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A co-delivery system based on multilayer microparticles was developed and characterized for the sequential
release of phenolic compounds (PCs) using different encapsulation processes (spray drying: SD and drying-
chilling spray: SDC) and wall materials to improve the stability and bioavailability of PCs. Samples were char-
acterized in terms of process yield (PY%), phenolic retention efficiency (PRE%), chemical structure and crys-
tallinity (NMR, FTIR, DXR), thermal stability (DSC and FT-IR), anti-radical capacity (ORAC and ABTS) and in
vitro digestion. PRE% of samples by SD were higher (p < 0.05) than SDC due to the formation of PCs from CRF

(cara-roxo flour). NMR, FTIR, DXR confirmed the presence of key components and interactions for the formation
of the advanced co-delivery system. The SDC particles showed crystalline regions by XRD and were stable at
~47 °C. All samples showed good release of PC in the intestinal phase, and antiradical capacity that reached

23.66 ymol TE g~ 1.

1. Introduction

The consumption of fruits and vegetables is widely discussed as
promoting the reduction of chronic diseases. In Brazil, there is a wide
variety of fruits from tropical and subtropical regions. The araca-boi
(Eugenia stipitata) is a native plant of the Amazon basin and rich in
volatile terpenes, fiber, vitamin C, carbohydrates (65 to 72% w/w),
proteins (8 to 10% w/w), compounds phenolics (PC), in addition to
presenting antioxidant properties, antimutagenic and anti-inflammatory
activities (de Aratjo et al., 2019).

Our previous studies have demonstrated that a PC-rich diet can
promote redox homeostasis, block the generation of ROS/RNS, and stop
the propagation of reactive species through the chelation of metal ions

(de Oliveira et al., 2021b). However, despite the benefits mentioned,
PCs are unstable and can be affected by external physicochemical factors
such as oxygen, light, heat, and humidity, in addition to restricted bio-
accessibility and bioavailability (Lopez-Polo et al., 2020).

PC encapsulation is considered a viable option to improve techno-
logical, nutritional and sensory properties (Oliveira et al., 2020). Several
studies have already reported encapsulation systems for phenolic com-
pounds using various techniques, such as emulsions, liposomes, elec-
trospray, inclusion complexes, ionic gelation, drying and chilling spray
(Hatefi & Farhadian, 2020; Human et al., 2019; Lopez-Polo et al., 2020;
Mehran et al., 2020; Rezaei et al., 2020). However, few studies have
designed multilayer microparticle systems for phenolic release using
combined encapsulation, e.g., spray drying (SD) followed by spray
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chilling (SDC).

SD is widely used to retain bioactives within the wall material.
Furthermore, the technique has high efficiency and low cost (Mehran
et al., 2020). SD microparticles result in powder with low water activity
(aw), which simplifies handling, storage and transportation, also guar-
anteeing microbiological quality (de Oliveira et al., 2021b). Conversely,
spray chilling encapsulation (SC), also known as and with synonyms
such as spray chilling, spray congealing or prilling or cooling, can
improve the functionality, solubility, and protection of bioactives, in
addition to achieving a controlled release profile in the small intestine
(de Oliveira et al., 2021a; Favaro-Trindade et al., 2021).

When it comes to microparticle structuring and PC entrapment, there
is a growing demand for new sources of hydrocolloids (Hernandez-
Barrueta et al., 2020). In this context, plant polysaccharides continue to
be studied as an effective component for the formulation of encapsu-
lating matrices as they are GRAS, sustainable, profitable and have pro-
health activity (Goksen et al., 2023). Cara-roxo (Dioscorea trifida) is an
Amazonian tuber of high nutritional quality, being considered a prom-
ising source of antioxidants (Teixeira et al., 2016); anti-inflammatory
(Mollica et al., 2013); antihyperlipidemic and antidiabetic properties;
in addition to being considered one of the most economically important
tubers for the Amazon region (Teixeira et al., 2016).

For the first time, a blend of purple cara-roxo (CRF) and gum arabic
(GA) was used for wall structuring (CRF-GA) by SD, containing aracd-boi
extract (ABE) as core material, followed by encapsulation by SC, using
vegetable fat (VF) and hydrogenated palm oil (HPO) to form multilayer
microparticles (SDC). The objective of this work was to develop and
characterize an advanced co-delivery system based on multilayer mi-
croparticles for the programmed sequential release of phenolic com-
pounds (PCs), using different encapsulation processes (SD and SC) and
wall materials (CRF-GA and FV-HPO) to improve the stability and
bioavailability of PCs. To this end, several aspects of encapsulation were
studied, including analysis of chemical structure, thermal stability, anti-
radical capacity, and in vitro digestion.

2. Materials and methods
2.1. Materials

Ripe araca-boi fruits were collected in Itubera, BA, Brazil
(geographic coordinates 13°44" S 39°9” W). The botanical identification
(n° 55.875) was deposited in the Herbarium-UEC of the Agronomic
Institute of Campinas, SP, Brazil. The CRF was kindly provided by the
Laboratory of Cereals, Roots, and Tubers of the College of Food Engi-
neering (FEA-Unicamp), Campinas, SP, Brazil. Arabic gum (GA,
InstantGum AA, Nexira, Sao Paulo, SP, Brazil) was obtained at the
Chocotec Cereals Laboratory, Food Technology Institute (ITAL), Cam-
pinas, SP, Brazil. Phenolic standards were purchased from Sigma-Merck
(Darmstadt, Germany) and Fluka Chemical Co. (Milwaukee, WI, USA).
Ethanol (Dinamica, SP, Brazil), methanol (Sigma-Merck, Darmstadt,
Germany) and toluene (Synth, SP, Brazil) were of analytical grade.

2.2. Extraction of ABE

After collection and cleaning, the edible parts of the araga-boi (pulp
and peel) were processed followed by the green extraction of phenolic
compounds, according to Aratjo et al. (2021). Then 10 g of lyophilized
powder of arac¢d-boi were solubilized in 150 mL of hydroethanolic so-
lution (8:2 v/v). After that, they were sonicated (10 min/25 °C) (Ul-
trasonic Cleaner, model SSBu, Sao Paulo, Brazil) and centrifuged (4000
g, 5 min, 5 °C) (Rotanta, 460 R, Tuttlingen, Germany). After collecting
the supernatants, the residues were washed twice more under the same
conditions. Subsequently, supernatants were exhaustively rotary evap-
orated (40 °C) (RII Evaporator model, Flawil, Switzerland). The final
volume of araga-boi extract (ABE) was adjusted to 50 mL of water and
stored under refrigeration (-20 °C) until use.
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2.3. Preparation of multilayered structural microparticles

2.3.1. Encapsulation of phenolics by spray drying (SD)

The SD microparticles, with solid concentration fixed at 50 g for 250
g of liquid, were named SDT3 (CRF: 9.94 g, ABE: 0.29 g, GA: 39.25 g)
and SDT4 (CRF: 9.94 g, ABE: 0.44 g, GA: 39.13 g). The starting materials
were homogenized (4.000 g 10 min~Y) (Ultra Turrax®, T18, IKA,
Staufen Germany). SDT3 and SDT4 were produced with a mini-spray
dryer (B-290, Buchi, Flawil, Switzerland), using the same operating
parameters reported by Fadini et al., (2018) (Supplementary material
1.

2.3.2. Co-encapsulation of phenolic microparticles by spray chilling (SC)

SDT3/T4 by SD were co-encapsulated by spray chilling (SC) resulting
in double-layer microparticles, which were named SDCT3 and SDCT4.
To this end, the process was adapted in a mini spray dryer connected to a
B296 dehumidifier (Biichi, Flawil, Switzerland) to produce cold, as
adapted from Alvim et al. (2016) (Supplementary material 1). The
second wall layer was composed of a mixture of vegetable fat (VF),
hydrogenated palm oil (HPO), polyglycerol polyricinoleate (PGPR)
emulsifier. SDCT3 and SDCT4 presented a ratio of 1: 2: 2: 0.2, of mi-
croparticles (SDT3 or SDT4), FV, HPO, PGPR, respectively, having a
softening point of 52.05 £+ 0.11 °C and crystals of the type f (Fadini
et al., 2018).

2.4. Encapsulation index

Process yield (PY). PY (%) (Eq. (1) was calculated as the ratio be-
tween the mass of solids at the end of the process (my) and the initial
total mass (m;) used in the preparation of the microparticles, according
to Oliveira et al. (2020).

PY (%) = ’}';—f % 100 )

Phenolic retention efficiency (PRE). To determine PRE (%), 50 mg of
microparticles were dispersed in Milli-Q water (1 mL), vortexed (1 min)
(PHOX, model MS-S2, Parand, Brazil) and sonicated (10 min) (Ultra-
sonic Cleaner, model SSBu, Sao Paulo, Brazil). Subsequently, they were
centrifuged at 4000 g (5 min, 5 °C), filtered (0.22 um) and injected into
UHPLC-ESI-MS (Acquity UPLC-TQD, Waters, Milford, USA). Ten
phenolic compounds found in preliminary investigation, namely quer-
cetin, rutin, myricetin, kaempferol, chlorogenic, protocatechuic, cin-
namic acid, ferrulic, p-coumaric, and trans-cinnamic acid were used as a
chemical marker to determine the retention efficiency of phenolic
compounds (PRE). The PRE was determined as the percentage of the
final content (Cg) in the microparticles of each PC in relation to the initial
content (Cy) (Eq. (2) (Silva Faria et al., 2020).

PRE (%) = %f x 100 (2

1
2.5. Structure characterization

2.5.1. Scanning electron microscopy (SEM) and particle size

The morphology of the microparticles was observed by scanning
electron microscopy (SEM) (JSM 6510, Jeol, Tokyo, Japan), according
to Oliveira et al. (2020). The microparticles were coated with a layer of
gold (10 nm) by sputtering (ACE600, Sputter Coater, Leica Micro-
systems, Wetzlar, Germany), using a current of 40 mA 60 s~'. Samples
were examined using an accelerating voltage of 5 kV and a working
distance of 10 mm, with magnification ranging from 40 to 2200x. The
mean diameter and particle size distributions were determined by laser
diffraction using the wet method (LV950-V2, Horiba, Kyoto, Japan) with
dispersion in 99.5% ethanol, according to Paulo et al. (2022).
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2.5.2. Carbon-13 CP/MAS NMR

The structure of the samples was analyzed by '°C nuclear magnetic
resonance (NMR) in the solid state, with cross polarization (CP) and
rotation around the magic angle (MAS) in a Bruker AVANCE III HD 400
(Bruker, Germany), according to Karaaslan et al. (2021). The samples
were placed in a 4 mm zirconia rotor and rotated at 10 kHz.

2.5.3. FTIR analysis of microparticles

Infrared absorption spectra were performed on an Fourier Transform
Infrared Spectroscopy (FTIR), model Vertex 70 (Bruker, Germany)
spectrophotometer, equipped with an attenuated total reflectance (ATR)
mode, in the range of 400 to 4000 cm !, resolution of 4 cm ~! and 32
accumulations, according to Pereira de Oliveira et al. (2022).

2.5.4. X-Ray diffraction (XRD) measurements

XRD was performed using the XRD-6000 diffractometer (Shimadzu,
Kyoto, Japan). The samples were submitted to direct analysis, using Cu
Ka radiation, (A = 1.540560 f\) (Niyom et al., 2019). 20 ranged from 5°
to 60°, with a sweep speed of 0.1° s 1. The degree of crystallinity (Xc) of
the microparticles was then calculated via Eq.3.

R,
Xc = x 100 3
R. +R,
where Xc represents the degree of crystallinity, Rc represents the
crystalline regions, and Ra represents the amorphous regions.

2.6. Thermal analysis

Differential scanning calorimetry (DSC). The thermal analysis of the
samples was performed by DSC (Bajac et al., 2022). 2-5 mg of the
samples were hermetically sealed in an aluminum pan, and the scanning
was performed at 10 °C min~! in a temperature range between 10 °C and
200 °C, with an ultrapure nitrogen flow rate of 50 mL min~!. The glass
transition temperature (Tg) was taken as the inflection point of the
thermal curve, caused by the discontinuity of the specific heat (Iturri
et al., 2021).

Thermogravimetric Analysis (TGA). TGA was performed in a TA In-
struments thermobalance (Q500, New Castle, USA) at a temperature
range of 30-600 °C, in a platinum crucible with approximately 3 g of
sample, under a dynamic nitrogen atmosphere (50 mL min~'), and
heating rate of 10 °C min~! (Machado et al., 2022).

2.7. Simulation of the gastro-intestinal digestion

Gastric digestion. Simulated Gastric Fluid (SGF) and Simulated In-
testinal Fluid (SIF) electrolyte solutions were prepared (de Aratijo et al.,
2021b). 1 mL of each phenolic extract was homogenized in 3.5 mL of
saline solution (140 mmol I, ~! NaCl, 5 mmol L -1 KCl), and the pH of the
mixture was adjusted to 2.0 with 6 mol L ! HCL. 125 pL of swine pepsin
solution (Sigma-Aldrich, 200 mg of 424 U mg ~ pepsin in 5 mL of 0.1
mol L ! HCI) were added and the samples were incubated in a water
bath, with agitation at 130 rpm for 1 h at 37 °C. 2 mL of chyme were
collected and stored in a freezer at —80 °C for subsequent analysis.

Intestinal digestion. After the gastric digestion steps, the digesta pH
was adjusted to 6.8 by adding 1 mol L ~! NaHCOs. Then, 625 pL of
pancreatin and bile solution (Sigma-Aldrich, 225 mg of bile extract and
37 mg of pancreatin with activity equivalent to 4x U.S.P, diluted in 18.7
mL of 0.1 mol L. ! NaHCO3) were added and the samples were incu-
bated at 37 °C and 130 rpm for 2 h. At the end of the intestinal phase, the
samples were cooled in an ice bath and the digested volume adjusted to
5.5 mL with saline solution and stored at —80 °C until the moment of
analysis.

Fractions were ultrafiltered (4000 g/30 min/5 °C) (Rotanta, 460 R,
Tuttlingen, Germany) using Amicon Ultra centrifugal filtration devices
(30 kDa, Millipore). A sample of saline solution at pH 7.0 (blank) was
also subjected to all digestion procedures to eliminate reagent
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interference.

2.8. Invitro antioxidant activity assays

2.8.1. Oxygen radical absorbance capacity (ORAC)

ORAC was determined according to Neri-Numa et al. (2020). Trolox
curve concentrations (25, 50, 100, 200, 300, 400, 500, 600 pM) were
prepared in phosphate buffer (PBS) (pH 7.4, 75 mM). The samples,
dissolved in PBS, had concentrations of 10 mg mL™'. The samples (20
pL) and the fluorescein solution (120 pL; 70 pM, which was the final
concentration) were mixed in one of the 96 wells of a black microplate.
Then, 60 pL of an AAPH solution (final concentration of 12 mM) was
added and the fluorescence was checked (60 s/80 cycles) in a microplate
reader (NOVOstar®, model BMG Labtech, Offenburg, Germany), with
fluorescence filters (excitation: A 485 nm; emission: A 520 nm). The
experiment was conducted at 37 °C, under conditions of pH 7.4 and with
a blank sample in parallel. Results were expressed as equivalents for
pmol TE g~ ! of PRP.

2.8.2. ABTS" scavenging capacity assay

The ABTS+ clearance assay was determined based on the method
described by Aratijo et al. (2021a). The ABTS radical was generated from
the reaction of 5 mL ABTS (7 mmol) with 88 pL of potassium persulfate
(140 mmol). The solution was kept at rest (16 h, 25 °C) and, after that,
had its absorbance adjusted to 0.70 + 0.02 at 734 nm in a microplate
reader (SpectrostarNano, BMG Labtech, Germany). For reading, 50 L of
sample and 250 pL of ABTS+ solution was injected at 734 nm. Trolox
was used to create the analytical curve (5-150 pM mL ~1y and the results
were expressed in umol TE g ~1 pRP.

2.9. Detection of phenolic compounds with UPLC-ESI-QTOF-MS

The characterization of the phenolic compounds present in the
samples was performed according Fernandes de Aratjo et al. (2020). 50
mg of the samples were dissolved in 1.0 mL Milli-Q water. Each solution
was injected into an ultra-high performance chromatography mass
spectrometry system (Acquity UPLC-TQD, Waters, Milford, USA) with
an Acquity UPLC BEH C18 column of 1.7 pm microparticles (2.1 x 50
mm) and an oven temperature of 30 °C. A gradient with a flow rate of
0.20 mL min-1 and injection of 10 pL was used, consisting of solvent A
(0.1% formic acid in Milli-Q water) and solvent B (acetonitrile). The
conditions were as follows: starting with 98% A and 5% B and increasing
to 100% B in 8 min, which was maintained for 9 min. In 9.1 min it
returned to the initial conditions, stabilizing the system up to 10.00 min.
The mass spectra, with electrospray ionization (negative mode), were
acquired under the following conditions: (i) capillary and cone voltages
of -3.5 kV and — 30 V, respectively, source temperature 150 °C and
temperature of desolvation of 350 °C. Ions, in SIM mode, were acquired
in the range m/z 100-700.

The phenolic compounds (PC) present in the samples were identified
by comparing their UPLC-ESI-QTOF-MS dissociation patterns and
retention time with the standards. PC amounts were determined by
comparison with the standard calibration curve. Stock solutions of each
standard compound (1 mg mL ~') were prepared in methanol and
stored. Dilutions of stock solutions were made at 9 different levels for
calibration curves of 0.005; 0.01; 0.05; 0.1; 0.5; 1; 5; 10; 50 pg mL ! of
standard compounds, with results expressed in the same unit (g mL™1).

2.10. Statistical analysis
Data were evaluated using analysis of variance (ANOVA) and Tukey

tests in MINITAB (version 13.2, MINITAB Inc. 2000). All experiments
were repeated three times and significance was set at p < 0.05.
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3. Results and discussion
3.1. Encapsulation indexes

PY (%) and PRE (%) depend on the characteristics of the polymers,
the affinity of the bioactive compounds with the wall material and the
parameters of the encapsulation process (Comunian et al., 2016).
Although the PRE% did not reveal significant differences (p < 0.05)
between the encapsulation processes (SD or SDC), the microparticles
generated by the SDC method (42.16% + 4.55%) exhibited a process
yield (PY%) higher compared to the SD method (34.72% =+ 0.03%). This
can be attributed to the more rigorous conditions during the SD process
that involve exposure to high temperatures and turbulence, which can
result in losses in the equipment’s piping and chambers (de Oliveira
et al., 2021b; [turri et al., 2021). In contrast, SC is a milder process, with
less particle breakdown and less loss of volatile compounds (Premjit
et al., 2022). Our SD results were superior to those of Tzatsi & Goula
(2021) (8.12-31.93%) when encapsulating chokeberry extract and su-
perior pectin microparticles produced by SD (36.29%) (Li et al., 2022).
Previous studies showed that SC encapsulation was similar to the yield
found in our studies (43.02%) when encapsulating pigment-
polyethylene glycol (Banozi¢ et al., 2022).

The PRE (%) of phenolic compounds are shown in Supplementary
Material 2. The highest PRE values (%) were found in SDT3/SDT4,
referring to protocatechuic, trans-cinnamic and ferulic acids, higher than
previously reported (Badawi et al., 2022). Minimal PRE (%) were found
for myricetin, quercetin and rutin, not reaching 2%, which indicates
intense degradation. SDSCT3/T4 showed greater retention for ferulic,
protocatechuic and p-coumaric acids, with PC retention values similar to
Cutrim et al. (2019). A tendency towards higher PRE (%) in micropar-
ticles per SD was observed, with values above 100% for protocatechuic,
trans-cinnamic and ferulic acids, mainly in SDT4. This behavior may be
associated with a greater detachment of PC from the food matrix when
subjected to heat (150 °C) during the SD process, especially in a whole
product, such as CRF. Despite the fact that synthesis of phenolic com-
pounds is a less common process than degradation, heat can make the
cell wall permeable, increasing the solubility and diffusion of PCs
(Antony & Farid, 2022). Furthermore, heat can break down complex
structures, such as polymerized phenolics or those linked to sugars and
proteins (Angelo & Jorge, 2007). Antony & Farid (2022) reported that
lignin can be degraded at high temperatures, giving rise to phenolic
acids. The same authors cited a significant increase in total phenolic
content at 150 °C (Antony & Farid, 2022). Other studies have also
correlated an increase in temperature (180-200 °C) with an increase in
PC content and antioxidant activity (Andrew et al., 2020). This high-
lights the complexity of the interactions between the PC and encapsu-
lation processes, which, in addition to promoting stability (Neuenfeldt
et al., 2022), also demonstrate an increase in nutritional quality of the
microparticles in this study.

3.2. Morphology and particle size

Particle size influences the bioavailability and bioaccessibility of
phenolic compounds released from controlled release systems with
multilayer microparticles (Bajac et al., 2022; Oliveira et al., 2022). D50
of SDC particles (SDCT3: 64.33 + 2.20° and SDCT4: 76.84 + 7.15% um)
was higher (p < 0.05) than those of the SD sample (SDT3:15.72 4 0.25°
and SDT4: 14.23 + 0.18° um). Alvim et al. (2016) and Santos et al.
(2023) observed that spray chilling microparticles are significantly
larger than spray dry microparticles because, in SD, the droplets con-
tract due to solvent evaporation, whereas, in SD, the droplets solidify in
a cold lipophilic medium, preventing changes in droplet size throughout
the process. However, our microparticles are suitable for food applica-
tion because their D50 diameters are between 14 and 76.80 um. Di-
ameters smaller than 100 pm do not affect the texture and are not
noticeable by the consumer (Oliveira et al., 2020). Previous studies
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using combined encapsulation of SDC to protect carotenoids and poly-
unsaturated fatty acids (PUFAs) obtained microparticles with D50 of 96
and 81.31 um, respectively, larger than our findings (Pinho et al., 2022).
A bimodal distribution was observed in the multilayer microparticles,
with polydispersity index (span) ranging from 5.60 to 5.80. The greater
the amplitude value, the less homogeneity of sizes within a particulate
system. However, the presence of a bimodal distribution may allow
sequential or controlled release of different compounds. Similar span
value (5.0) was found in double shell microparticles (SDC) containing
fish oil (Fadini et al., 2019).

SEM is essential to understand the release of phenolics in multilayer
microparticles and to evaluate the integrity and morphology of the
microparticles (Bera et al., 2021). The morphology of the microparticles
isshown in Fig. 1. SDT3/T4 were semi-spherical, wrinkled, irregular and
with an evident presence of dents on the surface, due to rapid evapo-
ration during spray drying, however, with good integrity, without
fractures, cracks or any other defects (Bajac et al., 2022; Mahdi et al.,
2020b; Porras-Saavedra et al., 2021). Particle surface irregularity can be
useful, contributing to better dispersibility and rehydration (Bajac et al.,
2022). In contrast, SDCT3/T4 (Fig. 1 ¢, d) presented spherical shapes
and smooth surfaces, resulting from the controlled solidification of the
matrix, which prevents the formation of rough or textured structures,
which was already expected since there is no mass transfer process or
forces and gradients that can distort the structure (Santos et al., 2023).
Having a spherical appearance is interesting for industrial applications,
by increasing fluidity in pipes. However, the irregularity of surface mi-
croparticles can be useful, contributing to better dispersibility and
rehydration (Bajac et al., 2022; Santos et al., 2023). SEM analysis results
were in line with previous studies (Aguiar et al., 2023; Bajac et al., 2022;
Porras-Saavedra et al., 2021).

3.3. Carbon-13 CP/MAS NMR and FTIR analysis

The chemical structure of SD and SDC microparticles was charac-
terized by CP/MAS Carbon-13 NMR spectroscopy. Fig. 2a shows
chemical changes and characteristic peaks. Samples SDT3/T4 exhibited
similar NMR patterns, with resonance peaks seen at 63, 75, 80, 100 and
175 ppm. The deviation of 63 ppm can be attributed to the presence of
arabinan (C5), and the high intensity deviation at 72 ppm can be asso-
ciated with the galactan (C2) of GA, indicating that the gum is the most
important component from a structural point of view, being responsible
for the formation of a three-dimensional network that held the micro-
particles together (Isobe et al., 2020). C3 of arabinan had a calculated
displacement of 82 ppm (Isobe et al., 2020; Ndiwe et al., 2019; Sabet
et al., 2021). Changes between 72 and 82 ppm are typical of the car-
bohydrate region (the central peak of sugars), with considerable width
indicating carbohydrate oligomers from GA (p-galactose, L-arabinose, L-
rhamnose) and CRF (Ndiwe et al., 2019). The 100-104 ppm range can be
assigned to anomeric C1 carbons (Sabet et al., 2021). SDT3 and SDT4
showed peaks that could be carboxy groups of galacturonic acid at 175
ppm in salt form (-COOX; X: cation) (Isobe et al., 2020). These results
provide evidence that SDT3/T4 have a chemical structure that is
favorable to encapsulation and had arabinan, galactan, and galacturonic
acid as major components (Funami et al., 2011).

SDCT3/T4 (Fig. 2a) exhibited similar resonance profiles, with peaks
at 14, 25, 33, 65, 70 and 175 ppm. The peak of 14-25 ppm are associated
with protons bound to methyl groups (-CH3) present in oleic acid
(C18:1) (C1), linoleic acid (C18:2) (C2) and o-linolenic acid (C18: 3)
(C3) from HPO, and only the peak of 14 ppm is due to cis fatty acids (Di
Pietro et al., 2020; Truzzi et al., 2021). The peak at 33 ppm can be
attributed to the resonance of carbons close to the carboxyl radical
(-CH2COOH-) (C2), while the peak at 65 ppm can be associated with
glycerol carbons (C1/C3 and C2), mainly from FV. Furthermore, a peak
was observed at 175 ppm, attributed to the presence of palmitic acid in
C1 of the triacylglycerols (Di Pietro et al., 2020; Truzzi et al., 2021).
These results indicate that the SDC encapsulation was successful and
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Fig. 1. SEM micrographs of spray drying particles a) SDT3, b) SDT4 and spray chilling multilayer particles ¢) SDSCT3 and d) SDSCT4. SDT3 (CRF: 9.94g, ABE: 0.29g,
AG: 39.25g), SDT4 (CRF: 9.94g, ABE: 0.44g, AG: 39.13g), and (SDCT3/T4), composed of a mixture of vegetable fat (FV), hydrogenated palm oil (HPO) and particles
(SDT3 or SDT4), and 4.0 g o f polyglycerol polyricinoleate (PGPR), in a ratio of 1:2:2:0.2. ABE (aragd-boi extract), CRF (card-roxo flour), and GA (gum arabic).

modified the structure of SDT3/T4, forming a lipid matrix around the
original constituents, important to improve the stability and functional
properties of the microparticles.

The FTIR spectra are shown in Fig. 2b. Most of the bands are common
in polysaccharides and polysaccharide-containing materials, although
some shifts and/or changes in intensity are noticeable. The broad band
at 3310 cm ! is attributed to OH elongation (Rizkyana et al., 2022). All
spectra have a band around 2920 cm™!, due to CH stretching, but
samples SDCT3/T4 show two especially intense bands in this region, due
to the superposition of asymmetric stretching vibrations of CH or CH2
derived from the presence of lipids in the samples by SC (Rizkyana et al.,
2022). Other bands that were intensified by the presence of lipids in
these microparticles are the one at 1737 cm™!, attributed to C=0
stretching, and the one at 1463 cm ™! due to C—H bending (Dong et al.,
2014). The band at 1172 cm™! is also found in spray chilling samples,
due to the asymmetric elongation vibration of O0—C—C bonds (Martinez
et al.,, 2018). Evaluating the differences between the spectra of the
starting materials and the microparticles, it was possible to observe
some significant changes. For example, the 1641 cm™! band almost
disappeared in the encapsulated samples due to the O—H bending vi-
bration of water in CFR and ABE, indicating the reduction in the amount
of free water after SD, which has positive applications for stability
(Asranudin et al., 2021). Some bands almost disappeared in the spray

chilling samples, like the one at 1602 cm ™ attributed to asymmetric
COO- stretching in GA (Amirabadi et al., 2020), the one at 1147 em !
corresponding to the symmetric stretching of C—O—C in glycosidic
bonds (Espinosa-Andrews et al., 2010), the one at 1013 cm ! attributed
to C—O stretching of alcoholic groups in GA and CFR (Irfan et al., 2022),
and the bands around 920 and 856 cm ™, attributed to o-1,6-p-glycosidic
bonds and CH2 deformation (Dai et al., 2019), respectively. The disap-
pearance of these spectral bands can corroborate that the encapsulation
process was effective, since the interactions between the components
were effective and resulted in changes in the structure.

3.4. X-ray diffraction (XRD) measurements

XRD is widely used to analyze multicomponent samples and quantify
the degree of crystallinity of materials (Arumugham et al., 2023). In
microparticles, crystalline structures can confer greater stability and
represent a key factor in modulating the release mechanisms of bioactive
agents (Arumugham et al., 2023; Niyom et al., 2019). The Fig. 2¢ shows
the XRD diffractograms of the different samples. SDT3/T4 presented
similar profiles, with a semicrystalline-amorphous peak (26 of ~
19.34°), a small protuberance around 26 of ~ 37.32° and a degree of
crystallinity of 20.79 and 22.17, respectively, confirming its amorphous
character. This occurs because GA, the main structural material,
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Fig. 2. a) 13C CP/MAS NMR, b) Fourier transform infrared spectra (FT-IR), and c¢) X-ray diffractogram (XRD). SDT3 (CRF: 9.94g, ABE: 0.29g, AG: 39.25g), SDT4
(CRF: 9.94g, ABE: 0.44g, AG: 39.13g), and (SDCT3/T4), composed of a mixture of vegetable fat (FV), hydrogenated palm oil (HPO) and particles (SDT3 or SDT4), and
4.0 g o f polyglycerol polyricinoleate (PGPR), in a ratio of 1:2:2:0.2. ABE (araga-boi extract), CRF (card-roxo flour), and GA (gum arabic).

contains complex arabinogalactans that prevent the formation of or-
dered crystals. It is worth mentioning that amorphous samples are more
hygroscopic, can become sticky or form agglomerates, which results in
greater susceptibility to nutrient degradation, microstructure collapse
and potential microbiological instability (Mahdi et al., 2020a). How-
ever, amorphous structures can improve the solubility, antioxidant ac-
tivity and bioavailability of phenolics (Choi et al., 2022). In contrast,
SDCT3/T4, obtained by combined encapsulation, presented similar
profiles, with a degree of crystallinity of 29.36 and 28.81, respectively.
Fig. 2a shows two more intense diffraction peaks (20 ~ 21.24; 23.44°),
which highlights the predominance of f§’ triglyceride crystals (Fadini
et al., 2021; Santos et al., 2023). Crystals with a ’ structure are orga-
nized in an orthorhombic subcell, with interlayer spacing intermediate
between the a and p forms (Fadini et al., 2021). This results in a more
open and less dense structure, which increases compatibility with the
bioactive compound carried, promotes gradual release, improves
texture and palatability (Fadini et al., 2021). A third peak of lesser in-
tensity at ~ 6.34° was detected in the SDCT3/T4 standards. This peak
can be attributed to the presence of 1,2-dioleoyl-3-palmitoyl-rac-glyc-
erol (OOP), a triacylglycerol that represents half of the molecular species
of palm oil and has a crystalline structure in the « and ' forms (Zhang
et al., 2007). Based on the results, it was observed that the SDCT3/T4
samples exhibited superior crystallinity compared to the SDT3/T4
samples. This is in line with the findings by Santos et al. (2023), who also
employed a combination of spray drying and spray chilling techniques
to encapsulate p-carotene and obtained similar results.

3.5. Thermal analysis

DSC was used to characterize the thermodynamic properties of the
microparticles (Fig. 3a, b). SDT3 showed an intense and thin exothermic
peak at ~ 55 °C, suggesting sample rupture (Farshchi et al., 2019). As
the temperature increased, internal pressurization caused expansion of
the adsorbed free water, which resulted in the breakdown of the struc-
ture. Similar behavior has been observed in other microparticles by SD
(Devi et al., 2023; Ugwu et al., 2022). SDT4 did not present any rupture
in its structure, which can be attributed to the greater amount of ABE,
which acted as a thermal reinforcement of the encapsulating structure,
due to the formation of protein-polyphenol complexes (Pham et al.,
2019). An endothermic event was observed around 47 °C, possibly
related to Ty, indicating relaxation of the intermolecular hydrogen bonds
of the SDT3/T4 chains. Between 80 and 120 °C, water evaporation from
the material occurred, while at ~ 150 °C another glass transition was
observed. These results indicated that SDT3/T4 can be stored at tem-
peratures of up to 40 °C without compromising material properties, such
as changes in structure or decreased stability. Similar stability temper-
atures were found in grape skin phenolic extract encapsulated with GA
by spray drying (42 °C) and in Eugenia stipitata pulp encapsulated with
maltodextrin by SD (42 °C) (Iturri et al., 2021; Kuck & Norena, 2016).
The SDCT3/T4 samples showed similar thermograms, with an intense
endothermic event, starting at 35.04 °C and ending with a peak at
56.63 °C, which indicates the fusion of vegetable fat (VF) and hydro-
genated palm oil (HPO), respectively. A similar result was observed in
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Fig. 3. Differential scanning calorimetry (DSC) of particles a) SDT3/T4, b) SDCT/T4 and thermogravimetric analysis (TGA) of particles ¢) SDT3/T4, d) SDCT/T4.
Spray drying particles SDT3 (CRF: 9.94g, ABE: 0.29g, AG: 39.25g) and SDT4 (CRF: 9.94g, ABE: 0.44g, AG: 39.13g). Spray chilling multilayer particles (SDCT3/T4),
being composed of a mixture of vegetable fat (FV), hydrogenated palm oil (HPO) and particles (SDT3 or SDT4), and 4.0 g of polyglycerol polyricinoleate (PGPR), in
the proportion of 1:2:2:0.2. ABE (ara¢d-boi extract), CRF (card-roxo flour) and GA (gum arabic).

microparticles loaded with fish oil, also using the combination of FV and
HPO (Fadini et al., 2021). Mixing lipids to the particle wall by SDC
resulted in a point that lies between the fusion of FV and HPO. This was
achieved due to the heterogeneous distribution of different types of
triacylglycerols (TAGs), which favored the formation of p’ crystals,
responsible for the intermediate melting point (Fadini et al., 2021;
Santos et al., 2023). SDCT3 and SDCT4 showed water evaporation at
around 130 °C, which may be due to SD microparticles, after the fusion
of the lipid wall (Ferreira Nogueira et al., 2018). Subsequently, a Ty ~
150 °C was observed, more pronounced in SDCT4, like the single-walled
samples (SDT3/T4). A similar T, condition has been reported (Ferreira
Nogueira et al, 2018). Two low-intensity exothermic peaks
(142.64-179.71 °C) were observed in SDCT4, which may have been
caused by the degradation of hydrogen bonds between FV unsaturated
fatty acid molecules. The comparison of encapsulation by SD and SDC
showed significant differences in thermodynamic properties, with
emphasis on double-layer microparticles, which prevented structure
rupture, resulting in greater thermal stability of the samples.

The thermal stability of microparticles for programmed sequential
release of phenolics was tested using TGA, as illustrated in (Fig. 3¢, d).
According to the thermographs obtained, SDT3/T4 presented five and
four mass loss events, respectively, and a similar thermal behavior,
recorded in the temperature range from 0 to 600 °C. Both SD micro-
particles showed an initial peak around 51.91 °C, ending at 150 °C, with
a mass loss of approximately 5%, which was attributed to moisture
removal (Hellebois et al., 2023). In the temperature range of

204.31-351.3 °C, the mass loss was mainly associated with the cleavage
of saccharide rings, the disintegration of macromolecular chains and the
volatilization of partial compounds of the CRF-GA structure (Wang
et al., 2023). Two intense and thin peaks around 432.19 °C (SDT3) and
417.28 °C (SDT4) may be related to the pyrolysis and volatilization of
phenolic compounds (PC) (Chen et al., 2023), with more pronounced
mass loss in SDT4 (87.53%) than in SDT3 (32.10%), which can be
explained by the lower amount of PC in SDT3, since the amount of ABE
was reduced by 0.44 g (SDT4) to 0.29 g. Final stage carbonization
occurred between 450 and 550 °C, similar to the results of Wang et al.
(2023), when they encapsulated curcumin using gliadin and chitosan
hydrochloride. SDCT3/T4 showed degradation distributed in two main
stages. The peaks were similar, except at 179.38 °C, which showed an
exclusive peak for SDCT3, related to a small loss of adsorbed water
(2.8%). After this, a broad peak between 200 and 400 °C can be
attributed to the decomposition of triglycerides, the main components of
FV and HPO, followed by another peak related to the decomposition of
free fatty acids (450-500 °C) (Flavia Justino Uchoa et al., 2021).

Combining the results from DSC, TGA and FTIR, the strong interac-
tion between CRF-GA and FV-HPO generated a thick and dense inter-
facial layer structure, indicating that SD or SDC samples are thermally
stable up to temperatures of ~ 47 °C. However, SDCT3/T4 are more
thermally stable than SDT3/T4 samples, as the lipids in SDCT3/T4
samples do not easily induce the thermal degradation of other sample
components, including PC.
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3.6. In vitro digestion and antioxidant capacity

Fig. 4 shows the concentration of phenolic compounds (PC) found by
UPLC-ESI-QTOF-MS analysis in the different phases of in vitro digestion.
PC come directly from CRF and/or ABE, being classified into three
subclasses: flavonol (quercetin, rutin, myricetin and kaempferol) and
hydroxycinnamic acid (chlorogenic and protocatechuic acid) and cin-
namic acid (ferrulic, p-coumaric and trans-cinnamic) (Material Sup-
plementary 3) (Adomeéniene & Venskutonis, 2022). In pre-digestion, PC
release was limited by solubility in aqueous media, being relatively low
(<0.02 mg g~!) and less pronounced in SDCT3/T4, except for trans-
cinnamic acids (0.42 mg g~!) and protocatechuic (0.07 mg g~ 1) in the
SD samples (SDT3/T4), in addition to rutin (0.08 mg g’l) in SDT4.
Especially, trans-cinnamic acid had immediate release in hydro-
interaction (SDT3/T4), not being found in later phases. In gastric phase,
SD released more PC than in the intestinal phase, being higher than in
SDCT3/T4, due to the hydrolysis of the glycosidic bonds in the CRF-GA
wall in an acidic environment, which suggests good protection of the
double layer (SDC) (Shrotri et al., 2017). Chlorogenic acid (SDT3: 0.03
mg g~ '; SDT4: 0.09 mg g~ 1) and rutin (SDT3: 0.04 mg g~ '; SDT4: 0.04
mg g~ 1) had higher release in the gastric phase, which may be related to
the greater protonation capacity and solubility of these compounds
(Asadi et al., 2019). SDT3-gastric showed a significant release of gallic
acid (0.03 mg g~ 1), demonstrating that a smaller amount of ABE does
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not induce the formation of protein—polyphenol complexes, resulting in
lower stability (Pham et al., 2019). During the intestinal phase SDC
microparticles showed better performance compared to previous phases,
and, for some phenolics, the release was greater than in SD micropar-
ticles, with emphasis on chlorogenic acid, which showed intestinal
release (SDCT3/T4, ~0.02 mg g-1), with a significant difference (p <
0.05) in SDT3/T4. However, SD microparticles also show good intestinal
release, e.g., rutin (0.03 mg g-1) in SDT4, showing that the structure
designed with CRF-GA conferred good bioaccessibility of PCs (Santos
et al., 2023) when encapsulating $-carotene via SDC, and reported that
the presence of lipids combined with GA may hinder the bioaccessibility
of double-layer microparticles. In addition, the fatty acid composition of
the lipid carrier can affect bioaccessibility, indicating that higher levels
of monounsaturated fatty acids (e.g., oleic acid) are more efficient in
forming double-layer walls than saturated long-chain fatty acids, such as
palmitic acid present in HPO (Santos et al., 2023).

The antioxidant capacity (AC) of the in vitro digestion phases was
determined by ORAC and ABTS (Fig. 5). Initially, there was a difference
in AC values by ABTS and ORAC, which can be explained by the selec-
tivity of the ABTS radical for PC, unlike ORAC, which is a method that
covers other types of antioxidant compounds (Munteanu & Apetrei,
2021). In the pre-digestion phase the samples showed lower CA with
emphasis on SDCT3/T4, which ranged from 0.46 to 3.37 umol TE g%,
indicating good incorporation of PCs in the multilayer co-delivery

Intestinal Phase

I sDT3
I sDCT3

0,020 1

Fig. 4. Concentration of phenolic compounds (mg g'!) in in vitro static digestion. Lowercase letters indicate that the means are significantly (p < 0.05) different by
Tukey, when comparing different processes: a) SDT3-SDCT3 and b) SDT4-SDCT4. Different uppercase letters indicate that the means are significantly different (p < 0,
05) between particles (SDT3, SDT4, SDSCT3, SDSCT4) in each digestion phase (pre-digestion, gastric and intestinal). SDT3 (CRF: 9.94g, ABE: 0.29g, AG: 39.25g) and
SDT4 (CRF: 9.94g, ABE: 0.44g, AG: 39.13g). Spray chilling multilayer particles (SDCT3/T4), being composed of a mixture of vegetable fat (FV), hydrogenated palm
oil (HPO) and particles (SDT3 or SDT4), and 4.0 g of polyglycerol polyricinoleate (PGPR), in the proportion of 1:2:2:0.2. ABE (arag¢d-boi extract), CRF (card-roxo

flour) and GA (gum arabic).
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Fig. 5. Concentration of phenolic compounds (mg g?) in in vitro static digestion. Lowercase letters indicate that the means are significantly (p < 0.05) different by
Tukey, when comparing different processes: a) SDT3-SDCT3 and b) SDT4-SDCT4. Different uppercase letters indicate that the means are significantly different (p <
0.05) between particles (SDT3, SDT4, SDSCT3, SDSCT4) in each digestion phase (pre-digestion, gastric and intestinal). SDT3 (CRF: 9.94g, ABE: 0.29g, AG: 39.25g)
and SDT4 (CRF: 9.94g, ABE: 0.44g, AG: 39.13g). Spray chilling multilayer particles (SDCT3/T4), being composed of a mixture of vegetable fat (FV), hydrogenated
palm oil (HPO) and particles (SDT3 or SDT4), and 4.0 g of polyglycerol polyricinoleate (PGPR), in the proportion of 1:2:2:0.2. ABE (araga-boi extract), CRF (card-roxo

flour) and GA (gum arabic).

system. In the gastric phase there was an increase in AC for all samples,
reaching a maximum of 22.46 pmol TE g_1 (ORAC) in SDT4, opposite to
its analogue (SDCT4), which presented a lower AC (3.99 ymol TE g2,
ORAQ). This may indicate greater protection of antioxidants against the
action of simulated gastric juice in SDC (Fadini et al., 2019). In the in-
testinal phase, SD microparticles showed higher AC, reaching the
maximum value in SDT4 (23.66 umol TE g_l, ORACQ), in agreement with
the UPLC-ESI-QTOF-MS analysis, which detected for this same sample,
the highest phenolic concentration (0.03 mg g~ ') related to rutin.
Furthermore, the results showed lower SDCT3/T4 antioxidant capacity,
although there was an increase in CA in the intestinal phase, which may
suggest that the stable structure of SDC releases antioxidants in a sus-
tained manner, as reported by Figueiredo et al. (2022). The controlled
release of antioxidant compounds can be beneficial to optimize ab-
sorption and prolong their effects in the human body (Figueiredo et al.,
2022).

4. Conclusions

PCs were successfully microencapsulated by SD and SDC in a pio-
neering way, demonstrating high retention of phenolics, especially for
protocatechuic, trans-cinnamic and ferulic acids. The materials obtained
presented desirable characteristics of microstructure, size distribution
and crystallinity that can facilitate manipulation, incorporation, and
stability in foods. NMR and FTIR confirmed the presence of key-
components and interactions within the microparticles. XRD analysis
showed greater stability in SDCT3/T4, evidenced by crystalline struc-
tures, and thermal analyzes indicated that SD or SDC were stable at
temperatures up to ~ 47 °C. In vitro digestion revealed differences in PC
release. SDC microparticles showed better protection of phenolic com-
pounds during the gastric phase and had their best performance in the
intestinal phase. However, SD particles also showed excellent intestinal
release and greater antioxidant capacity than SDC, suggesting that more

studies are needed to better understand the influence of the composition
of wall materials and the controlled release kinetics of PC in SDC during
simulated digestion.
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