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Article
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Abstract: This study presents an innovative method for encapsulating α-tocopherol (TOCO) by complex
coacervation, employing diisopropyl adipate as the carrier oil, and combining fungal chitosan (FC)
with gum Arabic (GA) as biopolymers. This research specifically integrates tannic acid (TA), a naturally
occurring and multifunctional polyphenol, as a cross-linking agent at different concentrations (0, 0.25,
0.5, 1, and 2% wt) to investigate its effect on the morphology and thermal stability of the FCGA-TOCO
coacervates, representing an innovative addition to the literature. This study represents the first study
combining both FC and TA, which exhibit antioxidant, antimicrobial and anti-inflammatory properties,
in order to develop biocompatible and multifunctional coacervates. Morphological and rheological
characterizations demonstrated that the incorporation of TA promoted the development of a denser
layer surrounding the oil droplets, thus enhancing intermolecular interactions. This improvement
was evidenced by an increase in viscosity, as well as in both storage (G’) and loss (G”) moduli of
the reticulated microcapsules. Stability evaluations and monitoring at 40 °C indicated that TA not
only reduced thermal degradation but also significantly enhanced the retention of TOCO, achieving
81.7% retention after two months. These findings highlight the potential for creating resilient and
multifunctional microcapsules, relevant for usage in different sectors.

Keywords: complex coacervation; fungal chitosan; gum Arabic; tannic acid; α-tocopherol

1. Introduction
Microencapsulation of bioactive compounds, such as antioxidants, vitamins, flavors, and essential

oils, is a key strategy to improve their stability and effectiveness. It protects them from environmental
factors such as heat, humidity, and light, as well as enhancing their bioavailability and controlled
release. Such a technique finds applications in various industries, including food, cosmetics, and
pharmaceuticals [1,2]. Complex coacervation, an efficient method of encapsulation, is based on
the formation of a polyelectrolyte complex by electrostatic interactions between oppositely charged
polymers. This process occurs under specific conditions of pH, ionic strength, and temperature [3].
Complex coacervation using biopolymers is receiving more and more attention due to its ability to
form microcapsules with desirable properties such as high loading efficiency and tailored release
profiles. One of these compounds of interest is α-tocopherol, a lipophilic antioxidant essential for
human health and for its preservative properties. However, this active molecule exhibits low solubility
in aqueous solutions and is extremely prone to degradation when exposed to environmental factors
like high temperatures, light, and oxygen, which limits its application. Consequently, innovative
methods must be developed to stabilize this sensitive molecule [4].

In recent years, there has been a growing interest in using non-animal biopolymers, including
plant-based proteins [5–7]. Nevertheless, some of them may be susceptible to cause allergic reactions
and may not be suitable for all applications.
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Recently, fungal chitosan (FC) and gum Arabic (GA) were studied as encapsulating agents, owing
to their biocompatibility, non-toxicity, and functional versatility [8–10]. Chitosan is also recognized
for its antimicrobial and antioxidant properties [11,12]. Thus, complex coacervation using these
biopolymers offers a promising approach to encapsulate and protect α-tocopherol into multifunctional
microcapsules. However, reaching high encapsulation efficiencies and enhancing the stability of the
resulting coacervates remains a challenge, with the latter rarely being studied in the literature.

Reticulation, a process consisting in the formation of cross-links between polymer chains, can
significantly improve the encapsulation efficiency and stability of microcapsules. Aldehydes and
enzymes have been studied in various studies; however, the high toxicity of aldehydes and the high
cost of enzymes require the research of safe, natural, and economic alternatives [13–16]. Tannic acid
(TA), a natural polyphenol, has been recognized for its antioxidant, antibacterial, and anti-inflammatory
qualities, making it an excellent choice for the development of multifunctional microcapsules [17].
Although it has been explored as a cross-linking agent to enhance the structural integrity and functional
properties of coacervates [18–20], its effect on the stability of bioactive molecules remains understudied.
Moreover, TA has never been used as a cross-linker for FCGA coacervates.

For the first time in the literature, we aimed to investigate the potential of TA as a cross-linking
agent for FCGA coacervates in improving the stability of α-tocopherol through complex coacervation.
By evaluating the encapsulation efficiency, yield, morphological and rheological properties, and
stability of encapsulation of the resulting microcapsules by thermogravimetric analysis (TGA) and
storage stability, this research seeks to contribute to the development of robust and multifunctional
delivery systems for sensitive bioactive compounds, with potential applications in functional foods,
cosmetics, and pharmaceuticals.

2. Results and Discussion
2.1. Impact of the Cross-Linking Agent on the Properties of Coacervates

The impact of TA on FCGA coacervates on yield, encapsulation efficiency and active loading is
displayed Table 1.

The yield of complex coacervates was not significantly affected by the addition of TA (≥ 69%).
Nevertheless, a decline was observed at a concentration of 2% TA, potentially attributable to the
presence of unbound TA in the solution. The active loading, referring to the concentration of TOCO
in the microcapsules, decreases as the concentration of TA increases, as expected. By increasing the
concentration of TA in the formulations, the total quantity of TOCO was decreased as a result of a
dilution effect.

The encapsulation efficiency (EE) ranged from 79.73 to 93.89%, and it is interesting to note that
raising the concentration of TA initially led to a significant decrease in EE. However, the efficiency was
further improved when 2% TA was used. Koupantsis et al. (2016), Zhang et al. (2011) and Alexandre
et al. (2019) also observed a comparable pattern, slightly improving the EE with the use of TA as
cross-linking agent in various complex coacervate systems: milk proteins-carboxymethylcellulose,
gelatin-GA, and cashew gum-gelatin, respectively [18,21,22].

The increase in encapsulation efficiency with the addition of TA can be attributed to the enhanced
formation of the polyelectrolyte complex through hydrogen bonds, electrostatic interactions, and
hydrophobic interactions between TA and the FCGA matrix [14,18]. These interactions result in a
more compact coacervate structure and greater entrapment of TOCO. If the encapsulation of TOCO
by chitosan and GA coacervates has never been described elsewhere in the literature; these results
can be compared to results obtained on other coacervates. As an illustration, the encapsulation
of TOCO by complex coacervation has been studied a few times in the literature using chitosan
(Ch) with sodium lauryl ether sulfate [13] or with soy protein isolate [23], achieving up to 73.2 and
64.8% of EE, respectively. The variations observed can be attributed to the molecular weight of the
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chitosan (between 50 and 190 kDa), the specific parameters selected for the complex coacervation
process (including the total amount of biopolymers and the concentration of vitamin E), or the drying
method. The current study involved the selection of a low molecular weight FC (39 kDa), which led
to increased mobility of the biopolymer chain. Consequently, this could have promoted interactions
with other compounds. The study conducted by [24] achieved a higher encapsulation efficiency
(ranging from 90.4% to 100%) for vanillin and limonene by using FCGA complex coacervates that were
cross-linked with TA. Nevertheless, the coacervates were formulated using surfactants (Span 85 and
polyglycerol polyricinoleate), and no investigation was conducted to compare them to coacervates
without surfactant. The encapsulation of lavender oil using gelatin and GA was investigated by Xiao
et al. (2014), which investigated the use of various cross-linking agents (TA, glutaraldehyde, and
transglutaminase) [14]. Although the EE remained constant regardless of the cross-linker used, there
was a notable decrease compared to uncross-linked coacervates due to the oil’s volatility. Therefore,
TA represents an effective and safe alternative for the cross-linking of complex coacervates.

Table 1. Impact of tannic acid (TA) on encapsulation process parameters α-tocopherol

Ratio FC:GA Ratio WM:A %Tannic acid %Yield %Active
loading

%Encaps.
efficiency

1-4 1-1

0 76.4 ± 13.4a 6.12 ± 1.24a 90.24 ± 6.03ab

0.25 79.9 ± 3.7a 5.53 ± 0.19ab 92.08 ± 0.51ab

0.5 83.9 ± 7.6a 4.55 ± 0.30b 79.73 ± 5.64c

1 83.8 ± 12.0a 4.63 ± 0.40b 84.32 ± 6.48bc

2 69.0 ± 1.1a 4.89 ± 0.07b 93.89 ± 1.72a

* a, b, c, d values with different letters in the same column differ significantly (p<0.05).

2.2. Morphology of Coacervates

Particle size analysis and phase-contrast microscopy were used to assess the morphological
characteristics of FCGA coacervates. The particle size of complex coacervates was significantly
influenced by the addition of TA, as shown in Table 2. The size of the microcapsules increased as
the concentration of TA increased from 0% to 0.5% due to interactions with the polysaccharides.
Nevertheless, a subsequent increase in TA led to a reduction in the size of the particles. A similar
behavior was reported by Zhang et al. (2011) and Guo et al. (2022) and was attributed to the saturation
of the binding sites of the biopolymers [21,25]. Thus, the maximum of cross-linking is achieved when
all binding sites of TA are involved. Increasing the concentration results in an excess of TA, causing an
increase in electrostatic repulsions, and, consequently, leading to the size reduction of the resulting
aggregates.

Table 2. Particle size of α-tocopherol complex coacervates reticulated with tannic acid (TA).

%TA D10 (µm) D50 (µm) D90 (µm)

0 22.0 ± 4.9a 63.2 ± 5.8a 145.8 ± 2.7ab

0.25 43.5 ± 1.7b 84.2 ± 3.9b 157.5 ± 8.8c

0.5 44.7 ± 4.8b 94.9 ± 5.8c 166.9 ± 5.1d

1 23.2 ± 4.5a 66.7 ± 9.9a 138.6 ± 5.3b

2 22.8 ± 1.7a 77.2 ± 1.4b 151.4 ± 2.6ac

* a, b, c, d values with different letters in the same column differ significantly (p<0.05).

Observations of complex coacervates by phase-contrast microscopy are shown in Figure 1. As
clearly visible on all micrographs, complex coacervates consisted in the aggregation of oil droplets
entrapped in microgels consisting of biopolymer matrix with irregular shapes. Although the overall
microstructure of the complex coacervates appeared unaffected by the addition of TA, a slight increase
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in the contrast of the coacervate layer around the oil droplets was observed and could be attributed to
their higher thickness, in agreement with the literature [25].

Figure 1. Phase-contrast microscopy images of α-tocopherol coacervates formed with fungal chitosan (FC), gum
Arabic (GA) and tannic acid (TA) by complex coacervation.

2.3. Rheological Properties of Complex Coacervates

In order to understand the structural differences between complex coacervates, whether cross-
linked with TA, both flow and oscillation tests were conducted (Figure 2). All samples displayed
a shear thinning behavior, with an increase in the shear rate to approximately 10 s−1 (Figure 2a).
Moreover, TA addition led to viscosity increasing that can be attributed to enhanced intermolecular
bonding [26]. In addition, both samples exhibited a sharp viscosity loss at high shear rate, as the
latter causes structural breakdown of polyelectrolyte complexes, as reported in previous studies
[27–29]. To go further, it is striking that microgels disruption takes place at lower shear rates when
the coacervates were cross-linked with TA if compared to non-cross-linked ones (5 s−1 instead of 47
s−1). This demonstrates that cross-linking tends to make microgels more fragile when submitted to
strain. This is perfectly corroborated by results of LVER test performed by strain sweep measurements
(Figure 2b). This LVER domain is characterized by constant viscoelastic parameters in a given strain
range; this can also be considered as the material’s sensitivity to deformation. As visible on the graphs,
cross-linked coacervates had a smaller LVER, with an oscillation strain of up to 8.0%, compared to
25.3% for non-cross-linked ones. Furthermore, while both samples displayed a liquid-viscoelastic
behavior, both modulus were significantly higher for reticulated coacervates. The findings suggest
that the development of a cross-linked structure in coacervates decreases their deformability due to a
stronger molecular network that limits molecular mobility; this outcome aligns with existing literature
on different types of cross-linked coacervates such as gelatin-GA systems [30].

Finally, frequency sweep tests were conducted using a constant strain (1%) chosen within the
LVER. For every complex coacervate, both the storage modulus (G’) and the loss modulus (G")
increased as the frequency increased from 0.1 to approximately 10 rad.s−1, with G" > G’ for all
frequencies (Figure 2c). Coacervates that were reticulated with 2% TA exhibited a reduced sensitivity
of tan δ to frequency changes. This phenomenon was also reported by Anvari et al. (2016) in their
study on the dynamic behavior of complex coacervates formed by fish gelatin and GA reticulated with
TA [30]. This behavior indicates the development of more robust intermolecular interactions and a
more resilient molecular network.
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Figure 2. Rheological properties of α-tocopherol coacervates reticulated with 0% and 2% of tannic acid: flow test
(a), amplitude sweep test (b), frequency sweep test (c), and evolution of tan δ as a function of the frequency.

2.4. Thermogravimetric Analysis (TGA)

TGA was performed on freeze-dried coacervates and starting materials to investigate their thermal
stability (Figure 3). Pure TOCO and TA presented high thermal decomposition temperatures of 350 °C
and 268 °C, respectively. The carrier oil, DIPA, showed a one-step degradation process starting around
130 °C corresponding to its boiling point (110 °C). For empty coacervates FCGA, a 3-step degradation
process was observed:

1. The first one, which occurs at temperatures below 125 °C, is related to water desorption and
evaporation.

2. The second one, corresponds to polysaccharides decomposition between 250-400 °C.
3. Finally, above 400 °C, the decomposition of the residual carbonated group was observed.

These results are in agreement with those previously reported in the literature for pure TOCO
[31], and for individual polysaccharides Ch and GA and the resulting coacervates [32–34].

At the same time, the TOCO microcapsules exhibit a degradation process consisting of four steps
(Figure 3b). The initial step, related to the loss of water below 125 °C, allows the determination of
the moisture content without significant variations: the latter being 7.2% for coacervates without TA
and 6.0% for the cross-linked ones. Then, the next weight loss occurs within the 130-200 °C range,
mainly due to the degradation of the carrier oil. However, the reticulation of complex coacervates
decreases the mass loss by 30% within this temperature range. In the third step (from 200 to 300 °C), the
polysaccharides’ decomposition is observed, followed by the degradation of TOCO and the carbonated
residues. Figure 3b illustrates that the addition of 2% of TA significantly enhance the thermal stability
of microparticles, thus efficiently preventing the degradation of DIPA and, consequently, of TOCO.
Alexandre et al. (2019) also reported an increase in the thermal stability of the cross-linked cashew
gum-gelatin coacervates with TA [22]. Thus, based on the present results, it is obvious that cross-
linking complex coacervates significantly improves their thermal stability, making them even more
suitable for high-temperature processes.
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Figure 3. TGA curves of the starting materials (DIPA, TOCO) and empty coacervates (FCGA) (a) and α-tocopherol
microcapsules with 0% and 2% tannic acid (TA).

2.5. Storage Stability of Complex Coacervates

The storage stability of encapsulated TOCO was evaluated for two months in accelerated condi-
tions at 40 °C in order to investigate microcapsules stability over time, under accelerated conditions;
aging test was performed over 2 months with monitoring active loading (Figure 4). Results clearly
indicate that TOCO retention was significantly enhanced over time through the complex coacervation
process. Despite the fast degradation of pure TOCO, with only 85.8% remaining after two weeks, its
encapsulation resulted in 93.6-97.3% of retained TOCO. This phenomenon is even more marked as
the test duration increases. After a period of two months, the cross-linked coacervates demonstrated
significantly improved results, with 81.7% of TOCO retained. In comparison, only 53.5% of pure TOCO
and 69.8% of encapsulated TOCO without reticulation were observed, respectively. Although some
studies have suggested that reticulated coacervates own a higher retention rate [19,25,35], the storage
stability of encapsulated TOCO by complex coacervation was not examined in the literature, making
this study the first of its kind.

Figure 4. Storage stability of pure α-tocopherol (TOCO), complex coacervates (FCGA-TOCO) and reticulated
coacervates with 2% of tannic acid (FCGA-TA2%-TOCO) at 40 °C. Values with different letters in the same group
differ significantly (p<0.05).

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 December 2024 doi:10.20944/preprints202412.2126.v1

https://doi.org/10.20944/preprints202412.2126.v1


7 of 12

3. Materials and Methods
3.1. Materials

Fungal chitosan (FC) of deacetylation degree: 80.9 ± 0.1% (determined by conductimetric dosing)
and average viscosimetric molecular weight: 39 ± 1 kDa was purchased from Kraeber & Co GmbH
(Ellerbek, Germany) and gum Arabic Senegal (GA) (average viscosimetric molecular weight: 393 ± 23
kDa) was kindly gifted by Alland&Robert (France). The average molecular weight of both polymers
was determined using intrinsic viscosity measurements using Mark-Houwink-Sakurada parameters
reported in the literature by Kasaai et al. (2007) for chitosan [36] and by Gomes-Diaz et al. (2008)
and Idris et al. (1998) for gum Arabic [37,38]. α-tocopherol (TOCO) ≥ 95% and tannic acid (TA) were
purchased from Sigma Aldrich (Germany), and diisopropyl adipate (DUB DIPA) was kindly provided
by Stéarinerie Dubois (France). Hydrochloric acid (HCl), sodium hydroxide (NaOH), and glacial
acetic acid were purchased from Fisher Scientific (USA). Absolute ethanol (EtOH) was purchased from
Brabant (France). All solutions and emulsions were prepared using demineralized water.

3.2. Preparation of Complex Coacervates

Biopolymer stock solutions were prepared by dissolving 5%wt of FC in acetic acid (1%v/v) and
10%wt of GA in deionized water under magnetic stirring for 4 and 2 hours, respectively. Resulting
biopolymer solutions were kept overnight at 4 °C to ensure complete hydration of the polymers. A
solution of 12%wt of TA was prepared at room temperature before running the experiment.

Complex coacervates were prepared in the FC:GA 1:4 w/w ratio with a biopolymer:oil ratio
of 1:1, as follows. The concentration of biopolymers in the final mixture was maintained at 2.5%
w/w. The oil phase, consisting in 10%wt of α-tocopherol dissolved in diisopropyl adipate, was added
to a GA 5 % w/w aqueous solution under stirring using a VMI Turbotest (Turbotest, VMI-mixing,
La-Roche-sur-Yon, France) equipped with a defloculator turbine (diameter of 35 mm) operating at
1000 rpm for 10 min followed by an IKA Ultra-turrax rotor-stator device at 8000 rpm for 5 min to form
an emulsion. The FC solution (5 % w/w) was gradually added to this latter emulsion under magnetic
stirring. After 10 minutes, the entire FCGA-TOCO solution was diluted to achieve a total polymer
solid content of 5%wt. Subsequently, magnetic stirring was conducted for an additional 10 minutes.
After adjusting the pH to the optimum level (4.8) using a HCl solution (2 mol/L), magnetic stirring
was maintained for another 30 minutes. An aqueous solution of TA (12%wt) was added to reach a total
TA content of 0, 0.25, 0.5, 1 and 2% (w/w), and the pH was then readjusted to 4.8. Magnetic stirring
was maintained for 4 hours. The resulting mixture was then left at room temperature for 20 hours
more. After 24 hours, the mixture was filtered through Whatman no. 42 filter paper using a Büchner
funnel. Finally, the recovered coacervates were then placed into Petri dishes and freeze-dried for 4
hours at -96 °C to obtain a powder by grinding the frozen coacervates. The resulting coacervates were
stored at 4 °C until further analyses.
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Figure 5. Protocol of encapsulation of α-tocopherol by complex coacervation with fungal chitosan (FC) and gum
Arabic (GA) and their cross-link with tannic acid (TA).

3.3. Characterization of Complex Coacervates
3.3.1. Encapsulation Efficiency, Yield, and Loading Capacity

In order to assess the encapsulation efficiency (EE) and active loading (AL) of complex coacervates,
0.1 g of sample was weighed in a plastic tube with 10 mL of pure EtOH (in triplicate). The solution
was placed in an ultrasonic bath (VWR Ultrasonicator) for 10 min at room temperature to extract the
encapsulated α-tocopherol. The solution was then filtered using a 0.45 µm pore-sized filter in cellulose
acetate. A standard calibration curve (R² = 0.999) was used, with the α-tocopherol concentration
determined by calculating the area under the UV detection peak after separation by LC-MS.

The concentration of α-tocopherol in coacervates was determined using an LC-MS Agilent 1200
(Agilent Technologies, Waldbronn, Germany) equipped with an C18 XDB 5 µm 6.6 × 150 mm column
and a UV-vis detector Agilent Infinity 1260 VL+. The compound was eluted in a mobile phase milliQ
water/MeOH at ratio 5/95 in isocratic mode at a flow rate of 1.5 mL/min. The column temperature
was maintained at 40 °C and the detection wavelength was 290 nm. The elution time of α-tocopherol
was 4.7 min.

The encapsulation efficiency (EE), yield and active loading (AL) were calculated as follows:

Yield (%) =
mcoacervates

mmaterials
× 100 (1)

Active Loading (%) =
mencapsulated TOCO

mcoacervates
× 100 (2)

Encapsulation efficiency (%) =
mencapsulated TOCO

minitial TOCO
× 100 (3)

where mcoacervates is the mass of the recovered product, mmaterials is the initial mass of the material
used, mencapsulatedTOCO is the amount of TOCO successfully encapsulated and minitialTOCO is the
theoretical amount of TOCO to be encapsulated.

3.3.2. Optical Microscopy Observations

The coacervates microstructure was assessed using an optical microscope (ECLIPSE Ni-U, Nikon)
equipped with a camera in phase-contrast mode. The images were captured at a magnification of 200x
and analyzed using Nikon software (NIS Element Viewer).
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3.3.3. Particle Size Distribution

The particle size distribution of complex coacervates was analyzed using static light scattering
with a SALD-7500 Nanoparticle size analyzer (Shimadzu, Kyoto, Japan) equipped with a violet
semiconductor laser (405 nm) and a reverse Fourier optical system. Before measurement, samples
were diluted in deionized water to achieve an absorption parameter of 0.2. During the measurements,
the samples were stirred in the batch cell to ensure homogeneity. For each product, three samples
were collected and analyzed, and the measurements were made in triplicate using the Fraunhofer
diffraction theory for each sample. Data were analyzed using Wind SALD II software (Version 3.1.0)
and the results were presented as average values of D10, D50 and D90 (µm).

For subsequent characterization methods, complex coacervates reticulated with 2% of TA were
selected.

3.3.4. Rheological Measurements

The coacervate’s rheological properties were evaluated with a DHR-2 hybrid rheometer (TA
Instrument, USA) equipped with a 40 mm aluminum parallel plate device. The temperature was
controlled at 20 °C using a Peltier system.

Shear flow experiments were conducted using a continuous flow log ramp with shear rates from
10−3 to 1000 s−1 for five minutes. Results were displayed as shear viscosity and stress as a function of
shear rate.

Amplitude strain sweeps from 0.1 to 100% were applied at a constant angular frequency of 1 Hz
to determine the linear viscoelastic region (LVER). The oscillating sweep measurements were carried
out from 0.1-100 rad.s−1 in the LVER.

3.3.5. Thermogravimetric Analysis (TGA)

The thermal characteristics of the microparticles were evaluated using a Setsys TGA 1200 device
by SETARAM. Samples of 10 mg were placed in an alumina pan and heated from 25 °C to 600 °C at 10
°C/min under ambiant air atmosphere. Each sample was analyzed in duplicate.

3.3.6. Retention of Active During Storage

The stability of TOCO was evaluated by placing samples in a temperature controlled oven at
40 °C for two months. The concentration of the remaining TOCO was determined according to the
procedure described in Section 3.3.1. TOCO coacervates were compared with nonencapsulated TOCO
to assess the retention capacity of the produced microparticles.

3.3.7. Statistical Analysis

All analyses were conducted at least in duplicate. The results are presented as the mean ± standard
deviation (SD). Collected results were analyzed using one-way ANOVA and compared with Tukey’s
HSD test, a post-hoc method for determining significant differences between group averages, at a 95%
confidence level employing the XLSTAT software (Version 2012.1.01, Addinsoft, Paris, France).

4. Conclusions
In this current study, the lipophilic antioxidant α-tocopherol was successfully encapsulated by

complex coacervation using diisopropyl adipate as carrier oil, and fungal chitosan and gum Arabic as
biopolymers. For the first time in the literature, this work explored tannic acid, a natural polyphenol
and antioxidant, as a cross-linking agent for FCGA-TOCO coacervates, examining its impact on mor-
phology, rheological properties, and thermal and storage stability. Reticulated coacervates exhibited an
improved encapsulation efficiency, characterized by the development of a denser layer of coacervates
surrounding the oil droplets. In addition, the complex coacervates exhibited a liquid-viscoelastic
property, which was enhanced by the introduction of tannic acid, resulting in stronger intermolecular
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interactions. As the molecular network was enhanced, it resulted in a significant improvement in
both thermal and storage stability, making them appropriate for high-temperature processes. Af-
ter two months at 40 °C, 30% more α-tocopherol was preserved compared to the non-encapsulated
one. Overall, the complex coacervates cross-linked with 2% of TA demonstrated exceptional storage
stability at 40 °C. Tannic acid and chitosan, acknowledged for their biocompatibility, non-toxicity,
antioxidant, and antimicrobial properties, make these newly developed coacervates multifunctional
and highly promising for potential applications across various industries, including food, cosmetics,
and pharmaceuticals, where multifunctional, durable and stable products are essential.
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