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Abstract

Cocoa pod husk, a major agro-industrial by-product of cocoa processing, represents an
underutilized source of phenolic compounds with potential functional applications. This
study developed an integrated extraction process combining drying pretreatments with
probe ultrasound-assisted extraction to enhance the recovery and bioactivity of cocoa pod
husk extracts. Preliminary solvent screening identified aqueous ethanol (1:3, v/v) as the
most suitable extraction solvent, and a solid-to-solvent ratio of 1:9 (w/v) was subsequently
selected for further extraction experiments. Under these extraction conditions, the type of
drying pretreatment (tray drying or vacuum microwave drying), ultrasonic amplitude, and
extraction time influenced the total phenolic content, phenolic composition, and antioxidant
activities (DPPH, ABTS, and FRAP) of cocoa pod husk extracts. The evaluated extracts
exhibited antibacterial activity against Streptococcus mutans. Cellular assays were performed
using two selected extracts: Cocoa-A (vacuum microwave-dried) and Cocoa-B (tray-dried),
which were prepared with aqueous ethanol (1:3, v/v) at a solid-to-solvent ratio of 1:9 (w/v)
under 75% ultrasonic amplitude for 15 min. These extracts contained total phenolic contents
of 5.41 ± 0.14 and 5.01 ± 0.14 mg GAE/g dried cocoa pod husk for Cocoa-A and Cocoa-B,
respectively. Both extracts showed low cytotoxicity together with reduced intracellular
reactive oxygen species and suppression of lipopolysaccharide-induced inflammatory
mediators, including nitric oxide, IL-6, and TNF-α. The tray-dried extract (Cocoa-B)
exhibited greater anti-inflammatory activity than the vacuum microwave-dried extract
(Cocoa-A), indicating that the drying pretreatment influenced the biological activity of the
extracts. This difference may also be associated with variations in phenolic composition,
although the contribution of individual phenolic compounds was not investigated in the
present study. These findings improve the understanding of how drying pretreatment
and probe ultrasound-assisted extraction parameters influence the recovery of bioactive
compounds from cocoa pod husk and provide a scientific basis for the further development
of cocoa pod husk-derived bioactive ingredients for functional food, nutraceutical, and oral
health-related applications.
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1. Introduction
The cocoa industry generates large volumes of agro-industrial by-products, among

which cocoa pod husk represents the most abundant fraction [1]. Although commonly
discarded, cocoa pod husk has received increasing attention as a potential source of bioac-
tive compounds and nutritional components, including dietary fiber, pectin, and phenolic
compounds with antioxidant and biological activities [1–4]. These characteristics highlight
cocoa pod husk as a promising low-cost raw material for sustainable valorization within
circular bioeconomy systems [2]. Other cocoa residues, such as cocoa bean shell, have also
been reported as sources of phenolic compounds, flavonoids, and methylxanthines with an-
tioxidant and antimicrobial activities, further supporting the potential of cocoa-processing
by-products as functional ingredient sources [5–7].

Drying pretreatment is an important step before extraction because it reduces moisture
content, improves storage stability, and influences the physicochemical characteristics of
plant matrices, which subsequently affect bioactive compound recovery [8–11]. Drying
conditions can modify tissue structure, microstructural characteristics, and the stability of
thermolabile and oxidation-sensitive compounds, thereby affecting extraction efficiency and
biological functionality [12]. Conventional tray drying is widely used due to its simplicity
and low cost; however, prolonged exposure to heat and oxygen may promote degradation
of phenolic compounds [13]. In contrast, vacuum microwave drying enables rapid moisture
removal through microwave volumetric heating under reduced pressure, which may
minimize thermal and oxidative degradation while enhancing structural disruption and
solvent accessibility during subsequent extraction [14–17]. Therefore, comparing different
drying technologies provides insight into how drying-induced modifications influence the
extractability and functionality of cocoa pod husk bioactive compounds.

The recovery of bioactive compounds is also strongly influenced by the extraction
method. Conventional extraction techniques, such as maceration and Soxhlet extraction,
generally require long processing times, high solvent consumption, and may cause degrada-
tion of sensitive compounds [18,19]. Probe ultrasound-assisted extraction has emerged as
an efficient technique for bioactive compound recovery by promoting solvent penetration,
cavitation, and mass transfer within plant matrices [20]. Compared with ultrasonic bath
systems, probe ultrasonication provides more direct ultrasonic energy delivery, which can
enhance extraction efficiency [20,21]. However, extraction performance depends strongly
on operational parameters, particularly ultrasonic amplitude and extraction time. Inappro-
priate conditions may result in insufficient compound release, whereas excessive ultrasonic
intensity or prolonged treatment may promote temperature increase and degradation of
phenolic compounds [18,22]. Therefore, optimization of these parameters is necessary to
maximize bioactive compound recovery while maintaining biological functionality.

Although cocoa pod husk has been investigated as a source of bioactive compounds,
previous studies have mainly focused on extraction yield, total phenolic content, or antioxi-
dant activity. Limited information is available regarding the integrated effects of drying
pretreatment and probe ultrasound-assisted extraction on individual phenolic composition
and cellular biological activities of cocoa pod husk extracts. In particular, the effects of
combining different drying technologies with probe ultrasound-assisted extraction on an-
tibacterial activity, cytotoxicity, intracellular reactive oxygen species (ROS) suppression, and
anti-inflammatory responses remain insufficiently explored. Previous studies have reported
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the potential of drying pretreatments and probe ultrasound-assisted extraction for improv-
ing bioactive compound recovery from plant materials; however, the combined application
of these approaches for cocoa pod husk extraction remains insufficiently explored.

Accordingly, this study aimed to evaluate the combined effects of tray drying and
vacuum microwave drying followed by probe ultrasound-assisted extraction using an
aqueous ethanol solvent system under different ultrasonic amplitudes and extraction times
on the phenolic composition, antioxidant activity, antibacterial activity against Streptococcus
mutans, cytotoxicity, and cellular biological activities of cocoa pod husk extracts. Aqueous
ethanol was selected because ethanol and water are food-grade and low-toxicity solvents,
and their combination provides suitable polarity for the recovery of a broad range of phe-
nolic compounds compared with absolute ethanol or water alone. It was hypothesized that
drying pretreatment and probe ultrasound-assisted extraction conditions would influence
phenolic recovery and the associated antioxidant and cellular anti-inflammatory activities
of cocoa pod husk extracts. To test this hypothesis, the extracts were characterized for their
phenolic composition and evaluated for antioxidant, antibacterial, cytotoxic, intracellular
reactive oxygen species (ROS)-suppressing, and anti-inflammatory activities. The findings
provide insights into the effects of integrated drying pretreatment and probe ultrasound-
assisted extraction on the recovery of bioactive compounds from cocoa pod husk and
highlight its potential as a source of bioactive compounds for future applications.

2. Materials and Methods
2.1. Materials
2.1.1. Raw Materials

Fresh cocoa pod husks were obtained from Kanwela Chocolate Co., Ltd. (Mueang
Chiang Mai, Chiang Mai, Thailand).

2.1.2. Chemicals and Reagents

Ethanol (AR grade) and methanol (AR grade) were purchased from RCI Labscan
Ltd. (Bangkok, Thailand). Acetonitrile (HPLC grade), formic acid (HPLC grade), Folin–
Ciocalteu reagent, sodium carbonate (AR grade), ferric chloride (AR grade), ferric sulfate
(AR grade), sodium chloride (AR grade), sodium hydroxide (AR grade), sodium potassium
tartrate (AR grade), and Griess reagent were purchased from Merck KGaA (Darmstadt,
Germany). Gallic acid (analytical grade), 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2′-
azinobis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), Trolox, and HPLC analytical
standards, including gallic acid, protocatechuic acid, catechin, epicatechin, chlorogenic acid,
caffeic acid, vanillic acid, p-coumaric acid, ferulic acid, rutin, quercetin, and kaempferol,
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Potassium persulfate (LR grade)
was purchased from Ajax Finechem Pty Ltd. (Melbourne, Australia). 2,4,6-Tripyridyl-s-
triazine (TPTZ) was purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.1.3. Bacterial Strain and Culture Media

Streptococcus mutans maintained by the Department of Medical Technology, Faculty of
Associated Medical Sciences, Chiang Mai University, Chiang Mai, Thailand, was used as
the test microorganism. Blood agar (BA), Tryptic Soy Agar (TSA), and Brain Heart Infusion
(BHI) broth were purchased from Merck KGaA (Darmstadt, Germany).

2.1.4. Cell Culture Reagents and Assay Kits

2,7-Dichlorofluorescein diacetate (DCFH-DA), dimethyl sulfoxide (DMSO), and Trolox
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Griess reagent, sodium chloride,
sodium hydroxide, and sodium potassium tartrate were obtained from Merck (Darmstadt,
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Germany). MTT reagent was purchased from Thermo Fisher Scientific (Waltham, MA,
USA). Mouse IL-6 and TNF-α ELISA kits were purchased from Abcam (Cambridge, UK).

2.2. Preparation of Cocoa Pod Husk and Selection of Solvent Systems for Probe
Ultrasound-Assisted Extraction

Fresh cocoa pod husk was subjected to two different drying technologies, namely
conventional tray drying and vacuum microwave drying, to evaluate the influence of drying
pretreatment on phenolic recovery, antioxidant activity, and the biological functionality of
extracts obtained by probe ultrasound-assisted extraction. Fresh cocoa pod husks were
washed, sliced to an average thickness of approximately 2 mm to ensure uniform drying,
and randomly divided into two groups for subsequent drying treatments.

For tray drying, approximately 3 kg of fresh cocoa pod husk was evenly distributed
onto ten stainless-steel trays (50 cm × 90 cm × 4 cm; width × length × height; Navaloy
Co., Ltd., Bang Khun Thian, Bangkok, Thailand) and dried in a hot-air tray dryer at 70 ◦C
for 12 h until a final moisture content of approximately 4.4% (wet basis) was achieved. The
drying process yielded approximately 0.42 kg of dried cocoa pod husk with a water activity
(aw) of 0.486, as measured using a water activity meter (4TE Aqualab, Meter Group, Inc.,
Pullman, WA, USA).

Vacuum microwave drying was performed using a vacuum microwave dryer (March-
cool Industrial Co., Ltd., Chom Thong, Bangkok, Thailand) equipped with six magnetrons
(800 W each), providing a total microwave power of 4800 W. Approximately 1 kg of fresh
cocoa pod husk was loaded into a horizontally mounted perforated polypropylene (PP)
rotating basket (15 rpm; bottom diameter 40 cm, top diameter 50 cm, height 65 cm). The
basket was securely covered before being placed inside the vacuum microwave drying
chamber. Drying was carried out under a vacuum pressure of −600 mmHg for 30 min
until a final moisture content of approximately 4.4% (wet basis) was achieved. The drying
process yielded approximately 0.15 kg of dried cocoa pod husk, which exhibited a water
activity (aw) of 0.486 and a final moisture content of approximately 4.4% (wet basis).

Similar final moisture content and water activity (aw) values were achieved as practical
drying endpoints to obtain comparable dried cocoa pod husk materials for subsequent
extraction. Following drying, the cocoa pod husk was ground using a hammer mill (SK
300, Retsch GmbH, Haan, Germany) fitted with a 2-mm sieve. Particle size distribution
was subsequently determined by sieve analysis using a Vibratory Sieve Shaker AS 200
control (Retsch GmbH, Haan, Germany) operated for 15 min at an amplitude of 2.0 mm
with an interval time of 5 s. The ground powder exhibited a median particle size (D50) of
approximately 421 µm. The same particle size distribution was maintained for all extraction
experiments to ensure consistent extraction conditions, improve extraction uniformity, and
minimize variation in solvent accessibility during probe ultrasound-assisted extraction.
Preliminary solvent screening was performed to identify a suitable solvent system for
phenolic recovery from cocoa pod husk. Distilled water, ethanol, and aqueous ethanol
(1:3, v/v) were comparatively evaluated using an initial solid-to-solvent ratio of 1:7 (w/v)
under fixed ultrasonication conditions. Tray-dried cocoa pod husk was selected as the
representative material during the preliminary solvent screening to establish baseline
extraction behavior prior to evaluating the effects of different drying pretreatments and
probe ultrasound-assisted extraction conditions.

The investigated solvent systems were selected to represent different polarity condi-
tions for evaluating their effects on phenolic recovery and antioxidant activity during probe
ultrasound-assisted extraction. Water was selected as a highly polar solvent, ethanol as a
lower-polarity food-grade solvent, and aqueous ethanol as an intermediate-polarity solvent
system. A solid-to-solvent ratio of 1:7 (w/v) was used for the preliminary solvent screening
to maintain consistent extraction conditions for comparing solvent performance. The most
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suitable solvent system identified from this preliminary screening was subsequently used
for further extraction experiments, as described in Section 2.3.

2.3. Probe Ultrasound-Assisted Extraction of Bioactive Compounds from Cocoa Pod Husk

Probe ultrasonication-assisted extraction was performed using a VCX 500 ultrasonic
processor (Sonics and Materials, Inc., Newtown, CT, USA) operating at a fixed frequency of
20 kHz. The ultrasonic probe had a diameter of 13 mm, and extraction was conducted in
pulsed mode (5 s on/5 s off) to minimize excessive heat accumulation during sonication.
The actual ultrasonic power applied during extraction was monitored from the ultrasonic
processor output and varied depending on the applied amplitude. The measured ultrasonic
power ranged from approximately 5 to 70 W, corresponding to a power density range of
approximately 0.08–1.17 W/mL based on the extraction volume of 60 mL. The temperature
of the extraction mixture was monitored throughout the sonication process without exter-
nal temperature control, and the recorded temperature varied depending on ultrasonic
amplitude and extraction time. Prior to extraction, dried cocoa pod husk samples obtained
from Section 2.2 were ground into fine powder and transferred into 100 mL glass beakers.

Following the preliminary solvent screening described in Section 2.2, the extraction
conditions were further evaluated by varying the solid-to-solvent ratio (1:5, 1:7, and 1:9,
w/v) to determine its effect on phenolic composition. Based on these results, the most suit-
able solid-to-solvent ratio was selected for subsequent evaluation of ultrasonic amplitude
(25%, 50%, and 75%) and extraction time (15, 30, and 45 min). Ultrasonic amplitude and
extraction time were selected as the principal extraction variables because they are key
operational parameters influencing solvent penetration, mass transfer, extraction efficiency,
and the potential degradation of phenolic compounds during probe ultrasonication. The
selected experimental ranges were based on previous studies reporting significant effects
of these parameters on phenolic recovery during ultrasound-assisted extraction [23,24].

The solvent system identified from the preliminary screening was subsequently used
to evaluate the effect of solid-to-solvent ratio. The selected solid-to-solvent ratio was then
used to investigate the effects of ultrasonic amplitude and extraction time. The obtained
extracts were analyzed for total phenolic content, phenolic composition, and antioxidant
activities. Based on the extraction performance, selected extracts were further evaluated for
antibacterial activity against Streptococcus mutans, cytotoxicity, intracellular reactive oxygen
species (ROS) suppression, and anti-inflammatory activity.

2.4. Determination of Phenolic Compounds

Phenolic compounds were analyzed using a modified procedure based on Liaudanskas
et al. [25]. Dried cocoa pod husk samples were first defatted prior to extraction. Briefly,
2 g of dried sample were mixed with 60 mL hexane and shaken overnight. The mixture
was filtered through No. 4 filter paper, and the defatted residue was air-dried to remove
residual solvent. The dried, defatted cocoa pod husk was then extracted with 99.99%
ethanol at a ratio of 1 g sample to 10 mL solvent. The mixture was sonicated using an
ultrasonic device for 15 min to enhance extraction efficiency and subsequently filtered to
collect the liquid extract. The filtrate was mixed with 99.99% acetonitrile at a 1:1 (v/v)
ratio and vortexed thoroughly to ensure homogeneity. The mixture was centrifuged at
13,000 rpm for 5 min, after which the clear supernatant was carefully collected and filtered
through a 0.45 µm PTFE syringe filter. The filtered solution was transferred into HPLC
vials for chromatographic analysis.

For cocoa extract samples, preparation involved direct dilution with 99.99% acetonitrile
at a 1:1 (v/v) ratio, followed by vortex mixing and centrifugation at 13,000 rpm for 5 min.

https://doi.org/10.3390/foods15152664

https://doi.org/10.3390/foods15152664


Foods 2026, 15, 2664 6 of 30

The resulting supernatant was filtered through a 0.45 µm PTFE syringe filter and transferred
into HPLC vials prior to analysis.

Chromatographic separation of phenolic compounds was carried out using an HPLC
system equipped with a C18-ODS column (5 µm particle size, 250 mm × 4.6 mm). The
mobile phase consisted of solvent A (2% acetic acid in water), solvent B (100% acetonitrile),
solvent C (deionized water), and solvent D (100% methanol). The system was operated at
a flow rate of 1 mL/min with the column maintained at 30 ◦C. The injection volume was
10 µL. Detection was performed using a diode array detector at 280 nm with a total run time
of 85 min. A 10% acetonitrile solution was used as the needle wash to minimize carryover.
Phenolic standard solutions were prepared using the following reference compounds:
gallic acid, theobromine, protocatechuic acid, p-hydroxybenzoic acid, catechin, chlorogenic
acid, caffeine, vanillic acid, caffeic acid, syringic acid, epicatechin, vanillin, p-coumaric
acid, ferulic acid, sinapic acid, rutin, myricetin, quercetin, and trans-cinnamic acid. Each
compound was dissolved in an appropriate solvent to obtain working standard solutions,
and all prepared standards were adjusted so that their final concentrations did not exceed
100 ppm prior to HPLC analysis. Phenolic compounds in the extracts were identified
by comparing their retention times with those of the corresponding authentic standards.
Quantification of individual phenolic compounds was performed by comparing the peak
area of each compound in the sample with that of the corresponding reference standard of
known concentration analyzed under identical chromatographic conditions.

2.5. Determination of Total Phenolic Content

The total phenolic content (TPC) of cocoa pod husk extracts was determined using
the Folin–Ciocalteu colorimetric method according to Benítez-Correa et al. [26] with slight
modifications. Briefly, 15 µL of extract solution was mixed with 2.0 mL of distilled water
and 0.2 mL of Folin–Ciocalteu reagent. After incubation for 5 min at room temperature,
1.0 mL of 7.5% (w/v) sodium carbonate solution was added, and the mixture was incubated
in the dark at room temperature for 1 h. The absorbance was measured at 765 nm using
a UV–Vis spectrophotometer (Analytik Jena, Jena, Germany). A calibration curve was
prepared using gallic acid as the standard at concentrations ranging from 0 to 500 mg/L.
The TPC was calculated from the gallic acid calibration curve and expressed as milligrams
of gallic acid equivalents per gram of dried cocoa pod husk (mg GAE/g dried cocoa pod
husk). All analyses were performed in triplicate.

2.6. Determination of DPPH Radical Scavenging Activity

The DPPH radical scavenging activity was determined using the method described in
a previous study [27] with slight modifications. A 1 mM DPPH solution was prepared in
methanol. For the assay, 50 µL of the extract solution was mixed with 0.5 mL of distilled
water and 0.5 mL of the DPPH solution. The mixture was vortex-mixed and incubated in the
dark at room temperature for 30 min, after which the absorbance was measured at 515 nm
using a UV–Vis spectrophotometer (Analytik Jena, Specord 200, Germany). Antioxidant
activity was quantified using a Trolox calibration curve and expressed as micromoles of
Trolox equivalent antioxidant capacity per gram of dried cocoa pod husk (µmol TEAC/g
dried cocoa pod husk).

2.7. Determination of ABTS Radical Scavenging Activity

The ABTS radical scavenging activity was determined according to the modified
method of Chen et al. [28]. The ABTS radical cation solution was prepared by mixing 7 mM
ABTS solution with 2.45 mM potassium persulfate solution and incubating the mixture in
the dark at room temperature for 12–16 h. Prior to analysis, the ABTS solution was diluted
with ethanol to obtain an absorbance of 0.70 ± 0.05 at 734 nm. For the assay, 20 µL of the
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extract solution was diluted with 1 mL of distilled water, and 20 µL of the diluted sample
was mixed with 1 mL of the ABTS radical solution. The mixture was vortex-mixed and
incubated in the dark for 6 min, after which the absorbance was measured at 734 nm using
a UV–Vis spectrophotometer (Analytik Jena, Specord 200, Germany). Antioxidant activity
was calculated using a Trolox calibration curve (0–1000 µM) and expressed as micromoles
of Trolox equivalent antioxidant capacity per gram of dried cocoa pod husk (µmol TEAC/g
dried cocoa pod husk).

2.8. Determination of Ferric Reducing Antioxidant Power

The ferric reducing antioxidant power (FRAP) assay was performed according to the
methods described by Benzie and Strain [29] and Szydłowska-Czerniaka et al. [30]. The
FRAP reagent was freshly prepared by mixing 10 mL of 10 mM TPTZ solution (prepared
in 40 mM HCl), 10 mL of 20 mM ferric chloride solution, and 100 mL of 0.3 M acetate
buffer (pH 3.6). The reagent was incubated at 37 ◦C for 30 min prior to use. For the assay,
20 µL of the extract solution was diluted with 1 mL of distilled water, and 20 µL of the
diluted sample was mixed with 1 mL of FRAP reagent. The mixture was vortex-mixed
and incubated in the dark for 6 min. The absorbance was measured at 593 nm using a
UV–Vis spectrophotometer (Analytik Jena, Specord 200, Germany). Antioxidant capacity
was calculated using a Trolox calibration curve (0–1000 µM) and expressed as micromoles
of Trolox equivalent antioxidant capacity per gram of dried cocoa pod husk (µmol TEAC/g
dried cocoa pod husk).

2.9. Antibacterial Activity Assay by Disc Diffusion Method

The antibacterial activity of cocoa pod husk extracts against Streptococcus mutans was
evaluated using the agar disc diffusion method. Streptococcus mutans was cultured in Brain
Heart Infusion (BHI) broth at 37 ◦C for 24 h under 5% CO2. The bacterial suspension was
adjusted with sterile 0.85% NaCl solution to the turbidity of a 0.5 McFarland standard,
corresponding to approximately 1.5 × 108 CFU/mL. A sterile cotton swab was used to
evenly spread the bacterial suspension onto the surface of BHI agar plates.

Sterile paper discs (6 mm in diameter) impregnated with an appropriate volume of
cocoa pod husk extract were placed on the inoculated agar surface. Chlorhexidine was used
as the positive control, while the corresponding extraction solvent served as the negative
control. The plates were incubated at 37 ◦C for 24 h under 5% CO2. After incubation, the
diameters of the inhibition zones were measured in millimeters (mm). No inhibition zone
was observed for the negative control. All experiments were performed in triplicate.

2.10. Minimum Bactericidal Concentration (MBC) Determination

The minimum bactericidal concentration (MBC) against Streptococcus mutans was
determined using the broth macrodilution method. A fresh 24 h culture grown on blood
agar was suspended in Brain Heart Infusion (BHI) broth and adjusted to a 0.5 McFarland
standard (approximately 1 × 108 CFU/mL), followed by dilution in BHI broth to obtain
a final inoculum of approximately 1 × 106 CFU/mL. The cocoa pod husk extracts were
prepared in sterile distilled water and subjected to twofold serial dilutions in BHI broth
to obtain the desired concentration range. Each dilution was inoculated with an equal
volume of the bacterial suspension to obtain a final volume of 1 mL per tube. Control tubes
included an extract control (without bacteria), a bacterial growth control, and a medium
sterility control. The tubes were incubated at 35 ± 2 ◦C for 16–20 h under 5% CO2.

Following incubation, 0.01 mL aliquots from each test and control tube were subcul-
tured onto tryptic soy agar plates using a calibrated loop and incubated at 35 ± 2 ◦C for
18–24 h under 5% CO2. MIC values were not reported because the turbidity of the cocoa
pod husk extracts interfered with the visual determination of bacterial growth in the broth
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medium. Consequently, the antibacterial activity was evaluated based on MBC determina-
tion confirmed by subculture onto agar plates. The lack of MIC data is acknowledged as a
limitation of the present study. The MBC was defined as the lowest extract concentration
resulting in ≥99.9% bacterial killing, corresponding to no more than five colonies recovered
from the 0.01 mL subculture.

2.11. Biological Activity Evaluation in Cultured Cells

Cocoa pod husk extracts obtained from the preliminary solvent screening and selected
extraction conditions were subjected to solvent removal using a rotary evaporator. Ethanol
extracts were concentrated under reduced pressure at 125 mbar and 50 ◦C, whereas water
and aqueous ethanol extracts (ethanol:water = 1:3, v/v) were concentrated at 65 mbar and
50 ◦C until a constant weight was achieved and a concentrated extract was obtained. The ob-
tained extracts were subsequently used for further biological analyses as described below.

2.11.1. Intracellular Reactive Oxygen Species Inhibition in HepG2 Cells

The protective effect of cocoa pod husk extract against oxidative stress was evaluated
in HepG2 cells by measuring intracellular reactive oxygen species (ROS) using the dichlo-
rofluorescein diacetate (DCF-DA) assay. HepG2 cells were seeded in 6-well plates at an
initial density of 4 × 103 cells per well or in 96-well plates at 4 × 102 cells per well and
incubated at 37 ◦C in a CO2 incubator for 24 h. The culture medium was then replaced with
100 µL of fresh medium containing different concentrations of the extract (0–1000 µg/mL).
The cells were subsequently co-incubated with hydrogen peroxide (H2O2) or lipopolysac-
charide (LPS) for 24 h. After incubation, the cells were washed with phosphate-buffered
saline (PBS) and treated with 25 µM 2,7-dichlorofluorescein diacetate (DCF-DA) for 30 min
at 3 ◦C in the dark. Intracellular ROS production was determined by measuring the fluo-
rescence intensity of DCF using a fluorescent microplate reader (Shimadzu, Kyoto, Japan)
or flow cytometer at excitation and emission wavelengths of 488 and 540 nm, respectively.
Trolox was used as a positive control (reference antioxidant), whereas untreated cells and
H2O2-treated cells served as the negative and oxidative stress controls, respectively. Cell
viability is expressed as a percentage relative to untreated control cells (100%). Data are
presented as mean ± SD from three independent experiments.

2.11.2. Cytotoxicity Assay in RAW 264.7 Macrophages

The cytotoxicity of the extract was evaluated in RAW 264.7 macrophage cells using
the MTT assay. RAW 264.7 cells were seeded in 96-well plates at an initial density of
2.5 × 103 cells per well and incubated at 37 ◦C in a CO2 incubator for 24 h. The cells
were then treated with 100 µL of culture medium containing different concentrations of
the extract (0–500 µg/mL) and incubated at 3 ◦C for 24 h. Cell viability was determined
using MTT dye. After incubation with the reagent, the absorbance was measured using
a microplate reader (BMG Labtech, Ortenberg, Germany). Cell viability was expressed
as the percentage of surviving cells relative to the untreated control. All experiments
were performed at least three times with three replicates for each treatment. Data are
presented as mean ± standard deviation (SD) from three independent experiments; extract
concentrations that maintained cell viability above 80% were considered non-cytotoxic and
were selected for subsequent experiments.

2.11.3. Determination of Nitric Oxide Production by Griess Reagent Assay

The inhibitory effect of the extract on nitric oxide (NO) production was evaluated in
RAW 264.7 macrophages using the Griess reagent assay. RAW 264.7 cells were seeded in
96-well plates at a density of 2.5 × 104 cells per well and incubated at 37 ◦C in a 5% CO2

incubator for 24 h. The cells were divided into three groups: untreated control cells cultured
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in medium alone, cells stimulated with lipopolysaccharide (LPS, 1 µg/mL), and cells treated
with the extract at different concentrations followed by LPS stimulation. Dexamethasone
was used as the positive control for the inhibition of nitric oxide production. The cells were
pretreated with the extract for 2 h prior to LPS stimulation and incubated for an additional
24 h. After incubation, 100 µL of the culture supernatant was transferred to a 96-well plate
and mixed with 100 µL of Griess reagent. The reaction mixture was incubated at room
temperature in the dark for 15 min, and the absorbance was measured at 540 nm using a
microplate reader (BMG Labtech, Ortenberg, Germany). Experiments were performed in
triplicate, with at least three wells per treatment. Data are presented as mean ± standard
deviation (SD) from three independent experiments. The highest non-cytotoxic extract
concentration, along with two subsequent two-fold dilutions, was used for the assay.

2.11.4. Determination of Interleukin-6 and Tumor Necrosis Factor-α Secretion in
Lipopolysaccharide-Stimulated Cells Using Enzyme-Linked Immunosorbent Assay

Murine macrophage RAW264.7 cells were seeded in 6-well plates at an initial density of
1 × 106 cells per well and incubated at 37 ◦C in a humidified atmosphere containing 5% CO2

for 24 h. After incubation, the cells were treated with culture medium containing the test
compounds. The cells were divided into three groups. The control group was cultured
with culture medium alone. The second group was treated with lipopolysaccharide (LPS)
at a concentration of 1 µg/mL. The third group was treated with LPS in combination with
different concentrations of the test compounds. Dexamethasone in combination with LPS
was used as the positive control for the inhibition of inflammatory cytokine production.
The cells were pretreated with dexamethasone or the test compounds for 2 h prior to LPS
stimulation and then incubated with LPS for 24 h. After treatment, the culture supernatants
were collected for the determination of interleukin-6 (IL-6) and tumor necrosis factor-α
(TNF-α) secretion using an enzyme-linked immunosorbent assay (ELISA) according to the
manufacturer’s instructions. The tested concentrations of the compounds were selected
based on the highest non-cytotoxic concentration and were further prepared as two-fold
serial dilutions to obtain three concentrations. All experiments were performed in triplicate,
with at least three replicate wells per experiment. Data are presented as mean ± standard
deviation (SD) from three independent experiments.

2.12. Statistical Analysis

All experiments were performed using three independent biological replicates, and
each sample was analyzed in triplicate. Data were expressed as mean ± standard deviation
(SD). Statistical differences among treatments were determined using one-way analysis
of variance (ANOVA), followed by Duncans multiple range test at a significance level of
p < 0.05. All statistical analyses were performed using SPSS software (version 17.0).

3. Results and Discussion
3.1. Phytochemical Profiles and Yields of Cocoa Pod Husk Extracts

A preliminary extraction study was conducted to evaluate the influence of solvent
polarity and solid-to-solvent ratio on the recovery of phenolic compounds from cocoa pod
husk under fixed probe ultrasonication conditions (50% amplitude, 30 min). Tray-dried
cocoa pod husk was initially selected as the representative material to establish baseline
extraction conditions before evaluating the effects of different drying pretreatments and
probe ultrasound-assisted extraction parameters.

The initial profile of bioactive compounds in tray-dried cocoa pod husk before ex-
traction was relatively limited, with epicatechin identified as the predominant detectable
compound, whereas most phenolic acids, flavonoids, and methylxanthines were below the
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detection limit (Table 1). This observation suggests that a substantial proportion of phenolic
compounds remained entrapped within the plant matrix or existed in bound forms with
limited extractability in the untreated dried material.

Table 1. Types and contents of phenolic compounds in tray-dried cocoa pod husk and its extracts
obtained using aqueous ethanol (1:3 v/v) and ethanol at different solid to solvent ratios (1:5–1:9 w/v)
with an amplitude of 50% and an extraction time of 30 min.

Types of Phenolic
Compounds

Contents of Phenolic Compounds (µg/g Dried Cocoa Pod Husk)

Tray-Dried Cocoa
Pod Husk

Tray-Dried Cocoa
Pod Husk Extract

(Aqueous Ethanol,
1:3 v/v; Solid to
Solvent Ratio

1:5 w/v)

Tray-Dried Cocoa
Pod Husk Extract

(Aqueous Ethanol,
1:3 v/v; Solid to
Solvent Ratio

1:7 w/v)

Tray-Dried Cocoa
Pod Husk Extract

(Aqueous Ethanol,
1:3 v/v; Solid to
Solvent Ratio

1:9 w/v)

Tray-Dried Cocoa
Pod Husk Extract
(Ethanol; Solid to

Solvent Ratio
1:7 w/v)

Gallic acid 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Theobromine 0.00 2.66 ± 0.02 b 2.81 ± 0.15 b 4.18 ± 0.16 a 0.92 ± 0.01 c

Protocatechuic acid 0.00 2.49 ± 0.06 c 3.28 ± 0.04 b 5.25 ± 0.13 a 0.00 ± 0.00

p-Hydroxybenzoic acid 0.00 50.30 ± 0.01 c 55.48 ± 0.24 b 95.31 ± 0.71 a 0.00 ± 0.00

Catechin 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Chlorogenic acid 0.00 31.10 ± 0.53 c 34.52 ± 0.66 b 55.07 ± 0.13 a 0.00 ± 0.00

Caffeine 0.00 0.19 ± 0.01 b 0.23 ± 0.02 b 0.37 ± 0.02 a 0.00 ± 0.00

Vanillic acid 0.00 3.98 ± 0.17 c 4.45 ± 0.12 b 6.93 ± 0.12 a 0.00 ± 0.00

Caffeic acid 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Syringic acid 0.00 32.29 ± 0.56 c 36.80 ± 0.01 b 62.71 ± 0.24 a 0.00 ± 0.00

Epicatechin 18.76 ± 0.62 e 201.62 ± 0.03 c 231.92 ± 1.13 b 381.62 ± 1.30 a 87.41 ± 0.21 d

Vanillin 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

p-Coumaric acid 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Ferulic acid 0.00 37.11 ± 0.10 c 41.41 ± 0.27 b 71.89 ± 0.20 a 14.64 ± 0.08 d

Sinapic acid 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Rutin 0.00 24.00 ± 0.61 c 27.62 ± 0.44 b 45.94 ± 0.74 a 7.06 ± 0.18 d

Myricetin 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Quercetin 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Trans-cinnamic acid 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Values are expressed as mean ± SD. Different superscript letters within the same row indicate significant
differences (p < 0.05).

Following probe ultrasonication-assisted extraction, a markedly broader phenolic
profile was detected, particularly when aqueous ethanol (1:3, v/v) was used as the extraction
solvent. The extracts contained substantially higher levels of epicatechin together with
phenolic acids, including p-hydroxybenzoic acid, chlorogenic acid, syringic acid, and
ferulic acid, as well as flavonoids such as rutin. Low levels of methylxanthines, including
theobromine and caffeine, were also detected. The enhanced recovery of these compounds
suggests that the applied probe ultrasound-assisted extraction conditions facilitated the
extraction of phenolic compounds, possibly through improved solvent accessibility and
mass transfer. Increasing the solid-to-solvent ratio from 1:5 to 1:9 (w/v) progressively
enhanced phenolic recovery, with epicatechin remaining the dominant compound in all
extracts. The improved extraction efficiency observed at higher solvent ratios may be
attributed to increased solvent availability, which could facilitate mass transfer between the
plant matrix and extraction medium during probe ultrasound-assisted extraction. Among
the investigated conditions, aqueous ethanol (1:3, v/v) at a solid-to-solvent ratio of 1:9
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(w/v) resulted in higher recovery of identified phenolic compounds compared with other
solid-to-solvent ratios (Table 1).

In contrast, extraction using absolute ethanol resulted in a substantially narrower
phenolic profile and lower extraction efficiency. Only a limited number of compounds,
primarily epicatechin together with small amounts of ferulic acid and rutin, were detected.
This behavior may be attributed to the relatively lower polarity of absolute ethanol, which
limited extraction of more polar phenolic constituents from cocoa pod husk. Conversely,
extraction using water alone produced highly viscous gel-like extracts, likely because cocoa
pod husk contains substantial amounts of water-soluble pectic polysaccharides that readily
dissolve during aqueous extraction [31]. The co-extraction of pectin increases extract viscos-
ity and promotes gel formation, which may hinder solvent diffusion, reduce mass transfer
of phenolic compounds, and interfere with subsequent analytical measurements. Previous
studies have also reported that pectin is one of the major structural polysaccharides in
cocoa pod husk and that its extraction is enhanced under aqueous extraction conditions,
particularly when assisted by cell wall disruption techniques such as ultrasound [31,32].
Consequently, the increased viscosity of the aqueous extracts may have limited the efficient
recovery and subsequent determination of phenolic compounds despite the high polarity
of water.

The differences in individual phenolic profiles observed in Table 1 may be associated
with the chemical structures and solubility characteristics of each compound in the applied
extraction system. The aqueous ethanol solvent used in this study provided suitable
polarity for the recovery of various polar phenolic compounds, particularly phenolic acids
and polar flavonoid compounds. For example, rutin was detected among the flavonoid
compounds identified in cocoa pod husk extracts, which may be attributed to the presence
of glycosyl moieties that increase molecular polarity and enhance its solubility in aqueous
ethanol systems [33,34]. In contrast, quercetin was not detected under the applied extraction
and analytical conditions. This observation may be associated with the relatively lower
polarity and aqueous solubility of quercetin aglycone compared with its glycosylated
derivatives. In addition, the possible presence of quercetin derivatives in conjugated forms
within the cocoa pod husk matrix and the absence of an acid hydrolysis step prior to
analysis may have contributed to the non-detection of free quercetin aglycone [33,35];
however, these factors were not investigated in the present study. Therefore, the selected
aqueous ethanol extraction system may have been more favorable for the recovery of polar
phenolic compounds and flavonoid derivatives than less polar free flavonol aglycones.
Previous studies have reported that the recovery of flavonoid aglycones may be improved
by optimizing solvent polarity or incorporating acid or enzymatic hydrolysis to cleave
glycosidic linkages before extraction or analysis [33,34]. The observed variations among
individual phenolic compounds may therefore reflect differences in molecular polarity,
structural characteristics, and interactions with the cocoa pod husk matrix. Further studies
focusing on the targeted recovery of flavonoid aglycones should evaluate alternative solvent
systems and hydrolysis-assisted extraction strategies to improve extraction efficiency.

Overall, aqueous ethanol (1:3, v/v) was identified as a suitable extraction solvent
for recovering phenolic compounds with diverse polarities, showing higher extraction
performance than absolute ethanol or water alone during probe ultrasound-assisted extrac-
tion. Based on the evaluated solid-to-solvent ratios, aqueous ethanol at a ratio of 1:9 (w/v)
provided favorable phenolic compound recovery and was therefore selected for subsequent
extraction studies. The effects of drying pretreatment and probe ultrasonication conditions
on phenolic recovery and antioxidant activity of cocoa pod husk extracts are presented in
Tables 2–4. Under comparable extraction conditions, vacuum microwave-dried (MD) cocoa
pod husk generally showed higher total phenolic content and antioxidant activity than
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tray-dried (TD) samples. However, the differences varied with ultrasonic amplitude and
extraction time, suggesting that drying pretreatment affected the accessibility and recovery
of bioactive compounds during subsequent probe ultrasound-assisted extraction.

Table 2. Total phenolic content and antioxidant activity of dried cocoa pod husk extracts obtained by
probe ultrasonication using aqueous ethanol (1:3 v/v) at a solid to solvent ratio of 1:9 (w/v).

Sample

Probe Ultrasonication
Extraction Conditions

Total Phenolic Content
(mg GAE/g Dried Cocoa

Pod Husk)

Antioxidant Activity (µmol TEAC/g Dried Cocoa
Pod Husk)

Time (min) Amplitude (%) DPPH ABTS FRAP

Tray-dried cocoa
pod husk

15

25 4.06 ± 0.08 g 26.17 ± 0.18 e 38.28 ± 1.37 ab 89.13 ± 0.17 j

50 4.23 ± 0.04 fg 25.08 ± 0.03 h 35.72 ± 0.09 de 103.33 ± 3.37 ef

75 5.01 ± 0.14 cd 23.77 ± 0.07 i 34.65 ± 1.23 ef 103.92 ± 0.48 ef

30

25 4.09 ± 0.37 g 25.76 ± 0.11 g 37.65 ± 0.15 abc 91.40 ± 0.05 ij

50 5.00 ± 0.05 cd 23.83 ± 0.13 i 36.08 ± 0.90 cde 100.77 ± 1.20 efg

75 4.90 ± 0.08 cd 20.13 ± 0.18 l 35.81 ± 1.13 de 114.04 ± 1.59 bc

45

25 4.27 ± 0.24 f 26.62 ± 0.24 c 37.53 ± 0.99 abc 97.60 ± 0.85 gh

50 4.88 ± 0.04 d 22.57 ± 0.02 j 35.05 ± 1.58 ef 108.79 ± 0.12 d

75 4.22 ± 0.03 fg 15.64 ± 0.14 n 34.52 ± 0.69 ef 103.71 ± 1.07 ef

Vacuum
microwave-dried
cocoa pod husk

15

25 3.75 ± 0.13 h 27.83 ± 0.15 b 29.20 ± 0.94 hi 100.52 ± 1.02 efg

50 5.23 ± 0.00 b 26.67 ± 0.17 c 36.03 ± 0.06 cde 112.00 ± 0.19 cd

75 5.41 ± 0.14 a 24.94 ± 0.05 h 33.96 ± 0.03 f 104.38 ± 0.19 e

30

25 3.85 ± 00.07 h 28.01 ± 0.06 a 29.51 ± 2.50 h 100.01 ± 0.13 fg

50 5.07 ± 0.10 bc 26.45 ± 0.18 d 38.65 ± 2.05 a 115.82 ± 1.91 b

75 4.63 ± 0.12 e 21.13 ± 0.14 k 34.68 ± 0.57 ef 122.35 ± 9.04 a

45

25 3.77 ± 0.23 h 25.95 ± 0.02 f 27.76 ± 0.51 i 94.73 ± 0.15 hi

50 5.21 ± 0.14 b 23.67 ± 0.08 i 36.78 ± 3.08 bcd 123.99 ± 8.06 a

75 4.57 ± 0.02 e 16.46 ± 0.01 m 31.61 ± 0.43 g 116.65 ± 0.19 b

Values are expressed as mean ± SD. Different superscript letters within the same row indicate significant
differences (p < 0.05).

Vacuum microwave drying may enhance phenolic extractability through rapid volu-
metric heating and internal moisture vaporization, which could promote structural mod-
ification and improve the accessibility of intracellular compounds within the cocoa pod
husk matrix [36,37]. The generation of internal steam may create microfractures and in-
crease tissue porosity, thereby facilitating solvent penetration and improving mass transfer
during subsequent probe ultrasound-assisted extraction [36,37]. In addition, the reduced
oxygen environment during vacuum microwave drying may limit oxidative degradation
of oxidation-sensitive phenolic compounds [38]. These effects may contribute to the en-
hanced recovery of phenolic compounds and the increased antioxidant activity observed
in microwave-dried samples after ultrasound-assisted extraction. In contrast, tray drying
involves prolonged thermal exposure under atmospheric conditions, which may promote
partial oxidation and reduce the extractability of certain phenolic constituents [39]. Similar
trends have been reported in microwave-dried plant materials, where reduced thermal
degradation and improved compound accessibility enhanced the recovery of bioactive
compounds compared with conventional hot-air drying systems [15,40–42].
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Table 3. Types and contents of phenolic compounds in extracts from tray-dried cocoa pod husk obtained using probe ultrasonication with aqueous ethanol (1:3 v/v)
at a solid to solvent ratio of 1:9 (w/v).

Types of Phenolic
Compounds

Phenolic Content of Tray-Dried Cocoa Pod Husk Extracts (µg/g Dried Cocoa Pod Husk)

TD-A25-T15 TD-A50-T15 TD-A75-T15 TD-A25-T30 TD-A50-T30 TD-A75-T30 TD-A25-T45 TD-A50-T45 TD-A75-T45

Theobromine 2.53 ± 0.04 cd 3.34 ± 0.11 ab 3.40 ± 0.13 ab 2.38 ± 0.09 d 3.44 ± 0.20 ab 3.36 ± 0.12 ab 2.73 ± 0.18 c 3.14 ± 0.27 b 3.54 ± 0.43 a

Protocatechuic acid 9.12 ± 0.31 d 14.71 ± 0.31 a 15.24 ± 0.87 a 9.02 ± 0.47 d 14.65 ± 0.32 a 15.33 ± 0.60 a 10.30 ± 0.57 c 12.96 ± 1.01 b 13.79 ± 0.30 b

p-Hydroxybenzoic acid 162.78 ± 5.40 d 308.55 ± 5.32 b 317.97 ± 8.66 b 175.26 ± 5.13 d 328.97 ± 3.13 b 351.34 ± 20.75 a 221.73 ± 5.95 c 308.28 ± 33.11 b 327.71 ± 11.10 b

Vanillic acid 16.97 ± 2.73 de 22.98 ± 2.15 a 22.05 ± 0.62 ab 15.74 ± 0.57 e 21.76 ± 1.07 ab 21.85 ± 1.83 ab 18.65 ± 0.40 cd 20.45 ± 1.42 bc 21.16 ± 0.46 ab

Syringic acid 18.07 ± 3.24 g 39.33 ± 3.25 e 42.62 ± 1.27 b 24.08 ± 0.77 f 42.94 ± 1.07 b 46.31 ± 2.31 a 28.73 ± 1.76 e 32.87 ± 2.68 d 35.96 ± 1.34 d

Epicatechin 282.53 ± 3.76 f 503.41 ± 18.05 b 536.65 ± 17.54 a 310.60 ± 12.36 e 538.90 ± 18.11 a 560.54 ± 20.86 a 383.08 ± 1.76 d 465.66 ± 40.00 c 494.88 ± 4.58 b

p-Coumaric acid 5.35 ± 0.37 f 20.83 ± 4.55 cd 24.09 ± 0.92 b 12.71 ± 0.53 e 23.32 ± 1.04 bc 27.83 ± 1.68 a 15.03 ± 0.36 e 19.09 ± 1.82 d 21.78 ± 1.13 bcd

Ferulic acid 108.28 ± 31.45 e 255.83 ± 8.18 b 275.07 ± 9.97 b 169.93 ± 8.54 d 276.16 ± 2.40 b 336.38 ± 24.49 a 197.35 ± 3.82 c 263.54 ± 28.29 b 312.41 ± 3.93 a

Rutin 15.30 ± 1.81 e 30.67 ± 1.13 ab 31.48 ± 1.16 ab 19.93 ± 0.40 d 31.00 ± 0.63 ab 33.19 ± 3.13 a 22.57 ± 0.13 c 29.46 ± 2.43 b 32.11 ± 0.94 a

Myricetin 4453.54 ± 665.55 ab 4131.46 ± 139.04 b 4077.18 ± 154.69 b 4867.42 ± 120.51 a 4028.93 ± 213.93 b 4388.87 ± 260.61 ab 4296.94 ± 156.03 b 3929.17 ± 392.29 b 3878.58 ± 604.63 b

Trans-cinnamic acid 38.10 ± 4.63 ab 35.27 ± 4.53 ab 31.69 ± 3.30 b 41.07 ± 5.34 a 36.44 ± 2.22 ab 35.81 ± 2.82 ab 42.78 ± 5.21 a 35.39 ± 4.59 ab 41.16 ± 3.20 a

Values are expressed as mean ± SD. Different superscript letters within the same row indicate significant differences (p < 0.05). TD denotes tray-dried cocoa pod husk. A denotes
probe ultrasonication amplitude (%). T denotes extraction time (min). The numerical values following A and T represent the ultrasonication amplitude (%) and extraction time (min),
respectively.

Table 4. Types and contents of phenolic compounds in extracts from vacuum microwave-dried cocoa pod husk obtained using probe ultrasonication with aqueous
ethanol (1:3 v/v) at a solid to solvent ratio of 1:9 (w/v).

Types of Phenolic
Compounds

Phenolic Content of Vacuum Microwave-Dried Cocoa Pod Husk Extracts (µg/g Dried Cocoa Pod Husk)

MD-A25-T15 MD-A50-T15 MD-A75-T15 MD-A25-T30 MD-A50-T30 MD-A75-T30 MD-A25-T45 MD-A50-T45 MD-A75-T45

Theobromine 5.35 ± 0.47 b 9.15 ± 0.72 a 9.53 ± 0.49 a 6.22 ± 0.83 b 5.93 ± 4.42 b 1.53 ± 0.17 c 1.25 ± 0.04 c 1.54 ± 0.04 c 1.47 ± 0.05 c

Protocatechuic acid 15.37 ± 2.75 de 33.34 ± 0.49 ab 36.63 ± 2.33 a 20.65 ± 1.57 cd 26.47 ± 15.67 bc 9.57 ± 0.58 ef 5.57 ± 0.28 f 9.45 ± 0.16 ef 8.61 ± 0.62 ef

p-Hydroxybenzoic acid 182.87 ± 13.98 f 367.04 ± 12.10 c 403.70 ± 17.26 b 217.34 ± 21.85 e 432.00 ± 13.14 a 323.24 ± 28.83 d 213.19 ± 2.84 e 361.25 ± 16.84 c 333.31 ± 12.39 d

Vanillic acid 25.86 ± 1.70 f 39.29 ± 1.12 ab 39.26 ± 2.20 ab 28.88 ± 2.36 e 41.13 ± 1.51 a 34.03 ± 3.72 c 30.30 ± 2.41 de 37.33 ± 1.37 b 33.15 ± 0.71 cd

Syringic acid 9.00 ± 0.31 e 17.28 ± 0.43 bc 18.56 ± 0.59 bc 9.95 ± 1.07 de 21.28 ± 2.70 a 16.65 ± 1.66 c 11.50 ± 0.26 d 18.84 ± 1.53 b 18.16 ± 0.36 bc

Epicatechin 251.16 ± 22.29 e 462.26 ± 5.86 bc 480.85 ± 18.25 bc 283.73 ± 29.27 de 573.12 ± 62.57 a 454.16 ± 39.63 c 325.13 ± 5.52 d 504.37 ± 29.10 b 464.10 ± 8.82 bc

p-Coumaric acid 6.40 ± 0.59 d 15.57 ± 0.83 b 15.86 ± 0.63 b 8.48 ± 1.02 cd 19.50 ± 2.65 a 15.49 ± 2.74 b 9.88 ± 0.39 c 17.17 ± 1.39 b 16.93 ± 0.43 b

Ferulic acid 71.17 ± 2.50 d 135.53 ± 7.88 c 145.94 ± 3.38 bc 75.34 ± 4.18 d 175.24 ± 23.79 a 137.52 ± 23.34 c 86.80 ± 5.72 d 159.93 ± 8.92 ab 163.58 ± 6.56 ab
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Table 4. Cont.

Types of Phenolic
Compounds

Phenolic Content of Vacuum Microwave-Dried Cocoa Pod Husk Extracts (µg/g Dried Cocoa Pod Husk)

MD-A25-T15 MD-A50-T15 MD-A75-T15 MD-A25-T30 MD-A50-T30 MD-A75-T30 MD-A25-T45 MD-A50-T45 MD-A75-T45

Rutin 12.44 ± 1.35 e 24.82 ± 0.61 bc 26.68 ± 1.66 b 15.80 ± 1.60 d 30.69 ± 1.09 a 23.35 ± 1.73 c 16.46 ± 0.45 d 26.67 ± 1.03 b 26.25 ± 0.59 b

Myricetin 2029.75 ± 84.30 c 2538.63 ± 112.05 b 2538.85 ± 50.02 b 1899.22 ± 75.53 c 3226.66 ± 702.88 a 2453.01 ± 186.79 b 1983.93 ± 59.16 c 2561.66 ± 44.03 b 2436.34 ± 110.08 b

Quercetin 299.73 ± 23.04 a 280.78 ± 38.06 a 286.48 ± 29.13 a 184.93 ± 75.19 b 262.13 ± 63.25 a 232.30 ± 28.04 ab 171.61 ± 27.80 b 258.01 ± 38.75 a 186.83 ± 8.05 b

Trans-cinnamic acid 24.41 ± 2.51 de 39.67 ± 5.09 ab 43.23 ± 0.72 a 32.98 ± 7.09 bc 24.42 ± 5.45 de 22.29 ± 4.06 de 18.23 ± 3.28 e 26.41 ± 7.16 cd 27.83 ± 2.69 cd

Values are expressed as mean ± SD. Different superscript letters within the same row indicate significant differences (p < 0.05). MD denotes vacuum microwave-dried cocoa pod husk. A
denotes probe ultrasonication amplitude (%). T denotes extraction time (min). The numerical values following A and T represent the ultrasonication amplitude (%) and extraction time
(min), respectively.
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While vacuum microwave drying improved the accessibility of bioactive compounds
prior to extraction, phenolic recovery was also influenced by probe ultrasound-assisted
extraction conditions. At shorter extraction times, particularly at low to moderate ultra-
sonic amplitudes (25–50%), 15 min extraction generally resulted in lower phenolic recovery,
likely due to insufficient sonication time for effective solvent penetration and mass transfer.
However, when a higher amplitude (75%) was applied, comparable or even higher phenolic
recovery was achieved within 15 min, suggesting that higher ultrasonic amplitude may
enhance the disruption of the plant matrix and facilitate the release of phenolic compounds
within a shorter extraction period. Increasing the extraction time from 15 to 30 min im-
proved phenolic recovery under selected ultrasonication conditions, particularly at 50%
amplitude, whereas further extension or higher amplitude did not consistently enhance
extraction. However, prolonged sonication (45 min) did not further improve recovery and,
under some conditions, resulted in lower phenolic content and DPPH activity, possibly
due to degradation of oxidation-sensitive compounds during extended processing. Similar
decreases in phenolic stability under excessive sonication conditions have been reported
in plant extraction systems [43,44]. Although vacuum microwave drying showed poten-
tial for improving bioactive compound recovery, drying efficiency, energy consumption,
and processing cost were not evaluated in this study and should be considered in future
techno-economic assessments.

Ultrasonic amplitude further affected extraction performance. At 25% amplitude,
phenolic recovery and antioxidant activity were comparatively lower, possibly due to
insufficient ultrasonic energy input for effective solvent–matrix interactions and mass
transfer. Increasing the amplitude to 50% substantially improved extraction efficiency,
suggesting that this condition enhanced solvent accessibility and promoted the recovery of
phenolic compounds. Under these conditions, increasing the amplitude to 50% generally
improved extraction performance for both MD and TD samples, particularly antioxidant
activity, whereas the highest total phenolic contents were observed under selected 75%
amplitude conditions. This finding suggests that higher amplitude may enhance the release
of phenolic compounds from the matrix.

Interestingly, extraction at 75% amplitude demonstrated different effects depending
on extraction duration. At a short extraction time (15 min), the high amplitude condition
resulted in phenolic recovery and antioxidant activity comparable to, or in some cases
higher than, those obtained at 50% amplitude for 30 min. This finding suggests that a
higher ultrasonic amplitude applied for a shorter duration may enhance extraction effi-
ciency within a limited processing period. However, when high amplitude was combined
with prolonged extraction time (30–45 min), phenolic recovery and antioxidant activity
decreased. This decline may be associated with extended ultrasound exposure, which could
promote the degradation of oxidation-sensitive phenolic compounds during prolonged
processing, as reported in previous studies [45,46].

These findings demonstrated that phenolic recovery from cocoa pod husk was influ-
enced by both ultrasonic amplitude and extraction time, as well as the potential degradation
of phenolic compounds during prolonged ultrasound processing. Among the evaluated
extraction conditions, 75% amplitude for 15 min and 50% amplitude for 30 min showed
comparatively high phenolic recovery and antioxidant activity. Both conditions resulted
in efficient phenolic recovery under different ultrasonic amplitude and extraction time
conditions. The 75% amplitude for 15 min condition achieved high phenolic recovery
within a shorter extraction period, whereas the 50% amplitude for 30 min condition also
provided high phenolic recovery with a longer extraction duration. These observations
highlight that appropriate ultrasonic amplitude and extraction duration are required to
enhance phenolic recovery, as excessive increases in a single extraction parameter may
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not necessarily improve extraction performance. Similar extraction behaviors have been
reported in other ultrasound-assisted extraction systems involving phenolic compounds
from plant matrices [47–49].

As shown in Table 2, antioxidant activities determined by DPPH, ABTS, and FRAP
assays showed varying trends among extracts obtained under different ultrasonication
conditions. Although some extracts with higher total phenolic content exhibited relatively
high antioxidant activities, the relationship was not directly proportional across all sam-
ples. For example, the extracts with the highest total phenolic content did not always
show the highest antioxidant activity values. These differences indicate that antioxidant
functionality was not determined solely by total phenolic content, but was also influenced
by individual phenolic composition, structural characteristics, and possible interactions
among extract constituents. DPPH and ABTS assays primarily evaluate radical scavenging
activity, whereas FRAP reflects ferric ion reducing capacity. Therefore, variations in antioxi-
dant responses among extracts may be attributed to differences in the types and relative
abundance of bioactive compounds recovered under different drying pretreatments and
ultrasound-assisted extraction conditions.

Individual phenolic profiling, as shown in Tables 3 and 4, further demonstrated that
drying pretreatment and probe ultrasound-assisted extraction conditions influenced the
phenolic composition of cocoa pod husk extracts. The concentrations of individual phe-
nolic compounds varied among samples subjected to different drying pretreatments and
extraction conditions, indicating that the response of individual phenolic constituents
was compound-dependent. Although some phenolic compounds showed higher con-
centrations under selected vacuum microwave-drying conditions, these improvements
were not observed consistently for all compounds or extraction conditions. In contrast,
several compounds showed comparable or higher concentrations in tray-dried samples,
suggesting that drying pretreatment influenced the phenolic profile differently depend-
ing on the individual compound. For example, myricetin concentrations were higher in
several tray-dried extracts, highlighting that the effect of drying pretreatment on phenolic
composition cannot be explained solely by total phenolic recovery. Overall, the differences
observed in individual phenolic profiles suggest that the choice of drying pretreatment and
ultrasound-assisted extraction conditions influenced the composition of extracted phenolic
compounds, rather than uniformly increasing the concentration of all phenolic constituents.

Overall, the combined results demonstrate that drying pretreatment and probe
ultrasound-assisted extraction influenced the recovery of phenolic compounds and the
antioxidant functionality of cocoa pod husk extracts. Based on previous reports, vac-
uum microwave drying may modify the plant matrix through rapid internal heating and
moisture removal, which could facilitate solvent penetration during subsequent probe
ultrasound-assisted extraction. Ultrasonic cavitation generates localized shear forces and
microjets that disrupt plant cell walls and promote the release of intracellular phenolic
compounds. Therefore, differences in the physicochemical characteristics of the cocoa
pod husk matrix resulting from the drying pretreatments may have influenced cavitation
efficiency and the extraction of individual phenolic compounds. These effects may explain
the differences observed in total phenolic content, HPLC phenolic profiles, and antioxidant
activities among the extracts. However, changes in the plant microstructure and cavitation
behavior were not evaluated in the present study. Collectively, these findings highlight the
importance of appropriate drying pretreatment and probe ultrasound-assisted extraction
for improving the recovery of bioactive compounds from cocoa pod husk and support
its potential valorization as a sustainable source of functional ingredients for food and
health-related applications.
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3.2. Antibacterial and Bactericidal Activity Against Streptococcus Mutans

The antibacterial activity of cocoa pod husk extracts was evaluated against Streptococcus
mutans to explore the potential utilization of cocoa by-product extracts in oral health-related
applications. Probe ultrasonication-assisted extraction using ethanol and aqueous ethanol
enabled recovery of phenolic compounds together with low levels of methylxanthines,
particularly theobromine, as presented in Table 1. Previous studies have reported that
cocoa-derived phenolics and methylxanthines may contribute to antibacterial activity
against oral pathogens through multiple mechanisms, including membrane disruption and
interference with bacterial metabolism [8,9]. Therefore, cocoa pod husk extracts obtained
under different solvent conditions were selected for antibacterial evaluation.

The antibacterial activity of tray-dried cocoa pod husk extracts was initially assessed
using the disc diffusion method. The extracts were prepared under probe ultrasonication at
an amplitude of 50% for 30 min using different solvent systems and solid-to-solvent ratios.
Extract A was the ethanol extract prepared at a solid-to-solvent ratio of 1:7 (w/v), whereas
extracts B, C, and D were aqueous ethanol extracts (1:3, v/v) prepared at solid-to-solvent ra-
tios of 1:9, 1:7, and 1:5 (w/v), respectively. As shown in Figure 1, all cocoa pod husk extracts
exhibited inhibitory activity against Streptococcus mutans, as evidenced by the formation of
clear inhibition zones surrounding the discs. The inhibition-zone diameters of extracts A
and D were 8.5 ± 0.03 and 8.5 ± 0.05 mm, respectively, whereas those of extracts B and C
were 6.5 ± 0.01 and 6.5 ± 0.00 mm, respectively. Although these inhibition zones were sub-
stantially smaller than the inhibition zone produced by chlorhexidine (29.5 ± 0.03 mm), all
extracts produced measurable inhibition zones, indicating weak antibacterial activity under
the conditions tested. No inhibition was observed for the corresponding solvent controls.

 

Figure 1. Inhibition of Streptococcus mutans by tray-dried cocoa pod husk extracts determined using
the disc diffusion method. The extracts were obtained using ethanol (solid-to-solvent ratio of 1:7)
and aqueous ethanol (1:3 v/v) at solid-to-solvent ratios of 1:5, 1:7, and 1:9 (w/v), followed by probe
ultrasound-assisted extraction at an amplitude of 50% for 30 min. A: ethanol extract at a solid-to-
solvent ratio of 1:7; B: aqueous ethanol extract (1:3, v/v) at a solid-to-solvent ratio of 1:9; C: aqueous
ethanol extract (1:3, v/v) at a solid-to-solvent ratio of 1:7; D: aqueous ethanol extract (1:3, v/v) at
a solid-to-solvent ratio of 1:5. Chlorhexidine was used as the positive control, and the extraction
solvent was used as the negative control.

https://doi.org/10.3390/foods15152664

https://doi.org/10.3390/foods15152664


Foods 2026, 15, 2664 18 of 30

The relatively comparable inhibition zones among the extracts suggest that probe
ultrasonication effectively facilitated the recovery of antibacterial constituents from cocoa
pod husk under the investigated extraction conditions. In particular, aqueous ethanol
enabled extraction of phenolic compounds with broader polarity ranges compared with
absolute ethanol, resulting in comparable or slightly enhanced antibacterial performance.
These findings indicate that solvent polarity and probe ultrasound-assisted extraction
conditions affected the recovery of multifunctional bioactive compounds, which may
contribute to the observed antibacterial functionality.

Although phenolic compounds and methylxanthines, including theobromine, were
detected in the cocoa pod husk extracts, the present study did not evaluate the contri-
bution of individual compounds to the observed antibacterial activity. Therefore, the
specific constituents responsible for the antibacterial effects could not be identified. Pre-
vious studies have reported that phenolic acids and flavonoids exert antibacterial effects
through membrane disruption, alteration of cellular permeability, interference with en-
zymatic systems, and inhibition of microbial metabolism, whereas methylxanthines such
as theobromine may additionally contribute to anti-cariogenic activity against Streptococ-
cus mutans [8,9]. Although differences in antibacterial activity were observed among the
aqueous ethanol and ethanol extracts, the present study did not determine whether these
variations were associated with specific phenolic compounds, methylxanthines, or other
extractable constituents.

Nevertheless, the present study focused primarily on evaluating the overall antibac-
terial potential of cocoa pod husk extracts rather than determining the contribution of
individual compounds to the observed antibacterial activity. Therefore, the relative roles
and possible synergistic interactions among phenolics, methylxanthines, and other ex-
tractable constituents could not be fully elucidated. Further studies involving compound
isolation, fractionation, and mechanistic evaluation are required to identify the principal an-
tibacterial components and to better understand the mechanisms underlying the inhibitory
activity of cocoa pod husk extracts against Streptococcus mutans.

Overall, the findings demonstrate that cocoa pod husk, an abundant cocoa-processing
by-product, represents a potential source of bioactive compounds with antibacterial activity
against Streptococcus mutans. The integration of an aqueous ethanol solvent systems with
probe ultrasound-assisted extraction provides a promising approach for recovering bioac-
tive compounds from cocoa pod husk. However, further studies involving purification
or enrichment of the active constituents, together with additional biological evaluation,
are required before considering practical applications in oral health-related or functional
food formulations.

Following the disc diffusion assay, the bactericidal activity of the tray-dried cocoa
pod husk extracts against Streptococcus mutans was further evaluated by determining the
minimum bactericidal concentration (MBC). Consistent with the disc diffusion results,
extract A exhibited the lowest MBC value (417.5 mg/mL), whereas extracts B, C, and D
exhibited MBC values greater than 1250 mg/mL, indicating limited bactericidal activity
within the tested concentration range.

The differences in bactericidal activity among the tray-dried cocoa pod husk extracts
suggest that the extraction solvent influenced the recovery of antibacterial constituents
during probe ultrasound-assisted extraction. Although the aqueous ethanol extracts gen-
erally yielded higher concentrations of several phenolic compounds, the ethanol extract
(extract A) exhibited the greatest bactericidal activity, with the lowest MBC value. This
finding indicates that greater phenolic recovery did not necessarily correspond to stronger
bactericidal activity against Streptococcus mutans, suggesting that the antibacterial effect
may depend on the composition and relative abundance of bioactive constituents rather
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than their total phenolic content alone. Notably, extracts A and D produced comparable
inhibition-zone diameters in the disc diffusion assay but differed markedly in their MBC
values. This discrepancy may be attributed to the different principles underlying the two
assays. The disc diffusion method is influenced by both the antibacterial activity of the
extract and the diffusion of its constituents through the agar matrix, whereas the MBC
assay directly evaluates bactericidal activity in a liquid medium. Consequently, similar
inhibition-zone diameters do not necessarily indicate equivalent bactericidal activity. How-
ever, because the extracts were not fractionated or chemically characterized beyond the
quantified compounds, the specific constituents responsible for the observed bactericidal
effects could not be conclusively identified in the present study.

Consistent with the antibacterial activity described above, the relatively high MBC
values indicate that substantially higher extract concentrations were required to achieve
bactericidal effects against Streptococcus mutans. Nguyen and Nguyen [50] reported that
cocoa pod husk naturally contains relatively low levels of theobromine (approximately
6.79 mg/100 g dry weight), which may limit the abundance of this bioactive constituent in
crude extracts. In agreement with this observation, the present study detected relatively low
concentrations of theobromine (0.92–4.18 µg/g dried cocoa pod husk; Table 1), suggesting
that the observed bactericidal activity may be associated with the limited concentration
of antibacterial constituents within the crude extract matrix. Similarly to other crude
plant-derived extracts, the antibacterial effects observed in this study may result from the
combined actions of multiple phytochemicals rather than a single highly potent antibacterial
compound. However, because the extracts were evaluated as crude preparations without
purification, fractionation, or enrichment of active constituents, the specific contributions of
individual compounds and possible synergistic interactions among bioactive constituents
could not be determined. Further purification, fractionation, or enrichment strategies
may enhance antibacterial potency and provide a better understanding of the compounds
responsible for the observed activity. Nevertheless, the relatively high MBC values suggest
that direct application of the crude extracts at bactericidal concentrations may be limited,
and further studies are required to evaluate their efficacy after purification or enrichment
and to investigate the underlying antibacterial mechanisms before considering potential
applications in oral health-related formulations.

It should be noted that MIC values were not determined in the present study because
the inherent turbidity of the cocoa pod husk extracts interfered with the visual assessment
of bacterial growth in the broth medium. Therefore, antibacterial activity was evaluated
based on MBC values determined by subculturing onto agar plates. In addition, the disc
diffusion assay was used to assess antibacterial activity, and inhibition-zone diameters
were quantitatively measured. The absence of MIC data is acknowledged as a limitation of
the present study.

3.3. In Vitro Cytotoxicity and Intracellular ROS Suppression in HepG2 Cells

Evaluation of antioxidant and anti-inflammatory activities of cocoa extracts in cell-
based models is important to determine their biological efficacy and safety in living systems.
Compared with chemical assays, cell-based assays provide more physiologically relevant
evidence by assessing the ability of bioactive compounds to reduce oxidative stress and
regulate inflammatory responses in cells, thereby supporting their potential health benefits
and applications in functional foods or nutraceuticals. Cocoa pod husk extracts from vac-
uum microwave-dried and tray-dried samples were prepared using probe ultrasonication
with aqueous ethanol (1:3, v/v) at a solid-to-solvent ratio of 1:9 (w/v). Extraction at 75%
amplitude for 15 min resulted in the highest total phenolic content (Tables 3 and 4), with
values of 5.01 ± 0.14 and 5.41 ± 0.14 mg GAE/g dried cocoa pod husk for the tray-dried
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extract (Cocoa-B) and vacuum microwave-dried extract (Cocoa-A), respectively. The ex-
tract obtained from vacuum microwave-dried cocoa pod husk was designated as Cocoa-A,
whereas the extract obtained from tray-dried cocoa pod husk was designated as Cocoa-B.
These extracts were subsequently evaluated for cytotoxicity and antioxidant activity in
HepG2 cells, as well as for cytotoxicity and anti-inflammatory activity in lipopolysaccharide
(LPS)-stimulated RAW264.7 macrophages. Cell viability was initially evaluated over a
concentration range of 0–1000 µg/mL to establish an appropriate concentration range for
subsequent biological assays. Based on the MTT assay, concentrations up to 300 µg/mL
maintained cell viability above 80%; therefore, only concentrations of 50–300 µg/mL were
selected for the subsequent anti-inflammatory assays.

Figure 2 illustrates the cytotoxic effects of Cocoa-A and Cocoa-B extracts on HepG2
cells after 24 h of treatment at concentrations ranging from 0 to 1000 µg/mL, as determined
by the MTT assay. At low concentrations (6.25–200 µg/mL), Cocoa-A maintained cell
viability close to or slightly above 100%, indicating negligible cytotoxicity and suggesting a
mild stimulatory effect on cellular metabolic activity. In contrast, Cocoa-B exhibited slightly
lower cell viability within the same concentration range (approximately 84–97%), although
the values remained above the commonly accepted non-cytotoxic threshold of 80%.
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Figure 2. Cytotoxic effects of dried cocoa pod husk extracts (Cocoa-A and Cocoa-B) on HepG2 cells.
HepG2 cells were treated with extracts (0–1000 µg/mL) for 24 h, and cell viability was measured
by the MTT assay. Cocoa-A and Cocoa-B represent extracts from vacuum microwave-dried and
tray-dried cocoa pod husk, respectively. Different lowercase letters above the bars indicate significant
differences among treatments (p < 0.05).

A clear concentration-dependent reduction in cell viability was observed at higher
concentrations for both extracts. However, the decline was markedly more pronounced for
Cocoa-B. At 300 µg/mL, cell viability decreased sharply to approximately 54% for Cocoa-B,
whereas Cocoa-A maintained a relatively higher viability of about 91%. This difference
became even more evident at concentrations of 400–1000 µg/mL, where Cocoa-B reduced
cell viability to below 30%, while Cocoa-A showed a more moderate reduction.

The greater cytotoxicity observed for Cocoa-B may be associated with differences in
chemical composition arising from the drying process of the cocoa pod husk. Vacuum
microwave drying can enhance the extraction of certain bioactive compounds, including
phenolic compounds and other secondary metabolites, which may exert stronger biological
activity. While these compounds contribute to antioxidant and anti-inflammatory effects,
higher concentrations may also interfere with cellular metabolism or induce oxidative
stress-related responses, leading to reduced cell viability. In contrast, Cocoa-A, derived
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from tray-dried material, likely contains lower concentrations or different profiles of these
bioactive constituents, resulting in milder cytotoxic effects.

The difference in cell viability between Cocoa-A and Cocoa-B may be associated with
changes in the chemical composition of the extracts caused by the drying processes. Drying
conditions are known to significantly influence the retention of phenolic and other bioactive
compounds in plant materials. Microwave-vacuum drying generally preserves higher
levels of phenolic and flavonoid compounds because of the shorter processing time and
reduced oxygen exposure, which limit oxidative degradation of these compounds [14,51].
In contrast, conventional hot-air drying methods such as tray drying involve longer thermal
exposure, which may promote oxidation and thermal degradation of polyphenols and
reduce antioxidant activity [52,53]. Such changes in the chemical composition of the extracts
could influence the cellular responses observed in the cytotoxicity assay using HepG2 cells,
resulting in slightly lower cell viability for the extract obtained from tray-dried samples.

Overall, the results demonstrate that both extracts are relatively safe at low to mod-
erate concentrations, while higher concentrations, particularly of Cocoa-B, significantly
decrease HepG2 cell viability. These findings highlight the importance of selecting appro-
priate concentration ranges for subsequent cellular assays and suggest that differences in
processing methods can influence the biological activity of cocoa pod husk extracts.

Figure 3 presents the intracellular antioxidant activity of Cocoa-A and Cocoa-B extracts
in HepG2 cells subjected to oxidative stress induced by hydrogen peroxide (H2O2), as
evaluated using the DCF assay. In the untreated control group, the relative intracellular
reactive oxygen species (ROS) level remained close to the baseline value of approximately
1.0. Exposure to H2O2 markedly increased ROS production to approximately 2.2-fold
of the control level, indicating successful induction of oxidative stress in HepG2 cells.
Treatment with Trolox, used as a reference antioxidant, substantially decreased ROS levels
to approximately 0.66, confirming the sensitivity and reliability of the assay system for
detecting intracellular oxidative stress.
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Figure 3. Antioxidant activity of Cocoa-A and Cocoa-B extracts in HepG2 cells. Intracellular ROS
levels were determined using the DCF assay after 24 h of treatment with the extracts (50, 100, and
200 µg/mL). Results are expressed as percentage viability relative to untreated control cells. Different
lowercase letters above the bars indicate significant differences among treatments (p < 0.05).

Hydrogen peroxide (H2O2) is widely used to induce intracellular oxidative stress
through ROS generation in cell-based antioxidant assays [54–56]. Both Cocoa-A and Cocoa-
B extracts significantly suppressed H2O2-induced ROS generation in a concentration-
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dependent manner. For Cocoa-A, ROS levels decreased from approximately 1.33 at
50 µg/mL to 1.09 and 0.94 at 100 and 200 µg/mL, respectively. A similar pattern was
observed for Cocoa-B, where ROS levels declined from about 1.19 at 50 µg/mL to 1.01
and 0.99 at 100 and 200 µg/mL, respectively. At the highest concentration tested, both
extracts reduced ROS levels to values approaching the basal level observed in untreated
cells, indicating strong protection against oxidative stress.

Cocoa pod husk contains phenolic compounds that have been reported to possess
antioxidant properties [57,58]. The comparable ROS-scavenging activities observed for
Cocoa-A and Cocoa-B suggest that both drying methods preserved the antioxidant potential
of the extracts. The concentration-dependent reduction in intracellular ROS indicates
that increasing extract concentration enhanced the antioxidant response in HepG2 cells.
However, the molecular mechanisms underlying ROS modulation were not investigated in
the present study.

Overall, both Cocoa-A and Cocoa-B extracts effectively reduced intracellular ROS
accumulation in H2O2-induced HepG2 cells, indicating their ability to protect hepatocyte-
like cells from oxidative stress. These findings highlight the potential of cocoa pod husk, an
abundant agricultural by-product, as a promising source of natural antioxidant compounds
with possible applications in functional foods or nutraceutical formulations.

3.4. In Vitro Anti-Inflammatory Responses in LPS-Stimulated RAW264.7 Macrophages

Figure 4 illustrates the effects of Cocoa-A and Cocoa-B extracts on the viability of
RAW264.7 macrophage cells after 24 h of exposure, as evaluated using the MTT assay.
Cell viability was expressed as a percentage relative to untreated control cells (100%).
Overall, both cocoa pod husk extracts exhibited relatively low cytotoxicity over a wide
concentration range, indicating good cellular compatibility with macrophage cells at
moderate concentrations.
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Figure 4. Cytotoxic effects of Cocoa-A and Cocoa-B extracts on RAW264.7 cells. Cell viability was
assessed using the MTT assay after 24 h of treatment with the extracts (0–1000 µg/mL). Results are
expressed as percentage viability relative to untreated control cells (100%). Different lowercase letters
above the bars indicate significant differences among treatments (p < 0.05).

At lower concentrations (6.25–200 µg/mL), both extracts maintained high cell viability,
generally exceeding 90%, indicating low cytotoxicity toward RAW264.7 macrophages
within this range. Cell viability values slightly exceeding 100% were observed at the lowest
extract concentration. However, the present study did not investigate the underlying
cause of this observation, and therefore no mechanistic explanation can be established.
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Further studies are required to clarify whether this response reflects biological variability,
assay-related effects, or changes in cellular metabolic activity.

As the concentration increased beyond 300 µg/mL, a gradual decline in cell viability
was observed for both extracts, indicating a concentration-dependent effect on macrophage
metabolic activity. At 500 µg/mL, cell viability decreased to approximately 70% for Cocoa-
A and about 63% for Cocoa-B, while further reductions were observed at 800–1000 µg/mL.
Because the MTT assay measures mitochondrial dehydrogenase activity, decreases in the
measured signal may reflect reduced mitochondrial metabolic activity rather than direct
cell death [59]. The reduction in MTT signal at higher concentrations indicates reduced
metabolic activity under the experimental conditions.

Although both extracts exhibited similar cytotoxicity profiles, Cocoa-B showed slightly
lower viability values at higher concentrations (≥500 µg/mL). This difference may be as-
sociated with variations in phytochemical composition arising from the drying process
applied prior to extraction. Drying techniques influence the stability and extractability of
phenolic compounds in plant matrices. In particular, microwave-assisted drying under
vacuum conditions can promote rapid internal heating and structural disruption of plant tis-
sues, facilitating the release of phenolic compounds that are otherwise bound within the cell
wall matrix [14,60]. As a result, extracts obtained from vacuum microwave-dried materials
may contain a slightly higher proportion of readily extractable bioactive constituents.

Importantly, phenolic compounds exhibit concentration-dependent biological effects.
At moderate concentrations, these compounds often exert protective antioxidant functions,
whereas at elevated concentrations they may interact with cellular redox systems and
influence mitochondrial metabolism [61]. Such interactions may partially explain the
modest reduction in metabolic activity observed at the highest extract concentrations.
However, it should be noted that cell viability remained above approximately 80% for both
extracts at concentrations up to 200–300 µg/mL, indicating that the extracts were largely
non-cytotoxic within this range.

According to widely accepted criteria for in vitro cytotoxicity assessment, compounds
that maintain cell viability above 80% are generally considered non-cytotoxic under the
tested conditions [62,63]. Therefore, the results suggest that cocoa pod husk extracts exhibit
good biocompatibility with RAW264.7 macrophages at moderate concentrations and can
be safely applied within this range for subsequent biological investigations, including
anti-inflammatory activity assays.

Overall, both Cocoa-A and Cocoa-B extracts demonstrated low cytotoxicity toward
macrophage cells and displayed a typical concentration-dependent response at elevated
concentrations. The slight difference between Cocoa-A and Cocoa-B may reflect differences
in extract composition resulting from the drying process.

Figure 5A–C presents the effects of cocoa pod husk extracts on inflammatory responses
in lipopolysaccharide (LPS)-stimulated RAW264.7 macrophages, as determined by the lev-
els of major inflammatory mediators, including nitric oxide (NO), interleukin-6 (IL-6), and
tumor necrosis factor-α (TNF-α). LPS stimulation markedly induced an inflammatory re-
sponse compared with untreated control cells, confirming successful macrophage activation.
As shown in Figure 5A, LPS treatment increased NO production to approximately 3.2-fold
of the control level. Similarly, pro-inflammatory cytokines were strongly elevated, with IL-6
reaching approximately 500 pg/mL (Figure 5B) and TNF-α approximately 1550 pg/mL
(Figure 5C). Treatment with dexamethasone, used as a positive anti-inflammatory control,
markedly suppressed the production of these inflammatory mediators, confirming the
reliability of the experimental model and the responsiveness of RAW264.7 macrophages to
anti-inflammatory agents [64,65].
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Figure 5. Anti-inflammatory effects of Cocoa-A and Cocoa-B extracts on LPS-stimulated RAW264.7
macrophages. RAW264.7 cells were stimulated with lipopolysaccharide (LPS) and treated with
Cocoa-A or Cocoa-B extracts (50, 100, 200, and 300 µg/mL). Dexamethasone (5 and 10 mM) served
as the positive control. (A) Relative nitric oxide (NO) production expressed as fold change relative
to untreated cells. (B) Interleukin-6 (IL-6) levels in the culture supernatant. (C) Tumor necrosis
factor-alpha (TNF-α) levels in the culture supernatant. Different lowercase letters above the bars
indicate significant differences among treatments (p < 0.05).
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Treatment with cocoa pod husk extracts significantly attenuated LPS-induced in-
flammatory mediator production in a concentration-dependent manner. For nitric oxide
production (Figure 5A), Cocoa-A gradually reduced NO levels from approximately 3.1-fold
at 50–100 µg/mL to around 2.5-fold and 2.1-fold at 200 and 300 µg/mL, respectively.
Cocoa-B exhibited a slightly stronger inhibitory effect, decreasing NO production from
approximately 3.1-fold at 50 µg/mL to about 1.9-fold at 300 µg/mL. A similar concentration-
dependent trend was observed for IL-6 secretion (Figure 5B). Cocoa-A reduced IL-6 levels
from approximately 410 pg/mL at 50 µg/mL to about 190 pg/mL at 300 µg/mL. In
comparison, Cocoa-B showed a more pronounced inhibitory effect, decreasing IL-6 from
approximately 360 pg/mL at 50 µg/mL to nearly 95 pg/mL at 300 µg/mL. In contrast, the
suppression of TNF-α production was relatively less pronounced (Figure 5C). Cocoa-A
produced minimal reductions in TNF-α levels across the tested concentrations, whereas
Cocoa-B showed a clearer decreasing trend, reducing TNF-α secretion from approximately
1380 pg/mL at 50 µg/mL to about 1120 pg/mL at 300 µg/mL. These findings indicate
that both extracts can suppress LPS-induced inflammatory responses, with Cocoa-B gener-
ally demonstrating stronger inhibitory activity, particularly in the regulation of NO and
IL-6 production.

Previous studies have reported that phenolic compounds possess anti-inflammatory
properties and may modulate inflammatory signaling pathways in activated macrophages [66].
However, the molecular mechanisms underlying the anti-inflammatory activity of the cocoa
pod husk extracts were not investigated in the present study.

The slightly stronger anti-inflammatory activity observed for Cocoa-B may reflect
differences in the composition or relative abundance of bioactive compounds resulting
from the drying process. However, the present study did not determine which constituents
were responsible for the observed differences. In addition, certain thermal processes
can promote the formation of smaller phenolic derivatives or enhance the extractability of
flavonoids and phenolic acids, which may exhibit stronger biological activity in macrophage
systems [67,68]. Although Cocoa-B showed greater suppression of NO and IL-6 than TNF-α,
the molecular basis underlying these differences was not investigated in the present study.

Notably, Cocoa-B exhibited stronger anti-inflammatory effects despite Cocoa-A show-
ing higher total phenolic content, while antioxidant capacity measured by DPPH, ABTS,
and FRAP assays was comparable between the two extracts (DPPH: 24.94 and 23.77 µmol
TEAC/g; ABTS: 33.96 and 34.65 µmol TEAC/g; FRAP: 104.38 and 103.92 µmol TEAC/g
for Cocoa-A and Cocoa-B, respectively), as shown in Table 2. These findings suggest
that total phenolic content and antioxidant capacity alone may not fully explain the ob-
served anti-inflammatory response. Individual phenolic compounds were quantified by
HPLC; however, no correlation analysis was performed between the concentrations of
these compounds and the suppression of inflammatory mediators (NO, IL-6, and TNF-
α). Consequently, the contribution of individual phenolic compounds to the observed
anti-inflammatory activity could not be established. In addition, the underlying molecular
mechanisms were not investigated. Further studies integrating phenolic compositional data
with bioactivity, together with mechanistic investigations, are required to better elucidate
the anti-inflammatory activity of cocoa pod husk extracts.

Collectively, the results demonstrate that cocoa pod husk extracts exhibit anti-
inflammatory activity in LPS-stimulated macrophages by suppressing key inflammatory
mediators in a concentration-dependent manner. The stronger inhibitory effects observed
for Cocoa-B suggest that the drying method applied prior to extraction may influence
the anti-inflammatory activity of cocoa pod husk extracts. These findings highlight the
potential of cocoa pod husk, an abundant agro-industrial by-product, as a promising source
of bioactive compounds for functional food or nutraceutical applications.
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Taken together, these findings suggest that the biological activities of cocoa pod husk
extracts cannot be explained solely by total phenolic content. Although vacuum microwave
drying is generally reported to preserve phenolic compounds through rapid moisture
removal, internal heating, and reduced oxidative degradation, these advantages did not
directly translate into stronger biological activity in the present study. Vacuum microwave-
dried cocoa pod husk extracts generally exhibited slightly higher total phenolic contents
and higher concentrations of several phenolic compounds, including p-hydroxybenzoic
acid, protocatechuic acid, quercetin, and vanillic acid. However, the tray-dried extracts
showed substantially higher concentrations of myricetin and epicatechin, which may
contribute to their stronger anti-inflammatory activity. These findings suggest that dif-
ferences in individual phenolic profiles, rather than total phenolic content alone, may
influence the observed biological responses. Although antioxidant activity varied among
extracts subjected to different drying treatments, its relationship with antibacterial and
anti-inflammatory activities was not always directly proportional. Thermal processing
may modify the plant matrix, promoting the release of bound phenolic compounds while
simultaneously altering phenolic composition, thereby affecting the functional properties
of the extracts. Similar observations have been reported for plant-derived materials, where
drying and thermal processing influenced phenolic profiles and antioxidant properties
depending on the processing conditions and characteristics of the food matrix [69,70].

Nevertheless, the present study did not investigate the individual contributions of spe-
cific phenolic compounds or the molecular mechanisms underlying inflammatory mediator
suppression and antibacterial activity. Therefore, further studies involving comprehensive
phytochemical characterization (e.g., HPLC-MS or LC-MS), correlation analysis between
individual compounds and biological activities, and investigation of the molecular mecha-
nisms underlying the observed anti-inflammatory and antibacterial effects are required.

4. Conclusions
This study demonstrated that the integration of drying pretreatment and probe

ultrasound-assisted extraction is an effective approach for producing bioactive extracts
from cocoa pod husk. Among the extraction conditions investigated, aqueous ethanol (1:3,
v/v) was a more suitable solvent than water and absolute ethanol, while a solid-to-solvent
ratio of 1:9 (w/v) provided higher total phenolic content and antioxidant activities than
the 1:5 and 1:7 (w/v) ratios using aqueous ethanol (1:3, v/v). Probe ultrasonication at 75%
amplitude for 15 min yielded the highest total phenolic contents, reaching 5.01 ± 0.14
and 5.41 ± 0.14 mg GAE/g dried cocoa pod husk for the tray-dried extract (Cocoa-B) and
vacuum microwave-dried extract (Cocoa-A), respectively. These extracts were subsequently
selected for biological evaluation.

The evaluated extracts exhibited antibacterial activity against Streptococcus mutans.
The selected extracts (Cocoa-A and Cocoa-B) were further evaluated for cellular activities,
demonstrating antioxidant activity in HepG2 cells and anti-inflammatory activity through
the reduction in intracellular ROS production and suppression of NO, IL-6, and TNF-
α production in LPS-stimulated RAW264.7 macrophages. Although Cocoa-A (vacuum
microwave-dried extract) contained a higher total phenolic content, Cocoa-B (tray-dried
extract) exhibited stronger anti-inflammatory activity, suggesting that the bioactivity of
cocoa pod husk extracts was influenced by the drying pretreatment and was not solely
determined by total phenolic content. The observed differences may also be associated
with variations in phenolic composition; however, the contribution of individual phenolic
compounds was not investigated in this study.

These findings provide insights into the effects of drying pretreatment and probe
ultrasound-assisted extraction parameters on the recovery of bioactive compounds from
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cocoa pod husk and support the further development of cocoa pod husk-derived ingredi-
ents for functional foods, nutraceuticals, and oral health-related applications. However, the
present study did not identify individual phenolic compounds or evaluate the relationships
between specific phytochemicals and the observed biological activities. Therefore, the con-
tributions of individual compounds to the antioxidant, antibacterial, and anti-inflammatory
effects remain to be clarified. Future studies should include comprehensive chemical profil-
ing and correlation analyses to identify compounds associated with the observed biological
activities and to elucidate the mechanisms underlying their antioxidant, antibacterial, and
anti-inflammatory effects.
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