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Abstract

The growing health consciousness of consumers has led to an increase in the consumption of artisanal chocolates, mainly
due to their recognized health benefits. However, processing steps such as fermentation and drying of cocoa beans can favor
the growth of ochratoxigenic fungi. This study aimed to assess the occurrence of ochratoxin A (OTA) in cocoa beans (pur-
chased from e-commerce and post-harvest processing) and bean-to-bar chocolates sold in Brazil. An HPLC-FLD method
was validated, with recovery values between 84 and 97% and limits of detection and quantification of 0.04 and 0.01 pg/
kg, respectively. OTA was detected in 30% of the cocoa bean samples studied (n=43), with values ranging from < 0.04 to
1.18 pg/kg. Regarding the bean-to-bar chocolates (n=62), the OTA concentrations ranged from < 0.04 to 1.11 pg/kg, with a
prevalence in semi-sweet and dark chocolates. Despite representing a growing market, to the best of our knowledge, this is
the first study to report OTA concentrations in bean-to-bar chocolates and Brazilian cocoa beans used to produce this type
of chocolate.
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Introduction

Bean-to-bar chocolate emerged in the 1990s in the United
States. It is made from dried and fermented cocoa beans
and can contain sugar, milk, fruits and nuts, and spices.
The cocoa beans used for its production are traceable and
controlled during all the processing stages [1]. However,
cocoa beans may be exposed to ochratoxigenic fungi during
harvesting, fermentation, drying, and storage [2]. Among
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the species that produce ochratoxin A, the literature cites
a diversity of species of the genus Aspergillus, responsible
for the contamination of ochratoxin A. The species isolated
from cocoa beans are A. carbonarius, A. niger, A. ochraceus,
A. meleus, and A. westerdjikiae [3,4], which can remain in
the chocolates produced with contaminated beans [5,6].

The consumption of OTA-contaminated food can cause
harmful effects on public health, as OTA is classified by
the International Agency for Research on Cancer (IARC) in
group 2B as a possible carcinogen [7]. Regulatory agencies
in Brazil and Europe have set limits of 10 ug/kg and 5 pg/
kg for cocoa products and chocolates, respectively [8] and
3 ug/kg for cocoa powder (EU, [9]). In addition, the FAO/
WHO expert committee on food additives (JECFA) has set
a provisional tolerable weekly intake (PTWI) of 112 ng/kg
bw for OTA [10].

The determination of OTA in food is carried out using
solvent extraction techniques with methanol and acetoni-
trile, solid phase extraction (SPE) with selective solvents,
as well as the use of immunoaffinity columns (IAC) [11,12],
SPE with non-selective solvents [13,14], and methods using
molecularly imprinted polymers (MIPs), as described by
Pichon & Combes [15]. OTA quantification is generally
performed using liquid chromatography with fluorescence
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detector (HPLC-FLD) [3,16], gas chromatography with elec-
tron capture detector (GC-ECD) [17], capillary electropho-
resis with laser-induced fluorescence detector (CE-LIF) [18]
and high-performance liquid chromatography-tandem mass
spectrometry (HPLC-MS/MS) [19,20].

Despite representing an expanding market [1,21], there
is still a gap in knowledge about the occurrence of OTA in
cocoa beans and bean-to-bar chocolates. Thus, this study
aimed to assess the occurrence of ochratoxin A in the bean-
to-bar chocolate production chain. For that, 105 samples
were studied, comprising cocoa beans destined for the pro-
duction of artisanal chocolates, fermented and dried cocoa
beans from different processing stages, and bean-to-bar
chocolates available on e-commerce in Brazil. In addition,
the estimated intake of OTA for adults and children through
the consumption of these foods was determined.

Material and methods
Sampling

Cocoa beans were purchased from the main producing
regions in Brazil (Amazonas, Bahia, Espirito Santo and
Para), comprising e-commerce samples (n=21) and fer-
mented and dried samples from post-harvest processing
on farms located in Arataca-BA (n=14) and Mocajuba-PA
(n=28), in quantities ranging from 80 g to 2 kg of sample.
The bean-to-bar chocolate samples (n=62) produced with
cocoa beans of traceable origin from various regions of Bra-
zil (Amazonas, Amapa, Bahia, Espirito Santo, Para and Ron-
donia) were purchased via e-commerce. The chocolate bars
weighed between 25 and 100 g and some samples (n=11)
contained ingredients such as hazelnuts, bananas, coco-
nut milk, goat's milk, cashew nuts, coffee, peanuts, dates,
plant-based milk, and red fruits. The bean-to-bar chocolate
samples were classified according to the information on the
label as white chocolate, milk chocolate (40 to 56% cocoa
solids), semi-sweet chocolate (40 to 68% cocoa solids), and

Table 1 Composition of cocoa beans samples

dark chocolate (70 to 100% cocoa solids). The composition
of all samples is shown in Tables 1 and 2.

The samples were stored in sterile packaging and kept at
low temperatures in a dark environment until analysis.

Determination of ochratoxin A in cocoa beans
and bean-to-bar chocolate

OTA extraction was carried out using the method proposed
by Copetii et al. (2010), with modifications. Ten grams of
sample (chocolate bars and cocoa beans) were ground in a
mill (IKA, Staufen, Germany) and heated in a water bath at
65 °C for 10 min. Then, 200 mL of 3% (1:1 v/v) methanol:
sodium bicarbonate solution was added, and the mixture
was homogenized for 10 min at 10,000 rpm. The mixture
was filtered through qualitative paper and a glass microfiber
filter (Whatman, Maidstone, UK), and 20 mL of the filtered
extract was diluted in 20 mL of phosphate-buffered saline
with 0.01% Tween 20 (Sigma-Aldrich, St. Louis, USA).
The resulting solution was passed through an immunoaffin-
ity column (Ochraprep, R-Biopharm, Darmstadt, Germany)
at a flow rate of 2-3 mL/min. The column was washed
with 20 mL of purified water (Milli-Q, Merck-Millipore,
Darmstadt, Germany) and the OTA was eluted with 4 mL
(8 X500 pL) of methanol: acetic acid solution (98:02, v/v)
in an amber vial. The contents were evaporated at 40 °C
under a stream of nitrogen and resuspended in 0.4 mL of
mobile phase.

OTA was determined using high-performance liquid
chromatography (Agilent Infinity 1260, Santa Clara, USA),
with a fluorescence detector at 333 nm (Aex) and 477 nm
(Aem), using a C18 column 250 mm X 4.6 mm and 5 um par-
ticle size (Shimadzu Shim-pack, Tokyo, Japan). The mobile
phase consisted of methanol: acetonitrile: water: acetic acid
(35:30:34:01, v/v/v/v), at a flow rate of 1 mL/min. Quanti-
fication was carried out using a six-point analytical curve
(pg/mL), made from an OTA standard (Sigma-Aldrich, St.
Louis, USA). The injection volume was 100 uL for both the
analytical curve and sample extracts.

Origin of cocoa beans

Brazilian E-commerce

Amazonas (AM): Borba (n=2), Manicore (n=35), Nova Olinda (n=1)

Bahia (BA): Ibirapitanga (n=2), Itabuna (n=2), Itajuipe (n=1), Porto Seguro (n=2), not identified (n=3)

Espirito Santo (ES): Linhares (n=2)

Para (PA): Novo Repartimento (n=1)

Post-harvest processing

Arataca (BA, n=14): Fermentation day 1 (n=2), Fermentation day 2 (n=2), Fermentation day 3 (n=2),

Fermentation day 4 (n=2), Fermentation day 5 (n=2), Fermentation day 6 (n=2), Drying (n=3)

Mocajuba (PA, n=_8): Fermentation day 1 (n=1), Fermentation day 2 (n=1), Fermentation day 3 (n=1),
Fermentation day 4 (n=2), Fermentation day 5 (n=1), Fermentation day 6 (n=1), Drying (n=1)
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Table% Composition and main Chocolate sample ~ Cocoa beans origin Composition

ingredients of bean-to-bar

chocolate samples Main ingredients Cocoa

mass
(%)

AM1 Amazonas Blank chocolate -
AM2 (AM, n=10) Chocolate and coconut milk 40
AM3 Milk chocolate 40
AM4 Semi-sweet chocolate, cocoa nibs 65
AMS Dark chocolate 70
AM6 Dark chocolate 70
AM7 Dark chocolate 70
AMS8 Dark chocolate 70
AM9 Dark chocolate 81
AM10 Dark chocolate 100
AP1 Amapa Semi-sweet chocolate 40
AP2 (AP, n=2) Dark chocolate, cocoa nibs 70
BAl Bahia Milk chocolate 40
BA2 (BA, n=32) Milk chocolate 42
BA3 Semi-sweet chocolate and nutmeg 42
BA4 Semi-sweet chocolate 42
BAS Milk chocolate 45
BA6 Semi-sweet chocolate 45
BA7 Semi-sweet chocolate 50
BAS Milk chocolate 50
BA9 Milk chocolate 52
BA10 Chocolate and vegetal milk 54
BAI1l Chocolate, coconut milk and cashew nuts 55
BA12 Chocolate and goat milk 56
BAI13 Milk chocolate 56
BAI14 Semi-sweet chocolate 56
BAIS Semi-sweet chocolate 60
BAI16 Semi-sweet chocolate 65
BA17 Semi-sweet chocolate 67
BAI18 Semi-sweet chocolate 68
BAI19 Dark chocolate 70
BA20 Dark chocolate 70
BA21 Dark chocolate 70
BA22 Dark chocolate 70
BA23 Dark chocolate and xylitol 70
BA24 Dark chocolate and dates 70
BA25 Dark chocolate 70
BA26 Dark chocolate 70
BA27 Dark chocolate 70
BA28 Dark chocolate 70
BA29 Dark chocolate 70
BA30 Dark chocolate 75
BA31 Dark chocolate and coffee 75
BA32 Dark chocolate 100
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Table 2 (continued) Chocolate sample

Cocoa beans origin

Composition

Main ingredients Cocoa
mass
(%)

ES1 Espirito Santo (ES, n=12) Milk chocolate 40
ES2 Milk chocolate 40
ES3 Milk chocolate 40
ES4 Milk chocolate 40
ES5 Semi-sweet chocolate 40
ES6 Dark chocolate 70
ES7 Dark chocolate 70
ES8 Dark chocolate 70
ES9 Dark chocolate and dried banana 77
ES10 Dark chocolate 77
ES11 Dark chocolate and peanut 78
ES12 Dark chocolate 80
PA1 Para Blank chocolate and berries -
PA2 (PA, n=4) Semi-sweet chocolate 50
PA3 Dark chocolate 70
PA4 Dark chocolate 100
RO1 Rondonia Milk chocolate 55
RO2 (RO, n=2) Dark chocolate 70

Quality control and statistical analysis

The method was validated for accuracy (spiked experi-
ments), limit of detection (LOD), limit of quantification
(LOQ), linearity, and precision. The limits of detection
(LOD) and quantification (LOQ) were determined using
the equations: LOD =0+t.s and LOQ =10.s, where
s = standard deviation, t=tstudent for 99% confidence
[22]. Recovery tests were carried out at three levels (1.74,
4.36, and 10.89 ug/kg), covering the range of the calibra-
tion curve, and precision was assessed by the coefficient
of variation of seven analytical repetitions for each sam-
ple (AOAC, [23]). All results were analyzed by one-way
ANOVA and the Tukey test at a 95% confidence level (Sta-
tistica—StatSoft, Tulsa, EUA).

Exposure assessment

For the evaluation of the estimated exposure to OTA from
the consumption of bean-to-bar chocolates, the daily
intake of 15.75 g of chocolate [21], the standard body
weight (bw) of 60 kg for adults and 15 kg for children,
and the highest OTA level found in the samples (1.11 ug/
kg) were considered. The results of the estimated OTA
intake were compared to the tolerable weekly intake of
112 ng/kg bw [10].

@ Springer

Results and discussion

The extraction and quantification methods proved to be sat-
isfactory, with a complete separation of OTA into a well-
defined peak and a retention time of 10.76 min (Fig. 1). The
limits of detection and quantification were 0.04 and 0.10
pg/kg, respectively, and the analytical curves were consid-
ered linear (r>>0.9999). Recovery results were 84 to 95%
and 86 to 97% for cocoa beans and chocolates, respectively,
which are in agreement with AOAC ([23]) recommenda-
tions (60-115%). Coefficients of variation of between 13 and
15% were observed for cocoa beans and chocolate samples,
respectively. This variation is also in agreement with pro-
posed by AOAC ([23]) and INMETRO [22].

Presence of ochratoxin A in cocoa beans
from e-commerce

The results (mean and range) of ochratoxin A concentration
in the cocoa bean samples are shown in Table 3.

As can be seen in Table 3, 48% of the samples purchased
from e-commerce were positive for OTA, i.e., this myco-
toxin was found at levels above the LOD. Nonetheless, all
samples were found at safe levels according to the maximum
limits established for cocoa beans and cocoa powder by the
Brazilian [8] and European (EU, 2023) legislations: 10 pg/
kg and 3 pg/kg, respectively.
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Table3 OTA concentrations Origin Mesoregion  City Positive ~ Mean (range) (ug/kg)
(mean and range) of cocoa for OTA
beans from different Brazilian
regions E-commerce AM (n=8)  Borba (n=2) 1 0.25* (ND-0.50)
(n=21) Manicore (n=>5) 3 0.30* (ND-0.64)
Nova Olinda (n=1) 0 ND
BA (n=10) Ibirapitanga (n=2) 2 0.76* (0.34-1.18)
Itabuna (n=2) 2 0.58%(0.23-0.93)
Itajuipe (n=1) 1 0.91%
Not identified (n=3) 0 ND (ND-ND)
Porto Seguro (n=2) 1 0.33* (ND-0.66)
ES (n=2)  Linhares (n=2) 0 ND (ND-ND)
PA (n=1) Novo Repartimento (n=1) 0 ND
Post-harvest processing BA (n=14) Arataca (n=14) 2% 0.16* (ND-1.17)
(n=22) PA (n=8)  Mocajuba (n=8) 0 ND (ND-ND)

ND =not detected, OTA <0.04 pg/kg

*Drying stage

“Different letters in samples from the same origin indicate significant differences between cocoa beans
from different Brazilian regions (one-way ANOVA + Tukey test, p <0.05)

Cocoa beans from the regions of ES (Linhares), and PA
(Novo Repartimento) presented no OTA contamination. In
turn, the positive samples came from AM (50%) and BA
(60%) regions, which had the highest OTA concentrations:
0.64 pg/kg (Manicore), 0.66 pug/kg (Porto Seguro), 0.93 ug/
kg (Itabuna), and 1.18 pg/kg (Ibirapitanga). These results
are in line with the findings of Pires et al. [4], who reported
mean OTA concentrations of 0.67 pg/kg in 25% of the cocoa
bean samples studied (Bahia region) and Kulahi & Kabak
[24], who found between 0.22 and 1.08 pg/kg OTA in 25
samples from Turkey. Higher OTA concentrations were
reported by Calder6n et al. [25] when compared to the pre-
sent study, with levels between 2.32 and 4.77 pg/kg for 22
samples of cocoa beans from Chile. The presence of OTA

may be associated with the drying stage of cocoa beans,
which leads to a decrease in water activity (Aw) and the
restriction of the growth of bacteria and yeasts that compete
with toxigenic fungi. In our study, Aw ranged from 0.976
(fermented cocoa bean) to 0.622 (fermented and dried cocoa
bean).

Presence of ochratoxin A in cocoa beans
from post-harvest processing

In this study, cocoa beans from post-harvest processing for
the production of bean-to-bar chocolates were obtained from
two cocoa farms and subjected to the fermentation (6 days)
and drying stages, totaling 22 samples. The occurrence of
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OTA was detected in two samples (1.08 and 1.17 pg/kg),
both from the drying stage in the Arataca farm. Studies on
cocoa beans destined for conventional chocolate production
have reported higher OTA concentrations. Copetti et al. [3]
reported values of up to 5.54 and 4.64 pg/kg in cocoa beans
from the drying and storage stages. Dano et al. [26] studied
samples from the central, western, and southeastern regions
of Cote d'Ivoire, and reported the occurrence of OTA in 29
of the 51 samples studied, with values of 0.27 and 0.57 pg/
kg for the samples from the fermentation and drying stages,
respectively, with the highest levels between the 4th and
7th days of fermentation. In turn, Kedjebo et al. [27] found
levels of 3.63 and 2.21 pg/kg (4th and 7th days, respectively)
in cocoa beans from farms in Akoupe, Cote d'Ivoire, while
Delgado-Ospina et al. [28] found 188.9 pg/kg (6th day) in
cocoa beans from a farm in Valle de Cauca, Colombia, with
low mold counts (1.0+0.1 log CFU/g). The authors reported
that the presence of OTA in the samples from the fermenta-
tion stage is evident when favorable conditions are met, such
as water activity between 0.935 and 0.965 and temperatures
between 25 and 32 °C.

Presence of ochratoxin A in bean-to-bar chocolates

The results of ochratoxin A concentrations (mean and range)
of the bean-to-bar chocolate samples are shown in Table 4.

As shown in Table 4, 23% of the samples were posi-
tive for OTA, and the highest levels were observed for
the samples from BA (1.11 pg/kg) and ES (0.48 pg/kg) in
semi-sweet and dark chocolates, respectively. OTA was not

Table4 OTA concentrations (mean and range) of bean-to-bar choco-
lates from different Brazilian regions

Origin Positive for OTA Mean (range) pg/kg
AM (n=10) 2 0.035* (ND-0.19)
AP (n=2) 0 ND (ND-ND)

BA (n=32) 6 0.094* (ND-1.11)
ES (n=12) 5 0.11* (ND-0.48)
PA (n=4) 1 0.060* (ND-0.24)
RO (n=2) 0 ND (ND-ND)

Composition Positive for OTA Mean (range) ug/kg
White chocolate (n=2) 0 ND (ND-ND)

Milk chocolate (n=16) 3

Semi-sweet chocolate 3
(n=13)
Dark chocolate (n=31) 8

0.034* (ND-0.38)
0.13* (ND-1.11)

0.084 (ND-0.58)

Milk chocolate: 40-56% cocoa solids; Semi-sweet chocolate: 40-68%
cocoa solids; Dark chocolate: 70-100% cocoa solids; ND =not
detected. OTA <0.04 ng/kg

“Different letters in samples from the same origin or composition
indicate significant differences between bean-to-bar chocolates (one-
way ANOVA + Tukey test, p <0.05). (one-way ANOVA + Tukey test,
p<0.05)
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detected (LOD =0.04 pug/kg) in the samples from the AP and
RO regions. Concerning the different chocolate samples, the
highest mean levels were found for semi-sweet bean-to-bar
chocolate (0.13 pg/kg), followed by dark chocolate (0.084
pg/kg), milk chocolate (0.034 pg/kg), and white chocolate
(<0.04 pg/kg), which may be associated with the cocoa
solids content (Fig. 2). Similar behavior was reported by
Copetti et al. [29], who observed higher OTA concentrations
in cocoa powder (0.92 pg/kg), followed by dark chocolate
(0.87 pg/kg) and cocoa butter (0.60 pg/kg).

The occurrence of OTA in bean-to-bar chocolates is still
scarce in the literature. Concerning conventional chocolates,
Copetti et al. [29] reported OTA values similar to the present
study, ranging from 0.03 to 0.39 pg/kg for various products,
such as cocoa powder, cocoa butter, and conventional white,
milk, and dark chocolates. Chocolates made with ingredi-
ents such as oilseeds (hazelnuts, peanuts, among others)
have been studied by Kabak [6] and Calderén et al. [25] in
Turkey and Chile, respectively, with no positive results for
OTA. In the present study, only three samples of bean-to-
bar chocolates containing other ingredients were positive
for OTA, including milk chocolate with hazelnuts (0.43 pg/
kg), chocolate with dehydrated bananas (0.48 pg/kg), and
chocolate with coconut milk (0.16 pg/kg).

The OTA concentrations of the bean-to-bar chocolate
samples are in line with the maximum limits of 5 pg/kg and
3 pg/kg, respectively, established by the Brazilian [8] and
European (EU, 2023) legislations for chocolates.

Exposure assessment

To determine the estimated exposure of OTA from the con-
sumption of bean-to-bar chocolates, the weekly intake of
110.25 g for adults and children with standard body weight
(60 kg and 15 kg, respectively) and the highest OTA level
in the chocolate sample analyzed (1110 ng/kg—semi-sweet
chocolate) were considered, which were compared to the

1.40 -
1.20 -
1.00 -

0.80 -

0.60
0.40 -
0.20
0.00 -

White chocolate Milk chocolate Semi-s weet Dark chocolate
(n=2) (n=16) chocolate (n=13) (n=31)

OTA (ug/kg)

Bean-to-bar chocolate

Fig.2 Ochratoxin A levels in Bean-to-bar chocolates from Brazil
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provisional tolerable weekly intake of 112 ng/kg bw [10].
The results revealed safe dietary exposure, with contribu-
tions of 1.8 and 7.3% of the PTWI for adults and children,
respectively. In general, the results agree with the consensus
about the dietary intake of OTA, with cocoa contributing
between 5 and 6% of the total dietary exposure to OTA.
(Taniwaki et al., [30]).

However, it is worth mentioning that this estimate con-
siders a unique source of exposure (bean-to-bar chocolate),
while the diet of those individuals may contain other foods
with a positive occurrence of OTA, such as coffee, dried
fruits, and cereals, among others. Although Bean-to-bar
chocolate was considered safe for consumption, our research
team has previously reported higher levels of OTA in Bra-
zilian diet foodstuff. Black pepper samples from Brazil had
levels of OTA that ranged from 0.05 to 13.15 ug/kg, accord-
ing to Da Silva et al. [31]. The presence of OTA in artisanal
cheese was recently reported by Marcelao et al. [32], where
22% of samples had levels between 1.0 and 1000 ug/kg.
Therefore, it is important to monitor this contaminant to
ensure the safety of consumers.

Conclusions

Thirty percent of cocoa beans destined for the manufacture
of bean-to-bar chocolates evaluated in this study presented
OTA, with the highest levels observed for samples from the
AM (1.07 pg/kg) and BA (1.17 pg/kg) regions. Concern-
ing the stages of post-harvesting processing, in which con-
tamination with OTA has been identified as a predominant
problem, only samples from the drying stage exhibited posi-
tive results (1.08 and 1.17 pg/kg). Regarding the bean-to-bar
chocolates purchased from e-commerce, 23% of the samples
were positive for OTA, with the highest levels observed for
the chocolates produced with cocoa beans from BA (1.11
pg/kg) and ES (0.48 pg/kg). The highest occurrence of this
mycotoxin was found in the samples with cocoa solids con-
tents above 50% (semi-sweet and dark chocolate). Despite
representing a growing market, little data is available in the
literature on the occurrence of OTA in bean-to-bar choco-
lates. Therefore, monitoring this contaminant is necessary
to ensure consumer safety.
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