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ABSTRACT: Habanero pepper (Capsicum chinense Jacq.) leaves, a major by-product of pepper cultivation
in the Yucatan Peninsula, are an underexploited source of phenolic compounds with relevant antioxidant
potential. In this work, phenolic-rich extracts obtained with a choline chloride—glucose Natural Deep Eutectic
Solvent (NADES) and ultrasound-assisted extraction were microencapsulated by spray-drying using
maltodextrin and Guar gum. The microcapsules were analyzed using Raman spectroscopy, total polyphenol
content (TPC), and antioxidant capacity (Ax), and were subsequently subjected to in vifro gastrointestinal
digestion to assess their bioaccessibility. Raman spectra confirmed the formation of a maltodextrin—Guar-
gum matrix with broad glycosidic bands (480-1450 cm™') and CH-stretching at ~2900 cm ™', indicative of
polymer—phenolic interactions. From de experimental design, the formulation containing 5% Guar gum at
100 °C reached the highest intestinal TPC (31.00 = 0.30 mg GAE/100 g powder) and increased TPC
bioaccessibility at the intestinal phase (283.28 + 3.22%), evidencing efficient enzymatic release of bound
phenolics. The greatest pre-digestion antioxidant capacity (19.56 + 0.33% DPPH inhibition) corresponded to
7.5% GG at 104 °C, while intestinal antioxidant recovery peaked at 17.34 + 0.14% (7.8% GG, 89.4 °C). The
optimal TPC bioaccessibility value obtained was 358.3%, under optimal spray-drying conditions, consisting
of 4% guar gum and an inlet temperature of 104 °C. Overall, the synergy between NADES-based extraction
and optimized spray-drying enabled a stable, digestion-responsive encapsulation system that substantially
enhanced phenolic retention and intestinal bioaccessibility, supporting its application as a sustainable strategy
to valorize C. chinense leaves into antioxidant-rich functional ingredients.
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1. Introduction

The Habanero pepper (Capsicum chinense Jacq.) is globally recognized for its distinctive organoleptic
profile, intense pungency, and richness in bioactive compounds. However, other parts of the plant, as leaves,
contain valuable biomolecules including phenolic acids, flavonoids, vitamins, and carotenoids [1,2]. These
compounds are influenced by the pedoclimatic conditions of the Yucatan Peninsula, where the C. chinense
“Mayapan” and “Jaguar” varieties received Designation of Origin status in 2010 due to their unique
phytochemical and agronomic characteristics [3]. On the other hand, the region’s expanding production,
driven by food, nutraceutical, and pharmaceutical industries, has generated significant agro-industrial
residues. Around 80% of the non-industrialized biomass, such as leaves and stems, is discarded or burned
after fruit harvesting, despite constituting an underutilized source of phenolic compounds with notable
antioxidant and anti-inflammatory potential [4,5].

Among these by-products, habanero pepper leaves have attracted increasing attention for their phenolic
composition and Ax, largely attributed to compounds such as quercetin, caffeic acid, and rutin [4]. However,
conventional extraction techniques using ethanol or methanol often compromise compound stability and
generate solvent waste, limiting scalability and sustainability. NADES have gained attention as sustainable
solvent systems due to their ability to effectively dissolve diverse phenolic compounds. This capacity is
attributed to the formation of extensive hydrogen-bonding interactions between hydrogen bond donors
(HBDs) and hydrogen bond acceptors (HBAs), which enhance solvation efficiency while maintaining an
environmentally friendly profile [6,7]. These NADES, typically composed of biodegradable primary
metabolites such as choline chloride, sugars, and organic acids, have demonstrated high selectivity, low
toxicity, and compliance with the principles of green chemistry [8]. Recent studies have shown that the
combination of NADES and ultrasound-assisted extraction (UAE) enhances mass transfer and disrupts cell
walls, achieving higher extraction yields of phenolic compounds from plant residues compared to
conventional solvents [9,10].

While numerous studies have optimized NADES composition for extraction efficiency, limited information
exists regarding the stability and the in vitro digestibility of NADES-derived extracts when formulated as
microencapsulated powders. Polyphenols, although biologically active, are susceptible to oxidation and
degradation during processing and gastrointestinal transit [11]. Therefore, encapsulation technologies,
particularly spray drying, have gained prominence for improving the stability, handling, and controlled release
of plant-derived antioxidants [12,13]. Encapsulation with carbohydrate matrices such as maltodextrin, modified
starch, or galactomannans (e.g., Guar gum) forms protective amorphous films that reduce oxygen permeability
and enhance the resistance of bioactives under gastric and intestinal conditions [14,15].

The assessment of in vitro bioaccessibility, defined as the fraction of a compound released from the
food matrix and available for absorption, has become a key indicator of the functional potential of
microencapsulated extracts (Barba et al., 2023). Studies on grape pomace, oregano, and Astrocaryum
vulgare extracts have reported significant differences in phenolic release and antioxidant recovery
depending on the wall material composition and digestion conditions [11,16]. However, the behavior of
NADES-derived phenolic extracts from C. chinense leaves during simulated digestion remains unexplored,
particularly regarding the release kinetics and antioxidant response throughout gastric and intestinal phases.

Accordingly, this study proposes an integrative approach combining green extraction using NADES
with spray-drying microencapsulation to evaluate the in vitro bioaccessibility of phenolic compounds from
C. chinense leaf extracts. The research aims to quantify the changes in TPC and Ax during simulated
gastrointestinal digestion of the microencapsulated habanero pepper leaf extract.
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2. Materials and Methods
2.1. Chemicals, Reagents, and Plant Material

All reagents, including sodium carbonate (Na2COs3), 2,2-diphenyl-1-picrylhydrazyl (DPPH), Folin—
Ciocalteu reagent, methanol, choline chloride, glucose, and guar gum, were purchased from Sigma-
Aldrich® (St. Louis, MO, USA). Maltodextrin (DE 17-20; Maltrin® M200) was supplied by Maltrin®
(Mexico City, Mexico). Plant material consisted of leaves from the Jaguar cultivar of habanero pepper
(Capsicum chinense Jacq.).

The crop was grown under greenhouse conditions in black soil, locally known as Boox Lu’'um
according to the Mayan soil classification system, in the Chablekal community, Yucatin, Mexico
(21°06'02.3" N, 89°33'40.5" W). Leaf samples were collected during the initial fruiting stage,
corresponding to 120 days after transplantation.

2.2. Polyphenol Extraction from Habanero Pepper Leaves and Its Microencapsulation

Habanero pepper leaves were dried in a stainless-steel tray dryer (HS60-AID model, Tlaquepaque,
Meéxico) at 44 °C for 48 h until a residual moisture content below 5% was achieved. The dried material was
subsequently milled and sieved to a particle size of 500 um, and then stored in airtight, foil-lined bags until
use. Polyphenol-rich leaf extracts (PLRE) were obtained using a NADES composed of choline chloride
and glucose (1:0.8 mol/mol) with 68% (w/w) added water. This NADES composition and the extraction
conditions corresponded to the optimal parameters previously established for choline chloride—based
systems (Avilés-Betanzos et al., 2023) [17].

For extraction, 1 g of dried leaf powder was mixed with 10 mL of NADES, vortex-mixed, and subjected
to ultrasound-assisted extraction using a sonotrode (CV 505 model, Newtown, CT, USA) for 5 min at 30%
amplitude. The resulting extract was centrifuged at 3700x g for 30 min at 4 °C and subsequently filtered
through a 0.2 pm membrane prior to analysis [18].

The obtained PLRE was microencapsulated using a novel spray-drying-based approach. A feed
solution containing PLRE (1.25%, v/v), maltodextrin (1.87%, m/v), guar gum (0.15-0.41%, m/v), and
modified starch (1.27-1.72%, m/v) was prepared and introduced into a spray dryer (MOBILE MINOR™
GEA®, Model MM Standard, Diisseldorf, Germany) at a flow rate of 10 mL/min using a peristaltic pump
(WATSON MARLOW®, Model 5208, Diisseldorf, Germany). Atomization was carried out using compressed
air at a pressure of 3.5 bar, corresponding to a rotary atomizer speed of 22,000 rpm, with a constant hot air flow
of 80 kg/h. The resulting microcapsules were collected in 1 L specialized GEA® bottles, stored at ambient
temperature (30 °C), and protected from light using aluminum foil until further analysis [18].

The conditions used for the microencapsulation process were obtained from an optimization study
previously reported by [19], in which a 2% central composite design (CCD) with four central points and four
axial points was employed, applying the Response Surface Methodology (RSM). The independent variables
evaluated were the inlet temperature (°C), 80 °C (Low level), 90 °C (Central point), 100 °C (High level),
76 °C (low level axial point), 104 °C (high level axial point), the Guar gum concentration (%), 5% (Low
level), 7.5% (Central point), 10% (High level), 4% (Low level axial point) and 11% (High level axial point).

2.3. Raman Spectroscopic Analysis of Microencapsulated Habanero Pepper Leaf Extracts

The structural features of the microcapsules, including the individual wall materials and the habanero
pepper leaf extract, were examined using Raman spectroscopy. Spectral acquisition was performed using a
Renishaw InVia Reflex Raman spectrometer (Wotton-under-Edge, Gloucestershire, UK), covering a
wavenumber range from 3200 to 200 cm™'. A 633 nm laser served as the excitation source and was operated
at 50% of its maximum output power, in combination with a 50% objective lens and an exposure time of 10



Green Chem. Technol. 2026, 3(1), 10002. doi:10.70322/g¢t.2026.10002 4 of 19

ms. Raman spectra were collected for each encapsulating agent and for selected microencapsulated powders
corresponding to the highest and lowest TPC observed during the spray-drying optimization stage [20].

2.4. In Vitro Digestion of the Habanero Pepper Extract Microencapsulated

The in vitro digestion procedure was carried out according to the method reported by [21], with slight
modifications. The simulation of the gastric and intestinal digestion was performed as follows:

(a) Gastric phase: The pH was first adjusted and stabilized to 2-2.5 using HCl (5 M), and the
temperature of the distilled water was maintained at 37 °C. Subsequently, in vitro digestion was carried out
for both the microencapsulated and non-microencapsulated extracts (NADES-68), using 1 g of the
microencapsulated habanero pepper leaf extract and 10 g of the non-microencapsulated habanero pepper
leaf extract. Was added and kept under constant agitation (150 rpm) for 5 min, to proceed with the addition
of pepsin (0.33 mg). The mixture was kept under continuous stirring for 2 h, and (b) Intestinal phase: The
pH was adjusted and stabilized to 5-5.5 using NaOH (3 M). Then, pancreatin (0.19 g, CREON®, North
Chicago, IL, USA), lipase (1 mg), and bile salts (1 g, Difco®, Franklin Lakes, NJ, USA) were added, and
the mixture was incubated for 4 h at 37 °C under constant agitation (150 rpm). Samples (in triplicate) were
collected at the end of each digestion phase for all powder formulations (14 treatments).

The bioaccessibility of total polyphenols during in vitro digestion was determined according to the
method reported by [22], using Equation (1) to calculate the bioaccessibility index during the gastric phase
(%BIG) and Equation (2) for the bioaccessibility index during the intestinal phase (%BII):

TPCgq

%BIG = (75222 X 100) = 100 1)
%BII = (% x 100) — 100 @)

where TPCp; represents the total polyphenol content before the digestion process, while TPCg;, and
TPC,,, correspond to the total polyphenol content at the end of the in vitro digestion during the gastric and
intestinal phases, respectively. An increase in bioaccessibility was represented as a positive percentage,
whereas a loss in bioaccessibility was represented as a negative percentage.

2.5. Determination of Total Polyphenol Content in Microencapsulated and In Vitro Digested
Microencapsulated Extracts of Habanero Pepper Leaves

TPC was quantified according to the methodology reported by [23], with minor adaptations. For sample
preparation, 0.5 g of the microencapsulated powder was suspended in 2.5 mL of distilled water and
centrifuged at 3700x g for 20 min at 4 °C. The resulting supernatant was subsequently collected and filtered
through a 0.22 um nylon membrane prior to analysis. From the obtained extract, 25 pL. were taken and
added to 3025 pL of distilled water along with 250 pL of Folin—Ciocalteu reagent, allowing the mixture to
stand for 5 min. Subsequently, 750 puL of sodium carbonate solution was added, followed by 950 pL of
distilled water. The mixture was then incubated for 30 min. The absorbance was measured at 765 nm using
a UV—Vis spectrophotometer (JENWAY® model 6715, Ultraviolet—visible light, Vernon Hills, IL, USA).
The resulting absorbance was used to calculate the TPC, expressed as milligrams of gallic acid equivalents
(mg GAE) per 100 g of powder.

For the determination of TPC in digested microencapsulated samples, the aliquots collected at the end
of each digestion phase were centrifuged and filtered. Subsequently, 25 uL of each digested sample was
taken, and the procedure described above was followed to obtain the absorbance at 765 nm.

Prior to experiment sample analysis, a calibration curve was prepared using gallic acid solutions
ranging from 5 to 100 ug/mL. The calibration curve is shown in Figure S1, exhibiting an R? value of 0.9986.
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2.6. Evaluation of the Antioxidant Capacity of Microencapsulated Habanero Pepper Leaf Extracts Before
and After In Vitro Digestion

The antioxidant capacity (Ax) of the microencapsulated, before and after in vitro digestion, was
determined following the procedure described by [24]. For the determination of the Ax of the
microencapsulated powders, 100 pL of the extract obtained after the extraction process (Section 2.5) was
mixed with 3.9 mL of DPPH solution, previously adjusted to an absorbance of 0.700 = 0.002 at a
wavelength of 515 nm using a UV-Vis spectrophotometer.

The Ax of the digested microencapsulated samples was evaluated by combining 100 uL of each
digestion fraction (gastric and intestinal) with the adjusted DPPH solution (DPPH.d), following the
procedure described above. Absorbance readings (SPabs) obtained for the habanero pepper leaf extract
microcapsules, both prior to and after in vitro gastrointestinal digestion, were subsequently used to
determine the percentage of radical scavenging activity according to Equation (3).

DPPH,4 — SP
% Inhibition = (( . abs) x 100) 3)
ad

2.7. Response Surface Methodology Applied to the Bioaccessibility of Total Microencapsulated
Polyphenol Content During In Vitro Digestion

The optimization of the bioaccessibility of TPC during in vitro digestion was carried out using a
Response Surface Methodology (RSM) based on a 2° central composite design (CCD) with four central
points and four axial (Table 1). The independent variables evaluated were those previously described in
Section 2.2, while the response variable corresponded to the intestinal phase bioaccessibility of total
polyphenols (%BII).

Each experimental run was conducted under the same spray-drying conditions previously described
(Section 2.2), using the optimized choline chloride—glucose NADES extract of C. chinense leaves as feed
solution. The experimental matrix included 12 experiments coded according to Statgraphics Centurion
XVILII (Statgraphics Technologies Inc., Warrenton, VA, USA).

The quadratic polynomial model used to describe the relationship between independent and dependent
variables was:

Y = Bo + BiXy + BoXo 4 BriXT + B X5 + Pr2X1 X,

where Y represents the bioaccessibility response (%BII), X; the inlet temperature, X, the Guar gum
concentration, and the coefficients By, B1, B2, B11, P22, B12 correspond to the intercept, linear, quadratic,
and interaction effects, respectively.

2.8. Statistical Analysis

All microencapsulated samples were analyzed in triplicate both prior to and following in vitro
gastrointestinal digestion to assess TPC and antioxidant activity Ax, by the DPPH method. The
experimental results are expressed as mean values accompanied by their corresponding standard deviations.
Inferential statistical analyses, including analysis of variance (ANOVA), multiple comparison procedures,
and response surface methodology (RSM), were conducted using Statgraphics Centurion XVILII X64
software, Version 16.1.03 (Statgraphics Technologies Inc., Warrenton, VA, USA).
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Table 1. Central composite experimental design for optimizing microencapsulation conditions to obtain a microencapsulated
product with high intestinal bioaccessibility of its total polyphenol content.

Encoded Values Real Values Bioaccessibility
# Exp X X, GG IT (%)
(%) O
1 -1 -1 5 80 Yia
2 1 -1 10 80 Yi2
3 -1 1 5 100 Yi3
4 1 1 10 100 Yi4
5 0 0 7.5 90 Yis
6 0 0 7.5 90 Yie
7 0 0 7.5 90 Y17
8 0 0 7.5 90 Yis
9 -2 0 4 90 Yio
10 V2 0 11 90 Y1.10
11 0 -2 7.5 76 Y
12 0 V2 7.5 104 Y112
Note: Exp = Experiment; GG = Guar gum; IT = Inlet Temperature.
3. Results

3.1. Raman Spectroscopy of Habanero Pepper Extract Microencapsulated Before In Vitro Digestion

In the spectrum of modified starch (Figure 1a) and maltodextrin (Figure 1c), a peak at 480 cm™! was
observed, corresponding to cyclic structures and a-glucose rings associated with C—-O—-C and C-C-O
linkages, respectively. Vibrations related to B-glycosidic bonds were also detected in modified starch (857
and 939 cm™') and maltodextrin (853 and 937 cm™!) [25]. The region between 1000 and 1200 cm™! was
assigned to glycosidic linkages associated with deformation and stretching of CO, CC, and C—O-C bonds
in the glucose backbone. In the starch sample (Figure 1a), peaks were observed at 1043, 1079, and 1084
cm !, whereas for maltodextrin (Figure 1c), the corresponding peaks appeared at 1041, 1081, and 1124
cm !, A band at 1333 cm™! was attributed to CH2 and C—OH deformations.

Additionally, peaks at 1381 cm™! in maltodextrin and 1385 cm™! in modified starch were assigned to
CH and COH bond vibrations [26]. A CHz deformation band was also observed at 1456 cm™! for starch and
1459 cm™! for maltodextrin, characteristic of complex carbohydrates. Finally, a peak at 2909 cm™! in
modified starch was associated with the stretching of C—H bonds in methyl (CH3) and methylene (CHz2)
groups of glucose [27]. This peak was likewise present in the maltodextrin spectrum (2904 cm ™!, Figure 1c¢)
and with lower intensity in the microencapsulates M5 or experiment 5 (2912 cm™!, Figure 1d) and M12 or
experiment 12 (2893 cm™!, Figure le). Also, the microencapsulated samples (M5, M12) showed a very
intense and broad band between 800 and 1200 cm™, attributed to C-O and C~O—C vibrations of glycosidic
linkages in the polysaccharide matrix. The broadening of this region compared with the individual
encapsulating agents indicates the overlapping contributions of Guar gum, maltodextrin, and modified
starch, as well as their interaction with the extract, a phenomenon reported in microencapsulated systems
where the stabilizing agent bands dominate over those of the bioactive core [28,29].
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Figure 1. Raman spectra of (a) Modified starch (MS); (b) Guar gum (GG); (¢) Maltodextrin (MD); (d) Microencapsulate 5 (M5,
7.5% Guar gum, 104 °C); (e) Microencapsulate 12 (M12, 7.5% Guar gum, 76 °C).

3.2. Changes in Total Polyphenol Content and Antioxidant Capacity During Simulated Digestion

TPC of the microencapsulated C. chinense leaf extracts before digestion (M-BD) varied between 7.80
+ 0.04 mg GAE/100 g powder in experiment 12 (7.5% GG, 104 °C) and 13.37 + 0.04 mg GAE/100 g
powder in experiment 5 (7.5% GG, 90 °C). In contrast, the reduced TPC detected in high-temperature or
low-polymer formulations (e.g., experiment 12, 104 °C, 7.5% GG; experiment 13, 104 °C, 8.1% GG)
suggests that excessive heat or weak polymer networks promoted the partial oxidation of phenolic
compounds during spray drying. The TPC values observed in experiments 5-7 (13.2—13.4 mg GAE/100 g
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powder) were statistically different (p < 0.05) from the lowest values found in experiments 12, 13, and 10,
indicating that the mid-range drying temperature (=90 °C) and balanced Guar-gum ratio favored phenolic
retention (Figure 2; Table S1).

During the gastric phase (M-Gc), TPC values displayed wide variability, from 9.17 + 0.30 mg GAE/100
g powder in experiment 12 to 24.24 + 1.87 mg GAE/100 g powder in experiment 4 (10% GG, 100 °C). The
formulations showing the most pronounced release, experiments 3, 4, and 9, differed significantly from the
rest (p < 0.05) and suggest that the acidic pH = 2.5 and pepsin exposure enhanced the solubilization of
bound phenolics through partial disintegration of the encapsulating walls. This phenomenon was especially
evident in experiment 4, whose matrix (1.27% modified starch + 0.41% GG) likely promoted
intermolecular rearrangements between amylose and galactomannans, facilitating controlled release.
Conversely, experiments 12—-14 (7.8-8.1% GG, 89-104 °C) retained significantly lower TPCs (superscripts
a—d), suggesting that high thermal input and maltodextrin-dominant matrices produced more resistant
encapsulation structures that restricted diffusion under gastric stress.

A marked increase in polyphenol concentration occurred during the intestinal phase (M-Int), where
TPC values ranged between 21.37 + 0.60 mg GAE/100 g powder (experiment 11; 7.5% GG, 76 °C) and
31.00 £ 0.30 mg GAE/100 g powder (experiment 3; 5% GG, 100 °C). Experiments 3—5 (superscripts t—v)
showed the highest TPCs (p < 0.05), indicating that moderate-to-high Guar-gum levels combined with
controlled drying temperatures enhanced the liberation of phenolics under simulated intestinal conditions.
The transition from the gastric to the intestinal phase resulted in a significant increase due to the action of
digestive enzymes and bile salts at near-neutral pH, which disrupted the polysaccharide-based
encapsulating wall and enabled the release of entrapped phenolic compounds. Particularly, experiment 3,
which rose from 14.65 + 1.80 mg GAE/100 g powder (M-Gc) to 31.00 + 0.30 mg GAE/100 g powder (M-
Int), a 112% relative increase, demonstrated a sustained-release profile consistent with gradual matrix
erosion rather than abrupt diffusion.
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Figure 2. Total polyphenol content of the microencapsulated habanero pepper leaf extract during in vitro digestion. GAE =
Gallic acid equivalent; Exp = Number of experiment; M-ND = Microencapsulated before digestion; M-Gc = Microencapsulated
during gastric phase; M-Int = Microencapsulated during intestinal phase; Different letters indicate significant differences (LSD,
p <0.05).
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The antioxidant response of the microencapsulated C. chinense leaf extracts, expressed as the
percentage of DPPH radical inhibition, revealed marked differences among treatments and digestion stages
(Figure 3; Table S2). Before in vitro digestion (M-ND), inhibition values ranged from 12.96 + 0.65% to
19.56 £+ 0.33%, with the highest activity observed in experiment 12 (7.5% GG, 104 °C). This formulation
exhibited significantly greater scavenging capacity than most others (p < 0.05), suggesting that the
combination of moderate Guar-gum content and a high inlet temperature favored the stabilization of
phenolic antioxidants during spray drying through rapid glass-film formation and enhanced polymer—
phenolic bonding. Conversely, experiments 9 and 11, produced under milder drying conditions (<90 °C)
and lower GG content, showed the weakest performance, implying incomplete encapsulation and higher
oxidative degradation, while experiments 4—6, maintain inhibition levels around 17%, and were statistically
grouped with the best performers (p < 0.05), confirming that optimized thermal and compositional
parameters minimized phenolic losses during drying.

When exposed to gastric conditions (M-Gto), the Ax decreased in all experiments, ranging from 6.05
+ 0.08% to 9.10 + 0.08%. The drop is expected due to an acidic pH (=2.5) and pepsin activity, which can
modify or protonate phenolic hydroxyls, reducing their radical-scavenging potential. Nevertheless,
experiments 10, 11, 12, and 14 (7.8% GG, 89.4 °C, optimal conditions for TCP or OpCTP) retained
significantly higher inhibition values (8.7-9.1%), likely due to partial matrix erosion that released phenolics
stable under low pH. In contrast, experiments 1, 4, and 9 demonstrated limited release during this phase.
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Figure 3. Antioxidant capacity of the microencapsulated habanero pepper leaf extract during in vitro digestion. Exp = Number
of experiment; M-SD = Microencapsulated before digestion; M-Gto = Microencapsulated during gastric phase; M-Int =
Microencapsulated during intestinal phase; Different letters indicate significant differences (LSD, p < 0.05).

During the intestinal phase (M-Int), the Ax increased markedly across most treatments, ranging from
6.13 £ 0.00% to 17.34 + 0.14%, reflecting the same trend observed for total polyphenols. The enzymatic
mixture of pancreatin, lipase, and bile salts, acting under near-neutral conditions, facilitated the hydrolysis
of polysaccharidic walls and the liberation of bound antioxidant species. The best responses were recorded
for experiments 11-14, particularly experiment 14 (7.8% GG, 89.4 °C, OpCTP), which reached the
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maximum inhibition (17.34 + 0.14%). These results indicate that matrices containing balanced Guar-gum
concentrations (7—8%) and processed at moderate-to-high inlet temperatures promote a delayed yet efficient
release of antioxidant molecules during the intestinal phase.

In Table S2, the antioxidant capacity results of the non-microencapsulated NADES-68 extract are
presented. It can be observed that the inhibition percentage prior to digestion is considerably higher than
that of the microencapsulated samples (p < 0.05); however, after undergoing the in vitro digestion process,
the antioxidant capacity drops below 50%. Notably, during the gastric phase, the antioxidant capacity of
the extract does not differ statistically (p > 0.05) from that of the microencapsulated extract obtained in
experiment 12 (7.5% GG, 104 °C, OpCTP). Subsequently, it approaches the values obtained for the
microencapsulated samples at the end of the intestinal phase (28.15 + 0.70%).

3.3. Total Polyphenol Content Bioaccessibility During In Vitro Digestion

As shown in Figure 4 and Table S3, the bioaccessibility of TPC during the gastric phase (M-Gc) ranged
from —13.12 = 1.74% to 103.45 + 5.46%. Experiment 11 (7.5% GG, 76 °C) exhibited the highest response,
reaching a value of 103.45 + 5.46%, and was followed by experiments 4 (10% GG, 100 °C) and 9 (4% GG,
90 °C). These treatments did not show significant differences among them and were classified within the
same statistical group (p < 0.05). Conversely, experiment 6 (7.5% GG, 90 °C) showed the lowest
bioaccessibility (—13.12 + 1.74%), displaying a statistically significant difference (p <0.05) when compared
with all other experimental conditions. An additional observation of interest was that experiments 3 and 4,
both dried at 100 °C, showed bioaccessibility values above 90%, suggesting that higher inlet temperatures
favored the release of polyphenols during the gastric phase.
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Figure 4. Bioaccessibility of total polyphenol content during the gastric phase of in vitro digestion. M-Gc = Microencapsulated
during the gastric phase; OpAx = Optimal spraydryin conditions for high antioxidant capacity microencapsulated; OpCTP =
Optimal spraydryin conditions for high total polyphenol content microencapsulated. Different letters on the bars indicate
statistically significant differences (p < 0.05, LSD).

Among all formulations, experiment 3 (5% GG, 100 °C) achieved the greatest intestinal
bioaccessibility, reaching 283.28 + 3.22%, which was significantly higher than the remaining treatments (p
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< 0.05, group G). The lowest recovery of polyphenols was observed in experiment 7 (7.5% GG, 90 °C)
with 91.47 + 1.98% (Figure 5).
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Figure 5. Bioaccessibility of total polyphenol content during the intestinal phase of in vitro digestion. M-Int = Microencapsulated
during intestinal phase; OpAx = Optimal spraydryin conditions for high Ax microencapsulated; OpCTP = Optimal spraydryin
conditions for high total polyphenol content microencapsulated. Different letters on the bars indicate statistically significant
differences (p < 0.05, LSD).

Moderate bioaccessibility responses were observed in experiments 9 (4% GG, 90 °C) and 12 (7.5%
GG, 104 °C), with both treatments yielding values above 190% and showing no statistically significant
differences between them (p > 0.05). Overall, despite the dispersion among experimental conditions, the
majority of the microencapsulated samples exhibited bioaccessibility values higher than 100%, indicating
efficient release of phenolic compounds during the intestinal phase and a strong solubilization capacity
following enzymatic digestion. Finally, the bioaccessibility results of the non-microencapsulated NADES-
68 extract showed a substantial loss in both digestive phases. For example, gastric-phase bioaccessibility
was —85.46 + 0.31%, slightly lower than the intestinal phase, which reached —80.19 + 0.63% (Table S3).
These values support the decision to microencapsulate the extract using encapsulating agents that can
protect phenolic compounds and preserve their bioactive properties.

3.4. Optimization of Polyphenol Bioaccessibility During In Vitro Digestion of Microencapsulated
Habanero Pepper Leaf Extract

Analyzing all the intestinal phase bioaccessibility data obtained from the complete design for
optimization (12 experiments) according to the response surface methodology, a canonical analysis was
performed, showing a good fit to a second-order model (p < 0.0001, R* = 83.74). The canonical analysis
provided the optimal value and spray-drying conditions required to achieve the maximum bioaccessibility
of the TPC from the microencapsulated habanero pepper leaf extracts (Table 2).
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Table 2. Results of the canonical analysis of the bioaccessibility of the total polyphenol content from the microencapsulated
habanero pepper leaf extract.

Optimal Spray Drying Conditions

Variable L. . ,
Prediction Equation * GG IT Optimal Value **
Response
) (O (%)
TPC TPCBi = 1569.03 — 2.20769X1 — 33.9713X2 — 0.973867X1X2 + 5.18682X1% + 0.245358X>> 4 104 358.3

Note: TPC = Total polyphenol content; TPCBi = Total polyphenol content bioaccessibility; GG = Guar gum; IT = Inlet
temperature; X; = Guar gum; X, = Inlet temperature; * Obtained by using the coefficients regression (Table S4); ** Predicted
according to canonical analysis with the statistical software.

In Figure 6a, the characterization of the response surface for the intestinal phase bioaccessibility of
TPC data is shown. The surface corresponds to a plateau of minimum values, where the red area indicates
the intersection of the spray-drying conditions that result in the maximum bioaccessibility of the
microencapsulated phenolic compounds, while the blue area (center of the surface) represents the region
where minimal bioaccessibility is obtained.
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Figure 6. Characterization of (a) Response surface and (b) Contour plot of the intestinal bioaccessibility of total polyphenol
content from the microencapsulated habanero pepper leaf extract. GG = Guar gum; IT = Inlet temperature.

The contour plot (Figure 6b) displays, with the “+” symbol, the location of the optimal value predicted
by the statistical software (the intersection of the optimal spray-drying conditions) according to the
canonical analysis.

It was also observed that all the main factors, Guar gum percentage (A, p < 0.0001), inlet temperature
(B, p < 0.0001), their interaction (A x B, p = 0.0006), and their quadratic effects (A2, p < 0.0001; B%, p <
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0.0001), showed a significant effect on intestinal phase bioaccessibility of the microencapsulated phenolic
compounds (Table S5).

4. Discussion

The Raman spectra of the microencapsulated experiments M5 and M12 exhibited markedly broader
bands in the regions of 250-500 cm™! and 750-1250 cm™!, corresponding to the vibrations of a- and B-
glycosidic bonds, respectively. These spectral modifications likely reflect molecular interactions among the
different encapsulating agents and the phenolic compounds present in the Habanero pepper leaf extract,
which contains choline chloride and glucose as major constituents [29]. A notable decrease in band intensity
was also observed in the 1250-1500 cm™! region, associated with C—H stretching vibrations. This reduction
may arise from restricted vibrational independence due to intermolecular forces and hydrogen bonding
within the matrix, consistent with previous findings on polymer—polyphenol interactions [30,31].

In contrast, the Raman profile of Guar gum (GG) revealed peaks located at wavenumbers comparable
to those found in maltodextrin and modified starch, though with noticeably lower intensities. Such
differences are attributed to the distinct molecular configuration of GG relative to these polysaccharides.
The band near 474 cm™!, typically assigned to a-glycosidic linkages, appeared weaker in GG since its
structure is mainly composed of B-glycosidic bonds, which alter its vibrational behavior. Meanwhile, the
region spanning 10001200 cm™'—characteristic of B-glycosidic vibrations—showed spectral similarity
across all encapsulating agents, supporting the presence of a shared carbohydrate backbone [25,32].

Furthermore, attenuated peaks at 1330 cm™! and 1463 cm™! were detected, linked to CH2 and C-OH
bond vibrations, respectively. These attenuations suggest a lower degree of branching in GG compared with
maltodextrin and modified starch, which exhibit more complex, branched architectures. Finally, the peak
near 2925 cm!, characteristic of CHa stretching, was present in all encapsulating materials and the
microencapsulates, confirming the retention of carbohydrate functional groups after spray-drying [33].

The higher total polyphenol retention observed in experiments 5—7, formulated with 7.5% Guar gum
(GG) and processed at =90 °C, is attributable to the balance between encapsulant glass transition behavior
and phenolic stability. At this temperature range, the feed mixture remains above the critical glass transition
(Tg) of the maltodextrin—gum system yet below the threshold for phenolic oxidation. Under these conditions,
rapid surface vitrification occurs, forming an amorphous matrix that limits oxygen diffusion and light
penetration, thereby preventing degradation of thermolabile polyphenols [34].

In contrast, the samples dried at 104 °C (e.g., M12, M13) were likely exposed to excessive thermal
energy, which promoted early Maillard reactions and phenolic polymerization, resulting in a reduction in
measurable TPC. This effect aligns with previous studies, which report that increased inlet temperatures
intensify Maillard product formation and decrease phenolic quantification. For example, in camelina meal
extracts, the TPC of the liquid extract (5.73 £ 0.26 mg GAE/mL) decreased to 2.30-2.86 mg GAE/mL after
spray drying at 140-180 °C, associated by an increase in melanoidin absorbance (Abs 360 nm/Abs 420
nm), indicating temperature-dependent degradation and interference in Folin—Ciocalteu assays [35].
Similarly, in spray-dried honey, conventional drying at 180 °C retained only 41-59% of phenolics,
compared with 80-91% when using dehumidified air at 75 °C, confirming that higher thermal loads lead
to lower polyphenol recovery [36].

The chemical structure of Guar gum, composed of B-(1—4)-linked mannose and o-(1—6)-linked
galactose residues, facilitates the formation of extensive hydrogen-bonding networks with the hydroxyl
groups of polyphenolic compounds, thereby improving the stability of encapsulated bioactives through non-
covalent interactions and the development of a cohesive and viscous matrix during atomization [32,37,38].
When combined with maltodextrin, the galactomannan chains of Guar gum act synergistically to enhance
film formation and reduce matrix porosity, limiting volatilization and molecular coalescence of phenolics
at the droplet interface. This synergistic effect has been correlated with higher encapsulation efficiencies,



Green Chem. Technol. 2026, 3(1), 10002. doi:10.70322/g¢t.2026.10002 14 of 19

typically ranging between 78—90% in maltodextrin—gum systems, compared with <70% when maltodextrin
is used alone [39—41].

In a similar way, ref [12] reported that the incorporation of gum arabic with maltodextrin in tamarillo
(Solanum betaceum) microcapsules increased total polyphenol retention from 63.2 to 86.5%, while [42]
observed a comparable improvement (from 68.4% to 88.9%) in Citrus medica extracts. Likewise, the
encapsulation of Buddleja scordioides polyphenols under optimized spray-drying conditions (inlet
temperature = 100 °C, gum concentration 7-10%) achieved TPC values between 12.5 and 15.4 mg GAE/g
dry powder, confirming that mixed carbohydrate matrices enhance phenolic retention and oxidative
stability during atomization [13]. These findings support the hypothesis that the combination of
maltodextrin and Guar gum generates an amorphous, low-porosity barrier capable of maintaining phenolic
integrity, consistent with the high pre-digestion TPC observed in samples from experiments 5—7 of the
present study.

With respect to Ax, the microencapsulated C. chinense leaf extracts demonstrated the interactive
influence of wall material composition and spray-drying temperature on both the structural stability of the
microcapsules and the release dynamics of phenolic compounds during simulated gastrointestinal digestion.
The highest inhibition prior to digestion was obtained for experiment 12 (7.5% GG, 104 °C), followed by
treatments produced between 90-100 °C with intermediate gum concentrations. Such performance
indicates that the formation of a glassy and compact maltodextrin—Guar-gum matrix at high inlet
temperatures efficiently restricted oxygen diffusion and phenolic oxidation, as previously observed in plum
and tamarillo microcapsules, where elevated temperatures favored rapid surface solidification and
antioxidant retention [12,14]. The structural densification likely enhanced hydrogen bonding between the
hydroxyl groups of galactomannan and phenolic moieties, generating a stable amorphous network capable
of entrapping radical-scavenging species [34,43]. Conversely, experiments processed at lower temperatures
(<90 °C) or with excessive polymer dilution exhibited lower inhibition values, suggesting incomplete film
formation and increased exposure of phenolics to oxidative stress during atomization.

As digestion progressed, the gradual decrease in inhibition under gastric conditions can be attributed
to the protonation of phenolic hydroxyls and partial degradation of labile compounds in the acidic medium.
However, the microcapsules obtained with balanced gum levels (7-11%) maintained higher residual
activity, indicating that the swelling and partial erosion of their walls facilitated the release of more acid-
resistant phenolic species, a trend consistent with previous reports for oregano and berry polyphenols
encapsulated in carbohydrate matrices [19]. The subsequent increase in inhibition during the intestinal
phase reveals a clear relationship between matrix disintegration and antioxidant recovery: enzymatic
hydrolysis of maltodextrin chains and solubilization of Guar gum exposed previously bound phenolics,
restoring redox activity similarly to the delayed release observed in fruit-derived phenolic powders [11,14].
This behavior supports the concept that the controlled structural collapse of the wall material under neutral
pH governs bioaccessibility rather than simple diffusion.

Overall, the antioxidant profile across digestion phases suggests that inlet temperatures near 100 °C
and intermediate Guar gum concentrations optimize the dual role of the carrier system: protecting phenolics
during drying and gastric transit, and facilitating effective release in the intestine. Similar temperature-
dependent stabilization mechanisms have been reported for spray-dried pomegranate polyphenols, where
moderate inlet temperatures (100-120 °C) favored rapid surface vitrification and higher retention of
anthocyanins and total polyphenols [44,45]. These findings support that the maltodextrin—Guar gum system
behaves as a dynamic barrier, initially protective, then responsive, facilitating controlled phenolic release
and sustained Ax throughout digestion.

During digestion, these matrices undergo gradual disintegration, first limiting release in the acidic
gastric phase and later promoting alkaline-driven swelling and enzymatic hydrolysis, which liberate bound
phenolics and restore their redox activity [11]. Consequently, the increase in TPC and Ax observed in the
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intestinal phase reflects an improvement in phenolic bioaccessibility, where enzymatic cleavage of
polysaccharidic bonds exposes previously trapped antioxidants.

The bioaccessibility of TPC during in vitro digestion showed pronounced variability, with gastric
values ranging from —13.12 + 1.74% to 103.45 £ 5.46% and intestinal values between 91.47 + 1.98% and
283.28 + 3.22%. These results demonstrate that the interaction between wall material composition and
drying temperature critically governs polyphenol release under gastrointestinal conditions. In particular,
the formulations dried at 100 °C and containing 5-10% Guar gum (GG) exhibited the highest gastric
recovery (<94—-103%), consistent with efficient phenolic stabilization and subsequent pH-dependent release.
Such trends align with those observed for plum (Prunus salicina) microcapsules produced using a
maltodextrin:B-cyclodextrin: gum arabic ratio of 7:2:1 (w/w/w) at 110-150 °C, which retained up to 85%
TPC and demonstrated controlled release during digestion [14].

Maltodextrin-based matrices processed at moderate inlet temperatures enhance polyphenol retention
during spray drying. In pomegranate juice and extracts, maltodextrin at 100—120 °C improves anthocyanin
and total polyphenol retention compared with protein carriers or higher temperatures, due to faster surface
vitrification and reduced oxidative mobility [44,45]. Likewise, microencapsulation of olive by-product
polyphenols with ~7% maltodextrin at 110 °C produced microcapsules with 50-78% intestinal
bioaccessibility after in vitro digestion, demonstrating that moderate thermal regimes and carbohydrate
matrices improve protection and controlled release of phenolics [46]. These findings support that, in our
study, a vitreous matrix likely formed around 100 °C, acting as a semi-amorphous barrier that protected
phenolics during atomization and gastric transit while promoting their solubilization, consistent with the
high bioaccessibility observed in treatments 3, 4, and 11 [44,46]. Conversely, the negative gastric
bioaccessibility observed in experiment 6 (—13.12 + 1.74%) suggests potential oxidative degradation or
incomplete desorption from a more cohesive wall structure. Lower thermal energy and excessive polymer
crosslinking could hinder matrix swelling, delaying phenolic diffusion in acidic environments. This
phenomenon has also been described in chokeberry anthocyanins encapsulated with inulin and Guar gum,
where limited solubility reduced release in the gastric phase but improved intestinal liberation after
enzymatic hydrolysis [47].

Finally, the pronounced increase in intestinal bioaccessibility (up to 283%) can be explained by the
alkaline hydrolysis of glycosidic linkages and the enzymatic action of pancreatin and bile salts, which
promote matrix erosion and phenolic release. Consistent patterns have been reported for spray-dried
polyphenol microcapsules: in propolis microparticles, certain phenolics (e.g., p-coumaric acid)
exhibited >100% recovery after in vitro digestion—indicative of enhanced solubilization and
transformation in the intestinal phase [48].

The optimized conditions (4% Guar gum, 104 °C inlet temperature) and the predicted value (358.3%
bioaccessibility) obtained from the response surface optimization suggest that a moderate thermal input and
an adequate wall-material concentration favor the intestinal release of phenolic compounds rather than their
mere retention. These optimized parameters are consistent with those reported for other spray-dried
polyphenolic systems that achieved enhanced gastrointestinal bioaccessibility under controlled thermal loads.

For example, [49] optimized the spray-drying microencapsulation of polyphenols derived from cocoa
pod husks using gum arabic (GA) at a 1:3 (w/w) ratio and an inlet temperature of 150 °C. Under these
conditions, an intestinal bioaccessibility of 76.55 + 5.10% was achieved, whereas the non-encapsulated
extract exhibited a markedly lower value of only 6.41 + 1.61%. Although the initial TPC of 90.48 mg GAE
g ! declined throughout the digestion process, a high proportion of the compounds remained bioaccessible
due to the protective effect of the GA matrix. A similar reduction in bioaccessibility for non-encapsulated
extracts was observed in the present study, reinforcing the importance of applying encapsulation strategies
to safeguard bioactive compounds against the harsh conditions of the gastrointestinal environment.
Although their process involves a higher drying temperature, the mechanism underlying the enhanced
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intestinal release parallels our findings: an appropriate biopolymer concentration combined with sufficient
drying energy promotes the formation of a porous microstructure that facilitates rehydration and phenolic
diffusion under intestinal conditions. In contrast, our lower inlet temperature (104 °C) demonstrates that
excessive thermal exposure is unnecessary to achieve high release, supporting the principle that moderate
drying preserves both molecular integrity and capsule porosity.

Similarly, [46] optimized the spray-drying of polyphenols recovered from red-wine lees using maltodextrin
at 7% and 110 °C inlet temperature, obtaining total bioactive compound contents between 0.30 and 1.04 mg
GAE 100 mg! dry weight and in-vitro polyphenol bioaccessibility ranging from 50% to 78% after simulated
digestion. These conditions closely resemble our optimal parameters, reinforcing the notion that moderate inlet
temperatures (100—110 °C) maximize bioaccessibility while minimizing phenolic degradation.

5. Conclusions

This study presents an innovative strategy for improving stability and modulating the release behavior
of polyphenols derived from C. chinense leaves by combining NADES extraction with spray drying
microencapsulation. The application of NADES enabled efficient and environmentally benign recovery of
phenolic compounds, while also promoting specific molecular interactions with polysaccharide wall
matrices. These interactions contributed to enhanced physicochemical functionality and overall
performance of the resulting microencapsulated systems. The subsequent in vitro digestion demonstrated
that the microcapsules effectively preserved and released bioactive compounds under simulated
gastrointestinal conditions. The optimal formulation, achieved with 4% Guar gum (GG) and an inlet
temperature (IT) of 104 °C, resulted in the highest total polyphenol bioaccessibility, reaching 358.3%.
Overall, this study not only highlights the synergistic potential of NADES-assisted extraction and spray-
drying encapsulation but also establishes a methodological framework for maximizing the bioaccessibility
of plant-derived phenolics, contributing to the development of sustainable and functional ingredients from
agro-industrial by-products.
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