cm™. Additionally, the Amide I
displays a bending band at 608 cm” and 1100 cm™.
Therefore, the Amide I exists in the WPI structure. These
findings are in agreement with the reports of some
researchers [26-28]. Gum Arabic, curve B, represented
typical bond at 3418 cm™ which is representative of —OH
stretching band. In the curve C, Zedo Gum, the
characteristic peaks at 2924-2927 cm” and 2855 cm’
correspond to the asymmetric and symmetric stretching
vibrations of —CH2 functional groups, respectively [29].

The FTIR spectra of encapsulated oil shows similar
profile with the polymers. Therefore, the FTIR results
suggested that the presence of Nigella sativa seed oil into
the polymeric matrix was almost stable and did not interact
significantly with WPI/AG/ZG bend as matrix components.
However, in the fingerprint region, the transmittance bands
were detected at 716 cm” and 1742 cm’' revealing the
presence of C-H bonds and covalent linkage (amid I),
respectively.




T%

000 350 %00 250 2000 150 1000 500
Wavenumbers (cm?)

Fig. 8. Fourier-transform infrared spectroscopy (FTIR)
spectra of: A, whey protein isolate (WPI); B, arabic gum
(AG); C, zedo gum (ZG); D, powdered microcapsules.

I. Morphology of microcapsules

The morphology of WPI, AG, ZG, and N. sativa coated
microcapsules produced by freeze-drying is presented in
Figure 9. The SEM examination was used to study the
morphology and size of the capsules provided. The SEM
results showed that the microparticles had an irregular
structure similar to that of broken glass. The presence of
cavities or pores was observed in the walls of the cracks
(Figure 9). Forming ice crystals in the emulsion freezing
step during the freeze-drying process could have created
these cavities [30]. A similar microstructure was observed
for wheat germ oil microparticles obtained by freeze-drying
and encapsulated with whey protein concentrate (WPC) and
maltodextrin [31]. As expected, however, the type of
biopolymer used as wall material produced particles with
different diameters. The average capsule particle size
obtained by the DLS method was almost 8§76.863 nm, but
SEM micrographs showed that the average size was 772.6
nm. These results revealed that the size of the dried
emulsion particles was smaller than that of the optimization
samples.

10pm EHT = 15.00kV Signal A = SE2 Date 2 Feb 2019 Zr1ss]
— WD= 8.1mm Mag= L0OKX  User= DP
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Fig. 9. Scanning electron microscopy (SEM) micrographs of
freeze-dried powders of Nigella sativa seed oil
microcapsules stabilized by whey protein isolate (WPI),
arabic gum (AG), and zedo gum (ZG).

IV. CONCLUSION

Freeze-drying encapsulation of Nigella sativa seed oil,
using WPI, AG, and ZG as wall materials, led to the
formation of fine kinetically stable emulsion. The findings
demonstrated that increase of the Zedo gum concentration
had a negative impact on size of the emulsion droplets, with
a reduction in the number of droplets. A lower particle size
distribution was found with increasing the amount of the
WPI and AG. SEM observation was corresponded with the
predicted particle size of the optimized microcapsules. The
color of microcapsules was directly attributed to the wall
materials concentration. FTIR analysis demonstrated that
there were no significance interactions in stabilizing NSO
by mixing WPI/AG/ZG. The results of these findings
suggest encapsulating Nigella sativa seed oil in blending of
WPI, AG and ZG as a functional way to generate
microparticles containing NSO with reasonably long shelf
life that could be of great use in food and pharmaceutical
products.
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