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A B S T R A C T

Noncommunicable diseases, the leading cause of mortality around the world, are responsible for approximately
75% of premature adult deaths (ages 30–69). To tackle this issue, a healthy diet based on functional foods,
including cocoa and its derivatives, has been increasingly promoted. The polyphenols present in cocoa have been
of interest due to their antioxidant potential and their possible protective role in the context of noncommunicable
diseases, such as diabetes and cardiovascular conditions. However, during cocoa postharvest and industrializa-
tion, the concentration of these bioactive compounds is reduced, possibly affecting their health-promoting
properties. Therefore, this paper reviews in the literature in this field to find the total polyphenol content in
cocoa during the postharvest and industrialization processes in order to define concentration ranges as a reference
point for future research. In addition, it discusses in vitro and in vivo studies into the biological antioxidant po-
tential of cocoa and its derivatives. This review covers publications in indexed databases from 2010 to 2020, their
data were processed and presented here using box plots. As a result, we identified the concentration ranges of
polyphenols depending on the type of matrix, treatment and country, as well as their relationship with the main
bioactive compounds present in cocoa that are associated with their possible antioxidant biological potential and
health-related benefits.
1. Introduction

According to the World Health Organization (WHO), non-
communicable diseases (NCDs), the leading cause of mortality world-
wide, were responsible for approximately 41 million deaths in 2016.
Importantly, the most common NCDs behind these deaths were cardio-
vascular disease, cancer, chronic respiratory diseases and diabetes [1].

Therefore, new strategies should be designed and implemented in
order to prevent, suppress, or mitigate the progression of NCDs. In this
context, plant-based compounds have been presented as an attractive
strategy to fight some of the mechanisms involved in disease onset and
development because they contain a large number of phytochemicals and
orm 26 March 2021; Accepted 4
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micronutrients, which have demonstrated different biological activities,
such as oxidative stress and inflammatory response regulation [2, 3].

A good example of a plant-based material with exceptional potential
for antioxidant capacity intervention is Theobroma cacao L. due to the
large group of phenolic compounds reported in cocoa. Although most
studies agree that they are flavanols (mainly epicatechin and catechin),
as well as flavonols (such as quercetin and some of its derivates), the
other compounds in the polyphenols group (such as anthocyanins, fla-
vanones, flavones and phenolic acids) are reported in trace concentra-
tions or not reported in most papers [4, 5, 6, 7]. Figure 1 shows the
chemical structure of the main phenolic compounds present in cocoa and
its derivatives reported in previous studies.
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Figure 1. Chemical structure of the main phenolic compounds present in cocoa and derivatives reported in previous studies [4, 8].
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Nonetheless, polyphenol content is greatly affected by factors such as
cocoa variety, postharvest treatments, industrialization steps and
different types of cocoa derivatives (chocolate, powder and cocoa liquor),
among others. Varieties such as Forastero are associated with a greater
concentration of polyphenols compared to the Criollo variety, which
presents a low content of anthocyanins. Further, some studies [9, 10]
have reported that less catechins are found in Criollo than in Upper
Amazon Forastero, Lower Amazon Forastero, Nacional and Trinitario
varieties.

Postharvest treatments such as fermentation (where pH levels and
temperature are modified) affect polyphenols’ stability, while also pro-
moting α-glucosidase activity. Glucosidase acts on the glycosidic bond
2

present in flavonoids, hydrolyzing them to aglycones and producing
sugars (such as arabinose and galactose), which are reactions that take
place primarily during embryo death [11, 12]. Further, (-)-epicatechin
has been reported to be one of the catechins most affected, after
pre-conditioning and fermentation, by oxidation and polymerization
reactions [13]. Simple flavonols suffer from degradation during drying
processes due to the action of polyphenol oxidase and migration during
water removal [14, 15].

Industrialization steps such as alkalinization of the nibs, liquor or
cocoa powder might promote polyphenol oxidization, resulting in a
lower flavanol content, where (-)-epicatechin, (þ)-catechin, and cate-
chin dimers are the most sensitive to degradation [10]. On the other



Figure 1. (continued).

M. Gil et al. Heliyon 7 (2021) e07738

3



M. Gil et al. Heliyon 7 (2021) e07738
hand, it has been reported that quercetin is the flavonol that undergoes
the greatest decrease during alkanization. Roasting is also a critical step
that affects polyphenols, specially flavonoids and catechins; its high
temperatures for long periods translate into a bitter taste that results
from the formation of insoluble compounds between flavonoids and
proteins, peptides, polysaccharides and products of the Maillard reac-
tion [16, 17, 18]. Further, roasting also promotes the epimerization of
(-)-epicatechin to (þ)-catechin [19].

Although the factors mentioned above decrease the polyphenol con-
tent in cocoa and its derivatives, other studies have demonstrated that,
even under these circumstances, with a low content of total polyphenols,
they have a protective effect due to their functional property of antiox-
idant capacity [20, 21, 22]. In addition, food synergy may be responsible
for the biological potential of cocoa derivatives, despite being subjected
to chemical and physical transformations that cause said decrease in
polyphenols [23].

However, demonstrating the effectiveness of the antioxidant capacity
of some foods or raw materials (such as cocoa and its derivates) on the
health of those who consume them requires more advanced studies that
go beyond reporting the total polyphenol content in the food. This is
because one of the biggest limitations of plant-based bioactive com-
pounds (e.g., polyphenols) to produce health-related benefits is the
complex mechanism that regulates their bioaccessibility and bioavail-
ability [24, 25]. Evidence has shown that the interaction of cocoa and its
derivatives with other xenobiotics and the food matrix, host-related
factors (such as genetic polymorphisms in xenobiotic-metabolizing en-
zymes), and the interplay with the intestinal microbiota are directly
involved in their bioaccessibility and bioavailability. Likewise, it has
been determined that polyphenols present low bioaccessibility and
bioavailability as approximately 5–10% are absorbed in the small in-
testine and the remaining portion is subjected to biotransformation by
gut microbiota, producing bioactive metabolites [25].

Therefore, this literature review covers the last decade of findings
about the in vitro and in vivo effects of polyphenols found in cocoa and its
derivatives in the context of their biological antioxidant potential.
Further, we report the range of concentration of total polyphenols and
antioxidant capacity in postharvest and industrialization steps, which
serves as a framework for future studies and the development of cocoa
and its derivatives with functional traits.

2. Methods

This literature review was conducted using the most comprehen-
sive databases in the fields of biomedicine and chemistry: Science
Direct, Springer, Taylor & Francis, Scopus and MDPI. We restricted
the search to articles published between 2010 and 2020 and used the
following search equation to find studies that included these terms in
the title and the abstract: cocoa AND antioxidant AND health AND
polyphenols.

These criteria were selected to find studies about different concentra-
tions of polyphenols in cocoa and its derivatives caused by postharvest and
transformation processes, and how polyphenols influence health. This
search resulted in a list of research papers concerning the antioxidant ca-
pacity of polyphenols, both in vitro and in vivo. The papers on combinations
of different extracts and purified compounds from cocoa, as well as mix-
tures with other plants, were outside the scope of this review.

Subsequently, we conducted a descriptive analysis to define the
ranges of concentration of polyphenols after each postharvest and
transformation stage using box plots and performed a data analysis in R
software version 2.9.2 (2009-08-24).

3. Results and discussion

The search equation was adjusted to relate the traceability of the
concentration of phenolic compounds in cocoa and its derivatives during
post-harvest and pre-industrialization with their antioxidant potential.
4

This resulted in a preliminary list of articles reporting total polyphenols,
epidemiological studies, and in vitro and in vivo analyses that have eval-
uated the effectiveness of their antioxidant capacity. A total of 256
research articles matched the search termswe used, but 121 of themwere
discarded because they were not original research articles or they eval-
uated the effects of multiple extracts or derivatives of cocoa or different
plant mixtures. A group of 72 research articles met all the criteria applied
here, as shown in Figure 2.

Table 1 summarizes the information we extracted from the studies,
such as country, matrix, type of postharvest treatment and trans-
formation process. It also reports the polyphenol concentrations, classi-
fied into subcategories, and their antioxidant capacity.

The results indicate that factors such as fermentation, drying, roasting
and industrialization processes affect the total polyphenol content (TPC)
in cocoa. Specifically, these processes reduce said content, which might
be caused by high processing temperatures and/or long processing times
that induce the degradation of polyphenolic compounds available in
cocoa components.

To highlight the features identified in different cocoa matrices,
Table 1 details their total quantity of polyphenols and antioxidant ca-
pacity, as well as the treatments they were subjected to. Such matrices
are raw, fermented, dry and industrialized cocoa (which includes cocoa
powder and chocolate).

3.1. Postharvest

3.1.1. Unfermented cocoa beans
The content of polyphenols in cocoa beans depends on the

geographical location, even though the same varieties are cultivated in
different regions [10]. For instance, a study in Colombia employed a
mixture of clones (CCN-51, ICS-1, FLE-2 and FEC-2) harvested and fer-
mented in Bajo Cauca, Urab�a and Magdalena Medio (which are sub-
regions in the same department). In that case, the unfermented cocoa
mixture with the highest polyphenol content was reported in Urab�a
(598.5 mg GAE/g), followed byMagdalenaMedio (311.6 mg GAE/g) and
Bajo Cauca (168.4 mg GAE/g) [12].

Polyphenol content is mostly influenced by cocoa intraspecies genetic
variability, growing region, level of maturity, weather conditions during
growth, harvest date and storage time after harvest; nevertheless, the
latter two were the same in the Colombian study mentioned above [63].
Sukha, Bharath, Ali, and Umaharan (2014) evaluated 20 clones of the ICS
variety in Trinidad and Tobago and found that harvest date has an effect
ten times that of clone type (harvested between 2006 and 2009) on
antioxidant capacity [43].

Polyphenols in cocoa beans are stored in the pigment cells of the
cotyledons, and, depending on the number of anthocyanins found on
those pigment cells also called polyphenol-storage cells their color varies
from white to deep purpure. It is known that polyphenols in cocoa beans
consist of catechins (33–42%), leucocyanidins (23–25%) and anthocya-
nins (5%). Anthocyanins are responsible for the typical purplish color of
unfermented beans, and, during bean fermentation, anthocyanins hy-
drolyze into a sugar and cyanidin, which results in reduced anthocyanin
content [64]. Studies into unfermented cocoa beans have identified two
main types of polyphenols: catechins and cinnamic acids (and their de-
rivatives). Caffeic acid and p-coumaric acid have been detected in the
tegument, given that this tissue exhibits a strong presence of cells with
lignified walls, and these acids are involved in lignin synthesis. On the
other hand, catechin and epicatechin are mainly found in the cotyledon,
specifically in big vacuolated polyphenolic cells [5, 65].

In addition, the storage process has an impact on the content of
phenolic compounds in raw cocoa beans. Pod storage time, i.e., the time
the pods are stored after harvesting but before splitting them, is usually
maximum 2 weeks. Pulp preconditioning causes reductions in the con-
tent of polyphenolic compounds; however, a study reported that 5, 10
and 15 days of pod storage did not have a significant effect on
(þ)-catechin [66]. Other authors suggest that cocoa pods should not be



Figure 2. Filters used in the search equation to select the articles for the literature review.
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stored for more than 7 days, since it could affect the fermentation process
and degrade polyphenols [67].

3.1.2. Fermented matrix
The content of several polyphenols in cocoa beans is associated

with the degree of fermentation [68]. In the postharvest processes,
oxidation reactions, both enzymatic and not enzymatic, have the
biggest impact on polyphenol reduction [10]. During the fermentation
period, polyphenol compounds such as anthocyanins are hydrolyzed
to anthocyanidins and sugars such as arabinose and galactose. In turn,
the sugars polymerize with catechins to form complex tannins. An-
thocyanins usually disappear during the fermentation process; there-
fore, anthocyanin content is employed as an indicator of the degree of
cocoa bean fermentation [10, 66]. Further, the color change of cocoa
beans is a sign of fermentation, caused by polyphenol oxidase, which
converts o-dihydroxyphenols to o-benzoquinones; this results in
browning, which affects both the flavor and the color of the product
[10, 66].

Given that raw cocoa beans are astringent due to the presence of
polyphenols and tannins, loss of bitterness and astringency occurs during
fermentation since polyphenols migrate out of the cotyledon and are then
oxidized [69].
5

Reduced polyphenol content during fermentation of raw cocoa beans
has been evidenced in the study by Prayoga, Murwani, and Anwar
(2013), where the polyphenol content and antioxidant properties of low-
quality cocoa beans were higher in unfermented (0.162 g GAE/g) than in
partially fermented (0.052 g GAE/g) samples [64].

Several mechanisms are commonly used to limit the effects of
fermentation on polyphenol content reduction, including techniques
such as water blanching, which inactivates polyphenol oxidase, thus
increasing polyphenol retention during fermentation [64]. Menon et al.
(2015) studied the effect of water blanching on polyphenol content using
two temperatures (80 �C and 90 �C) and three treatment times (5, 10 and
15 min). In their case, polyphenol retention was the highest (119.4 mg
GAE/g) when the blanching was performed at 90 �C for 5 min on a fresh
sample. Similarly, when they treated fermented beans, the highest
polyphenol retention occurred with blanching at 90 �C for 5 min (69.9
mg GAE/g), followed by the treatment at 90 �C for 10 min (65.4 mg
GAE/g) [37].

Another study evaluated the effects of fermentation on the total
polyphenol content and antioxidant activity of Trinitario cocoa beans
from Nicaragua [30]. Three degrees of fermentation were evaluated:
nonfermented, poorly fermented and fermented. As expected, the poly-
phenol content was lower in fermented (43 mg GAE/g) than in



Table 1. Articles selected for this literature review and the data they report about the total content of polyphenols, concentrations of protocatechuic acid and procyanidins, and antioxidant capacity.

Country Matrix Total Polyphenols
Content (mg GAE/g)

Protocatechuic acid Procyanidins Antioxidant capacity Ref.

Malaysia The mixed cocoa clones (PBM 123, BR 25, MCBC 1 and
MCBC 8)

21.8 1.68 mg/g catechin NR NR [26]

Costa Rica Madagascar Bean and husk (Two varieties of cocoa) 71.1 NR NR NR [27]

Venezuela Seed without mucilage 62.0 (þ)-catechin 0.96 � 0.08 mg/
g
(-)-epicatechin 33.4 � 0.95
mg/g

NR NR [5]

Seed with mucilage 80.0 protocathetic acid: 2.85 � 0.1
mg/g (þ)-catechin 1.21 �
0.06 mg/g
(-)-epicatechin 32.15 � 2.54
mg/g

NR NR

Malaysia Fresh unfermented cocoa beans - Fermented cocoa
beans

181.7 NR NR NR [28]

Mexico Fruits of 45 cacao accessions and one Pataste (T. bicolor)
accession and Criollo variety cacao crude FHSA03

6.85 NR NR 10.98 mmol TEAC/g db) [29]

Nicaragua Cacao beans of the same group (Trinitario)
nonfermented

115 NR NR 709 � 17 μM Trolox [30]

Spain Raw material: cocoa beans (cocoa butter) 0.0332 NR NR 5.82 � 0.4 AA, mg
Trolox/100 g dm DPPH

[31]

Mexico Raw material: cocoa beans (husk and cotyledon) 135.92 132,88 � 0,245 mg/g
epicatechin, 4,62 � 0,047
mg/g catechin

NR 0,0124 � 0,0017 DPPH mg/mL [32]

Croatia Raw materials: cocoa nibs 3.1318 56.82 � 1.93 mg GAE/L 6.62 � 0.20
proanthocyanidins mg CyE/L

9 mM Trolox ABTS [33]

Raw materials: cocoa beans 0.7364 172.27 � 7.78 mg GAE/L 58.73 � 1.96
proanthocyanidins mg CyE/L

9 mM Trolox ABTS

Madagascar Pure cocoa 32.5 NR NR 0.30 � 0.10 TE (μmol/g) DPPH [34]

Colombia - Bajo Cauca Mix of cocoa beans (FLE-2, FEC-2, ICS-1, CCN-51) 168.4 2.5 � 0.1 epicatechin (mg/g)
0.23 � 0.1 catechin (mg/g)

122460.80 � 13945.60 ORAC (TE/100g) [35]

Colombia - Uraba Mix of cocoa beans (FLE-2, FEC-2, ICS-1, CCN-51) 598.5 0.7 � 0.03 epicatechin (%
mg/g)

299486.33 � 19243.35 ORAC (TE/100g)

Colombia - Magdalena Medio Mix of cocoa beans (FLE-2, FEC-2, ICS-1, CCN-51) 311.6 0.8� 0.02 epicatechin (mg/g) NR 160941.87 � 675.59 ORAC (TE/100g)

Malaysia The mixed cocoa clones (PBM 123, BR 25, MCBC 1 and
MCBC 8) fermented with starter culture and dried.

69.81 6.33 mg/g catechin NR NR [26]

Malaysia Fermented cocoa beans were obtained from Malaysian
Cocoa Board

86.3 NR NR NR [28]

Malaysia Varieties of clones - fermented cocoa beans 3.4 NR NR NR [36]

Malaysia Varieties of clones - fermented cocoa beans. 67.1 NR NR NR

Malaysia Fresh and fermented cocoa beans 69.9 NR NR 97.9 DPPH inhibition (%) [37]

Malaysia Fresh and fermented cocoa beans 65.4 NR NR 65.2 DPPH inhibition (%)

Nicaragua Cacao beans of the same group (Trinitario) fermented 43 NR NR 124 � 4 μM Trolox [30]

Nicaragua Partially Fermented - cacao beans of the same group
(Trinitario) poorly fermented

56 NR NR 155 � 8 μM Trolox

Colombia - Bajo Cauca Mix of cocoa beans (FLE-2, FEC-2, ICS-1, CCN-51) 139.7 0.6� 0.03 (mg/g) epicatechin NR 95308.53 ORAC (TE/100g) [12]

Colombia - Uraba Mix of cocoa beans (FLE-2, FEC-2, ICS-1, CCN-51) 162.9 0.6� 0.09 (mg/g) epicatechin NR 40616.43 ORAC (TE/100g)

Colombia - Magdalena Medio Mix of cocoa beans (FLE-2, FEC-2, ICS-1, CCN-51) 226.6 0.5 � 0.0 (mg/g) epicatechin NR 129193.47 ORAC (TE/100g)

(continued on next page)
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Table 1 (continued )

Country Matrix Total Polyphenols
Content (mg GAE/g)

Protocatechuic acid Procyanidins Antioxidant capacity Ref.

Ecuador Fermented and dried cocoa - Unroasted cocoa beans 25.42 NR NR NR [38]

Colombia 37.66 NR NR NR

Ghana 25.21 NR NR NR

Dominican Republic 19.65 NR NR NR

Venezuela 10.34 NR NR NR

Peru 27.78 NR NR NR

Mbanga, Littoral, Cameroon Fresh cocoa beans fermented and dried control (DCB) 84 NR NR NR [39]

Pahang, Malaysia Mixed clone varieties of unfermented and dried cocoa
beans by adsorption drying

104 NR NR NR [40]

Pahang, Malaysia Mixed clone varieties of unfermented and dried cocoa
beans by vacuum oven

112 NR NR NR

Pahang, Malaysia Mixed clone varieties of unfermented and dried cocoa
beans by freeze drying

126 NR NR NR

Pahang, Malaysia Mixed clone varieties of unfermented and dried cocoa
beans by oven

94 NR NR NR

Malaysia Fermented and dried cocoa beans were obtained from
Malaysian
Cocoa Board

15 NR NR NR [28]

Ecuador Fermented and dried cocoa - variety Arriba Nacional 20 Epicatechin 1 mg/g, catechin
0.055 mg/g

NR 58 mg TE/g FRAP [41]

Ecuador Mature pods (the fruit of Theobroma cacao L.) from the
variety Arriba Nacional

60 Epicatechin 4.2 mg/g,
catechin 0.08 mg/g

NR 30 mg TE/g FRAP

Colombia Dried cocoa beans 70.1 3.562 � 0.016 epicatechin
(mg/g) 1.297 � 0.031
catechin (mg/g)

NR 61812 � 5042
(μmol TE/100 g). ORAC

[42]

Trinidad and Tobago Fermented, dried beans 0.081 NR NR NR [43]

Indonesia Unfermented and dried 0.052 NR NR 1160.7 ppm DPPH

Indonesia Partially fermented and dried cocoa beans 0.162 NR NR (250 ppm) DPPH

Colombia Unfermented dried cocoa 37.31 0.215 � 0.018 catechin mg/g
8.256 � 0.015 epicatechin
mg/g

NR 351.41 � 10.98 DPPH μmol/g
44.00 � 0.08 FRAP mg/g
19.00 � 1.73 mg/g O2
2873.58 � 141.40 ORAC μmol/g

[44]

Colombia Fermented and dried cocoa 50.2 0.023 � 0.004 catechin mg/g
3.336 � 0.031 epicatechin
mg/g

NR 325.48 � 16.72 DPPH μmol/g
42.37 � 0.52 FRAP mg/g
24.37 � 0.42 mg/g O2
2096.56 � 84.51 ORAC μmol/g

Ecuador Roasted cocoa beans 22.92 NR NR NR [38]

Colombia Roasted cocoa beans 37.81 NR NR NR

Ghana Roasted cocoa beans 18.43 NR NR NR

Dominican Republic Roasted cocoa beans 18.23 NR NR NR

Venezuela Roasted cocoa beans 9.96 NR NR NR

Mbanga, Littoral, Cameroon Fresh cocoa beans fermented and dried and 5 min
roasted in oven (DORCB 5)

82 NR NR NR [39]

Mbanga, Littoral, Cameroon Fresh cocoa beans fermented and dried and 5 min
roasted traditional (DTRCB 5)

78 NR NR NR

Mbanga, Littoral, Cameroon Fresh cocoa beans fermented and dried and 10 min
roasted in oven (DORCB 10)

83 NR NR NR

Mbanga, Littoral, Cameroon Fresh cocoa beans fermented and dried and 10 min
roasted traditional (DTRCB 10)

63 NR NR NR

(continued on next page)
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Table 1 (continued )

Country Matrix Total Polyphenols
Content (mg GAE/g)

Protocatechuic acid Procyanidins Antioxidant capacity Ref.

Brazil Cocoa liquor 28.5 NR NR 7957 � 589 (μmol TE/100 g dm) DPPH,
45193 � 272 (μmol TE/100 g dm) ORAC.

[45]

Dominican Republic,
Sao Tome

Cocoa liquors from Criollo and Forastero with a different
proportion of:
A: Raw (unroasted)
B: Roasted cocoa beans
- 0% of cocoa liquor A and 100% of cocoa liquor B
(cocoa liquor for the production of the
CH0 chocolate)

8.4 (þ)-catechin 0.0215� 0.0002
mg/g
(-)-epicatechin: 1.9231 �
0.0201 mg/g

procyanidin B2 1.9104 �
0.0805 mg/g
procyanidin C1 1.1420 �
0.012 mg/g

537 � 15 μM TE/g [46]

Cocoa liquors with a different proportion of:
A: Raw (unroasted)
B: Roasted cocoa beans
- 25% of cocoa liquor A and 75% of cocoa liquor B (the
mixture of cocoa liquors intended for the production of
the CH25 chocolate)

13.6 (þ)-catechin 0.0233� 0.0003
mg/g
(-)-epicatechin 4.1371 �
0.0503 mg/g

procyanidin B2 2.8056 �
0.0613 mg/g
procyanidin C1 1.6265 �
0.0415 mg/g

961 � 28 μM TE/g

Cocoa liquors with a different proportion of:
A: Raw (unroasted)
B: Roasted cocoa beans
- 50% of cocoa liquor A and 50% of cocoa liquor B (the
mixture of cocoa liquors intended for the production of
the CH50 chocolate),

13.6 (þ)-catechin 0.0254� 0.0001
mg/g
(-)-epicatechin 5.3563 �
0.0197 mg/g

procyanidin B2 2.8818 �
0.0343 mg/g
procyanidin C1 1.8439 �
0.0202 mg/g

735 � 11 μM TE/g

Cocoa liquors with a different proportion of:
A: Raw (unroasted)
B: Roasted cocoa beans
- 75% of cocoa liquor A and 25% of cocoa liquor B (the
mixture of cocoa liquors intended for the production of
the CH75 chocolate),

13.5 (þ)-catechin 0.0273� 0.0003
mg/g
(-)-epicatechin 5.5374 �
0.0478 mg/g

procyanidin B2 3.2236 �
0.0301 mg/g
procyanidin C1 1.9145 �
0.0278 mg/g

719 � 10 μM TE/g

Cocoa liquors with a different proportion of:
A: Raw (unroasted)
B: Roasted cocoa beans
- 100% of cocoa liquor A and 0% of cocoa liquor B
(cocoa liquor intended for the production of the CH100
chocolate).

10.7 (þ)-catechin 0.0187� 0.0002
mg/g
(-)-epicatechin 3.6170 �
0.0522 mg/g

procyanidin B2 2.1014 �
0.0106 mg/g
procyanidin C1 1.2587 �
0.0199 mg/g

590 � 14 μM TE/g

Turkey Cocoa beans and alkalized 8.8 catechin 2.595 � 0.0032 mg/
g epicatechin 1.9782 �
0.1562 mg/g

1.1102 � 0.1241 Dimer B2
(mg/g), 0.2567 � 0.0154
Trimer C1 (mg/g)

143.51 � 20.80 H-ORAC (μmol TE/g),
5.50 � 0.65 L-ORAC (μmol TE/g) 149.01
TAC (μmolTE/g)

[47]

Cocoa beans and alkalized 2.9 catechin 0.1264 � 0.0067
mg/g epicatechin 1.46 �
0.1021 mg/g

0.9890 � 0.1052 Dimer B2
(mg/g), 0.1358 � 0.0125
Trimer C1 (mg/g)

191.0 � 16.01H-ORAC (μmol TE/g), 4.95
� 1.10 L-ORAC (μmol TE/g) 195.95 TAC
(μmol TE/g)

Croatia Cocoa products: cocoa liquor 2.3 (-)-epicatechin: 0.998� 0.140
mg/g

procyanidin B2: 0.413 �
0.022 mg/g

NE [48]

Serbia Eleven different commercial cocoa powders, 6 non-
alkalized (natural) and 5 alkalized

41.55 mg GAE/g in
natural cocoa powder

Total flavonoids
27.64 � 0.47 (mg CE/g) in
natural cocoa powder

Total procyanidins (PA)
8.51 � 0,95 (mg CyE/g) in
natural cocoa powder

8.51 � 0.95 PA (mg CyE/g)
352.8 � 9.9 DPPH (μM TE/g)
454.7 � 2.1 FRAP (μM TE/g)
262.3 � 9.03 ABTS (μM TE/g)

[49]

Serbian Twelve different commercial dark, milk chocolates and
dark chocolate samples with added raspberries

35.4 63.3 � 5.2 TFC (μmol CE/g)
1.217 � 0.008 epicatechin
(mg/g) 0.666 � 0.018
catechin (mg/g)

7.07 � 0.44 PAC (mg CyE/g) NR [50]

Spain Cocoa product rich in fiber (containing 33 ⋅ 9% of total
dietary fiber (TDF) and 13⋅9 mg/g of soluble
polyphenols) in milk.

13.9 NR NR NR [51]

(continued on next page)
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Table 1 (continued )

Country Matrix Total Polyphenols
Content (mg GAE/g)

Protocatechuic acid Procyanidins Antioxidant capacity Ref.

Spain A cocoa product rich in cocoa fiber (CP) has been
produced from cocoa husks

12.4 (þ)-catechin 0.26025 mg/g
(-)-epicatechin 1.152 mg/g

procyanidin B2 0.9135 mg/g
Total pro-anthocyanidins
10.6425 mg/g

NR [52]

Spain 40g of cocoa powder with 500 mL of skimmed milk 9.4 NR NR NR [53]

Italy Commercial cocoa powder 9.3 NR NR NR [54]

Italy After production (t0) and stored in their own packages
in an air-conditioned room at 21þ/-2 �C and 65%
Relative Humidity (RH) for eighteen months

2.1 NR NR NR [55]

Chocolate milk (M) 0.6 NR NR NR

Chocolate gianduja (G) 1.0 NR NR NR

Chocolate with cocoa mass in solid form (CM) 2.1 NR NR NR

Chocolate with cocoa powder 22–24 (�C) 7.3 NR NR NR

Chocolate with hazelnut paste (HP) 0.3 NR NR NR

Ecuador Roasted cocoa beans came from the 2014 harvest and
were submitted for testing by one of the chocolate
producers in Poland

36.09 NR NR NR [38]

Colombia 40.55 NR NR NR

Ghana 24.56 NR NR NR

Dominican Republic 25.31 NR NR NR

Venezuela 9.10 NR NR NR [38]

Peru 32.13 NR NR NR

Pahang, Malaysia Commercially available dark chocolate in tablet (cocoa
solids >85%, cocoa mass, fat-reduced cocoa, cocoa
butter, sugar, and vanilla)

5.79 NR NR NR [56]

Italy Chocolate bars with different concentrations of stevia 31.5 NR NR 329 � 29 μMol TE/g [57]

Italy Commercial dark 8.1 0.34 � 0.08 mg QE/g total
flavonoid content

NR 3.62 � 0.09 DPPH (mgTEAC/g) [58]

Commercial dark 16.4 0.74 � 0.02 mg QE/g total
flavonoid content

NR 3.58 � 0.03 DPPH (mgTEAC/g)

Serbian Commercial dark 7.2 11.3 � 0.9 TFC (μmol CE/g)
0.181 � 0.018 epicatechin
(mg/g) 0.057 � 0.012
catechin (mg/g)

0.181 � 0.018 PAC (mg CyE/
g)

NR [50]

Commercial dark 12.7 24.4 � 0.6 TFC (μmol CE/g)
0.229 � 0.037 epicatechin
(mg/g) 0.151 � 0.039
catechin (mg/g)

3.68 � 0.03 PAC (mg CyE/g) NR

Croatia Chocolate samples were produced in semi-industry
conditions - chocolate 1

11.3 0.62 � 0.04 mg/g
(-)-epicatechin 0.06 � 0.00
mg/g (þ)-catechin

0.74 � 0.06 procyanidin B2, 19 μmol Trolox/g DPPH
80 μmol Trolox/g ABTS

[59]

Chocolate samples were produced in semi-industry
conditions - chocolate 4

11.3 0.54 � 0.03 (-)-epicatechin
<LOD (þ)-catechin

0.52 � 0.03 procyanidin B2, 10 μmol Trolox/g DPPH
60 μmol Trolox/g ABTS

Chocolate samples were produced in semi-industry
conditions - chocolate 2

8.3 0.28 � 0.01 mg/g
(-)-epicatechin < LOD
(þ)-catechin

0.43 � 0.02 procyanidin B2, 21 μmol Trolox/g DPPH
80 μmol Trolox/g ABTS

Venezuela Dark chocolate (45 %) 101.5 NR NR 3.06 � 2.25 μmol Trolox/g* [60]

Dark chocolate (70 %) 152.3 NR NR 3.95 � 2.80 μmol Trolox/g*

Milk chocolate 89.7 NR NR 1.93 � 0.51 μmol Trolox/g*

White chocolate 4.4 NR NR 0.023 � 1.62 μmol Trolox/g*

(continued on next page)
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nonfermented samples (115 mg GAE/g). In addition, according to the
studies that reported the epicatechin content (shown in Table 1), the
fermentation process decreases the concentration of this monomer with
respect to raw cocoa, reducing it from maximum 132.15 mg/g to 0.6
mg/g. As stated before, this polyphenol content loss is associated with
oxidation and condensation reactions of single polyphenols to insoluble
complex tannins that interact with proteins. Furthermore, nonenzymatic
processes such as Maillard reactions take place during fermentation and
browning, which involve the reduction of sugars and the amino groups of
proteins to produce brown polymeric compounds [30].

Finally, other authors have reported that, after 60 h of fermentation,
the total polyphenol content decreases up to 24%; and, after eight days,
this content is further reduced by up to 58% [70]. Specifically, epi-
catechins and soluble polyphenols are reduced by 10% and 20%,
respectively [71].

3.1.3. Dried matrix
Drying is a decisive step to guarantee the quality of cocoa in terms of

sensorial, chemical and microbiologic properties. The main objective of
the drying process is to reduce the moisture content down to 7–8%. If
moisture is higher than that, it could result in microbial contamination
(e.g., fungi); if it is lower, sensory qualities are reduced because the
product is more susceptible to fissures, compounds affecting aroma and
flavor are lost, and its commercial value is reduced given its dependence
on grain weight [72].

Upon harvesting, cocoa farmers use the sun and hot air to dry cocoa
beans and achieve the desired degree of moisture in the final product [28,
36]. The drying process ensures various chemical and biochemical
changes that are necessary to complete the oxidative stage of fermenta-
tion and thereby reduce astringency, bitterness, and acidity, while
enhancing flavor development and the brown color associated with
well-fermented beans. Likewise, flavor and aroma precursors are also
produced in the subsequent roasting process [36, 69].

Sun drying is known to be the best method for flavor development,
but it has several drawbacks, such as long drying time. Additionally, the
high temperatures reached with this method greatly affect aroma
profiling, since most aroma precursor compounds—that must follow
specific chemical reactions—are sensitive to temperature. Further, sun
drying results in heterogeneous quality during the rainy season [73].

During the drying process, polyphenols in cocoa beans degrade due to
complex reactions (known as browning) and thermal effects. However,
although polyphenols do degrade during drying, the remaining traces
still give cocoa products an astringent taste after processing [36]. While
drying reduces polyphenol oxidase activity (only 2% of polyphenol
degradation is attributable to enzymatic processes), oxidation and poly-
merization reactions still occur, confirming the presence of
non-enzymatic oxidation reactions of phenolic compounds. The loss of
polyphenols is also attributed to the migration of these compounds due to
water evaporation [10].

Abhay et al. (2016) studied the effects of high temperature and long
exposure times on cocoa polyphenols during drying. They found that
the highest retention of polyphenols occurred at 70 �C, in contrast with
the other temperatures they evaluated (60 �C and 80 �C). Moreover, the
loss of polyphenols at high temperatures was caused by thermal
degradation of volatile phenolic constituents, whereas degradation at
low temperatures was mainly attributed to enzymatic degradation
mechanisms [36]. In a similar study, Teh et al. (2016) evaluated poly-
phenol degradation kinetics. They proposed a first-order reaction ki-
netics model to describe the polyphenol degradation process, in which
the activation energy (9 kJ/mol) is much lower than the energy barrier
for moisture diffusion (11.8 kJ/mol). In addition, they compared the
degree of retention of polyphenols in a hot air drying system with sun
drying and found that—with respect to fresh samples—retention in the
former system was in the 8.3–23.2% range, whereas in the latter it was
11.4%–23.2% [28].
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Finally, epicatechin the most abundant compound in the catechins
family, is found in high quantities in fresh cocoa seeds, and, by the end of
the cocoa fermentation and drying processes, epicatechin concentration
is reduced by ~75% [41]. The studies reviewed here have reported
concentrations of epicatechin in countries such as Colombia and Ecuador,
where its values have been between 8,256 mg/g and 1 mg/g in unfer-
mented dry samples and in fermented dry cocoa, respectively, which
highlights the effect of fermentation on the loss of this compound. The
same behavior has been observed regarding anthocyanins, which are
affected by the fermentation and drying process, as verified in two
studies carried out in Colombia. In the first one, the authors used the
ICS-1 clone, and the total anthocyanin content decrease from 1.26 �
0.045 mg/g to 1.05 � 0.021 mg/g. The second study investigated a
mixture of clones in three regions and reported an average decrease of
67.2 � 0.01%; in that case, the greatest change occurred from 2.63 �
0.12 to 0.84 � 0.04 [44,74]. Monitoring the anthocyanin concentration
in the clone mixture, it was observed that between 72 and 96 h of
fermentation and optimal conditions (45 �C and a pH between 3.8 and
4.5) produced the greatest advance in hydrolysis of anthocyanins. This
was probably due to the action of glucosidase enzymes causing the
breaking of the glycosidic bond of the twomain fractions of anthocyanins
present in cocoa (i.e., cyanidin-3-O-galactoside and cyanidin-3-O-ar-
abinoside), which are hydrolyzed to anthocyanidins. This decrease in
anthocyanins, is associated with a color change (decrease in violet)
throughout postharvest, is a practical indicator for producers, allowing
them to visually differentiate the stage of fermentation.

3.2. Industrialization

3.2.1. Roasted matrix
Cocoa roasting is a decisive step in aroma development due to the

interaction of flavor precursors resulting from fermentation. Good
roasting prevents sensorial defects such as bitter, acidic, astringent and
nutty flavors. Nonetheless, in this process, nutrients and functional
compounds responsible for health benefits (e.g., polyphenols) are lost,
and the thermic contaminants such as acrylamide are generated [58].
Moreover, roasting can promote lipid oxidation and non-enzymatic
browning, which greatly depend on the operation parameters used dur-
ing this step and the composition of cocoa, both dried and fermented
[37].

Urb�anska and Kowalska (2019) reported polyphenol contents in
chocolate prepared with roasted cocoa beans from five countries. The
Colombian sample had the highest polyphenol content (37.81 mg/g
product), whereas the lowest value was reported in Venezuelan cocoa
(9.96 mg/g product) [38]. These differences might be attributed to high
genetic variability because Colombian varieties present intercrossing
(e.g., Forastero/Amazonian and Trinitario clones) [40], while Ven-
ezuelan cocoa comes from varieties such as Criollo and Arriba, charac-
terized by a low polyphenol content [59]. Polyphenol presence in roasted
and unroasted beans employed for chocolate production varies from re-
gion to region. These chocolates are characterized by their great ability to
scavenge stable DPPH radicals. Although unroasted cocoa from Ghana
showed the best DPPH results, the effects of roasting change in different
regions. Venezuelan cocoa was the least affected by roasting, since its
ability to scavenge stable DPPH radicals diminished only 1% from
unroasted to roasted beans; in turn, the DPPH scavenging ability of
Colombian cocoa was reduced by 1.7%. Overall, these author showed a
correlation between polyphenol concentration and DPPH scavenging
ability (r ¼ 0,86) by evaluating roasted cocoa employed in chocolate
production.

Gültekin-€Ozgüven et al., (2016) evaluated the effects of roasting
temperature on total polyphenol content. They found that an increase
from 115 �C to 135 �C in roasting temperature decreased the polyphenol
content by ~14% and reduced the flavonoid content as well. Both
polyphenols and flavonoids have a strong correlation with antioxidant
11
capacity (R2 ¼ 0.83 and R2 ¼ 0.80, respectively), confirmed by a
reduced antioxidant capacity by both ORAC and DPPH [45]. Similarly,
Jolic et al., (2011) reported a reduction in total polyphenols of up to 10%
during roasting. Furthermore, roasting also reduces the presence of
catechin, epicatechin, dimer B2 and Trimer C1; by contrast, the con-
centration of (-)-catechin, increases, possibly due to the epimerization of
(-)-epicatechin [75]. However, in the articles retrieved in this study using
the search equation detailed above do not report catechin concentration
individually, which could confirm the effect of roasting on the reduction
of its content.

Tonfack et al. (2018) evaluated the effects of cocoa roasting time and
method on polyphenol concentration. Interestingly, cocoa roasting time
affects total polyphenol concentration depending on the method. For
instance, when traditional roasting was used (cooking pot at 200–220 �C)
and the time was increased from 5 to 10 min, the polyphenol concen-
tration was reduced by 19.2%, possibly due to the volatilization of low
molecular weight polyphenols. Conversely, the same time increase in a
controlled roasting (oven at 180 �C) reduced the polyphenol content by
only 1.2% [39].

3.2.2. Cocoa liquor matrix
Cocoa liquor is the most important intermediate product in the cocoa

industry. Such liquor is made of selected grains, which are husked,
roasted, ground and refined. This implies physical disintegration for size
reduction, sieving for separation of particular solids, and final tempering
before packing. These tasks affect the composition and, according to the
studies reported in Table 1, the total polyphenol content in cocoa liquor.

_Zy _zelewicz et al., (2018) reported a relationship between antioxidant
capacity, total polyphenol quantity and the concentration of some of the
compounds (e.g., catechins, procyanidins, and flavonol glycosides) in a
mixture of Criollo and Forastero cocoa liquor prepared at different ratios
with and without roasting (see below). As stated above, there is a sig-
nificant reduction in total polyphenol content when the grains are
roasted, (e.g., in cocoa liquor), which is caused by processes such as
polyphenol precipitation after interaction with proteins, polymerization
or hydrolysis. Nevertheless, in their study, polyphenol content was not
significantly affected by the different roasted:unroasted cocoa ratios (i.e.,
75:25, 50:50 and 25:75); instead, there was a higher polyphenol content
when they used unroasted cocoa only, as expected [46]. Particular
compounds were individually affected, however, the concentration of
compounds such as flavan-3-ols [(þ)-catechin and (-)-epicatechin]
decreased when the proportion of roasted cocoa increased, possibly due
to the non-enzymatic oxidation of these compounds to o-quinones, fol-
lowed by the condensation with other polyphenols and polymerized
substances, as well as epicatechin epimerization to catechin. As result,
the content of epicatechin ranged between 1.9231 and 5.5374 mg/g and
that of catechin, between 0.0187 and 0.0273 mg/g. However, the pro-
cyanidins they evaluated showed the highest concentrations in the
roasted/unroasted mixtures. With respect to flavonols, the maximum
concentration was obtained with a 25:75 roasted:unroasted ratio,
whereas the lowest concentration was achieved using roasted cocoa only.
Finally, in terms of antioxidant capacity, they suggested a 25:75 roast-
ed:unroasted mixture, which showed the highest ORAC value, for future
formulations that maximize their functional properties.

The impact of the industrialization process on the flavanol content is
evident in studies on cocoa at different postharvest and transformation
stages. Komes et al. (2011) reported fermented cocoa beans with a value
of flavan-3-ols of 113.12 � 5.76 mg/L, and cocoa nibs obtained by a
drying process with a value of 11.92� 0.82 mg/L [33]. In another study,
dried beans from different cocoa-growing areas in Colombia presented a
quantity of flavan-3-ols equal to 11.240 � 0.825 mg/g [42]. Other au-
thors have compared the flavanol content in processed products such as
chocolate (quercitin-3-O-arabinosid 0.0704 mg/g and quercitin-3-O--
glucoside 0.0757 mg/g), revealing a significant degradation of flavanol
during roasting [46].



M. Gil et al. Heliyon 7 (2021) e07738
Belscak-Cvitanovic et al. (2012) studied different cocoa matrices
and chocolate from Croatia. They found a strong correlation be-
tween polyphenol content, specifically of flavan-3-ols (epicatechin
and procyanidin B2), and antioxidant capacity in cocoa products
that have a high content of non-fat cocoa solids (NFCS). Cocoa li-
quor and dark chocolate, which have a high content of NFCS,
exhibited the most potent cytotoxic effects, as well as antioxidant
properties at higher concentrations; nevertheless, these values are
low compared to those in the study mentioned in the previous
paragraph [48].
Figure 3. Box plots of ranges of total polyphenols present in the matrices, (a) unferme
(g) chocolate matrices classified by the location where the study was conducted.
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3.2.3. Cocoa powder matrix
Cocoa powder can be employed as raw material, and, interestingly,

it can be submitted to an alkaline treatment (also known as Dutching).
This alkaline treatment is applied until a neutral or basic pH is achieved
in order to reduce the acidity and bitterness of cocoa, while also
increasing its solubility. Although said treatment also improves some
sensory descriptors (such as the intense chocolate flavor and color in
the final products), it has been shown to reduce the total polyphenol
content, which is why natural cocoa powder is more commonly
employed in research for commercial purposes. Todorovic et al. (2017)
nted, (b) fermented, (c) dried, (d) roasted, (e) cocoa liquor, (f) cocoa powder and
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evaluated 11 cocoa powder samples (6 alkalinized and 5 natural) and
established that on average there was a 45.5% reduction in total
polyphenol content in the alkalinized powder versus its natural coun-
terpart. Furthermore, they determined a relative antioxidant capacity
index using ABTS, DPPH and FRAP, finding the highest correlation
with polyphenol total content among the studies in this review (0.929
� r � 0.957, P < 0.01) [49].

Three studies conducted in Spain examined the effect of total poly-
phenols present in cocoa powder on the reduction of risk of some car-
diovascular pathologies, such as hypercholesterolemia, high HDL
cholesterol, and low LDL levels [49, 50, 60]. Khan et al. (2012) investi-
gated compounds such as protocatechuic acid, procyanidins, and cin-
namic acids and their derivatives in cocoa powder, where they found a
high content of pro-anthocyanidins and vanillin compared to other
matrices described in Table 1 [52].

3.2.4. Chocolate
Torri et al. (2017) compared seven chocolate samples processed in

Italy and sweetened with various extracts. Some samples were sweetened
with crude Stevia rebaudiana (Bertoni) extract, which contains poly-
phenols (76.6 mg/g product); while others were sweetened with Ste-
vioside, which contains a low concentration of polyphenols (0.8 mg/g
product) and maltitol. Among the seven chocolate samples analyzed in
their study, no significant differences were observed in terms of phenol
and flavonoid content, although some contradictory values were re-
ported regarding ORAC (see Table 1). This apparent contradiction might
be explained by the occurrence of interactions among phenolic com-
pounds, carbohydrate-sweeteners, proteins and other bioactive com-
pounds, which may influence the antioxidant capacity of the final
product [57].

By contrast with the results reported by Bel�s�cak-Cvitanovi�c et al.
(2012) indicate that the total polyphenol content was 1.7 mg GAE/g
[48]. However, and similar to the study mentioned before, the sweetener
did not significantly affect the polyphenol content, at least with respect to
dark chocolate. In dark chocolate, the non-fat cocoa solids content was
increased by ~40 %. This is reflected in the (-)-epicatechin and procya-
nidin B2 concentrations, which increased 44.6% and 16%, respectively,
and is significantly different from cocoa in a dairy matrix. Such difference
between chocolate matrices might be associated with the aqueous
extraction. The nature of the matrix could affect the recovery of poly-
phenolic, flavan-3-ol and procyanidin compounds since the dairy matrix
has the strongest catechin-protein interaction and hinders optimal
extraction [61]. A more recent study by Bel�s�cak-Cvitanovi�c et al. (2015)
evaluated various sweetener mixtures that guarantee a 20% lower caloric
value than chocolate prepared with sucrose. The sweeteners they eval-
uated, such as stevia and peppermint leaves, presented a bioactive profile
with phenolic acids, flavones (e.g., luteolin and apigenin) and flavonols
(quercetin) derivatives. Nevertheless, these derivatives were not identi-
fied in the control samples; hence, the chocolate with the sweeteners
mentioned above had the same polyphenolic content as the chocolate
with sucrose, but a better antioxidant capacity measured by the FRAP
method [59].

Fern�andez et al. (2014) [60], Loffredo et al. (2014) [61] and Lee et al.
(2010) [76] compared dark chocolate, white milk chocolate and de-
rivatives such as chocolate syrup. Overall, dark chocolate had a higher
polyphenol content (up to 63%) than milk chocolate, which was repre-
sented in a higher proportion of epicatechin than catechin, as shown in
[56]. The same tendency was reported by Fern�andez et al. (2011) [55].
Furthermore, these TPC values are higher than in fruits such as grapes,
acai, guava, strawberry, pineapples, soursop and passionfruit [63]. The
difference in TPC between dark and white chocolate was in the 95–97%
range, which they infer might be associated with raw materials, in
addition to the interactions between flavonoids and milk peptides during
chocolate preparation. According to Lee et al. (2012) [62] milk chocolate
and syrup have 74.4% and 76.7% less TPC than dark chocolate,
respectively.
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Todorovic et al. (2015) analyzed, not only the differences between
chocolate types (dark, milk and dark with raspberries), but also the
chocolate profile of Serbian chocolates in terms of their antioxidant ca-
pacity. Their results show that dark chocolate samples had up to 77.5%
more polyphenol and flavonoid content than milk chocolate; while the
total polyphenol and flavonoid content of dark chocolate (with or
without raspberries) was similar, with overall ranges of 7.21–12.65 mg
GAE/g of polyphenols and 11.3–24.4 mmol CE/g of flavonoids. The
content of proanthocyanidins in chocolate/cocoa extracts ranged be-
tween 0.69 mg CyE/g in milk chocolates and 3.68 mg CyE/g in dark
chocolates; thus, TPC depends primarily on the type of cocoa used to
produce the chocolate. Regarding antioxidant capacity, they evaluated
the chocolates implementing the most commonly used methods: ABTS,
FRAP, DPPH and ORAC. In their case, the dark chocolate with raspberries
presented the best antioxidant capacity, despite showing no significant
differences in TPC with respect to dark chocolate. This might be due to
the presence of vitamins and the polyphenol profile of the raspberries.
Furthermore, the authors found a correlation (R2 ¼ 0.798, p < 0.05)
between TPC and ACI, thus confirming that their results serve to explain
the antioxidant properties of Serbian chocolates [29].

Overall, the variation in TPC among chocolates depends, among
others, on eight factors: (i) the amount of cocoa employed from the non-
fat fraction, given that this fraction has the highest polyphenol content;
(ii) the use of various cocoa ecotypes with bioactive profiles and flavors
that are classified as high quality beans; (iii) the steps of chocolate pro-
duction, given that roasting, alkalinization, and cold pressing are the
most critical steps in polyphenol reduction (due to polymerization and
hydrolysis, as well as protein interactions and Maillard reactions); (iv)
the amount of cocoa present in dark chocolate or milk chocolate (low
cocoa concentrations) formulations; (v) the lack of standardization of the
extraction procedures of phenolic compounds, as well as use of solvents
with polarities that cannot recover the maximum content of polyphenols;
(vi) the use of different phenolic compounds to calibrate the standard
curve in colorimetric procedures, and the presence of reducing com-
pounds that interfere with the test; (vii) colorimetric method in-
terferences, which also translate into an underestimation of the real TPC
values; and (viii) a low concentration of certain phenolic compounds and
their flavonoid-protein-sugar complexes that hinder the total appraisal of
polyphenols.

The variability in antioxidant capacity results, which obstructs com-
parisons and classifications to make decisions regarding their functional
properties, might have three causes: (i) a large number of heterogeneous
tests that make antioxidant activity comparisons problematic; (ii) the use
of unique tests to determine antioxidant capacity that do not provide a
global understanding of the action mechanism; and (iii) tests of corre-
lations between TPC and antioxidant activity that show a wide range of
“good” or “strong” correlations which, despite being useful for the
categorization of the raw material or final product, require a validation
using other methods.

Finally, in the studies reviewed here, we identified that the trans-
formation from unfermented cocoa beans to different types of chocolate
produces a decrease in cinnamic acids. For instance, the chlorogenic acid
content can range from 10.52 � 0.84 mg/g in unfermented cocoa from
Venezuela to an average of 2.32 mg/g in chocolates produced in Croatia
by different methods. Similarly, a decrease in caffeic acid (91.3% on
average) was identified in the same samples [5, 61].

3.3. Effect of postharvest treatments and industrialization processes on
polyphenol content

Based on a descriptive statistical analysis, we defined a range of total
polyphenol concentration according to the type of matrix, i.e., unfer-
mented, fermented, dry, roasted, cocoa liquor, cocoa powder and choc-
olate (as shown in Figure 3). The values reported for the different
matrices evaluated in this review constitute a reference for consultation,
consolidating relevant data for the cocoa industry, and present
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concentration ranges according to the transformation stages to which this
raw material is subjected. Likewise, this classification is a starting point
for the development and standardization of methods to characterize and
compare cocoa and its derivatives with respect to expected TPC.

As shown in Figure 3, the total polyphenol content diminishes as
postharvest treatments and industrialization advance. In fact, its
maximum value in unfermented cocoa can be up to 600 mg GAE/g. The
Table 2. Interventional and in vivo studies evaluating the antioxidant biological activ

Substances Subjects Study type Dose

Dark chocolate 20 healthy subjects Interventional 40g/day f

Dark chocolate 84 subjects with risk factors of
metabolic syndrome

Interventional 2g/day fo

Cocoa powder 18 healthy subjects Interventional 40g/day f
powder in

Dark chocolate 20 healthy subjects Interventional 40g/day

20 smokers

Flavanol-rich cocoa 6 Healthy subjects Interventional 1–4g/day
cocoa

Cocoa extract 24 overweight/obese middle-aged
subjects

Interventional 1.4g coco
for 4 wee

Cocoa powder 42 high-risk volunteers Interventional 40g/day f

Cocoa powder 100 subjects with type 2 diabetes Interventional 20g/day f

Cocoa product
rich in fiber

24 healthy subjects Interventional 30g/day c
rich in fib20 hypercholesterolaemic subjects

Cocoa product
rich in fiber

21 volunteers with moderate
hypercholesterolaemia

Interventional 30g/daily

Dark chocolate Sprague-dawley rats (40–60 g) in vivo 10% of bo
3 weeks

Cocoa extract BALB/c mice in vivo 34.5 mg/

Cocoa liquor Streptozotocin (STZ)-induced
diabetic rats

in vivo 3.6 g/kg t
weight by
of cocoa l

Cocoa-rich diet Type 2 diabetic Zucker diabetic
fatty rats

in vivo All experi
were prov
and water

Polyphenol enriched
cocoa powder

Prediabetic model triggered by a
sucrose rich diet

in vivo 200 mg/k
by day fo

Cocoa fiber product Spontaneously hypertensive rats in vivo 200, 400,
kg/day by

Cocoa-rich diet Spontaneously hypertensive rats in vivo 300 mg/k
extract

Phenolic-rich extract
from Cocoa liquor

Wistar rats with high-fat diet in vivo 2.1 g of li
of liquor/
by day fo

Cocoa powder Sprague Dawley rats with high-fat
diet

in vivo 52–108 d
cocoa sup
regimes

Cocoa bean extracts Wistar rats with high-fat diet in vivo 2.25–2.45
diet

DNA: deoxyribonucleic acid; NFκβ: nuclear factor kappa β; ROS: reactive oxygen spe
cleotide phosphate; GSH: glutathione; PUFA: polyunsaturated fatty acids; HDL: high
alpha; IL-6: interleukin 6; IL-1β: interleukin 1β; IL-10: interleukin 10; MDA: malondiald
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Colombian raw material presents the highest TPC value, while studies in
other countries have found values under 200 mg GAE/g. Once fermen-
tation takes place, the polyphenol concentration is reduced to 250 mg
GAE/g, regardless of the initial quantity of grains employed. During the
drying process, i.e., the key step in postharvest, polyphenol content de-
creases to 150 mg GAE/g [35]. Examining at the industrialization pro-
cess, it can be observed that one of the key steps is obtaining the roasted
ity of cocoa and its derivatives.

Outcome Authors

or two weeks ↑ Epicatechin levels [109]

↓ DNA damage

r 6 months ↓ Genotoxicity in buccal epithelial cells [110]

or 1 week cocoa
water

↓ NFκβ activation [111]

↑ Serum epicatechin level [112]

↓ ROS production

↓ 8-iso-PGF2α and NADPH oxidase activation in smokers

for 4 weeks ↑ Plasma epicatechin and GSH levels [113]

↓ Reduction of F2 isoprostanes levels

Modulation of PUFA metabolism

a extract/daily
ks

↑ Cocoa-derived metabolites in plasma [116]

↓ Systolic blood pressure

or 4 weeks ↑ HDL [52]

↓ Oxidized LDL

or 6 weeks ↓ Blood cholesterol, triglyceride, LDL [115]

↓ TNF-α, high sensitive C-reactive protein, IL-6

Inhibition of lipid peroxidation

ocoa product
er

↑ Serum HDL [114]

↓ Glucose, IL-1β and IL-10

for 8 weeks ↓ Systolic and diastolic blood pressure [114]

↓ MDA values

dies weight for ↓ COX-2 expression levels [120]

Regulation of proliferation index

↓ Lower ACF formation induced by AOM

kg for 2 weeks Suppression of hepatotoxicity and inflammation [119]

Early stage antifibrotic and anticarcinogenic effects

o 7.2 g/kg body
day for 40 days
iquor in water

↓ Plasma triacylglycerol levels [45]

↑ HDL and plasma antioxidant capacity

↓ Lipid peroxidation in plasma and tissues

mental groups
ided with food
ad libitum

Improved glucose tolerance and insulin resistance

↓ ROS levels and carbonyl content [121]

g body weight
r 3 weeks

↓ Insulin resistance [122]

↓ Hepatic carbohydrate and lipid dysmetabolism

↓ Oxidative stress and inflammation

and 800 mg/
10 weeks

↓ Systolic blood pressure [123]

↓ Glucose, cholesterol, and triglyceride levels

↓ Liver and plasma MDA levels

g of cocoa-rich ↓ Systolic blood pressure [124]

quor/kg to 7.2 g
kg body weight
r 28 days

↓ Lipid peroxidation [77]

↑ Plasma and tissue antioxidant capacities

ays with 12.5%
plementation

↓ NADPH oxidase protein levels [125]

↓ Inflammation and fibrosis

% of the total Improvement of physiological parameters [105]

Enhancement of antioxidant status

cies; 8-iso-PGF2α: 8-iso-prostaglandin F2α; NADPH: nicotinamide adenine dinu-
-density lipoprotein; LDL: low-density lipoprotein; TNF-α: tumor necrosis factor
ehyde; COX-2: cyclooxygenase-2; ACF: aberrant crypt foci; AOM: azoxymethane.
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grains, where the TPC drops below 100 mg GAE/g [39, 40]. After
obtaining one of the main subproducts available in the market (i.e., cocoa
liquor), polyphenol values are well below 50 mg GAE/g [77]; while
cocoa powder shows values under 15 mg GAE/g [53, 78]. Finally, the
range of polyphenol content in chocolate preparations is wide due to the
different available preparations of this cocoa derivative. Polyphenol
content in chocolate depends on the concentration of the cocoa liquor
employed for the preparation, treatment and the factors mentioned
above. More specifically, the polyphenol content in chocolate can be
almost 150 mg GAE/g, but in most cases it is well below 50 mg GAE/g
[57, 58, 59, 60, 61, 62].

3.4. Health-related benefits promoted by the antioxidant potential of cacao
and its derivatives

Despite that the postharvest and industrialization of cocoa reduces its
TPC content, the final concentration of these compounds is high enough
to have positive effects on human health, as shown below for cocoa and
its derivatives.

These observations could be related to the biological antioxidant
potential of cocoa, which are mainly mediated by the modulation of the
Keap1-Nrf2 (Kelch-like ECH-associated protein 1 - Nuclear factor
erythroid 2-related factor 2) pathway [79, 80, 81], considered the master
regulator of the defense against oxidative stress by inducing cytopro-
tective genes expression [82].

This pathway is activated when Keap1-thiol residues are modified by
free radicals or electrophiles (suchus phytochemical electrophiles),which
allows Nrf2 release and translocation to the nucleus, where it binds to
antioxidant element response (ARE) or electrophile-response element
(EpRE) at the promoters of Nrf2-induced genes, including γ-glutamyl
cysteine synthetase (γ-GCS), heme oxygenase 1 (HO-1), glutathione
reductase (GR), glutathione peroxidase (GPx), thioredoxin-1, thioredoxin
reductase, catalase (CAT), NAD(P)H:quinone oxidoreductase-1 (NQO1),
superoxide dismutase (SOD) and peroxiredoxins [83]. The protein prod-
ucts of these genes are involved in the elimination of reactive species and
drug detoxification [84]; additionally, it is important to note that recent
studies have revealed new targets genes of Nrf2 and for instance has
pointing out new functions of the Keap1-Nrf2 pathway, such usmetabolic
reprogramming, unfolded protein response and proteostasis, autophagy,
mitochondrial physiology and biogenesis and, inflammation and immu-
nity [85].

3.4.1. Epidemiological studies
In the period selected for this literature review, few epidemiological

studies evaluated the effects of the consumption of T. cacao and its de-
rivatives onmarkers of oxidative stress. Recently, Mehrabani et al. (2020)
performed a meta-analysis in order to evaluate different target pop-
ulations with diverse health status (i.e. healthy subjects, cardiovascular
diseases, and metabolic conditions). They found that chocolate con-
sumption significantly reduced malondialdehyde (p < 0.048) and 8-iso-
prostaglanding F2α (p < 0.008), which are markers of oxidative stress
[86]. These observations could be related to the beneficial effects of
chocolate and cocoa products on endothelial function [87] and the
reduction of heart failure risk [88], suggesting the potential of cocoa for
disease intervention.

3.4.2. In vitro studies
Some studies have evaluated the health benefits of cocoa in different

in vitro models. Cocoa ethanolic and methanolic extracts have been
shown to reduce the viability of tumor-derived cell lines from lung,
breast, liver and cervical tissues and also to up-regulate genes related to
the cellular defense against oxidative stress, such as epoxide hydrolase 2
(EPHX2) and cytochrome B-245 beta chain (CYBB) [23, 89]. Similar
results have been obtained with water-chocolate extracts, cocoa liquor
and cocoa phenolic extracts (CPEs) in Hep2, HepG2, RLE and SH-SY5Y
cells [49, 92–95], due to the stimulation of Nrf2, the subsequent
15
increase in cytoprotective genes, such as GPx and GR, and the decrease in
reactive oxygen species (ROS) formation. Interestingly, these results
were observed even in high-glucose-induced oxidative stress conditions
[91] or in the presence of pro-oxidant agents, such as
tert-butyl-hydroperoxide [90] and hydrogen peroxide [92]. Additionally,
CPEs have shown potential to induce the expression of genes involved in
stress response and detoxifying pathways (e.g., cytochrome P450 family
1 subfamily A member) [94], and also to modulate the activation of
mitogen-activated protein kinases (MAPKs) [90, 92, 95], which is
important taking into account that the MAPK signaling pathway is
involved in the regulation of key cellular processes, such as proliferation,
differentiation, apoptosis and stress responses [96].

Other studies have evaluated the anti-inflammatory potential of
CPEs and purified molecules from cocoa. It was showed that CPEs
down-regulate the activation of the vascular endothelial growth factor
(VEGF) expression by the modulation of the tumor necrosis factor α
(TNF-α) in JB6 Pþ mouse epidermal cells [97], the reduction of pros-
taglandin E2 secretion in Caco-2 cells stimulated with interleukin-1β
[98], and the induction of anti-inflammatory cytokines in
THP-1-derived macrophages [99]. This suggests that CPEs might have
anti-inflammatory properties.

In the case of purified molecules from cocoa, procyanidins have been
of great interest due to their beneficial properties to manage acute and
chronic diseases. For example, in models of colonic inflammation, cocoa
extracts and high-molecular-weight polymeric procyanidins were the
most effective in reducing the secretion of interleukin-8 in response to
inflammatory stimuli [100]. Additionally, procyanidins have shown
interesting biological activities, such as the induction of glutathione
s-transferase pi 1 (GSTP1) expression and activity in colonic cells [101];
metalloproteinase 2 (MMP2) downregulation and induction of apoptosis
through ROS-mediated mechanism in ovarian carcinoma cell lines [100];
and the prevention of acrylamide induced apoptosis [102] and deoxy-
cholic acid induced oxidant production [103] in colon cancer models
through the modulation of protein kinase B (Akt), mitogen-activated
protein kinases ERK1/2 and p38 activation.

In the context of pathological conditions, e.g., cardiovascular disease
and metabolic syndrome, in vitro models have been used in order to
evaluate the protective effect of cocoa. CPEs modulates oxidative stress in
endothelial cells challenged with the pro-oxidants tert-butyl-hydroper-
oxide and hydrogen peroxide, by limiting ROS production and inducing
antioxidant enzymes activity [27, 95]. On the other hand, cocoa extracts
and cocoa flavonols have been shown to reduce the expression of
pro-inflammatory molecules and ROS production, and also to restore
glutathione levels and mitochondrial-membrane potential and function
in RAW264.7 macrophages, 3T3-L1 adypocytes, liver-derived HepG2
cells and in pancreatic beta-derived β-TC3 and INS-1 832/13 cells, which
results in the attenuation of adipogenesis, lipid accumulation and coun-
teraction of insulin resistance [104, 105, 106]. These effects have also
been observed in HepG2 and Ins-1E pancreatic beta cells, even in the
presence of pro-oxidant agents, such as tert-butyl-hydroperoxide [107,
108].

3.4.3. Interventional and in vivo studies
Interventional studies have explored some of the possible mecha-

nisms of action of cocoa extracts and its derivatives (Table 2). Spada-
franca et al. (2010) showed the positive effect of dark chocolate
(containing 860 mg of total polyphenols, including 58 mg of epi-
catechin), after two weeks of consumption, on twenty healthy partici-
pants, rising plasma epicatechin levels and significantly decreasing (p <

0.05) DNA damage on mononuclear blood cells exposed to hydrogen
peroxide [109]. Similar results were observed in a randomized,
placebo-controlled, double-blind study which includes 84 subjects who
presented at least 3 of the following 5 risk factors: (i) glucose greater than
100 mg/dL, (ii) triglycerides levels greater than 160 mg/dL, (iii) LDL
greater than 130 mg/dL, (iv) HDL lower than 45 mg/dL, and (v) body
mass index (BMI) greater than 29. Participants receive a daily dose of 2 g
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of dark chocolate with high phenolic and flavonoid content. After six
months of consumption, a significantly reduction in DNA damage in
buccal epithelial cells was observed [110].

In another interventional study, subjects with an acute consumption
(40g of cocoa powder in water for one week) presented significantly
reduced levels of active subunit of nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-κB) phosphorylation compared to
baseline conditions (p < 0.05), which suggests that cocoa has anti-
inflammatory effects [111]. In an interesting crossover single-blind
study published in 2011, Carnevale et al. (2011) examined 20 healthy
subjects and 20 smokers and found that ingestion of dark chocolate
increased serum epicatechin levels in both groups. Additionally,
impairment of platelet activation by the significant down-regulation of
ROS production and also reduction of 8-iso-prostaglanding F2α and
NADPH oxidase activation were observed in smokers, supporting the
evidence that suggests that cocoa extracts have antioxidant and
anti-inflammatory potential, even in highly oxidative contexts [112].
Recently, similar results were obtained with a daily intervention (4
weeks in total) in healthy subjects with a flavonol-rich cocoa supple-
ment. In that case, the authors observed increased epicatechin (p <

0.05) and glutathione levels (p < 0.0001), a reduction in F2-isoprostane
levels (p < 0.0001), and also an improvement in the lipid profile and
modulation of metabolism of polyunsaturated fatty acids, thus
decreasing arachidonic acid/eicosapentaenoic acid levels (p < 0.001)
[113].

These observations are relevant because oxidative stress and inflam-
mation are important features in the pathogenesis of metabolic and
cardiovascular diseases. In this regard, cocoa consumption from different
matrices (e.g. chocolate bars, cocoa fiber, cocoa powder and cocoa ex-
tracts) has been shown to modulate total blood cholesterol, triglycerides,
LDL and HDL levels, lipid peroxidation, insulin resistance, fasting plasma
glucose, blood pressure, malondialdehyde levels and inflammatory
markers, in subjects with cardiovascular and metabolic conditions [52,
53, 110, 114, 115, 116].

Importantly, a clinical trial is currently being carried out in the United
States called Cocoa Supplement and Multivitamin Outcomes Study or
COSMOS (https://clinicaltrials.gov/ct2/show/NCT02422745). With an
enrollment of more than 20,000 men and women 60 and older, COSMOS
is designed to investigate the potential of cocoa flavanols (2 capsules
each day containing a total of 600mg cocoa flavanols, including 80 mg of
(-)-epicatechin, and 50 mg of theobromine) to reduce the risk of devel-
oping heart disease, stroke and cancer.

Animal models have also been employed to test the antioxidant po-
tential of cocoa (Table 2). For example, it has been observed that cocoa
extracts or purified molecules (such as epicatechin) enhance the anti-
oxidant defense and the modulation of inflammation in highly pro-
oxidant conditions induced by chemical agents, e.g. azoxymethane
[117], dextran sulfate sodium [118] and carbon tetrachloride [119], thus
suppressing aberrant crypt foci formation in the colon, acute intestinal
injury and hepatotoxicity, respectively. Additionally, it has been shown
that cocoa extracts improved glucose metabolism after an imbalance
induced by carbon tetrachloride [119], which is an interesting observa-
tion, taking into account the protective effect of cocoa in the context of
pathological conditions (such as metabolic syndrome and cardiovascular
disease), as previously discussed.

For these reasons, several animal models have been used in order to
evaluate the cocoa antioxidant and anti-inflammatory properties of cocoa
(Table 2). Cocoa liquor with a high polyphenol content has been found to
increase plasma antioxidant capacity and modulates lipid peroxidation
levels in streptozotocin-induced diabetic rats [45]. Likewise, a cocoa
rich-diet has improved glucose tolerance, alleviates insulin resistance
and enhance the hepatic antioxidant/detoxifying defenses in diabetic
fatty rats [126], and CPEs have increased glutathione levels and reduced
insulin resistance, as well as COX-2 and iNOS levels in a rat model of
prediabetes [122]. Similarly, soluble cocoa fiber products and cocoa
powder rich in polyphenols have been shown to possess antihypertensive
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properties [123, 124], apparently mediated by the up-regulation of nitric
oxide and the subsequent reduction in blood pressure [124].

Finally, it has been reported that, in high-fat diet models, cocoa en-
hances plasma and tissue antioxidant status and inhibits lipid peroxida-
tion [77, 125, 127].

4. Conclusion

This literature review showed that the total content of polyphenols
present in cocoa decreases as the latter undergoes transformations to
obtain its derivatives. In particular, fermentation and the process of
obtaining cocoa powder were found to be the stages that most reduce
TPC. The findings reported here can be a useful reference point for
different actors in the cocoa and chocolate industry because they provide
data on the expected limits of polyphenol content depending on the type
of matrix, origin of the raw material, type of clone and concentration of
bioactive compounds.

In addition, the traceability of the results of the studies that have
evaluated the biological activity of cocoa polyphenols in different models
suggest that these compounds have the potential to modulate key path-
ophysiological processes through the regulation of plasma and tissue
antioxidant/detoxifying systems, which produces the attenuation of
mechanisms that are directly related to disease onset and progression.
However, more clinical trials should be conducted in order to validate
these observations.
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