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Abstract: The use of nanoemulsions as encapsulation systems for active ingredients, such as cinnamon
oil, has been studied. A surfactant based on polyoxyethylene glycerol esters from coconut/palm
kernel oil has been used. The nanoemulsions were obtained by the two most commonly low-energy
emulsification methods, the composition inversion phase (PIC) and the temperature inversion phase
(PIT) methods. Nanoemulsions were successfully obtained by both methods, with very small droplet
sizes (5-14 nm) in both cases, but a greater stability was observed when the PIT method was used.
Nanoemulsions were encapsulated by external gelation using two different polysaccharides, alginate
or chitosan, dissolved in the continuous phase of the nanoemulsion. Then, the nanoemulsion was
dropped into a bath with a gelling agent. To improve the release control of cinnamon oil and
avoid the burst effect, beads prepared with one of the polysaccharides were coated with the second
polysaccharide and then gelled again. Double gelled beads were successfully obtained, the core
with chitosan and the outer layer (shell) with alginate. SEM images showed the morphology of the
single beads presenting high porosity. When the beads were coated, the porosity decreased because
the second polysaccharide molecules covered the pre-existing pores. The smoother surface was
obtained when this second layer was, in turn, gelled. The release patterns at pH =2 and pH =7
were studied. It was observed that the double gelled bead provided a more gradual release, but
maintained approximately the same amount of final released oil. The release patterns were fitted
to the Korsmeyer-Peppas model. The fitting parameters reflected the effect of the different coating
layers, correlating with different diffusion mechanisms according to the bead core and shell materials.

Keywords: encapsulation; double gelled microspheres; nanoemulsions; cinnamon oil; low-energy
emulsification method; alginate; chitosan; controlled release

1. Introduction

In recent years, consumer demand for products enriched with molecules that prevent
diseases and increase the added value of products has increased exponentially. This
fact has pushed the food industry to develop functional food products incorporating
bioactive compounds beneficial to health. There are many classes of molecules that act
as bioactive compounds of great interest, such as flavonoids and non-flavonoid phenolic
compounds, carotenoids, essential oils, etc. [1,2]. The main challenge in the development of
functional foods is the incorporation of these bioactive molecules into food matrices, using
edible systems capable of encapsulating, protecting and releasing molecules in a controlled
way [3].

In recent decades, the use of natural antimicrobial agents, such as essential oils, has
attracted the attention of researchers. It is well described that the antimicrobial activity
of essential oils derives from their molecular hydrophobicity [4]. Their low solubility in
water makes it necessary to store them in suitable locally hydrophobic carriers dispersed in
hydrophilic matrices, from which they can be released to promote their effectiveness [5].

One way to trap essential oils in aqueous matrices is to disperse them in direct na-
noemulsions (oil-in-water), which are subsequently encapsulated through gelation of the

Molecules 2024, 29, 158. https:/ /doi.org/10.3390 /molecules29010158

https://www.mdpi.com/journal /molecules


https://doi.org/10.3390/molecules29010158
https://doi.org/10.3390/molecules29010158
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/molecules
https://www.mdpi.com
https://orcid.org/0000-0002-3764-4673
https://orcid.org/0000-0002-1821-5216
https://doi.org/10.3390/molecules29010158
https://www.mdpi.com/journal/molecules
https://www.mdpi.com/article/10.3390/molecules29010158?type=check_update&version=1

Molecules 2024, 29, 158

2of 16

continuous phase. In this way, the essential oil is incorporated and protected, and its
release rate can be controlled. Due to their ability to disperse oils in the aqueous phase,
nanoemulsions are perfect systems for incorporating these active ingredients [6]. Different
researchers have studied nanoemulsions using essentials oils as the main active compound,
such as carvacrol [7,8], eugenol [9], lemon oil [10], and cinnamon oil [11], among others.
In the present study, cinnamon oil, from Cinnamon zeylanicum, is used due to its excellent
properties. Among its qualities are antifungal, antiviral and antibactericidal properties [12].
Moreover, it is used in the treatment of cardiovascular diseases because it reduces blood
glucose, as well as cholesterol [13].

Nanoemulsions are a type of emulsion with a very small mean droplet size, normally
less than 200 nm, and, as emulsions, they are thermodynamically unstable systems that
tend to separate over time into two phases. Due to their small droplet size, these emulsions
have a transparent or slightly bluish appearance, and their destabilization can be very slow.
Therefore, they are perfect candidates for use in foods to avoid coloration and an undesired
appearance or taste to consumers, and to have a reservoir of the active principle with a
sustained release. As non-equilibrium systems, nanoemulsions require the application
of energy to be formed. Depending on the way this energy is introduced, the formation
mechanisms of nanoemulsions are divided into high-energy mechanisms, where high
mechanical shear forces are used, and low-energy mechanisms, where chemical energy and
changes in spontaneous curvature during emulsification are used instead, under gentle
agitation. Many works on the use of nanoemulsions in the food industry use high-energy
mechanisms to obtain very small diameters, although low-energy methods are usually
preferred by the industry [14-20].

Low-energy methods are divided into three types: (i) the phase inversion temper-
ature method (PIT), (ii) the phase inversion composition method (PIC), and (iii) sponta-
neous emulsification. In this article, cinnamon oil nanoemulsions were obtained by the
first two methods. The PIT method was introduced by Shinoda [21] and is based on the
change of interface spontaneous curvature due to the change in hydrophilicity of surfac-
tants with ethylene oxide groups when the temperature is changed. A mixture is prepared
at a temperature higher than the phase inversion temperature of the system, related to the
hydrophilic-lipophilic balance temperature (HLB), the temperature at which the preference
of the surfactant by the aqueous and organic phases is the same. When this mixture is
suddenly cooled, the ethylene oxide chains are hydrated and a spontaneous change in cur-
vature occurs at the interface, from negative or zero to positive. The macroemulsion inverts
and goes from a water-in-oil emulsion to an oil-in-water emulsion with a very small droplet
size. In order to establish this mechanism, it is important to know the hydrophilic-lipophilic
balance (HLB) temperature of the system [11,22].

The PIC method, used by some authors [7,8,23,24], consists of changing the sponta-
neous curvature of the interface by the progressive addition of a component or a mixture
of components; in this case, starting with an oil-surfactant mixture and adding water or
water plus cosurfactant until the spontaneous curvature changes and it changes from a
water-in-oil emulsion to an oil-in-water fine emulsion.

The encapsulation of active compounds in polysaccharide spheres, such as alginates,
pectins, chitosan and other biopolymers, allows the introduction and release of these
compounds in a slow and sustained manner in the receiving medium. Some studies have
shown that some polysaccharides, such as alginate (Alg), are quite porous [25] and the
release of the active molecules encapsulated inside is very fast. Some authors have reported
that a mixture of polysaccharides improves the release control and protection of the active
compound [8,25,26].

The objective of the present study is to encapsulate direct nanoemulsions with cinna-
mon oil in different core matrices and evaluate the possibility of controlling the release rate
by adding another layer of polysaccharide (shell), which generates an additional resistance
to diffusion but allows the active compound to pass through. The beads are designed to
enrich foods and preserve them, such as in sauces and desserts. In this way, the release of
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the active ingredient is evaluated at acidic and basic pHs, which are the most common pHs
of foods.

2. Results
2.1. Phase Diagram

In order to understand the phase behavior of the system and, therefore, know in which
conditions and compositions nanoemulsions can be obtained by low-energy methods, it
was decided that the phase diagram at HLB temperature and room temperature (25 °C)
would be studied. The final composition of the obtained nanoemulsions was set at 10% w/w
of surfactant according to Chang et al. [27], who reported that a 10% w/w of surfactant
was a good balance between the amount used and, therefore, the cost of the production
and the stability of the nanoemulsions obtained. The ratio of essential 0il/carrier oil was
set at 30/70 according to previous studies [8] that proved it to be the best ratio in terms
of mean droplet diameter and stability. The HLB temperature of a system composed of at
least water, an ethylene oxide surfactant and an oil can be defined as the temperature at
which no preference of the surfactant by water or oil is observed; therefore, flat surfactant
layer structures are obtained, resulting in the formation of bicontinuous microemulsions or
lamellar liquid crystals. At this temperature, the intersolubility of water and oil is maximum.
According to Chuesiang et al. [11], an approximation of the HLB temperature, the PIT
temperature (phase inversion temperature), can be determined as the temperature at which
the system has low turbidity due to the formation of a bicontinuous microemulsion. In the
PIT temperature determination of the present system, the method of Chuesiang et al. [11]
was modified and the turbidity was measured using transmittance sweeps at different
temperatures instead of absorbance measurements through spectrophotometry. Figure 1
shows the transmittance of different samples vs. the temperature. It can be seen that the
transmittance of the samples, which indirectly measures their transparency, increases from
35 °C to 45 °C, which is the maximum for the four oil compositions studied. At 45 °C, the
samples show quite a high degree of transparency, indicating a maximum of intersolubility,
so it seems to be a good approximation of the HLB temperature of the system. It should be
said that, in any case, the sample was completely transparent. Because the temperature
of maximum transparency was 45 °C, it was decided that the phase diagram would be
studied at this temperature.
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Figure 1. Transmittance values at different temperatures of mixtures with 10% w/w of surfactant, oil
mixture (30/70 cinnamon oil/olive oil) and water.
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Once the PIT temperature was determined, the phase diagram was studied at the PIT
temperature (45 °C) (Figure 2a) and at the final temperature of the nanoemulsions (25 °C)
(Figure 2b).
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Figure 2. (a) Phase diagram at 25 °C for a cinnamon/oil 30/70 in the mixture oil and (b) phase
diagram at 45 °C for a cinnamon oil 30/70 in the mixture oil. Red points correspond to a single-phase
region and blue points are multiphasic regions.

Red points show single-phase regions, while blue points indicate multiphasic regions.
The multiphasic zones could not always be analyzed in detail because the upper phase
of some tubes had a very low amount, separation was very difficult and, consequently, it
was difficult to analyze it without contamination. In the areas of one phase, bicontinuous
phases were observed in most cases. These phases could be identified using a hydrophilic
dye (Brilliant Blue G) and a hydrophobic dye (Sudan IV). The use of these dyes established
the nature of the continuous domain of the sample. A pair of tubes for each chosen point of
the diagram was prepared, and a small amount of Brilliant Blue G was accurately located
on the surface of one tube, and Sudan IV was located on the other tube. Both tubes were
kept at rest, avoiding any type of perturbation, in order to observe the penetration of
the dye through the sample only due to diffusion. For each studied point of the phase
diagram, if the hydrophilic dye diffused and the hydrophobic dye did not, it indicated that
the continuous domain was aqueous and, therefore, a direct microemulsion was present.
On the other hand, if the hydrophobic dye was the one that diffused and the hydrophilic
dye did not, the continuous domain was oily and an inverse microemulsion appeared. If
both dyes diffused, both found a path to penetrate, indicating a bicontinuous nature of the
microemulsion (Figure 2).

Figure 2 shows that, at 45 °C, the single zone extends to lower amounts of surfactant
and higher amounts of oil mixture, indicating that, at this temperature, the affinity of the
surfactant for the oil has increased and less surfactant is required for solubilization, due to
the dehydration of the ethylene oxides present in its chains. At this temperature, there is
a predominance of bicontinuous structures, corresponding to the HLB temperature. This
affinity decreases when the temperature is decreased to 25 °C.

Two phases are present for both temperatures at the composition where the nanoemul-
sions are prepared (10% surfactant). However, the nature of the phases is not the same. A
big amount of sample was prepared, with a composition of 10% w/w surfactant, 2.5% w/w
oil mixture and 87.5% w/w water at both temperatures in order to be able to separate the
two phases formed, as one of them was very scarce, as said. Using the method of the dyes,



Molecules 2024, 29, 158

50f 16

the two phases present were identified at 25 °C as direct microemulsion (the predominant
one) and a small amount of excess oil phase. However, at 45 °C, most of the sample formed
a bicontinuous phase, and the residual separated phase was a direct microemulsion. This
behavior is in concordance with the change in the hydrophilic-lipophilic affinity of the
surfactant with temperature.

It is well known that the PIT method [21] occurs when, starting from a single phase
with a planar structure at a certain temperature, the sample is suddenly cooled, changing
the spontaneous curvature of the surfactant layer to a positive one. Very small droplets
are then formed that entrap the oil phase, which was initially intimately distributed inside
the single planar structure. Other studies [22,28,29] state that the incorporation of all the
oil into the initial planar structure is required, so that it is already finely distributed and
can be trapped in small droplets when cooling, thus forming nanoemulsions, and the
presence of excess of water or direct microemulsion at the HLB temperature does not
affect results. What is really relevant is that a free oil phase does not appear at the HLB
temperature to be able to prepare proper nanoemulsions. The phase diagram shows that, at
45 °C, there is still a multiphasic zone (Figure 2b), but the dye method indicated that these
phases were bicontinuous (most) and direct aqueous phases. That is why nanoemulsions
could be formed through PIT from 45 to 25 °C, although no single phase appeared at
the HLB temperature. The small amount of aqueous, direct microemulsion phase acted
just as a dilution media, as the continuous phase of the nanoemulsions is in fact a direct
microemulsion [7,30].

2.2. Nanoemulsions Characterization

The nanoemulsions were characterized as detailed in Sections 3.5 and 3.6. Figure 3
shows the diameter and stability of the nanoemulsions obtained by both preparation
methods, PIT and PIC.

The diameters obtained by both methods were very similar and very small (Figure 3a,b).
For the PIC method (Figure 3a), it was not possible to obtain a stable nanoemulsion with a
3.5% w/w oil mixture. For the PIT method (Figure 3b), nanoemulsions were also obtained
with a 4.5% w/w oil mixture, but they quickly destabilized; only up to 3.5% w/w were stable
enough to be taken into account for encapsulation purposes. The diameters obtained were
very small, with a maximum of 14 nm. These diameters are more typical of microemul-
sions, although it is not the first time that such small diameters have been reported for
nanoemulsions; for example, Salvia-Trujillo et al. [31] obtained nanoemulsions of 4.3 nm
using high-energy emulsification methods, such as sonication and microfluidization. Sugu-
mar et al. [32] reported nanoemulsions with mean droplet sizes of 3.8 nm using sonication
as well. However, to our knowledge, such small diameters have not been reported for
low-energy emulsification methods. This confirms that the dispersed systems formed in
this work were nanoemulsions and not microemulsions. On the one hand, when all the
components were mixed at the same time with a vibromixer, without any method (neither
PIC nor PIT), milky macroemulsions were formed that quickly destabilized; therefore, their
formation was not spontaneous, which is required for thermodynamically stable systems
like microemulsions. On the other hand, Figure 3c shows that not all the nanoemulsions pre-
pared with the same final composition were stable over time, i.e., their stability depended
on the emulsification method. To study the stability of the nanoemulsions, the relative
change of transmittance over time was studied (Figure 3c). A change in the transmittance
would indicate a change in the droplet size or the presence of sedimentation. Therefore,
if the transmittance of the samples remained constant over time, it indicated that these
emulsions were stable. The nanoemulsions obtained by the PIC method were, in general,
less stable than those obtained with the PIT method, except for the most diluted emulsion
tested, with only 0.5% w/w of oil phase, which was very stable for both methods. It seems,
therefore, that for the system studied, the PIT method was more suitable than the PIC one.
This was related to the fact that the surfactant used was a nonionic surfactant with polyethy-
lene oxide (PEO) and, due to the strong dependence of hydration degree of PEO chains
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with temperature when the PIT method was used, strong and fast changes in interface
spontaneous curvature occurred while cooling, trapping excess oil more properly. Such
strong and abrupt changes could not appear by gradual addition of water (PIC method).
The only nanoemulsion that presented good stability by the PIC method was the one that
used a very low percentage of oil. In that case, the methodology chosen did not impact as
strongly as in the case of containing more oil.
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Figure 3. (a) Nanoemulsion mean droplet size obtained by the PIC method for different w/w
oil mixtures, (b) nanoemulsion mean droplet size obtained by the PIT method for different w/w
oil mixtures and (c) change of relative transmittance values for all the prepared nanoemulsions
vs. time for different oil mixtures. All samples were prepared with a 10% w/w of surfactant
at the final composition. The relationship of cinnamon oil/olive oil was kept constant at 30/70.
Measurement and storage temperature was 25 °C.

2.3. Encapsulation of Nanoemulsions

The nanoemulsions prepared were encapsulated as described in Section 3.7. A
2.5% w/w of oil phase was chosen, prepared by PIT, because this nanoemulsion had
a good stability, providing a good percentage of cinnamon oil.

Nanoemulsions were encapsulated in two types of polysaccharide matrix, i.e., in
alginate (Alg) and chitosan (Ch), by the dissolution of the corresponding polysaccharide
in water and the use of this solution as the continuous phase of the nanoemulsion. The
beads were prepared by dropping the nanoemulsion in a solution of the proper gelling
agent (1.0% w/v CaCl, for Alg and 5% TPP for Ch). These beads were then subjected
to different types of incubation in order to study the effect of the addition of coatings
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and gelled layers (core-shell structures) on the release control. It has been reported in
numerous studies [8,26,33-36] that some encapsulation materials, especially alginate, have
high permeability, high porosity and poor mechanical properties that reduce the protection
of the active ingredient and the ability to control its release. In order to improve these
properties, both core beads (Alg and Ch) were firstly formed and subsequently covered by a
layer (shell) of the other polysaccharide and, in the case of the Ch-Alg capsules, the shell of
alginate was gelled, obtaining a double gelled bead. For the Alg-Ch capsules, the Ch shell
could not be gelled using TPP and the double gelled layer was not obtained in an analogous
way to Ch-AlgCaCl. When the Alg-Ch beads were immersed in the TPP solution, they
disintegrated. As previously described by other authors [37,38], the chitosan molecules
remain attached to alginate through the union of the -COO™ groups of the alginate with
the -NH;3* group of the chitosan, obtaining beads called Alg-Ch. If these capsules were
incubated in a TPP solution, the TPP molecules had the ability to form very strong bonds
with chitosan and somehow drag the chitosan molecules from the beads, breaking the
-COO™ bonds with NH3* and disintegrating not only the layer but also the whole bead.

In the case of Ch-core beads, after the nanoemulsion with the Ch solution as the con-
tinuous phase was dripped into a TPP solution, beads called Ch were formed, establishing
the links shown in Figure 4a.
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Figure 4. (a) Molecular interactions in the chitosan-TPP gelation mechanism, (b) molecular interac-
tions between chitosan and alginate coated beads and (c) molecular interactions between chitosan
and gelled alginate beads.

The -NH3* groups of chitosan formed bonds with the phosphate groups. When
these beads were subsequently immersed in an alginate solution to form the shell, the
COONHj;" bonds (Figure 4b) were formed and the Ch-Alg beads were obtained. In
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order to gel the shell of alginate, the capsules were then incubated in a 1.0% w/v CaCl,
solution, so that the alginate molecules that were attached to the chitosan formed a second
layer gelled by calcium ions (Figure 4c). All beads presented an encapsulation efficiency of
82% (p < 0.05) and a cinnamon loading capacity of 2% (p < 0.05).

Figure 5 I shows the image of alginate beads through the optical microscope, while
Figure 5 II shows the chitosan beads. One hundred beads of all types were measured.
The beads obtained had an average mean diameter of 3.9 £ 0.1 mm in all cases (p < 0.05),
measured microscopically, for both chitosan and alginate beads, although the preparation
methods were different. No significant differences between the mean values were observed
for the uncoated, coated and double gelled beads. They presented different appearances.
In the case of alginate-based beads, they had a transparent appearance and, in the case of
chitosan, their color was milky white. The morphology of the beads is shown in Figure 5 at
different magnifications. The Alg-based beads, i.e., Alg beads and Alg-Ch beads, are shown
in Figure 5a—f. The Ch-based ones are shown in Figure 5g—o. It can be seen that, for the
Alg single beads, the porosity of the surface was considerable, with big pores (Figure 5a—),
wider than that of the Ch single beads (Figure 5g—i). When Alg beads were covered by a
layer of chitosan, forming Alg-Ch beads, the porosity of the beads decreased, as seen in
Figure 5d-f, where a smoother surface can be observed. The pores were partially covered
by the molecules of Ch adhered to the surface. In the case of Ch-based beads, the single Ch
ones had an initial porosity, with smaller and more uniform pores than those presented by
Alg; however, when the alginate molecules were introduced as a shell, the images clearly
show how the pores were covered. Despite the Alg coating, the porous structure can still
be glimpsed through the thin coating layer (Figure 5j-1). The deposition of Alg molecules
did not modify the existing porosity but simply covered it, creating a thin layer that would
serve as additional resistance to the release flow of the active molecules encapsulated inside.
When the Alg coating was gelled, the morphology shown in Figure 5m—o was obtained.
In this case, the surface of the beads did not show any pores, and a double gelled bead
was obtained.

2.4. Cinnamon Oil Release Kinetics

In order to evaluate the suitability of the beads to delay the release of cinnamon oil
at different pH conditions (pH = 2 and pH = 7), the in-vitro release pattern was studied
in different buffer solutions at 25 °C. Figure 6 shows the cumulative release patterns of
the different prepared beads. Release studies were performed in duplicate to evaluate the
reproducibility of the results. It can be seen that the faster release occurred for single beads,
that is, those formed just by Alg or Ch, for both pHs. For Ch beads, the release was slower
than for Alg beads, corresponding to the lower porosity of the matrix. The addition of a
coating to the bead decreased the release rate. For the case of pH = 2 (Figure 6a), it can
be seen how the Alg beads, Alg-Ch beads and the Ch beads released the same amount
of cinnamon oil at the end of the experiment; however, at short times, the Ch beads and,
especially the Alg-Ch beads, released more slowly than Alg ones, making the dosage of
cinnamon oil more gradual than in the case of uncoated beads. When Ch-Alg beads and
Ch-Alg-CaCl, beads were used, the release was much slower and continued after 24 h, as
the slope of the curve was positive and a constant, plateau value was not achieved. For
pH =7 (Figure 6b), a similar behavior was observed, in which it was more clearly seen
that the double gelled beads had the slowest release, maintained in a sustained manner for
much longer. These results suggest that the shell adds an extra resistance to diffusion of the
active principle, especially if the shell is gelled, leading to a more controlled release. During
the release processes of active molecules, it is usual that the burst effect occurs [39]. This
effect consists of a rapid release of the molecules into the medium. When the molecules
have been encapsulated in polysaccharide beads, it is easy for a significant concentration to
remain in the most superficial area of the sphere. When the beads are introduced into the
release medium, these molecules from the outer layers are quickly released, causing a very
rapid increase in concentration known as the burst effect, which is magnified when the gel
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is porous. It can be seen that the use of a shell can reduce this burst effect, especially if it is
subsequently gelled.

Alg beads

Alg-Ch
beads

Ch
beads

Ch-Alg
beads

Ch-Alg-
CaCl,
beads

Figure 5. SEM images at different magnifications: (I) Alginate based beads: Alg beads (a—c), Alg-
Ch beads (d—f). (II) Chitosan based bead: Ch beads (g—i), Ch-Alg beads (j-1) and Ch-Alg-CaCl,
beads (m-o).

To evaluate the diffusion mechanisms involved in the release of cinnamon oil, the
experimental values were adjusted to the Korsmeyer-Peppas model (Equation (3)).

Table 1 shows the values obtained for each of the experiments carried out. The
Korsmeyer-Peppas model [40] provides information about the diffusion mechanism of the
active compound from the encapsulation system to the release medium. For n values < 0.45,
or 0.43 in the case of the spherical encapsulation shape [41], the drug transport release is
considered to be quasi-Fickian diffusion, while for n values of ~0.45 or 0.43, the transport
should be considered to be Fickian diffusion [41-43]. My, in Table 1 shows the total
amount of cinnamon oil released after 24 h, corresponding to the experimental data showed
in Figure 6. As previously commented, for 24 h not all the coated or gelled beads completed
the release process, so a measurement was made after 4 days in order to obtain a value of
Moo to fit the model to the experimental data. All the different types of beads released the
78% = 2 of cinnamon oil after 4 days. According to Ferrero et al. [42] and Fu et al. [44], in
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order to use the semi-empiric power law proposed by Korsmeyer and Peppas, the release
data should be fitted until Mt/M, < 0.60, where My is the initial mass of the cinnamon oil
in the beads. It is for this reason that adjustments were made to only the amount released
during the first 24 h. These values ranged between 55% and 78% of the initial amount of
cinnamon oil present in the beads, which, as can be seen, exceeded this range in some cases,
although similar parameters were found if the range was limited to 60%. It was decided
that the amount released over a long time would be analyzed in order to verify that the
coating layers and double gelation did not prevent release over infinite time, and that the
total release was comparable to the single beads.
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Figure 6. Cumulative cinnamon oil release for Alg beads, Alg-Ch beads, Ch beads, Ch-Alg beads and
Ch-Alg-CaCl, beads at (a) pH=2and (b) pH=7. T=25°C.

Table 1. Kinetic parameters of cinnamon oil release from different beads at different pHs.

Korsmeyer-Peppas Model

Sample Moun (%) K n R?
Alg 77.7 0.2602 0.1664 0.9014
Alg-Ch 72.2 0.0899 0.3075 0.9786
pH2 Ch 78.0 0.1456 0.2462 0.9958
Ch-Alg 59.6 0.0570 0.3311 0.9783
Ch-Alg-CaCl, 55.9 0.0233 0.4485 0.9897
Alg 785 0.2478 0.1870 0.8735
Alg-Ch 71.3 0.1172 0.2670 0.9440
pH7 Ch 76.2 0.1256 0.2554 0.9827
Ch-Alg 65.4 0.0569 0.3580 0.9253
Ch-Alg-CaCl, 55.0 0.0339 0.3937 0.9668

Table 1 shows that, for beads formed with a single material in the matrix, relatively
low n coefficients were obtained, 0.1664 for the case of Alg beads and 0.1870 for Ch beads,
with a much higher K value than that obtained with double-coated beads. This indicates
a fast release, with a low resistance to diffusion and a strong burst effect. When a layer
was added covering the spheres, although the links joining core and shell were relatively
weak, the coefficient n increased to approximately 0.30 for both cases, indicating that
it was increasingly approaching a Fickian-type diffusion, and K significantly decreased,
corresponding to slower diffusion. In the case of double gelation, the n coefficients were
already close to 0.40-0.44, and K was much smaller, indicating that this layer acted as a
second resistance for the diffusion of the molecules to the medium.



Molecules 2024, 29, 158

11 of 16

3. Materials and Methods
3.1. Materials

Food-grade Cinnamon oil (W229202) with a purity >98% was purchased from Sigma-
Aldrich. The non-ionic surfactant Levenol C-201 was kindly donated by KAO Chemicals.
The surfactant Levenol C-201 has a glycereth chain with 17 cocate groups, resulting in a
surfactant with a HLB number ~13. Olive oil (Borges brand) with an acid degree 0.4° was
purchased from a local supermarket. Chitosan (419419) with >75% deacetylation degree and
high molecular weight, My ~ 3.1-3.75 x 10° g/mol, anhydrous calcium chloride (C1016)
with a granularity <7 mm and purity >93%, trisodium trimetaphosphate (TTP) (T5508)
(Mw = 305.89 g/mol) with purity >95%, Brilliant Blue G as a hydrophilic dye and Sudan IV
as a hydrophobic dye were provided by Sigma-Aldrich. Technical-grade sodium alginate
(Alg) with a ratio of f-D-mannuronic acid: «-L-guluronic acid = 58.9:41.1, measured
using nuclear magnetic resonance (DMX-500, 500 MHz, Bruker, Billerica, MA, USA), and
M, ~ 668,000 and My ~ 1,750,000, obtained using size-exclusion chromatography as
described in a previous work [8], was purchased from Panreac.

3.2. Determination of Phase Diagram

In order to determine the phase diagram of the system, several mixtures were prepared
at different compositions. For the preparation of the selected composition, the components
were weighed in a tube, mixed, sealed and left for equilibration in a controlled thermostatic
bath at the desired temperature. Once equilibrium was reached (at least 1 week after), the
phases present in the tube were evaluated.

3.3. Nanoemulsion Formation by PIC Method

In order to obtain nanoemulsions by the PIC method, all the required oil mixture and
surfactant were weighed in one tube, while the total amount of water was weighed in
another tube. Once the tubes were prepared, a small amount of water from the water tube
was transferred to the oil/surfactant tube and mixed by a vibromixer. Both tubes were left
in a thermostatic bath at 25 °C for 20 min to ensure that the phase inversion process was
carried out at a constant temperature. After 20 min, the remaining water was added drop
by drop to the mixture, controlling the temperature, to obtain the final weight composition
of the nanoemulsion. After each addition of water, the tube was mixed and allowed to rest
in the thermostatic bath for 10 min.

3.4. Nanoemulsion Formation by PIT Method

In order to obtain nanoemulsions by the PIT method, all the components were weighed
in a tube and mixed with the help of a vibromixer. Milky white macroemulsions were
formed. Once the emulsion was prepared, the tubes were heated to the HLB temperature,
approximately 45 °C. At this temperature, the emulsion changed its appearance from
white to transparent bluish color in approximately 10-15 min. Once the temperature was
equilibrated, the sample was mixed in the vibromixer for 10 s and quickly cooled in a cold
finger bath (T = 4 °C), while continuing shaking the tube by hand. The tube increased its
transparency, indicating that the nanoemulsion was formed.

3.5. Droplet Size

The mean droplet size of the nanoemulsions was measured by a 3D dynamic light
scattering (3DDLS) spectrometer (LS Instruments, Fribourg, Switzerland) equipped with
a He-Ne laser (A = 632.8 nm) at a scattering angle of 90° and 25 °C. The mean droplet
size described in this work was obtained by a cumulant analysis of at least three indepen-
dent measurements.

3.6. Stability Measurements

The stability of the emulsions was determined by studying the variation in the trans-
mittance (T) light (173°) using a Turbiscan Classic MA 2000. The T values were normalized



Molecules 2024, 29, 158

12 of 16

as: AT, = [(Tt — Ti)/Ty]-100, where Ty is the transmittance at time = 0, and T; is the
transmittance at time = t. Normalization was done in order to compare changes with time
independently from their initial values.

3.7. Encapsulation of Nanoemulsions
3.7.1. Encapsulation in an Alginate Matrix

The Buchi Encapsulator B-390 was used for the encapsulation of nanoemulsions into
beads. Nanoemulsions with 30% w/w of cinnamon essential oil in the oil mixture and
2.5% w/w of total oil mixture were prepared using the PIT method. The final composition
of encapsulated nanoemulsions was set to 2.5% w/w of oil mixture, 10% w/w of surfactant
mixture and 87.5% w/w of alginate aqueous solution at 1% w/w as the continuous phase.
The beads produced were single alginate-based beads (Alg), gelling the continuous phase
of the nanoemulsion, and chitosan-coated alginate beads (Alg-Ch).

The encapsulation method was based on that described by Atencio et al. [26], with
some modifications used previously [8]. The nanoemulsion entered under a pressure of
400 mbar in a nozzle with a diameter of 450 um. The sample was sprayed out using a
vibration frequency of 40 Hz with an electrostatic field of 350 V to promote the separation
of newly formed beads when the sample dropped into a 1.0% (w/v) CaCl, solution for
gelation (formation of beads), while stirred at 200 rpm. The beads were left under agitation
for 10 min to allow the gelation process. They were then removed, filtered and washed
with MilliQ) water to obtain the Alg beads. To obtain the Alg-Ch coated beads, the Alg
beads were immediately incubated using the method described by Chew et al. [45], in
which they were immersed for another 10 min in a 0.1% w/w aqueous solution of Ch, and
were subsequently filtered and washed.

In order to obtain Alg-Ch-TPP double gelled beads, some of the Alg-Ch beads were
then immersed in a TPP solution at 5% w/w.

3.7.2. Encapsulation in a Chitosan Matrix

Nanoemulsions with 30% w/w of cinnamon in the oil mixture and 2.5% w/w of oil
mixture were prepared using the PIT method. The final composition of nanoemulsions
was set to 2.5% w/w of oil mixture, 10% w/w of surfactant mixture and 87.5% w/w of
chitosan aqueous solution at 1% w/w as the continuous phase. Due to the high viscosity
of the chitosan solution, the Buchi Encapsulator could not be used. Therefore, the beads
were prepared by dropping the chitosan solution into the 5% w/w TPP solution with a
hand pipette. All the chitosan beads were left in the TPP solution during 10 min to assure a
proper gelation. Some of the beads were reserved as single Ch beads, and the rest of the
beads continued the second coating process. These beads were incubated in an alginate
1% w/w solution for 10 more minutes. Some of the resulting beads were set apart and
named Ch-Alg beads, and the rest were submerged into a new 1% w/v CaCl, bath for
10 min in order to gel the shell alginate coating (Ch-Alg-CaCl, beads).

3.8. Bead Size Determination

One hundred beads produced from each type (Ch, Alg, Alg-Ch, Ch-Alg and Ch-
Alg-CaCl,) were measured under the Optika Microscopes ST-40-2LR optical microscope
(Optika, Ponteranica, Italy). The software used by all determinations was the Optika Vision
Pro 3.0, Ponteranica, Italy) provided by the manufacturer.

3.9. Encapsulation Efficiency

To evaluate the encapsulation efficiency, all the beads were washed with the same
weight of water, i.e., 20 g of beads were filtered and washed with 20 g of water. For Alg-
based beads, the CaCl,-filtered solution and washing water were mixed. For Ch-based
beads, the TPP-filtered solution and washing water were mixed. The non-encapsulated
remaining cinnamon in the solution was measured using UV-VIS spectrophotometry
according to the analytical techniques used by other authors [46—48]. The wavelength
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was previously studied by scanning a pattern cinnamon oil 1% w/w aqueous solution. The
maximum absorbance peak was located at 279 nm.
My ¢in — M
Encapsulation efficiency (%) = —-a2 =W » 100 (1)
My cin
where My ., is the total cinnamon mass present in the nanoemulsion, and M, is the
remaining mass of cinnamon in the mixture of the hardening solution and the washing
water after the washing step.
The beads loading capacity was also calculated by the following equation:
My cin — Mew

Loading capacity (%) = Microsphere mass sample (g) x 100 @)

3.10. SEM Measurements

The samples were freeze dried using a Christ freeze dryer equipment model Alpha
2-4 LD Plus for 24 h and, afterwards, the surface morphology of the beads was observed
using a TM 4000 Plus Hitachi SEM microscope. Characterization was performed in the
Nanostructured Liquid Characterization Unit at the Institute of Advanced Chemistry of
Catalonia (IQAC), which belongs to the Spanish National Research Council (CSIC) and is
affiliated with the NANBIOSIS ICTS of the Biomedical Networking Center (CIBER-BBN).

3.11. Release Kinetics of Cinnamon Nanoemulsions Loaded in Different Beads

The release kinetics of all the produced beads was analyzed using 0.5 g of each type of
bead, which was put in 200 mL of buffer solution (pH 2 or 7). The system was stabilized
at 25 °C with mild magnetic stirring (50 rpm). Then, 2 mL of supernatant was extracted
regularly. Subsequently, 2 mL of buffer solution with the same pH was added to the
corresponding system to replace the extracted volume. The cinnamon oil was detected at
279 nm, as previously explained by UV spectrophotometry.

The release kinetics of cinnamon oil in Alg, Al-Ch, Ch, Ch-Alg and Ch-Alg-CaCl,
beads were analyzed using the Korsmeyer-Peppas model (Equation (3)).

M

— = kot" 3
e Q)
where kp is a constant and n is the release exponent. For 0 < n < 0.45, the release regime
could be described as a hindered Fickian diffusion; for n = 0.45, it could be described as
Fickian diffusion; and, for 0.45 < n < 1, an anomalous transport occurred [49,50].

4. Conclusions

Nanoemulsions were obtained by the two low-energy emulsification methods, phase
inversion temperature (PIT) and phase inversion composition (PIC), with the cinnamon
oil/olive 0il-F-201 surfactant-water system. The HLB temperature of the system was
calculated to be 45 °C by transmittance measurements. The phase diagram was studied
at the HLB and at the final temperature (25 °C). It was observed that, although there
was still a small fraction of a second phase in the system at the HLB temperature and,
therefore, a single phase was not obtained, the two phases present at this temperature were
a bicontinuous and direct microemulsion. Therefore, at the HLB temperature, all the oil
was incorporated in the structure and no free oil appeared. As a result, the formation of
nanoemulsions by the PIT method was possible by a rapid change of curvature that trapped
the already incorporated oil. For both methods, PIT and PIC, nanoemulsions with a very
small mean diameter (4-14 nm) were obtained, but it was observed that the nanoemulsions
formed by the PIT method could incorporate more % w/w of oil in their dispersed phase
and, moreover, present better stability values. The nanoemulsions were gelled by adding a
polysaccharide, alginate or chitosan to the continuous phase before the formation of the
nanoemulsion and, once formed, dropping it into a proper gellant agent solution. These
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beads were covered with a layer of another polysaccharide, thus obtaining Alg-Ch beads
and Ch-Alg beads, and finally an attempt was made to double gel the beads. In the case of
the Alg-Ch capsules, the outer layer could not gel because the Ch-TPP bonds were very
strong and dragged the Ch molecules, breaking the beads. In the case of the Ch-Alg-CaCl,
beads, this second layer could be properly gelled. The SEM images show how Alg beads
and Ch beads have a porous structure, which causes a rapid release of the active ingredient
causing a burst effect, while when adding the second layer, these pores were hidden and
a slower release was obtained. In the case of the Ch-Alg-CaCl, beads, it was observed
how the porosity of the beads decreased noticeably and the release was more sustained,
following a Fickian diffusion model with coefficients n of the Korsmeyer-Peppas release
model of 0.40-0.45. The release profile of cinnamon oil in this case was the slowest profile;
however, over time, it released almost the same amount as the other beads, indicating a
more controlled and sustained release.

Author Contributions: Conceptualization, E.S., A M. and C.G.; methodology, E.S. and A.M.; valida-
tion, E.S., AM. and C.G; formal analysis, E.S. and A.M.; data curation, E.S. and A.M.; writing—original
draft preparation, E.S.; writing—review and editing, E.S., A.M. and C.G. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.
Data Availability Statement: Data are contained within the article.

Acknowledgments: The authors acknowledge CSIC (Centro Superior de Investigaciones Cientificas)
for SEM and DLS analysis measurements.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Timilsena, Y.P.; Haque, M.A.; Adhikari, B. Encapsulation in the Food Industry: A Brief Historical Overview to Recent Develop-
ments. Food Nutr. Sci. 2020, 11, 481-508. [CrossRef]

2. Marcillo-Parra, V.; Tupuna-Yerovi, D.S.; Gonzalez, Z.; Ruales, J. Encapsulation of Bioactive Compounds from Fruit and Vegetable
By-Products for Food Application—A Review. Trends Food Sci. Technol. 2021, 116, 11-23. [CrossRef]

3. McClements, D.J.; Rao, J. Food-grade nanoemulsions: Formulation, fabrication, properties, performance, biological fate, and
potential toxicity. Crit. Rev. Food Sci. Nutr. 2011, 51, 285-330. [CrossRef] [PubMed]

4. Rodrigues Reis, D.; Ambrosi, A.; Di Luccio, M. Encapsulated essential oils: A perspective in food preservation. Future Foods 2022,
5,100126. [CrossRef]

5. Maes, C.; Bouquillon, S.; Fauconnier, M.L. Encapsulation of Essential Oils for the Development of Biosourced Pesticides with
Controlled Release: A Review. Molecules 2019, 24, 2539. [CrossRef]

6. Sneha, K.; Kumar, A. Nanoemulsions: Techniques for the preparation and the recent advances in their food applications.
Innov. Food Sci. Emerg. Technol. 2022, 76, 102914. [CrossRef]

7.  Santamaria, E.; Maestro, A.; Vilchez, S.; Gonzélez, C. Study of nanoemulsions using carvacrol/MCT-(Oleic acid-potassium
oleate)/ Tween 80®-water system by low energy method. Heliyon 2023, 9, €16967. [CrossRef]

8.  Santamaria, E.; Maestro, A.; Gonzalez, C. Encapsulation of Carvacrol-Loaded Nanoemulsion Obtained Using Phase Inversion
Composition Method in Alginate Beads and Polysaccharide-Coated Alginate Beads. Foods 2023, 12, 1874. [CrossRef]

9. Fu, X; Gao, Y,; Yan, W.; Zhang, Z.; Sarker, S.; Yin, Y.; Liu, Q.; Feng, J.; Chen, ]J. Preparation of eugenol nanoemulsions for
antibacterial activities. RSC Adv. 2022, 12, 3180-3190. [CrossRef]

10. Liu, T; Gao, Z.; Zhong, W.; Fu, E; Li, G.; Guo, J.; Shan, Y. Preparation, Characterization, and Antioxidant Activity of Nanoemul-
sions Incorporating Lemon Essential Oil. Antioxidants 2022, 11, 650. [CrossRef]

11. Chuesiang, P; Siripatrawan, U.; Sanguandeekul, R.; McLandsborough, L.; McClements, D.J. Optimization of cinnamon oil
nanoemulsions using phase inversion temperature method: Impact of oil phase composition and surfactant concentration.
J. Colloid. Interface Sci. 2018, 504, 208-216. [CrossRef]

12.  Alizadeh Behbahani, B.; Falah, F; Lavi Arab, F.; Vasiee, M.; Tabatabaee Yazdi, F. Chemical Composition and Antioxidant,
Antimicrobial, and Antiproliferative Activities of Cinnamomum zeylanicum Bark Essential Oil. Evid. Based Complement.
Altern. Med. 2020, 2020, 5190603. [CrossRef]

13. Blaszczyk, N.; Rosiak, A.; Katuzna-Czaplinska, J. The Potential Role of Cinnamon in Human Health. Forests 2021, 12, 648.
[CrossRef]

14. Majeed, H.; Liu, F; Hategekimana, J.; Sharif, H.R.; Qi, J.; Ali, B.; Bian, Y.Y.; Ma, J.; Yokoyama, W.; Zhong, F. Bactericidal action

mechanism of negatively charged foodgrade clove oil nanoemulsions. Food Chem. 2016, 197, 75-83. [CrossRef]


https://doi.org/10.4236/fns.2020.116035
https://doi.org/10.1016/j.tifs.2021.07.009
https://doi.org/10.1080/10408398.2011.559558
https://www.ncbi.nlm.nih.gov/pubmed/21432697
https://doi.org/10.1016/j.fufo.2022.100126
https://doi.org/10.3390/molecules24142539
https://doi.org/10.1016/j.ifset.2021.102914
https://doi.org/10.1016/j.heliyon.2023.e16967
https://doi.org/10.3390/foods12091874
https://doi.org/10.1039/D1RA08184E
https://doi.org/10.3390/antiox11040650
https://doi.org/10.1016/j.jcis.2017.11.084
https://doi.org/10.1155/2020/5190603
https://doi.org/10.3390/f12050648
https://doi.org/10.1016/j.foodchem.2015.10.015

Molecules 2024, 29, 158 15 of 16

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Jo, YJ.; Chun, J.Y,; Kwon, Y.J.; Min, S.G.; Hong, G.P.; Choi, M.]. Physical and antimicrobial properties of trans-cinnamaldehyde
nanoemulsions in water-melon juice. LWT-Food Sci. Technol. 2015, 60, 444-451. [CrossRef]

Ricaurte, L.; De Jests Perea-Flores, M.; Martinez, A.; Quintanilla-Carvajal, M.X. (Production of high-oleic palm oil nanoemulsions
by high-shear homogenization (microfluidization). Innov. Food Sci. Emerg. Technol. 2016, 35, 75-85. [CrossRef]

Uluata, S.; Decker, E.A.; McClements, D.]. Optimization of nanoemulsion fabrication using microfluidization: Role of surfactant
concentration on formation and stability. Food Biophys. 2016, 11, 52-59. [CrossRef]

Pan, K.; Chen, H.; Davidson, PM.; Zhong, Q. Thymol nanoencapsulated by sodium caseinate: Physical and antilisterial properties.
J. Agric. Food Chem. 2014, 62, 649-1657. [CrossRef]

Scholz, P.; Keck, C.M. Nanoemulsions produced by rotor-stator high-speed stirring. Int. . Pharm. 2015, 482, 110-117. [CrossRef]
Wu, J.E,; Lin, ].; Zhong, Q. Physical and antimicrobial characteristics of thyme oil emulsified with soluble soybean polysaccharide.
Food Hydrocoll. 2014, 39, 144-150. [CrossRef]

Shinoda, K.; Saito, H.J. The effect of temperature on the phase equilibria and the types of dispersions of the ternary system
composed of water, cyclohexane, and nonionic surfactant. Colloid. Interface Sci. 1968, 26, 70-74. [CrossRef]

Morales, D.; Gutiérrez, ].M.; Garcia-Celma, M.].; Solans, C. A Study of the relation between bicontinuous microemulsions and
Oil/Water nano-emulsion formation. Langmuir 2003, 19, 7196-7200. [CrossRef]

Waisaka, S.; Nishimura, T.; Gohtani, S. O/W nanoemulsion formation using an isothermal low-energy method in a mixture of
polyglycerol monolaurate with glycerol system. J. Oleo Sci. 2015, 64, 405—413. [CrossRef]

Waisaka, S.; Nishimura, T.; Gotani, S. Phase behaviour and formation of O/W nanoemulsion in vegetable oil/mixture of
polyglycerol polyricinoleate and polyglycerin fatty acid ester/water systems. J. Oleo Sci. 2014, 63, 229-237. [CrossRef]
Matricardi, P.; Di Meo, C.; Coviello, T.; Alhaique, F. Recent advances and perspectives on coated alginate microspheres for
modified drug deliver. Expert. Opin. Drug Deliv. 2008, 5, 417-425. [CrossRef]

Atencio, S.; Maestro, A.; Santamaria, E.; Gutiérrez, ] M.; Gonzélez, C. Encapsulation of ginger oil in alginate-based shell materials.
Food Biosci. 2020, 37, 100714. [CrossRef]

Chang, Y.; McLAndsborough, L.; McClements, D.J. Physicochemical properties of antimicrobial efficacy of carvacrol nanoemul-
sions formed by spontaneous emulsification. J. Agric. Food Chem. 2013, 61, 8906-8913. [CrossRef]

Gutiérrez, ]. M.; Gonzélez, C.; Maestro, A.; Sole, I.; Pey, C.M.; Nolla, ]. Nanoemulsions: New applications and optimization of
their preparation. Curr. Opin. Colloid. Interface Sci. 2008, 13, 245-251. [CrossRef]

Solans, C.; Sole, I. Nanoemulsions: Formation by low-energy methods. Curr. Opin. Colloid. Interface Sci. 2002, 17, 246-254.
[CrossRef]

Heunemann, P;; Prévost, S.; Grillo, I.; Marino, C.M.; Meyer, ].; Gradzielski, M. Formation and structure of slightly anionically
charged nanoemulsions obtained by phase inversion concentration (PIC) method. Soft Matter 2011, 7, 5697. [CrossRef]
Salvia-Trujillo, L.; Rojas-Grati, M.A.; Soliva-Fortuny, R.; Martin-Belloso, O. Impact of microfluidization or ultrasound processing
on the antimicrobial activity against Escherichia coli of lemongrass oil-loaded nanoemulsions. Food Control 2014, 37, 292-297.
[CrossRef]

Sugumar, S.; Ghosh, V,; Nirmala, M.J.; Mukherjee, A.; Chandrasekaran, N. Ultrasonic emulsification of eucalyptus oil nanoemul-
sion: Antibacterial activity against Staphylococcus aureus and wound healing activity in Wistar rats. Ultrason. Sonochem. 2014, 21,
1044-1049. [CrossRef]

Jumazhanova, M.; Kakimova, Z.; Zharykbasov, Y.; Kassymov, S.; Zhumadilova, G.; Muratbayev, A.; Tashybayeva, M.; Suychinov,
A. Effect of the Encapsulation Process on the Viability of Probiotics in a Simulated Gastrointestinal Tract Model Medium. Processes
2023, 11, 2757. [CrossRef]

Cheng, M.; Cui, Y.; Guo, Y.; Zhao, P; Wang, ].; Zhang, R.; Wang, X. Design of carboxymethy] chitosan-reinforced pH-responsive
hydrogels for on-demand release of carvacrol and simulation release kinetics. Food Chem. 2023, 405, 134856. [CrossRef]

Wang, L.; Gang, X.; Xiao, Y; Ren, Y.; Wang, J.; Niu, B.; Li, W. Sodium Alginate/ carboxymethyl chitosan-CuO hydrogel beads as a
pH-sensitive carrier for the controlled release of curcumin. Eur. Polym. J. 2023, 192, 112069. [CrossRef]

Jayanudin, J.; Rochmadi, R.; Wiratni, W.; Yulvianti, M.; Barleany, D.R.; Ernayati, W. Encapsulation of red ginger oleoresin (Zingiber
officinale var. Rubrum) Chitosan Alginate Wall Mater. Using Spray drying. Res. ]. Appl. Sci. Eng. Technol. 2015, 10, 1370-1378.
[CrossRef]

Nazli, A.B.; Acikel, Y.S. Loading of cancer drug resveratrol to pH-Sensitive, smart, alginate-chitosan hydrogels and Investigation
of controlled release kinetics. J. Drug Deliv. Sci. Technol. 2019, 53, 101199. [CrossRef]

Zhang, HF;Ma, L, Su, E; Ma, X.E; Li, T.; Zha, X,; Yan, H.J]. pH and reduction dual-responsive feather keratin- sodium alginate
nanogels with high drug loading capacity for tumor-targeting DOX delivery. Polym. Test. 2021, 103, 107375. [CrossRef]

Huang, X.; Braze, C.S. On the importance and mechanisms of burst release in matrix-controlled drug delivery systems.
J. Control. Release 2001, 73, 121-136. [CrossRef]

Korsmeyer, RW.; Gurny, E.; Doelker, E.; Buri, P.; Peppas, N.A. Mechanisms of solute release from porous hydrophilic polymers.
Int. J. Pharm. 1983, 15, 25-35. [CrossRef]

Uskokovi¢, V. Mechanism of formation governs the mechanism of release of antibiotics from calcium phosphate nanopowders
and cements in a drug-dependent manner. J. Mater. Chem. B 2019, 7, 3982-3992. [CrossRef] [PubMed]


https://doi.org/10.1016/j.lwt.2014.09.041
https://doi.org/10.1016/j.ifset.2016.04.004
https://doi.org/10.1007/s11483-015-9416-1
https://doi.org/10.1021/jf4055402
https://doi.org/10.1016/j.ijpharm.2014.12.040
https://doi.org/10.1016/j.foodhyd.2013.12.029
https://doi.org/10.1016/0021-9797(68)90273-7
https://doi.org/10.1021/la0300737
https://doi.org/10.5650/jos.ess14229
https://doi.org/10.5650/jos.ess13139
https://doi.org/10.1517/17425247.5.4.417
https://doi.org/10.1016/j.fbio.2020.100714
https://doi.org/10.1021/jf402147p
https://doi.org/10.1016/j.cocis.2008.01.005
https://doi.org/10.1016/j.cocis.2012.07.003
https://doi.org/10.1039/c0sm01556c
https://doi.org/10.1016/j.foodcont.2013.09.015
https://doi.org/10.1016/j.ultsonch.2013.10.021
https://doi.org/10.3390/pr11092757
https://doi.org/10.1016/j.foodchem.2022.134856
https://doi.org/10.1016/j.eurpolymj.2023.112069
https://doi.org/10.19026/rjaset.10.1836
https://doi.org/10.1016/j.jddst.2019.101199
https://doi.org/10.1016/j.polymertesting.2021.107375
https://doi.org/10.1016/S0168-3659(01)00248-6
https://doi.org/10.1016/0378-5173(83)90064-9
https://doi.org/10.1039/C9TB00444K
https://www.ncbi.nlm.nih.gov/pubmed/31681475

Molecules 2024, 29, 158 16 of 16

42.

43.

44.

45.

46.

47.

48.

49.

50.

Ferrero, C.; Massuelle, D.; Doelker, E. Towards elucidation of the drug release mechanism from compressed hydrophilic matrices
made of cellulose ethers. II. Evaluation of a possible swelling-controlled drug release mechanism using dimensionless analysis.
J. Control. Release 2010, 141, 223-233. [CrossRef] [PubMed]

Ritger, P.L.; Peppas, N.A. A simple equation for description of solute release II. Fickian and anomalous release from swelleable
devices. J. Control. Release 1987, 5, 37—42. [CrossRef]

Fu, Y.; Kao, W.J. Drug release kinetics and transport mechanisms of non-degradable and degradable polymeric delivery systems.
Expert. Opin. Drug Deliv. 2010, 7, 429-444. [CrossRef] [PubMed]

Chew, S.; Tan, C.; Long, K.; Nyam, K. In-vitro evaluation of kenaf seed oil in chitosan coated-high methoxyl pectin-alginate
microcapsules. Ind. Crops Prod. 2015, 72, 230-236. [CrossRef]

Makimori, R.Y.; Endo, E.H.; Makimori, ] W.; Zanqueta, E.B.; Ueda-Nakamura, T.; Leimann, F.V.; Gongalves, O.H.; Dias Filho, B.P.
Preparation, characterization and antidermatophytic activity of free- and microencapsulated cinnamon essential oil. J. Mycol. Méd.
2020, 30, 100933. [CrossRef]

Wang, Y.; Yuan, C.; Liu, Y.; Cui, B. Fabrication of kappa—carrageenan hydrogels with cinnamon essential oil /hydroxypropyl-—cy-
clodextrin composite: Evaluation of physicochemical properties, release kinetics and antimicrobial activity. Int. J. Biol. Macromol.
2021, 170, 593-601. [CrossRef]

Matshetshe, K.I.; Sundararajan, P.; Manki, S.M.; Oluwafemi, O.S. Preparation, characterization and in vitro release study of
-cyclodextrin/chitosan nanoparticles loaded Cinnamomum zeylanicum essential oil. Int. J. Biol. Macromol. 2018, 118, 676—682.
[CrossRef]

Yeh, YM,; Tsai, T.Y.; Yang, C.Y. Encapsulation and release kinetics of polyphenols and p-coumaric acid extracted from Phyl-
lostachys makinoi by ultrasonic pretreatment autoclaving. LWT 2022, 167, 113838. [CrossRef]

Rakshit, M.; Srivastav, P.P. Encapsulation of hydrolysable tannin from pomegranate peel in W/O/W double emulsion: In-vitro
digestion release kinetics, storage and physical stabilities. Food Hydrocoll. Health 2022, 2, 100067. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.jconrel.2009.09.011
https://www.ncbi.nlm.nih.gov/pubmed/19766681
https://doi.org/10.1016/0168-3659(87)90035-6
https://doi.org/10.1517/17425241003602259
https://www.ncbi.nlm.nih.gov/pubmed/20331353
https://doi.org/10.1016/j.indcrop.2015.06.055
https://doi.org/10.1016/j.mycmed.2020.100933
https://doi.org/10.1016/j.ijbiomac.2020.12.176
https://doi.org/10.1016/j.ijbiomac.2018.06.125
https://doi.org/10.1016/j.lwt.2022.113838
https://doi.org/10.1016/j.fhfh.2022.100067

	Introduction 
	Results 
	Phase Diagram 
	Nanoemulsions Characterization 
	Encapsulation of Nanoemulsions 
	Cinnamon Oil Release Kinetics 

	Materials and Methods 
	Materials 
	Determination of Phase Diagram 
	Nanoemulsion Formation by PIC Method 
	Nanoemulsion Formation by PIT Method 
	Droplet Size 
	Stability Measurements 
	Encapsulation of Nanoemulsions 
	Encapsulation in an Alginate Matrix 
	Encapsulation in a Chitosan Matrix 

	Bead Size Determination 
	Encapsulation Efficiency 
	SEM Measurements 
	Release Kinetics of Cinnamon Nanoemulsions Loaded in Different Beads 

	Conclusions 
	References

