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Microencapsulation is an excellent substitute in the transformation of liquid food into stabilised powder. The ob-
jective of the present study was to examine the influence of process conditions onmicroencapsulation of Nigella
sativa oil using spray drying, by applying the response surface methodology (RSM) by central composite design.
The independent variables were: the content of wall material (10–30%), the concentration of oil (10–30%) and
temperature (150–190 °C of inlet air drying). The microencapsulation efficiency, moisture content, solubility,
particle size, total phenolic content (TPC), and antioxidant activity by 1,1-diphenyl-picryl-hydrazyl (DPPH)
were analysed as responses. Powders were gauged by a complete 23 central composite rotatable design. The op-
timal conditions were determined to be 30% wall material, 10% concentration of oil, and 160 °C drying inlet air
temperature. The optimised spray-dried powder had high values for MEE (92.71%), solubility (91.38%), and
total phenolic content TPC (137.68mg/100 g) aswell as low values of DPPH (IC50 of 1.61mg/g),moisture content
(1.03%), and particle size (15.516 μm).

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Black seed (Nigella sativa L.) was traditionally used to treat fever,
headache, anxiety, diarrhea, asthma, and stroke and is known to possess
potent anti-inflammatory activity [1,2]. TheN. sativa seed is rich in phe-
nolic compounds and is used as an antioxidant agent [2], and a new
source of seed oil. The Nigella sativa oil (NSO) shows promise as an ex-
cellent source of essential fatty acids and lipid-soluble bioactives [3,4].
Among the various oil seeds, NSO is particularly interesting as it could
be used to produce formulations with phytochemicals and it has
promising antioxidant properties and is beneficial for health [5].
Thymoquinone is the active compound found in the extracted oil of
N. sativa seed and has been found to possess antioxidant and anti-
inflammatory properties in in vitro and in vivo models [5,6]. Moham-
med, Abd Manap [7] reported that the NSO was extracted using super-
critical fluid (SFE) which had a high concentration of thymoquinone,
high antioxidant activity, and total phenolic compounds when com-
pared to using other extraction methods.

A large amount of the oils can be easily oxidised during processing,
distribution, and handling due to their high unsaturation content of
fatty acids [8]. The NSO is abundant with monounsaturated fatty acid
and has functional compounds that are very sensible to oxidation [5]
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that causes the development of disagreeable tastes and odours that ul-
timately result in shortening the shelf life of a product. Furthermore, it
can help to generate free radical, and it can negatively affect the physi-
ology of the organism [8,9]. In spite of this, it is desirable to obtain a
dried ingredient in powder form than aqueous extracts since solid in-
gredient (powder) is easier to handle and it can prolong the shelf life
than an aqueous extract [10]. Microencapsulation is a process common-
ly used to manufacture edible oils in powdered form which allows for
longer product shelf life by preventing oils from being oxidised [9].
This process enhances the oil solubility, stops the oil frombeing released
at an inappropriate stage, and contributes to easier handling of the oil
[11].

For the food industries, spray drying is the most widespread used
procedure for encapsulation of aqueous food due to its efficiency, cost
effectiveness, and easily available suitable equipment besides the ad-
vantage of producing acceptably good quality particles [13]. It is, there-
fore, not surprising that this process has been utilised by many
researchers for the encapsulation of oils including olive oil [14], kenaf
seed oil [15], cress seed oil [16], flax seed oil [8], and coffee oil [17].
Maltodextrin has been found to be suitable for microencapsulation by
spray drying: particularly with wall material because it is inexpensive,
has a bland flavour, and is highly soluble (up to 75% in water), with
low viscosity when being used in solutions [18]. The optimisation of
the processing parameters such as the oil and wall material content as
well as the spray drying conditions can be performed using statistical
modeling.
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Table 1
The experimental data for response surface analysis of the effect of processing conditions
on the MNSO.

Run
order

Pt
type

Blocks Wall material
(%)

Oil concentration
(%)

Inlet temperature
(°C)

1⁎ −1 3 20.00 20.00 137.34
2⁎ −1 3 36.33 20.00 170.00
3⁎ −1 3 20.00 3.67 170.00
4⁎ −1 3 3.67 20.00 170.00
5(c) 0 3 20.00 20.00 170.00
6⁎ −1 3 20.00 36.33 170.00
7⁎ −1 3 20.00 20.00 202.66
8(c) 0 3 20.00 20.00 170.00
9(c) 0 1 20.00 20.00 170.00
10 1 1 10.00 30.00 190.00
11 1 1 30.00 10.00 190.00
12(c) 0 1 20.00 20.00 170.00
13 1 1 10.00 10.00 150.00
14 1 1 30.00 30.00 150.00
15 1 2 10.00 10.00 190.00
16 1 2 30.00 30.00 190.00
17(c) 0 2 20.00 20.00 170.00
18(c) 0 2 20.00 20.00 170.00
19 1 2 30.00 10.00 150.00
20 1 2 10.00 30.00 150.00

c center point.
⁎ Axial point.
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It has been shown that response surface methodology (RSM) is a ro-
bust model that can be used to determine the impact of each factor and
how the factors interact,which enables the process of optimisation to be
performed efficiently [19]. The main benefit of the RSM is that the ex-
tent of data required to evaluate, analyse and optimise the relevant pa-
rameters minimises considerably the number of required experiments.
The RSM is a quicker and less expensive way to gather research findings
than the traditional variable or full factor experimentation.

The important parameters involved in the process of emulsion for-
mation before spray drying are wall material content and oil concentra-
tion, followed by the inlet air temperature of spray drying. These
variables play important roles in the final encapsulated powder. There-
fore, it is crucial that the drying process should be optimised for the
highest desired quality of encapsulated powder food, in terms of
physico-chemical and antioxidant activity, to be obtained [12]. Even
though there is ample evidence in the literature of research on the pro-
cess of microencapsulating oils into the polymeric matrix by spray dry-
ing, there is no report on how the wall material content, concentration
of oil and the inlet air temperature affect the microencapsulated
N. sativa oil (MNSO). As such, this issue needs to be investigated as it
has the potential to significantly benefit the food and cosmetic sectors.
Therefore, this study is aimed at investigating the impact of wall mate-
rial content, oil concentration and inlet air temperature on theMNSO by
spray drying. Thiswas done in terms of moisture content, solubility, mi-
croencapsulation efficiency, particle size, total phenolic content (TPC),
and DPPH-IC50, utilising a mixture of maltodextrin and sodium casein-
ate as wall material agents. Lastly, particles that were the products of
optimisation were assessed for the oxidative stability, morphology,
and bioavailability.

2. Materials and methods

2.1. Materials and analytical samples

Nigella sativa L. seed and maltodextrin DE10 (China), were acquired
from a local supplier of food ingredients (VIS Food Tech Ingredient Sup-
plies, Selangor, Malaysia). Sodium caseinate, soy lecithin, 1,1-diphenyl-
picryl-hydrazyl, thymoquinone (99.9% purity) and analytical-grade sol-
vents were acquired from Sigma–Aldrich Co (St. Louis, MO, USA).

2.2. Oil extraction

The oil extraction was performed with the supercritical fluid instru-
ment (FeyeCon Development B.V, Netherland) at the Supercritical Fluid
Centre (SFC), Faculty of Food Science and Technology, Universiti Putra
Malaysia. In this study, the dried seeds were completely crushed for
5 min using a 1-liter stainless steel grinder (Waring Commercial blend-
er, Torrington, CT, USA). Supercritical fluid extractions were conducted
at pressures of 600 bar and temperatures of 40 °C for a duration of 1 h
following a previous method [7].

2.3. Emulsion preparation

In this study, 20 treatments of spray-dried MNSO composed of wall
material (10–30% w/w), NSO (10–30% w/w) and at (150–190 °C) for
inlet air drying temperature as well as deionised water were previously
prepared to be used for optimisation process using RSM with cubic de-
sign (Table 1). Sodium caseinate and maltodextrin DE10 were the wall
materials used (protein/carbohydrate at fixed ratio of 1:9 w/w) to en-
capsulate the NSO. This combination was gradually dissolved in
deionised water (60 °C) (Millipore, USA) under magnetic agitation
and kept overnight at 4 °C for full hydration.With respect to total solids,
coarse emulsionswere prepared by gradually adding NSO into the solu-
tion. The soy lecithin has been used at (0.1:1 w/w) with respect to the
other solids, as an extra emulsifier agent to enhance the performance
of homogenisation process. After the addition of NSO, the mixture was
pre-homogenised by subjecting the pre-emulsions to a homogeniser
(Silverson L4R, Buckinghamshire, England) for 5 min at 4000 rpm
until complete dispersion was observed.

Lastly, coarse emulsionwas further homogenised in a high-pressure
homogeniser (APV, Crawley, UK) at 200 and 180 MPa and the
homogenised emulsion was characterised dried by spray drying to pro-
duce the dried powder of NSO.

2.4. Emulsion characterisation

2.4.1. Emulsion stability
Directly after the emulsion preparation, the stability of each emul-

sion was evaluated by placing 50 mL emulsion in sealed graduated cyl-
inders of 100 mL at room temperature for 1 day. The stability of the
emulsions was examined by the phase separation observed throughout
24 h after emulsion homogenisation [17].

2.4.2. Emulsion viscosity
Emulsion viscosity was measured through the use of a rheometer

Physica Rheolab (Anton Paar, Austria) at 25 °C. Analyses were per-
formed in triplicate.

2.4.3. Emulsion droplet size
The volume weighted mean size (D4,3) of the emulsions was deter-

mined by laser diffraction using a Malvern Mastersizer 2000 (Malvern
Instruments Ltd., Malvern, Worcestershire, UK). A small sample was
suspended in distilled water using magnetic agitation, and the droplet
size distributionwasmonitored during eachmeasurement until succes-
sive readings became constant.

2.5. Process of spray drying for microencapsulation

The drying of the emulsion was done using a mini spray dryer,
BÜCHI B-290model (BÜCHI Labortechnik AG, Flawil, Switzerland)fitted
with (0.7 mm standard diameter) for the atomiser. Peristaltic pump at
25,000 rpm speed has been used to feed the emulsion to the atomiser.
The air flow rate through the chamber was at maximum setting. The
setting of the atomiser pressure used was at 4.5 ± 0.1 bar, the feed
rate was 1 L/h and the feed temperature at 25.0 ± 0.5 °C. The range of
inlet temperature was (150–190 °C). Then the MNSO was gathered in
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high-quality polyethylene plastic bags, sealed and then kept inside the
freezer until required for use.

2.6. Analytical methods

2.6.1. Moisture content
The determination of moisture content for the powders was per-

formed based on the method of [20]. The sample of MNSO powder
was oven-dried at 105 °C overnight and the percentage of weight loss
was obtained after constant weight thenmoisture contentwas calculat-
ed using Eq. (1).

Moisture %ð Þ ¼ W1−W2
W1

� 100 ð1Þ

where:

W1 Weight of sample (g) before oven-dried
W2 Weight of sample (g) after oven-dried

2.6.2. Solubility
The solubility of the MNSO powder was assessed by the described

method [21]. One gram (dry basis) of powder was weighed and dis-
solved in 100 mL of distilled water and mixed in a beaker then trans-
ferred to a blender jar and blended at high velocity for 5 min. This was
followed by placed the solution in the tube and subjected to centrifuga-
tion for 10 min at 3000 rpm (1089 ×g). Consequently, 25 mL of the su-
pernatantwas then placed in a pre-weighed (petri dish) and oven-dried
overnight at 105 °C. The percentage of solubility was recorded based on
the difference in weight.

2.6.3. Microencapsulation efficiency
Microencapsulation efficiency of MNSO was determined employing

Eq. (2) in line with the previously reported method [22] and expressed
in percentage (%).

MEE %ð Þ ¼ total oil−extractable oil
total oil

� 100 ð2Þ

The reagent of de-emulsifier has been prepared for total oil extrac-
tion. Briefly, sodium citrate and sodium salicylate of 20 g each were
weighted and dissolved individually in deionised water; 36 mL of n-
butanol has been mixed with these two solutions, then deionised
water has been added until the volume reached 180 mL. Following
this, 10mL distilled water at 50 °Cwasmixedwith 5 g ofMNSO powder
using the conical flaskwith a stopper. The next stagewas the addition of
7.5 mL of the previously prepared de-emulsifier reagent; with vigorous
shaking then the mixture was left to endure for 5 min in water bath at
70 °C. Consequently, the mixture was transferred into 50 mL tubes
then subjected to centrifugation at 3000 × 9 g for 10 min, followed by
a collection of the total oil from the upper layer of the tube. Extractable
oil was determined following a previous method of Ahn et al. [8] with
minor modification. In brief, 200 mL from light petroleum of (bp
60–80 °C) was mixed with 5 g powder of MNSO using a conical flask
with a stopper then subjected to stirring for 15min at 25 °C in darkness.
The resulting solution was subjected to filtration by Buchner funnel
using Whatman No. 4 filter paper. The filtrated solution was collected
in a round bottom flask then transferred to the rotary evaporator at-
tached with a water bath set at 30 °C to avoid the lipid oxidation from
the influence of heating.

2.6.4. Particle size
A particle size analysis of the MNSO powder was performed based

on the laser diffraction method, by scattering laser lights (Mastersizer
2000 G, Malvern Instruments, Worcestershire, UK). Dry powder system
has been used with a measurement time of 6 s with a background time
of 12 s to indicate the particle size and presented in mm as the volume
weightedmean particle diameter (d43), which refers to themean diam-
eter of the sphere with similar volume, and is usually for the purpose of
characterisation of a particle [8].

2.6.5. Total oil extraction
The extraction method was carried out based on the previously de-

scribed method of microencapsulation efficiency (MEE) determination.
In this study, the oil was extracted from the MNSO using de-
emulsification reagent. This reagent was prepared by mixing sodium
citrate and sodium salicylate in deionised water and n-butanol. Conse-
quently, 5 g of MNSO powder was mixed with 10 mL distilled water at
50 °C and the reagent added. The resultant mixture was vortexes for
10 s three times before subjected to centrifugation at 1000 ×g for
5 min. The oil extracted by this method was subjected to chemical
analysed to assess the biological activity after the microencapsulation.

2.6.6. 1,1-Diphenyl-2-picrylhydrazyl (DPPH) radical scavenging activity
test

This assay was carried out in regard to a previously described meth-
od [23] with some modifications to assess the radical scavenging activ-
ity of MNSO. The total oil extracted from the wall materials was mixed
in different concentrations with 1.75 mL methanolic DPPH in a 96 well
plate. The solution of methanol-DPPH was prepared freshly by diluting
2.5 mg of DPPH powder with 100 mLmethanol in a dark container. The
absorbance change wasmeasured after 30 min incubation at 515 nm in
darkness and at ambient temperature (25 °C). The wavelength of max-
imum absorbance (colour change) of DPPH was recorded using ELISA
reader (Labomed, model UVD-2950, USA). A blank experiment (con-
trol) was also done with the application of a similar method to the
DPPH solution with no test sample. The activity of free radical scaveng-
ing of each solution was computed as percentage inhibition based on
Eq. (3):

Inhibition %ð Þ ¼ A−B
A

� 100 ð3Þ

where:

A Control absorbance
B Sample absorbance

Antioxidant activities of test compounds were expressed as IC50,
which represented the concentration of antioxidant compounds that
caused 50% scavenging of DPPH radicals in the specified time period.

2.6.7. Total phenolic content
The TPC of MNSO was assessed using Folin Ciocalteu reagent as de-

scribedmethod [24]with some changes. In short, 0.5mL of total oils ex-
tracted from wall materials was added to 0.5 mL of Folin Ciocalteu
reagent and left to react for 5 min. Then, 10 mL of 7% of aqueous
Na2CO3 sodium carbonate solution was added and mixed to react then
kept for 1 h in total darkness at ambient temperature. The absorbance
was read at 725 nm using ELISA reader (BIO-TEK Instruments Inc.,
Power wave X340, Winooski, VT, USA). A standard calibration curve of
gallic acid was separately obtained by plotting the absorbance versus
concentrations (0–100mg/mL). The results of the total phenolic content
were presented in gallic acid equivalents (GAE) mg/g of spray-dried
powder. All experiments were conducted in triplicate.

2.7. HPLC quantification of thymoquinone

High-performance liquid chromatography (HPLC) (Agilent 1200
Technologies, Palo Alto, USA)was used for the thymoquinone evaluation
on the total oil of MNSO powder following the reported procedure [25]
with some modifications. The total oil was extracted from MNSO then
20 μL passed through a reversed-phase C18 column (250 × 4.6 mm I.D.,
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particle size 5 μm, Agilent Technologies, USA) pre-eluted with methanol.
HPLC systemwas composed of loop injector, quaternary pump, degasser,
and diode-array detection [26]. The isocratic mobile phase consisted of
water:methanol:2-propanol (50:45:5% v:v) which underwent filtering
using a 0.45-mm Millipore filter and 20 μL volume of injection. Analysis
of thymoquinone was detected at 254 nm at room temperature with a
flow rate of 1.5 mL/min. The identification of TQ was confirmed through
a comparison of the retention time of standard compound with that of
total oil sample and the quantity calculations were monitored based on
the standard linear calibration curves.

2.8. Lipid oxidative stability

Changes of the oxidation in both the bulk oil of NSO as control and
powder of MNSO produced at optimised conditions were stored in
Schott bottles at 65 °C for 24 days. The peroxide values of NSO and
MNSO were determined every six days for 24 days as described in the
Official [27] method with some modifications. Briefly, 3 g of the total
oil extracted from wall materials was dissolved in 10 mL of acetic
acid/chloroform solution at a ratio of (3/2, v/v) and was mixed with
0.5mL of saturated potassium iodide solution. After 1min, 10mL of dis-
tilled water and 0.5 mL of starch solution (1%) as an indicator were
added to the solution. The final solution was titrated against 0.01 N so-
dium thiosulphate. The peroxide value (PV) was calculated using
Eq. (4). The peroxide value was presented as milliequivalents of active
oxygen per kilogram of oil (meq/kg).

PV %ð Þ ¼ S−Bð Þ �N� 1000
W

ð4Þ

where:

S the volume of sodium thiosulphate solution for sample,
B the volume of sodium thiosulphate solution for blank,
N normality of sodium thiosulphate, and
W the sample weight (g).

2.9. Scanning electron microscopy

Scanning electron microscopy (SEM) model (S-3400N model,
Hitachi, Tokyo, Japan) at 20.0 kVwas used to investigate themorpholo-
gy properties (internal and external) and structures of the spray-dried
powders. The sample of MNSO microcapsules was placed on double-
sided adhesive tape on the specimen stub and coated with aurum
using a magnetron sputter coater. The coated microcapsules were ex-
amined in a scanning electron microscope SEM.

2.10. Assortment of the factor ranges

An initial study has been done to investigate the suitable range for
the independent variables (wall material content, oil concentration,
and inlet air temperature) to guarantee that treatments and their inter-
actions were appropriate. Based on this study, a temperature below
150 °C was insufficient for proper drying of the sample. On the other
hand, a temperature higher than 190 °C could damage and lower the ef-
fectiveness of the bioactive compounds in the oil. High temperatures
can also be the cause of the Maillard reaction [28]. Enzymatic degrada-
tion could reduce the quality of the raw material and has some draw-
backs. The production yield could be decreased when high oil
concentration was used due to the high sticky powder on the drying
chamber. In addition, the microencapsulation efficiency [29] resulted
in a very low percentage especially when a low percentage of wall ma-
terial was used it could result in a viscous powder. Thus, ranges of wall
material (10–30%), oil concentration (10–30%), and inlet air tempera-
tures (150–190 °C) were evaluated in this study.
2.11. Statistical analysis

The current study investigates the optimum conditions of three fac-
tor effect including wall material content (x1), oil concentration (x2),
and inlet air temperature (x3) on variable conditions of NSO. These var-
iables include moisture content (Y1), solubility (Y2), microencapsula-
tion efficiency MEE (Y3), particle size (Y4), total phenolic content TPC
(Y5), and antioxidant activity DPPH-IC50 (Y6) (Table 1).

In this study, a central composite design (CCD) of RSM was used to
produce 20 spray-dried treatments through five levels for each variable.
A coded CCD consisting of the central, cubic, and axial points is shown in
Table 1. A randomised run order was created in this design by taking
into account the 16 factorial points, six repeated center points, and six
star points.

As can be seen in Table 1, six center points were used to verify the
repetition of data. To guarantee the sufficiency and reliability of this de-
sign, star points have been chosen beside the independent variables.
The generalised response surface model is given below:

Y ¼ β0 þ β1x1 þ β2 x2 þ β3 x3 þ β11 x1
2 þ β22 x2

2 þ β33 x3
2

þ β12 x1 x2 þ β13 x1 x3 þ β23 x2 x3

where Y is the response calculated by themodel; β0 is a constant re-
gression; βi, βii and β1j are linear, squared and interaction coefficients,
respectively. The x1, x2 and x3 are the coded independent variables.
The experimental design matrix, data analysis, and optimisation proce-
dure were performed using the Minitab v. 16 statistical package
(Minitab Inc., State College, PA, USA).

Applying the analysis of variance (ANOVA), the data was evaluated
to establish the significant (p b 0.05) difference among all independent
variables of MNSO. The variable with the lowest p-value was an indica-
tor of the most significant (p b 0.05) impact on the response. Addition-
ally, following the choice of the variable effect level on responses,
coefficients with no significance (p N 0.05) have been removed in the
first model, except in the casewhen the quadratic and interaction influ-
ence along with that factor was significant. Therefore, the reduced
model was applied to the experimental data by removing the non-
significant values.

In order to investigate the efficiency of the model, the following
were determined: the p-values for the regression equation and the
lack of fit test, the number of significant terms aswell as the coefficients
of determination (R2). By applying graphical and numerical multiple
optimisers with the smallermodel the optimum conditionswere deter-
mined. The surface plot enabled the optimumvisual depiction of the im-
pact of independent variables by using 3D to verify the factor
interaction. The adoption of the response optimiser provided the precise
and best points of the factors. A comparison was then made between
the experimental and fitted values to establish the precision of the
model. Each of the assays was carried out three times.

3. Results and discussion

3.1. Emulsion characterisation

3.1.1. Emulsion stability, viscosity and droplet size
The emulsions were prepared according to the experimental design

levels before spray drying (Table 1). In this study, the volume mean di-
ameter (d43), viscosity and phase separation of the emulsions have been
evaluated.

The 24-h stability study revealed thatmost of the emulsionswere ki-
netically stable, with exception of those prepared with high oil percent-
ages and low wall material contents (Table 2), which after 24 h of the
homogenisation showed the formation of oil separation layer and a
foam phase in the top of the cylinder. The emulsion prepared with
10% wall materials and 30% oil concentration was noticeably unstable,
showing separation after 1.5 h followed by the emulsion of 20% wall



Table 2
Droplet size d43 (μm), phase separation (24 h), and viscosity (Pa·s) of emulsion produced with different initial solid and oil percentages.

Wall material content (%) Oil concentration (%) d43 (μm) Viscosity (Pa·s) Phase separation (24 h)

10 10 0.61 ± 0.00a 12.13 ± 0.37f No
10 30 0.45 ± 0.00b 14.13 ± 0.37f Yes
20 20 0.38 ± 0.00d 22.86 ± 0.75d No
30 10 0.25 ± 0.00h 34.36 ± 0.73c No
30 30 0.17 ± 0.00i 41.93 ± 1.45b No
36.33 20.00 0.25 ± 0.00g 44.83 ± 0.32a No
20.00 3.67 0.41 ± 0.00c 16.53 ± 0.90f No
3.67 20.00 0.31 ± 0.00e 12.06 ± 0.28f Yes
20.00 36.33 0.61 ± 0.00f 24.73 ± 0.83d Yes

Notes: Different letters (a, b, c) within each column indicate significant differences (p b 0.05). Data are presented as the means ± standard deviation.

Table 3
Matrix of the CCD cubic design and response variables (moisture content, solubility, MEE,
particle size, DPPH, TPC) for MNSO.

Test Moisture
content
(%)

Solubility
(%)

MEE
(%)

Particle
size
(μm)

DPPH-IC50

(mg/mL)
TPC
(mg/100 mL)

1 14.20 54.11 63.26 22.81 1.72 115.14
2 3.92 85.39 83.56 18.41 2.55 117.88
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materials and 36.33% oil concentration by 2 h. The 3.67% wall materials
and 20% oil concentration also failed to form a stable emulsion due to
the negligible amount of the wall materials and hence, lower emulsify-
ing agents available to coat the oil droplets. This finding was in accor-
dance with that of Frascareli et al. [17], a low total solid content (oil/
wallmaterials)with higher oil percentagewas unstable. Sodium casein-
ate has been reported to be themost effective emulsion stabiliser for fats
[29]. Lim et al. [22] used the same blends of the selected wall materials
(maltodextrin, sodium caseinate, and soy lecithin) and reported that
this combination possesses high stability and binding properties re-
quired to encapsulate oils.

Table 2 shows that the emulsion with low total solids resulted in the
lowest apparent viscosity (12.13±0.37mPa·s), whereas the viscosities
of the high total solid emulsion 40% was (34.36 ± 0.73 mPa·s). Similar
results were reported in several studies [17,29,30] where the viscosity
increased as the total solid content increased. Ng et al. [31] studied the
emulsion properties of maltodextrin/sodium caseinate blends, using
kenaf seed oil as the core material. The authors observed that viscosity
was lower for 20% of total solids while the emulsion with highest total
solids 40% led to increase the viscosity. Lim et al. [22] also reported a
similar observation for liquid emulsion prepared with maltodextrin
which showed high viscosity compared to the emulsion prepared with
lactose.

The emulsion droplet size or volumemeandiameters (d43), of differ-
ent total solid contents were significantly different (p b 0.05). The drop-
let mean diameter varied from 0.17 to 0.61 μm. A similar finding was
reported by Ng et al. [31] the emulsion prepared with 40% total solid
content exhibited smaller particle size (0.13 μm) than that prepared
with 20% total solid (0.15 μm). Droplet size is often reported to be relat-
edwith viscositywhere themost viscous emulsion has a smaller droplet
mean diameter. The increase in emulsion viscosity would lead to reduce
the rate of particle sediment or creaming. Hence, preventing droplet co-
alescence and emulsion with lower droplet size can be obtained [17]. In
addition, Tonon et al. [8], claimed that emulsion viscosity and particle
size had significant effects on microencapsulation by spray drying,
where higher viscosity with higher solid content would form larger
microcapsules.
3 1.82 87.34 92.71 18.38 2.27 121.22
4 14.41 23.07 54.80 21.20 3.60 76.90
5 8.21 61.91 67.50 17.48 2.86 100.24
6 13.85 24.09 41.25 20.10 2.89 95.14
7 4.95 60.88 44.29 18.15 3.60 76.51
8 7.94 62.41 68.00 17.48 2.66 101.02
9 8.29 61.19 65.71 17.48 2.89 107.69
10 12.37 21.29 33.33 19.75 3.85 81.80
11 1.03 87.29 91.36 19.95 2.90 93.37
12 7.90 61.95 68.13 15.51 2.96 100.63
13 9.62 57.83 71.00 20.32 2.30 102.59
14 10.09 60.90 55.00 20.54 2.11 124.94
15 5.51 51.45 56.67 18.34 3.12 84.55
16 6.51 63.96 47.91 16.80 3.11 83.96
17 8.08 63.50 66.00 17.48 2.89 100.62
18 7.97 62.26 66.67 17.48 2.87 106.51
19 4.86 91.38 91.81 19.84 1.61 137.69
20 17.98 11.85 53.63 31.00 2.91 81.02
3.2. Optimisation using response surface analysis

The application of RSM with the 23 CCD was used to determine the
optimum wall material content (x1), oil concentration (x2) and inlet
air temperature (x3). The experimental data for the response variables
(moisture content, solubility, MEE, particle size, DPPH-IC50, and TPC)
for all individual trials of the experimental design are displayed in
Table 3. The regression coefficients for the polynomial equation, togeth-
er with the corresponding R2 and p-value, are displayed in Table 4. Sev-
eral non-significant terms (p N 0.05) were detached from Table 5. This
obviously pointed out that the models sufficiently explained the influ-
ence of the independent variables (x1, x2, and x3) on each of the six re-
sponse parameters.
3.3. Moisture content

Moisture content is an important variable for the shelf life of pow-
ders. The moisture content of the MNSO powder ranged from 1.03 to
17.98% for all the different conditions used (Table 3). It was significantly
(p N 0.01) affected by the content of wall material, oil concentration and
the drying inlet air temperature (Table 5).

As shown in Table 5, the linear term of oil concentration exhibited
the highest significant (p = 0.00) influence on the moisture content of
MNSO followed by wall material content and inlet air temperature. In
this investigation, the inlet air temperature was the only quadratic
term which showed a significant (p b 0.05) influence, while the other
quadratic terms failed to display a significant (p N 0.05) influence on
the moisture content.

Moreover, only the interaction of wall material content and oil con-
centration had a significant (p b 0.05) effect on the moisture content of
MNSO, while other interactions did not have any significant (p N 0.05)
impact on moisture content (Table 5).

Fig. 1 shows the effects of wall material content and oil concentra-
tion on the MNSO. The increasing wall material content with a higher
ratio of oil concentration at high temperature resulted in a reduction
in the moisture content. In addition, an increase in the wall material
content was exhibited when water available in a low level for evapora-
tion, leads to a reduction in the moisture content. Fernandes, Turatti
[32] reported that the moisture content of microencapsulated Lippia
sidoides oil was significantly reduced with increasing wall material
content.



Table 4
Parameters of regression coefficient of MNSO for non-reduced models.

Regression coefficient Symbol Full model

Moisture p value Solubility p value MEE p value Particle size p value DPPH p value TPC p value

Linear X1 −0.5560 0.024 2.9764 0.099 −1.304 0.002 −1.241 0.005 −0.10296 0.015 9.293 0.000
X2 0.6645 0.011 −3.8423 0.002 0.816 0.024 1.480 0.002 0.09851 0.018 −3.752 0.010
X3 −0.5249 0.007 1.1709 0.099 3.811 0.000 −1.233 0.001 0.08748 0.007 2.452 0.017

Quadratic X2
1 0.0031 0.106 −0.0282 0.004 0.008 0.015 0.011 0.003 0.00078 0.023 −0.024 0.037

X2
2 −0.0019 0.284 −0.0226 0.014 −0.001 0.792 0.009 0.008 −0.00108 0.005 0.017 0.110

X2
3 0.0011 0.025 −0.0040 0.058 −0.013 0.000 0.003 0.001 −0.00019 0.025 −0.007 0.014

Interaction X1X2 −0.0056 0.031 0.0279 0.017 −0.049 0.000 −0.018 0.001 −0.00079 0.058 0.223 0.829
X1X3 0.0014 0.217 −0.0026 0.596 0.017 0.000 0.006 0.008 0.00033 0.102 −7.040 0.000
X2X3 −0.0008 0.489 0.0144 0.015 −0.008 0.001 −0.008 0.001 −0.00010 0.601 2.292 0.051

R2 99.19 99.43 99.88 96.17 98.70 98.30
R2 adjusted 98.07 98.65 99.71 90.90 96.91 95.96
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However, a high wall material content above 30%, leads to an in-
crease in moisture content in the powder due to the temperature effect
on the powder content obtained. However, the inlet temperature higher
than 175 °C resulted in an increase in moisture content, possibly attrib-
utable to more rapid crust formation which hampered the diffusion of
water to the interior of the particles, thusminimisingwater evaporation
and producing particles with more moisture content. Additionally, it is
of importance to ensure optimisation of the inlet air temperature in
order to reduce moisture content.

Wall material percentage was found to affect the powder's moisture
content and the linear term showed a negative effect on the moisture
content. Furthermore, the interaction of wall material content and oil
concentration had a negative significant (p b 0.05) impact on the mois-
ture content. It is clear that a reduction inmoisture content was noticed
when the wall material percentage increased to about 30% which posi-
tively affected the powder's moisture content, which revealed that a
higher ratio is favourable for obtaining low moisture content at 160 °C.
3.4. Solubility

Microencapsulation enhances the solubility of the oil in water, in-
hibits the outflow of the oil at the wrong time and enables easier han-
dling of the oil [11]. Solubility is considered as the most reliable
criterion to indicate the powder's behaviour in aqueous solution [28].

The NSO as any other oils does not dissolve in the water at room
temperature due to the different polarity, whereas the microencapsu-
lated oil enhanced solubility. Following encapsulation, the oil is changed
into powder form and immediately after being spray-dried the powder
was dissolved once more until it attained a solubility range from 11.85
to 91.38% (Table 3). Fig. 2(A and B) shows that MNSOwas considerably
affected by all the independent variables (p N 0.05) (Table 5). In order to
conserve the functioning features of the powder, it should be soluble to
a maximum level. The wall material content showed the highest posi-
tive linear and quadratic effects on the solubility (Table 5). The quadrat-
ic terms of oil concentration have significantly (p N 0.05) influenced the
solubility, while the quadratic of inlet air temperature failed to show
any significant (p N 0.05) impact. The interaction betweenwall material
and oil concentration and interaction between oil concentration and
inlet air temperature showed significant (p N 0.05) influence on the sol-
ubility of MNSO. The inlet air temperature had no significant (p N 0.05)
impact on the solubility of MNSO. However, it is clear that by increasing
the wall material percentage with low oil concentration level in the
MNSO, the solubility increased. This may be due to the presence of a re-
duced amount of insoluble residue and formation of very few lumps as a
result of the use of a lower amount of additive i.e. maltodextrin [33].

Oil concentration (core) exhibited a positive linear and quadratic
impact on the powder solubility. In this present study, increasing oil
concentration results in decreased solubility (Fig. 2B). A similar result
of honey powder has been reported for spray drying [34]. A higher
temperature increases the powder solubility because the larger surface
area of the powder speeds up and eases the solubilising process [35].

3.5. Microencapsulation efficiency

The crucial features that influence themicroencapsulation efficiency
of spray-driedmicroencapsulated oils encompass the type ofwallmate-
rial, concentration of core materials or the volatility, and the spray dry-
ing conditions such as the range of inlet air temperature, type of
atomiser, air flow, and the levels of humidity [12]. In this study, encap-
sulation efficiency obtained from all the experiments varied from 33.33
to 92.71% (Table 3). Fig. 3(A, B, and C) shows the influences of these var-
iables derived from this response. MEE exhibited a greater percentage
with more wall material content (30%), reduced oil concentration
about (10%) and decreased drying temperatures (160 °C). The three in-
dependent variables considerably affected the MEE. Analysing the final
smallermodel (Table 5) demonstrated that the quadratic term followed
by the linear term of inlet air temperature had the most significant
(p b 0.05) effect. However, the interaction effect ofwallmaterial content
and oil concentration exhibited the highest significant influences
followed by the interaction effect of wall material and inlet air temper-
ature on the microencapsulation efficiency of MNSO.

The less efficient encapsulation with a higher temperature may be
due to the temperature which may affect the layer formation and the
rate of water evaporation, resulting in the crust breaking down. This
means that a high temperature causesmore rapid drying of thewallma-
terial (external surface) in comparison with the core material (internal
one), and produces fissures and pores on the particle surfaces, leading to
the leak of oil [36]. Sometimes, a higher inlet air temperature can dam-
age the product, due to the heat, with a high degree of bubble growth
with surface cracks, which causes losses during spray drying [12]. As
such, an inlet air temperature of spray drying is a crucial factor that
should be noted for the microencapsulating processes so as to produce
a quality end-product. This is because the existence of surface oil leads
to volatile losses, particularly when it pertains to oils with unsaturated
fatty acids.

Additionally, the linear terms of oil concentration and the inlet air
temperature had the least significant effects on the MEE as shown by
the t-value (Table 5). Oil concentration showed a positive linear and in-
teraction influence on the encapsulation efficiency, but the quadratic ef-
fect of oil concentration failed to show any significant (p N 0.05) effect
on the MEE of MNSO. The greater the quantum of non-encapsulated
surface oil, the less efficient the encapsulation process, possibly because
of the reduced amount ofwall material content accessible for a structur-
almatrix that preserves the encapsulation of the oil droplets. Similar be-
haviour was noted in the microencapsulation of flaxseed oil, using
Arabic gum aswall material [8]. Gac oil with Arabic gum andwhey pro-
tein concentrate were also confirmed for high oil concentration which
resulted in the reduced process yield and less efficient encapsulation
[37].
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The wall material concentration positively affects the encapsulation
efficiency in terms of the oil retained, with a higher concentration
resulting in more efficient encapsulation. The microencapsulating of
flaxseed oil utilisingwall material of Arabic gamwas investigated previ-
ously and also confirmed the impact of total solid content and oil con-
centration on the efficiency level of encapsulation [8]. The latter
showed the highest effect due to the droplet size of the particles.

3.6. Particle size

The mean particle size is a significant variable in determining the
quality and the possible application of the microcapsules [38]. In this
study, the mean diameters were in the range of 15.5–31.0 μm. The cur-
rent result of mean particle sizes D4,3 is dependent upon the spray dry-
ing conditions and are significantly (p b 0.05) affected by all the
independent variables (Table 5). The mean particle sizes D4,3 (volume
meandiameter) of everyMNSO are available at varying inlet air temper-
atures with differences in oil concentration and wall materials (relating
to the axial and central points of the experimental design), which are
summed up in Table 3.

As given in Table 5, the linear and quadratic terms of inlet air tem-
perature showed thehighest positive significant (p b 0.05) effect on par-
ticle size D4,3, while other spray drying condition variables (i.e. wall
material content and oil concentration) had the least significant effect
on particle size D4,3. In addition, the interaction of wall material content
and oil concentration showed a high positive significant (p b 0.05) im-
pact on particle size D4,3; while the interaction of wall material content
and inlet air temperature exhibited a low significant effect on particle
size D4,3.

In this study, (Fig. 4A, B, and C) shows that the inlet temperature has
themost effect on particle size. The increase in particle diameters along
with increasing wall material content is related to the viscosity of the
emulsion. According to Jinapong et al. [39], the mean particle sizes of
soymilk powders sharply increased from 14.54 to 23.59 μmwith an in-
crease in the solid contents from 5.2% to 13.0%.

An increase in the mean diameter will also cause an increase in the
inlet air temperature (Fig. 4). Similar behaviour was observed in a pre-
vious study which showed that an increased inlet air temperature pro-
duced larger-sized particles [15] which were attributed to the
microcapsule structure that was formed earlier. At high temperatures,
the particles have a tendency to reduce shrinkage and basically retain
their size. This is because the additional fast drying rates in the spray
drying chamber arising from the high temperature enable the particle
structure to form early, which prevents the particles from shrinking
during drying [40]. Also, operating temperatures are able to influence
the size of the particles. When the inlet air temperature is high and
the difference is low between the inlet and exit air temperatures, parti-
cles produced are a little larger than those produced by slowdrying [12].

3.7. DPPH-IC50

In this study, the result arising from the spray drying condition var-
iables on the antioxidant activity of total oil extracted from MNSO was
proven by theDPPH free radical scavenging activity assay and expressed
as IC50. The low value of IC50 means the high activity of antioxidant.

Table 3 demonstrates that theDPPH-IC50 of radical scavenging activ-
ity of the oil ofMNSOpowder ranged from1.61 to 3.85mg/mLextracted
oil. In the presentwork, oil concentration both negatively and positively
affected the DPPH-IC50 of extracted oil of MNSO. Thus, the linear effect
of oil concentration had the highest effects followed by the linear effect
of wall material content. Oil concentration positively has an influence
on DPPH-IC50, whereas its quadratic term had a negative fit to DPPH-
IC50 response (Table 5).

In the current study, the interaction terms of all the factors did not
show any significant influence on DPPH-IC50 (Table 5). The decline in
DPPH-IC50 with the higher oil concentration could be due to the
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presence of antioxidant compounds in the oil. The DPPH-IC50 decreased
when wall material percentage increased at a lower temperature. At a
higher temperature, the DPPH-IC50 decreased when oil concentration
increased. The modifications that transpired during the processing had
a direct effect on the content, activity, and bioavailability of antioxidant
compounds [41]. There have been reports by several researchers on the
reduction in antioxidant activity when different food commodities have
been thermally processed which may be related to oxidative reactions,
loss of volatile compounds resulting from heat and also from
decomposed thermal liable compounds being decomposed.

The results revealed that the activity is higher at a high ratio of wall
material, medium of oil concentration and lower temperature, since the
active ingredients bind effectively to thewallmaterial at these points; as
such there is no leakage of active ingredients through the wall material
and undesirable materials are kept out [42].
Fig. 6. Response optimizer for the optimum conditions of spray-dried MNSO as
determined by RSM.
3.8. Total phenolic content TPC

Total phenolic content (TPC) of MNSO powder ranged from 76.51 to
137.68 mg GAE /100 mL oil (Table 3). Fig. 5 shows the influence of the
spray drying condition variables obtained for this response. In this
study, the linear term of wall material had the highest effect with posi-
tive significant (p b 0.05) effects on the TPC of extracted oil of MNSO
powder accompanied by the linear term of oil concentration. Further-
more, the quadratic of oil concentration failed to exhibit a significant
(p N 0.05) effect on TPC of extracted oil of MNSO (Table 5). Moreover,
only the interaction of wall material content and inlet air temperature
showed a significant (p b 0.05) effect on TPC of extracted oil. Other in-
teractions did not show any significant (p N 0.05) effect on TPC
(Table 5). In fact, TPC value increased with an increase in oil concentra-
tion but decreased with an increase in temperature which was in line
with the findings of the previous study [34]. The highwall material con-
tent promotes a high protection for the core material against the high
inlet air temperature. The recorded values were found to be acceptable
as they accounted for 25% of the daily average consumption of TPC from
fruits and vegetables by the people in the USA through the daily con-
sumption of 50 g of powder [34]. Phenolic and flavonoid compounds
are heat sensitive compounds and degrade significantly at temperatures
higher than 100 °C. The cause of TPC degrading as a result of spray dry-
ing could be the change in their molecular structurewhich could reduce
reactivity and extractability [43]. A lowering in TPC level in the process
of spray drying has also been previously reported [26].
3.9. Optimisation and validation conditions

Multiple graphical optimisations were achieved by overlaying all 3D
plots. Several numerical optimisations were also carried out to attain
the best overall spray drying conditions. The overlaid plot was drawn
to visualise the significant (p b 0.05) interaction effect of spray drying
variables on the physiochemical properties of MNSO. The various nu-
merical optimisations were carried out so as to be able to determine
the best spray drying conditions variables and to attain the results de-
sired (Fig. 6). Optimally, the conditions were 30% of wall material, 10%
of oil concentration, and inlet air temperature of 160 °C. By the optimal
conditions, the corresponding predicted response values for moisture
content, solubility, MEE, particle size, TPC, and DPPH-IC50 were 3.51,
91.9, 95.43, 18.58, 1.83, and 132.79 respectively.

Following several optimisations, the spray drying of MNSOwas per-
formed under the expected optimal conditions to empirically validate



Table 6
Experimental and fitted value of responses and p-value of validation (six-sample t-test).

Moisture (Y1) Solubility (Y2) MEE (Y3) Particle size (Y4) DPPH (Y5) TPC (Y6)

EVa FVa EVb FVb EVc FVc EVd FVd EVe FVe EVf FVf

14.20 13.31 54.11 59.37 63.26 62.52 22.81 23.85 1.72 1.78 115.14 116.28
3.92 3.24 85.39 85.95 83.56 83.47 18.41 18.11 2.55 2.56 117.88 116.78
1.82 2.57 87.34 83.81 92.71 92.04 18.38 18.09 2.27 2.20 121.22 115.06
14.41 13.07 23.07 21.56 54.80 54.46 21.20 22.24 3.60 3.58 76.90 78.34
8.21 8.15 61.91 60.98 67.50 66.93 17.48 17.14 2.86 2.86 100.24 104.16
13.85 13.74 24.09 26.67 41.25 41.83 20.10 21.14 2.89 2.94 95.14 93.26
4.95 5.41 60.88 62.58 44.29 44.60 18.15 17.86 3.60 3.52 76.51 75.71
7.94 8.15 62.41 60.98 68.00 66.93 17.48 17.14 2.66 2.86 101.02 104.16
8.29 8.15 61.19 60.98 65.71 66.93 17.48 17.14 2.89 2.86 107.69 104.16
12.37 13.18 21.29 19.97 33.33 32.92 19.75 19.94 3.86 3.823 81.80 76.26
1.03 0.32 87.29 88.64 91.36 91.36 19.95 21.23 2.90 2.74 93.37 96.14
7.90 8.15 61.95 60.98 68.13 66.93 15.516 17.14 2.97 2.86 100.63 104.16
9.62 10.05 57.83 58.57 71.00 71.53 20.3158 20.51 2.30 2.30 102.59 97.45
10.09 10.87 60.90 57.28 55.00 54.92 20.536 20.73 2.11 2.13 124.94 124.64
5.51 5.22 51.45 54.80 56.67 56.93 18.34 17.71 3.12 3.37 84.55 89.62
6.51 6.03 63.96 64.98 47.92 47.57 16.8018 16.18 3.12 3.20 83.96 82.78
8.080 8.15 63.50 60.98 66.00 47.57 17.48 17.14 2.89 2.86 100.63 104.16
7.97 8.15 62.26 60.98 66.67 66.93 17.48 17.14 2.87 2.86 106.51 104.16
4.86 5.16 91.38 92.42 91.82 92.40 19.84 19.21 1.62 1.68 137.69 138
17.98 18.01 11.85 12.26 53.64 53.82 31.01 29.30 2.91 2.76 81.02 84.09
p-Value = 0.988 p-Value = 0.996 p-Value = 0.995 p-Value = 0.985 p-Value = 0.993 p-Value = 0.999

Notes: EV, experimental value and FV,fitted value. a,bEach small letterwithin different columns is statistically not significant (p b 0.05; n=3); fitted values of responseswere predicted by
software.
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its validity. A comparison was made of the date from the experiment
with the software predicted fitted values to prove the accuracy of the re-
duced models (Table 6). It was found that the experimental response
values agreed with the ones predicted but with no significant
(p N 0.05) difference shown between the two values. The near similarity
of the experimental andfitted values established the accurateness of the
study. A practical experiment containing the predicted optimum point
was conducted in the laboratory, and the results agreed with the initial
and the obtained values. This practical verification also proved the ap-
propriateness of RSM for the optimisation of the best spray drying con-
ditions for MNSO.

3.10. Availability of thymoquinone using HPLC

Thymoquinone (TQ) is a phytochemical compound of NSO which is
of research interest as it is a contributory factor in the general stability
with encouraging health benefits from the oil [44]. Also, it has proven
to be responsible for biological activities like the antioxidant activity of
Fig. 7. Thymoquinone concentration (mg/mL) of extra
NSO and for most of the health beneficial effects associated with the
seeds and oils [45].

In this study, the availability of thymoquinone in the extracted total
oil of MNSO powder produced at optimum conditions was evaluated.
The eluted peak on the HPLC chromatogram assigned to thymoquinone
TQ showed that theMNSO powder contained thymoquinone TQ peak at
7.1 min (Fig. 7). The amount of TQ observed in the sample of total oil
was 5.45mg/mL of oil. The processing conditions of spray drying exhib-
ited considerable TQ quantity after converting the liquid oil to powder
form. This could be the result of higher selectivity of the processing con-
ditions for this oil.

3.11. Oxidation stability

To consider the usefulness of themicroencapsulation of oil by spray-
drying for food applications, it is important to assess its stability and
functionality during storage. In the current analysis, oxidative stability
of MNSO powder obtained using the optimised conditions, and bulk
cted N. sativa oil of MNSO as determined by HPLC.



Fig. 9. Scanning electronmicrographs of spray dried powder (A) internal microstructures,
(B) external microstructure.
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Fig. 8. Effects of storage conditions on the peroxide value of MNSO.
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NSO (oil without encapsulation) was tested via peroxide value (PV)
which used a popularly applied standardmethod to establish the oxida-
tive stability. Changes in the PV of MNSO and NSO during 24 days at
65 °C of storage are presented in Fig. 8. In this study, MNSO and NSO
had a low PV at day 0 (3.43 ± 0.05 and 3.53 ± 0.11 meq O2/kg oil), re-
spectively. This resultwas in agreementwith our previous study on per-
oxide value of N. sativa oil [7]; the PV value of NSO was (3.4 meq O2/kg
oil) using the supercritical fluid extraction method.

By comparing these peroxide values for day 0, no significant
(p N 0.05) difference was detected between the oil with encapsulation
andwithout encapsulation. Despite no statistical difference has been in-
dicated, the peroxide values of the oils were slightly different. This var-
iationmay be the result of applying heat to the oil during the processing
of spray drying or due to the process of the high shear homogeniser.
This result demonstrated that there was no significant effect on the ox-
idative degradation of N. sativa seed oil as a result of the spray drying
microencapsulation process. These values were found to be lower
than those defined by Codex et al. [46], in which the PV of oil products
should not exceed 10 meq O2/kg oil. In fact, N. sativa seed has a wealth
of monounsaturated fatty acid and possesses functional compounds
which are sensible to the oxidation degradation [5]. During the acceler-
ated storage, bulk oil (without capsulation) showed increasing peroxide
valueswith significant difference (p b 0.05) on day6 (6.433±0.15), day
12 (9.433 ± 0.32), day 18 (15.36 ± 0.20) and day 24 (20.3 ±
0.26 meq O2/kg oil). The encapsulated oil did not show any significant
difference (p ˃ 0.05) on days 6 and 12 (3.6 ± 0.05 and 3.86 ±
0.15 meq O2/kg oil), respectively, then slightly increased in significant
difference (p ˂ 0.05) on day 18 (5.2 ± 0.26 meq O2/kg oil). On day 24,
the bulk oil exhibited a peak peroxide value of (20.3 ± 0.26 meq O2/kg
oil) and significantly different (p b 0.05) from microencapsulated oil
which indicated the maximum PV (8.56 ± 0.32 meq O2/kg oil). This
finding was also reported by [15]. The application of microencapsula-
tion had a significant protection (p b 0.05) effect on the oil oxidation.

3.12. Morphology of powder by SEM

Fig. 9 illustrates the surface characteristic shape and size of the
MNSO from optimised conditions using scanning electron microscopy
SEM. In this study, the morphology of the coated oil by maltodextrin
DE10 and sodium caseinate shows a spherical shape with various sizes
in diameter and void volume inside. The microcapsules obtained by
spray drying technique resulted to smooth and circular surfaces with
very few wrinkled capsules. In spite of this, the MNSO particles did
not exhibit a harmonic particle size, but the external structure showed
that core material was coated completely by the wall coating agents.
In fact, the spray dryingmethod commonly produces particles in differ-
ent sizes [8]. There were no apparent cracks and no sharp edges or fis-
sures were observed on the surfaces of the MNSO. This proves the
efficiency of the wall material used in microencapsulation of NSO.
Maltodextrin is the best thermal defender against oxidation and any un-
desired physical and chemical changes [47].

4. Conclusion

In conclusion, the outcome of the present study showed the optimi-
sation of microencapsulation conditions for NSO by employing RSM.
Themicroencapsulation efficiency ofMNSOwas substantially influenced
by wall material content, NSO concentration, and inlet air temperature.
The results allow the optimum conditions for microencapsulation of
NSO to be established at 30% for wall material, 10% for oil concentration,
and 160 °C for inlet air temperature. The MNSO spray dried under
optimised conditions showed 3.51% moisture content, 91.9% solubility,
18.58 μm particle size, 95.43% MEE, 1.83 mg/mL DPPH-IC50, and
132.79mg/100mL TPC, which showed a near similarity with the expect-
ed value. Additionally, lipid oxidation on the MNSO surface could be sig-
nificantly reduced by optimising themicroencapsulation conditions. The
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HPLC analysis also showed that MNSO contained a potent amount of TQ
with 5.45 mg/mL. The approach adopted in this study can act as a useful
guide for the efficient optimisation of other oil systems.

Competing interests

The authors declare no conflict of interests of any kind.

Acknowledgment

This research was supported by Universiti PutraMalaysia grant (GP-
IPS/2014/9438743).

References

[1] M.A. Randhawa, M.S. Alghamdi, Anticancer activity of Nigella sativa (black seed)—a
review, Am. J. Chin. Med. 39 (06) (2011) 1075–1091.

[2] M. Burits, F. Bucar, Antioxidant activity of Nigella sativa essential oil, Phytother. Res.
14 (5) (2000) 323–328.

[3] M.F. Ramadan, M.M.S. Asker, M. Tadros, Antiradical and antimicrobial properties of
cold-pressed black cumin and cumin oils, Eur. Food Res. Technol. 234 (5) (2012)
833–844.

[4] A. Piras, et al., Chemical composition and in vitro bioactivity of the volatile and fixed
oils of Nigella sativa L. extracted by supercritical carbon dioxide, Ind. Crop. Prod. 46
(2013) 317–323.

[5] M.F. Ramadan, L.W. Kroh, J.-T. Mörsel, Radical scavenging activity of black cumin
(Nigella sativa L.), coriander (Coriandrum sativum L.), and niger (Guizotia abyssinica
Cass.) crude seed oils and oil fractions, J. Agric. Food Chem. 51 (24) (2003)
6961–6969.

[6] C.C. Woo, et al., Thymoquinone: potential cure for inflammatory disorders and can-
cer, Biochem. Pharmacol. 83 (4) (2012) 443–451.

[7] N.K. Mohammed, et al., The effects of different extraction methods on antioxidant
properties, chemical composition, and thermal behavior of black seed (Nigella sativa
L.) oil, Evid. Based Complement. Alternat. Med. (2016) 2016.

[8] R.V. Tonon, C.R. Grosso, M.D. Hubinger, Influence of emulsion composition and inlet
air temperature on themicroencapsulation of flaxseed oil by spray drying, Food Res.
Int. 44 (1) (2011) 282–289.

[9] J.-H. Ahn, et al., Optimization of microencapsulation of seed oil by response surface
methodology, Food Chem. 107 (1) (2008) 98–105.

[10] S.P. Tan, et al., Effects of the spray-drying temperatures on the physiochemical prop-
erties of an encapsulated bitter melon aqueous extract powder, Powder Technol.
281 (2015) 65–75.

[11] C. Liolios, et al., Liposomal incorporation of carvacrol and thymol isolated from the
essential oil of Origanum dictamnus L. and in vitro antimicrobial activity, Food
Chem. 112 (1) (2009) 77–83.

[12] S.M. Jafari, et al., Encapsulation efficiency of food flavours and oils during spray dry-
ing, Dry. Technol. 26 (7) (2008) 816–835.

[13] D.E. Dobry, et al., A model-based methodology for spray-drying process develop-
ment, J. Pharm. Innov. 4 (3) (2009) 133–142.

[14] P. Calvo, et al., Microencapsulation of extra-virgin olive oil by spray-drying: influ-
ence of wall material and olive quality, Eur. J. Lipid Sci. Technol. 112 (8) (2010)
852–858.

[15] S.K. Ng, et al., Influence of the inlet air temperature on the microencapsulation of
kenaf (Hibiscus cannabinus L.) seed oil, Eur. J. Lipid Sci. Technol. 115 (11) (2013)
1309–1318.

[16] S. Umesha, B. Monahar, K.A. Naidu, Microencapsulation of α-linolenic acid-rich gar-
den cress seed oil: physical characteristics and oxidative stability, Eur. J. Lipid Sci.
Technol. 115 (12) (2013) 1474–1482.

[17] E. Frascareli, et al., Effect of process conditions on the microencapsulation of coffee
oil by spray drying, Food Bioprod. Process. 90 (3) (2012) 413–424.

[18] C. Turchiuli, et al., Oil encapsulation by spray drying and fluidised bed agglomera-
tion, Innovative Food Sci. Emerg. Technol. 6 (1) (2005) 29–35.

[19] C. Chen, et al., Optimization of dynamic microwave-assisted extraction of Armillaria
polysaccharides using RSM, and their biological activity, LWT Food Sci. Technol. 64
(2) (2015) 1263–1269.
[20] International, A, Official Methods of Analysis of AOAC International, AOAC Interna-
tional, 2005.

[21] M. Cano-Chauca, et al., Effect of the carriers on the microstructure of mango powder
obtained by spray drying and its functional characterization, Innovative Food Sci.
Emerg. Technol. 6 (4) (2005) 420–428.

[22] H.-K. Lim, et al., Effects of different wall materials on the physicochemical properties
and oxidative stability of spray-dried microencapsulated red-fleshed pitaya
(Hylocereus polyrhizus) seed oil, Food Bioprocess Technol. 5 (4) (2012) 1220–1227.

[23] M.S. Blois, Antioxidant Determinations by the Use of a Stable Free Radical, 1958.
[24] V.L. Singleton, R. Orthofer, R.M. Lamuela-Raventos, Analysis of total phenols and

other oxidation substrates and antioxidants by means of Folin-Ciocalteu reagent,
Methods Enzymol. 299C (1999) 152–178.

[25] O.A. Ghosheh, A.A. Houdi, P.A. Crooks, High performance liquid chromatographic
analysis of the pharmacologically active quinones and related compounds in the
oil of the black seed (Nigella sativa L.), J. Pharm. Biomed. Anal. 19 (5) (1999)
757–762.

[26] F.C. da Silva, et al., Physicochemical properties, antioxidant activity and stability of
spray-dried propolis, J. ApiProduct ApiMedical Sci. 3 (2) (2011) 94–100.

[27] Official, A, Tentative Methods of the American Oil Chemists' Society, 1993 (Cham-
paign, IL).

[28] X.D. Chen, K.C. Patel, Manufacturing better quality food powders from spray drying
and subsequent treatments, Dry. Technol. 26 (11) (2008) 1313–1318.

[29] S.A. Hogan, et al., Emulsification and microencapsulation properties of sodium ca-
seinate/carbohydrate blends, Int. Dairy J. 11 (3) (2001) 137–144.

[30] D.A. Rodea-González, et al., Spray-dried encapsulation of chia essential oil (Salvia
hispanica L.) in whey protein concentrate-polysaccharide matrices, J. Food Eng.
111 (1) (2012) 102–109.

[31] S.-K. Ng, et al., Effect of total solids content in feed emulsion on the physical proper-
ties and oxidative stability of microencapsulated kenaf seed oil, LWT Food Sci.
Technol. 58 (2) (2014) 627–632.

[32] L.P. Fernandes, et al., Volatile retention and antifungal properties of spray-dried mi-
croparticles of Lippia sidoides essential oil, Dry. Technol. 26 (12) (2008) 1534–1542.

[33] S. Jaya, H. Das, Effect of maltodextrin, glycerol monostearate and tricalcium phos-
phate on vacuum dried mango powder properties, J. Food Eng. 63 (2) (2004)
125–134.

[34] V. Bansal, H.K. Sharma, V. Nanda, Optimisation of spray drying process parameters
for low-fat honey-based milk powder with antioxidant activity, Int. J. Food Sci.
Technol. 49 (4) (2014) 1196–1202.

[35] A. Baldwin, G. Truong, Development of insolubility in dehydration of dairy milk
powders, Food Bioprod. Process. 85 (3) (2007) 202–208.

[36] A. Gharsallaoui, et al., Applications of spray-drying inmicroencapsulation of food in-
gredients: an overview, Food Res. Int. 40 (9) (2007) 1107–1121.

[37] T.C. Kha, et al., Microencapsulation of gac oil by spray drying: optimization of wall
material concentration and oil load using response surface methodology, Dry.
Technol. 32 (4) (2014) 385–397.

[38] A.Y. Guadarrama-Lezama, et al., Preparation and characterization of non-aqueous
extracts from chilli (Capsicum annuum L.) and their microencapsulates obtained
by spray-drying, J. Food Eng. 112 (1) (2012) 29–37.

[39] N. Jinapong, M. Suphantharika, P. Jamnong, Production of instant soymilk powders
by ultrafiltration, spray drying and fluidized bed agglomeration, J. Food Eng. 84
(2) (2008) 194–205.

[40] G.A. Reineccius, The spray drying of food flavors, Dry. Technol. 22 (6) (2004)
1289–1324.

[41] M. Nicoli, M. Anese, M. Parpinel, Influence of processing on the antioxidant proper-
ties of fruit and vegetables, Trends Food Sci. Technol. 10 (3) (1999) 94–100.

[42] M.R. Mozafari, et al., Encapsulation of food ingredients using nanoliposome technol-
ogy, Int. J. Food Prop. 11 (4) (2008) 833–844.

[43] P. Sharma, H.S. Gujral, Effect of sand roasting andmicrowave cooking on antioxidant
activity of barley, Food Res. Int. 44 (1) (2011) 235–240.

[44] H. Lutterodt, et al., Fatty acid profile, thymoquinone content, oxidative stability, and
antioxidant properties of cold-pressed black cumin seed oils, LWT Food Sci. Technol.
43 (9) (2010) 1409–1413.

[45] Z. Solati, B.S. Baharin, H. Bagheri, Antioxidant property, thymoquinone content and
chemical characteristics of different extracts from Nigella sativa L. seeds, J. Am. Oil
Chem. Soc. 91 (2) (2014) 295–300.

[46] Commission, C.A, Recommended internal standard for edible fats and oils, EDN 1
(1982) 1–179.

[47] S. Ersus, U. Yurdagel, Microencapsulation of anthocyanin pigments of black carrot
(Daucus carota L.) by spray drier, J. Food Eng. 80 (3) (2007) 805–812.

http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0005
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0005
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0010
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0010
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0015
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0015
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0015
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0020
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0020
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0020
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0025
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0025
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0025
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0025
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0030
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0030
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0035
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0035
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0035
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0040
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0040
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0040
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0045
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0045
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0050
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0050
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0050
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0055
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0055
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0055
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0060
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0060
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0065
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0065
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0070
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0070
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0070
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0075
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0075
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0075
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0080
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0080
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0080
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0085
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0085
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0090
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0090
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0095
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0095
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0095
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0100
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0100
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0105
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0105
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0105
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0110
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0110
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0110
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0115
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0120
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0120
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0120
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0125
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0125
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0125
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0125
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0130
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0130
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0135
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0135
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0140
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0140
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0145
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0145
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0150
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0150
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0150
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0155
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0155
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0155
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0160
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0160
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0165
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0165
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0165
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0170
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0170
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0170
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0175
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0175
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0180
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0180
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0185
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0185
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0185
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0190
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0190
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0190
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0195
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0195
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0195
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0200
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0200
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0205
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0205
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0210
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0210
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0215
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0215
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0220
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0220
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0220
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0225
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0225
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0225
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0230
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0230
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0235
http://refhub.elsevier.com/S0032-5910(17)30262-0/rf0235

	Process conditions of spray drying microencapsulation of Nigella sativa oil
	1. Introduction
	2. Materials and methods
	2.1. Materials and analytical samples
	2.2. Oil extraction
	2.3. Emulsion preparation
	2.4. Emulsion characterisation
	2.4.1. Emulsion stability
	2.4.2. Emulsion viscosity
	2.4.3. Emulsion droplet size

	2.5. Process of spray drying for microencapsulation
	2.6. Analytical methods
	2.6.1. Moisture content
	2.6.2. Solubility
	2.6.3. Microencapsulation efficiency
	2.6.4. Particle size
	2.6.5. Total oil extraction
	2.6.6. 1,1-Diphenyl-2-picrylhydrazyl (DPPH) radical scavenging activity test
	2.6.7. Total phenolic content

	2.7. HPLC quantification of thymoquinone
	2.8. Lipid oxidative stability
	2.9. Scanning electron microscopy
	2.10. Assortment of the factor ranges
	2.11. Statistical analysis

	3. Results and discussion
	3.1. Emulsion characterisation
	3.1.1. Emulsion stability, viscosity and droplet size

	3.2. Optimisation using response surface analysis
	3.3. Moisture content
	3.4. Solubility
	3.5. Microencapsulation efficiency
	3.6. Particle size
	3.7. DPPH-IC50
	3.8. Total phenolic content TPC
	3.9. Optimisation and validation conditions
	3.10. Availability of thymoquinone using HPLC
	3.11. Oxidation stability
	3.12. Morphology of powder by SEM

	4. Conclusion
	Competing interests
	Acknowledgment
	References




