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Abstract: Orange peel oil (OPO) is one of the most common flavorings used in the food industry,
but it is volatile under environmental conditions (the presence of light, oxygen, humidity, and
high temperatures). Encapsulation by biopolymer nanocomposites is a suitable and novel strategy
to improve the bioavailability and stability of OPO and its controlled release. In this study, we
investigated the release profile of OPO from freeze-dried optimized nanocomposite powders as a
function of pH (3, 7, 11) and temperature (30, 60, and 90 ◦C), and within a simulated salivary system.
Finally, its release kinetics modelling was performed using experimental models. The encapsulation
efficiency of OPO within the powders, along with the morphology and size of the particles, were also
evaluated by an atomic force microscopy (AFM) analysis. The results showed that the encapsulation
efficiency was in the range of 70–88%, and the nanoscale size of the particles was confirmed by
AFM. The release profile showed that the lowest and the highest release rates were observed at the
temperatures of 30 and 90 ◦C and in the pH values of 3 and 11, respectively, for all three samples. The
Higuchi model provided the best model fitting of the experimental data for the OPO release of all the
samples. In general, the OPO encapsulates prepared in this study showed promising characteristics
for food flavoring applications. These results suggest that the encapsulation of OPO may be useful
for controlling its flavor release under different conditions and during cooking.

Keywords: limonene; biopolymeric nanocomposite; release kinetics; encapsulation

1. Introduction

Flavors are very valuable compounds in the food and pharmaceutical industries.
Orange peel oil (OPO), extracted from citrus peels as a liquid food flavor, is volatile and
unstable in the presence of light, oxygen, humidity, and high temperatures. It is a mixture
of several chemical ingredients, mainly consisting of d-limonene (>90%), which is the base
sensory characteristic of OPO and is very unstable under processing and environmental
conditions [1]. Encapsulation is an effective strategy to minimize these unfavorable effects
and improve the bioavailability and stability of OPO. Encapsulation allows the protection
of flavors from environmental degradation and controls their release during shelf-life and
consumption [2,3].
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Biopolymer nanoparticles (NPs) are used as efficient nanocarriers in food and pharma-
ceutical systems and can be applied for the encapsulation of valuable bioactive compounds
and nutraceuticals, such as flavors, vitamins, carotenoids, omega-3 fatty acids, flavonoids,
sterols, etc. Biopolymer NPs can be produced alone or through clustering and chain-linking
of a biopolymer (protein or polysaccharide), or by controlling the binding and complexing
of protein molecules and polysaccharides [4]. Polysaccharide–protein NPs are applied
for encapsulation more widely than pure and individual biopolymer NPs. The protein–
polysaccharide composite is an effective carrier for the encapsulation of volatile substances
under optimal conditions (in terms of protein: polysaccharide ratio, concentration, ionic
strength, pH, and temperature). In fact, this complex is formed through covalent and/or
electrostatic bonds [5,6]. The complexes can be produced in nano sizes by high-energy den-
sities such as ultrasonication, which causes higher surface-to-volume ratios and can protect
the encapsulated ingredients from degradation more efficiently [7,8]. Whey protein con-
centrate (WPC) is a combination of different globular proteins containing β-lactoglobulin,
being the most dominant, followed by α-lactalbumin, which is used extensively in the
production of protein–polysaccharide complexes [9]. On the other hand, pectin is one of the
most popular hetero-polysaccharides obtained from natural sources, such as citrus fruits,
apples, and sugar beetroots, with the main chain of galacturonic acid units and methanol
partially esterified. Low-methoxyl pectin (LMP) is an anionic polysaccharide prepared
from the de-esterification of high-methoxyl pectin [10].

Mathematical modeling of the release behavior of bioactives provides beneficial infor-
mation related to the chemical processes and mass transfer of bioactives from encapsulated
ingredients. It also shows how different factors such as morphology affect the release rate.
Therefore, it is possible to predict the kinematic release with minimal experimental data,
and then the optimized conditions for the release profile of encapsulated bioactives can be
determined [9,11]. There have been extensive studies on the release kinetics of bioactives
and nutraceuticals from encapsulated environments, and the modeling of release behavior.
For instance, Fathi et al. [12] investigated the release kinetics of hesperidin from NPs of solid
lipids in simulated gastrointestinal conditions using the zero-order, first-order, Higuchi,
and Pepas mathematical models. Their results showed that the Pepas and the zero-order
models were the best and the worst models, respectively, for almost all the samples to
describe the release of hesperidin, based on the correlation coefficient [12]. Alvarado,
et al. [13] evaluated ferrous bisglycinate release kinetics from W1/O/W2 double emulsions
stabilized by a complex of WPC with the polysaccharide of gum arabic (GA), mesquite
gum (MG), or LMP, in the pH range of 1.5–5, and fitted the data to the models of zero-
order, first-order, Hixson–Crowell, and Higuchi. Their results showed that the W1/O/W2
multiple emulsions stabilized with WPC:MG (5% w/w total biopolymers concentration)
provided smaller droplet sizes (2.05 µm), better protection against ferrous bisglycinate
oxidation (29.75% Fe3+), and a slower rate of ferrous bisglycinate release from W1 to W2.
In addition, their results indicated that the thickness of the protein (i.e., polysaccharide
complex adsorbed around the multiple emulsion oil droplets, which were determined by
measuring the z-average diameter of the complexes) was the key factor affecting the release
kinetics of the ferrous bisglycinate from the inner aqueous phase of the multiple emulsions
to the outer aqueous phase. The thicker the protein–polysaccharide complex interfacial
membrane in the multiple emulsions—the slower the release kinetics [13].

Assadpour et al. [9] evaluated the release kinetics of folic acid-loaded nano double
W1/O/W2 emulsion. First, they prepared folic acid-loaded W1/O nano-emulsions, and
then re-emulsified them into an aqueous phase (W2) containing a single layer of WPC, or a
double layer of WPC–pectin complex, to form W1/O/W2 emulsions. They evaluated the
release profile of the folic acid in aqueous solutions with predetermined pH values (4, 7,
11) at 37 ◦C. The solutions were stirred at 750 rpm for different time intervals from 5 to
60 min. The release kinetics of the folic acid was calculated using the zero-order, first-order,
Higuchi, and Hixson–Crowell experimental models. Their results showed that folic acid
nano-capsules made with Span surfactant had the lowest and highest release rates at the
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pH values of 4 and 11, respectively. The single-layer WPC-encapsulated powders had the
best model-fitting for the release of folic acid data with the highest R2.

In the present work, OPO-loaded WPC–pectin nanocomposites were produced, and
the optimum nanocomposite was selected based on different levels of WPC (4, 6, 8 g),
pectin (0.5, 0.75, 1 g), and pH (3, 6, and 9) through response surface methodology (RSM)
and conducting analyses such as color, viscosity, and stability on the nanocomposites.
The main goal was to investigate the release profile of OPO from freeze-dried optimized
powder particles as a function of pH (3, 7, and 11) and temperature (30, 60, and 90 ◦C). It
was expected that acidic pH values and lower temperatures could control the release of
OPO from the complexes. Then, its release kinetics modeling was performed using the
experimental models of zero-order, first-order, Higuchi, and Hixson–Crowell to find the
best-fitting model. The final goal was to evaluate the release of OPO from the powders in a
salivary simulated system and to find the best formulation for applying encapsulated OPO
in food products, such as fruit juices.

2. Materials and Methods
2.1. Materials

OPO (including >96% d-limonene) and Tween 80, as the emulsifying agent, were
purchased from Ramsar Citrus Concentrate Co. (Ramsar Citrus Concentrate Co., Ramsar,
Iran) and Sigma-Aldrich Co. (St. Louis, MO, USA), respectively. Citrus LMP, WPC (80%
w/w protein, 3.5% ash, 6% moisture, and 0.45 g/cm3 bulk density), and maltodextrin
(MD; DE = 16–20) were purchased from Sigma-Aldrich Co. (USA), Arla (Denmark), and
Qinhuangdao (China), respectively. Double distilled water was used for the preparation of
all the solutions. The enzyme of α-amylase (from a porcine pancreas), DFP-treated, Type
I-A, saline suspension, ≥1000 units/mg protein (E1%/280) was purchased from Sigma-
Aldrich Co (USA). All the other chemicals used in this study were of an analytical grade.

2.2. Encapsulation Process of Orange Peel Oil in Whey Protein–Pectin Complexes

According to Figure 1, for preparing 100 mL pectin solutions, pectin powder (0.5, 0.75,
1 g) was dissolved in deionized water (70 ◦C). Then, different WPC aqueous solutions
(100 mL) were prepared by dispersing the required WPC powder content (4, 6, 8 g) in
deionized water. In addition, maltodextrin at a ratio of 50% w/v (at constant concentration)
was prepared and added into the mixed biopolymer solutions as a filler. These solutions
were stirred for at least 30 min on a magnetic stirrer (IKA, Germany) and stored overnight
at room temperature to complete the hydration of the biopolymers [2].
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The prepared solutions of pectin, WPC, and maltodextrin were mixed together in the
same volumes and stirred for 30 min on a magnetic stirrer. Then, Tween 80 was added to
the solutions at the ratio of 10% of the total solids and mixed to dissolve entirely. After that,
OPO was added into each solution at the ratio of 20% of the total solids (a constant ratio that
was obtained in pre-tests) gradually under homogenization by an ultrasonic homogenizer
(Iranian Ultrasonic Technology Company, 20 kHz, 400 W, 12 mm probe diameter) at a
power of 350 W and a temperature of 25 ◦C for 10 min. The pH of the solutions was
adjusted to predetermined pH values (3, 6, and 9) using HCl and NaOH (0.1 and 1 N), and
the complexes were formed [2].

The optimum nanocomposite was selected through the central composite design
pattern of the response surface methodology (Design Expert Software, State-Ease Co.,
version 10). This was based on the viscosity, color (L*), and stability analysis, which was
measured by a viscometer (LVDV Pro II, Brookfield Engineering, spindle S00, USA), Image
J software (image analysis), and accelerated centrifugation (Sigma Co., 3K30 model) at
20,000× g and 25 ◦C for 30 min, respectively [7,14,15]. The optimum nanocomposite
(optimized ratio of WPC and pectin) was formulated in three different pH values (3,
6, and 9) and converted into powdered forms by freeze-drying (FDB5503 Freeze-dryer;
Operon, Gyeonggi-do, Republic of Korea); the samples were named NC3, NC6, and NC9,
respectively. The freeze-dried samples were ground into a suitable powder by a pestle and
mortar [7].

2.3. Encapsulation Efficiency of Orange Peel Oil

It is necessary to analyze the encapsulated nanocomposite powders to determine
the total content and surface content (non-encapsulated) of OPO in them. Accordingly,
0.5 g of each powder was dispersed in 20 mL hexane. After 2 min, the solution was
filtered using a Whatman paper no. 41. The filtered solution was then analyzed using
a UV–Vis spectrophotometer (T80, PG Instruments Ltd., UK) at 231 nm wavelength to
identify the OPO content on the surface of the powders (NC3, NC6, NC9) (i.e., non-
encapsulated fraction) (Matias et al., 2014). To identify the total content of OPO, 0.5 g of
the powders were mixed in 20 mL distilled water (pH = 6–7) and vortexed (high power)
until completely dissolved. The prepared solution was then mixed with 20 mL hexane
and vortexed for a further 5 min. After that, the solution was centrifuged at 3500× rpm
for 20 min, and the supernatant was used to determine the total content of OPO using
the UV–Vis spectrophotometer at the wavelength of 231 nm. The encapsulation efficiency
(EE%) of the OPO was calculated using Equation (1) [16,17]. The result of EE% was applied
in estimating the amount of OPO release:

EE% = (Total amount of loaded oil − surface content of oil)/(Total amount of loaded oil)× 100 (1)

2.4. Atomic Force Microscopy Analysis

An atomic force microscope (AFM) (DualScopeTM DS95-50, DME, Denmark) was used
for the morphological characterization and analyzing the particle size and size distribution
of nanocomposites of the WPC–pectin. A drop of diluted nanocomposite suspension
(0.05 mg/mL) was applied on a clean glass surface and dried at room temperature for the
preparation of the AFM samples. Then, the AFM images for NC3, NC6, and NC9 were
analyzed [18].

2.5. Release Profile Analysis of Orange Peel Oil

To determine the release profile of OPO from the pectin–WPC nanocomposites (NC3,
NC6, and NC9), 0.5 g of encapsulated OPO powder was dispersed in 50 mL aqueous
solutions with adjusted pH values of 3, 7, and 11. These suspensions were then stirred on a
magnetic stirrer (750 rpm) at different temperatures (30, 60, 90 ◦C) for various time intervals
from 30 to 1800 s. After that, a 1 mL sample at each time point was taken out during the
stirring and filtered by Whatman paper No. 41. Finally, 0.3 mL from each taken sample
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was mixed with 3 mL hexane, vortexed for 2 min, and then centrifuged (3k30, Sigma, USA)
at 3500× rpm for 15 min. The content of OPO was then determined spectrophotometrically
(T80, PG Instruments Ltd., England) at 231 nm [19]. The amount of encapsulated OPO was
determined through EE %; so, by estimation of the amount of released OPO, the percentage
of the released content can be determined. The release kinetics of OPO were calculated
using the following model Equations (2)–(5) [20]:

Zero-order : Qt = Q0 + K0 t (2)

First-order : Log Ct = Log C0 − K1t/2.303 (3)

Higuchi : [Q]t = [k]h×t/2 (Higuchi, 1961) (4)

Hixson-Crowell : [C0]
1
3 − [n(Ct)]

1
3 = KHCt (5)

where k is the model constant, Qt is the released concentration of OPO at any time, t is time,
Q0 is the initial concentration of OPO in the solutions (usually Q0 = 0), Ct is the remained
concentration of OPO within the capsules after time t, and C0 is the initial concentration of
OPO within the capsules.

2.6. Determination of the Release Profile in Simulated Salivary Conditions

The notable issue for the WPC–pectin complexes containing OPO is whether α-
amylase can hydrolyze the complex or not, because the salivary system contains α-amylase
and other minerals and enzymes. Therefore, it was expected that the simulated salivary
fluid would be able to hydrolyze maltodextrin within the structure of complexes during
chewing. This results in the release of the OPO, which is favorable in terms of sensory
properties when this carrier system is going to be applied in food formulations. This part
of the study was designed to evaluate the hydrolysis of WPC–pectin complexes containing
OPO and the amount of release in a simulated salivary condition. The release profile of
OPO in salivary conditions was determined by incubating OPO-loaded nanocomposites in
simulated salivary conditions. For this purpose, 200 mg of the WPC–pectin nanocomposite
powder was incubated in the simulated salivary fluid (SSF) (temperature of 37 ◦C, pH = 6.8
and enzymatic activity of 100 µg/mL) for 2 min [21,22]. The SSF was an aqueous solution
with a pH of around 6.8 (pH was adjusted by potassium hydroxide), which contained
10.0 g/L sodium carboxymethyl cellulose, 2 g/L methyl-p-hydroxy benzoate as a preserva-
tive, 0.29 mmol/L magnesium chloride, 8.38 mmol/L potassium chloride, 4.62 mmol/L
dikalium hydrogen phosphate, 1.13 mmol/L calcium chloride, 0.022 mg/mL fluoride, and
2.40 mmol/L kalium dihydrogen phosphate to simulate human salivary conditions [23].
Sodium carboxymethyl cellulose increases the viscosity of the artificial salivary fluid in
order to mimic the viscous flow of natural salivary fluid and other materials, and provide
the inorganic components in natural salivation. Another important ingredient in SSF is
amylase. The quantity of applied α-amylase was 100 units/mL to simulate the average
activity while chewing [24]. Incubation was performed in a 50 mL beaker filled with 20 mL
SSF at 37 ◦C under continuous stirring (100 rpm). The samples were taken after 1 min and
2 min incubation, and the extent of released OPO from the nanocarriers in the SSF was
measured by spectroscopic absorbance at the wavelength of 231 nm [21,24].

2.7. Statistical Analysis

In the first step of the study, EE% was estimated, and the size and morphology were
evaluated for the NC3, NC6, and NC9 samples by AFM analysis. Then, the influence of
various pH values (3, 7, 11) and different temperatures (30, 60, 90 ◦C) on the release profile
of the NC3, NC6, and NC9 samples was investigated by factorial experiments through
SAS Software (version 9) in two replicates. Further, in the simulated salivary conditions,
the release rate of the three powders was evaluated. The graphs were drawn by Minitab
software (version 16) and Excel (version 2010). MATLAB software (version 2012) was



Foods 2023, 12, 831 6 of 17

applied for fitting the release data with the kinetic models. The best fitting of the models
with the release data was determined, based on a high correlation coefficient.

3. Results and Discussion
3.1. Results of Encapsulation Efficiency for Powders

According to the gas chromatography performed on OPO (Figure 2), which showed
that limonene is the main ingredient in OPO, and the review of previous studies that used
the wavelength of 231 nm for limonene as the wavelength that has the most absorption, we
used a wavelength of 231 nm to check the amount of limonene inside the capsules.
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Figure 2. Chromatogram related to gas chromatography of OPO.

The EE% was calculated using Equation (1). It was revealed that the EE% of the NC3,
NC6, and NC9 powders was 88%, 84%, and 70%, respectively. The maximum EE% value
was achieved in pH = 3, as the complex coacervate was formed with a higher and stronger
entrapment of OPO within the nanocomposite particles. It was revealed that the increase of
pH from 6 to 9 decreased the EE% of the OPO within the produced nanocomposites, which
can be due to the weaker complex formation at higher pH values [9,16,23]. At higher pH
values (above the isoelectric point of proteins), the amount of OH− groups on the surface
of amino acids is increased more than the H+ groups, so the negative charges on the protein
will be dominated; the pectin is also negatively charged, due to the presence of carboxyl
groups on its surface. As a result, stronger repulsive forces are generated between the WPC
and pectin than the electrostatic interactions between the anionic carboxyl groups of pectin
and positively charged groups of WPC, resulting in weaker complexes being formed at
higher pH values [9,16,23].

3.2. Evaluating the Morphology and Size of Nanocomposites

The morphological characteristics, particle size, and particle size distribution of WPC–
pectin complexes (NC3, NC6, NC9) were determined using AFM. The AFM images con-
firmed the nano-size structure and spheroid-like appearance of the WPC–pectin complexes
on a 10.1 × 1.2 µm scale (Figure 3). The images in terms of particle size showed that the
maximum amounts of WPC–pectin nanocomposites in NC3, NC6, and NC9 samples had an
average size of 110, 20, and 90 nm with a size distribution of 20–210, 0–170, and 10–160 nm,
respectively. According to the size distribution data in the NC9, particles of different sizes
are seen because the complex was not well-formed. Still, the size of the particles in the
NC6 and NC3 was in the range of nano, and more concentrated around, a specific size.
The comparison between the AFM images of the samples showed that smaller and larger
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WPC–pectin NPs were observed for the NC6 (Figure 3B) and NC3 samples, respectively
(Figure 3A). The nanocomposite particles of the NC3 were more spherical than the particles
in the NC6 and NC9, which may be due to the complex coacervation and aggregation of
the WPC–pectin complexes. In the NC9 powder, both biopolymers had negative charges,
and the positive charges on the groups of WPC were also lower. Therefore, the repulsion
between these two biopolymers was higher, and the detachment of pectin from the WPC
surfaces occurred, resulting in bigger particle sizes (Figure 3) [7,18,25].
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3.3. Influence of Different pH Values on the Release of Orange Peel Oil

The release profile analysis of the OPO from the three types of freeze-dried WPC–
pectin nanocarrier powders (NC3, NC6, NC9) is shown in Figure 4. In all three powders,
the highest release rate was observed in the first 0–240 s. It is most probably due to the
structural changes in the first 0–240 s, due to swelling and the structural re-organization of
the nanocomplexes. This would mean a concentration- and/or time-dependent diffusion
phenomenon, which can be described by case II diffusion models [26]. This release behavior
suggests a dual diffusion process; i.e., probably two values of diffusivity could be calculated,
one at the very first stages when swelling occurred, and another much greater after the
structural changes. In order to simplify the calculations, the release rate of the OPO in each
time interval was determined by calculating the slope of the relevant lines. In the time
interval of 15–30 min, it followed faster kinetics, depending on the pH. As can be seen
in Figure 4, at higher pH values (pH = 11), the release of the OPO was increased, and it
had maximum values in alkaline conditions, which could be due to disintegration and
better solubility of the complexes, which is caused by better solubility of WPC and faster
decomposition of pectin in alkaline conditions, similar to the results of Assadpour et al. [7].
On the other hand, the solubility of WPC at around its isoelectric point (pI ≈ 4) reached the
lowest values [27], so that, under acidic conditions (pH = 3), nonencapsulated powders
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precipitate and agglomerate. Therefore, it is difficult for these powders to dissolve and
release their bioactive content completely. Generally, the release rates of the OPO in alkaline
(pH = 11) and acidic (pH = 3) conditions were higher and lower, respectively, which could
be desirable as it is important for nutraceutical compounds to tolerate and pass the acidic
conditions of the stomach, reach the intestine, and release their cargo in alkaline conditions
for their absorption in cells [28].
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The release rates of the OPO from the NC3 powder at three pH values (3, 7, 11) were
the lowest values, as shown in Figure 4A. The release rates for this powder at pH = 3, 7, and
11 were obtained as 0.06, 0.08, and 0.12, sequentially. The rates of released OPO at pH = 3,
7, and 11 were 18, 24, and 36%, respectively, after 240 s. In the following time interval
(240–600 s), the release rate of the OPO was reduced in all the pH ranges, and the release
rates for pH = 3, 7, and 11 were 0.05, 0.07, and 0.08, respectively. Finally, in the time of
600–1800 s, it was decreased again, and, for the pH = 3, 7, and 11, it was equal to 0.01, 0.01,
and 0.02, respectively, which were almost the same for all the studied pH ranges. In fact, the
NC3 powder had the lowest and highest release rates at pH = 3 and pH = 11, respectively.
In the NC6 powder (Figure 4B), the release rate of OPO at pH = 3, 7, and 11 was observed
about 0.1, 0.13, and 0.16 at 0–240 s, sequentially. After 240 s, the NC6 released 27, 35, and
45% of its total OPO content at pH = 3, 7, and 11, respectively; therefore, the release of the
NC6 sample was faster and greater than the NC3 powder in the time interval of 0–240 s,
because the formed WPC–pectin complexes in the NC6 powder were weaker than their
NC3 counterparts. For the NC9 powder (Figure 4C), the release rate of OPO for all the pH
values was 0.17 between 0 and 240 s. It was 0.03, 0.04, and 0.04, for pH = 3, 7, and 11 at
240–600 s, respectively, and it was 0.01, 0.02, and 0.02 at 600–1800 s, sequentially. Generally,
the rate and the amount of release over time was higher for the NC9 powder than the NC3
or NC6, due to the weaker formed complexes in the NC9 powders [7]. During the first
240 s, the NC9 released 40, 41, and 42% of its total OPO at pH = 3, 7, and 11, respectively.

By comparing these three types of prepared nanocarriers, it was found that the rate
of release in the first (0–240 s) and second (240–600 s) phases for the NC3 sample was
<NC6 and NC9 powders, because the formed WPC–pectin complexes in the NC3 delivery
system were stronger and more protective, so they could entrap and protect the OPO more
effectively. In addition, the release rate in the NC6 powder was <NC9 powder, due to the
formation of stronger complexes in the NC6 sample. A statistical analysis also showed
that the influence of pH on the release rate in all three powders was significant (p < 0.05).
When OPO is used as an encapsulated nutraceutical compound in food formulations, its
protection is very important to reach the intestine. Accordingly, the NC3 powder proved to
be the optimum nanocarrier among the three to be used as a functional food ingredient,
due to its higher tolerance in the acidic conditions of the stomach with a lower release rate,
while the OPO can be released in the alkaline conditions of the intestine at the highest
rate [29,30].

3.4. Influence of Different Temperatures on the Release of Orange Peel Oil

Figure 5 shows the release profile of OPO from the powder particles of three nanocar-
riers made with complexes of WPC–pectin, prepared at pH = 7, and three temperatures
(30, 60, and 90 ◦C). Our results revealed that, at higher temperatures, the release rate
was increased, so the maximum release was observed at 90 ◦C, but generally speaking,
except for the NC3 (Figure 5A) sample, the release rates were not much different at various
temperatures. That can be due to the stronger formation of the complexes of NC3 powder,
which could further retain the OPO. Therefore, the release rate of NC3 was lower at first
and increased when the temperature was raised, resulting from the degradation of the
walls of the capsules at higher temperatures. The release of OPO from the NC6 (Figure 5B)
and NC9 (Figure 5C) samples was high at the initial temperature but did not change much
as the temperature increased. That can be attributed to the weaker WPC–pectin complexes
formed in these two powders than those in the NC3 powder. Our findings agreed with the
results of Assadpour et al. [7].
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The influence of temperature on the release can be related to the faster dissolution of
the capsule-wall construction at the higher temperatures. The NC3 powder (Figure 5A) had
a release slope of 0.09, 0.09, and 0.11 at 30, 60, and 90 ◦C, respectively, in the time interval
of 0–240 s, and almost 25, 26, and 38% of the total OPO was released in these conditions.
That indicates a higher release rate at 90 ◦C. In the next time interval of 240–600 s, the
release rate for this powder was lowered at all the temperatures, and the slope of the release
in all the temperatures was equal to 0.05. In the final studied time interval (600–1800 s),
the release slope was decreased further, compared to the previous time, and the release
slope was 0.02, 0.2, and 0.01 at 30, 60, and 90 ◦C, respectively. For the NC6 powder
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(Figure 5B), the influence of temperature was lower, and the release rate was higher at all
three temperatures compared to the NC3 powder. The NC6 powder released 34, 35, and
42% of its total OPO in the time of 0–240 s. These results showed that, at 90 ◦C, the release
rate and the overall release percentage were higher than the other temperatures. In the
time interval of 240–600 s, the release slope for all the temperatures was 0.05 and decreased
less than the previous time. In the next time interval, of 600–1800 s, it was 0.01, 0.20, and
0.20 at 30, 60, and 90 ◦C, sequentially. The NC9 powder (Figure 5C) had a released content
of 38, 42, and 44% from its total OPO, with a slope of 0.15, 0.17, and 0.17 at 30, 60, and
90 ◦C, respectively, in the time interval of 0–240 s. The release slope at all the temperatures
for this sample was the same, and equal to 0.03 and 0.02 in the times of 240–600 s and
600–1800 s, sequentially. Therefore, as a general result, the release rate in the NC9 powder
was approximately the same in all the temperatures.

It was found that the release rate of the NC3 powder in the time interval of 0–240 s was
lower than the other two samples. That can be due to the stronger WPC–pectin complexes
formed for the NC3, which could protect the OPO more effectively, resulting in its lowest
release rate. The NC6 and NC9 powders had almost the same release rates and different
release contents. The highest release content was observed in the NC9 powder at 90 ◦C. That
can be attributed to the weaker complexes formed in the NC9. Further, the temperature of
90 ◦C resulted in the disintegration of the formed complexes and the increased release of the
OPO. The statistical analysis results also revealed that the influence of temperature on the
release rate in all three powders was significant (p < 0.05). For targeted delivery of OPO as
a nutraceutical into the body, it is important to maintain a temperature of about 30 ◦C (close
to our body temperature) and have an appropriate release rate at this temperature. On
the other hand, the high temperatures of thermal processes and the storage temperatures
should have minimum effects on the loss and the release of OPO during processing. Hence,
the NC6 nanocarrier powder with the minimum effect of temperature on its release rate
would be the optimal sample for these conditions [29,30].

3.5. Modeling of the Orange Peel Oil Release Profile in Different Conditions

In order to choose the best model for fitting the release data of OPO from the NC3,
NC6, and NC9 powders, the parameters of each model were determined using the zero-
order, first-order, Higuchi and Hixson–Crowell models. As an example, the OPO release
rates of the NC3 powder are listed in Table 1, along with its corresponding correlation
coefficients. The release profile in the two other powders was similar to the NC3 sample.
The best release modeling was achieved in alkaline conditions (Table 1 and Figures 6–8),
based on the obtained correlation coefficients for all the samples, which was similar to the
results of Assadpour et al., [7]. In addition, the results of the release modeling showed that
the Higuchi and Hixson–Crowell models were the best and worst models, respectively, in
terms of fitting the experimental release data for all three powders containing OPO.

Table 1. Parameters of kinetics modeling for the release of orange peel oil from NC3 powder at
different conditions.

Zero-Order First-Order

Treatments R2 K RMSE R2 K RMSE

T = 30 ◦C, pH = 3 0.90 ± 0.01 0.04 ± 0.01 7.64 ± 0.05 0.83 ± 0.01 0.001 ± 0.000 0.02 ± 0.00
T = 30 ◦C, pH = 7 0.87 ± 0.02 0.08 ± 0.01 18.57 ± 0.08 0.84 ± 0.02 0.001 ± 0.000 0.05 ± 0.00
T = 30 ◦C, pH = 11 0.97 ± 0.01 0.11 ± 0.02 11.82 ± 0.05 0.99 ± 0.01 0.002 ± 0.000 0.02 ± 0.00
T = 60 ◦C, pH = 3 0.89 ± 0.02 0.05 ± 0.01 11.07 ± 0.09 0.75 ± 0.03 0.001 ± 0.000 0.04 ± 0.00
T = 60 ◦C, pH = 7 0.95 ± 0.01 0.09 ± 0.01 11.89 ± 0.05 0.94 ± 0.01 0.002 ± 0.000 0.03 ± 0.00
T = 60 ◦C, pH = 11 0.87 ± 0.02 0.10 ± 0.02 23.76 ± 0.10 0.93 ± 0.01 0.003 ± 0.000 0.07 ± 0.01
T = 90 ◦C, pH = 3 0.81 ± 0.03 0.06 ± 0.01 17.15 ± 0.11 0.33 ± 0.04 0.001 ± 0.000 0.09 ± 0.01
T = 90 ◦C, pH = 7 0.82 ± 0.01 0.08 ± 0.01 22.63 ± 0.09 0.65 ± 0.02 0.002 ± 0.000 0.10 ± 0.01
T = 90 ◦C, pH = 11 0.88 ± 0.01 0.10 ± 0.02 21.93 ± 0.20 0.92 ± 0.01 0.003 ± 0.000 0.08 ± 0.00
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Table 1. Cont.

Higuchi Hixson–Crowell

Treatments R2 K RMSE R2 K RMSE

T = 30 ◦C, pH = 3 0.96 ± 0.01 0.71 ± 0.10 1.92 ± 0.03 0.80 ± 0.01 0.000 ± 0.000 0.10 ± 0.00
T = 30 ◦C, pH = 7 0.96 ± 0.01 1.56 ± 0.21 6.30 ± 0.07 0.78 ± 0.01 0.001 ± 0.000 0.26 ± 0.01
T = 30 ◦C, pH = 11 0.94 ± 0.01 1.70 ± 0.28 6.30 ± 0.11 0.98 ± 0.01 0.001 ± 0.000 0.11 ± 0.00
T = 60 ◦C, pH = 3 0.97 ± 0.01 1.07 ± 0.16 2.27 ± 0.04 0.70 ± 0.02 0.001 ± 0.000 0.18 ± 0.01
T = 60 ◦C, pH = 7 0.99 ± 0.01 1.58 ± 0.26 2.35 ± 0.04 0.89 ± 0.01 0.001 ± 0.000 0.20 ± 0.01

T = 60 ◦C, pH = 11 0.96 ± 0.02 2.26 ± 0.18 4.79 ± 0.06 0.82 ± 0.01 0.002 ± 0.000 0.40 ± 0.01
T = 90 ◦C, pH = 3 0.83 ± 0.02 1.65 ± 0.32 6.27 ± 0.08 0.14 ± 0.02 0.001 ± 0.000 0.41 ± 0.01
T = 90 ◦C, pH = 7 0.88 ± 0.01 2.06 ± 0.04 6.99 ± 0.07 0.47 ± 0.02 0.002 ± 0.000 0.49 ± 0.02

T = 90 ◦C, pH = 11 0.94 ± 0.01 2.37 ± 0.06 5.97 ± 0.08 0.78 ± 0.03 0.002 ± 0.000 0.45 ± 0.02

As shown in Table 1, when the temperature was constant at 60 ◦C, the k-index for the
Higuchi model at pH = 3, 7, and 11 was equal to 1.07, 1.58, and 2.26, respectively; and when
the pH was constant at 7, the k-index was equal to 1.56, 1.58, and 2.06 at 30, 60, and 90 ◦C,
respectively. Therefore, by increasing the pH and temperature, the complexes dissolved faster,
resulting in higher release rates (k-index), and this trend had already been observed in the
two other powders for the release profile. The remaining evaluated models showed the same
trend and similar parameters. In other words, in a constant temperature (60 ◦C), the release
rate at pH = 11 was 1.5 times >pH = 7 and 2 times >pH = 3. The reason could be that, in acidic
conditions, encapsulated powder particles form precipitates and aggregate out of the solution,
which makes it very difficult for the internal encapsulated OPO to release out of the capsules.
Also, in a constant pH = 7, the release rate at 90 ◦C was almost 2 times >60 ◦C and about
1.3 times >30 ◦C. The results are consistent with the literature [7,31].

The fitted model diagrams for the release data of the NC3 powder with a correlation
coefficient >0.9 are shown in Figures 6–8, and the Higuchi model was determined as the
best fitted model to the release data.

3.6. The Release of Orange Peel Oil in Simulated Salivary Conditions

The content of released OPO from the total core material in all three types of powders
was determined, as shown in Table 2.

Table 2. The release of orange peel oil from three WPC–pectin complex powders in the simulated
salivary system.

Release (%)

Samples 1st Minute 2nd Minute

NC3 16.8 36.4
NC6 26.1 49.3
NC9 29.8 56.1

Our results revealed that, when the α-amylase was not present in the aqueous medium,
the release of OPO was much lower, while, in the presence of α-amylase, the OPO was released
at a higher rate. It was found that after 2 min, the NC3, NC6, and NC9 nanocomposite powders
had a release of 36, 49, and 56% of the total OPO, respectively. According to the release data, it
was obvious that the maltodextrin could be able to form a film as a bed for the nanocomposites
and entrap some OPO. Hence, by adding the α-amylase into the solution and hydrolyzing the
maltodextrin, more OPO was released. As shown in Table 2, and according to the previous
results in Sections 3.3–3.5, the highest and lowest release rates and the content of the released
OPO were observed in the NC9 and NC3 powders, respectively; because the formed WPC–
pectin complexes in the NC3 sample were protecting the OPO more efficiently, and a lower
release rate was observed. On the other hand, the formation of WPC–pectin complexes in the
NC9 powder was weaker, so the release of OPO was higher.
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from nano-delivery systems of pectin–whey protein powder particles (NC3) at 30 ◦C and different
pH values.
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Figure 8. Release profiles (dots) and regression modeling (red lines) of orange peel oil dissolution 
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when the pH was constant at 7, the k-index was equal to 1.56, 1.58, and 2.06 at 30, 60, and 
90 °C, respectively. Therefore, by increasing the pH and temperature, the complexes dis-
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observed in the two other powders for the release profile. The remaining evaluated mod-
els showed the same trend and similar parameters. In other words, in a constant temper-
ature (60 °C), the release rate at pH = 11 was 1.5 times >pH = 7 and 2 times >pH = 3. The 
reason could be that, in acidic conditions, encapsulated powder particles form precipitates 
and aggregate out of the solution, which makes it very difficult for the internal encapsu-
lated OPO to release out of the capsules. Also, in a constant pH = 7, the release rate at 90 
°C was almost 2 times >60 °C and about 1.3 times >30 °C. The results are consistent with 
the literature [7,31]. 

The fitted model diagrams for the release data of the NC3 powder with a correlation 
coefficient >0.9 are shown in Figures 6–8, and the Higuchi model was determined as the 
best fitted model to the release data. 
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dium, the release of OPO was much lower, while, in the presence of α-amylase, the OPO 
was released at a higher rate. It was found that after 2 min, the NC3, NC6, and NC9 nano-
composite powders had a release of 36, 49, and 56% of the total OPO, respectively. Ac-
cording to the release data, it was obvious that the maltodextrin could be able to form a 
film as a bed for the nanocomposites and entrap some OPO. Hence, by adding the α-
amylase into the solution and hydrolyzing the maltodextrin, more OPO was released. As 
shown in Table 2, and according to the previous results in Sections 3.3–3.5, the highest 
and lowest release rates and the content of the released OPO were observed in the NC9 
and NC3 powders, respectively; because the formed WPC–pectin complexes in the NC3 
sample were protecting the OPO more efficiently, and a lower release rate was observed. 
On the other hand, the formation of WPC–pectin complexes in the NC9 powder was 
weaker, so the release of OPO was higher. 

Figure 8. Release profiles (dots) and regression modeling (red lines) of orange peel oil dissolution
from nano-delivery system of pectin–whey protein powder particles (NC3) at 90 ◦C.

The statistical analysis also revealed that the difference between the samples was
significant (p < 0.05). In general, it can be concluded that, depending on the final food
formulations proposed for these encapsulated powders and their conditions, each powder
could deliver a good taste in the food products (based on the release data). At the same
time, the remaining (unreleased) OPO could go into the gastrointestinal tract as a functional
bioactive and be released there [32].

4. Conclusions

In this study, the release profile of OPO from the freeze-dried encapsulated powders
containing WPC–pectin complexes was evaluated at different temperatures of 30, 60, and
90 ◦C at different pH values of 3, 7, and 11. At first, the EE% of OPO in the encapsulated
powders was evaluated and obtained in a 70–88% range, and the size of the particles
was determined by an AFM analysis. The results of the release profiles showed that the
highest and lowest release rates in all the samples were in the alkaline (pH = 11) and the
acidic (pH = 3) conditions, respectively. In addition, the results of the modeling for the
release data indicated that Higuchi was the best-fitted experimental model for the release
data, with a high correlation coefficient, and the best modeling was performed in alkaline
conditions, based on the correlation coefficients for all three powders. The release of OPO
in the simulated salivary system was also investigated, and the results showed that, within
2 min, about 50% of the OPO was released. The statistical analysis results also showed a
significant difference (p < 0.05) between the samples; and the remaining content can also be
released within the intestine.
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