toxins

Article

Preliminary Assessment of Alkaloid Content in Cocoa
(Theobroma cacao L.) Hulls for Safe Consumption as
a Feed Ingredient

Francesca Mercogliano 17, Corinne Bani (%, Marco Tretola 2(7, Carla Landolfi 3, Matteo Ottoboni 4©,

Federica Cheli ¢

check for

updates
Received: 22 July 2025
Revised: 26 August 2025
Accepted: 30 August 2025
Published: 3 September 2025

Citation: Mercogliano, F.; Bani, C.;

Tretola, M.; Landolfi, C.; Ottoboni, M.;

Cheli, F;; Restani, P.; Pinotti, L.; Di
Lorenzo, C. Preliminary Assessment
of Alkaloid Content in Cocoa
(Theobroma cacao L.) Hulls for Safe
Consumption as a Feed Ingredient.
Toxins 2025, 17, 441. https://
doi.org/10.3390/ toxins17090441

Copyright: © 2025 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

, Patrizia Restani

5,6 1,6,%

_ Luciano Pinotti #®® and Chiara Di Lorenzo

Department of Pharmacological and Biomolecular Sciences, Universita Degli Studi di Milano, Via Balzaretti 9,
20133 Milano, Italy; francesca.mercogliano@unimi.it (F.M.); corinne.bani@unimi.it (C.B.)

Institute for Livestock Sciences, Agroscope, La Tioleyre 4, 1725 Posieux, Switzerland;
marco.tretola@agroscope.admin.ch

3 ToxHub Srl, Via Ariberto 20, 20123 Milan, Italy; carla.landolfi@toxhub-consulting.com

Department of Veterinary Medicine and Animal Sciences, Universita Degli Studi di Milano, Via
Dell’Universita 6, 26900 Lodji, Italy; matteo.ottoboni@unimi.it (M.O.); federica.cheli@unimi.it (E.C.);
luciano.pinotti@unimi.it (L.P.)

Faculty of Pharmacy, Universita Degli Studi di Milano, 20133 Milano, Italy; patrizia.restani@unimi.it
Coordinating Research Center (CRC) “Innovation for Well-Being and Environment”, Universita Degli Studi di
Milano, 20133 Milano, Italy

*  Correspondence: chiara.dilorenzo@unimi.it

Abstract

The European Circular Economy Action Plan outlines a forward-looking strategy that
emphasizes waste reduction and the acquisition of high-quality secondary resources. Previ-
ous research has shown that cocoa processing by-products contain compounds of interest
for various industrial areas, making them an attractive matrix for reuse. However, a gap
remains in our understanding of the safety of these by-products intended for feed. In
this study, theobromine and caffeine were quantified by High-Performance Liquid Chro-
matography (HPLC-UV) in cocoa hulls for safety considerations, evaluating theobromine
compliance with toxicological and safety levels, and considering their potential application
as an ingredient in animal feed. In addition, the identification of phenolic components
and associated antioxidant activity was conducted through High-Performance Thin-Layer
Chromatography (HPTLC). This preliminary study indicates that theobromine content is
a limiting factor for the inclusion of cocoa hulls in animal diets, as it restricts inclusion
levels to remain within current regulatory limits. Examples of general estimates of dietary
theobromine exposure at inclusion levels based on regulatory limits for dairy cows and veal
calves confirmed a low risk for animal health. Furthermore, the detection of antioxidant
activity linked to the presence of polyphenols highlights the potential of cocoa hulls as a
sustainable food by-product for feed formulation.

Keywords: cocoa by-products; circular economy; theobromine; caffeine; animal dietary
exposure

Key Contribution: Theobromine content is a limiting factor for the inclusion of cocoa hulls
into animal diets; while the presence of polyphenols with antioxidant activity and the
potential for circular use support their utilization.
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1. Introduction

The food value chain is responsible for significant resource and environmental pres-
sures, and it is estimated that in Europe, around 20% of the total food produced is lost or
wasted [1]. The European Circular Economy Action Plan provides a future-oriented agenda
for achieving a cleaner and more competitive Europe. In this context, it is essential to reduce
waste and ensure high-quality secondary raw materials [1-5]. The valorization of cocoa
(Theobroma cacao L.) processing waste has generated great interest from both nutritional
and functional points of view; notably, about 80% of processed cocoa fruit is discarded [6],
highlighting the substantial volume of generated waste. This extensive production of
residual biomass poses a significant environmental issue for countries involved in cocoa
cultivation and production [6,7], but also in the EU, where chocolate production occurs and
therefore processing waste is produced.

On the other hand, cocoa by-products (e.g., cocoa pod shells, mucilages, and hulls)
contain compounds of interest for various economic areas, such as food and the cosmetic
and chemical industries [8]. In fact, cocoa bean by-products contain an interesting profile
of polyphenols (flavonols, phenolic acids) [9,10], methylxanthines, dietary fibers, and
lipids [11]. In the year 2020-2021 (from the 1st of October to the 30th of September),
5245 thousand tonnes of cocoa beans were produced worldwide [7], leading to a substantial
amount of waste generated from their processing. From this production, each year, an
estimated 700 to 900 thousand tons of cocoa hulls (CHs) are produced worldwide, with
approximately 300 thousand tons of waste generated in Europe [11]. CHs, also called cocoa
bean shells, are the by-product of the dehulling step in the extraction of cocoa butter; they
are removed from the beans and often discarded as waste. Interest has therefore been raised
in healthy ingredients that can perform positive functions, such as antioxidant protection
and anti-inflammatory action, but also for ingredients that would decrease feed—food
competition. There are some studies evaluating alternative uses for food by-products, for
example, the production of prebiotic and functional ingredients [12], and the most common
applications include uses as biofuel, activated carbon preparation, mulch and fertilizer, and
feedstuff for livestock [13]. CHs, being a rich source of carbohydrates, dietary fiber, protein,
ash, and polyphenols such as quercetin, epicatechin, and catechin [14,15], are an interesting
matrix for reuse, as in the case of animal feed, in line with the circular economy aim of
optimizing available resources and reducing food waste [16]. Indeed, modern animal
husbandry includes, among its objectives, the study of new dietetic formulations in order
to improve animal welfare [17].

According to INRAE-CIRAD-AFZ (French National Institute for Agricultural Research—
French Agricultural Research and Cooperation Organization—-French Association for An-
imal Production) feed tables [18], CHs contain approximately 17.8% of crude protein on
dry matter (DM), 5.9% of ether extract and 7.8% of starch, leading to a gross energy of
4490 kcal/kg on DM. CHs also contain a high insoluble fiber content, around 46.5%, and
minerals including phosphorus and magnesium. This chemical composition makes CHs
particularly interesting as ruminant feed ingredients [19]. In addition, the presence of
tannins (1.70-25.30 mg/g) [13] contributes both functional benefits and challenges; at ap-
propriate levels, tannins can improve protein utilization by reducing excessive ruminal
protein degradation and help control bloat and parasites, while excessive amounts may
negatively affect nutrient availability and animal health [20].

While CHs offer potential for reuse in animal feed due to their nutritional value, the
presence of naturally occurring methylxanthines, particularly theobromine and caffeine,
poses a significant toxicological concern that may limit the use of CHs in animal nutrition.
Toxic effects of theobromine have been documented in several species. In an EFSA Scientific
Opinion [21], the Contaminants in the Food Chain Panel reported toxicological studies
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where theobromine showed toxicity in rodents, with target organs the testes and thymus;
the study allowed for the definition of a No Observed Adverse Effect Level (NOAEL)
for testicular toxicity of 150 mg/kg b.w. in rats. Theobromine also showed adverse
effects in skeletal development of rabbit offspring, leading to a NOAEL of 21 mg/kg b.w.
Adverse effects were also reported in target animals. For example, pigs showed growth
retardation, diarrhea, and lethargy [22]. Horses and dogs, which are especially sensitive to
theobromine, showed liver and thyroid damage and fatal intoxications, respectively. The
mutagenic and clastogenic effects of theobromine were generally reported as equivocal;
no long-term carcinogenicity studies are available, and no ADI (acceptable daily intake)
has been established [21]. So overall, the EFSA Panel stated that there is a general lack of
data regarding the feed theobromine levels able to determine a negative effect on animals
and underlined the need for further information on the use of various feed materials
containing cocoa.

The European Union (EU) has recognized these risks, and Directive 2002/32/EC of
the European Parliament and of the Council lists several compounds that are considered
undesirable, including theobromine, in animal feeds and prescribes their ML for different
feed commodities. The current theobromine EU ML for complete feed with a moisture
content of 12% is 300 mg/kg, apart from that for pigs, for which the maximum content
is set at 200 mg/kg, and for dogs, rabbits, horses, and fur animals, for which it is set at
50 mg/kg of feed, as last amended in 2019.

Differently for theobromine, the Directive (2002/32/EC) does not regulate caffeine,
which also demonstrates toxicological relevance. In a 90-day toxicity study in rats and
mice, caffeine led to a slight body weight decrease with no toxicity signs [23]. Numerous
genotoxicity data are available showing no evidence of mutagenic effects for this molecule;
reproductive effects were observed alongside general toxicity in parental mice with a
NOAEL of 22 mg/kg b.w. for FO parental and F1 offspring, and 88 mg/kg b.w. for F1
parental and F2 offspring [23].

Despite these known risks, various Theobroma cacao L. by-products (i.e., cocoa husks,
hulls, and bean meal) are on the Catalogue of Feed Materials (Reg. EU 2022/1104) [24]
and Cocoa absolute CoE 452 is authorized as a feed additive in the European Union (EU)
(Council Directive 70/524/EEC) [25].

In response to this dual context of nutritional potential and toxicological risk, the
present study aims to contribute to the development of evidence-based strategies for the
safe and sustainable incorporation of cocoa by-products into animal feed formulations.
This study aims to validate a High-Performance Liquid Chromatography method with
ultraviolet detection (HPLC-UV) for the quantification of theobromine and caffeine in
cocoa hulls (CHs) and to evaluate their compliance with EU safety limits for animal
feed. Additionally, this study investigates the presence of polyphenols and antioxidant
activity to support the valorization of CHs as a sustainable ingredient within a circular
economy framework.

2. Results and Discussion

2.1. Development and Validation of the High-Performance Liquid Chromatography (HPLC) Method
The HPLC-UV method was developed to quantify alkaloids in CHs. The method was

validated, according to FDA recommendations [26], to quantify theobromine and caffeine.

Validation parameters are illustrated in Table 1, and chromatographic patterns are reported

in Figure 1.
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Table 1. HPLC-UV validation parameters for the theobromine (TB) and caffeine (CAF).
Linearity Sensitivity Recovery Stability Precision
Linear range R? LOD LOQ % Variation% Intraday Interday
(ng/mL) (ng/mL) (ng/g) (ng/mL) (ng/g) 24 h 20days  (CV%) (CV%)
TB 10-100 0.9820 3 30 10 100 95 1.43 7.74 3.11 6.93
CAF 10-100 0.9973 10 100 40 400 84 2.54 9.53 2.72 6.27
Rt: 13.8
40000
30000
3 1
.»g 20000 Rt:6.9
10000
0
0,000 5,000 10,000 15,000

Retention Time [min]

Figure 1. Chromatographic profiles of a mix of the standards at a concentration of 10 ug/mL and
their retention times (Rt) (min). Peak 1: theobromine; peak 2: caffeine.

A correlation coefficient (R?) greater than 0.98 (Table 1) was obtained for both standards
and demonstrated a good linearity for the selected range of concentrations. The sensitivity
of the method, defined as the lowest concentration of analyte that can be detected (LOD)
or quantified (LOQ), is illustrated in Table 1. The recovery, which includes efficiency and
reproducibility of the extraction, was confirmed within the range of 80-115% as required
by the validation test [26]. The stability in the short term (after 24 h) and long term (after
20 days) showed a percentage of variation within £10% and £15%, respectively. Precision,
assessed as intraday and interday variation, showed a coefficient of variation (CV%) of less
than 15%, as required [26].

2.2. Measurement of Theobromine and Caffeine by HPLC and Safety Considerations

In all samples, theobromine was found at higher concentrations than caffeine. Sample
3 (S3), which is in pellet form, contained a higher concentration of analyzed analytes when
compared to all samples in flake form (S1 and S2). This suggests that the pellet form may
preserve or concentrate these compounds more effectively than the flake form [27]. These
results agree with the results obtained by the HPTLC method (Section 2.3), where the
comparison between the samples showed a higher presence of analytes in sample S3 than
in samples S2 and S1. Figure 2 shows the HPLC profile of S1 (a), S2 (b), and S3 (c).

Peaks 1 and 2 (Figure 2) were identified as theobromine and caffeine, respectively;
their quantification in pug/g is reported in Table 2.

CHs contain CNS-stimulating alkaloids, primarily caffeine and theobromine, and
constituents that could be classified as toxic or anti-nutritious, such as biogenic amines,
tannin and trypsin inhibitor, even if poorly investigated [21]. It is therefore essential to
propose a suitable formulation in case of the inclusion of cocoa or its by-products into
animal feed.
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Figure 2. Chromatograms of samples S1 (a), concentrated 3:1; S2 (b), concentrated 3:1; and S3 (c),
diluted 1:10. Peak 1: theobromine (Rt: 6.9); peak 2: caffeine (Rt: 13.8).

Table 2. Content of theobromine (TB) and caffeine (CAF) in the CHs analyzed by HPLC-UV and
expressed as mean + SD (ug/g); n = 3. Values with the same letter are not statistically different
(p > 0.05).

Compound S1 S2 S3
TB 4199.3 £+ 86.97 2 4036.65 + 80.53 2 5463.44 + 109.84 °
CAF 349.57 £13.192 259.17 £ 6.46 2 535.51 + 16.84 P

The quantification by HPLC-UV performed in this study (Table 2) showed a theo-
bromine concentration of approximately 0.400 g/100 g for samples in flakes form and
0.550 g/100 g for pellet form. In particular, theobromine concentration ranged between
4036.65 £ 80.53 pg/g for S2 and 5463.44 &+ 109.84 ng/g in S3 (Table 2). These results are
consistent with data previously published, where the theobromine content in CHs was
in a range of 0.39-1.83 g/100 g [13]. To remain within the EU ML set for theobromine in
complete feed (300 mg/kg, with exceptions for pigs, dogs, rabbits, horses, and fur animals,
for which it is set at lower levels) [28], the CHs analyzed in this study could be used in
a ruminant diet with an inclusion rate of a maximum of 7.14% for S1, 7.42% for S2, and
5.49% for S3. These values should be adjusted if other sources of theobromine (e.g., tea
leaves, herbal feed supplements) are present in the proposed diet. To provide examples
of potential theobromine exposure from CHs in ruminant diets, calculations are provided
for dairy cows and veal calves. Using the calculated inclusion rates of CHs and assuming
default values for live weight of 650 kg for dairy cows and 100 kg for veal calves [29],
and default values for feed intake of 20.0 kg/day and 1.89 kg/day, respectively [29], the
animal daily theobromine intake can be estimated at 9.23 mg/kg b.w. for dairy cow and
5.67 mg/kg b.w. for veal calves. These estimated exposure levels, based on inclusion rates
aligned with the current regulatory limit of 300 mg/kg, fall below thresholds associated
with observed effects in the literature. Specifically, previous studies showed no health
effects in cows at around 23 mg/kg b.w. [30], with milk yield and composition affected
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only at higher intakes of 14 to 45 mg/kg b.w. [31]. Calves exhibited toxicity only at higher
doses of 45 to 90 mg/kg b.w. [32]. These findings indicate that the current regulatory limit
and calculated CH inclusion rates ensure low risk exposure to theobromine in both dairy
cows and veal calves.

While this study provides valuable insights, it is important to recognize that the analy-
sis was limited to three CHs batches. As such, the findings may not comprehensively reflect
the full range of compositional variability that could be present across different sources
or production lots. The theobromine content of the raw materials can vary significantly
depending on origin, processing, and storage conditions. Furthermore, the effects of feed
processing techniques, such as grinding, pelletization, or extrusion, on the stability and
bioavailability of theobromine may also influence the actual risk of toxicity in practical
feeding scenarios [33]. More research involving a larger sample size, diverse sources of
CHs, and different production processes is needed to validate these findings and improve
the robustness of animal dietary recommendations.

Previous studies on the influence of CHs on animals, with different inclusion rates,
have demonstrated species-specific outcomes. In poultry, CHs affected performance based
on inclusion level and treatment: untreated CHs reduced broiler weight and egg production
at 4% and 6% inclusion levels [34,35], but hot water-treated CHs could be safely used up
to 20% in layers’ diets [36,37]. In rabbits, untreated CHs were tolerated at 100 g/kg, and
hot water-treated CHs at 200 g/kg, supporting growth and profitability [38]. In pigs, CHs
improved gut microbiota and health markers [37], with 20% being optimal as a maize sub-
stitute [39]. In aquaculture, cocoa by-products supported growth in Clarias gariepinus [40]
and Nile tilapia [41], though bitterness limited the intake. For ruminants, the inclusion of
40% cocoa bean waste (mixture of CHs, cocoa pulp, and cocoa placenta) as a feed source
improved daily weight gain and feed efficiency in cattle [42], while the inclusion of 12%
of CHs enhanced milk quality in ewes without affecting yield [43]. Early-lactating dairy
cows also benefited from CH inclusion without health or methane production [19]. Goats
fed diets with CHs and lignocellulosic materials showed favorable weight gains and feed
conversion [44], and similar benefits were observed in dairy goats without affecting milk
yield [45]. In vitro digestibility studies further confirmed the nutritional value of CHs, par-
ticularly when ensiled with poultry manure, which improved nutrient availability, reduced
anti-nutritional factors, and demonstrated high organic matter digestibility and metaboliz-
able energy, making it a viable and eco-friendly feed option for ruminants [46]. While these
findings highlight the potential of CHs as a sustainable livestock feed ingredient, especially
for ruminants, species-specific sensitivities must be taken into account. Notably, dogs are
particularly vulnerable, with reported clinical signs, including cardiovascular, neurological,
and gastrointestinal effects, after chocolate ingestion [21]. Due to the documented sensitiv-
ity of dogs to theobromine toxicity, feed manufacturers exclude cocoa by-products from
feeds for dogs [21].

In response to such concerns, several detoxification strategies have been developed
to reduce alkaloid levels in cocoa by-products and enhance their safety for use in animal
feed [47]. Various strategies have been explored, especially to reduce the theobromine
content: physicochemical methods like 15 min boiling have shown a good balance between
theobromine reduction and nutrient retention [36], while alkali treatments also reduce
theobromine but at the cost of essential nutrients [48]. Biological treatments offer a more
nutrient-preserving alternative. Fungi such as Aspergillus niger, Talaromyces verruculosus, and
T. marneffei have demonstrated strong detheobromination potential [49,50]. T. verruculosus
TvTD was also identified as a suitable bio-tool for cocoa by-product detoxification [51],
with additional evidence suggesting it also degrades other methylxanthines like caffeine.
However, many regulatory authorities require a thorough evaluation of the safety and
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efficacy of microbial detoxification products before they can be approved for use [52]. In
parallel to detheobromination, supercritical CO, extraction has been used to selectively
remove caffeine up to 80% from cocoa products while retaining theobromine, polyphenols,
and antioxidant activity [53].

Besides considering safety, toxicological limits, and detoxification strategies, nutri-
tional considerations and the potential variations in caffeine and theobromine content in
different batches and sources of these by-products must also be considered during the diet
formulation phase to ensure accurate and safe dietary practices. Moreover, it is crucial to
acknowledge the challenges associated with variability in CHs sourced from complex sup-
ply chains, such as those of cocoa production. The process of acquiring cocoa from multiple
suppliers in different countries worldwide creates a complex network for large production
chains [54]. Cocoa production companies prioritize consistency in their products over
time, which requires suppliers to deliver cocoa with uniform characteristics [55]. This
commitment to product uniformity also extends to by-products like CHs, where consistent
quality standards are maintained. Nevertheless, conducting quality assurance analyses
alongside safety assessments is important to ensure that these standards are consistently
met and to prevent the distribution of animal feed products that may contain undesirable
substances (e.g., theobromine) with levels exceeding the EU’s ML, as prohibited in Directive
2002/32/EC.

2.3. Screening of Other Constituents of Nutritional Interest by High-Performance Thin-Layer
Chromatography (HPTLC)

HPTLC analysis allowed for the identification and semi-quantification of the phenolic
compounds present in the samples by derivatization with Fast Blue B Salt, while the overall
antioxidant activity was appreciated by derivatization with the DPPH solution.

The HPTLC patterns, detected at visible light, are shown in Figure 3.

- —a-

ASMRNAT O

CAF PA GA R EC Q B1 B2 S1 S2 83

CAF PA GA R EC Q B1 B2 S1 S2 83

Figure 3. HPTLC plate after derivatization with Fast Blue B Salt (a) and DPPH (b), detected by visible
light. CAF: caffeine; PA: protocatechuic acid; GA: gallic acid; R: rutin; EC: epicatechin; Q: quercetin;
B1: procyanidin B1; B2: procyanidin B2; S1: sample 1; S2: sample S2; S3: sample S3.
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The samples, illustrated in Figure 3a, have a significant content of phenolic compounds,
which is higher for sample S3 when compared to S2 and S1. The epicatechin band is present
in all the samples (Rf = 0.46). Considering Figure 3b, all the standards included in this
study, except for caffeine, have antioxidant capacity, as shown by the discoloration of the
corresponding bands. All samples (Figure 3b) show a considerable presence of antioxidant
molecules and, in particular, of protocatechuic acid (Rf = 0.59) and epicatechin (Rf = 0.45).
Epicatechin is a flavanol, a subgroup of flavonoids, present in several foods, among which
the main source is cocoa [56]. In 2012, the EFSA Panel on Dietetic Products, Nutrition, and
Allergies published a Scientific Opinion on the health claim related to cocoa flavanols, con-
cluding that they help to maintain endothelium-dependent vasodilation, which contributes
to normal blood flow [57]. This reinforces the hypothesis that polyphenolic compounds are
integral to the antioxidant efficacy of cocoa by-products, thus underscoring their potential
benefits. In the literature, the inclusion of polyphenols in feed rations showed different
positive effects, such as enhancing the oxidative stability of meat and meat products and
reducing the number of additives, like vitamin E and other synthetic antioxidants [58].

3. Conclusions

Our study investigated the potential of CHs, a cocoa by-product, as a source of
phenolic compounds and antioxidant activity, although the associated alkaloid content
must be suitably controlled. An HPLC method for theobromine and caffeine quantification
was validated, and the analysis confirmed theobromine as the predominant analyte. S3
contained the highest concentrations of all analyzed compounds compared to S1 and S2.
The HPLC quantification of theobromine showed that theobromine is a limiting factor
for including CHs in animal diets. The inclusion of CHs analyzed in this study should
not exceed 7.14% for S1, 7.42% for S2, and 5.49% for S3 in the ruminant diet to meet the
EU’s maximum theobromine limits in complete feed. These inclusion values are specific
to the limited sample size of CHs examined in this study and may not reflect the broader
variability of theobromine content in CHs. Such variation may also arise from the different
geographic origins of the raw materials and the influence of different processing methods.
General estimates of dietary theobromine exposure for dairy cows and veal calves were
performed, confirming a low risk to animal health when the CH inclusion levels are based
on regulatory limits. In addition, the HPTLC analysis confirmed the presence of phenolic
compounds and the associated antioxidant capacity in all samples. Further research is
needed to support broader dietary recommendations, including CH inclusion rates in
animal diets. Adjustments should also be made when other sources of theobromine, such
as tea leaves or herbal feed supplements, are present in the diet. Additionally, this study
suggests that establishing maximum caffeine limits in feed, as they exist for theobromine,
would contribute to ensuring animal safety in response to evolving feed practices, such as
the use of food by-products in feed.

4. Materials and Methods
4.1. Materials

Methanol, ethanol, HPLC-grade water, acetonitrile, acetone, toluene, n-hexane,
reagents for analysis, and acids were purchased from VWR International (Fontenay-sous-
Bois, France). 1,1-diphenyl-2-picryl-hydrazyl free radical (DPPH), Fast Blu B Salt, caffeine,
theobromine, epicatechin, gallic acid, procyanidin B1, procyanidin B2, quercetin, and rutin
were purchased from Sigma Aldrich (Merck, Steinheim, Germany).
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4.2. Samples, Particle Size Determination, and Extraction Method

CHs included in this study were provided by a Swiss former foodstuff processor and
consisted of sample 1 (S1) and sample 2 (S2), from different batches of flake-form product,
and sample 3 (S3) in pellet form. All samples were maintained at —20 °C upon receipt and
until use. The particle size of samples was determined upon arrival by dry sieving analysis
for flake samples and wet sieving for pellet particle size, performed according to ISO 2591-1
standard [59], using laboratory sieves ranging from 125 to 4000 pm (Endecotts Ltd., London,
UK). Sieving analysis of CHs (Table 3) showed the same particle size distribution in S1
and S2. This was expected since the different samples underwent the same flaking process,
while S3 underwent a pelletization process.

Table 3. Cumulative particle size (um) of samples S1, S2 and S3 expressed as mean (%) £ SD; n = 3.
Values with the different letters are statistically different (p < 0.001).

Sieve Openings (um) Cumulative Particle Size

S1 S2 S3
4000 100 100 100
2000 85.15 + 0.09 2 85.47 + 0.08 2 98.89 + 0.10b
1000 33.93 +0.112 33.69 £ 0.302 97.31 +£0.14 P
800 14.69 + 0.16 2 14.24 +0.132 95.25 + 0.04 b
630 11.63 £ 0.26 2 11.64 + 0.06 2 93.94 + 0.06 P
400 9.40 +£0.202 9.78 +£0.012 6.40 +0.41b
250 5.72 +£0.132 6.60 + 0.07 2 3.70 +0.33b
125 3.33 +0.10 4.26 + 0.04 0.00

0 0.61 + 0.09 0.71 + 0.03 0.00

To ensure uniformity and accuracy in analytical testing, samples were homogenized.

Each (0.5 g) sample was defatted 4 times with 5 mL of n-hexane by mechanical
stirring. Five mL of 80:20 (v/v) methanol/water solution was added to the defatted samples,
homogenized with Ultra-Turrax (IKA T-25; IKA. Staufen, Germany) at 17,000 rpm for 2 min,
and centrifuged at 3000x g at 4 °C for 14 min (Centrifuge 5810R, Eppendorf, Hamburg,
Germany). The extract was then filtered with a 0.45 um PTEFE filter (VWR, Fontenay-
sous-Bois, France) and kept at —20 °C until analyzed. To evaluate the reproducibility of
the extraction, the process was repeated three times. Each analysis was then performed
in triplicate.

4.3. High-Performance Thin-Layer Chromatography (HPTLC)

HPTLC is a chromatographic technique that allows for the separation of compounds
based on the different affinity of the analytes for the stationary phase (silica gel) and the
mobile phase. Through HPTLC analysis, it is possible to carry out qualitative and semi-
quantitative analyses regarding the content of phenolic compounds and the antioxidant
capacity of the samples [60].

Aliquots of 5 pL of standard solutions (gallic acid, caffeine, epicatechin, procyani-
din B1, procyanidin B2, quercetin, and rutin) at the concentration of 200 ug/mL were
loaded onto HPTL silica gel plates 60 F254 (dimensions: 10 x 20 cm, manufacturer:
Merck, Darmstadt, Germany) by a semi-automatic sample applicator (Linomat 4, CA-
MAG, Muttenz, Switzerland).

Sample volumes of 10 uL, prepared as described in Section 4.2, were also loaded onto
the plates following the procedure published by Colombo and colleagues [61].

After the chromatographic run, where the mobile phase consisted of 10 mL of ace-
tone/toluene/formic acid (in a ratio of 4.5:4.5:1 v/v/v), the plates were exposed to UV light
at 254 and 366 nm. Subsequently, they were derivatized with a 0.05% DPPH methanolic so-
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lution, kept in the dark for 30 min, and then examined under visible light using VisionCats
software v. 1.3.12236.2 (CAMAG, Muttenz, Switzerland). The same operating protocol was
also performed for the plate derivatized with Fast Blue B Salt (dianisidine-bis-(diazotised)-
zinc double salt).

4.4. High-Performance Liquid Chromatography Coupled with Ultraviolet Detection (HPLC-UV)

An HPLC method coupled with an ultraviolet (UV) detector was employed for the
quantification of theobromine and caffeine. The gradient elution, set at a flow rate of
1 mL/min, was obtained by mixing the following mobile phases: A, formic acid/water
(0.5% v/v); B, formic acid/acetonitrile (0.5% v/v). The gradient was set up as follows:
0-30 min: 90-75% A; 30-35 min: 75-0% A; 35-39 min: 0% A isocratic; 39-40 min: 0-90% A;
40-50 min: 90% isocratic A. The UV detector was set at 280 nm, and the column was kept
at room temperature (=25 °C). The method was validated according to the Food and Drug
Administration (FDA) Guidelines on Bioanalytical Method Validation [26] by calculating
their linearity, sensitivity, recovery, stability, and precision. Linearity was estimated by
the correlation coefficient (R?). Sensitivity was evaluated by determining the limit of
detection (LOD) and quantification (LOQ) at a signal-to-noise ratio of 3 and 10, respectively.
The recovery was assessed as extraction efficiency by adding different concentrations
of the standard solutions to sample S2. The stability of standards was evaluated in the
aliquot extracted and maintained at —20 °C after different storage times (24 h and 20 days).
Precision was assessed by calculating the intraday and interday precision expressed as a
coefficient of variation (CV%).

Standard stock solutions were prepared at a concentration of 500 pg/mL in
methanol/water 80:20 (v/v). Each standard was suitably diluted to its final concentration
range of 10-100 png/mL in methanol/water 80:20 (v/v). All solutions were stored at —20 °C
until use. Samples were prepared as described in Section 4.2, analyzed in triplicate (n = 3)
as such, suitably concentrated 3:1 or diluted 1:10, and added with methanol/water 80:20
(v/v) before the analysis.

The chromatographic separations were carried out on a reversed-phase YMC-Triart
C18 column (250 mm, particle size 3.0 um). The HPLC equipment (Jasco, Tokyo, Japan)
consisted of two pumps (model PU-1580), an interface (LC-NETII/ADC), an autosampler
(model AS-2059 plus), a degasser (DG-2080-54), a UV detector (model UV-975), and an
injection valve (Rheodyne, Cotati, CA, USA) with a 100 mL loop. ChromNAYV software
v.1.18.03 (Jasco, Tokyo, Japan) was used for data acquisition and processing.

The following formula was used to compute the permissible percentage of samples
to be included in feed to comply with the EU ML set for theobromine of 300 mg/kg;
exceptions exist for pigs, dogs, rabbits, horses and fur animals, for which lower levels are
set (Directive 2002/32/EC) [28]:

% permissible CHs in feed: ML/TC x 100 €))
where ML: EU maximum level for theobromine (mg/kg); TC: theobromine content
(mg/kg).

The following formula was used to estimate animal dietary exposure [29]:

Estimated daily animal dietary exposure: (TCF x FI)/b.w. (2)

where TCEF: theobromine content in feed (mg/kg); FI: feed intake (kg/day); b.w.: body
weight (kg).
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4.5. Statistical Analysis

Descriptive statistical analyses for calculating the mean values, the standard error of
the mean and the correlation coefficient (R?) were performed using IBM SPSS Statistics
for Macintosh software v. 29.0.2.0 (IBM Corp, Armonk, NY, USA). In addition, data were
analyzed with one-way ANOVA when normality and homogeneity of variances were met.
Normality was assessed using the Shapiro-Wilk test, while homogeneity of variances was
evaluated with Levene’s test. For data that did not meet these assumptions, the Kruskal-
Wallis test was used. Significant differences were determined by post hoc Tukey test for
ANOVA and Bonferroni for the Kruskal-Wallis test, with significance set at p < 0.05.
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Abbreviations

The following abbreviations are used in this manuscript:

ADI Acceptable daily intake

b.w. Body weight

CAF Caffeine

CH Cocoa hull

CSN Central nervous system

CVv Coefficient of variation

DPPH 1,1-diphenyl-2-picryl-hydrazyl free radical
EC Epicatechin

EU European Union

EFSA European Food Safety Authority
FDA Food and Drug Administration

HBA p-hydroxybenzoic acid
HPLC High-Performance Liquid Chromatography
HPTLC  High-Performance Thin-Layer Chromatography

LOD Limit of detection
LOQ Limit of quantification
ML Maximum level

NOAEL No Observed Adverse Effect Level
Rf Ratio frontis
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Rt Retention time

SD Standard deviation
TB Theobromine

TC Theobromine content

References

1.  European Commission Directorate-General for Communication. Circular Economy Action Plan—For a Cleaner and More Competitive
Europe; Publications Office of the European Union: Luxembourg, 2020.

2. Hamam, M.; Chinnici, G.; Di Vita, G.; Pappalardo, G.; Pecorino, B.; Maesano, G.; D’Amico, M. Circular Economy Models in
Agro-Food Systems: A Review. Sustainability 2021, 13, 3453. [CrossRef]

3. Chiaraluce, G.; Bentivoglio, D.; Finco, A. Circular Economy for a Sustainable Agri-Food Supply Chain: A Review for Current
Trends and Future Pathways. Sustainability 2021, 13, 9294. [CrossRef]

4. Igbal, M.W.; Kang, Y. Circular Economy of Food: A Secondary Supply Chain Model on Food Waste Management Incorporating
IoT Based Technology. J. Clean. Prod. 2024, 435, 140566. [CrossRef]

5. De Pascale, A.; Di Vita, G.; Giannetto, C.; Ioppolo, G.; Lanfranchi, M.; Limosani, M.; Szopik-Depczyriska, K. The Circular Economy
Implementation at the European Union Level. Past, Present and Future. ]. Clean. Prod. 2023, 423, 138658. [CrossRef]

6. Vasquez, Z.S.; de Carvalho Neto, D.P.; Pereira, G.V.M.; Vandenberghe, L.P.S.; de Oliveira, P.Z.; Tiburcio, P.B.; Rogez, H.L.G,;
Goes Neto, A.; Soccol, C.R. Biotechnological Approaches for Cocoa Waste Management: A Review. Waste Manag. 2019, 90, 72-83.
[CrossRef]

7. ICCO—International Cocoa Organization. Quarterly Bulletin of Cocoa Statistics; ICCO: Abidjan, Cote d’Ivoire, 2023; Volume XLIX.

8.  Mendoza-Meneses, C.J.; Feregrino-Pérez, A.A.; Gutiérrez-Antonio, C. Potential Use of Industrial Cocoa Waste in Biofuel
Production. . Chem. 2021, 2021, 3388067. [CrossRef]

9.  Tusek, K,; Valinger, D.; Jurina, T.; Soka¢ Cvetni¢, T.; Gajdos Kljusuri¢, J.; Benkovi¢, M. Bioactives in Cocoa: Novel Findings, Health
Benefits, and Extraction Techniques. Separations 2024, 11, 128. [CrossRef]

10. Gil, M.; Uribe, D.; Gallego, V.; Bedoya, C.; Arango-Varela, S. Traceability of Polyphenols in Cocoa during the Postharvest and
Industrialization Processes and Their Biological Antioxidant Potential. Heliyon 2021, 7, 07738. [CrossRef] [PubMed]

11. Séanchez, M.; Laca, A.; Laca, A.; Diaz, M. Cocoa Bean Shell: A By-Product with High Potential for Nutritional and Biotechnological
Applications. Antioxidants 2023, 12, 1028. [CrossRef]

12.  Younes, A.; Li, M.; Karboune, S. Cocoa Bean Shells: A Review into the Chemical Profile, the Bioactivity and the Biotransformation
to Enhance Their Potential Applications in Foods. Crit. Rev. Food Sci. Nutr. 2022, 63, 9111-9135. [CrossRef]

13.  Rojo-Poveda, O.; Barbosa-Pereira, L.; Zeppa, G.; Stévigny, C. Cocoa Bean Shell—A By-Product with Nutritional Properties and
Biofunctional Potential. Nutrients 2020, 12, 1123. [CrossRef]

14. Younes, A.; Karboune, S.; Liu, L.; Andreani, E.S.; Dahman, S. Extraction and Characterization of Cocoa Bean Shell Cell Wall
Polysaccharides. Polymers 2023, 15, 745. [CrossRef] [PubMed]

15. Fetriyuna, F; Djali, M.; Rafi, A.Z.; Nurunnisa, D.A.; Purwestri, R.C. Cocoa Bean Shells: A Potential Chocolate Replacement in
Food Production. Int. J. Adv. Sci. Eng. Inf. Technol. 2025, 15, 147-155. [CrossRef]

16. Tretola, M.; Ottoboni, M.; Di Rosa, A.R.; Giromini, C.; Fusi, E.; Rebucci, R.; Leone, E; Dell’Orto, V.; Chiofalo, V.; Pinotti, L. Former
Food Products Safety Evaluation: Computer Vision as an Innovative Approach for the Packaging Remnants Detection. J. Food
Qual. 2017, 2017, 1-6. [CrossRef]

17.  Pinotti, L.; Cheli, F; Govoni, C.; Rulli, M.C.; Premarajan, P.; Cattaneo, D.M.LR. The ‘One Nutrition” Approach: Connecting Crop
Production, Animal Nutrition and Human Nutrition. Ital. ]. Anim. Sci. 2025, 24, 978-987. [CrossRef]

18. Cocoa Hulls. Tables of Composition and Nutritional Values of Feed Materials INRA CIRAD AFZ. Available online: https://www.
feedtables.com/content/cocoa-hulls (accessed on 23 June 2025).

19. Reiche, A.-M.; Tretola, M.; Eggerschwiler, L.; Pinotti, L.; Dohme-Meier, F. Former Food and Cocoa Bean Shells in Early-Lactating
Cows on a Herbage-Based Diet: Effects on Ruminal Fermentation and Blood Metabolites. Animal 2025, 19, 101477. [CrossRef]

20. Besharati, M.; Maggiolino, A.; Palangi, V.; Kaya, A.; Jabbar, M.; Eseceli, H.; De Palo, P.; Lorenzo, ].M. Tannin in Ruminant
Nutrition: Review. Molecules 2022, 27, 8273. [CrossRef]

21. EFSA CONTAM Panel. Theobromine as Undesirable Substances in Animal Feed —Scientific opinion of the Panel on Contaminants
in the Food Chain. EFSA ]. 2008, 6, 725. [CrossRef]

22. Braude, R. Toxic Effects in The Feeding of Cocoa Meal to Pigs. Vet. ]. 1943, 99, 302-307. [CrossRef]

23.  Organization for Economic Cooperation and Development (OECD). CAFFEINE CAS: 58-08-2. SIDS Initial Assessment Report for
SIAM 14; UNEP Publications: Paris, France, 2002.

24. Commission Regulation (EU) 2022/1104 of 1 July 2022 Amending Regulation (EU) No 68/2013 on the Catalogue of Feed Materials

(Text with EEA Relevance). Available online: http://data.europa.eu/eli/reg/2022/1104/0j (accessed on 11 April 2024).


https://doi.org/10.3390/su13063453
https://doi.org/10.3390/su13169294
https://doi.org/10.1016/j.jclepro.2024.140566
https://doi.org/10.1016/j.jclepro.2023.138658
https://doi.org/10.1016/j.wasman.2019.04.030
https://doi.org/10.1155/2021/3388067
https://doi.org/10.3390/separations11040128
https://doi.org/10.1016/j.heliyon.2021.e07738
https://www.ncbi.nlm.nih.gov/pubmed/34458602
https://doi.org/10.3390/antiox12051028
https://doi.org/10.1080/10408398.2022.2065659
https://doi.org/10.3390/nu12041123
https://doi.org/10.3390/polym15030745
https://www.ncbi.nlm.nih.gov/pubmed/36772046
https://doi.org/10.18517/ijaseit.15.1.20270
https://doi.org/10.1155/2017/1064580
https://doi.org/10.1080/1828051X.2025.2488956
https://www.feedtables.com/content/cocoa-hulls
https://www.feedtables.com/content/cocoa-hulls
https://doi.org/10.1016/j.animal.2025.101477
https://doi.org/10.3390/molecules27238273
https://doi.org/10.2903/j.efsa.2008.725
https://doi.org/10.1016/S0372-5545(17)33002-X
http://data.europa.eu/eli/reg/2022/1104/oj

Toxins 2025, 17, 441 13 of 14

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Regulation (EC) No 1831/2003 of the European Parliament and of the Council of 22 September 2003 on Additives for Use in
Animal Nutrition. Available online: http://data.europa.eu/eli/reg/2003/1831/0j (accessed on 11 April 2024).

U.S. Food and Drug Administration. Bioanalytical Method Validation Guidance for Industry Biopharmaceutics Bioanalytical Method
Validation; Guidance for Industry; U.S. Food and Drug Administration: Silver Spring, MD, USA, 2018.

Stanford, K.; Schwartzkopf-Genswein, K.S.; Meléndez, D.M.; Ngo, S.; Harding, M.; McAllister, T.A.; Schatzmayr, D.; Swift, M.L,;
Blakley, B.; Ribeiro, G.O. Effects of Heating, Pelleting, and Feed Matrix on Apparent Concentrations of Cereal Ergot Alkaloids in
Relation to Growth Performance and Welfare Parameters of Backgrounding Beef Steers. Toxins 2022, 14, 580. [CrossRef]
Directive 2002/32/EC of the European Parliament and of the Council of 7 May 2002 on Undesirable Substances in Animal Feed.
Available online: http://data.europa.eu/eli/dir/2002/32/2019-11-28 (accessed on 11 April 2024).

EFSA FEEDAP Panel; Guido, R.; Aquilina, G.; Azimonti, G.; Bampidis, V.; Bastos, M.d.L.; Bories, G.; Chesson, A.; Cocconcelli, P.S.;
Flachowsky, G.; et al. Guidance on the Assessment of the Safety of Feed Additives for the Target Species. EFSA ]. 2017, 15, e05021.
[CrossRef]

Knapp, A.W.; Churchman, A. Cacao Shell and Its Use as an Accessory Fodder. |. Soc. Chem. Ind. 1937, 56, 29-33. [CrossRef]
Aplin, R.D.; Ellenberger, H.B. Effect of Feeding Cocoa Meal to Milking Cows; Vermont Agricultural Experiment Station: Burlington,
NJ, USA, 1927.

Curtis, P.E.; Griffiths, ].E. Suspected Chocolate Poisoning of Calves. Vet. Rec. 1972, 90, 313-314.

Welker, T.L.; Overturf, K.; Snyder, S.; Liu, K.; Abernathy, J.; Frost, J.; Barrows, E.T. Effects of Feed Processing Method (Extrusion
and Expansion-Compression Pelleting) on Water Quality and Growth of Rainbow Trout in a Commercial Setting. J. Appl. Aquac.
2018, 30, 97-124. [CrossRef]

Day, E.J.; Dilworth, B.C. Toxicity of Jimson Weed Seed and Cocoa Shell Meal to Broilers. Poult. Sci. 1984, 63, 466-468. [CrossRef]
[PubMed]

Emiola, I.A.; Ojebiyi, O.O.; Akande, T.O. Performance and Organ Weights of Laying Hens Fed Diets Containing Graded Levels of
Sun-Dried Cocoa Bean Shell (CBS). Int. ]. Poult. Sci. 2011, 10, 986-989. [CrossRef]

Olubamiwa, O.; Ikyo, S.M.; Adebowale, B.A.; Omojola, A.B.; Hamzat, R.A. Effect of Boiling Time on the Utilization of Cocoa Bean
Shell in Laying Hen Feeds. Int. J. Poult. Sci. 2006, 5, 1137-1139. [CrossRef]

Magistrelli, D.; Zanchi, R.; Malagutti, L.; Galassi, G.; Canzi, E.; Rosi, F. Effects of Cocoa Husk Feeding on the Composition of
Swine Intestinal Microbiota. J. Agric. Food Chem. 2016, 64, 2046-2052. [CrossRef] [PubMed]

Ayinde, O.E.; Ojo, V.; Adeyina, A.A.; Adesoye, O. Economics of Using Cocoa Bean Shell as Feed Supplement for Rabbits. Pak. ].
Nutr. 2010, 9, 195-197. [CrossRef]

Ogunsipe, M.H.; Ibidapo, I.; Oloruntola, O.D.; Agbede, ].O. Growth Performance of Pigs on Dietary Cocoa Bean Shell Meal.
Livest. Res. Rural. Dev. 2017, 29, 1-5.

Tiamiyu, L.O.; Okomoda, V.T.; Ogodo, ].U. Growth Performance of Clarias Gariepinus Fed Varying Levels of Sorghum Bicolor
Waste Meal. Int. ]. Aquac. 2016, 6, 1-7. [CrossRef]

Bamba, Y.; Ouattara, N.; Soro, Y.; Ouattara, A.; Yao, K.; Gourene, G. Evaluation of Production Efficiency of Nile Tilapia
(Oreochromis niloticus L.) Fed Diets Containing Crop Residues in Combination with Cocoa Bean Shell and Coconut Oil Cake in
Cote d’Ivoire. Livest. Res. Rural. Dev. 2014, 26, 8.

Soeharsono; Amin, M.; Cahyono, A. The Use of Cocoa Bean Waste as a Supplement in Male Bali Cattle Feeding. In Proceedings
of the International Seminar on Livestock Production and Veterinary Technology, Denpasar, Indonesia, 10-12 August 2016;
Indonesian Center for Animal Research and Development (ICARD): Kemang, Indonesia, 2017.

Campione, A.; Pauselli, M.; Natalello, A.; Valenti, B.; Pomente, C.; Avondo, M.; Luciano, G.; Caccamo, M.; Morbidini, L. Inclusion
of Cocoa By-Product in the Diet of Dairy Sheep: Effect on the Fatty Acid Profile of Ruminal Content and on the Composition of
Milk and Cheese. Animal 2021, 15, 100243. [CrossRef]

Adeloye, A. Efficiencies of Conversion of Some Lignocellulosic Waste Materials by Goats. Bioresour. Technol. 1992, 40, 167-169.
[CrossRef]

Renna, M.; Lussiana, C.; Colonna, L.; Malfatto, V.M.; Mimosi, A.; Cornale, P. Inclusion of Cocoa Bean Shell in the Diet of Dairy
Goats: Effects on Milk Production Performance and Milk Fatty Acid Profile. Front. Vet. Sci. 2022, 9, 848452. [CrossRef]

Ale, O.M.; Omotoso, O.B.; Fajemisin, A.N. Silage Characteristics, Nutrient Profiles and in Vitro Digestibility of Differently Ensiled
Theobroma Cacao Bean Shell Meals. Acta Fytotech. Zootech. 2023, 26, 1-7. [CrossRef]

Adamafio, N.A. Theobromine Toxicity and Remediation of Cocoa By-Products: An Overview. J. Biol. Sci. 2013, 13, 570-576.
[CrossRef]

Odunsi, A.; Onifade, A.; Longe, O. Effect of Alkali or Hot Water Treatment of Cocoa Bean Cake Fed to Broiler Finishers as Partial
Replacement for Dietary Groundnut Cake. Arch. Zootec. 1999, 48, 337-342.

Oduro-Mensah, D.; Ocloo, A.; Lowor, S.T.; Bonney, E.Y.; Okine, L.K.N.A.; Adamafio, N.A. Isolation and Characterisation of
Theobromine-Degrading Filamentous Fungi. Microbiol. Res. 2018, 206, 16-24. [CrossRef]


http://data.europa.eu/eli/reg/2003/1831/oj
https://doi.org/10.3390/toxins14090580
http://data.europa.eu/eli/dir/2002/32/2019-11-28
https://doi.org/10.2903/j.efsa.2017.5021
https://doi.org/10.1002/jctb.5000560202
https://doi.org/10.1080/10454438.2018.1433095
https://doi.org/10.3382/ps.0630466
https://www.ncbi.nlm.nih.gov/pubmed/6718300
https://doi.org/10.3923/ijps.2011.987.990
https://doi.org/10.3923/ijps.2006.1137.1139
https://doi.org/10.1021/acs.jafc.5b05732
https://www.ncbi.nlm.nih.gov/pubmed/26877143
https://doi.org/10.3923/pjn.2010.195.197
https://doi.org/10.5376/ija.2016.06.0020
https://doi.org/10.1016/j.animal.2021.100243
https://doi.org/10.1016/0960-8524(92)90204-B
https://doi.org/10.3389/fvets.2022.848452
https://doi.org/10.15414/afz.2023.26.01.1-7
https://doi.org/10.3923/jbs.2013.570.576
https://doi.org/10.1016/j.micres.2017.09.006

Toxins 2025, 17, 441 14 of 14

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Aromolaran, O.; Ogunsakin, FM. Degradation of Theobromine in Cocoa (Theobroma Cacao) by-Products by Fermentation with
Aspergillus Niger. S. Asian |. Res. Microbiol. 2019, 2, 1-6. [CrossRef]

Oduro-Mensah, D.; Ocloo, A.; Lowor, S.T.; Mingle, C.; Okine, L. K.N.A.; Adamafio, N.A. Bio-Detheobromination of Cocoa Pod
Husks: Reduction of Ochratoxin A Content without Change in Nutrient Profile. Microb. Cell Fact. 2018, 17, 79. [CrossRef]

Zhu, Y,; Hassan, Y.I; Lepp, D.; Shao, S.; Zhou, T. Strategies and Methodologies for Developing Microbial Detoxification Systems
to Mitigate Mycotoxins. Toxins 2017, 9, 130. [CrossRef]

Kobori, K.; Maruta, Y.; Mineo, S.; Shigematsu, T.; Hirayama, M. Polyphenol-Retaining Decaffeinated Cocoa Powder Obtained by
Supercritical Carbon Dioxide Extraction and Its Antioxidant Activity. Foods 2013, 2, 462—477. [CrossRef]

Kraft, S.K.; Kellner, F. Can Blockchain Be a Basis to Ensure Transparency in an Agricultural Supply Chain? Sustainability
2022, 14, 8044. [CrossRef]

Kongor, J.E.; Owusu, M.; Oduro-Yeboah, C. Cocoa Production in the 2020s: Challenges and Solutions. CABI Agric. Biosci.
2024, 5, 102. [CrossRef]

Di Lorenzo, C.; Colombo, E; Biella, S.; Stockley, C.; Restani, P. Polyphenols and Human Health: The Role of Bioavailability.
Nutrients 2021, 13, 273. [CrossRef] [PubMed]

EFSA Panel on Dietetic Products, Nutrition and Allergies (NDA); European Food Safety Authority (EFSA). Scientific Opinion
on the Substantiation of a Health Claim Related to Cocoa Flavanols and Maintenance of Normal Endothelium—Dependent
Vasodilation Pursuant to Article 13(5) of Regulation (EC) No 1924/2006. EFSA ]. 2012, 10, 2809-2829. [CrossRef]

Serra, V.; Salvatori, G.; Pastorelli, G. Dietary Polyphenol Supplementation in Food Producing Animals: Effects on the Quality of
Derived Products. Animals 2021, 11, 401. [CrossRef] [PubMed]

ISO 2591-1:1988; Test Sieving—Part 1: Methods Using Test Sieves of Woven Wire Cloth and Perforated Metal Plate. ISO: Geneva,
Switzerland, 1988. Available online: https://www.iso.org/standard /7569.html (accessed on 15 May 2025).

Reich, E.; Schibli, A. High Performance Thin-Layer Chromatography for the Analysis of Medicinal Plants; CIC Edizione Internazionale:
Genova, Italy, 2006.

Colombo, F; Di Lorenzo, C.; Petroni, K.; Silano, M.; Pilu, R; Falletta, E.; Biella, S.; Restani, P. Pigmented Corn Varieties as
Functional Ingredients for Gluten-Free Products. Foods 2021, 10, 1770. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.9734/sajrm/2018/v2i329265
https://doi.org/10.1186/s12934-018-0931-x
https://doi.org/10.3390/toxins9040130
https://doi.org/10.3390/foods2040462
https://doi.org/10.3390/su14138044
https://doi.org/10.1186/s43170-024-00310-6
https://doi.org/10.3390/nu13010273
https://www.ncbi.nlm.nih.gov/pubmed/33477894
https://doi.org/10.2903/j.efsa.2012.2809
https://doi.org/10.3390/ani11020401
https://www.ncbi.nlm.nih.gov/pubmed/33562524
https://www.iso.org/standard/7569.html
https://doi.org/10.3390/foods10081770

	Introduction 
	Results and Discussion 
	Development and Validation of the High-Performance Liquid Chromatography (HPLC) Method 
	Measurement of Theobromine and Caffeine by HPLC and Safety Considerations 
	Screening of Other Constituents of Nutritional Interest by High-Performance Thin-Layer Chromatography (HPTLC) 

	Conclusions 
	Materials and Methods 
	Materials 
	Samples, Particle Size Determination, and Extraction Method 
	High-Performance Thin-Layer Chromatography (HPTLC) 
	High-Performance Liquid Chromatography Coupled with Ultraviolet Detection (HPLC-UV) 
	Statistical Analysis 

	References

