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Abstract 
The valorization of agro-industrial waste like orange peel presents an economic and environmental due to the enormous 
amounts generated during orange juice production. This study focuses on the encapsulation of orange peel oil and its main 
constituent, limonene, using different wall combinations using spray drying. The increase of gum Arabic (GA) provided 
higher viscosity (136.33 cP) and stability (0.9%) in the orange oil emulsion before spray-drying, whereas the predominance of 
maltodextrin (MD) led to the reverse, 58.67cP, and 13%, respectively. In the spray-dried powder, MD as a prominent in-wall 
mixture resulted in higher bulk density for orange oil powder (0.33 g/cm3), better results in the wet ability test (31.67 sec.), 
and the highest oil retention (92.22%) for limonene powder. The encapsulation efficiency was positively influenced by the 
10% GA with 85.35 and 85.77% for limonene and orange oil powders, respectively. Significant color changes were undergone 
according to different CIE-LAB characteristics, especially for limonene powder (b* 7.91), where MD is predominant in the 
wall combinations. Increasing the GA concentration affects the morphology of the particles with more agglomeration, while 
the predominant MD leads to more spherical and smooth particles. In the sensory analysis, supplemented sponge cake with 
encapsulated limonene showed the highest overall preference score (7.87/9), while orange oil flavoring in jelly candies had the 
superiority (7.9/9) compared to the control. The nutritional data and biochemical parameters showed non-significant results in 
all groups supplemented with the spray-dried flavorings compared to normal control. The spray-drying of orange peel oil and 
limonene did not show any adverse effects on the nutritional or the biochemical parameters with enhancing the sensory 
attributes of the final food products. 

 
Keywords: Encapsulation, orange peel oil, limonene, non-enzymatic browning, SEM, Biological parameters, Sensory 
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. 
1. Introduction 

Spray-drying is one of the oldest encapsulation 
techniques widely used in the food industry. It is a 
unit operation used to dry various food products, such 
as milk powder, and special microencapsulation of 
different food ingredients, such as flavorings agent, 
coloring agent, and essential oil (1). Preservation of the 
chemical, physical, biological, and sensory 
propertiesoftheactiveingredientsisthemaintargetofthee
ncapsulation process, in addition, to controlling their 
release or delivery (2) and protecting them from the 
external environment (1,3), such as light, temperature, 
oxygen, humidity, and from interaction with other 
substances(4). 

Flavors containing a broad spectrum of aroma 
compound scan effectively increase the acceptability 
of foods and beverages by masking or reducing 
unpleasant tastes and smells. Generally, aroma 
compounds are unstable when exposed to 
environmental factors (5). Additionally, the 

hydrophobic properties hinder the aroma 
utilization in foods(6). Therefore, finding suitable 
and non-toxic carrier material for flavors has 
become urgent for further applications (7). 
Gharsallaoui et al. (8) reported that maltodextrin, 
gum arabic, and proteins like sodium caseinate 
and whey protein concentrate were the most 
suitable for microencapsulation using a rapid 
drying process formation of dense skin and good 
protection of core materials against oxygen 
transfer.  

The valorization of agro-industrial waste 
like fruit peel constitutes an essential source of 
essential oils used as a flavoring presents an 
economic and environmental necessity (9). An 
enormous amount of Citrus sinensis L. peel waste 
is generated during orange juice production, and its 
extracted essential oil is widely applied in food, 
pharmaceutical, and 
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perfumery industries (10). The orange peel oil has been 
reported to have many biological activities like 
antioxidant, anti-cancer, anti-inflammatory, cardio-
protective, neuroprotective, anti-bacterial, and anti-
mycotic activities (11). 

Most of the previously published studies deal 
with encapsulation of flavorings and oils focused on 
the physicochemical properties of the micro- or nano 
capsules formed and the quality of the product (12-13). 
However, to our knowledge, nothing was reported 
concerning the effect of the encapsulation process on 
the sensory properties of food products used spray-
dried flavorings for fortification, in addition to the 
presence of any drawbacks in the nutritional and 
biochemical parameters associated with these 
formulated flavorings. The above information provides 
the rationale behind this study that aimed to develop 
spray-dried flavorings containing orange peel oil 
compared to its main constituent, limonene, and find 
out the effect of the encapsulation technique on the 
sensory properties of food products like sponge cake 
and jelly candies containing the spray-dried orange 
peel oil. Additionally, the influence of the 
encapsulation technique on the nutritional and 
biochemical parameters was studied extensively to 
assess the effect of spray-dried oil on health. 

 
Materials and Methods 
Materials 

Limonene and natural orange peel oil were 
supplied from Sigma-Aldrich (St.Louis, MO)  and 
Ernesto Ventós S.A. (Barcelona, Spain). The coating 
agents applied were Maltodextrin (MD) DE12-
15(National Co. for corn products 10th of Ramadan, 
Egypt), sodium caseinate (SC) (Fonterra, New 
Zealand), and the Gum Arabic GA (Avonchem, 
Cheshire, UK). 
 
Methods 
Emulsion preparation: 

Hydration of GA indeionized water was 
conducted with 5-15% (w/v) and left overnight at 4°C. 
Different concentrations of MD (15.0-30.0% w/v) 
were added to the gum solution, followed by 5% of 
SC dispersed in warm water and stirred overnight 
with a total solid content (35.0% w/v) (Table1). Under 
intensive mixing, Tween 80 (1.0% w/v, based on 
water) and aroma compounds (15% w/v) were added. 
Homogenization was performed at 500.0 W, and 50 
kHz for 20 minutes in a cold-water bath (14-15). 

 
 

 
Table1: Coating blends used to encapsulate flavorings 

Aroma Compound* Wall materials (%) 
Gum Arabic (GA) Sodium Caseinate (SC) Maltodextrin (MD) 

C1-F1 5 5 25 
C2-F2 10 5 20 
C3-F3 15 5 15 
C4-F4 - 5 30 

*C: Limonene, and F: Natural orange oil 
 

Emulsion characteristics: 
Emulsion viscosity: Bohlin Visco 88 BV (Bohlin 
Rheology UK Ltd., UK) was employed. Three 
measurements were conducted three times at 29.5 ± 
0.1 °C. 
Emulsion stability: According to Klinkesorn et al. 
(16), the creaming index was used to calculate the 
emulsion stability based on the equation (15-17): 

CI= (SH/ TH).100% 
CI is the creaming index of the oleoresin emulsion, 
SH: is the height of the serum layer formed at the 
bottom of the glass tubes (mm), and TH is the total 
height of the emulsions in the tubes (mm). The closer 
the value of CI to zero, the more stable the emulsion 
against creaming. Values reported are arithmetic 
mean of three tests ± SD. 
Emulsion Total solids: Moisture content was 
determined according to the method described in 
AOAC. (18), then calculated the total solid in emulsion 
by 

 
      Spray drying process: 

The co-current Mini Spray Dryer B-290 
(BÜCHI, Flawil, Switzerland) was used. The inlet and 
outlet temperatures were 160.0 °C and 80.0 °C (±1.0 
°C), respectively. The drying process was conducted 
twice for two different batches of each aroma 
compound emulsion. Then the collected, dried 
samples were packaged in polypropylene bags and 
kept directly in the desiccators until analysis. 

 
Powder characteristics: 
Moisture content: 3-5g of powder was heated at 
105.0 °C until a constant weight was achieved. The 
percentage of powder moisture was calculated on a 
wet basis (18), and the arithmetic mean of three 
determinations was calculated as ±SD. 
Bulk density: The tapping method of Kausadikar et 
al. (14) was applied where the sample weight was 
divided by the volume. The arithmetic mean of three 
determinations was calculated as ±SD. 

%Total solid= (100– moisture content) 
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Powder wett ability: It was evaluated according to 
Quek et al. (19) method. The necessary time in seconds 
for the completed isolution was recorded. The 
arithmetic mean of three determinations was 
calculated as ±SD. 
 
Non-enzymatic browning: The extent of non-
enzymatic browning NEB was expressed as the b 
*value. The color was measured with spectra 
measurement– JASCO high performance 
UV/VIS/NIR/D070061801 (JASCOV-770 
Spectrophotometer, NO. D070061801, Japan). The 
total parameters measured during this analysis were: 
L* — expressed the lightness (in %), a* value—
redness (positive (+ve)) to greenness (negative (-ve)), 
and b*value —yellowness (+ve) to blueness (-ve). 
 
Encapsulation efficiency: 
The total volatile oil content was extracted by 
Clevenger type apparatus for 3 hrs. (20). The oil 
encapsulation retention (%) was calculated using 
Equation 1: 

 

Varavinit et al. (21) described a modified method to 
determine the surface oil, where 30 mL of hexane 
were added to 5 g of powder, followed by stirring at 
300 rpm for 10 min. After filteration and wash with 
hexane, the solvent was vaporized under vaccum to 
obtain a constant weight. Finally, the encapsulation 
efficiency of volatile oils (EEVOs) was calculated 
using Equation 2 (22): 

 

 
Powder morphology using scanning electron 
microscopy (SEM): Aroma powder was analyzed 
using the field emission scanning electron microscope 
(Quanta FEG 250, FEI, Czech Republic) at an 
accelerating voltage of 10 kV. The powder was 
previously gold-sputtered by mounting on aluminums 
tubs with double-sided adhesive tape and coated with 
gold using an Edwards sputter coater S150 A 
(Crawley, England). FE-SEM images were taken with 
magnification ranges of 1000-15000x and an 
accelerating voltage of10 kV. 

 
Biological analysis: 
Experimental animals: Sixty-six Sprague-Dawley 
male rats, 1 - 2 months age, weighing (150-180 gm) 
were obtained from the Animal House Colony of the 
National Research Centre and used following the 
guidelines for Animal Experiments approved by the 
Ethical Committee of Medical Research, National 
Research Centre, Cairo, Egypt. For acclimatization 
and to ensure normal behavior, the animals were kept 
on a standard laboratory diet and water for one week

 
before the experiment at 23 ± 1 0C), 40-60% relative 
humidity, and 12 h dark/light cycle. 
 
Diet Composition: The basal synthetic diet for the 
control (negative) group was designed according to 
the AIN-93M diet (25) and composed of casein 
(150g/1 kg diet), unsaturated fat (100 g/1 kg diet), 
sucrose (220 g/1kg diet), maize starch (440 g/1 kg 
diet), cellulose (40 g/1 kg diet)(23-24), salt mixture (40 
g/1 kg diet) and vitamin mixture (10 g/1 kg diet). The 
other groups fed on the same above basal synthetic 
diet but supplemented with natural and 
microencapsulated flavorings as follows: limonene is 
600 mg/kg BW/day (26-27), and orange peel oil is 600 
mg/kg  BW/day (26-27). 
 
Experimental design: 11 groups (6 rats per group) 
were designed as follows: normal Control group 
(negative), group C where basal synthetic diet 
supplemented with natural limonene (600 mg/Kg BW 
/day), groups C1-C4 where basal synthetic diet 
supplemented with microencapsulated limonene (600 
mg/Kg BW /day), group F where basal synthetic diet 
supplemented with natural orange peel oil (600 
mg/Kg BW/day), and groups F1-F4 where basal 
synthetic diet supplemented with microencapsulated 
natural orange oil (600 mg/Kg BW/day).  
 
Samples collection: After one month, the animals 
fasted for12 hours followed by anesthesia and were 
euthanized by cervical dislocation. Blood samples to 
evaluate biochemical parameters (5ml) were 
collected from the tail where serum and plasma were 
separated by centrifugation (Sigma labor centrifuge 
GMBH, West Germany) at 4000 rpm for 15 min and 
preserved at -20 0C. 
 
Biochemical Parameters: Glucose was evaluated by 
the enzymatic colorimetric method (28). Hb was 
assessed by the enzymatic colorimetric method (29). 
Total cholesterol (30), HDL (31), LDL (32), and 
Triglycerides (33) were evaluated as lipid profiles by 
the enzymatic colorimetric method. Plasma alanine 
aminotransferase (ALT) (34), aspartate 
aminotransferase (AST) (35), and alkaline phosphatase 
ALP (35) activities were assessed as liver function 
indicators by colorimetric techniques. Plasma total 
protein (36) and plasma albumin (A) (37) were 
determined by colorimetric methods as different 
indicators of liver function. Colorimetric methods 
assessed creatinine (38), urea (39), and uric acid (40) as 
kidney function indicators. 
 
Sponge cake and jelly candies preparation 
The cake samples were prepared according to Rizk et 
al. (41). The flavor of Limonene 0.11 mg/kg/day and 
orange oil 0.05 mg/kg/day (42) was added to the 
creaming stage. The dough was scaled into two 
aluminum olds (20X10cm) and baked in an electric 
oven (Universal, Cairo, Egypt) at 175 °C for 25 min. 
The cakes were immediately removed from the molds 
and left to cool for 30 min at ambient 
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temperature, then stored in air tight polyethylene 
pouches and stored until analysis at 4 °C. According 
to Cano Lamadrid et al. (43), the jelly candies 
samples were prepared with some modifications. 100 
gm sugar added to 200 ml water, then boiling after 
adding 20 gm of gelatin. After boiling for 2 min, 
remove and add Limonene 0.11 mg/kg/day and 
orange oil 0.05 mg/kg/day (42). 

 
Sensory evaluation 
Trained panelists assessed flavoring powders, 
spongecake, and jelly candies samples using anine-
poin the donic scale (9= like immensely, 5= neither 
like nor a dislike, and 1= dislike extremely). Color, 
flavor, taste, softness, and overall acceptability were 
evaluated as the primary sensory attributes(44).Twenty-
six panelists carried out the different sensory qualities 
from Food Technology & Nutrition Division, 
National Research Centre, Cairo, Egypt. 

 
Statistical analysis: 
Statistical Package for the Social Sciences (SPSS 22) 
was applied for statistical analysis using the analysis 
of variance (ANOVA) and the Duncan test. The data 
were expressed as Mean ± SD. Differences were 
considered significant if p < 0.05. 

 
Result and Discussion 
Emulsion characterization 

Table 2 shows the viscosity, the emulsion 
stability index (CI %), and the total solids content of 
homogenized emulsions before spray drying. The 
viscosity of the emulsion is an important factor 
because this parameter affects the size of 
microcapsules and the thickness of their walls. A 
constant trend could be observed in all samples, 
where the increase of GA from 5– 15% provided 
higher viscosity in the examined emulsions C1-C3 
(74.67–118.00 cp) and F1-F4 (98.33–136.33cp). 
Whereas the presence of MD in the maximum 
concentrations, in the absence of GA, led to the 
lowest viscosity as shown in emulsions C4 (56.33 cp) 
and F4 (58.67 cp). Using a constant lower 
concentration of SC (5%) was based on our 
preliminary experiments, as SC negatively affects the 
system's viscosity, resists the feed stock's flow rate, 
and may clog the spray nozzles. 

The above results agree with Bednarska and 
Janiszewska-Turak (45), who reported the impact of 
carrier materials on the apparent viscosity of the 
solutions. They showed the highest viscosity for GA 
solution as a carrier, while the one with MD (15 DE) 
had the lowest viscosity. Again, the replacement of 
MD with GA caused an increase in the viscosity 
values, whereas the increase was proportional to the 
concentration of GA. The rise in dextrose equivalent 
caused a decrease in viscosity values. 

The emulsion stability (CI %) data revealed 
that most emulsions were kinetically stable, especially 
for the GA and SC wall systems, due to their excellent 
emulsifying capacity (12). According to Table 2, the 
increasing GA concentration causes a decrease in 
creaming index (CI %), which means a more stable 
emulsion against separation or creaming. Conversely, 
the poor emulsifying properties of MD were proven 
by forming a small separation layer with low 
emulsion stability and higher CI %, as shown in 
samples C4 (2.00%) and F4 (13%). The above results 
agree with Kausadikar et al. (14), who indicated that 
GA and modified starch were excellent emulsifiers for 
lemon oil, in contrast to MD, which lowers the 
emulsion stability. A thin separation layer and a foam 
phase were observed by Carneiro et al. (46) upon 
microencapsulated flaxseed oil with whey protein 
concentrate and MD. 

 
Table (2): Effect of the wall combinations 

on emulsion  characteristics 
Sample
code* 

Viscosity(cP) Emulsion
stability 

C1 74.67f ± 0.58 2.70b ± 0.10 
C2 95.00e ± 1.00 1.00d ± 0.10 
C3 118.00b ± 1.00 1.00d ± 0.01 
C4 56.33h ± 0.58 2.00c ± 0.10 
F1 98.33d ± 0.58 2.80b ± 0.10 
F2 110.00c ± 1.00 1.70c ± 0.10 
F3 136.33a ± 0.58 0.90d ± 0.10 
F4 58.67g ± 0.58 13a ± 1.00 

* C: Limonene and F: Natural orange oil; 1, 2, 3 
and 4 referred to wall mix number in Table (1) 

 
Powder Characteristics 
Bulk density: Bulk densities were determined by 
the tapping method for all spray-dried samples. 
They ranged from 0.27 to 0.33g/cm3 (Table 3). A 
different trend was observed for samples Limonene 
(C) and orange oil (F), where the presence of 
maltodextrin (MD) as a prominent in-wall mixture 
resulted in higher bulk density were C1, C4 (0.29, 
0.30 g/cm3), and F1, F4 (0.33,0.31 g/cm3) which 
could be related to the higher moisture detected in 
the same samples compared to the others. The 
higher density can store large amounts in small 
volumes compared to products with lower 
densities. Moreover, higher Bulk density may 
indicate lower air cavities, which can help prevent 
oxidation and deterioration of food products. 

Values close to the above findings were 
obtained in spray-dried vegetable oil (0.32-0.34 
g/mL), soy milk powders production (0.21-0.22 
g/mL), and oregano essential oil microcapsules (0.34- 
0.45 g/mL) (47). The high molecular weight of the 
biopolymer used as a carrier is responsible for 
differences in bulk density observed upon increased 
carrier concentrations (48). 
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Wet ability: In the current study, the spray-dried 
flavorings showed an excellent dissolve in water, 
allowing for a different application in various 
products due to both hydrophobic and hydrophilic 
sites. The samples: C1 (56.67s), C4 (31.67s), F1 
(64.67s), and F4 (36.00s), which have the lowest or 
no GA, dissolved faster than those which have 
higher or maximum concentrations of GA like C3 
(67.67s) and F3 (84.00s). The samples with MD as 
a predominant in the wall mixture F4 (36.00s) took 
up more than two times faster to dissolve in 

water than those with the maximum GA 
concentrations F3 (84.00s). Therefore, the use of 
GA as a carrier increased the dissolution time 
(Table 3). Conversely, the presence and abundance 
of the hydrophilic hydroxyl groups in MD are 
responsible for the complete and fast reconstitution 
of the powder in water (15). In agreement with the 
above findings, Aragüez-Fortes et al. (49) reported 
that guava powder was more soluble with a higher 
MD concentration where the rehydration times 
were 90-145s. 

 
Table (3): Bulk density, wett ability, Moisture content, Encapsulation Efficiency (EE), and Oil 

Retention of spray-dried flavorings 
No. 

Sample
* 

Bulk density 
(g/cm3) 

Wett ability 
(s) 

Moisture% EEVOs% Oil 
retention% 

C1 0.29c ± 0.01 56.67b ± 5.77 3.40bc ±0.03 80.66de ±0.95 88.85b ± 1.83 
C2 0.27d ± 0.00 65.67b ± 9.81 3.34c ± 0.03 85.35ab ±2.59 89.40ab ± 1.34 
C3 0.28d ± 0.00 67.67b ± 9.29 3.04e ± 0.05 84.62abc ±1.52 86.33bc ± 1.74 
C4 0.30bc ± 0.01 31.67c ± 2.89 3.39bc ±0.02 81.81cd ±1.07 92.22a ± 1.76 
F1 0.33a ± 0.01 64.67b ± 8.08 2.97e ± 0.13 78.53e ± 0.69 81.51d ± 1.29 
F2 0.29c ± 0.00 66.00b ± 10.39 3.19d ± 0.02 85.77a  ± 1.73 86.02bc ± 1.63 
F3 0.29c ± 0.00 84.00a ± 7.94 3.48b ± 0.03 82.47bcd ±1.77 83.97cd ± 2.02 
F4 0.31b ± 0.01 36.00c ± 3.00 3.62a ± 0.04 81.84cd ±2.02 86.97bc ± 2.55 

*C: Limonene and F: Natural orange oil; 1, 2, 3and 4 referred to wall mix number in Table (1) 
 
Encapsulation Efficiency: Table 3 gives 

Moisture content: The moisture contents of the 
formulated spray-dried capsules were 2.97-3.62 % 
(Table 3). According to Chew et al. (50), the 
moisture content in food powders suitable for long-
term storage should be lower than 6% to extend   
the powder's usefulness for technological purposes 
and increase its stability and quality. The 
represented results of the current study indicated 
that the obtained flavor powders had an appropriate 
moisture content which is expected to minimize the 
chance of microbial contamination and lipid 
oxidation. The decrease in moisture content was 
observed in C1 (3.40%) - C3 (3.04%) samples, 
with a higher increase in C4 (3.39%) and F4 
(3.62%) (Table 3). In contrast to MD, GA does not 
seem to affect the moisture, forming the particle 
shell very quickly, avoiding water diffusion during 
the drying process. 

The above results are in agreement with 
those obtained in studies on spray drying of essential 
oils (1.70-4.16%) (17-51) and d-limonene (1.20-2.70%) 
(52). Despite the drying temperature, Bednarska and 
Janiszewska-Turak (45) reported that moisture content 
in chokeberry juice encapsulated with GA: MD 10 
(3:1) found as 2.9 % compared to 0.9 % for 
chokeberry juice with AG: MD 15 (1:1), which is 
agreed with the trend of the current studies for 
samples orange oil (F) (Table 3). On the other hand, 
the rise in moisture content showed by C4 (3.39 %) 
and F4 (3.62%) samples which contain limonene and 
orange oil, are associated with the higher content of 
MD, as reported by Rodríguez et al. (53). 

encapsulation efficiency and total oil retention of 
flavorings under investigation using GA, MD, SC, 
binary, and ternary blends. The data showed that oil 
retention % was maximum for C4 (92.22%) and F4 
(86.97%) compared to other samples in the 
corresponding classes with a significant difference, 
where C4 was significantly different from C1 and C3 
samples, but the non-significant difference with C2 
sample. However, F4 was a significant difference 
from the F1 sample, but the non-significant difference 
between F2 and F3 samples. Sample C4 and F4 are 
associated with predominant MD as a wall material. 
The variation in wall blend used in the encapsulation 
process significantly affected the oil retention % 
among the samples after spray drying. 

This study investigated the effects of carrier 
materials and their mixtures in different 
concentrations on the encapsulation efficiency (EE %) 
(Table 3). EE % after spray drying was positively 
influenced by 10% GA concentration, as shown in 
samples C2 (85.35%) and F2 (85.77%). The previous 
values constitute nearly the maximum peak in EE % 
line-trend in all samples, where the concentration of 
GA in the wall mixture of these samples seems to be 
the optimum in feed solids for flavor retention based 
on solubility and viscosity in solution according to the 
hypothesis of Reineccius (54). The non-significant 
differences between C2-C3 lead simply because the 
optimum GA concentration in the Limonene (C) 
samples could be between 10-15% GA in the wall 
blend. In agreeing with Charve and Reineccius (55) 

and Pratiwi et al. (56), the GA: MD ratio is an 
essential factor in the encapsulation of flavoring
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Where, the ratio of 3:1 is not sufficient here for 
samples C1 and F1 showed a lower EE% due to the 
ratio of GA: MD which was 5:1. The general trend of 
decrease or non-significant difference in EE% from 
C2-C3 might have been due to the thinner layers of 
wall material between encapsulated oleoresin droplets 
in addition to the high in feed viscosity (Table 2), 
which delays particle formation during atomization, 
consequently favoring volatile losses during drying 
(57). In the same context, the encapsulation efficiency 
was found to increase significantly until a GA/ MD 
blend ratio reached 40/60. After that, the efficiency 
was found to decrease significantly, which is 
consistent with the current study's findings (58). 

According to Charve and Reineccius (55), the 
loss of aldehydes like citral is severe, while retention 
of limonene is described as moderate, which indicates 
the effect of core chemical structure. The addition of 
MD to the wall mixture increases the glass transition 
temperature of the blend and exhibits stronger 
resistance to a humid environment during storage (59); 
in addition, GA in optimum concentration leads to 
less void volume or surface cracks (55). 

 
Non-enzymatic Browning: Results are reported in 
Table 4. According to the different CIE-LAB 
characteristics, significant differences were observed 
in all samples for all color parameters, except for L*, 
which showed a non-significant difference between 
F1 (87.68) and F3 (87.65), F4 (87.72). The orange oil 
(F) series had the highest lightness (L*), while the 
limonene(C) series has been described by the lowest

lightness values (Table 4). A reverse relation is shown 
between L* and a* and b* values. Regarding the color 
coordinate a*, it offers slightly negative values, which 
indicate green color. The increase of a*and b* corresponds 
to the rise in redness (a*) and yellowness (b*) occurring at 
the beginning of NEB. NEB influences food systems in 
terms of nutritional and sensory attributes. The stability of 
the food systems should be considered during processing; 
especially when using proteinous biomaterials in volatile 
encapsulation like aldehydes, it is essential to determine if 
the system will be stable during processing (60). 

The caramelization of MD could be responsible 
for the higher values in limonene samples. Orange oil (F-
samples) represents many aldehydes, ketones, and alcohols 
that prevent NEB reactions. Products with more intensive 
green and blue color notes are formed only later due to 
secondary reactions. They cannot occur in a short 
encapsulation time and at relatively low temperatures (120–
160°C) (12).  

According to the results of different CIE-LAB 
characteristics reported in Table 4, all spray-dried 
flavorings under went significant changes in color, 
especially in b*. However, such changes in color 
parameters are not dramatic and are believed to change the 
final products' sensory properties or quality. The changes in 
b* were negative in many samples, i.e., absence of 
browning or oxidation. In contrast, a* values change to 
remain in the negative value (Table 4). 

 

Table (4): Non-enzymatic Browning of spray-dried flavorings 
Sample* L* a* b* 

White blank 20.37 0.02 -0.04 
Black blank 19.77 -0.09 0.46 

C1 85.56e ± 0.01 -1.19f ± 0.00 7.13b ± 0.01 
C2 85.50e ± 0.00 -1.49h ± 0.01 6.78c ± 0.01 
C3 85.24f ± 0.00 -1.35g ± 0.01 6.09d ± 0.01 
C4 85.68d ± 0.01 -1.04e ± 0.00 7.91a ± 0.01 
F1 87.68ab ± 0.01 -0.95d ± 0.01 3.98e ± 0.00 
F2 86.45c ± 0.02 -0.48a ± 0.00 2.57g ± 0.01 
F3 87.65b ± 0.00 -0.54b ± 0.02 2.03h ± 0.01 
F4 87.72a ± 0.10 -0.94c ± 0.01 3.36f ± 0.01 

* C: Limonene and F: Natural orange oil;1 , 2, 3 and 4 referred to wall mix number in Table(1) 
 

Powder morphology by Scanning electron 
microscopy (SEM): The analysis of the surface of 
flavorings obtained with different wall blends was 
performed using SE Mall owing three-dimensional 
characteristics to be visualized at different 
extensions; 5, 10, and 50µm (Figures 1, 2). In both 
C and orange oil (F) series samples, increasing the 
GA concentration affects the morphology of the 
particles with more agglomeration, while the 
predominant MD leads to more spherical and 
smooth particles. However, small bulbs with semi  
 

spherical particles were shown in F1 samples on a wide 
scale. In general, neither cracks nor porous were found 
in the micro structure of the samples. 

Silva et al. (2) showed that MD exhibited 
excellent encapsulating properties, which enabled the 
formation of homogeneous capsules, while 
microencapsulation of jaboticaba peel  extract using 
GA/MD had similar structures to those obtained with 
MD with few wrinkles and smooth surfaces. In the 
same context, MD used to encapsulate cheese aroma 
formed a more spherical shape and smoother surface
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than modified starch which exhibited highly dented 
surfaces (61). The previous results agree with the 
present study's findings, where MD represents an 
efficient and economical but with less emulsifying 
properties than GA or SC in the wall blend. The 
adherence of small particles to the surface of larger 
particles which was observed in most of the 
microstructures (Figure 1), was also reported by Silva 
et al. (2) and Cano-Chauca et al. (62) on using MD and 
GA/MD as a wall material during the preparation of 
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jaboticaba peel extract and mango powders, C1 
respectively. 

Focusing on the nature of the particle's 
surfaces, rough surfaces with a larger contact area, 
which is noted in the C4-sample at 5µm (Figure 1), 
are an obstacle to the flow of the powder and enables 
degraded reactions like oxidation and therefore affect 
negatively on the quality of the final product (63). On 
the other hand, the wrinkled surface that appeared in 
many samples like F4 (Figure 2) could be due to the 
rapid shrinkage of the emulsion droplets during the 
early stages of spray drying (15). The wrinkled surface 
may resist the free-flowing properties of the powder 
but to a small extent. 

Tiny bubbles or craters on the skin of the 
particles appeared on some SEM microstructures like 
that of C1-C4 and F1 (Figure 1, 2). The formation of 
the secretors was explained based on the rapid 
solidification of minute particles compared to the 
large droplets; consequently, craters formed due to 
collisions in the drying tower among solid and semi-
solid particles, which are different in sizes (64). 
According to Jones et al. (65), craters may form on the 
surface of particles as an artifact due to the application 
of high vacuum during the preparation of the sample 
for SEM imaging and the evaporation of surface oil 
droplets. The concavities are shown by Subtil et al. 
(66) during spray drying of hydrolyzed  
case in using MD and GA as a wall material; however, C2 
it can negatively affect the flow conditions. 
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F1 

C4  

Figure 1. SEM images of spray-drying limonene (C) 
particles at different magnifications at 5, 10, and 50 
µm using different wall material combinations 
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F4 
Figure 2. SEM images of spray-drying orange oil (F) 
particles stored for 6-months at different 
magnifications (5, 10, and 50 µm) using different wall 
material combinations 

 

Sensory evaluation: 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

F3 
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The flavor attributes for the spray-dried flavorings 
were evaluated, as shown in Table 5. C4 and F4 
recorded the highest scores with significant 
differences for flavor attributes but not for color. 
Therefore, they were chosen to fortify and supplement 
sponge cake and jelly candies as food product 
examples. Color, flavor, taste, softness, and overall 
preference of control sponge cake and the cakes 
supplemented with spray-dried flavorings were 
evaluated, and the results are presented in Tables 6-7. 
Higher scores were shown for the sponge cake 
samples supplemented with spray-dried flavorings 
than the control but without significant differences 
(Table 6). Samples supplemented with limonene were 
the highest preferred in all attributes, but not the 
softness. Upon evaluation by panelists, higher scores 
for the fortified jelly candies samples fortified with 
spray-dried flavorings were detected compared to the 
control with statistically significant differences 
(P＜0.05) (Table 7). In contrast to the sponge cake 
samples, jelly candies samples fortified with spray-
dried orange peel oil were appreciated the most, 
except for the color, but no significant difference was 
observed (P>0.05). 
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Table (5): Sensory evaluation of spray-dried samples 

No. sample* Color
(9) 

Flavor
(9) 

Overall preference 
(9) 

C1 7.06a ± 1.11 6.17abc±1.89 5.83a±2.09 
C2 7.06a±1.30 6.11abc±1.81 5.56a±1.46 
C3 6.89a±1.32 6.39abc±1.91 5.61a±1.91 
C4 7.06a±1.16 7.22a±1.44 6.00a±1.88 
F1 6.78a±1.00 5.44c±1.25 5.89a±1.64 
F2 6.22a±1.31 5.94bc±1.47 5.94a±1.55 
F3 6.33a±1.14 5.89bc±1.28 6.00a±1.61 
F4 7.11a±1.49 6.67ab±0.97 6.39a±1.54 

* C: Limonene and F: Natural orange oil;1, 2, 3 and 4 referred to wall mix number in Table (1) 
 
Table (6): Sensory evaluation of Sponge Cake 

No. sample Color (9) Flavor (9) Taste (9) Softness (9) Overall preference 
(9) 

Control 7.52a±1.25 6.88a±1.56 7.08a±1.70 7.46a±1.53 7.38a±1.44 
Limonene 7.67a±1.27 7.42a±1.21 7.67a±1.19 7.83a±0.81 7.87a±0.78 
Orange oil 7.63a±1.58 7.12a±1.08 7.25a±1.09 7.90a±0.72 7.50a±0.86 

 
Table (7): Sensory evaluation of Jelly Candies 

No. sample Color (9) Flavor (9) Taste (9) Texture (9) Overall preference 
(9) 

Control 6.68b±1.49 5.96b±1.62 6.48b±1.53 7.80a±1.44 6.38b±1.29 
Limonene 7.84a±1.17 7.58a±0.98 7.48a±0.91 8.12a±1.05 7.72a±0.95 
Orange oil 7.80a±1.04 7.84a±0.75 7.56a±0.96 8.16a±0.85 7.90a±0.89 

 
Biological parameters 
Nutritional parameters: The results showed a non-
significant initial body weight, final body weight, 
total food intake, and food efficiency compared with 
normal control (Table 8). A significant reduction 
observed in body gain in all groups (C: 39.4±0.38, 
C1: 34.4±2.7, C2: 33.8±1.23, C3: 31.5±0.83, C4: 
28.7±3.23) when compared with normal control 
(49.5±3.06). 

The results in table (9) showed a non-
significant initial body weight, final body 
weight, total food intake, and food efficiency 
in all groups compared with normal control. A 
significant

reduction was observed in body gain in all groups 
(F: 41.4 ± 0.35, F1: 39.7 ± 1.28, F2: 35.7 ± 1.3, 
F3: 34.2 ± 2.75, F4: 32 ± 2.73) when compared 
with normal control (49.5 ± 3.06). 

 
Biochemical parameters: The results showed a non-
significant in all biochemical parameters in all groups 
when compared with normal control (Table10). 

The results didn't record any significant 
changes in all biochemical parameters in all groups 
when compared with normal control (Table11). 

 

Table (8): The different effects of Limonene (C) flavor pure and microencapsulated on body weight, Body 
gain, total food intake, and food efficiency 

 
Group Initial body 

weight (g) 
Final body 
weight (g) 

 
Body gain (g) Total food 

intake (g) 

 
Food Efficiency 

Normal Control 
(negative) 

 
156.2a ± 10.25 

 
205.7a ± 13.21 

 
49.5a ± 3.06 

 
3535.5a ±5.16 

 
0.014a ± 0.59 

Limonene(C) 163.2a ± 11.31 202.6a ± 11.68 39.4a ± 0.38 3529.5a ±7.75 0.011a ± 0.05 
C1 165.4a ± 10.62 200.3a ± 13.32 34.4b ± 2.7 3525.5a ± 4.93 0.009a ± 0.55 
C2 166.1a ± 10.43 199.9a ± 11.66 33.8c ±1.23 3520.4a ±5.68 0.096a ± 0.005 
C3 167.2a ± 11.13 198.7a ± 11.96 31.5d ± 0.83 3518.6a ±5.98 0.009a ± 0.14 
C4 169.1a ± 10.22 197.8a ± 13.45 28.7e ± 3.23 3515.5a ± 8.45 0.008a ± 0.38 

Values are represented as Mean ± SD (n=6) in which the same letters in each column reflect a non-significant 
difference across varieties, whereas different letters reflect a significant difference at P ≤ 0.05. Food 
efficiency=Body Gain / Total Food Intake. 
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Table (9): The different effects of orange oil (F) flavor pure and microencapsulated on body weight, Body 

gain, total food intake, and food efficiency 

Group Initial body 
weight (g) 

Final body 
weight (g) Body gain (g) Total food 

intake (g) 
Food 

Efficiency 
Normal Control 

(negative) 
 

156.2a±10.15 
 

205.7a±13.21 
 

49.5a±3.06 
 

3535.5a±5.16 
 

0.014a±0.59 
Orange oil (F) 162.7a±11.23 204.1a±11.58 41.4a±0.35 3533.4a±5.78 0.012a±0.06 

F1 163.9a±10.17 203.6a±11.45 39.7b±1.28 3530.3a±6.14 0.011a±0.21 
F2 164.8a±11.37 200.5a±12.67 35.7c±1.3 3528.4a±7.25 0.01a±0.18 
F3 165.5a±10.54 199.7a±13.29 34.2d±2.75 3525.7a±6.36 0.01a±0.43 
F4 166.8a±10.43 198.8a±13.16 32e±2.73 3524.6a±5.32 0.009a±0.51 

Values are represented as Mean ± SD (n=6) in which the same letters in each column reflect a non-
significant difference across varieties, whereas different letters reflect a significant difference at P ≤ 0.05. 
Food efficiency=Body Gain / Total Food Intake 
 

Table (10): The effects of Limonene (C) flavor pure and microencapsulated on different biochemical 
parameters 

Groups 
 

Parameters 

Normal 
Control 

(negative) 

 
Limonene 

(C) 

 
C1 

 
C2 

 
C3 

 
C4 

Glucose (mg/dL) 98.3a±2.93 102.2a±2.49 99.2a±1.86 104.3a±2.35 105.4a±2.41 111.3a±2.14 
GHb % 5.5a ±1.25 6.1a±1.62 6.4a±1.35 6.5a±1.42 5.8a±1.63 6.9a±1.22 
Cholesterol (mg/dL) 89.8a ±4.23 88.3a±4.12 88.5a±5.03 87.3a±4.12 89.4a±5.11 90.1a±4.67 
HDL (mg/dL) 26.8a±1.91 24.6a±2.92 25.6a±2.12 26.1a±1.83 25.5a±1.78 25.7a±1.95 
LDL (mg/dL) 41.8a±2.03 41.3a±1.27 41.1a±1.39 41.5a±1.55 42.2a±1.77 42.5a±1.65 
Triglycerides (mg/dL) 49.5a±5.16 48.5a±5.66 43.7a±5.23 46.6a±5.14 47.2a±5.16 51.2a±5.45 
Creatinine (mg/dL) 0.89a±0.21 0.88a±0.17 0.86a±0.23 0.87a±0.35 0.87a±0.16 0.90a±0.18 
Urea (mg/dL) 36.5a±3.03 35.7a±1.77 35.6a±2.32 37.3a±1.63 36.5a±2.11 36.8a±1.61 
Uric Acid (mg/dL) 2.97a±0.28 2.87a±0.31 2.76a±0.21 2.84a±0.19 2.63a±0.25 2.99a±0.28 
AST (IU/L) 135.2a±2.79 134.5a±2.45 131.5a±1.99 131.8a±2.11 129.6a±1.98 137.5a±1.79 
ALT (IU/L) 96.9a±2.71 96.6a±2.59 95.4a±2.34 94.4a±2.18 93.2a±2.78 100.9a±2.89 
ALP (IU/L) 69.8a±12.46 68.6a±11.71 69.2a±10.02 67.4a±11.14 65.5a±11.23 70.9a±12.24 
Albumin (g/dL) 2.75a±0.32 2.35a±0.51 2.12a±0.44 2.14a±0.26 2.16a±0.23 2.38a±0.43 
Total Protein (µmol/L) 12.17a± 0.83 12.24a±0.58 11.77a± 0.54 11.85a± 0.062 12.03a±0.49 13.47a±0.076 

Values are represented as Mean ± SD (n=6) in which the same letters in each column reflect a non-significant difference across 
varieties, whereas different letters reflect a significant difference at P ≤ 0.05. Food efficiency=Body Gain / Total Food Intake 
 

Table (11): The effects of orange oil (F) flavor pure and microencapsulated on different biochemical 
parameters 

Groups 
 

Parameters 

Normal 
Control(

negative) 

 
orange 

oil(F) 

 
F1 

 
F2 

 
F3 

 
F4 

Glucose (mg/dL) 98.3a±2.93 98.1a±2.43 97.6a±2.33 99.2a±2.45 101.3a± 2.01 105.2a± 2.34 
GHb % 5.5a±1.25 5.4a±1.22 5.3a±1.16 5.2a±2.03 5.1a±1.46 6.2a±1.55 
Cholesterol (mg/dL) 89.8a±4.23 88.4a±5.11 87.2a±4.39 87.1a±5.27 89.5a±4.32 90.4a±3.22 
HDL (mg/dL) 26.8a±1.91 25.2a±2.93 25.4a±2.32 26.7a±1.85 25.7a±1.79 26.7a±1.99 
LDL (mg/dL) 41.8a±2.03 44.5a±1.32 42.5a±1.25 41.4a±1.35 41.3a±1.37 42.8a±1.55 
Triglycerides (mg/dL) 49.5a±5.16 48.1a±5.43 43.1a±4.89 46.3a±5.73 47.3a±4.26 51.2a±2.36 
Creatinine (mg/dL) 0.89a±0.21 0.88a±0.62 0.86a±0.35 0.86a±0.24 0.85a±0.31 0.92a±0.28 
Urea (mg/dL) 36.5a±3.03 35.7a±2.36 35.1a±2.46 34.3a±3.78 33.3a±4.34 37.5a±1.12 
Uric Acid (mg/dL) 2.97a±0.28 2.88a±0.35 2.77a±0.14 2.83a±0.28 2.67a±0.42 2.94a±0.33 
AST (IU/L) 135.2a±2.79 134.1a± 2.37 131.1a± 3.35 131.2a±3.56 129.2a± 3.48 137.4a± 1.87 
ALT (IU/L) 96.9a±2.71 96.2a±2.39 95.1a±2.36 94.3a±2.25 92.9a±2.56 99.8a±2.73 
ALP (IU/L) 69.8a±12.46 68.3a±10.46 69.2a±12.54 67.1a±11.42 65.1a±11.67 70.3a±11.72 
Albumin (g/dL) 2.75a±0.32 2.45a±0.41 2.32a±0.34 2.16a±0.28 2.19a±0.24 2.36a±0.46 
Total Protein (µmol/L) 12.17a± 0.83 12.09a± 0.62 11.79a±0.09 11.84a±0.38 12.13a± 0.54 13.32a± 0.62 
Values are represented as Mean ± SD (n=6) in which the same letters in each column reflect a non-significant difference across 
varieties, whereas different letters reflect a significant difference at P ≤ 0.05. Food efficiency=Body Gain / Total Food Intake 
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There is no doubt that the results of this study 
differed and agreed with the results of many other 
studies where little research had been done in this 
area. In the last years, numerous studies have found 
that limonene and orange oil possess powerful 
antioxidative properties and protect organisms from 
oxidative damage (67-68). In particular, they're rapidly 
and nearly all absorbed in the gastrointestinal tract, 
both humans and animals (69), and also an effective 
anti-carcinogen (70) hepatoprotective, immunomodula-
tory, and anti-inflammatory properties (71).  
Antimicrobial and antifungal effects of orange peel 
essential oil (72) may come from limonene content. 
Our study was performed for 30 days to assess the 
potential impact of limonene with a daily dose (600 
mg/Kg BW /day) and orange oil with a daily dose 
(600 mg/Kg BW /day) on rats' health. Through our 
results, we noticed that no abnormalities were seen in 
the appearance or behavior of the rats at any time 
during the study. They appeared to reduce the 
symptoms of anxiety and depression. Also, there were 
no signs of irritation and acute toxicity during the 
study, such as diarrhea, alterations of skin and fur, 
mucous membranes, eyes, circulation, breadth, 
functions of the nervous system, salivation, diarrhea, 
and convulsions. The nutritional data of limonene and 
orange oil used in natural and microencapsulated 
forms represented in tables (8, 9) showed non-
significant initial body weight, final body weight, 
total food intake, and food efficiency in all groups 
when compared with normal control. A significant 
reduction was observed in body gain in all groups 
compared with normal control, and these results 
agreed with other studies (73). Although the decrease in 
body gain observed in all groups (natural and 
microencapsulated) is unknown, it was probably 
associated with the strong taste of the materials (74). 
Also, different biochemical parameters were used in 
the current study to measure characteristics that 
presented as an indicator of some biological state or 
condition (75-76). Generally, biomarkers are applied for 
clinical diagnostic purposes and as tools to evaluate 
the effectiveness of a nutrition or drug intervention. 
According to the biochemical parameters results in 
both natural and microencapsulated forms represented 
in tables (10, 11), there were non-significant in all 
parameters when comparing limonene and orange oil 
in all different groups with normal control results 
agreed with many studies (76-77). Based on the in vivo 
results which included the nutritional and biochemical 
parameters, it is safe to conclude that there is no effect 
or any signs of acute toxicity or any significant impact 
on weight noticed by the use of limonene and orange 
oil in both natural and microencapsulated scale and 
they can be applying as feed additives. 

Conclusion 
The use of encapsulation by spray-drying technique to 
load the orange peel oil has not affected the nutritional 
or the biochemical parameters in all groups 
supplemented with the spray-dried flavorings 
compared to normal control. Compared to control 
samples, better sensory attributes were shown in 
sponge cake and jelly candies samples fortified with 
spray-dried flavorings. According to the present 
study's findings, applying such spray-dried flavorings 
in food products proved to be safe. 
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