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Abstract

Cocoa bean shell, an abundant agro-industrial residue generated during the manufacturing of Theobroma cacao, is a significant source of phenolic and
antibacterial agents. Recently, there has been a growing interest in the use of agro-industrial residues for food development, particularly in the context of
sustainability and the valorization of plant-based industrial byproducts. In this study, sustainable extraction conditions for the phenolic recovery from cocoa
bean shells were optimized through a Box-Behnken experimental design, followed by evaluation of the free radical scavenging activity and inhibitory
potential against microorganisms of the obtained fraction. Among the appraised techniques and solvent systems, the highest yield was achieved using
ultrasound-microwave-aided extraction with a solvent mixture of sodium acetate, citric acid, and water (1:3:4, v/v/v). Under optimal conditions (52.9 mL g~'
solvent loading, sonication for 40.6 min at 51.8 °C, and subsequent irradiation for 16.8 min), the extraction achieved a yield of 30.4%, with phenolic
compounds reaching 14.8 mg gallic acid equivalents g~' dried cocoa bean shells. The resulting fraction also exhibited strong antioxidant and antibacterial
activities. UPLC-MS/MS enabled the characterization of key bioactive compounds, such as caffeic acid, hydroxybenzoic acid, protocatechuic acid, and
catechin. Meanwhile, GC-MS/MS was employed to profile volatile constituents including 2,2-dimethoxybutane, undecane, cyclo(L-prolyl-L-valine), caffeine,
and 2H-cyclohepta[b]furan-2-one derivatives, as well as 6-(1-[acetyl-oxy]-3-oxobutyl)-3,3a,4,7,8,8a-hexahydro-7-methyl-3-methylene. Overall, this project
highlighted the potential green extraction technique to obtain phenolic compounds of cocoa bean shells for application in functional food development.
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Introduction

Cocoa beans from Theobroma cacao L. have attained commercial
dominance in international trade, renowned for their delectable
flavor and widespread consumer appeal. With the increasing global
demand for cocoa and chocolate products, cocoa production has
continued to expand, generating large amounts of cocoa process-
ing residues. Previous reports indicated that cocoa production in
2021-2022 was estimated at 4.82 million tons, and the commercial
volume of chocolate confectionery products worldwide advanced
by 1%, from 7.54 to 7.61 million tons in 2023['.. Beyond the primary
role in chocolate manufacturing, cocoa fruit can be processed into
cocoa butter, cocoa powder, soft drinks, alcoholic beverages, and
jams. Despite these economic prominences, only a small fraction
of the fruit is utilized for cocoa powder production, representing
roughly one-tenth of its total weight. The vast majority of the
biomass, including the external pod and mucilaginous pulp during
on-farm processing, and cocoa bean shells (CBS) generated during
roasting, is frequently treated as wastel23l. CBS, which typically
accounts for approximately 10%-17% of the bean mass!, has tradi-
tionally been contemplated as a low-value byproduct, frequently
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discarded or utilized as animal feed. More recently, CBS has gained
considerable interest as a promising resource for applications in the
food, cosmetic, pharmaceutical, and biofuel industries. This grow-
ing interest reflects the broader adoption of circular economy prin-
ciples aimed at promoting the sustainable utilization of cocoa
processing byproductsPl. In this context, green extraction technolo-
gies offer an effective strategy for CBS valorization by enabling the
recovery of valuable phenolic compounds with reduced solvent
consumption, lower energy demand, and minimized environmental
impact compared with conventional extraction methods.

CBS is not only valued for its macronutrient composition, com-
prising approximately 20.9% protein, along with 55.1% dietary fiber,
as well as 7.85% carbohydrates and 2.30% fat on a dry weight
basis, but also acknowledged as an abundant source of bioactive
compounds26l, Among these, methylxanthines and polyphenols are
particularly important due to their antioxidant and antimicrobial
activities, which support the potential application of CBS in func-
tional food development!”l. Regarding phytochemical composition,
theobromine is considered the predominant methylxanthine found
in CBS across various cocoa genotypes, while catechin and epicate-
chin are the major polyphenols®. Catechin and epicatechin, as
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major flavan-3-ols, are recognized for their free radical scavenging
capacity and their ability to reduce oxidative stress, while also con-
tributing to antimicrobial effects against certain microorganismst.
Additionally, CBS from different regions of Venezuela contained
total flavonoid content (TFC) ranging from 1.89 to 3.65 mg catechin
equivalent g-' and total phenolic content (TPC) falling within
5.87-9.12 mg gallic acid equivalent (GAE) g~'['%l. Furthermore, the
efficiency of recovering bioactive compounds from CBS largely
depends on the extraction method employed, further impacting its
potential applications.

Conventional solvent extraction is commonly applied to obtain
phenolic compounds from CBS. Previous studies have shown that
solvent selection strongly influences extraction efficiency due to
differences in solvent polarity and the solubility of phenolic com-
pounds. Acetone was reported to provide the highest total pheno-
lic content (41.8 mg GAE g~'), while methanol and ethanol resulted
in moderate yields (25.1 and 23.3 mg GAE g-', respectively),
and water showed the lowest extraction efficiency (17.2 mg
GAE g—")U'"l, This suggests that solvents with intermediate polarity
are generally more effective for recovering phenolic compounds
from CBS than highly polar solvents such as water alone. Simi-
larly, acidified methanol and ethanol-acetone mixtures improved
phenolic recovery, yielding approximately 11 and 13 mg GAE g~',
respectively!®, indicating that solvent modification can further
enhance extraction performance by improving compound solubil-
ity and matrix disruption. These findings highlight the importance
of optimizing both solvent composition and extraction conditions
and support the use of alternative green solvent systems to achieve
efficient phenolic recovery while reducing environmental impact.
Despite its simplicity and affordability, this traditional technique has
limitations, as prolonged extraction times and overheating tempera-
tures may lead to the degradation of bioactive compounds!’?.. The
application of organic solvents or their aqueous mixtures also raised
safety concerns due to their toxicity, flammability, and environmen-
tal impact!'3], restricting their application in food production. Conse-
quently, sustainable extraction strategies have attracted increasing
attention, including natural deep eutectic solvents and eco-friendly
extraction techniques.

Natural deep eutectic solvents (NADES) offer several superiorities
for deriving bioactive constituents from botanical byproducts,
including stability at ambient temperatures, water compatibility,
low toxicity, and cost-saving measures!'¥, Compared with ionic
liquids, NADES are generally considered more biodegradable and
less toxic, making them more suitable for food and nutraceutical
applications!’>l. In contrast to aqueous extraction systems, NADES
can provide stronger hydrogen-bond interactions and improved
solubility for phenolic compounds, resulting in higher extraction
efficiency!’9l, These characteristics make NADES a promising green
alternative for the sustainable recovery of valuable phytochemicals
from agro-industrial residues. Previous studies have also demon-
strated that NADES show superior performance over traditional
solvents in recovering bioactive compounds from olive pomace
under comparable conditions!'”]. In addition to solvent selection,
extraction efficiency can be enhanced through sonication and/or
irradiation conjunction. Ultrasound-aided extraction (UE) is prefer-
ably exploited owing to its simplicity, affordability, and improved
extraction efficiency!'8l. Its mechanism is mainly related to acoustic
cavitation generated by alternating compression and expansion
cycles of ultrasonic waves. The collapse of cavitation bubbles near
plant cell walls causes cell disruption, enhances solvent penetration,
and improves mass transfer between the solvent and plant matrix,
thereby increasing the release of phenolic compounds!'l. However,
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prolonged sonication or excessive ultrasonic intensity may cause
the degradation of sensitive bioactive compounds2%. Microwave-
aided extraction (ME), on the other hand, offers advantages such as
reduced processing time, lower solvent usage, and improved energy
utilization['8], Microwave irradiation causes rapid internal heating
through electromagnetic interactions with polar molecules, lead-
ing to cell structure disruption, improved solvent infiltration, and
faster dissolution of target compounds, which enhance extraction
efficiency!2'l, However, excessive microwave exposure or high tem-
peratures may also degrade heat-sensitive compounds, requiring
careful optimization of extraction conditions. A preceding study on
combining irradiation with sonication statistically boosted TPC from
walnut flour?2, Thus, the hybridization of these approaches could
be a viable strategy for deriving a phenolic compound. However,
research on optimizing coupled UE and ME using a green aqueous
extraction system for recovering bioactive compounds from CBS
remains limited. This project aimed to evaluate different extraction
techniques and solvent systems for CBS and to refine process condi-
tions employing Box-Behnken Design (BBD). The variables exam-
ined comprised solvent loading, duration and temperature of soni-
cation, as well as microwave exposure time. Additionally, the antiox-
idant and antibacterial properties of the extracted compounds are
assessed.

Materials and methods

Materials and chemicals

Kimmy's Chocolate Ltd. (Long Dinh Commune, Dong Thap
Province, Vietnam) provided cocoa bean shells derived from Theo-
broma cacao L. These byproducts were dehydrated at 50 °C for 24 h
using a SOF-W155 ventilated oven (DaiHan Scientific, Seoul, Korea)
to reduce moisture content while minimizing thermal degradation
of heat-sensitive phenolic compounds. Following drying, CBS under-
went grinding and sieving (0.50 mm), resulting in particles smaller
than 0.50 mm, after which it was preserved at —20 °C in sealed con-
tainers until further analysis. All chemicals were of analytical grade
and were purchased from Sigma-Aldrich (St. Louis, MO, USA). UPLC-
grade solvents used for chromatographic analysis were obtained
from the same supplier.

Recovery of phenolic constituents from CBS

An eco-friendly procedure based on the method of Rebollo-
Hernanz et al.23], with modifications described below, was applied
to obtain phenolic constituents from CBS. The combination of dried
CBS and different green solvents in the ratio of 1:50 (g mL-") was
exposed to various extraction techniques. Following centrifugation
at 4,000 x g for 15 min at 4 °C, the recovered liquid phase was
collected and subsequently freeze-dried at —50 °C under a pressure
of 0.1 mbar for 72 h using a laboratory freeze dryer until constant
weight was achieved. The freeze-dried powder was weighed to esti-
mate the recovery yield of phenolic compounds (% dry basis) before
being liquefied by distilled water. Thereafter, the aqueous resultant
was utilized to determine total phenolic content (TPC) or was kept
at —20 °C prior to analysis.

Screening of extraction techniques for phenolic recovery
from CBS

Five aided approaches were evaluated to designate an appropri-
ate one for optimization, comprising heating-aided extraction (HE),
microwave-aided extraction (ME), ultrasound-aided extraction (UE),
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ordered microwave-ultrasound-aided extraction (MUE), and ordered
ultrasound-microwave-aided extraction (UME). All extraction
methods were performed using the same liquid-to-solid ratio of
50 mL g~' and the same solvent system of distilled water. HE was
conducted using a shaking water bath (WSB-45, Witeg, Germany)
at 90 °C for 90 min at 100 rpm(23, ME was performed using a
microwave oven (R-21A1SVN, Sharp, Japan) at 240 W for 20 min
under continuous irradiation at 2,450 MHz24, UE was carried out
using an ultrasonic bath (WUC-A22H, Daihan Scientific, Seoul, Korea)
operating at 40 kHz with a peak output power of 379 W at 55 °C for
45 min(23], For MUE, microwave treatment was applied first, followed
by ultrasound treatment under the same respective conditions. In
contrast, UME was performed by applying ultrasound treatment
prior to microwave irradiation using the same operational parame-
ters. The method which recovered the highest yield and TPC were
opted for follow-up assessments.

Screening of solvent systems for phenolic recovery from CBS

The aided technique chosen from experiment "Screening of
extraction techniques" of was employed to appraise 17 solvents for
their capacities in deriving bioactive constituents from the CBS.
Choline chloride (ChCl), sodium acetate (NaOAc), and glucose (G)
were selected as hydrogen bond acceptors, while lactic acid (LA),
acetic acid (AA), and citric acid (CA) functioned as hydrogen bond
donors. AA and LA were prepared at concentrations of 0.3% and
2.5% (v/v), respectively, while the remaining components were
dissolved in water at 2.5% (w/v)[26-28] Natural deep eutectic solvents
were formulated from complementary components capable of
intermolecular interactions with or without the existence of water at
certain ratios. These solvents were the ChCl-based solution added
with different components such as AA (ChCI-AA; 1:2, v/v), CA
(ChCI-CA; 2:1, v/v), LA (ChCI-LA; 1:3, v/v), G (ChCI-G; 5:2, v/v), and G
with water (ChCl-G-W; 5:2:5, v/v/v)[26:2829); the G-based solution
added with similar chemicals like AA with water (G-AA; 1:5:3, v/v/v),
CA with water (G-CA; 1:5:3, v/v/v), and LA with water (G-LA; 1:5:3,
v/v/v)29%; and the NaOAc-based solutions added with comparable
reagents including AA with water (NaOAc-AA; 1:3:4, v/v/v), CA with
water (NaOAc-CA; 1:3:4, v/v/v), and LA with water (NaOAc-LA; 1:3:4,
v/v/v)BY, After being incorporated into a homogeneous liquid, the
prepared solvent systems were mixed with water (1:3, v/v) and
subsequently used for recovering phenolic constituents from
CBS[28l, The solvent that recovered the highest yield and TPC was
selected for further optimization.

Determination of optimized conditions for phenolic recovery
from CBS

An optimized condition for obtaining the maximized yield and
TPC was identified using a Box-Behnken design (29 experiments,
5 central points). The dependent variables were yield (Y;) and TPC
(Y5), while the independent variables were liquid-solid ratio (X;),
sonication time (X;), sonication temperature (X;), and microwave
time (X,). The levels of each variable, expressed in both actual and
coded forms, are listed in Table 1. These 29 runs were designated
by v11 of Design Expert software (Stat-Ease, MN, USA) and carried
out randomly to minimize the potential systematic inaccuracy. The
experimental data were fitted to a quadratic regression equation
commonly used in response surface methodology3'l. The adequacy
of the developed models was evaluated using analysis of variance,
including the coefficient of determination (R?), adjusted RZ, pre-
dicted R?, and lack-of-fit test. A non-significant lack of fit (p > 0.05)
together with high R? values indicated that the models were suit-
able for predicting extraction yield and TPC within the studied
range. The relationships between the independent variables and the

Tien et al. Food Materials Research 2026, 6: €012

Food Materials
Research

Table 1. Independent and dependent variables in the Box-Behnken design for
extracting phenolic compounds from cocoa bean shells.

Levels
Independent variables Abbreviation Symbol ]
Liquid-solid ratio (mL g™") LSR X; 30 50 70
Sonication time (min) STi X5 25 45 65
Sonication temperature (°C) STe X3 35 55 75
Microwave time (min) MTi X4 10 20 30
Dependent variables
Yield (%, dry basis) Y,
Total phenolic content (mg gallic Y,
acid equivalent g~' dried cocoa
bean shells)

responses were evaluated using a second-order polynomial regres-
sion model, as presented in Eq. 1:

k k k
Y:ﬁo+Zﬁ;Xi+Zﬁi1Xi2+ZiZﬁin[Xj 1
i=1 i=1 JjEi
where, Y represents the predicted response, k is the factor number,
X; and X; are the factors, and f,, B B and ; are the intercept, linear,
quadratic, and interaction regression coefficients, respectively.

Characterization of phenolic constituents
derived from CBS
Determination of bioactive properties of extracts derived
from CBS

The extraction yield of phenolic constituents was calculated as
the ratio of freeze-dried extract obtained to the starting amount of
dried CBS, according to Eq. 2:

Weight of freeze-dried extract (g)
Weight of dried CBS used for extraction (g)

x 100

@)

Quantification of phenolic amount (TPC), flavonoid level (TFC),
and antioxidant capacity (using DPPH and ABTS assays) in the
extract was conducted according to the techniques described by
Tien et al.l3'l. Results were expressed as mg gallic acid equivalents
g~' dried sample (mg GAE g~' CBS), mg rutin equivalents g~' dried
sample (mg RE g~' CBS), and mg Trolox equivalents g-' dried
sample (mg TE g~' CBS), respectively.

Extraction yield (%) =

Antibacterial activity of phenolic extracts derived from CBS

The antimicrobial potential of the extract was investigated
against two bacterial strains, Escherichia coli (ATCC 25922) and
Staphylococcus aureus (ATCC 25923), following a disc-based diffu-
sion assay adapted from Razmavar et al.32\. The bacterial inoculum
was uniformly distributed across the surface of Mueller-Hinton agar
plates. Four sterile paper discs (7 mm in diameter) were positioned
at the four corners of each plate and subsequently impregnated
with 20 pL of the positive control (30 g C¢H,KO, in 50 mL water), the
negative control (sterile water), and the reconstituted extract from
freeze-dried powder and water. The inoculated plates were main-
tained at 37 °C for 24 h to allow bacterial growth. Antimicrobial
effectiveness was subsequently examined by recording the diame-
ter of the clear zones formed around the discs, expressed in cm.

Qualitative and quantitative determination of phenolic

extracts derived from CBS using UPLC-MS/MS and GC-MS/MS
Chromatographic separation and mass spectrometric detection

were performed following the conditions reported by Tien et al.lB™l.
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The freeze-dried extract was reconstituted in methanol, filtered
(0.2 um), and subjected to UPLC-MS/MS analysis using a Waters
system equipped with a C18 column. The instrumentation and
column specifications used were identical to those reported in the
previous studyB'l. Gradient elution was carried out using a formic
acid-modified water-acetonitrile system at 0.4 mL min~', with the
column temperature set at 40 °C. The initial composition of the
mobile phase was 95% A and 5% B, which gradually shifted to 90%
A at 3 min, 85% A at 5 min, and 80% A at 7 min. From 8 to 9.2 min,
solvent B increased to 100% and was maintained until 9.8 min,
before returning to the starting conditions at 10.5 min. A sample
volume of 10 pL was introduced into the system. Desolvation and
cone gas flows were supplied by nitrogen at 1,000 and 150 L h-,
respectively. Data acquisition was conducted under negative elec-
trospray ionization, applying a capillary voltage of 0.50 kV, a cone
voltage of 25V, and a desolvation temperature of 600 °C. Quantita-
tive analysis was achieved in multiple reaction monitoring mode
based on characteristic precursor—product ion transitions, and the
dwell time for each transition was automatically assigned by the
acquisition software. The limits of detection and limits of quantifica-
tion were determined based on signal-to-noise ratios of 3 and 10,
respectively.

The CBS extract was further characterized by GC-MS/MS using a
Shimadzu system equipped with a capillary column, with instrumen-
tation and analytical conditions consistent with those reported by
Tien et al.B'. The measurement utilized an electron ionization
system maintaining the ion source and interface temperatures at
200 °C. Chromatographic analysis employed helium as the carrier
gas (1 mL min~'), while sample injection was conducted in split
mode using a 1 uL volume. The oven temperature program began at
50 °C with a 5 min hold, followed by a ramp of 5 °C min-' to 200 °C.
The temperature was subsequently increased to 280 °C at a rate of
10 °C min~" and maintained for 15 min. Mass spectral data obtained
from GC-MS/MS analysis were interpreted with reference to the
National Institute of Standards and Technology library. Compound
identification was achieved through spectral matching with entries
available in the database.

Statistical analysis

Triplicate experiments were carried out, and results were
expressed as mean values. Differences among treatments were
assessed using analysis of variance followed by Tukey's test (p <
0.05) in SPSS (v20, IBM Corp., Armonk, NY, USA). Modeling and
response surface analysis were performed using Design-Expert (v11,
Stat-Ease Inc., Minneapolis, MN, USA).

Results and discussions

Influence of extraction techniques on phenolic
recovery from CBS

Figure 1T compares the amount of extract obtained and the total
phenolic content (TPC) of the extracts from the cocoa bean shells
(CBS) using diverse approaches. Overall, both outcomes followed a
similar pattern across the different extraction methods. The heating-
aided extraction (HE) exhibited the lowest extraction yield and
TPC as compared to the microwave-aided extraction (ME) and
ultrasound-aided extraction (UE). Notably, the integration of sonica-
tion and irradiation substantially improved both extraction yield
and TPC. Among the extraction techniques used, the ultrasound-
microwave-aided extraction (UME) resulted in the highest yield of
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Fig. 1 Comparison of yield and total phenolic content of the extracts
from cocoa bean shells using different extraction techniques using
water as a solvent. CBS, cocoa bean shells; db, dry basis; GAE, gallic acid
equivalent; HE, heating-aided extraction; ME, microwave-aided extrac-
tion; MUE, ordered microwave-ultrasound-aided extraction; UE,
ultrasound-aided extraction; UME, ordered ultrasound-microwave-
aided extraction. Data followed by the same lowercase letter (for yield)
or uppercase letter (for total phenolic content) are not significantly
different (p > 0.05).

10.5% and TPC of 10.2 mg GAE g~ dried CBS, representing approxi-
mately 5.1-fold, 1.7-fold, and 2.5-fold increases in extraction yield
compared with HE, ME, and UE, respectively. Similarly, TPC increased
by about 2.3-fold, 1.4-fold, and 1.7-fold compared with HE, ME, and
UE, respectively. These observations agreed with earlier reports. The
study by Yusof et al.l?5l demonstrated the suitability of UE for recov-
ering bioactive constituents from CBS; while Mashuni et al.l24 and
Mellinas et al.33! proved that ME was an appropriate procedure for
achieving the same objective. Nevertheless, Luo et al.l?2l confirmed
that a notable improvement in phenolic recovery from walnut
flour when ultrasound was integrated with ME. The cell wall was
commonly broken down due to the disintegration of cavitation
bubbles under the operation of ultrasound, facilitating an extension
of mass transfer between plant tissues and their surroundings, ulti-
mately resulting in the advancement in the separation efficiency4.
An instantaneous proliferation in temperature caused by irradiation
also manifested a similar capacity to disrupt plant tissues, eventu-
ally better extraction yield°L. In this study, the coupled sonication
and irradiation approach provided superior productivity compared
to either technique alone, notably in sequence with a combination
of ultrasound and microwave. This sequential order is likely more
effective than microwave treatment followed by ultrasound because
the pre-treatment by ultrasound facilitates better solvent accessibil-
ity and weakens the plant matrix structure before thermal effects
occur29, As a result, subsequent microwave irradiation can pene-
trate more efficiently, promoting rapid internal heating and enhanc-
ing the release of bound phenolic compounds. In contrast, applying
microwave treatment first may cause uneven heating that can
degrade thermally sensitive bioactive compounds and thereby
reduce the effectiveness of the following ultrasound treatment(3¢l,
As a result, the UME was selected as the most appropriate method
for subsequent assessments.

Effect of solvent systems on phenolic recovery
from CBS

Figure 2 highlights the variability in yield and TPC of the extracts
from the CBS depending on the extraction solvents employed. A

Tien et al. Food Materials Research 2026, 6: €012
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Fig. 2 Comparison of yield and total phenolic content of the extracts from cocoa bean shells using different extraction solvents using UME as an
extraction technique. AA, acetic acid (0.3 mL in 100 mL water); CA, citric acid (1 g in 40 mL water); CBS, cocoa bean shell; ChCl, choline chloride solu-
tion (1 g in 40 mL water); ChCI-AA, the mixture of ChCl and AA (ratio of 1:2, v/v); ChCI-CA, the mixture of ChCl and CA (ratio of 2:1, v/v); ChCI-G, the
mixture of ChCl and G (ratio of 5:2, v/v); ChCI-G-W, the mixture of ChCl, G, and water (ratio of 5:2:5, v/v/v); ChCI-LA, the mixture of ChCl and LA (ratio of
1:3, v/v); db, dry basis; G, glucose solution (1 g/40 mL water); G-AA, the mixture of G, AA, and water (ratio of 1:5:3, v/v/v); GAE, gallic acid equivalent; G-CA,
the mixture of G, CA, and water (ratio of 1:5:3, v/v/v); G-LA, the mixture of G, LA, and water (ratio of 1:5:3, v/v/v); LA, lactic acid (1 mL in 40 mL water);
NaOAc-AA, the mixture of NaOAc, AA, and water (ratio of 1:3:4, v/v/v); NaOAc-CA, the mixture of NaOAc, CA, and water (ratio of 1:3:4, v/v/v); NaOAc,
sodium acetate solution (1 g in 40 mL water); NaOAc-LA, the mixture of NaOAc, LA, and water (ratio of 1:3:4, v/v/v); UME, ordered ultrasound-microwave-
aided extraction; W, water. Data followed by the same lowercase letter (for yield) or uppercase letter (for total phenolic content) are not significantly

different (p > 0.05).

differentiation among diverse single components clarified that the
solvents containing a sole hydrogen bond donor (ChCl, G, and
NaOAc) provided the lowest yield and TPC, followed by water, and
finally those consisting of sole hydrogen bond acceptors (LA, AA,
and CA). Notwithstanding, two- or three-component systems formed
from combinations of hydrogen bond donors and acceptors, with or
without the existence of water, significantly enhanced the recovery
efficiency. Among all evaluated solvent systems, superior extraction
efficiency was obtained with the NaOAc—CA solvent system (NaOAc,
CA, and water at 1:3:4, v/v/v), yielding 26.8% extract with a TPC of
13.7 mg GAE g~'! dried CBS. Comparable outcomes have been
reported by Pal & Jadejal3%, who confirmed that the combination of
NaOAc and organic acids was appropriate for the derivation of
bioactive constituents from botanical sources. Kalompatsios et al.l27!
also affirmed that citric acid manifested better efficiency than lactic
acid when they were applied for recovering these chemicals. In this
system, NaOAc functioned as the hydrogen-bond acceptor, while
CA acted as the donor, leading to the formation of a natural deep
eutectic solvent. The superior performance of this system might be
attributed to its suitable polarity and acidic environment, which
improve the solubility of phenolic compounds and facilitate their
release from the plant matrix. Citric acid can help weaken interac-
tions between phenolics and cell wall components through pH
reduction, while sodium acetate stabilizes the solvent network
and enhances hydrogen-bond formation. In addition, hydroxyl and
carboxyl groups present in phenolic acids can form strong hydro-
gen-bond interactions with the NaOAc—CA system, promoting better
dissolution and extraction efficiency’®’l. Overall, the NaOAc-CA
system (NaOAc, CA, and water at 1:3:4, v/v/v) showed the highest
efficiency for recovering phenolic compounds from CBS and was
therefore selected for subsequent assessments.

Tien et al. Food Materials Research 2026, 6: €012

Optimized conditions for phenolic recovery from
CBS using Box-Behnken design
Model fitting and statistical analysis

Table 2 gives the details of the Box-Behnken design with a matrix
of 29 runs, accompanied by their estimated and observed recovery
yield and TPC of the extracts from the CBS. These results ranged
from 15.6% to 31.9% for yield and from 5.52 to 14.9 mg GAE g~!
dried CBS for TPC, where the maximum response was observed in
run 27, corresponding to X; = 50 mL g~', X, = 45 min, X; =55 °C, and
X;4=20 min.

The analysis of variance for the regression model describing
phenolic extraction from CBS is presented in Table 3, highlighting
the effects of individual variables on extraction yield and TPC at
a 95% confidence level. The p-values for both responses were <
0.0001, inferring that the second-order polynomial models were
highly significant and adequately described the experimental data.
The appropriate suitability of the model for the data was further
confirmed due to the non-significant lack-of-fit test, with p-values
of 0.435 and 0.661 obtained for yield and TPC, respectively, when
compared with the pure error. Moreover, a direct interaction
between the process variables and the responses was notably high-
lighted owing to the high coefficient of determination (R?) and its
adjustment (R2 and R2,gjysteq Of yield were 0.933 and 0.867, respec-
tively, and of TPC were 0.948 and 0.897, respectively).

With respect to recovery yield, obvious effects (p < 0.05) were
observed for the linear (X, X3 and X,), interaction (X;X, and X,Xj3),
and quadratic (X;2 X2 X532, and X,2) levels, while the remaining coef-
ficients were not statistically significant (p > 0.05). Similarly, all vari-
ables used had a notable influence on TPC at both the linear (X;, X,
X3, and X,) and quadratic (X;2, X,2, X352, and X,2) coefficients, whereas
the other interaction terms in the model did not show remarkable
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Table 2. Design matrix and result of Box-Behnken design for extracting phenolic compounds from cocoa bean shells'.

Independent variables Dependent variables
‘ o o phenlc contnt
X, X, X3 X, X, X, X; X, Observed? Estimated Observed? Estimated
1 0 0 0 0 50 45 55 20 28.5+0.2 29.8 143+£04 14.1
2 1 1 0 0 70 65 55 20 19.0+0.4 19.6 109+0.4 1.2
3 1 0 0 1 70 45 55 30 174+£0.5 16.4 9.09+0.10 8.67
4 0 0 0 0 50 45 55 20 30.3+0.1 29.8 148 £0.6 14.1
5 0 0 -1 -1 50 45 35 10 244+£14 24.3 12.7+04 133
6 -1 1 0 0 30 65 55 20 228+0.8 24.5 10.0+£0.6 10.4
7 0 1 0 1 50 65 55 30 15.7+£0.2 15.1 6.48 + 0.09 6.41
8 0 -1 0 1 50 25 55 30 18.5+0.1 20.0 8.50 £ 0.69 9.16
9 1 0 0 -1 70 45 55 10 242+0.3 244 12.8+£0.5 12.6
10 0 =1 1 0 50 25 75 20 24.7+04 257 123+£04 12.5
1 1 -1 0 70 45 35 20 227+04 239 13.2+0.2 13.5
12 0 1 1 0 50 65 75 20 18.8+0.2 19.0 9.40+0.35 9.90
13 0 =1 0 -1 50 25 55 10 247+ 0.6 250 13.1+£0.8 12.6
14 1 0 1 0 70 45 75 20 204 +£0.5 21.6 11.6+04 11.7
15 -1 0 -1 0 30 45 35 20 26.2+0.9 24.8 12.2+£0.6 11.6
16 0 1 -1 0 50 65 35 20 25.0+04 24.8 12.8+£0.6 12.8
17 0 0 -1 1 50 45 35 30 19.4+0.2 19.3 9.02 £ 0.49 8.83
18 0 1 0 -1 50 65 55 10 258+ 0.6 241 13.4+£0.2 12.2
19 -1 0 1 0 30 45 75 20 244+0.1 23.0 10.7 £0.2 9.80
20 0 0 1 -1 50 45 75 10 247 +£0.3 24.3 11.2+£0.3 11.7
21 0 0 1 1 50 45 75 30 15.7+£04 15.3 7.33+£0.20 6.89
22 -1 =1 0 0 30 25 55 20 248+ 0.6 237 11.0+£0.6 10.8
23 -1 0 0 -1 30 45 55 10 229+0.9 24.6 10.7 £ 0.1 114
24 -1 0 0 1 30 45 55 30 18.0+0.4 18.5 5.52+0.21 5.99
25 0 =1 -1 0 50 25 35 20 235+1.1 24.0 13.5+£0.2 133
26 1 -1 0 0 70 25 55 20 28.6+£0.3 26.3 14.1+0.3 13.9
27 0 0 0 0 50 45 55 20 319+ 0.5 29.8 149+0.3 14.1
28 0 0 0 0 50 45 55 20 30.1+£06 29.8 13.0+£0.5 14.1
29 0 0 0 0 50 45 55 20 283+0.9 29.8 134+0.6 14.1

' X;, liquid-solid ratio (mL g7"); X,, sonication time (min); X;, sonication temperature (°C); X,, microwave time (min); CBS, cocoa bean shells. 2 Mean of triplicate
determination.

Table 3. Analysis of variance for regression model of extracting bioactive compounds from cocoa bean shells’.

Yield Total phenolic content

Source

Sum of squares df Mean square F-value p-value Sum of squares df Mean square F-value p-value
Model 505 14 36.1 14.0 <0.0001 160 14 11.4 184 <0.0001
X; 3.93 1 3.93 1.52 0.238 1.3 1 11.3 18.1 0.0008
X, 25.8 1 25.8 10.0 0.007 7.38 1 7.38 1.9 0.004
X3 12.5 1 125 4.86 0.045 9.80 1 9.80 15.8 0.001
X4 147 1 147 571 < 0.0001 64.5 1 64.5 103.7 < 0.0001
XX, 14.1 1 141 545 0.035 1.27 1 1.27 2.04 0.175
XiX3 0.066 1 0.066 0.026 0.875 0.0004 1 0.0004 0.0006 0.981
XXy 0.900 1 0.900 0.349 0.564 0.549 1 0.549 0.883 0.363
XoX3 13.8 1 13.8 5.35 0.036 1.12 1 1.12 1.81 0.200
XXy 3.97 1 3.97 1.54 0.235 1.40 1 1.40 2.25 0.156
X3Xy 3.93 1 3.93 1.52 0.238 0.019 1 0.019 0.031 0.863
X2 64.9 1 64.9 25.2 0.0002 13.9 1 139 224 0.0003
X22 62.7 1 62.7 243 0.0002 6.59 1 6.59 10.6 0.006
X5 73.0 1 73.0 283 0.0001 5.65 1 5.65 9.08 0.009
X7 208 1 208 80.9 < 0.0001 56.4 1 56.4 90.7 < 0.0001
Residual 36.1 14 2.58 8.70 14 0.622
Lack-of-Fit 27.6 10 2.76 1.29 0.435 5.75 10 0.575 0.778 0.661
Pure Error 8.56 4 2.14 2.96 4 0.739
Cor Total 541 28 168 28
R? 0.933 0.948
Adjusted R? 0.867 0.897

X, liquid-solid ratio (mL g™"); X,, sonication time (min); X;, sonication temperature (°C); X, microwave time (min).
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effects (p > 0.05). Subsequently, second-order polynomial models
for both yield and TPC were configured utilizing the actual values of
the variables and estimated coefficients (Supplementary Table S1),
as represented in Egs. (3) and (4), respectively:

Recovery yield (%, db) = —74.4+ 1.04X; + 1.22X, + 1.20X;3 +2.53X,
—0.0047X, X5 — 0.0003X, X3 — 0.0024X, X, — 0.0046 X, X5
—0.0050X, X4 — 0.0050X3X4 — 0.0079(X;)? — 0.0078(X>)?
—0.0084(X3)* - 0.0567(X4)> 3)

TPC (mg GAE g~'dried CBS) = —20.3 +0.44X, +0.39X, + 0.28X;
+1.01X4 - 0.0014X, X, — 0.00002X, X3 + 0.0019X; X, — 0.0013X, X;
—0.0030X, X, — 0.0003X3X4 — 0.0037(X)>
—0.0025(X»)* - 0.0023(X3)* - 0.0295(X4)* 4)

Effects of process variables on phenolic recovery from CBS

Three-dimensional response surfaces were constructed to high-
light the sole and combined influences of two factors, with the other
variables fixed at their central values. All figures featured a distinct
peak enclosing the target region, indicated by yellow to red colors,
implying that the selected operational range for each variable was
optimal. This alignment allowed the models to accurately estimate
the highest achievable data of the expected outcome, specifically
recovery yield and TPC.

Figure 3a-c, g-i demonstrates the impact of LSR and its interac-
tion with STi, STe, and MTi on both outcomes. The recovery yield
and TPC boosted as LSR rose in comparison with STi, STe, and MTi,
reaching peak efficiency at roughly 50 mL g~'. These results aligned
with those of Rebollo-Hernanz et al.[23! and Yusof et al.[25], who also
identified 50 mL g~ as the optimal LSR for extracting phenolic
compounds from the CBS. This finding might result from improved
interaction between the solvent and plant matrix, leading to more
efficient solubilization. At lower LSR, limited solvent availability
might lead to rapid solvent saturation, reducing the concentration
gradient and slowing mass transfer. In contrast, increasing LSR
improves the driving force for diffusion by maintaining a higher
concentration gradient and providing sufficient solvent volume for
compound solubilization38. While a higher LSR expanded the
contact area, facilitating the recovery of bioactive compounds!3949],
an excessive LSR might reduce the distribution of irradiated and
sonicated energy, thereby hindering dissolution and ultimately
lowering yield®1,

Figure 3a, d, e, g, j, and k highlight the influences of STi and its
interaction with LSR, MTi, and STe on both responses, whereas
Fig. 3b, d, f, h, j, and | exhibit the impacts of STe and its interaction
with other independent variables. Additionally, Fig. 3¢, e, f, i, k, and |
manifest the effects of MTi and its interaction with LSR, STi, and STe.
Both recovery yield and TPC were maximized under conditions of
about 45 min for STi, 55 °C for STe, and 20 min for MTi. Inadequate
irradiation or sonication times and temperatures might not con-
tribute enough thermal energy for the structural deterioration of
botanical matter, and then the movement of phenolic compounds
from plant tissue to extracted solvents. However, when the extrac-
tion temperature exceeds approximately 60 °C or when microwave
exposure is prolonged, certain phenolic compounds such as cate-
chin and phenolic acids may undergo oxidation, polymerization, or
structural degradation, resulting in reduced extractability and anti-
oxidant activity[2542], Previous studies have reported that prolonged
thermal treatment can accelerate the degradation of heat-sensitive
phenolics and reduce total phenolic recovery[*344],

Tien et al. Food Materials Research 2026, 6: €012
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Determination of optimal conditions and validation of the
predictive model

The model identified optimal extraction conditions for the high-
est recovery yield of 30.4% and the greatest TPC of 14.8 mg GAE g™’
dried CBS, while attaining a desirability value of 0.945 (Supplemen-
tary Table S2). These conditions included the LSR of 52.9 mL g1, STi
of 40.6 min, STe of 51.8 °C, and MTi of 16.8 min. Thereafter, the relia-
bility of the model was justified by the yield of 31.7% + 1.8% and
TPC of 14.7 £ 0.3 mg GAE g~' dried CBS, extracted from the CBS
under the formulated optimal condition. As no significant differ-
ence was observed between the experimental and predicted values
(p > 0.05), the model was revealed to be well-fitted for improving
recovery efficiency from the CBS.

Bioactive properties of extracts derived from CBS

Table 4 illustrates the total phenolic content (TPC), total flavonoid
content (TFC), and antioxidant activity of the CBS extract. The use of
UME-S, an ordered ultrasound-microwave-aided extraction under
optimized conditions employing a solvent mixture of NaOAc, CA,
and water in a 1:3:4 ratio (v/v/v), resulted in the best antioxidant
activity. This was reflected in a TPC of 14.7 mg GAE g~' dried CBS,
TFC of 9.90 mg RE g~ dried CBS, DPPH assay value of 23.4 mg TE g~'
dried CBS, and an ABTS assay value of 31.7 mg TE g~ dried CBS, out-
performing the results of UME-W, an ordered ultrasound-microwave-
aided extraction using water as the solvent under optimized condi-
tions, and HE, a heating-aided extraction. Compared with HE, UME-S
increased TPC, TFC, DPPH, and ABTS values by approximately 3.2-
fold, 2.4-fold, 1.6-fold, and 1.6-fold, respectively. In comparison with
UME-W, the corresponding increases were about 1.4-fold for TPC,
1.3-fold for TFC, 1.2-fold for DPPH, and 1.2-fold for ABTS. The higher
antioxidant activity was closely associated with the elevated TPC
and TFC, as phenolic acids and flavonoids are major contributors
to free radical scavenging capacity!®%l, Compounds such as caffeic
acid, hydroxybenzoic acid, protocatechuic acid, and catechin
(Table 4) could donate hydrogen atoms or electrons to neutralize
DPPH and ABTS radicals, while their multiple hydroxyl groups help
stabilize free radicals and interrupt oxidative chain reactions. There-
fore, the improved recovery of these compounds in UME-S likely
explains its superior antioxidant performance. Previous studies
have also observed boosted levels of these phytochemicals and
enhanced antioxidant activity when using irradiation, sonication, or
a combination of both for extraction from botanical sources[22.2425331,
These findings also aligned with the work of Pal & Jadejal3%, who
demonstrated that combining NaOAc with organic acids effectively
facilitates the recovery of bioactive compounds from botanical
sources. This improvement in recovery efficiency might be attri-
buted to the rupture of plant cell matrices caused by cavitation
bubble collapse during ultrasound treatment or the rapid tem-
perature rise during microwave irradiation. These processes
enhance mass transfer between plant tissues and the surrounding
solvent34331, Additionally, natural deep eutectic solvents have been
demonstrated to improve solubility through hydrogen-bonding
interactions, further supporting the enhanced extraction yieldsB7.
Compared with previous studies that mainly focused on conven-
tional solvent extraction or single extraction techniques, the present
work provided a more comprehensive strategy by combining a
green NaOAc-CA solvent system with sequential ultrasound-
microwave-assisted extraction. In addition to optimizing phenolic
recovery, this study further linked the chemical profile of the extracts
with both antioxidant and selective antibacterial activities against
Gram-positive bacteria. This integrated approach strengthens the
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Fig. 3 Response surface plots showing the effects of process variables on extracting yield (a)—(f) and total phenolic content (g)—(l): (a) and (g) effects of
LSR and STi at constant STe (55 °C) and MTi (20 min); (b) and (h) effects of LSR and STe at constant STi (45 min) and MTi (20 min); (c) and (i) effects of LSR
and MTi at constant STi (45 min) and STe (55 °C); (d) and (j) effects of STi and STe at constant LSR (50 mL g~') and MTi (20 min); (e) and (k) effects of STi
and MTi at constant LSR (50 mL g~") and STe (55 °C); (f) and (I) effects of STe and MTi at constant LSR (50 mL g~') and STi (45 min). Abbreviations: LSR,
liquid-solid ratio (mL g); STi, sonication time (min); STe, sonication temperature (°C); MTi, microwave time (min).
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Table 4. Yield, total phenolic content, total flavonoid content, antioxidant activity, chemical components qualified by UPLC-MS/MS, and inhibition zone of phenolic

extract from cocoa bean shells'2>,

HE UME-S UME-W
Yield 6.36 £0.112 31.7+1.8° 19.9 +1.20
TPC 452 +£0.26% 14.7 £0.3¢ 10.7 +0.6°
TFC 4.14 +0.20 9.90 + 0.44° 7.73+0.27°
DPPH 143+ 1.0° 234+1.2° 18.8+0.8°
ABTS 19.8+1.72 31.7+£21°¢ 262 +1.3P
Caffeic acid® 0.090 + 0.009? 0.197 £ 0.043° 0.184 £ 0.016°
Hydroxybenzoic acid? 7.73 £0.80° 8.59 + 0.40° 7.81+0.572
Protocatechuic acid? 1.96 + 0.02° 4,05 +0.25°¢ 3.28+0.07°
Catechin® 3.12+0.62° 461 +0.24° 432+037°
Inhibition zone against S. aureus* 1.22 +0.03° 1.85 +0.05° 1.30 +0.05°
Inhibition zone against E. coli nd nd nd

' HE, heating-aided extraction; UME-S, ordered ultrasound-microwave-aided extraction under optimized conditions using the mixture of sodium acetate, citric acid, and
water (ratio of 1:3:4, v/v/v) as extraction solvent; UME-W, ordered ultrasound-microwave-aided extraction under optimized conditions using water as extraction solvent.
2 ABTS, ABTS radical scavenging assay (mg Trolox equivalent g~' dried CBS); DPPH, DPPH radical scavenging assay (mg Trolox equivalent g~' dried CBS); TFC, total
flavonoid content (mg rutin equivalent g~ dried CBS); TPC, total phenolic content (mg gallic acid equivalent g~ dried CBS); Yield, yield (%, dry basis). 3 The unit of these
compounds is pg component g~' dried CBS. 4 The unit of inhibition zone is cm; the inhibition zone of the positive control (30 g C¢H,KO, in 50 mL water) against S. aureus
is 1.28 £ 0.03 cm. ® Data followed by the same superscript in the same row are not significantly different (p > 0.05).

potential application of CBS as a sustainable source of functional
ingredients for food systems.

Chemical profile of the cocoa bean shell extract
characterized by UPLC-MS/MS and GC-MS/MS
Table 4 details the concentrations of major bioactive constituents
profiled through UPLC-MS/MS. Caffeic acid, hydroxybenzoic acid,
and protocatechuic acid were identified as phenolic acids in all CBS
extracts, while catechin was detected as a flavan-3-ol. Comparable
observations have been reported in earlier projects, which have also
reported the occurrence of these phenolic acids and flavan-3-ols
in CBS[32340] |n the extract obtained from CBS using UME-S, the
concentrations of caffeic acid, hydroxybenzoic acid, protocatechuic
acid, and catechin were 0.197, 8.59, 4.05, and 4.61 ug g~' dried CBS,
respectively. These data exceeded those obtained from extracts
prepared using UME-W and HE. The higher concentrations observed
in UME-S might be attributed to the sequential application of ultra-
sound followed by microwave irradiation, together with the NaOAc-
CA solvent system. Ultrasound pre-treatment improves cell wall
disruption and solvent penetration through cavitation effects,
allowing better access to intracellular phenolic compoundsB4.
Subsequent microwave heating promotes rapid internal heating
and accelerates solute diffusion, enhancing the release of bound
phenolicsB3l In addition, the NaOAc-CA solvent system provides
favorable polarity and strong hydrogen-bond interactions with
hydroxyl and carboxyl groups of phenolic compounds, improving
their solubility and stability during extraction3%. Similar to the

trends observed for TPC and TFC, the increased concentrations of
these bioactive compounds likely arose from the synergistic effects
of sonication and irradiation along with natural deep eutectic
solventsB43537], The stronger antioxidant activity observed in the
UME-S extract was likely associated with the higher levels of pheno-
lic compounds presented in Table 4. Caffeic acid, hydroxybenzoic
acid, and protocatechuic acid are recognized for their ability to
donate hydrogen atoms or electrons, thereby neutralizing free radi-
cals and contributing to DPPH and ABTS scavenging activity. In
addition, catechin, as a major flavan-3-ol, may enhance antioxidant
capacity through its multiple hydroxyl groups, which help stabilize
reactive oxygen species and inhibit oxidative chain reactions!>l. The
higher concentrations of these compounds in UME-S, therefore,
could explain its superior antioxidant performance compared with
UME-W and HE extracts.

The volatile constituents of CBS extracts, analyzed using GC-MS/
MS, are presented in Table 5. The analysis detected five, four, and
two volatile compounds in UME-S, UME-W, and HE, respectively,
with notable variations in their peak areas. The occurrence of these
compounds in plant extracts has been extensively described in
earlier studies. Among them, 2,2-dimethoxybutane (13.0%—-80.8%)
and undecane (1.45%-19.2%) were identified across all three
extracts. Undecane, known for its anti-inflammatory and anti-aller-
gic properties“’], has also been detected in the seed oil of Salvia
verbenaca seed oil and the fruit oil of Dialium guineense fruit oil(47.481,
Similarly, 2,2-dimethoxybutane has been associated with antibacte-
rial activity and was reported in Piper longum!“9. Moreover, both

Table 5. Components detected in phenolic extracts from cocoa bean shells by GC-MS/MS'~.

HE UME-S UME-W
# Name of putative compounds MW (g mol~") MF - - -
RT (min) PA (%) RT(min) PA (%) RT(min) PA (%)

1 2,2-dimethoxybutane 118 CeH 140, 3.70 80.8 3.69 309 3.70 13.0
2 Undecane 156 CiqHay 15.0 19.2 15.0 5.06 15.0 1.45
3 2H-cyclohepta[b]furan-2-one, 6-[1-(acetyloxy)-3-oxobutyl]-3, 306 Cy7H5,05 nd 30.8 0.700 nd

3a,4,7,8,8a-hexahydro-7-methyl-3-methylene-

Cyclo(L-prolyl-L-valine) 196 Cy0H16N50, nd 332 1.54 332 1.15
5 Caffeine 194 CgH1oN,40, nd 338 61.8 33.8 84.4

' HE, heating-aided extraction; UME-S, ordered ultrasound-microwave-aided extraction under optimized conditions using the mixture of sodium acetate, citric acid, and
water (ratio of 1:3:4, v/v/v) as extraction solvent; UME-W, ordered ultrasound-microwave-aided extraction under optimized conditions using water as extraction solvent.
2 MW, molecular weight; MF, molecular formula; nd, not detected; RT, retention time; PA, peak area.
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UME-S and UME-W contained cyclo(L-prolyl-L-valine) (1.54% and
1.15%, respectively) and caffeine (61.8% and 84.4%, respectively).
Cyclo(L-prolyl-L-valine) has been noted for its antiproliferative activ-
ity against certain microorganisms and was present in Lantana
camara leaf extract?®Y, Caffeine, on the other hand, was extensively
found in Theobroma cacaol®'>2, Additionally, GC-MS/MS analysis of
UME-S detected 2H-Cyclohepta[blfuran-2-one, 6-[1-(acetyloxy)-3-
oxobutyl]-3,3a,4,7,8,8a-hexahydro-7-methyl-3-methylene- (0.700%),
a chemical previously identified in the rhizomes of Curcuma aerugi-
nosa Roxb!>3],

Antibacterial activity of the extract from CBS

The antibacterial activity of the phenolic extract from CBS against
Staphylococcus aureus and Escherichia coli is demonstrated in Table 4.
S. aureus, a gram-positive bacterium, exhibited sensitivity to all three
extracts, with the extract using UME-S displaying the highest inhibi-
tion zone of 1.85 c¢m, significantly larger (p < 0.05) than that of the
positive control (1.28 c¢cm). This finding was agreeable with preced-
ing studies, which affirmed the antibacterial potential of CBS against
S. aureust54, Conversely, E. coli, a gram-negative bacterium, was
not inhibited by the extracts. Previous research has also indicated
that CBS extracts lacked pharmacologically relevant activity against
E. coli®®). The different responses observed between S. aureus and
E. coli could be explained by differences in their cell envelope struc-
tures. Gram-positive bacteria such as S. aureus possess a thick pepti-
doglycan layer but lack an outer membrane, allowing phenolic
compounds to interact more easily with the cell membrane and
intracellular targets. In contrast, Gram-negative bacteria such as
E. coli contain an additional outer membrane rich in lipopolysaccha-
rides, which acts as a selective barrier and limits the penetration of
many hydrophobic and phenolic compounds®®¢l. This structural
difference might explain the lower susceptibility of E. coli to CBS
extracts. The stronger antibacterial activity of UME-S against S. aureus
could be associated with its higher contents of phenolic acids and
catechin. These compounds might contribute to antibacterial effects
by affecting membrane integrity, increasing permeability, and inter-
fering with essential cellular functions®78l, In addition, volatile
constituents identified by GC-MS/MS, including 2,2-dimethoxybu-
tane, undecane and cyclo(L-prolyl-L-valine), might also support the
observed activity. However, since the present study did not isolate
individual compounds or investigate their specific antibacterial
mechanisms, these effects should be interpreted as possible syner-
gistic contributions rather than direct evidence of causation. There-
fore, the inhibition of S. aureus was likely related to the combined
action of multiple bioactive constituents present in the optimized
CBS extract.

Conclusions

Phenolic compounds were effectively recovered from cocoa bean
shells (CBS) by employing UME-S, an ordered ultrasound-microwave-
aided extraction combined with a sodium acetate-citric acid—water
solvent system (1:3:4, v/v/v) under optimized conditions. The opti-
mized extract showed high total phenolic and flavonoid contents,
strong antioxidant capacity, and selective antibacterial activity
against the gram-positive bacterium Staphylococcus aureus, while
no inhibition was observed against Escherichia coli. Major phenolic
compounds, including caffeic acid, hydroxybenzoic acid, protocate-
chuic acid, and catechin, were identified and were likely associ-
ated with the observed bioactivities. In addition, several volatile
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constituents may have contributed synergistically to the antibacte-
rial effect. These findings demonstrate the potential of combining
ultrasound-microwave-assisted extraction with a green solvent
system for the valorization of CBS and other plant-based byprod-
ucts in functional food applications. The recovered phenolic-rich
extract could serve as a natural antioxidant and antimicrobial ingre-
dient for food preservation, shelf-life extension, and the develop-
ment of nutraceutical formulations or health-promoting functional
foods. In addition, this approach supports the sustainable utilization
of agro-industrial residues and offers potential for broader applica-
tions in food, pharmaceutical, and cosmetic industries. Although this
study was conducted at a laboratory scale, the approach provides a
promising basis for future scale-up and industrial application.

Author contributions

The authors confirm their contributions to the paper as follows:
conceptualization, writing — review and editing, project administra-
tion, funding acquisition: Tien NNT, Hung PV; methodology, investi-
gation: Tien NNT, Khuong BH, Hoang HT, Thuan CM, Anh MNT; writ-
ing — original draft, visualization: Tien NNT; formal analysis: Tien
NNT, Khuong BH, Hoang HT; data curation: Khuong BH; validation:
Thuan CM, Anh MNT, Hung PV; resources, supervision: Hung PV. All
authors reviewed the results and approved the final version of the
manuscript.

Acknowledgments

Nguyen Ngoc Thanh Tien was funded by the Postdoctoral Schol-
arship Programme of Vingroup Innovation Foundation (VINIF), code
VINIF.2024.5TS.32. Dr. Nguyen Ngoc Thanh Tien thanks the Interna-
tional University, VNU-HCM for supporting him in his postdoctoral
program and thanks the Laboratory for Interdisciplinary Research
and Analysis on Chemistry, Food and Environment for allowing him
to use the equipment.

Conflict of interest

The authors declare that they have no conflict of interest.

Supplementary information accompanies this paper online
at: https://doi.org/10.48130/fmr-0026-0013.

Dates

Received 24 March 2026; Revised 8 May 2026; Accepted 5 June
2026; Published online 20 August 2026

References

[11  Kongor JE, Owusu M, Oduro-Yeboah C. 2024. Cocoa production in the
2020s: challenges and solutions. CABI Agriculture and Bioscience 5:102

[2] Rojo-Poveda O, Barbosa-Pereira L, Zeppa G, Stévigny C. 2020. Cocoa
bean shell—a by-product with nutritional properties and biofunc-
tional potential. Nutrients 12:1123

[3] Younes A, Karboune S, Liu L, Andreani ES, Dahman S. 2023. Extraction
and characterization of cocoa bean shell cell wall polysaccharides.
Polymers 15:745

[4] Hashimoto JC, Lima JC, Celeghini RMS, Nogueira AB, Efraim P,
et al. 2018. Quality control of commercial cocoa beans (Theobroma
cacao L.) by near-infrared spectroscopy. Food Analytical Methods
11:1510-1517

[5] Slorach PC, Jeswani HK, Cuéllar-Franca R, Azapagic A. 2019. Environ-
mental and economic implications of recovering resources from food

Tien et al. Food Materials Research 2026, 6: €012


https://doi.org/10.48130/fmr-0026-0013
https://doi.org/10.48130/fmr-0026-0013
https://doi.org/10.48130/fmr-0026-0013
https://doi.org/10.48130/fmr-0026-0013
https://doi.org/10.48130/fmr-0026-0013
https://doi.org/10.1186/s43170-024-00310-6
https://doi.org/10.3390/nu12041123
https://doi.org/10.3390/polym15030745
https://doi.org/10.1007/s12161-017-1137-2
https://doi.org/10.48130/fmr-0026-0013
https://doi.org/10.48130/fmr-0026-0013
https://doi.org/10.48130/fmr-0026-0013
https://doi.org/10.48130/fmr-0026-0013
https://doi.org/10.48130/fmr-0026-0013

https://doi.org/10.48130/fmr-0026-0013

[6]

[71

[8]

[9]

[10]

(111

2]

[13]

[14]

[15]

[16]

171

18]

19l

[20]

[21]

[22]

[23]

[24]

waste in a circular economy. Science of the Total Environment
693:133516

Porto de Souza Vandenberghe L, Kley Valladares-Diestra K, Amaro
Bittencourt G, Fatima Murawski de Mello A, Sarmiento Vasquez Z, et al.
2022. Added-value biomolecules' production from cocoa pod husks: a
review. Bioresource Technology 344:126252

Alvarez-Yanamango E, Obregon D, Ibafiez A. 2025. A comprehensive
review of the development of green extraction methods and encapsu-
lation of theobromine from cocoa bean shells for nutraceutical appli-
cations. Food Engineering Reviews 17:1083—1104
Hernandez-Hernandez C, Morales-Sillero A, Fernandez-Bolanos J,
Bermudez-Oria A, Morales AA, et al. 2019. Cocoa bean husk: industrial
source of antioxidant phenolic extract. Journal of the Science of Food
and Agriculture 99:325-333

Aron PM, Kennedy JA. 2008. Flavan-3-ols: nature, occurrence and
biological activity. Molecular Nutrition & Food Research 52:79-104
Barbosa-Pereira L, Belviso S, Ferrocino |, Rojo-Poveda O, Zeppa G. 2021.
Characterization and classification of cocoa bean shells from different
regions of Venezuela using HPLC-PDA-MS/MS and spectrophotomet-
ric techniques coupled to chemometric analysis. Foods 10:1791
Nsor-Atindana J, Zhong F, Mothibe KJ, Bangoura ML, Lagnika C. 2012.
Quantification of total polyphenolic content and antimicrobial activity
of cocoa (Theobroma cacao L.) bean shells. Pakistan Journal of Nutri-
tion 11:672—-677

Osorio-Tobon JF. 2020. Recent advances and comparisons of conven-
tional and alternative extraction techniques of phenolic compounds.
Journal of Food Science and Technology 57:4299-4315

Joshi DR, Adhikari N. 2019. An overview on common organic solvents
and their toxicity. Journal of Pharmaceutical Research International
28:1-18

Saini A, Kumar A, Panesar PS, Thakur A. 2022. Potential of deep eutec-
tic solvents in the extraction of value - added compounds from
agro - industrial by - products. Applied Food Research 2:100211

Vanda H, Dai Y, Wilson EG, Verpoorte R, Choi YH. 2018. Green solvents
from ionic liquids and deep eutectic solvents to natural deep eutectic
solvents. Comptes Rendus Chimie 21:628—638

Ma W, Tang M, Li S, Ma Y, Ling M, et al. 2025. The effect of hydrogen
bonding strength in natural deep eutectic solvents on the extraction
efficiency of polyphenols. Microchemical Journal 208:112379

Cabrera L, Xavier L, Zecchi B. 2024. Extraction of phenolic compounds
with antioxidant activity from olive pomace using natural deep eutec-
tic solvents: modelling and optimization by response surface method-
ology. Discover Food 4:29

Bagherian H, Zokaee Ashtiani F, Fouladitajar A, Mohtashamy M. 2011.
Comparisons between conventional, microwave- and ultrasound-
assisted methods for extraction of pectin from grapefruit. Chemical
Engineering and Processing: Process Intensification 50:1237—-1243
Panzella L, Moccia F, Nasti R, Marzorati S, Verotta L, et al. 2020. Bioac-
tive phenolic compounds from agri-food wastes: an update on green
and sustainable extraction methodologies. Frontiers in Nutrition 7:60
Lavilla I, Bendicho C. 2017. Fundamentals of ultrasound-assisted
extraction. In Water Extraction of Bioactive Compounds, eds. Gonzélez
HD, Mufioz MJG. Amsterdam: Elsevier. pp. 291-316 doi: 10.1016/b978-
0-12-809380-1.00011-5

Saini A, Panesar PS, Bera MB. 2019. Valorization of fruits and vegeta-
bles waste through green extraction of bioactive compounds and
their nanoemulsions-based delivery system. Bioresources and Biopro-
cessing 6:26

Luo Y, Wu W, Chen D, Lin Y, Ma Y, et al. 2017. Optimization of simulta-
neous microwave/ultrasonic-assisted extraction of phenolic com-
pounds from walnut flour using response surface methodology. Phar-
maceutical Biology 55:1999-2004

Rebollo-Hernanz M, Cafas S, Taladrid D, Segovia A, Bartolomé B, et al.
2021. Extraction of phenolic compounds from cocoa shell: Modeling
using response surface methodology and artificial neural networks.
Separation and Purification Technology 270:118779

Mashuni, Hamid FH, Muzuni, Kadidae LO, Jahiding M, et al. 2020. The
determination of total phenolic content of cocoa pod husk based on

Tien et al. Food Materials Research 2026, 6: €012

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

Food Materials
Research

microwave-assisted extraction method. AIP Conference Proceedings
2243:030013

Md Yusof AH, Abd Gani SS, Zaidan UH, Halmi MIE, Zainudin BH. 2019.
Optimization of an ultrasound-assisted extraction condition for
flavonoid compounds from cocoa shells (Theobroma cacao) using
response surface methodology. Molecules 24:711

de Almeida Pontes PV, Ayumi Shiwaku |, Maximo GJ, Caldas Batista EA.
2021. Choline chloride-based deep eutectic solvents as potential
solvent for extraction of phenolic compounds from olive leaves:
extraction optimization and solvent characterization. Food Chemistry
352:129346

Kalompatsios D, Athanasiadis V, Palaiogiannis D, Lalas SI, Makris DP.
2022. Valorization of waste orange peels: agueous antioxidant polyphe-
nol extraction as affected by organic acid addition. Beverages 8:71

Tien NNT, Le NL, Khoi TT, Richel A. 2022. Optimization of microwave-
ultrasound-assisted extraction (MUAE) of pectin from dragon fruit
peels using natural deep eutectic solvents (NADES). Journal of Food
Processing and Preservation 46:16117

Dai Y, Witkamp GJ, Verpoorte R, Choi YH. 2015. Tailoring properties of
natural deep eutectic solvents with water to facilitate their applica-
tions. Food Chemistry 187:14—19

Pal CBT, Jadeja GC. 2020. Microwave-assisted extraction for recovery of
polyphenolic antioxidants from ripe mango (Mangifera indica L.) peel
using lactic acid/sodium acetate deep eutectic mixtures. Food Science
and Technology International 26:78-92

Tien NNT, Ha TH, Khuong BH, Thuan CM, Anh MNT, et al. 2026. Eco-
compatible valorization of Arabica coffee pulp for total phenolic
content: synergistic effect of microwave irradiation and sonication
using a ternary acetate-based solvent. Journal of Food Measurement
and Characterization 20:1998-2010

Razmavar S, Abdulla MA, Ismail SB, Hassandarvish P. 2014. Antibacte-
rial activity of leaf extracts of Baeckea frutescens against methicillin-
resistant Staphylococcus aureus. BioMed Research International
2014:521287

Mellinas AC, lJiménez A, Garrigés MC. 2020. Optimization of
microwave-assisted extraction of cocoa bean shell waste and evalua-
tion of its antioxidant, physicochemical and functional properties. LWT
127:109361

Mari¢ M, Grassino AN, Zhu Z, Barba FJ, Brn &i¢ M, et al. 2018. An
overview of the traditional and innovative approaches for pectin
extraction from plant food wastes and by-products: ultrasound-,
microwaves-, and enzyme-assisted extraction. Trends in Food Science &
Technology 76:28—-37

Wang L, Weller CL. 2006. Recent advances in extraction of
nutraceuticals from plants. Trends in Food Science & Technology
17:300-312

Nayak A, Shah A, Bhatt S, Bhushan B, Kumar A, et al. 2026. Ultrasound
and microwave assisted extraction of bioactives from food wastes: an
overview on their comparative analysis towards commercialization.
Ultrasonics Sonochemistry 124:107712

Zhang Q, De Oliveira Vigier K, Royer S, Jérobme F. 2012. Deep eutectic
solvents: syntheses, properties and applications. Chemical Society
Reviews 41:7108-7146

Miguel Aguilera J. 2003. Solid-liquid extraction. In Extraction Optimiza-
tion in Food Engineering, eds. Tzia C, Liadakis G. Boca Raton: CRC Press.
pp. 51-70doi: 10.1201/9780824756185.ch2

Maran JP, Swathi K, Jeevitha P, Jayalakshmi J, Ashvini G. 2015.
Microwave-assisted extraction of pectic polysaccharide from waste
mango peel. Carbohydrate Polymers 123:67-71

Pasandide B, Khodaiyan F, Mousavi ZE, Hosseini SS. 2017. Optimiza-
tion of aqueous pectin extraction from Citrus medica peel. Carbohy-
drate Polymers 178:27-33

Maran JP, Priya B. 2014. Ultrasound-assisted extraction of polysaccha-
ride from Nephelium lappaceum L. fruit peel. International Journal of
Biological Macromolecules 70:530-536

Vergara-Salinas JR, Pérez-Jiménez J, Torres JL, Agosin E, Pérez-Correa
JR. 2012. Effects of temperature and time on polyphenolic content
and antioxidant activity in the pressurized hot water extraction of

Page 110f 12


https://doi.org/10.1016/j.scitotenv.2019.07.322
https://doi.org/10.1016/j.biortech.2021.126252
https://doi.org/10.1007/s12393-025-09425-6
https://doi.org/10.1002/jsfa.9191
https://doi.org/10.1002/jsfa.9191
https://doi.org/10.1002/mnfr.200700137
https://doi.org/10.3390/foods10081791
https://doi.org/10.3923/pjn.2012.672.677
https://doi.org/10.3923/pjn.2012.672.677
https://doi.org/10.3923/pjn.2012.672.677
https://doi.org/10.1007/s13197-020-04433-2
https://doi.org/10.9734/jpri/2019/v28i330203
https://doi.org/10.1016/j.afres.2022.100211
https://doi.org/10.1016/j.crci.2018.04.002
https://doi.org/10.1016/j.microc.2024.112379
https://doi.org/10.1007/s44187-024-00100-z
https://doi.org/10.1016/j.cep.2011.08.002
https://doi.org/10.1016/j.cep.2011.08.002
https://doi.org/10.3389/fnut.2020.00060
https://doi.org/10.1016/b978-0-12-809380-1.00011-5
https://doi.org/10.1016/b978-0-12-809380-1.00011-5
https://doi.org/10.1016/b978-0-12-809380-1.00011-5
https://doi.org/10.1016/b978-0-12-809380-1.00011-5
https://doi.org/10.1016/b978-0-12-809380-1.00011-5
https://doi.org/10.1016/b978-0-12-809380-1.00011-5
https://doi.org/10.1016/b978-0-12-809380-1.00011-5
https://doi.org/10.1016/b978-0-12-809380-1.00011-5
https://doi.org/10.1016/b978-0-12-809380-1.00011-5
https://doi.org/10.1016/b978-0-12-809380-1.00011-5
https://doi.org/10.1016/b978-0-12-809380-1.00011-5
https://doi.org/10.1186/s40643-019-0261-9
https://doi.org/10.1186/s40643-019-0261-9
https://doi.org/10.1186/s40643-019-0261-9
https://doi.org/10.1080/13880209.2017.1347189
https://doi.org/10.1080/13880209.2017.1347189
https://doi.org/10.1016/j.seppur.2021.118779
https://doi.org/10.1063/5.0001364
https://doi.org/10.3390/molecules24040711
https://doi.org/10.1016/j.foodchem.2021.129346
https://doi.org/10.3390/beverages8040071
https://doi.org/10.1111/jfpp.16117
https://doi.org/10.1111/jfpp.16117
https://doi.org/10.1016/j.foodchem.2015.03.123
https://doi.org/10.1177/1082013219870010
https://doi.org/10.1177/1082013219870010
https://doi.org/10.1007/s11694-025-03821-6
https://doi.org/10.1007/s11694-025-03821-6
https://doi.org/10.1155/2014/521287
https://doi.org/10.1016/j.lwt.2020.109361
https://doi.org/10.1016/j.tifs.2018.03.022
https://doi.org/10.1016/j.tifs.2018.03.022
https://doi.org/10.1016/j.tifs.2005.12.004
https://doi.org/10.1016/j.ultsonch.2025.107712
https://doi.org/10.1039/C2CS35178A
https://doi.org/10.1039/C2CS35178A
https://doi.org/10.1201/9780824756185.ch2
https://doi.org/10.1016/j.carbpol.2014.11.072
https://doi.org/10.1016/j.carbpol.2017.08.098
https://doi.org/10.1016/j.carbpol.2017.08.098
https://doi.org/10.1016/j.ijbiomac.2014.07.032
https://doi.org/10.1016/j.ijbiomac.2014.07.032
https://doi.org/10.48130/fmr-0026-0013
https://doi.org/10.48130/fmr-0026-0013
https://doi.org/10.48130/fmr-0026-0013
https://doi.org/10.48130/fmr-0026-0013
https://doi.org/10.48130/fmr-0026-0013

Food Materials
Research

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[62]

deodorized thyme (Thymus vulgaris). Journal of Agricultural and Food
Chemistry 60:10920—-10929

Biswas R, Sarkar A, Alam M, Roy M, Mahdi Hasan MM. 2023. Microwave
and ultrasound-assisted extraction of bioactive compounds from
Papaya: a sustainable green process. Ultrasonics Sonochemistry
101:106677

Zheng X, Yin F, Liu C, Xu X. 2011. Effect of process parameters of
microwave assisted extraction (MAE) on polysaccharides yield from
pumpkin. Journal of Northeast Agricultural University (English Edition)
18:79-86

Kashima M. 1999. Effects of catechins on superoxide and hydroxyl radi-
cal. Chemical And Pharmaceutical Bulletin 47:279-283

Disca V, Travaglia F, Carini C, Coisson JD, Cravotto G, et al. 2024.
Improving the extraction of polyphenols from cocoa bean shells by
ultrasound and microwaves: a comparative study. Antioxidants
13:1097

Choi D, Kang W, Park T. 2020. Anti-allergic and anti-inflammatory
effects of undecane on mast cells and keratinocytes. Molecules 25:1554
Ben Taarit M, Msaada K, Hosni K, Chahed T, Marzouk B. 2010. Essential
oil composition of Salvia verbenaca L. growing wild in Tunisia. Journal
of Food Biochemistry 34:142—151

Das J, Jha DK, Policegoudra RS, Mazumder AH, Das M, et al. 2012. Isola-
tion and characterization of antidermatophytic bioactive molecules
from Piper longum L. leaves. Indian Journal of Microbiology 52:624—629

He A, Chadha S, Saruchi, Kumar V. 2024. Phytocompound profiling and
GC-MS analysis of Lantana camara leaf extract. Journal of the Indian
Chemical Society 101:101379

Belwal T, Cravotto C, Ramola S, Thakur M, Chemat F, et al. 2022. Bioac-
tive compounds from cocoa husk: extraction, analysis and applica-
tions in food production chain. Foods 11:798

Ruesgas-Ramén M, Suarez-Quiroz ML, Gonzélez-Rios O, Baréa B, Cazals
G, et al. 2020. Biomolecules extraction from coffee and cocoa by- and

Page 120f 12

[63]

[54]

[55]

[56]

[57]

[58]

https://doi.org/10.48130/fmr-0026-0013

co-products using deep eutectic solvents. Journal of the Science of Food
and Agriculture 100:81-91

Vj D, Sivakumar SR, George M, Francis S. 2019. GC-MS analysis of
bioactive compounds present in different extracts of rhizome of
Curcuma aeruginosa Roxb. Journal of Drug Delivery and Therapeutics
9:13-19

Kayaputri IL, Djali M, Sukri N, Fazaryasti RH. 2020. The antimicrobial
effectiveness of cacao shell and cacao husk combination on inhibition
of pathogenic bacteria in food products. /IOP Conference Series: Earth
and Environmental Science 443:012077

Rojo-Poveda O, Ribeiro SO, Anton-Sales C, Keymeulen F, Barbosa-
Pereira L, et al. 2021. Evaluation of cocoa bean shell antimicrobial
activity: a tentative assay using a metabolomic approach for active
compound identification. Planta Medica 87:841-849

Alvarez-Martinez FJ, Barrajén-Catalan E, Encinar JA, Rodriguez-Diaz JC,
Micol V. 2020. Antimicrobial capacity of plant polyphenols against
gram-positive bacteria: a comprehensive review. Current Medicinal
Chemistry 27:2576—2606

Sinsinwar S, Vadivel V. 2020. Catechin isolated from cashew nut shell
exhibits antibacterial activity against clinical isolates of MRSA through
ROS-mediated oxidative stress. Applied Microbiology and Biotechnol-
ogy 104:8279-8297

Yang X, Lan W, Sun X. 2023. Antibacterial and antioxidant properties of
phenolic acid grafted chitosan and its application in food preservation:
a review. Food Chemistry 428:136788

Copyright: © 2026 by the author(s). Published by
Maximum Academic Press on behalf of Nanjing

Agricultural University. This article is an open access article distributed
under Creative Commons Attribution License (CC BY 4.0), visit
https://creativecommons.org/licenses/by/4.0/.

Tien et al. Food Materials Research 2026, 6: €012


https://doi.org/10.1021/jf3027759
https://doi.org/10.1021/jf3027759
https://doi.org/10.1016/j.ultsonch.2023.106677
https://doi.org/10.1016/S1006-8104(12)60014-2
https://doi.org/10.1248/cpb.47.279
https://doi.org/10.3390/antiox13091097
https://doi.org/10.3390/molecules25071554
https://doi.org/10.1111/j.1745-4514.2009.00270.x
https://doi.org/10.1111/j.1745-4514.2009.00270.x
https://doi.org/10.1007/s12088-012-0303-x
https://doi.org/10.1016/j.jics.2024.101379
https://doi.org/10.1016/j.jics.2024.101379
https://doi.org/10.3390/foods11060798
https://doi.org/10.1002/jsfa.9996
https://doi.org/10.1002/jsfa.9996
https://doi.org/10.22270/jddt.v9i2-s.2589
https://doi.org/10.1088/1755-1315/443/1/012077
https://doi.org/10.1088/1755-1315/443/1/012077
https://doi.org/10.1055/a-1499-7829
https://doi.org/10.2174/0929867325666181008115650
https://doi.org/10.2174/0929867325666181008115650
https://doi.org/10.1007/s00253-020-10853-z
https://doi.org/10.1007/s00253-020-10853-z
https://doi.org/10.1007/s00253-020-10853-z
https://doi.org/10.1016/j.foodchem.2023.136788
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.48130/fmr-0026-0013
https://doi.org/10.48130/fmr-0026-0013
https://doi.org/10.48130/fmr-0026-0013
https://doi.org/10.48130/fmr-0026-0013
https://doi.org/10.48130/fmr-0026-0013

	Introduction
	Materials and methods
	Materials and chemicals
	Recovery of phenolic constituents from CBS
	Screening of extraction techniques for phenolic recovery from CBS
	Screening of solvent systems for phenolic recovery from CBS
	Determination of optimized conditions for phenolic recovery from CBS

	Characterization of phenolic constituents derived from CBS
	Determination of bioactive properties of extracts derived from CBS
	Antibacterial activity of phenolic extracts derived from CBS
	Qualitative and quantitative determination of phenolic extracts derived from CBS using UPLC–MS/MS and GC–MS/MS

	Statistical analysis

	Results and discussions
	Influence of extraction techniques on phenolic recovery from CBS
	Effect of solvent systems on phenolic recovery from CBS
	Optimized conditions for phenolic recovery from CBS using Box–Behnken design
	Model fitting and statistical analysis
	Effects of process variables on phenolic recovery from CBS
	Determination of optimal conditions and validation of the predictive model

	Bioactive properties of extracts derived from CBS
	Chemical profile of the cocoa bean shell extract characterized by UPLC–MS/MS and GC–MS/MS
	Antibacterial activity of the extract from CBS

	Conclusions
	Author contributions
	Acknowledgments
	Conflict of interest
	Supplementary information
	References

