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Abstract:

Coacervation is a low-energy method that is ideal for encapsulating heat-sensitive materials, e.g., limonene, citral, linalool, and
isoamyl acetate.

This research used a simple coacervation method to prepare flavoring beads with alginate and Tween 80. The methods of scan-
ning electron microscopy (SEM) and fourier transform infrared (FTIR) spectroscopy made it possible to study the morphology
and structure of the flavoring beads. After the extraction, the flavor retention and structure were described using the method of
gas chromatography with mass spectrometry (GC-MS).

The microcapsules demonstrated a retention rate of 99.07-99.73% while the encapsulation efficiency remained as high as
96.40-97.07%. The microcapsules had a mononuclear structure and ranged from spherical to elongated ellipsoids; they were
sealed without agglomeration. The particle size was below 1000 um. The GC-MS chromatograms detected neither structural
changes nor any new compounds. The FTIR spectra were similar to the control but demonstrated slight shifts, which suggested
fundamental structural changes caused by the coacervation. We also fortified sponge cake and jelly with flavoring beads. The
sensory analysis of the sponge cake samples revealed no significant differences compared to the control. All the fortified jelly
samples had higher scores for smell, taste, texture, and overall preference than the control.

The coacervation method proved to be an excellent solution for the problem of heat-sensitive flavorings that often lose quality or
sensory attributes in food products that undergo extensive thermal treatment.
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INTRODUCTION

The market for flavorings is expected to increase
from 14.66 billion $ in 2021 to 20.12 billion $ by 2028,
with a Compound Annual Growth Rate of 4.64% [1, 2].
Flavorings affect consumption, acceptance, and food pa-
latability. However, they are sensitive to environmental
conditions and industrial processing. In free form, the
flavor loss may reach 90% because flavoring substan-
ces are extremely volatile and react easily with other
components [3]. Microencapsulation is an important
method of improving flavor stability. During microen-
capsulation, solids or liquids are enclosed in polymeric
matrices, e.g., maltodextrin, starches, alginates, etc. In

addition, microencapsulation extends storage life by pre-
venting unfavorable chemical or sensory changes, as
well as increases the solubility of hydrophobic flavorings.
The method also makes it possible to control the release
of active constituents and create new applications [4].
Microparticles can be obtained by a variety of proces-
ses and methods, including fluidized beds, extrusion,
centrifugal extrusion, coating, spray-drying, spray-chil-
ling, coacervation, liposomes, and inclusion complexa-
tion. Industrial microencapsulation must be simple, re-
producible, and quick, with low dependency on the solu-
bility properties of the core substance and the coating
polymer. Microencapsulation by coacervation has a few
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advantages over other methods. For instance, it provides
effective control of the properties and quality of the
final product. Microencapsulation by coacervation can
be applied to heat-sensitive products and allows for
continuous, cheap, and simple production. The obtai-
ned particles are highly soluble and stable while being
uniform in size [5, 6].

The encapsulation of oils has received particular at-
tention in scientific literature. Most publications feature
citronella oil, sunflower oil, fish oil, linseed oil, orange
oil, canola oil, olive oil, and thyme oil [7-14]. As for the
application range, oil capsules are popular in medicine
and pharmacy, where they provide controlled medication
release and serve as antibacterial or nutraceutical agents.
They can be used in cosmetics, molecular cuisine, food
industry, animal feed, etc.

However, microencapsulation of flavorings by coa-
cervation, especially with the help of alginate, has recei-
ved very little scientific attention so far. The current stu-
dy aimed at encapsulating limonene, citral, linalool, and
isoamyl acetate using the coacervation method with
alginate for coating. The flavorings belong to different
chemical classes and are part of many commercial food
formulations. In nature, they occur in oranges, bananas,
lemons, etc.

This research focused on the physical and chemical
properties of the microencapsulated flavorings. In addi-
tion, the fortified sponge cake and jelly samples under-
went a sensory assessment to reveal the effect of proces-
sing conditions on the quality of the final product. The
simple and reliable microencapsulation method could be
applied to different flavorings in food products with ex-
tended shelf-life in order to control the flavor release and
bring the flavor through severe processing conditions.

STUDY OBJECTS AND METHODS

Ingredients and chemicals. The wheat flour, butter,
fresh eggs, sugar, fresh skimmed milk, salt, baking pow-
der, and gelatin were obtained from a local market in
Giza, Egypt. The linalool, citral, limonene, isoamyl ace-
tate, and Tween 80 were purchased from Sigma-Aldrich,
USA. The sodium alginate with a medium viscosity
of >2000 cp was isolated from brown algae with a
molecular weight of 80-120 kDa and a mannuronic to
guluronic acid ratio of 1.56. It was purchased from Sigma-
Aldrich, USA, while the calcium chloride was provided
by Rankem, India.

Preparing beads by coacervation. The encapsu-
lation method with the simple coacervation technique
described by Miiller et al. was used to prepare flavoring
beads [11]. To prepare sodium alginate solution, we dis-
solved 2.5% (w/v) of sodium alginate in distilled water
at 1000 rpm for 30 min using a magnetic stirrer. Then,
we added 1% (w/v) of the concentrated liquid flavoring
to the sodium alginate solution. To prepare the alginate
emulsion gel, we added 1% (w/v) Tween 80 as an emul-
sifying agent and stirred the resulting mix for 1 h. The
mix of aroma compounds and alginate solution under-
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went stirring at 500 rpm for 1 h. After being transferred
to a separating funnel, it went into a wide-mouth beaker
with a 3% (w/v) calcium chloride solution. The procedure
involved an 18-gauge needle of 38 mm in length and
1.27 mm in diameter, as well as a 100-mL glass syringe.
For additional hardening, the flavoring beads were stir-
red at 10 rpm for 1 h. After that, we filtered the beads
through cheesecloth and washed them under distilled
water. After rinsing, the beads were stored in airtight
containers for analysis. The control sample contained
neither sodium alginate nor calcium chloride.

Determining encapsulation efficiency. The coacer-
vated beads with limonene, citral, and linalool were
evaluated after 24 h of hydrodistillation. The method
involved dissolving 5 g of beads in 150 mL of distilled
water for 3 h using a Clevenger-type apparatus. We ad-
ded 2 mL of ethyl ether to extract the volatiles from the
aqueous phase. The extract was concentrated in a rotary
evaporator, followed by nitrogen gas to vaporize any re-
maining solvent until constant total weight [15].

As for isoamyl acetate microcapsules, we dissolved
5 g of coacervated beads in 30 mL of distilled water in
a screw-cap vial and then mixed it using a vortex mixer.
Then, we added 40 mL of diethyl ether solution to ex-
tract the flavor from the water phase, as described by
Moawad et al. [16]. After collecting the flavoring, the
ethyl ether was allowed to evaporate by rotary evapo-
ration at 40°C, followed by nitrogen gas to vaporize any
remaining solvent until constant total weight. Finally,
the retention percentage was calculated using the Eq. (1)
below:

Flavoring retention _(Tota] flavoring in the beads j x100 (1)

Initial flavoring load

Shahidi Noghabi & Molaveisi assessed the encapsu-
lation efficiency by a modified method that allowed
them to determine the surface oil or flavoring [17]. They
added 30 mL of hexane to 5 g of beads, followed by
stirring at 300 rpm for 10 min. After filtration and wa-
shing with hexane, the solvent was vaporized under
vacuum at 50°C. All residual solvent was evaporated
with nitrogen until constant weight. Finally, they calcu-
lated the encapsulation efficiency, %, by using the Eq. (2)
developed by Rubén et al. [18]:

Total flavoring on bead surfasce

Encapsulation efﬁmency—( Tnitial flavoring load jxlOO (#))

Scanning electron microscopy analysis (SEM).
The scanning electron microscopy revealed the surface
morphology of the flavoring microcapsules. We used a
Quanta FEG 250 field emission electron microscope
(Czech Republic) to examine the samples at an accele-
rating voltage of 10 kV. The gold-sputtered samples were
mounted on aluminum stubs with double-sided adhesive
tape and coated with gold using an Edwards sputter coa-
ter S150 A (Crawley, England). The magnification range
was 50-15 000x.

Determining flavoring retention and structure by gas
chromatography with mass spectrometry (GC-MS).
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The analysis involved a Hewlett-Packard 5890 gas chroma-
tograph and a Hewlett-Packard 5970 mass spectrometer.
The volatiles were separated in a J&W DB-5 MS column,
USA (30 m, 0.25 mm, 0.25 um). The oven temperature re-
mained 50°C for 5 min before climbing to 250°C at a rate
of 4°C per 1 min. Helium served as a carrier gas, with a
flow rate of 1.1 mL per 1 min. The sample size was 2 pL;
the split ratio was 1:10; the injector temperature was
220°C. The mass spectra were acquired in the electron im-
pact mode at 70 eV and a scan m/z range of 29-400 amu.
The retention indices of the isolated volatile compounds
were computed using the retention time of a series
of n-alkanes (C,-C,)), which were analyzed under iden-
tical conditions. The isolated peaks were identified
according to the repository of mass spectra established
by the National Institute of Standards and Technology
(NIST) [19].

Structural analysis by Fourier transform infrared
(FTIR) Spectroscopy. This test involved a transmittance
mode iS50 Thermo Nicolet Nexus 670 FT-IR (Thermo
Scientific, USA) with a built-in diamond crystal to cap-
ture the FTIR spectra of alginate and beads [20]. With
32 scans at a 4 cm™' resolution, the analysis covered a
spectral range of 400—4000 cm™.

Preparing sponge cake and jelly. The sponge cake
samples were prepared as recommended by Pasuka-
monset ef al. [21]. The concentrations of flavoring beads
followed the results of the encapsulation efficiency
test and the allowable amounts reported for the crea-
ming stage in the Fenaroli’s Handbook of Flavor Ingre-
dients [22]. We scaled the dough into two aluminum
molds (1020 cm) to be baked in an electric oven (Uni-
versal, Egypt) at 175°C for 25 min. After that, it stayed
there to cool at ambient temperature for 30 min. The
resulting products were stored in airtight polyethylene
pouches at 4°C for further analysis. The jelly samples
were prepared with modifications as proposed by Cano-
Lamadrid et al., who added 100 g of sugar to 200 mL of
water and boiled it with 20 g of gelatin for 2 min [23].
The flavorings were added separately. Unflavored sponge
cake and jelly served as control samples.

Sensory evaluation of sponge cake and jelly. The
sensory evaluation involved 26 trained panelists from
the Department for Food Technology and Nutrition, Na-
tional Research Centre, Cairo, Egypt. They assessed the
coacervated flavoring, sponge cake, and jelly samples
using the nine-point hedonic scale, from 9 points for
like extremely to 5 for neither like nor dislike and 1 for
dislike extremely. Color, smell, taste, softness, and ac-
ceptability were the primary sensory attributes [24].
Each panelist was given a tray with core samples of
cakes and jelly, a glass of water, and an evaluation sheet.
The samples were randomly coded using a three-digit
number. The panelists were instructed to rinse their pa-
lates between the samples. They had enough room to
handle the samples and the questionnaire; the evaluation
time was not limited.

Statistical analysis. The obtained data were evalua-
ted using the analysis of variance (ANOVA), the Duncan’s
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Multiple Range test (DMRT), and the SPSS 22 Statisti-
cal Package for Social Sciences. The results were presen-
ted as mean + SD with significant differences at p < 0.05.

RESULTS AND DISCUSSION

Flavoring retention and encapsulation efficiency.
The total retention percentage of the encapsulated
flavoring ranged from 99.07 to 99.73% (Table 1). The
high retention percentage indicated that the loss of the
coacervation-encapsulated volatiles was extremely low.
The percentages recorded for the different flavorings
were very close despite the differences in volatility, vapor
pressure, and molecular weight. The significant diffe-
rence in the total retention between limonene and the
rest of the samples could be correlated with the polarity
between the core material and the environment. The
method is known to be suitable for core materials. In
addition, the procedure presupposes no higher-energy
steps for homogenization or encapsulation, which pre-
vents the active constituents from going loose.

We recorded no significant differences (p < 0.05) in
encapsulation efficiency, which stayed between 96.40
and 97.07%. Table 1 demonstrates the excellent encapsu-
lation of the core content despite the difference in some
physicochemical properties. The non-significant differen-
ces were connected with the total retention content,
where the highest efficiency percent (97.07%) belonged
to isoamyl acetate, which also showed the highest reten-
tion percentage. The lowest efficiency percent (96.40%)
was observed in the limonene sample, which also had
the poorest retention properties.

Our findings agreed with those published by Miil-
ler et al., who coacervated orange oil with alginate
and found the encapsulation efficiency as 99.51% [11].
Benavides ef al., who studied coacervated thyme essen-
tial oil, established an inverse relationship between
the content of encapsulated oil and the encapsulation
efficiency percentage [14]. Similarly, Baranauskaite et al.
reported that increasing oregano essential oil content
decreased the encapsulation efficiency percentage of
microspheres [25]. The authors explained it by the limi-
ted capacity of the capsule to contain oil. When they
raised the oil content, a significant amount of it approa-
ched the microsphere surface. When the microsphere
dried, this oil was lost by volatilization, thus reducing
the encapsulation efficiency percentage [14].

Table 1 Mean values of total retention and encapsulation
efficiency for flavorings microencapsulated by coacervation

Component Encapsulation Flavoring
efficiency, % retention, %
Linalool 96.87*+ 0.92* 99.53% £ (.23
Citral 96.93*+ 1.17 99.60*+ 0.20
Limonene 96.40° + 0.72 99.07° + 0.50
Isoamyl acetate 97.07* £ 1.10 99.732+0.12

*Means + SD with the same superscripts in the same column are
insignificant at p < 0.05
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Encapsulation efficiency percentage depends on some
other variables. For example, a faster stirring rate cau-
ses a higher degree of dispersion. As a result, small clus-
ters of oil appear in the microsphere. They are finely dist-
ributed between the alginate chains. Emulsifying agent
is another important variable. In our case, Tween 80 im-
proved the oil retention and flavoring [26]. The wall vs.
core ratio is an important factor in enhancing encapsu-
lation efficiency percentage, which is known to go down
when the amount of essential oil increases. A larger amo-
unt of wall material or crosslinking agent makes the
wall more compact, which prevents the release of oil or
flavoring from the microcapsules [27].

Morphological analysis of flavoring beads. Figure 1
demonstrates the results of the scanning electron micro-
scopy, which we used to study the morphology of flavo-
ring microcapsules. They showed spherical or elongated
ellipsoids with few or no dents, cracks, or holes. These
complete and sealed capsules protected the flavoring and
the core material. Some irregular morphology was obse-
rved, but the structure was mononuclear, which means
that the core material was sealed without agglomeration.
The particle size was not homogeneous for different mic-
rocapsules. The average particle size was below 1000 pm.

Our findings confirmed those reported by Miiller et al.,
who obtained coacervated orange oil microparticles
with a mean volume diameter of 908.63 pym and a par-
ticle size of 346.37—1867.31 um [11]. Piornos et al. studied
the microscopic outer and inner structures of optimized
linseed oil beads of approximately 1.80 mm [10]. They
reported various external morphologies, i.e., rough and
smooth surfaces, as a consequence of drying and subse-
quent shrinking. Some beads had small depressions on
the surface. However, the authors discarded the possi-
bility of deeper pores by zooming on the problematic
zones. The microencapsulation of limonene essential oil
using simple coacervation by chitosan showed that mic-
rocapsules had a mean size of 10 um. They were rough
and not spherical in shape, which resembles our findings.
The shrinking was caused by the loss of encapsulated
oils, as seen by the pores in microcapsules [3]. Gawad &
Fellner compared the encapsulation of glycerol using a
simple coacervation with alginate and a complex coacer-
vation with alginate and chitosan [20]. The size and appea-
rance they obtained were comparable with our data.
Therefore, other studies also revealed the ability of
simple coacervation to present an efficient and excellent
encapsulation.

Studying the effect of coacervation on flavoring
structure by gas chromatography with mass spectro-
metry (GC-MS). Figure 2 illustrates the retention poten-
tial of coacervated flavorings based on their different
physical and chemical properties. Coacervation is a low or
no-energy method, compared to other intensive-energy
protocols, e.g., spray-drying. Therefore, coacervated fla-
vorings are expected to be more stable than spray-dried
ones. The chromatograms revealed neither changes nor
any new compounds.

These results correspond with those reported by
Li et al. [28]. The authors encapsulated citral essential
oil by simple coacervation and found that the process
did not degrade the two main compounds of the essen-
tial oil, namely a-citral and f-citral. The microcapsules
they obtained were highly efficient in preserving the qua-
lities of peaches during storage. Similarly, encapsulation
did not affect the antifungal or antibacterial activities of
citral essential oil.

Besharati et al. found that encapsulating flaxseed oil
with chitosan minimizes the ruminal biohydrogenation
process of unsaturated fatty acids: the microcapsules had
excellent flavor retention and stability [29]. D-limonene,
the major component of orange oil, was well retained
(60—85%) in microcapsules prepared by Baiocco & Zhang
based on shear stress [30].

Coacervation is a good method for heat-sensitive mate-
rials, e.g., essential oils or flavorings, because it does not
involve thermal treatment. Microparticles obtained by
coacervation have higher thermal stability than those
obtained by intensive-energy methods, e.g., spray-drying.
As a result, coacervated microparticles may be used in
foods that undergo intense thermal treatment. Consequ-
ently, the microencapsulation method may be selected
based on the final product, equipment availability, and
the relation between production cost and sales price of
the microencapsulated flavorings [11].

Fourier transformed infrared spectroscopy (FTIR)
analysis. Figure 3 shows the FTIR spectra of flavorings

Figure 1 Morphology of beads for flavorings
microencapsulated in alginate by coacervation (a — Sodium
alginate (control), b — Linalool, ¢ — Citral, d — Limonene,
and e — Isoamyl acetate). Scanning electron microscopy
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Figure 2 Flavorings microencapsulated in alginate by coacervation (a — Linalool, b — Citral, c — Limonene, and d — Isoamyl
acetate). GC-MS chromatograms
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Figure 3 Flavorings microencapsulated in alginate by coacervation (a — control, b — Linalool, ¢ — Citral, d —
Limonene, and e — Isoamyl acetate). FTIR spectra
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Table 2 Sensory profile of sponge cake samples fortified with coacervated beads (max 9)

Sample Color Smell Taste Softness Overall preference
Control (unflavored) 7.528+ 1.25% 6.88'+ 1.56 7.08°+ 1.70 7.46%+1.53 7.38*+1.44
Linalool 7.40°+1.11 6.90* + 1.04 6.98°+0.94 7428+ 1.16 7.27*+1.18

Citral 7.35*+1.35 7.25+1.27 7.00°+ 1.26 7.65*+0.85 7.46°+0.97
Limonene 7.40°+ 1.28 7.02* + 1.28 7.28'+ 1.31 7.60°+ 0.96 7.52¢+1.00
Isoamyl acetate 7.48 +1.25 7.35°+0.98 7.60°+ 1.06 7.832+0.90 7.73*+0.86

* Means with the same superscripts in the same column are insignificant at p <0.05

Table 3 Sensory profile of jelly samples fortified with coacervated beads (max 9)

Sample Color Smell Taste Texture Overall preference
Control (unflavored) 6.68°+ 1.49* 5.96°+ 1.62 6.48°+ 1.53 7.80°+ 1.44 6.38°+1.29
Linalool 8.32¢+0.63 7.62:+0.73 7.60°+0.71 8.36°+0.70 7.96*+ 0.66

Citral 7.70°+ 1.00 7.45°+£1.15 7244+ 1.45 8.12°+0.83 7.70°+ 0.87
Limonene 7.92:+1.04 7.32*+0.90 7.30°+0.79 7.98*+1.29 7.62*+ 0.88
Isoamyl acetate 7.86°+0.93 7.72*+1.02 7.56*+ 1.42 8.36°+ 0.86 7.90°+ 0.84

*Means with the same superscripts in the same column are insignificant at p < 0.05

encapsulated by coacervation and alginate (control).
The alginate spectrum (control) had an OH-related
broadband at 3.200-3.400 cm™' stretching with strong
hydgen bonding. The peak at 2.924 cm™! could be as-
cribed to the overlapping symmetrical and asym-
metrical C-H stretching vibration of aliphatic chains
(-CH,-, -CH,). The asymmetric and symmetric vibra-
tional modes of carboxylate ions (O-C-O) were recor-
ded at 1.633 and 1.414 cm™!, respectively. The vibratio-
nal mode at 1.093 cm™' was attributable to the C-O
stretching vibration of a pyranose ring. Due to its poly-
saccharide structure, the stretching vibration of sodium
alginate (C-O-C) manifested at 1.035 cm™.

A C-H stretching was also identified for uronic
acid (982 cm™') and mannuronic acid (878 cm™!). These
findings confirmed those reported by Helmiyati & April-
liza [31]. The spectra of microencapsulated flavorings
were related strongly to the control but with slight shifts
suggesting fundamental structure changes caused by
coacervation. For example, linalool, citral, and isoamyl
acetate had narrower and more intense bands at 3.200—
3.400 cm™! that reflected new hydrogen bonds between
alginate and flavorings. However, nothing of similar kind
was recorded for limonene due to the nature of this
flavoring. The O-C-O signal was more intense in the
alginate sample (control) than that in the microencap-
sulated samples. Again, an exception was the limonene
beads, which revealed weaker ionic bonds between
flavorings and carboxyl groups due to the absence of
efficient functional groups in the flavoring. Generally,
ionic bonds are essential evidence for the interaction
during complex coacervation, e.g., between chitosan and
alginate, as well as the broadening of some bands or the
increase in the intensity of others [20].

Sensory evaluation of food products fortified with
microencapsulated beads. Table 2 sums up the results
of the sensory evaluation, which included color, smell,
taste, texture, and overall preference of the control
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sponge cake and the cakes fortified with coacervated
flavorings. No significant differences were obtained for
color scores. The samples with coacervated citral, limo-
nene, or isoamyl acetate got the best scores for smell,
taste, softness, and overall preference. Again, no signifi-
cant differences were observed between these experimen-
tal samples and the control. Choosing sponge cake as an
application for the encapsulated flavorings was critical
for assessing the success of the whole process and the
limits of potential use for such formulated raw materials
in different food products. Additionally, the application
opens prospects for flavorings in many food products
that need intensive cooking conditions without affecting
the quality or sensory attributes.

The jelly samples fortified with coacervated flavo-
rings received higher mean scores than the control, and
this time the differences were statistically significant
(Table 3). Texture was the only variable with no signi-
ficant differences. In contrast, all the experimental samp-
les showed significant differences in smell, taste, and
overall preference. The lower molecular weight and va-
por pressure of aroma compounds were responsible for
the highest sensory attributes. Immersing in water solu-
tions increased the aroma release in the gas phase beca-
use sucrose had the so-called salting out effect, which
constituted more than 50% of the jelly formulation.
Vatankhah Lotfabadi et al. used time-intensity analysis
and HS-GC/MS spectrometry to study D-limonene fla-
vor in rock candy crystal sticks and reported similar
results [32]. Dubova et al., who studied the natural flavor
distillates obtained from melon and cucumber, also re-
ported sensory characteristics that were closer to natural
raw materials than the existing industrial analogs [33].

CONCLUSION
In this research, the method of coacervation proved
quite efficient in encapsulating such popular indust-
rial flavorings as limonene, citral, linalool, and isoamyl
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acetate. The experimental samples demonstrated high re-
tention percentage and excellent encapsulation efficiency.
The capsules were complete and sealed, which means
they provided good protection for the core material.
The coacervated flavorings showed no physicochemical
changes; no new compounds were detected. The experi-
mental samples of sponge cake and jelly received better
scores for all sensory attributes. Therefore, microencap-
sulation by coacervation could be an excellent solution
for heat-sensitive food ingredients.
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