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Abstract: Epigallocatechin gallate (EGCG) is a catechin and one of the most abundant polyphenols in
green tea, and it is under research for its potential benefit to human health and for its potential to be
used in disease treatments, such as for cancer. However, the effectiveness of polyphenols depends
on preserving their bioactivity, stability, and bioavailability. The EGCG was microencapsulated by a
spray-drying process, using different biopolymers as encapsulating agents (gum arabic, modified
chitosan and sodium alginate), in order to overcome some of the limitations of this compound.
The microparticles showed a diameter around 4.22 to 41.55 pm (distribution in volume) and different
morphologies and surfaces, depending on the encapsulating agent used. The EGCG release was total,
and it was achieved in less than 21 min for all the formulations tested. The EGCG encapsulation
efficiency ranged between 78.5 and 100.0%. The release profiles were simulated and evaluated using
three kinetic models: Korsmeyer-Peppas (RZ: 0.739-0.990), Weibull (R%: 0.963-0.994) and Baker—
Lonsdale (R?: 0.746-0.993). The Weibull model was the model that better adjusted to the experimental
EGCG release values. This study proves the success of the EGCG microencapsulation, using the
spray-drying technique, opening the possibility to insert dried EGCG microparticles in different food
and nutraceutical products.

Keywords: catechin; controlled release studies; epigallocatechin gallate (EGCG); microencapsulation;
polyphenols; spray drying

1. Introduction

For centuries, different civilizations used plants and their extracts in traditional
medicine [1,2]. Today, catechins, and in general polyphenols, have gained interest as
functional compounds in food. They are potent agents against oxidative stress; therefore,
their consumption can promote the prevention of several degenerative diseases [3,4].

Catechins are found in different plants and grape seeds, and they are one of the most
abundant polyphenols in green tea. They have been found to have antimicrobial, anti-
carcinogenic, antidiabetic, anti-oxidative, and antiviral activities [5]. The major catechins,
in the green tea, include (—)-epigallocatechin gallate (EGCG), (—)-epicatechin (EC), (—)-
epicatechin gallate (ECG), (—)-epigallocatechin (EGC), and their epimers. In several in vitro
studies, Epigallocatechin gallate (EGCG) has been found to have the highest antioxidant
activity compared to other catechins, accounting for 4.7-10.4% of the total catechins (dry
weight) [5].

In recent years, Epigallocatechin gallate (EGCG) has been under research for its
potential to affect human health and for its potential to be used in disease treatments, such
as for cancer [6] or inflammatory diseases [7]. The important anti-cancer characteristic of
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EGCG has been proved in various types of cancer, and more studies are being performed [6].
EGCG has a chemo-preventive effect through inhibition of carcinogenesis process (initiation,
promotion, and progression). Additionally, EGCG also has an important role in cancer
management (regulating proliferation, apoptosis, angiogenesis and killing of various types
of cancer cells) [6]. On the other hand, the additive or synergistic effect of EGCG with
chemo preventive agents was also verified, by reducing their toxicities and enhancing the
anticancerous effects [6].

For all these reasons, the incorporation of catechins in food products and nutraceu-
ticals is so important. Adding catechins and especially EGCG to food and nutraceutical
products could potentially benefit the people; however, there are some limitations related to
bioavailability, stability and toxicity of the EGCG [8]. In the recent years, polyphenols have
been applied in food processing, such as instant powder products, for example, gelatins
and bread baking. However, catechins are highly unstable in free form, and they could
be damaged due to degradation during food processing and food ingestion. The stability
of the polyphenols and especially catechins in the food matrix is influenced by several
factors, such as light, temperature, presence of metal ions, pH, and oxygen availability [5,6].
On the other hand, the oral bioavailability of catechins is less than 5%, and their half-
life is short due to rapid systemic clearance [9]. The intestines can extend the residence
time of the catechins and enable insufficient permeability. The catechins can also be dam-
aged by other bioactives that exist in gastrointestinal fluid, namely by digestive enzymes.
Finally, considering the number of hydrogen bonding donors and receptors in molecular
structures, the cellular uptake of catechins was also found to be limited [10]. As a result,
catechins usually have a relatively low bioavailability due to the absorption process [5,6].

The incorporation of active compounds such as catechins within controlled release
systems might significantly increase their efficacy and the scopes of their application.
Therefore, several approaches, including encapsulation, have emerged for their effective
protection against degradation.

Various studies have been developed to improve the bioavailability of EGCG using
other methodologies including the use of solid lipid nanoparticles [11,12], microemul-
sions [13], Chitosan-PEG-folate-Fe(III) complexes [14], chitosan-EGCG conjugates [15],
Zein-based colloidal particles [16], polyphenol/protein binding, liposomes and layer-by-
layer coating [17-19]. These techniques commonly involve complex formulation and the
procedures can be time consuming [17-19]. In addition, it can be complicated to control the
size and functionality of EGCG particles produced by some of these techniques.

Spray drying is an effective method to improve the stability of bioactive substances
against oxidation and degradation, and to produce powdered products for food and
pharmaceutical industry [20,21]. The powdered products produced are more convenient
and safer to transport, store and process than, for example, liquid formulations [1,22]. It is
the most relevant method in the food industry; few studies are reporting the application
of the spray drying technique to encapsulate EGCG [23,24]. In 2010, Gomes et al. (2010),
studied, using a spray drying process, the preparation of lipid /particle assemblies based
on maltodextrin—gum arabic core (EGCG) as bio-carriers [9]. One year after, Fu et al. (2011)
reported the production (by spray drying) of monodisperse epigallocatechin gallate (EGCG)
microparticles [17]. In the same year, Peres et al. (2011) produced, by homogenization
and spray-drying, gum arabic-maltodextrin particles loaded with EGCG, with a loading
efficiency (EGCG) of around 96% [25]. More recently, the spray dryer was used to dry
ternary aggregates dispersions and LF-HMP (lactoferrin—high methylated pectin) binary
complex dispersion [26], to encapsulate soybean oil bodies in maltodextrin and chitosan-
EGCG conjugates [15] and to protect (encapsulate) Akkermansia muciniphila in spray dried
succinate-grafted alginate doped with epigallocatechin-3-gallate [27].

On the other hand, biopolymeric particles, thanks to their exceptional food com-
patibility and natural origin, have been widely used and studied for the encapsula-
tion and delivery of functional compounds in nutraceutical and food products [16,28].
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Carbohydrates such as chitosan, pectin, maltodextrin, gum arabic and sodium alginate can
stabilize formulations and offer barrier protection and controlled release of the EGCG [18].

Accordingly, in the present work, it was explored the feasibility of the production of
microparticles loaded with EGCG, by a spray drying process, using different biopolymers
(modified chitosan, sodium alginate and gum arabic) with appropriated characteristics
to promote protection and the release of the EGCG only in the small intestine, where it
is absorbed, taking into account their possible and future integration into some food and
nutraceutical products. It was also considered the ideal daily amount of EGCG uptake to
avoid secondary effects, such as the risk of hepatotoxicity. To the best of our knowledge,
there are no studies about the EGCG microencapsulation using these biopolymers (modified
chitosan, sodium alginate and gum arabic), by a spray-drying process, as well as an
extensive study of experimental release profiles and mechanisms of release in food basic
conditions. Therefore, in the present study, EGCG microparticles were characterized and
their release profiles evaluated. The Korsmeyer-Peppas, Weibull and Baker-Lonsdale
models were adjusted to the experimental results, in order to clarify the mechanisms of the
release involved.

2. Materials and Methods
2.1. Reagents and Solutions Used in the Microencapsulation Process

The core compound was (—)-epigallocatechin gallate that was bought from Sigma-
Aldrich (St Louis, MO, USA).

Gum arabic, sodium alginate and modified chitosan were used as encapsulating agents
for the preparation of the microparticles. Gum arabic and sodium alginate were bought
from Sigma-Aldrich, USA. Water soluble chitosan was obtained from China Eastar Group
(Dong Chen) Co., Ltd. (Shanghai, China).

The EGCG solutions were prepared with a concentration of 0.1% (w/v) and the
encapsulating agent solutions (gum arabic, sodium alginate and modified chitosan) with
a concentration of 1% (w/v). All the solutions used in the preparation of the EGCG
microparticles were prepared with deionized water, at 21 °C. The formulation fed to the
spray dryer was prepared adding 10 mL of the EGCG solution to each encapsulating
agent solution.

2.2. Spray-Drying Process: Microparticles Production

The equipment used in the microparticles production (empty, and microparticles
with EGCG) was a Mini Spray Dryer B-290 from BUCHI (Flavil, Switzerland) with a
0.5 mm nozzle.

The conditions used in the spray dryer were optimized in previous studies [22,29,30].
Briefly, the solutions were fed to the equipment with a flow rate of 4 mL/min (15%), an inlet
temperature of 120 °C was set, and the outlet temperature was around 56 °C. Air pressure
and aspiration rate were set to 5-6 bar and 100% (36 m3/h).

The EGCG microparticles were produced to have a final percentage of 1% (w/w)
of EGCG.

The product yield of the spray dryer was calculated (quantity of powder (EGCG
microparticles) recovered, considering the quantity of raw materials (encapsulating and
active agent used) for all the microparticles prepared (Equation (1)).

Mass of powder obtained at the spray dryer

Product yield (%) = x 100 1)

~ Amount of solid raw materials used in the initial feed solution

2.3. Microparticles Characterization
2.3.1. Scanning Electron Microscopy (SEM)

The SEM analysis was performed using a Fei Quanta 400 FEG ESEM/EDAX Pega-
sus X4M equipment (Eindhoven, The Netherlands) at CEMUP (Centro de Materiais da
Universidade do Porto). The SEM methodology is described in previous studies [22,29,30].
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2.3.2. Particle Size—Laser Granulometry Analysis

The determination of microparticles (empty and loaded with EGCG) size was made
using a Coulter-LS 230 Particle Size Analyzer (Miami, FL, USA). The microparticles were
characterized in terms of volume and number distribution as described in previous stud-
ies [22,29,30].

2.4. EGCG Controlled Release Studies
2.4.1. Determination of EGCG Calibration Curve

To measure the quantity of EGCG released by the microparticles, a UV /VIS spec-
trophotometer (SPEC RES +, Sarspec, Porto, Portugal) was used. The analysis was made
with a wavelength of 273 4+ 2 nm. The EGCG calibration curve was prepared with nine
standards (0.0001 to 0.0639 mg/mL), analysed in triplicate, and with a correlation coefficient
of 0.9763.

The EGCG calibration curve is assumed by absorbance (A) versus concentration of
EGCG (C), and represented by the equation, A =20.477C + 0.0623.

2.4.2. Encapsulation Efficiency and Loading Capacity

The microparticles containing EGCG were evaluated in terms of encapsulation effi-
ciency (EE) (Equation (2)) and loading capacity (LC) (Equation (3)) [31].

o EBCGC amount in the microparticles
BE(%) = EGCG amount used in the formulation 0 @)

weight of EGCG in the microparticles
Weight of microparticles

LC(%) = x 100 ®)

2.4.3. EGCG Release Studies

The EGCG microparticles (fresh) were added on top of 3 mL of deionized water, in a
quartz cuvette (CV10Q3500F, Thorlabs, Newton, NJ, USA), with stirring at 21 °C. The EGCG
release profiles were created by recording the values of the absorbance at 273 £ 2 nm, in a
continuous mode (intervals of 30 s).

2.4.4. Kinetic Models

There are several mathematical models. In this study three different mathematical
models (Korsmeyer—Peppas, Weibull and Baker-Lonsdale model) were adjusted to the
EGCG experimental release profiles, using the excel tools, which allows the evaluation
of the main release mechanisms involved in the release. These models were described in
detail in previous studies of the authors and were selected considering the type of particles
produced by spray drying (matrix type) [32,33].

Korsmeyer-Peppas model

The Equation (4) (Korsmeyer—Peppas model) considers the following variables: Q;/Qeo
is the fraction of EGCG released until time ¢, K is the Korsmeyer constant and 7 is the
release exponent [32,33].

% = Kyt" ()
Weibull model

The Equation (5) represents the Weibull model. This model is adequate to study the re-
lease profiles of matrix type drug delivery [34], which is normally the case of microparticles
produced using a spray drying process [35].

_(ﬂ)ﬁ
M =Myl|l—e " ™ 5)
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M; represents the dissolution/release (%) at time ¢ (min), M, the dissolution/release
(%) at infinite time, o the lag-time (min) of the dissolution (normally fy = 0), 8 the
shape parameter of the curve and 7, represents the time (min) when 63.2% of M has
been dissolved /released.

Baker-Lonsdale model

This last model (Equation (6)) represents the drug release from spherical monolithic
dispersions, and it was developed by Baker and Lonsdale (in 1974) [36,37]:

fl:il“(“ﬁiﬂ‘ﬁ::“ ®)

where the release rate constant is represented by k and corresponds to the slope [3,38].

2.5. Statistical Analysis

All the analytical determinations were made in triplicate and the results were ex-
pressed with standard deviations associated to the measures. The results of statistical
significance were analysed (at a level of significance p < 0.05) by single factor analysis of
variance (ANOVA), and Tukey’s test.

3. Results and Discussion

The main goal of this work was the production of EGCG microparticles using different
biopolymers as encapsulating agents. The particles formed can be used in the food industry,
directly as a food supplement/nutraceutical or being incorporated into other products like
instantaneous formulations (gelatins), among others.

To accomplish this objective, three encapsulating agents were used: modified chitosan
(water soluble), gum arabic and sodium alginate, and different types of particles were
produced by a spray-drying technique. These biopolymers were selected considering their
biocompatibility and low toxicity because they are going to be used for oral administration
and that they must ensure the protection of this polyphenol along the gastrointestinal
tract [28].

Several studies and methodologies were stablished in order to better describe the
EGCG microparticles.

3.1. Preparation of EGCG Microparticles: Determination of the Product Yield of the
Spray-Drying Process

As described by several authors, the product yield is one of the most significant aspects
for the efficiency evaluation of spray drying process [3,39]. The properties of the solution
(viscosity, the glass transition temperature of the composition or the adherence of the
solution) used in the spray dryer will have a direct effect on the product yield. The size and
weight of the micro/nanoparticles formed in the spray dryer process can also affect the
product yield, as well as the type and scale of the equipment used (laboratorial or industrial
scale) [2].

The product yield of the spray drying process, determined by the Equation (1), varied
from 28.2 to 42.1% (w/w) for the empty microparticles and between 37.7 and 66.3% for the
EGCG microparticles (Figure 1).

These results are in accordance with the values, described in the literature, obtained
for the product yield of spray drying processes at the laboratorial scale [40,41]. The spray
drying process becomes much more attractive in terms of product yield at the industrial
scale, more if they have associated with the process recycling steps. In general, the incor-
poration of the EGCG in the microparticles increased the product yield. The gum arabic
microparticles are the ones that present the highest product yield.
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Figure 1. Values of the product yield of the spray drying process obtained in the preparation of
different types of EGCG microparticles.

3.2. Morphology of the EGCG Microparticles: SEM

Different types of microparticles were prepared (empty and loaded with EGCG) with
different encapsulating agents/wall materials (gum arabic, sodium alginate and modified
chitosan) (Figure 2).

Microparticles Empty With EGCG

Gum arabic

Sodium alginate

Modified chitosan

Figure 2. SEM images of the microparticles (empty and with EGCG), prepared with gum arabic
(A,B), sodium alginate (C,D) and modified chitosan (E,F). SEM images specifications: magnification:
30,000 %, beam intensity (HV): 15.00 kV, distance between the sample and the lens (WD): £10 mm.
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Different morphologies were obtained as a consequence of different factors associated
with the drying process and the composition of the formulations used to produce the
microparticles [42]. All the microparticles prepared presented a spherical and regular
form/shape. The microparticles prepared with gum arabic (Figure 2A,B) presented several
holes and wrinkles in the surface. In opposition, the particles formed with modified
chitosan (Figure 2E,F) presented a very spherical and regular shape and a smooth surface.
The microparticles produced with alginate (Figure 2C,D) presented some indentations on
their surface. Umbilical shapes both in the empty ones and in the EGCG microparticles
and rounded protuberances (small spheres) are observed. No substantial differences were
detected between the microparticles loaded with EGCG and the empty ones.

Similar morphologies were also obtained and described in the literature using these en-
capsulating agents but with distinct core compounds: Laurus nobilis L. extract and gallic acid [2],
Elderberry Extract and rutin [43], vitamins [33,40,44] and enzymes (3-galactosidase) [45].
From all these studies described in the literature and considering the present results, it
is possible to conclude that the core material (active compound) has no substantial im-
pact on the final morphology and shape of the microparticle. In the present work, the
morphology and shape of the microparticles were more influenced by the encapsulating
agent. It was also possible to observe some agglomeration and dispersion on the size of the
microparticles, two characteristics associated with the spray drying process.

3.3. Microparticles Size: Laser Granulometry Analysis

Different factors need to be considered for the approval and commercialization of
a food product, such as the particle size of the ingredients and additives of a food prod-
uct. The size of the particles incorporated in a food product has a big influence on the
characteristics, functionality and stability of the food products. The particles should have
a dimension that allows them not to be visually or orally detected in food products [46].
Thus, the size uniformity of the particles is very important to guarantee quality, stability
and similarity of the final food products [47].

In the specific case of the particles prepared by spray drying, there are some conditions
of the process, which will highly influence the size of the microparticles formed, namely
the nozzle type (model and diameter), the feed rate, the spray gas flow, and the solid
concentration of the feed solution. For this reason, all of the operational conditions of the
spray dryer were kept constant during the assays.

The particles were analyzed considering a differential volume and number size distri-
bution (Table 1), and the respective size distribution graphs are presented in Figure 3.

Table 1. Microparticles” (empty and containing EGCG) mean size results obtained, considering a
differential volume and number distribution, prepared with different encapsulating agents.

Mean Size (um)

Microparticles Differential Number Differential Volume
Gum arabic 0.10 £ 0.00 422 +0.02
Gum arabic—EGCG 0.10 &+ 0.00 7.22 +£0.03
Modified chitosan 0.11 £ 0.00 41.55+9.31
Modified chitosan—EGCG 0.11 £ 0.00 36.12 £ 5.73
Sodium alginate 0.71 £ 0.00 4.31 £ 0.06

Sodium alginate—EGCG 0.21 £0.10 5.09 £0.10
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Figure 3. Size distribution considering a number distribution (A,B) and volume distribution (C,D) of
the empty microparticles (A—C) and EGCG microparticles (B-D).

Considering a differential number distribution, the microparticles presented a mean size
around 110 nm, except the microparticles were prepared with sodium alginate. The alginate
microparticles loaded with EGCG had a mean size around 210 nm and the empty mi-
croparticles of sodium alginate of 710 nm. In terms of differential volume distribution, the
mean sizes are higher (ranging between 4.22 and 41.55 um). The empty microparticles
prepared with modified chitosan presented the highest value for the mean size (41.55 um)
followed by the EGCG particles prepared with modified chitosan (36.12 um). The particles
prepared with sodium alginate (4.31 (empty)—5.09 um (EGCG)) and gum arabic (4.22
(empty)—7.22 um (EGCG)) had smaller mean sizes.

For each type of microparticle, the difference between the mean size obtained con-
sidering a number and a volume distribution can be explained by the presence of some
agglomeration. It is possible to observe in Figure 3, namely, in the figures including the
volume distribution (Figure 3C,D), the existence of a bimodal/multimodal distribution,
associated with the agglomeration phenomenon.

3.4. EGCG Release Profiles and Controlled Release Studies

The EGCG release profiles were prepared in assays with deionized water as release
medium, at 21 °C (Figure 4). The deionized water (pH 5.6) was used because it can represent
the most popular and simplest solvent used in food industry and in the formulation of
food and nutraceutical products.

The release profiles presented two distinct zones: the first one is the release zone (high
release rate), and the second (final) zone corresponds to the stabilization zone, where all the
EGCG was released from the microparticles. The EGCG microparticles had a total EGCG
release. The EGCG release was fast, and the fastest release was observed for the EGCG
microparticles prepared with gum arabic (4 min).
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Figure 4. Experimental data and Weibull model adjustments for the EGCG release profiles obtained
with microparticles prepared with different encapsulating agents. The experimental release profiles
were obtained, in triplicate, and the variation coefficients were determined for each release time and
were less than 10% for the all the release times.

Other relevant information (Table 2) is the encapsulation efficiency and the loading
capacity. The encapsulation efficiency is higher, close to 100%, for the EGCG microparticles
made with modified chitosan and sodium alginate, having these microparticles respectively
0.99% (w/w) and 1% (w/w) of EGCG.

Table 2. Encapsulation efficiency, loading capacity and time parameters of the EGCG release.

Biopolymer Used llizrflfi:})eiucl;t(l(;)r; Loat(:loi/:l)g( ZCU7£;1city Total R((le:;;ie Time
Gum arabic 785+55 0.79 £ 0.06 4+1
Sodium alginate 100.0 + 1.0 1.00 £+ 0.01 21+1
Modified chitosan 99.3+£1.0 0.99 £ 0.01 17+1

Studies described in the literature reported efficiencies of encapsulation lower than
the ones achieved in the present study. Ding et al. (2019) prepared by spray drying soybean
oil bodies encapsulated in maltodextrin and chitosan-EGCG conjugates with the highest
encapsulation efficiency of 96.68%. Peres et al. (2011) microencapsulated EGCG with a
loading efficiency of 96 + 3%.

The EGCG experimental release profiles were adjusted to three mathematical models:
Korsmeyer-Peppas, Baker—Lonsdale and Weibull models. From Table 3, it is possible
to observe that the model that shows the better adjustment to the experimental EGCG
release profiles is the Weibull model, which was also represented in Figure 4. The EGCG
microparticles prepared with gum arabic adjust well to all the three models in special to
the Baker—Lonsdale model (0.993). For the EGCG microparticles prepared with modified
chitosan and sodium alginate, the best model is the Weibull model.

Therefore, relative to the Weibull model, the coefficients of correlation were higher
than 0.963 (value that corresponds to the EGCG microparticles prepared with gum arabic).
The highest value was for the microparticles prepared with modified chitosan (0.994).
According to the literature, the Weibull model is the most adequate model to evaluate
the release profiles of matrix-type microparticles, typically produced by spray drying
processes, which is the case of the EGCG particles prepared in the present work. Normally,
the mechanisms involved on the release from these kind of particles are controlled by
solvents action and by diffusion [3].
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Table 3. Parameters and correlation coefficients of the Korsmeyer-Peppas, Weibull and Baker—
Lonsdale models applied to the experimental EGCG release profiles.

Baker—
Korsmeyer-Peppas Model Weibull Model Lonsdale
Model
Microparticles Main
with EGCG Time of the % Mechanism «d ) d
Adjust K n Associated R? experimental culated B R? k R?
A (min-n) (min) (min)
(min) to the
Release
Gum arabic 2.0 0744 018 Fickian 0.990 1.0 0.6 09 0963 0155 0993
diffusion
Modified 40 0.178 052 ~ Anomalous g0, 40 36 17 0994 0027 0746
chitosan transport
Sodium alginate 9.0 0045 109 Supercaseldl o5 9.0 8.3 17 0973 0011 0815

transport

Kk is the Korsmeyer constant and 7 is the release exponent. B the shape parameter of the curve and 7d represents
the time (min) when 63.2% of M has been dissolved/released. k represents the release rate constant.

The values of the parameter 7; obtained directly from the experimental EGCG release
profiles are very similar to the parameter 7; obtained from the model for all the types of
EGCG microparticles. In relation to the parameter B, it was less than 1 (0.9) for the EGCG
microparticles prepared with gum arabic and higher than 1 for the microparticles prepared
with modified chitosan and sodium alginate. Thus, according to the value of the § (shape
parameter of the curve), different conclusions can be obtained: if = 1, the shape of the
curve corresponds exactly to an exponential profile; if B > 1, the shape of the curve becomes
sigmoidal with a turning point; and if g < 1, the shape of the curve would show a steeper
increase than the one with g = 1.

The other model explored was the Korsmeyer—Peppas model, which was adjusted to
the experimental EGCG release profiles, with correlation coefficients varying from 0.739
(EGCG microparticles prepared with sodium alginate) to 0.990 (EGCG microparticles
prepared with gum arabic). The Korsmeyer—Peppas model provides information about
the major mechanism responsible for the controlled release, based on the values of the “n”
parameter. Therefore, if n < 0.43, the drug transport mechanism is by a Fickian diffusion,
which was the case of the EGCG microparticles prepared with gum arabic. If 0.43 < n < 0.85,
the drug transport mechanism is by an anomalous transport that happens involving both
Fickian diffusion and polymer chain relaxation mechanisms, and this was the case of the
EGCG microparticles made with modified chitosan. If 7 > 0.85, which was the case of EGCG
microparticles prepared with sodium alginate, the active compound transport mechanism
is a super case-1I transport (polymer chain relaxation mechanisms). If n = 0.85, the active
compound transport mechanism is by a case-II transport [20].

The Baker-Lonsdale model was also applied. This model clarifies the controlled
release kinetics of spherical monolithic dispersions, which is the case of the microparticles
prepared by spray drying, and presents coefficients of correlation ranging from 0.746
(EGCG microparticles prepared with modified chitosan) to 0.993 (EGCG microparticles
prepared with gum arabic).

3.5. Food Application and Safety Evaluation

This work demonstrates that it is feasible to encapsulate EGCG through a spray-drying
process. The biopolymers used as encapsulating agents were selected in order to release the
active compound in the intestine, where the EGCG is absorbed. Microparticles containing
EGCG presented high quality, spherical and regular shape and had a high microencap-
sulation efficiency, exhibiting a fast release that can be used in the development of new
food /nutraceutical products.

However, an important question should be answered, related to how much EGCG
can be added in these food products. According to the literature, green tea catechins,
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in particular the EGCG, present several health advantages (health-promoting effects on
cancer, cardiovascular diseases, neurodegenerative diseases, and strengthening the immune
system, among others) [19]. They are normally absorbed in the small intestine and bio-
transformed in the liver and in enterocytes in the small intestine. However, there is the risk
of hepatotoxicity for high concentrations of catechin [48]. A controlled release system is
also useful in order to reduce the toxicity of the compounds. Therefore, it is important to
analyze some data. The average daily intake of EGCG resulting from the consumption of
green tea infusions varies from 90 to 300 mg/day [11,48]. One adult (high-level consumers),
in the European Union, can achieve values up to 866 mg EGCG/day. On other hand, food
supplements, for adult population, can provide a daily dose of EGCG in the range of 5
to 1000 mg/day. On the other hand, the Scientific EFSA Panel on Food Additives and
Nutrient Sources added to Food (ANS) decided that there is proof from clinical experiments
that ingestion of doses equal or above 800 mg EGCG/day taken as a food supplement has
been shown to induce an increase in serum transaminases in treated subjects compared to
control [48].

Thus, considering these values and assuming 800 mg EGCG/day as limit, it was
estimated (Table 4) the amount of powder (microparticles) prepared with each of the
formulations studied that should be taken as a food supplement or additive per day.

Table 4. Estimate of the amounts of EGCG microparticles corresponding to normal intake doses
of EGCG.

EGCG Microparticles (g/Day)

D . e
oses of EGCG (mg/Day) Gum Arabic Sod.lum Mo.dlﬁed

Alginate Chitosan

Normal
doses—consumption of 90-300 11.4-38.1 9.0-30.0 9.1-30.2
green tea infusions
Food supplements 5-1000 0.6-126.9 0.5-100.0 0.5-100.7
“Safety” dose <800 <101.5 <80 <80.6

The microparticles prepared with sodium alginate were the formulation that requested
the smallest amounts of product to be taken in order to comply with the intake doses
associated to the EGCG. Therefore, depending on the pretended supplementation, one
determined amount should be considered. As mentioned before, the microencapsulation
can protect the EGCG, increasing its stability and creating the possibility to be used in a
more efficient way in food supplementation.

4. Conclusions

Different types of microparticles were prepared (empty and loaded with EGCG)
with different biopolymers as encapsulating agents (sodium alginate, gum arabic, and
modified chitosan). EGCG microparticles prepared with gum arabic presented several
holes and wrinkles in the surface. In opposition, the EGCG particles formed with modified
chitosan presented a very spherical and regular form with smooth surface. In terms
of differential volume distribution, the mean sizes ranged between 4.22 and 41.55 um,
and some agglomeration phenomena could be detected. The spray drying process was
evaluated in terms of product yield of the process, which varied from 28.2 to 66.3%.
The encapsulation efficiency was high, close to 100% for the EGCG microparticles prepared
with modified chitosan and sodium alginate, having these microparticles respectively at
0.99% (w/w) and 1% (w/w) of EGCG. The EGCG release was totaled, and it was achieved in
less than 21 min for all the formulations tested. The model that shows the better adjustment
to the experimental EGCG release profiles was the Weibull model. The main mechanisms
associated to the release were Fickian diffusion, Anomalous transport and Super case-II
transport, for the EGCG microparticles prepared with gum arabic, modified chitosan and
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sodium alginate, respectively. The encapsulated formulations have advantages to reduce
toxic concentrations of EGCG in the human body, which can happen for EGCG doses
higher than 800 mg/day. The microparticles prepared with sodium alginate were the
formulation that incorporates more EGCG and consequently requests smaller amounts
of product to achieve a determined EGCG dose. Therefore, EGCG microparticles with
good quality, spherical and with a regular shape were prepared with a high encapsulation
efficiency and presenting a fast release. These microparticles can be used, in the future, for
the incorporation into food and nutraceutical products.

Author Contributions: Investigation, M.R., ].L. and B.N.E; resources, ER. and B.N.E.; data curation,
B.N.E.; writing—original draft preparation, M.R. and B.N.E.; writing—review and editing, FER. and
B.N.E.; supervision, B.N.E.; project administration, B.N.E.; funding acquisition, ER. and B.N.E.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was financially supported by LA /P/0045/2020 (ALiCE), UIDB/00511/2020 and
UIDP/00511/2020 (LEPABE), funded by national funds through FCT/MCTES (PIDDAC); Project
POCI-01-0145-FEDER-028715 (MicroDelivery—Development of controlled delivery functional sys-
tems by microencapsulation of natural and active compounds with therapeutic, nutritional and tech-
nological interest), funded by FEDER funds through COMPETE2020—Programa Operacional Com-
petitividade e Internacionaliza¢ao (POCI) and by national funds (PIDDAC) through FCT/MCTES.

Data Availability Statement: Data that support the findings of this study are available on request to
the authors.

Acknowledgments: Mathis Ralaivao and Jade Lucas thanks to the ERASMUS program. Berta
Estevinho acknowledges Fundagao para a Ciéncia e a Tecnologia (FCT) for the contract based on the
“Lei do Emprego Cientifico” (DL 57/2016).

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

References

1.

10.

11.

Goélo, V.; Chaumun, M.; Gongalves, A.; Estevinho, B.N.; Rocha, F. Polysaccharide-based delivery systems for curcumin and
turmeric powder encapsulation using a spray-drying process. Powder Technol. 2020, 370, 137-146. [CrossRef]

Chaumun, M.; Goélo, V.; Ribeiro, M.; Rocha, E; Estevinho, B.N. In vitro evaluation of microparticles with Laurus nobilis L.
extract prepared by spray-drying for application in food and pharmaceutical products. Food Bioprod. Process. 2020, 122, 124-135.
[CrossRef]

Estevinho, B.N.; Horciu, I.-L.; Blaga, A.-C.; Rocha, F. Development of Controlled Delivery Functional Systems by Microencapsula-
tion of Different Extracts of Plants: Hypericum perforatum L., Salvia officinalis L. and Syzygium aromaticum. Food Bioprocess Technol.
2021, 14, 1503-1517. [CrossRef]

Cardoso, T.; Gongalves, A.; Estevinho, B.N.; Rocha, F. Potential food application of resveratrol microparticles: Characterization
and controlled release studies. Powder Technol. 2019, 355, 593-601. [CrossRef]

He, A.; Guan, X,; Song, H.; Li, S.; Huang, K. Encapsulation of (—)-epigallocatechin-gallate (EGCG) in hordein nanoparticles. Food
Biosci. 2020, 37, 100727. [CrossRef]

Almatrood, S.A.; Almatroudi, A.; Khan, A.A.; Alhumaydh, FA.; Alsahl, M.A.; Rahmani, A.H. Potential therapeutic targets of
epigallocatechin gallate (EGCG), the most abundant catechin in green tea, and its role in the therapy of various types of cancer.
Molecules 2020, 25, 3146. [CrossRef]

Chiu, Y.H.; Wu, Y.W.; Hung, ].I.; Chen, M.C. Epigallocatechin gallate/L-ascorbic acid—loaded poly-y-glutamate microneedles
with antioxidant, anti-inflammatory, and immunomodulatory effects for the treatment of atopic dermatitis. Acta Biomater. 2021,
130, 223-233. [CrossRef]

Paximada, P.; Echegoyen, Y.; Koutinas, A.A.; Mandala, 1.G.; Lagaron, ].M. Encapsulation of hydrophilic and lipophilized catechin
into nanoparticles through emulsion electrospraying. Food Hydrocoll. 2017, 64, 123-132. [CrossRef]

Gomes, ]. EPS.; Rocha, S.; do Carmo Pereira, M.; Peres, I.; Moreno, S.; Toca-Herrera, J.; Coelho, M.A.N. Lipid /particle assemblies
based on maltodextrin-gum arabic core as bio-carriers. Colloids Surf. B Biointerfaces 2010, 76, 449—455. [CrossRef]

Gao, J.; Mao, Y,; Xiang, C.; Cao, M.; Ren, G.; Wang, K.; Ma, X.; Wu, D.; Xie, H. Preparation of 3-lactoglobulin/gum arabic complex
nanoparticles for encapsulation and controlled release of EGCG in simulated gastrointestinal digestion model. Food Chem. 2021,
354, 129516. [CrossRef]

Shtay, R.; Keppler, ].K.; Schrader, K.; Schwarz, K. Encapsulation of (—)-epigallocatechin-3-gallate (EGCG) in solid lipid nanoparti-
cles for food applications. J. Food Eng. 2019, 244, 91-100. [CrossRef]


http://doi.org/10.1016/j.powtec.2020.05.016
http://doi.org/10.1016/j.fbp.2020.04.011
http://doi.org/10.1007/s11947-021-02652-9
http://doi.org/10.1016/j.powtec.2019.07.079
http://doi.org/10.1016/j.fbio.2020.100727
http://doi.org/10.3390/molecules25143146
http://doi.org/10.1016/j.actbio.2021.05.032
http://doi.org/10.1016/j.foodhyd.2016.11.003
http://doi.org/10.1016/j.colsurfb.2009.12.004
http://doi.org/10.1016/j.foodchem.2021.129516
http://doi.org/10.1016/j.jfoodeng.2018.09.008

Foods 2022, 11, 1990 13 of 14

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Chen, J.; Wei, N.; Lopez-Garcia, M.; Ambrose, D.; Lee, J.; Annelin, C.; Peterson, T. Development and evaluation of resveratrol,
Vitamin E, and epigallocatechin gallate loaded lipid nanoparticles for skin care applications. Eur. J. Pharm. Biopharm. 2017, 117,
286-291. [CrossRef]

Gao, W,; Zhu, J; Liu, P; Cui, B.; Abd El-Aty, A.M. Preparation and characterization of octenyl succinylated starch microgels
via a water-in-oil (W/O) inverse microemulsion process for loading and releasing epigallocatechin gallate. Food Chem. 2021,
355,129661. [CrossRef]

Echeverri-Cuartas, C.E.; Agudelo, N.A.; Gartner, C. Chitosan-PEG-folate-Fe(IlI) complexes as nanocarriers of epigallocatechin—-3—
gallate. Int. ]. Biol. Macromol. 2020, 165, 2909-2919. [CrossRef]

Ding, J.; Xu, Z; Qi, B.; Cui, S.; Wang, T; Jiang, L.; Zhang, Y.; Sui, X. Fabrication and characterization of soybean oil bodies
encapsulated in maltodextrin and chitosan-EGCG conjugates: An in vitro digestibility study. Food Hydrocoll. 2019, 94, 519-527.
[CrossRef]

Donsi, F.; Voudouris, P.; Veen, S.J.; Velikov, K.P. Zein-based colloidal particles for encapsulation and delivery of epigallocatechin
gallate. Food Hydrocoll. 2017, 63, 508-517. [CrossRef]

Fu, N.; Zhou, Z,; Jones, T.B.; Tan, T.T.Y.; Wu, W.D.; Lin, S.X.; Chen, X.D.; Chan, PLY. Production of monodisperse epigallocatechin
gallate (EGCG) microparticles by spray drying for high antioxidant activity retention. Int. ]. Pharm. 2011, 413, 155-166. [CrossRef]
Shi, M.; Shi, Y.L.; Li, X.M.; Yang, R.; Cai, Z.Y.; Li, Q.S.; Ma, S.C.; Ye, ] H.; Lu, ].L.; Liang, Y.R ; et al. Food-Grade Encapsulation
Systems for (—)-Epigallocatechin Gallate. Molecules 2018, 23, 445. [CrossRef]

Rashidinejad, A.; Boostani, S.; Babazadeh, A.; Rehman, A.; Rezaei, A.; Akbari-Alavijeh, S.; Shaddel, R.; Jafari, S.M. Opportunities
and challenges for the nanodelivery of green tea catechins in functional foods. Food Res. Int. 2021, 142, 110186. [CrossRef]
Estevinho, B.N.; Rocha, E; Santos, L.; Alves, A. Microencapsulation with chitosan by spray drying for industry applications—A
review. Trends Food Sci. Technol. 2013, 31, 138-155. [CrossRef]

Gongalves, A.; Estevinho, B.N.; Rocha, F. Microencapsulation of retinoic acid by atomization into biopolymeric matrices: Binary
and ternary blends of alginic acid sodium, xanthan gum and modified chitosan. Food Hydrocoll. 2022, 124, 107310. [CrossRef]
Ribeiro, A.M.; Shahgol, M.; Estevinho, B.N.; Rocha, F. Microencapsulation of Vitamin A by spray-drying, using binary and ternary
blends of gum arabic, starch and maltodextrin. Food Hydrocoll. 2020, 108, 106029. [CrossRef]

Estevinho, B.N.; Mota, R.; Leite, ].P; Tamagnini, P.; Gales, L.; Rocha, F. Application of a cyanobacterial extracellular polymeric
substance in the microencapsulation of vitamin B12. Powder Technol. 2019, 343, 644—651. [CrossRef]

Estevinho, B.M.A.N.; Rocha, FA.N.; Santos, LM.D.S.; Alves, M.A.C. Using water-soluble chitosan for flavour microencapsulation
in food industry. J. Microencapsul. 2013, 30, 571-579. [CrossRef]

Peres, I.; Rocha, S.; Gomes, ].; Morais, S.; Pereira, M.C.; Coelho, M. Preservation of catechin antioxidant properties loaded in
carbohydrate nanoparticles. Carbohydr. Polym. 2011, 86, 147-153. [CrossRef]

Yang, ].; Mao, L.; Yang, W.; Sun, C.; Dai, L.; Gao, Y. Evaluation of non-covalent ternary aggregates of lactoferrin, high methylated
pectin, EGCG in stabilizing (3-carotene emulsions. Food Chem. 2018, 240, 1063-1071. [CrossRef]

Chang, Y.; Yang, Y.; Xu, N.; Mu, H.; Zhang, H.; Duan, J. Improved viability of Akkermansia muciniphila by encapsulation in spray
dried succinate-grafted alginate doped with epigallocatechin-3-gallate. Int. J. Biol. Macromol. 2020, 159, 373-382. [CrossRef]
Gongalves, A.; Estevinho, B.N.; Rocha, F. Spray-drying of oil-in-water emulsions for encapsulation of retinoic acid: Polysaccharide-
and protein-based microparticles characterization and controlled release studies. Food Hydrocoll. 2022, 124, 107193. [CrossRef]
Lucas, J.; Ralaivao, M.; Estevinho, B.N.; Rocha, F. A new approach for the microencapsulation of curcumin by a spray drying
method, in order to value food products. Powder Technol. 2020, 362, 428-435. [CrossRef]

Estevinho, B.N.; Damas, A.M.; Martins, P; Rocha, F. Study of the Inhibition Effect on the Microencapsulated Enzyme (-
galactosidase. Environ. Eng. Manag. . 2012, 11, 1923-1930. [CrossRef]

Palacio, J.; Monsalve, Y.; Ramirez-Rodriguez, F.; Lépez, B. Study of encapsulation of polyphenols on succinyl-chitosan nanoparti-
cles. J. Drug Deliv. Sci. Technol. 2020, 57, 101610. [CrossRef]

Estevinho, B.N.; Rocha, F. Kinetic models applied to soluble vitamins delivery systems prepared by spray drying. Dry. Technol.
2017, 35, 1249-1257. [CrossRef]

Estevinho, B.N.; Lazar, R.; Blaga, A.; Rocha, F. Preliminary evaluation and studies on the preparation, characterization and in vitro
release studies of different biopolymer microparticles for controlled release of folic acid. Powder Technol. 2020, 369, 279-288.
[CrossRef]

Estevinho, B.N.; Rocha, F. A Key for the Future of the Flavors in Food Industry: Nanoencapsulation and Microencapsulation.
In Nanotechnology Applications in Food Flavor, Stability, Nutrition and Safety; Oprea, A.E., Grumezescu, A.M., Eds.; Elsevier Inc.:
Oxford, UK, 2017; pp. 1-16.

Gongalves, A.; Estevinho, B.N.; Rocha, F. Microencapsulation of vitamin A: A review. Trends Food Sci. Technol. 2016, 51, 76-87.
[CrossRef]

Ramteke, K.H.; Dighe, P; Kharat, A.R.; Patil, S. Mathematical Models of Drug Dissolution: A Review. Sch. Acad. ]. Pharm. 2014, 3,
388-396. [CrossRef]

Terada, T.; Tagami, M.; Ohtsubo, T.; Iwao, Y.; Noguchi, S.; Itai, S. Sustained-release microsphere formulation containing an
agrochemical by polyurethane polymerization during an agitation granulation process. Int. J. Pharm. 2016, 509, 328-337.
[CrossRef]


http://doi.org/10.1016/j.ejpb.2017.04.008
http://doi.org/10.1016/j.foodchem.2021.129661
http://doi.org/10.1016/j.ijbiomac.2020.10.166
http://doi.org/10.1016/j.foodhyd.2019.04.001
http://doi.org/10.1016/j.foodhyd.2016.09.039
http://doi.org/10.1016/j.ijpharm.2011.04.056
http://doi.org/10.3390/molecules23020445
http://doi.org/10.1016/j.foodres.2021.110186
http://doi.org/10.1016/j.tifs.2013.04.001
http://doi.org/10.1016/j.foodhyd.2021.107310
http://doi.org/10.1016/j.foodhyd.2020.106029
http://doi.org/10.1016/j.powtec.2018.11.079
http://doi.org/10.3109/02652048.2013.764939
http://doi.org/10.1016/j.carbpol.2011.04.029
http://doi.org/10.1016/j.foodchem.2017.07.127
http://doi.org/10.1016/j.ijbiomac.2020.05.055
http://doi.org/10.1016/j.foodhyd.2021.107193
http://doi.org/10.1016/j.powtec.2019.11.095
http://doi.org/10.30638/eemj.2012.241
http://doi.org/10.1016/j.jddst.2020.101610
http://doi.org/10.1080/07373937.2016.1242015
http://doi.org/10.1016/j.powtec.2020.05.048
http://doi.org/10.1016/j.tifs.2016.03.001
http://doi.org/10.1163/187226308X268845
http://doi.org/10.1016/j.ijpharm.2016.05.061

Foods 2022, 11, 1990 14 of 14

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Coelho, S.C.; Laget, S.; Benaut, P.; Rocha, F.; Estevinho, B.N. A new approach to the production of zein microstructures with
vitamin B12, by electrospinning and spray drying techniques. Powder Technol. 2021, 392, 47-57. [CrossRef]

Bels¢ak-Cvitanovi¢, A.; Levi¢, S.; Kalusevi¢, A.; Spoljari¢, I.; Dordevi¢, V.; Komes, D.; Mrsi¢, G.; Nedovic, V. Efficiency Assessment
of Natural Biopolymers as Encapsulants of Green Tea (Camellia sinensis L.) Bioactive Compounds by Spray Drying. Food Bioprocess
Technol. 2015, 8, 2444-2460. [CrossRef]

Carlan, I.C.; Estevinho, B.N.; Rocha, F. Innovation and improvement in food fortification: Microencapsulation of vitamin B2 and
B3 by a spray-drying method and evaluation of the simulated release profiles. J. Dispers. Sci. Technol. 2021, 1-13. [CrossRef]
Khounvilay, K.; Estevinho, B.N.; Rocha, EA.; Oliveira, ].M.; Vicente, A.; Sittikijyothin, W. Microencapsulation of citronella oil with
carboxymethylated tamarind gum. Walailak ]. Sci. Technol. 2018, 15, 515-527. [CrossRef]

Cortés-Rojas, D.E; Souza, C.R.F,; Oliveira, W.P. Encapsulation of eugenol rich clove extract in solid lipid carriers. . Food Eng.
2014, 127, 34-42. [CrossRef]

Ribeiro, A.M.; Estevinho, B.N.; Rocha, F. Spray drying encapsulation of elderberry extract and evaluating the release and stability
of phenolic compounds in encapsulated powders. Food Bioprocess Technol. 2019, 12, 1381-1394. [CrossRef]

Carlan, I1.C.; Estevinho, B.N.; Rocha, F. Production of vitamin B1 microparticles by a spray drying process using different
biopolymers as wall materials. Can. ]. Chem. Eng. 2020, 98, 1682-1695. [CrossRef]

Estevinho, B.N.; Damas, A.M.; Martins, P.; Rocha, F. Microencapsulation of 3-galactosidase with different biopolymers by a
spray-drying process. Food Res. Int. 2014, 64, 134-140. [CrossRef]

Davidov-Pardo, G.; Joye, L].; McClements, D.]. Food-Grade Protein-Based Nanoparticles and Microparticles for Bioactive Delivery.
In Nature Protocols; Nature Publishing Group: London, UK, 2015; Volume 14, pp. 293-325.

Aguiar, J.; Costa, R.; Rocha, E; Estevinho, B.N.; Santos, L. Design of microparticles containing natural antioxidants: Preparation,
characterization and controlled release studies. Powder Technol. 2017, 313, 287-292. [CrossRef]

Younes, M.; Aggett, P.; Aguilar, E; Crebelli, R.; Dusemund, B.; Filipi¢, M.; Frutos, M.].; Galtier, P.; Gott, D.; Gundert-Remy, U.; et al.
Scientific opinion on the safety of green tea catechins. EFSA |. 2018, 16, €05239. [CrossRef]


http://doi.org/10.1016/j.powtec.2021.06.056
http://doi.org/10.1007/s11947-015-1592-y
http://doi.org/10.1080/01932691.2021.1924768
http://doi.org/10.48048/wjst.2018.3303
http://doi.org/10.1016/j.jfoodeng.2013.11.027
http://doi.org/10.1007/s11947-019-02304-z
http://doi.org/10.1002/cjce.23735
http://doi.org/10.1016/j.foodres.2014.05.057
http://doi.org/10.1016/j.powtec.2017.03.013
http://doi.org/10.2903/j.efsa.2018.5239

	Introduction 
	Materials and Methods 
	Reagents and Solutions Used in the Microencapsulation Process 
	Spray-Drying Process: Microparticles Production 
	Microparticles Characterization 
	Scanning Electron Microscopy (SEM) 
	Particle Size—Laser Granulometry Analysis 

	EGCG Controlled Release Studies 
	Determination of EGCG Calibration Curve 
	Encapsulation Efficiency and Loading Capacity 
	EGCG Release Studies 
	Kinetic Models 

	Statistical Analysis 

	Results and Discussion 
	Preparation of EGCG Microparticles: Determination of the Product Yield of the Spray-Drying Process 
	Morphology of the EGCG Microparticles: SEM 
	Microparticles Size: Laser Granulometry Analysis 
	EGCG Release Profiles and Controlled Release Studies 
	Food Application and Safety Evaluation 

	Conclusions 
	References

