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Insight of Polyphenol Oxidase Enzyme Inhibition and Total Polyphenol Recovery from 
Cocoa Beans
Reprinted from: Antioxidants 2020, 9, 458, doi:10.3390/antiox9060458 . . . . . . . . . . . . . . . . 5

Kathryn C. Racine, Brian D. Wiersema, Laura E. Griffin, Lauren A. Essenmacher, Andrew H.

Lee, Helene Hopfer, Joshua D. Lambert, Amanda C. Stewart and Andrew P. Neilson

Flavanol Polymerization Is a Superior Predictor of α-Glucosidase Inhibitory Activity Compared
to Flavanol or Total Polyphenol Concentrations in Cocoas Prepared by Variations in Controlled
Fermentation and Roasting of the Same Raw Cocoa Beans
Reprinted from: Antioxidants 2019, 8, 635, doi:10.3390/antiox8120635 . . . . . . . . . . . . . . . . 19

Editha Fernández-Romero, Segundo G. Chavez-Quintana, Ra ́ul Siche, 
Efraı́n M. Castro-Alayo and Fiorella P. Cardenas-Toro

The Kinetics of Total Phenolic Content and Monomeric Flavan-3-ols during the Roasting Process 
of Criollo Cocoa
Reprinted from: Antioxidants 2020, 9, 146, doi:10.3390/antiox9020146 . . . . . . . . . . . . . . . . 39
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Cocoa beans are the seeds of the tropical tree Theobroma cacao L. Because of the high concentration
of bioactive compounds, including antioxidants (polyphenols, tocopherols), they are valued not only
in the food industry but also in the pharmaceutical and cosmetic ones [1]. In recent years, interest in
these cocoa components has greatly increased because of their potentially beneficial effects on human
health. Cocoa antioxidants can inhibit or delay cellular damage either by quenching free radicals or
through chelation of transition metal ions, which reduces their capability to form reactive oxygen
species. They also exhibit a wide range of physiological properties resulting in protection against
diseases, including coronary heart diseases, cancer or neurodegenerative disorders [2–5].

This Special Issue consists of 10 articles related to the effects of genotype and processing conditions
on the phenolic compounds profile and antioxidant activity of cocoa derived products, isolation and
characterization of antioxidant compounds such as polyphenols and melanoidins from cocoa beans,
and assessment of the antioxidant, anti-oxidative stress and anti-inflammatory effects of cocoa beans
and cocoa-derived products.

Several studies have well established that processing of cocoa bean including fermentation,
drying, alkalization and roasting caused considerable changes in the chemical composition of the
final product such as cocoa powder or chocolate [1,6–8]. During processing of the cocoa beans,
the naturally occurring antioxidants (polyphenols) undergo significant changes in their structure
that may impact their bioactivities. Fermentation and drying of the cocoa beans lead to oxidative
degradation of polyphenols as a result of contact with the oxidative enzymes, polyphenol oxidase
(PPO) and peroxidase. Monomeric flavan-3-ols are enzymatically oxidized to semi-quinones and
quinones. Furthermore, these oxidation products are polymerized to condensed high molecular weight
insoluble tannins. The native polyphenols may also react with proteins, free amino acids, and mono- or
polysaccharides during roasting to form new compounds with antioxidant activities. The major
chemical pathways which occur during roasting of cocoa beans and lead to the formation of new
molecules are Maillard reactions [1,6,9]. Toro-Uribe et al. [7] focused their research on the understanding
the mechanism of inhibition of PPO in cocoa beans, to find the optimal conditions, like concentration of
inhibitor, temperature, and time, which enhance inhibition of PPO in cocoa beans without decreasing
cocoa polyphenol concentrations. Their results showed that the optimum conditions to obtain the
lowest PPO activity and highest total polyphenol content were achieved with 70 mM inhibitory
solution (ascorbic acid/L-cysteine) at 96 ◦C for 6.4 min. Moreover, the described results evidence
that heat treatment is a fast and robust method to reduce the activity of PPO enzyme in cocoa beans.
As a result, the authors stated that this procedure also increases the extraction yield of polyphenols,
and thus can be used to obtain enriched polyphenol extract with low PPO activity. Racine et al. [8]
studied the effect of fermentation and roasting on the composition and α-glucosidase inhibitory activity
of cocoa beans and powder, and identify the compositional factors and processing conditions that
optimize α-glucosidase inhibitory activity of cocoa. They confirmed that processed cocoa powders
are promising inhibitors of α-glucosidase, despite a significant reduction in total polyphenol and
flavanol concentrations during fermentation and roasting. Due to this, the authors conclude that cocoa
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processing might generate compounds which enhance cocoa bioactivity, such as Maillard reaction
products (MRPs), most notably melanoidins. Fernández-Romero et al. [9] investigated the degradation
kinetics parameters of polyphenol and monomeric flavan-3-ols (catechin and epicatechin) during the
roasting process of Criollo cocoa. The results indicate that degradation kinetics of the total phenolic
content and epicatechin showed first-order reactions as the temperature increases, while the catechin
showed patterns of formation and degradation. The authors also conclude that roasting at moderate
temperatures is necessary to obtain minimal degradation of cocoa polyphenols and consequently
antioxidant activities. Urbańska and Kowalska [10] focused their research on the comparison of the
polyphenols content and antioxidant activity of chocolates produced from roasted and unroasted cocoa
beans from different origins (Ghana, Venezuela, the Dominican Republic, Colombia and Ecuador).
The findings demonstrated that the content of polyphenols vary greatly and depends on many factors,
both those resulting from the genotype and the geographical and environmental conditions during
growth, as well as the technological processes and parameters used. The obtained results indicate
that both the beans (roasted and unroasted) and chocolates produced from them exhibited strong
free radical-scavenging activity in vitro. In another study, Urbańska et al. [11] examined the effect of
conching on the antioxidant potential of chocolate milk masses, taking into account different protein
contents in milk obtained by spray or cylindrical drying. The results demonstrate the association
between the protein content of milk powder and cocoa mass and the antioxidant potential of chocolate
milk masses after conching. The results of these studies show that it is possible to maintain or
increase the biological activity of cocoa beans and their derived products (cocoa powder and chocolate)
by choosing appropriate processing conditions and cocoa genotype and origin.

Many recent studies revealed that cocoa beans and cocoa-derived products could be considered as
an attractive source material for manufacturing of functional foods and nutraceuticals due to their very
high content of bioactive compounds, mainly polyphenols, including flavonoids (proanthocyaninidins,
monomeric flavan-3-ols, and anthocyanins) and phenolic acids, as well as melanoidins [1–5,7–9].
Toro-Uribe et al. [12] focused their research on developing a food-grade and suitable procedure for
the recovery of polyphenols from cocoa beans avoiding the degreasing process. The results showed
that concentration of ethanol, pH, temperature, irradiation time, and solid-to-solvent ratio affected
significantly the yield of methylxanthines, catechins, and procyanidins with a degree of polymerization
up to seven, as well as high antioxidant activity determined by oxygen radical absorbance capacity
(ORAC). The optimal extraction conditions were 50% (v/v) ethanol, pH 6, 70 ◦C, and 45 min at the
solid-to-solvent ratio of 1:120 w/v. Thus, they found that ultrasound-assisted solid–liquid extraction
is a suitable method for the recovery of cocoa polyphenols and the obtained cocoa extract can be
used as a valuable ingredient for functional food, nutraceuticals and cosmetics. Another study that
investigated the total phenolic content, antioxidant properties, and structure–activity relationships
of high-molecular weight (HMW) melanoidin fractions isolated by dialysis (>12.4 kDa) from raw
and roasted under different temperature and relative air humidity conditions, cocoa beans of Criollo,
Forastero, and Trinitario beans cultivated in different origins was conducted by Oracz and Żyżelewicz [13].
The results showed that it is possible to enhance the in vitro antioxidant properties of HMW cocoa
melanoidins by choosing the appropriate roasting conditions and cocoa type. Moreover, structural
analysis confirmed the presence of different bioactive compounds with various mechanisms of action
in HMW cocoa melanoidin fractions. These results revealed that the HMW melanoidins fraction from
roasted beans of different cocoa types could be considered as a valuable functional ingredient due to
its high antioxidant properties in vitro (e.g., reducing power, antioxidant capacity, chelating activity)
and total phenolic contents.

Felice et al. [14] paid attention to the antioxidant effect of cocoa husk extract and cherry extract
against reactive oxygen species (ROS)-induced oxidative stress in Human Umbilical Vein Endothelial
Cells (HUVECs). The results indicate that polyphenols in both extracts are effective in inhibiting ROS.
Interestingly, it was also demonstrated that cocoa husk extract possesses an antioxidant effect even at
low concentrations. In particular, the authors demonstrated that cocoa husk extract exhibited greater
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performance on HUVECs and had higher permeability across the rat intestine compared to cherry
extract. The results clearly indicate that cocoa husk extract can be utilized as a valuable and cheap
source of antioxidants with ROS scavenging ability that may have great relevance in the prevention of
cardiovascular diseases (CVD).

The animal model studies further point to the therapeutic potential of both cocoa extract and cocoa
polyphenols in metabolic and cardiovascular alterations. A study reported by Kluknavsky et al. [15]
describes the genomic effects of the epicatechin during the stimulation of nitric oxide (NO) release
and antioxidant defense in the aorta and left heart ventricle (LHV) investigated by using young male
borderline hypertensive rats during two weeks of treatment (100 mg/kg/day p.o.) and two weeks post
treatment. The obtained results indicate that a two-week oral administration of epicatechin decreased
significantly blood pressure of young male borderline hypertensive rats, and these effects persisted
for two weeks after the cessation of the treatment. The authors concluded that the mechanism of
the anti-hypertensive effects of epicatechin is considered to be due to the reduced relative content of
the iron-containing compounds in the blood, reduced O2

•− production, and increased nitric oxide
synthase (NOS) activity in the aorta and LHV. Finally, Ahmed et al. [16] studied the influence of
cocoa flavanols on myocardial injury following acute coronary ischemia-reperfusion. The results
demonstrated that 15-day oral administration of cocoa extract containing 250 mg/g flavan-3-ols
(procyanidin) to Sprague–Dawley rats protects against myocardial ischemia-reperfusion (I/R) injury
and significantly attenuates nitro-oxidative stress, inflammation, and mitigates myocardial apoptosis.
It is well established that oxidative stress is considered to reflect an intracellular redox imbalance
between the pro- and anti-oxidants, and plays a fundamental role in the pathogenesis of various
diseases [15,16].

Thus, the findings demonstrated that a diet high in cocoa antioxidants could provide beneficial
effects against risk factors of CVD, cancer, and neurodegenerative disorders. In vitro and in vivo
studies reported the importance of cocoa antioxidants for the prevention of oxidative stress and
inflammation. However, further clinical trials in humans are needed to confirm the health benefits of
cocoa antioxidants.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Insight of Polyphenol Oxidase Enzyme Inhibition
and Total Polyphenol Recovery from Cocoa Beans
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Abstract: A full factorial design (ascorbic acid/l-cysteine inhibitors, temperature, and time as factors)
study was conducted to enhance inhibition of polyphenol oxidase (PPO) activity without decreasing
cocoa polyphenol concentrations. The data obtained were modelled through a new equation,
represented by Γ, which correlates both high polyphenol content with reduced specific PPO activity.
At optimized values (70 mM inhibitory solution at 96 ◦C for 6.4 min, Γ = 11.6), 93.3% PPO inhibition
and total polyphenol of 94.9 mg GAE/g were obtained. In addition, microscopy images confirmed
the cell morphological changes measured as the fractal dimension and explained the possible cell
lysis and denaturation as a result of heat treatment and chemical inhibitors. Results also showed that
PPO enzyme was most suitable (higher vmax/Km ratio) for catechol, with a reduction in its affinity of
13.7-fold after the inhibition heat treatment. Overall, this work proposed a suitable and food-safe
procedure for obtaining enriched polyphenol extract with low enzyme activity.

Keywords: polyphenol oxidase; cocoa polyphenols; heat treatment; enzyme inactivation

1. Introduction

Precursors of chocolate flavor are usually obtained through enzymatic and non-enzymatic
reactions, in which polyphenol oxidase, invertase, and protease are the most important enzymes [1].
Polyphenol oxidase (PPO) is a major copper enzyme [2], also known as catechol oxidase, tyrosinase, and
so forth [3], and is the most important deteriorative enzyme that accelerates oxidation and degradation
of polyphenols and their derivatives [4]. PPO is located in the chloroplasts [5,6] and its activation takes
places during cell-damaging treatment (e.g., slicing, cutting or pulping) where oxygen is available and
the local pH is not too acidic [7,8], thus causing the formation of brown pigments [2,9]. In fact, the
oxygen catalyzes the enzyme reaction where the monophenols forming o-diphenols (monophenolase
activity) and then the oxidized substrate react, producing o-quinones (diphenolase activity) [10,11].

The rate of enzymatic browning on food is governed by PPO action, which depends on
concentration, pH, temperature, amount of phenolic compounds, and oxygen availability [3,12],
thus having a different level of influence on the development of flavor, color and softening, which in
turn is reflected in the loss of nutritional and quality value [13]. For instance, Misnawi et al. [7] reported
that PPO of dried unfermented beans increases the polyphenol oxidation rate of (−)-epicatechin, total
polyphenols, and total anthocyanidins. PPO is also susceptible during the fermentation stage; therefore,

Antioxidants 2020, 9, 458; doi:10.3390/antiox9060458 www.mdpi.com/journal/antioxidants5
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total and specific activities remaining in unfermented beans are reduced up to 1% and 9% of the original,
respectively [7]. Despite the strong inactivation of PPO during fermentation, it can be regenerated
during the drying process via –pH increase and uptake of O2

−, and the remaining PPO activity is
sufficient to catalyze oxidation of phenolic compounds [12,14]. Thereby, phenolic compound content
in cocoa is affected by several factors: not only by the genetic origin, geographical and environmental
conditions, but also by enzyme attack and processing conditions for chocolate production.

Polyphenolic compounds have been widely studied, since they possess an array of nutraceutical
properties for human health related to cardiovascular effects [15], antioxidant activity [16],
anti-inflammatory response [17], antibactericidal effect and biological applications [18,19]. As a
result of all these functional bioactivities, enriched polyphenol extracts have gained greater attention.
For instance, new products such as exGrape®SEED, Vitaflavan from grape seeds, enriched capsules
with high amounts of cocoa procyanidins (PCs), enriched dark chocolate bars (e.g., CocoaVia from
Mars, and FlavaBars® by Flavanaturals), and Fulyzaq™ for antiretroviral-induced diarrhea (PCs
consisting of DP 3–30 from Croton lechleri; FDA approval) are used as a food supplement. In this sense,
research focusing on inactivation of enzymes without affecting the total polyphenol content deserves
further investigation.

Secondary metabolites of cocoa are purine alkaloids (e.g., caffeine, theobromine, and theophylline)
and flavan-3-ols, which comprise between 0.05–1.7 wt %, and 12–18 wt % [20,21], respectively.
The (−)-epicatechin constitutes the major monomeric flavanol, which also forms oligomeric and
polymeric procyanidins of (epi)catechin units up to tridecamers [22]. The flavan-3-ols are also
characterized as including OH groups in ortho position, which make an excellent substrate for PPO.

Regarding inactivation of PPO and its relationship with polyphenols, it has been studied in apricots,
apples, grapes, tea leaves, potatoes, lettuce, coffee, black raisins, anthocyanidins from strawberries,
catechins, quercetin, shrimps, and others [10,11]. Several inactivation strategies, for instance, using
reacting enzymes [23], reducing agents (e.g., removal of oxygen using chemical agents) [2], changes on
pH [24], and increasing temperature [25] have been tested. Regarding reducing agents, sulfites have
been widely employed, but, currently, their use has been restricted because of their adverse effects on
human health [26]. Other anti-browning agents can be used, but only a limited number are considered
acceptable in terms of safety and cost to control the enzymatic browning in foods or food products [27].

l-cysteine and ascorbic acid are the most widely used inhibitor agents [24]. In fact, Pizzocaro
found that ascorbic acid at 0.01–56.8 mM acted as an antioxidant reducing o-quinone back to the
original phenol compound, while L-cysteine at 40–100 mM [2] made it possible to form complexes with
o-quinones, and at 0.20–2.0 mM [28] it exhibited an inhibition of PPO higher than 98%. In addition,
commission regulation EU No. 1129/2011 approved the use of ascorbic acid (food additive E-300) and
l-cysteine (food additive E-920) in foods.

Regarding the inhibition of PPO in cocoa beans, heat inactivation at temperatures ranging from
60–98 ◦C, for a period ranging from 3–45 min, have been previously assayed [25,29]. For instance,
Pons-Andreu et al. [29] proposed an enzymatic treatment for cocoa nibs using a blanching process.
However, heating is not a valid treatment to enhance long-term inhibition of PPO activity, since
the enzyme is highly thermostable [30]. In addition, several works evaluate the change of enzyme
activity by qualitative color measurement (melanosis index scale) instead of measuring the specific
enzymatic activity [29,31]. Furthermore, many questions remain unsolved concerning the inactivation
process. None of the abovementioned studies investigated the optimal temperature, time of heat
treatment, type or concentration of chemical inhibitors to enhance lower enzyme activity in cocoa
beans. To our knowledge, the relationship between the total polyphenol content during the PPO
denaturation and how this affects antioxidant capacity and the bioactive properties of cocoa beans has
not been studied yet.

Therefore, the aims of this work were to: (a) determine the conditions to inhibit the PPO in cocoa
beans while maintaining a high level of polyphenols (to do so, concentration of inhibitor (ascorbic
acid and l-cysteine), temperature, and time were evaluated); (b) develop an equation showing the
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relationship between PPO inactivation and polyphenol content; and (c) investigate the enzyme’s kinetic
parameters and their affinity to PPO using catechol, (+)-catechin, and (−)-epicatechin as substrates.

2. Materials and Methods

2.1. Reagents

All the chemicals used were analytical reagent grade and were used without further purification.
Folin–Ciocalteu reagent, gallic acid, sodium carbonate, catechol, bovine serum albumin, ascorbic
acid, l-cysteine, sodium phosphate dibasic, citric acid, poly(vinylpyrrolidone) (PVP), and Coomassie
brilliant blue G-250 dye were obtained from Sigma Aldrich (St. Louis, MO, USA). (+)-Catechin (≥99%),
(−)-epicatechin (≥99%), and procyanidin B2 were purchased from ChromaDex Inc. (Irvine, CA, USA).
Acetonitrile (HPLC-grade), ethanol (analytical-grade), and formic acid were acquired from Merck
(Merck, Germany). Deionized water (18 MΩcm−1) from an Aqua Solution system (Aqua Solution, Inc.,
Jasper, GA, USA) was used for the preparation of all solutions.

2.2. Recovery of Cocoa Polyphenol Extract

Fresh cocoa pods (Trinitary, clone ICS 39) were collected at Villa Santa Monica (San Vicente de
Chucurí, Santander, Colombia) and immediately protected from light and transported on ice to CICTA
Lab for processing. Cocoa pods are mainly composed of cocoa husk, cocoa beans, and mucilage. Thus,
the cocoa beans were removed manually using a knife and the beans surrounded by mucilage were
immediately removed using a mucilage remover (Penagos Ltda, Bucaramanga, Colombia). After that,
the beans were immediately inactivated (as described in Section 2.3) and used for further analysis.

2.3. Enzyme Inhibition

The inhibition of PPO enzyme in cocoa beans was enhanced by heat treatment. The samples were
dipped in an aqueous inhibitory solution consisting of ascorbic acid and l-cysteine (1:1 v/v ratio) at
same equimolar concentration. The assays were carried out as follows: 10 beans (ca. 25 g wet weight
at ca. 4 ◦C ) were immersed into 200 mL of inhibitory solution at different concentrations (0–50 mM),
times (1–5 min) and temperatures (70–90 ◦C) in accordance with the combinations of surface design 23,
which includes four replicates, a central point, and start points (Table 1). These levels of factors were
chosen with the goal to maintain a high level of polyphenols; therefore, it is preferred to use a high
temperature for a shorter time. Immediately after the inmersion of beans into the inhbitory solution,
the samples were cooled in ice water for 30 min, and then rinsed (×3) again with deionized water (4 ◦C)
to remove traces of ascorbic acid, and l-cysteine. Non-treated sample (fresh unfermented cocoa bean)
was kept as control.

2.4. PPO Enzyme Extraction

The treated and non-treated beans were chopped into small pieces and homogenized. The enzyme
extraction was done according to Babu et al. [32] with few modifications. Briefly, the chopped pieces
were homogenized in cold extraction buffer (ratio 1:1.5 w/v, 0.01 M McIIvaine citric phosphate, pH
6.5, containing 1% PVP) during 2 min at max speed (Vortex Reax Control, Heidolph, Germany) and
filtered by Whatman No. 1 filter paper (Whatman, Inc., Florham Park, NJ, USA). Homogenates were
centrifuged (Heraeus, Megafuge 16R, Thermo Scientific, Waltham, MA, USA) at 10,000× g and 4 ◦C
for 20 min. The resulting supernatant, called crude enzyme extract, was filtered again and used for
further experiments.
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Table 1. 23 full factorial surface design and experimental results for the inhibition of PPO enzyme and
higher polyphenol content from cocoa beans.

Run T (◦C)
Time
(min)

Inhibitor
[mM]

Specific Activity
[UPPO/mg]

Total Polyphenol
[mg GAE/g]

Γ *

1 90 1 50 8.97 ± 0.08 86.58 ± 2.53 3.74
2 70 5 0 18.48 ± 0.49 83.37 ± 1.45 1.68
3 63 3 25 8.40 ± 0.45 80.52 ± 3.21 3.45
4 90 1 0 20.42 ± 0.05 70.48 ± 0.90 1.05
5 90 5 0 12.30 ± 0.52 84.74 ± 4.65 2.61
6 80 3 67 6.86 ± 0.99 88.20 ± 3.43 5.07
7 80 3 25 15.05 ± 0.49 69.24 ± 1.22 1.36
8 80 3 25 18.42 ± 0.66 75.84 ± 1.34 1.38
9 80 1 25 20.08 ± 0.52 63.62 ± 4.50 0.81
10 70 1 0 21.11 ± 0.06 53.65 ± 2.32 0.41
11 70 1 50 21.15 ± 0.19 63.11 ± 1.01 0.75
12 80 6 25 5.60 ± 0.47 87.68 ± 3.21 6.14
13 70 5 50 5.17 ± 0.82 85.08 ± 2.21 6.27
14 80 3 25 14.03 ± 0.70 66.52 ±2.56 1.31
15 90 5 0 12.04 ± 0.41 85.58 ± 6.65 2.72
16 97 3 25 5.09 ± 0.36 86.32 ± 3.27 6.55
17 90 5 50 6.22 ± 0.90 85.21 ± 4.05 5.23
18 97 3 25 5.00 ± 0.31 86.73 ± 2.41 6.74
19 80 3 25 14.94 ± 0.07 68.57 ± 4.10 1.34
20 70 5 50 5.50 ± 1.14 87.67 ± 1.43 6.25
21 80 3 0 20.01 ± 0.23 71.01 ± 1.32 1.09
22 80 1 25 22.16 ± 1.14 65.75 ± 0.53 0.81
23 63 3 25 8.69 ± 0.60 79.99 ± 4.32 3.29
24 90 5 50 6.30 ± 0.41 85.15 ± 4.21 5.15
25 80 6 25 5.43 ± 0.16 87.50 ± 5.01 6.30
26 70 1 0 18.09 ± 0.04 53.24 ± 2.45 0.46
27 80 3 0 23.99 ± 0.79 74.21 ± 1.23 1.01
28 90 1 50 8.62 ± 0.86 85.60 ± 3.02 3.81
29 90 1 0 21.36 ± 0.43 74.44 ± 2.03 1.14
30 70 1 50 24.22 ± 0.26 65.94 ± 2.01 0.74
31 80 3 67 5.93 ± 0.33 82.54 ± 2.98 5.14
32 70 5 0 17.54 ± 0.78 80.84 ± 3.89 1.67

* Γ calculated according to Equation (5).

2.5. PPO Enzyme Activity Measurement

The enzyme activity (UPPO) was determined spectrophotometrically according to Pizzocaro et al. [24].
The reaction mixture, containing 1.0 mL of catechol solution (0.175 M) and 2.0 mL of McIlvaine buffer
pH 6.5, was added to 0.5 mL crude enzyme extract. The increase in absorbance at 420 nm (Genesys
20; Thermo Scientific-Fisher, Waltham, MA, USA) was recorded at intervals of 15 s up to 5 min at
room temperature. The PPO activity was calculated by the slope of the linear portion of the curve
absorbance vs. time. The enzyme activity corresponding to one unit of PPO activity was defined as the
0.001-unit change in absorbance per minute at 420 nm per mL of enzyme assay solution mixture.

The protein content of specific activity was measured according to the method described by
Bradford [33]. Bovine serum albumin (BSA) was used as a standard (0–0.125 mg/mL) (r2 = 0.999).
The specific activity was expressed as one unit of enzyme activity per one unit (mg−1) of BSA protein
(UPPO/mg).

The percent of total inhibition was calculated as follows (Equation (1)):

Inhibition (%) =
Control− Testi

Control
∗ 100 (1)

where i is the number of the treatment according to the design. Control and testi were expressed as the
amount of enzyme specific activity (UPPO/mg).
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2.6. Substrate Kinetic Constants of PPO

The evaluation of inhibition constant was assayed using catechol, (+)-catechin and (−)-epicatechin
(main catechins in cocoa) as substrate (5–200 mM) at optimal temperature for PPO activity, that is,
35 ◦C, as previously reported in the literature [3,28].

The reaction was modeled using the Michaelis–Menten equation (Equation (2)). The Km value
and maximum velocity vmax were determined using a nonlinear regression by GraphPad Prism v. 6.0
(GraphPad Soft. Inc., La Jolla, CA, USA).

v =
vmax ∗ [s]
Km + [s]

(2)

2.7. Recovery of Total Phenol Content

Recovery of phenolic compounds from non-treated cocoa beans (control sample) and beans
remaining after the PPO inhibition treatment were determined as follows: beans were freeze-dried
(Labconco Corp., Kansas City, MO, USA) for a final humidity <4% (according by AOAC method 931.04,
1990) [34], milled and homogenized (Grindomix GM 200, Retsch GmbH & Co., Haan, Germany).
The extraction was carried out as follows: 1 g of sample was added to 60 mL of a mixture of 50%
ethanol/water (w/w) at 50 ◦C, and stirred at 300 rpm for 30 min using a magnetic stirrer hotplate
(IKA C-MAG HS7, Germany) and thermocouple (IKA ETS-D5, Germany). The resulting extract was
centrifuged (5000× g, 4 ◦C, 20 min); then, the supernatant was filtered through 0.45 μm hydrophilic
PTFE filter (Millipore, Milford, MA, USA), and immediately analyzed.

2.8. Determination of Total Polyphenol Content

The total polyphenol content of the sample was assayed using Folin–Ciocalteu reagent according
to Singleton et al. [35] with modifications as follows: the reaction was initiated by the addition of 50 μL
of the sample with 1.5 mL of 10-fold diluted Folin-Ciocalteu reagent. After 5 min, 1.5 mL of 7.5% (w/v)
sodium carbonate was added and vortexed for 10 s. The reaction medium was stored in the dark for
1 h at 25 ◦C. Absorbance was measured at 765 nm (Genesys 20; Thermo Scientific-Fisher, Waltham,
MA, USA) against a blank sample. A gallic acid calibration curve was prepared with 0.05–1.0 mg/mL
(r2 = 0.999). Results of total polyphenols amount were expressed as mg gallic acid equivalents by gram
of dried cocoa beans (mg GAE/g).

2.9. Chromatographic Analysis by HPLC-DAD

The reverse phase conditions and stationary phase were optimized to detect both catechins
and procyanidins in the cocoa extract. Briefly, LC was assayed on a Shimadzu (LC-2030 LT Series-i,
USA) and the separation was achieved using a C18-phenyl column (4.6 × 50 mm, 2.5μm) (Xbridge,
Waters, Milford, MA, USA) protected with a security guard from Phenomenex (AJ0-8788, Phenomenex,
Torrance, CA, USA). The procedure consisted of water/formic acid (99.99/0.01 v/v) (solvent A), and
acetonitrile/formic acid (99.99/0.01 v/v) (solvent B). The linear gradient was as follows: 0-8 min, 2% B;
8–37 min, 10% B; 37–40 min, 0% B and re-equilibrium for 10 min. The flow rate, column temperature,
and diode array were set at 0.8 mL/min, 60 ◦C, and 280 nm respectively. Identification of both catechins
and procyanidins were carried out by Ion Trap LC/MS (model 6320, Agilent Technologies, Waldbronn,
Germany) equipped with an ESI source and ion trap mass analyzer, which was controlled by the
6300 series trap control software (Bruker Daltonik GmbH, V. 6.2). The mass spectrometer was operated
in negative ESI mode with the following conditions: mass spectra recorded from 90–2200 m/z, nebulizer
40 psi, dry gas 12 L/min and dry temperature 350 ◦C. Target compounds consisted of [M−H]− ions
at m/z 289, 577, 865, 1153, 1442, and 1730, which correspond to monomer, dimer, trimer, tetramer,
pentamer, and hexamer procyanidins structures, respectively.
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2.10. Scanning Electron Microscopy and Image Analysis

Scanning electron microscopy (SEM) was additionally used to evaluate the microstructure of
(a) non-treated cocoa beans, and (b) cocoa beans with reduced PPO activity. Beans were cut into
longitudinal and transversal sections with the objective to observe their microstructure. Sections were
mounted on aluminum stubs with double-sided carbon adhesive tape and observed using the XL-30
Environmental Scanning Electron Microscope (Philips, Cambridge, MA, USA) at 25 kV accelerating
voltage with a BSE (backscattered electron) detector. The images were acquired in grayscale and stored
in TIFF format at 712 × 484 pixels.

Images of the samples were captured using electronic microscopy and stored as .TIF in a gray scale
with brightness values between 0 and 255 for each pixel constituting the image. A generalization of the
box-counting method to evaluate the fractal dimension of the images (FDt) was used. In this work, the
shifting differential box-counting method was used (SDBC) [36] to evaluate the fractal dimension of
texture of SEM images using the ImageJ 1.34 software. Four different images at the same magnification
(1000×) were evaluated.

2.11. Statistical Analysis

All measurements were repeated at least three times. Statistical analysis was done using Statistica
v. 7.1 (Stat-Soft Inc., Tulsa, OK, USA). The three-way analysis of variance (three-way ANOVA) and
p-test were used to evaluate the influence of the factors and their interactions on the experimental
design. One-way ANOVA and Tukey´s multiple range test at a 5% level of significance were also
evaluated. The response surface methodology, consisting of a full factorial central composite rotatable
design with four replicates at the central point was conducted according to a completely randomized
model. A second-order polynomial equation was used to fit the experimental data, as follows (Equation
(3)):

Y = β0 +
k∑

i=1

βiXi +
k∑

i=1

βiiX2
i +

k−1∑
i = 1
i < j

k∑
j=2

βi jXiXj (3)

where Y is the predicted factor, X is the extraction parameter, β0 is the value of the fitted response to the
design, and βi, βii, and βij are the coefficients of linear, quadratic, and cross-product terms, respectively.

In this study, performance of full factorial central composite design by R-squared coefficient
was measured. In addition, experimental runs were randomized to evaluate the concordance of
experimental data and predicted values; therefore, the root-mean-square error (RMSE, Equation (4))
was used, as follows:

RMSE =
2

√∑n
i=1(yi − ŷi)

2

n
(4)

where yi and ŷi is the measured value and predicted value by the model, respectively, and n is the
number of the set data.

3. Results and Discussion

3.1. Preliminary Inhibition Assays

Prior to optimizing the inhibition of PPO enzyme from cocoa beans, the following parameters
were evaluated: (a) the nature of the inhibitor, and (b) the size of the cocoa beans. Thus, the PPO
activity as a function of different inhibitory agents was determined with a solution containing 1%
(w/w) ascorbic acid, 1% (w/w) l-cysteine, and mixture of ascorbic acid/l-cysteine (1:1 ratio, 1% w/w,)
using heat treatment at 90 ◦C for 5 min as previously reported by Menon et al. [25]. At concentration
>1%, inhibitors behave as quinone reducers, similar to sulfides [26]. The results showed that highest
denaturation of the enzyme was enhanced by a mixture of ascorbic acid/l-cysteine (79.3%), followed
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by ascorbic acid (72.8%) and l-cysteine (67.5%). In addition, two sizes of cocoa beans consisting of (S1)
chopped cocoa bean (cross section of 1 × 0.5 cm2), and (S2) whole cocoa beans, were also evaluated.
Results showed that S1 treatment inhibited the PPO 1.2-fold more than S2. Interestingly, inhibition
solution color after heat treatment (control system) was translucid-yellow, which was quite similar to
S2 treatment. However, a violet color in the waste solution of S1 treatment was observed and could
be a consequence to the greater surface contact, thus facilitating the release of polyphenols. Indeed,
through HPLC-DAD-MS/MS, it was shown that loos of catechins and procyanidins (up to hexamers)
on S1 and S2 treatments were 0.5 and 1.2, and 8 and 22 wt.%, respectively.

Hence, the maximization of the inactivation of PPO was carried out using whole cocoa beans,
together with a combination of ascorbic acid/l-cysteine at same equimolar concentration.

3.2. Influence of Inhibition Parameters on PPO Activity

The extent of PPO inhibition as a function of treatment time, temperature and inhibitor
concentration is summarized in Table 1. In addition, the recovery of total polyphenol content for each
assay was evaluated (Table 1). As can be seen in Supplementary Figure S1, a non-linear relationship
could be observed between values of enzyme inactivation and concentration of polyphenols (r2 = 0.60).
To better understand the relationship between the two response variables, several models, such as
quadratic (r2 = 0.61), exponential (r2 = 0.56), and logarithmic (r2 = 0.59) equations, were evaluated;
however, none of them was able to describe the data adequately. Furthermore, a new equation
(Equation (5)), which correlates high polyphenol content with reduced PPO activity—expressed in
percentage—in an inverse relationship, was established as follows:

Γi =
Total Polyphenoli (%)

100− PPO Inhibitioni (%)
(5)

where Γ—represented by the Greek uppercase letter—means high polyphenol content with low enzyme
activity, as a function of % total polyphenol recovered and % PPO inhibition; i is the number of the
treatment according to the design.

Figure 1 shows the experimental data adjusted according to our proposed model (Equation (5)).
Plotting of Γ as a function of total polyphenol (%) or inactivation (%) produced good adjustments of r2,
equal to 0.91 and 0.92 respectively (Supplementary Figure S2A,B).

Figure 1. 3D scheme for the correlation Γ as a function of polyphenol oxidase (PPO) inhibition (%) and
total polyphenol content (%) on cocoa beans. See Equation (5).
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As can be seen, Γ had an exponential behavior; that is, with brief, low-heat treatment the rate
of inactivation was lower, and both maximum enzyme inhibition and polyphenol content (lower
thermal degradation of polyphenol compounds) were increased by increasing the temperature until a
saturation value was reached. We hypothesized that heat treatment not only made it possible to break
down the enzyme–substrate complex but also caused softening of the cell, and thereby increased the
extraction yield of polyphenols.

3.3. Effects of Temperature, Time and Concentration of Inhibitor on PPO Activity

Analysis of variance shows that the selected quadratic model adequately represented the data
obtained for Γ with a good coefficient of multiple determination of r2 = 0.891 (Table 2) and lower
residual values (MS residuals equal to 0.748). The model’s ability to accurately predict the data based
on randomly selected experiments (n = 15), by comparing how close predictions are to the actual
outcomes, was assessed. Therefore, RMSE was 0.388, which reinforced the good performance of
the model.

Table 2. ANOVA for polyphenol oxidase (PPO) inactivation through 23 surface design + central points
+ start points. r2= 0.8083; r2adj = 0.8462.

Factor SS df MS p

T 8.3298 1 8.32985 0.003001
T2 19.4339 1 19.43392 0.000042
t 49.5296 1 49.52962 0.000000
t2 2.2011 1 2.20111 0.100515

Inh 35.4793 1 35.47934 0.000001
Inh2 0.0185 1 0.01846 0.876667
T × t 3.5258 1 3.52580 0.041099

T × Inh 0.0242 1 0.02417 0.859066
t × Inh 4.2416 1 4.24158 0.026414
Error 16.4760 22 0.74891

Total SS 150.9190 31

SS is the sum of the squares, df is the degree of freedom, MS is the mean square, p is the probability value, T is
temperature, t is time, and Inh is Inhibitor.

In general, ANOVA and the analysis of surface response (Table 2, Figure 2) confirmed the
dependence of higher PPO denaturation as a function of the linear and quadratic effect of temperature
and the linear effect of time of treatment, and concentration of inhibitor (Equation (6)). Besides,
interactions between temperature with time and time with inhibitor concentration were also significant
(p < 0.05). These can happen because (i) heat treatment affects the conformational change of the enzyme
and protein–enzyme dissociation [37] and (ii) the dose-dependent inhibitory effect [2,28]. A similar
trend was also observed by Oliveira and Orlanda [3], who found that the PPO enzyme was stable at
temperature <67 ◦C, but greater denaturation of 90% could be enhanced at temperature >85 ◦C after
20 min [28].

Y = 54.649− 1.496T + 0.010 T2 + 1.758 t + 0.009Inh− 0.023 T ∗ t + 0.010 t ∗ Inh (6)

At the maximum temperature (35 ◦C) for PPO activity, non-treated cocoa sample had a total
polyphenol content of 42.1 mgGAE/g, a maximum PPO-specific activity of 32.0 ± 0.2 UPPO mg−1, and a
protein amount of 68.5 ± 3.6 mg mL−1, which was consistent with Lee et al. [37] and Misnawi et al. [7]
with PPO-specific activity of 52 and 75 UPPO mg−1, and total protein of 70 and 73 mgmL−1, respectively.
Thereby, a significant effect of temperature (p < 0.05; Figure 2A,C) on the reduction of PPO activity,
which was 1.95-, 2.23-, 2.66- and 6.35-fold lower at 70 ◦C, 80 ◦C, 90 ◦C, and 97 ◦C (compared to
35 ◦C), respectively, was observed. Regarding the length of treatment time (Figure 2B,C; Equation (6)),
this showed the largest positive linear regression coefficient, suggesting that this factor is critical to
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enhancing the reduction of PPO activity. The effect of concentration of inhibitor (Figure 2A,B) was
also significant (p < 0.05), indicating the role of ascorbic acid as an antioxidant reducing the initial
o-quinone, and of l-cysteine as a reducing agent interfering with PPO activity before it can polymerize
to melanin [3].

Figure 2. Surface response for the correlation of Γ with (a) temperature (T) and concentration of
inhibitor (Inh), (b) time and Inh, (c) t and T. See Equation (3).

These findings reinforce the synergic effect of ascorbic acid and l-cysteine as an efficient solution
to prevent enzymatic browning reactions. In fact, effective use of ascorbic acid and/or l-cysteine in
combination with other compounds has been previously confirmed [28,38]. Based on our results, the
optimum conditions to obtain the lowest enzymatic browning and highest total polyphenol content
were achieved with 70 mM inhibitory solution at 96 ◦C for 6.4 min, for a predicted Γ = 11.8, which
agreed with the experimental results obtained under these conditions, which provided a Γ = 11.6 ± 2.7,
that is, 93.3 ± 2.1% PPO inhibition and total polyphenol of 94.9 ± 4.09 mg GAE/g (2.3-fold higher than
non-treated samples). Under these conditions, a long-term study showed that inactivated cocoa beans
(stored at 4 ◦C) maintain, over 2 years, their total phenol content (ca. 92 ± 3.2 mg GAE/g) and PPO
activity (ca. 89 ± 3.8%) with no significant change over time (p < 0.05).

3.4. Kinetic Parameters of PPO Inhibition in Cocoa Beans

The differences in PPO activity observed varying the substrate (catechol, (+)-catechin, and
(−)-epicatechin) were determined in the enzyme’s kinetic parameters. As expected, all the substrates
were oxidized, displaying Michaelis–Menten kinetics [8]. The kinetic parameters calculated by
nonlinear regression are summarized in Table 3. Regarding the catalytic power (vmax/Km ratio),
taken as an evaluation criterion, the enzyme seemed to be most suitable for small o-diphenols such as
catechol (4440.98 U mM−1 mL−1 min−1), followed by (−)-epicatechin (727.38 U mM−1 mL−1 min−1),
and (+)-catechin (637.79 U mM−1 mL−1 min−1). Indeed, higher affinity for catechol followed by
catechin was also found by Doǧru and Erat [2].

Table 3. Michaelis-Menten kinetic parameters on different substrates as action of cocoa bean PPO.

Substrate Km [mM] vmax (UPPO mL−1 min−1) vmax/Km (UPPO/mM mL min)

Catechol 0.61 ± 0.12 a 2709 ± 21.89 a 4440.98
Catechol * 8.36 ± 1.33 b 106.7 ± 3.70 b 12.76

(−)-Epicatechin 1.26 ± 0.37 a 916.5 ± 20.59 c 727.38
(+)-Catechin 1.45 ± 0.35 a 924.8 ± 18.98 c 637.79

* Substrate evaluated using PPO enzyme from inactivated cocoa beans at optimum conditions (70 mM inhibitory
solution at 96 ◦C for 6.4 min). Means within a column sharing the same letter are not significantly different by Tukey
(p > 0.05).
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Affinities of PPO for catechins obtained in this study were quite similar to that reported by
Wuyts et al. [39] and Ho [40] with Km of 1.2 and 2.1 mM, respectively, as well as for (−)-epicatechin with
Km equal to 0.65 and 1.18 mM according to Liu et al. [41] and Martinez-Cayuela et al. [42], respectively.
The kinetic constant for catechol was 0.61 mM, similar to the value range from 0.18 to 0.97 mM for
cocoa pulp and bean, respectively [1], but different from other plant samples, with values ranging from
7.9× 10−4 to 203.8 mM [2,28,43], which can be due to method of extraction, nature of the subtrate, and
method of measurement.

Additionally, denatured PPO enzyme recovered using the optimized variables (70 mM inhibitory
solution at 96 ◦C for 6.4 min) for the oxidation of catechol was also studied. Results showed that
catechol had the lowest catalytic power, with 12.76 U mM−1 mL−1 min−1; therefore, its affinity for the
substrate (Km) was reduced up to 13.7-fold. The lowest affinity of the enzyme could be a consequence
of the degradation of the protein site of the enzyme and/or morphological changes in the enzyme,
which can be related to its low protein content (16.04 ± 3.96 mg mL−1) and low specific activity
(2.12 ± 0.65 UPPO mg−1) after the heat treatment, respectively.

Overall, these findings reinforce the high affinity of PPO for small o-diphenols, and thermal
enzyme denaturation, and also highlight the importance of inhibiting PPO activity for controlling the
dramatic loss of polyphenols by the enzymatic action.

3.5. Microscopy Analysis

An evaluation of the effect of PPO inhibition on morphology and cell wall was carried out
by scanning electron microscopy. As can be seen in Figure 3A, fresh sample (non-treated sample)
maintains the cell walls, which are well oval-shaped, non-fractured, solid and denser in appearance,
and have the cellular content clearly embedded in them (fractal dimension of the images, FDt =
2.542). Figure 3B clearly showed evident changes after the PPO inhibition, which consisted of faster
changes in temperature between 4–97 ◦C for short times (1–6 min), with significant differences (p <
0.05) observed in the FDt values. In fact, the FDt is an important tool for image analysis that makes
it possible to quantify the image texture with the aim of identifying significant differences between
treatments. Moreover, the cell walls become larger, smooth, fibrous and unfolded, and show evidence
of more interspace and holes in the microstructure (Figure 3B) as a result of the enzyme thermal
denaturation or the effect of heat shock proteins (FDt = 2.872), which are consistent with Terefe et
al. [44]. This observation reinforced that heat treatment is a faster and robust method to change the
conformational structure of PPO enzyme, and thus reduce its activity in cocoa beans and increase the
extraction yield of polyphenols.

 
Figure 3. Microscopy images for the microstructure of (A) non-treated sample (fresh cocoa bean) and
(B) sample after optimal conditions for the inhibition of PPO enzyme (70 mM inhibitory solution at
96 ◦C, 6.4 min).
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4. Conclusions

In this study, experimental conditions to inhibit the action of PPO enzyme in terms of the specific
activity of PPO measurement and total polyphenol content were optimized. Our study has reported,
for the first time, an equation that correlates both high recovery of total polyphenols and high inhibition
of PPO enzyme in cocoa beans. Confirmation of heat denaturation during the inactivation process by
SEM images, and the high affinity of PPO for small o-diphenols, especially for catechol, followed by
(−)-epicatechin, have also been studied. This work provides a promising, robust, easier, and food-safe
procedure for obtaining enriched polyphenol extract with longer oxidative enzyme stability.
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Abstract: Raw cocoa beans were processed to produce cocoa powders with different combinations
of fermentation (unfermented, cool, or hot) and roasting (not roasted, cool, or hot). Cocoa powder
extracts were characterized and assessed for α-glucosidase inhibitory activity in vitro. Cocoa
processing (fermentation/roasting) contributed to significant losses of native flavanols. All of the
treatments dose-dependently inhibited α-glucosidase activity, with cool fermented/cool roasted
powder exhibiting the greatest potency (IC50: 68.09 μg/mL), when compared to acarbose (IC50:
133.22μg/mL). A strong negative correlation was observed between flavanol mDP and IC50, suggesting
flavanol polymerization as a marker of enhanced α-glucosidase inhibition in cocoa. Our data
demonstrate that cocoa powders are potent inhibitors of α-glucosidase. Significant reductions in
the total polyphenol and flavanol concentrations induced by processing do not necessarily dictate a
reduced capacity for α-glucosidase inhibition, but rather these steps can enhance cocoa bioactivity.
Non-traditional compositional markers may be better predictors of enzyme inhibitory activity than
cocoa native flavanols.

Keywords: flavan-3-ol; procyanidin; α-glucosidase; melanoidin; Maillard reaction

1. Introduction

Cocoa beans (Theobroma cacao) are concentrated dietary sources of flavanols, a subclass of
polyphenols, which are thought to be responsible for many of the bioactivities of cocoa [1–5].
(−)-epicatechin and (+)-catechin (which is epimerized to (−)-catechin during roasting) are the major
monomeric flavanols in raw cocoa. Native flavanols in cocoa beans are approximately 58% procyanidins
(PCs), or flavanol oligomers and polymers (monomeric residues linked via 4→β6 or 4→β8 bonds).
These flavanols exhibit potent antioxidant and health-protective activities, including the modulation of
oxidative stress and potentially reducing the risk of various chronic conditions, such as cardiovascular
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disease (CVD), type II diabetes mellitus (T2D), and different forms of cancer. Additionally, cocoa beans
contain other bioactives, such as lipids, fiber, lignins, melanoidins (after roasting), methylxanthines, and
other complex compounds that have not been extensively characterized. Beans contain approximately
55% fat, 16% fiber, 10% protein, and 3% ash, depending on variety. The health benefits associated with
dietary cocoa are likely due to multiple bioactive compounds and their interactions, rather than one
compound or class of compounds, because of the complex composition of cocoa and the reactions that
occur during cocoa processing [6].

After harvesting, cocoa beans undergo a series of processing steps, including fermentation,
drying, roasting, winnowing, and various other processes that may include pressing or alkalization, to
produce a final product, such as cocoa powder or chocolate. These processes strongly influence the
chemical composition of the product, with fermentation resulting in approximately 0–70% loss of total
polyphenols and roasting costing an additional 15–40% loss [7–9]. Additionally, non-enzymatic
browning reactions occur between native cocoa polyphenols and mono- or polysaccharides,
proteins, and amino acids to produce Maillard reaction products, most notably melanoidins [10].
The widely-accepted paradigm is that preservation of native flavanols is critical for retaining
bioactivity [7,9,11]. However, it is possible that reactions occurring throughout processing may
generate processing-derived compounds with novel activities, such as lignin-like complexes and
melanoidins, potentially preserving or even enhancing certain bioactivities as compared to the raw
cocoa bean [7,12–19]. The levels and activities of these large, complex, and diverse compounds in
cocoa are largely unknown due to analytical challenges (such as lack of authentic standards, structural
complexity and size of potential products), low bioavailability of large complex compounds, and the
continued research focus on small monomeric flavanols.

In vivo, flavanols have highly variable systemic oral bioavailability, with absorption being
inversely proportional to molecular weight and ~0% absorption for compounds ≥ tetramer [20–24].
Thus, the actions of these bioactives are likely to predominantly occur in the lumen and epithelium
of the gastrointestinal (GI) tract, where the delivery of native flavanols and processing products is
high and not subject to various barriers and metabolism/transport processes that reduce flavanol
concentration and activity. Bioactivity exerted within the lumen and epithelium of the gut might play
a key role in the mitigation and prevention of obesity and related conditions, such as T2D and CVD.
Specifically, the inhibition of gut digestive enzymes to limit macronutrient digestion is a promising
mode of bioactivity that does not require systemic bioavailability. Previous studies demonstrate that
cocoa flavanols inhibit lipases, α-amylase, and α-glucosidase; α-glucosidase appears to be the most
susceptible to cocoa inhibition [13,25]. α-glucosidase is a brush border enzyme that hydrolyzes starch
and maltose into absorbable glucose [26]. The inhibition of α-glucosidase is a potential strategy for
inhibiting or slowing blood glucose absorption in the context of glucose intolerance. Commercially
available α-glucosidase inhibitors, such as acarbose, miglitol, and voglibose, come with high prices and
various side effects (such as GI discomfort), therefore warranting the investigation of dietary flavonoids
(from berries, red wine, green tea, cocoa, etc.) as potential inhibitors [16]. While isolated PCs are
effective α-glucosidase inhibitors, we recently found that various cocoas were effective inhibitors of
α-glucosidase, despite large reductions in native flavanols as a result of fermentation and roasting [13].
These results challenge the idea that losses of native flavanols inherently reduces all bioactivity of
cocoa and, therefore, warrant further investigation into the factors that determine α-glucosidase
inhibition. Specifically, the impact of cocoa processing on subsequent bioactivity and the identification
of non-flavanol cocoa components with bioactivity are of interest.
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Fermentation and roasting are the logical steps in cocoa processing to manipulate in order to
produce a final product with variable flavanol composition. Sourcing cocoas with the same bean origin
and known processing history is impractical if not impossible, due to poor bean traceability, poor
documentation, and varying practices of fermentation. A controlled model pilot-scale fermentation
using a common starting material is necessary to conduct research regarding the impact of fermentation
and further processing on bean composition and subsequent bioactivity [27–29]. Therefore, the main
objectives of this work were to (1) evaluate the effect of extremes in fermentation and roasting on
the composition of cocoa beans and powder, (2) determine how fermentation and roasting affect
α-glucosidase inhibitory activity of cocoa powder, and (3) identify the compositional factors and
processing conditions that optimize α-glucosidase inhibitory activity of cocoa.

2. Materials and Methods

2.1. Chemicals and Standards

Cargill, Inc. (Wayzata, MN, USA) generously provided raw unfermented cocoa beans, sourced
from Hispaniola. The beans were stored in burlap sacks at 3.5 ◦C prior to use. LC-MS grade acetonitrile
(ACN), LC-MS grade methanol (MeOH), citric acid, yeast extract, malt extract, calcium-lactate
pentahydride, tween 80, sodium hydroxide, magnesium sulfate heptahydride, manganese sulfate
monohydride, sucrose, glucose, fructose, calcium carbonate, agar, and water were obtained from
Thermo-Fisher Scientific (Waltham, MA, USA). Glacial acetic acid, methanol, and acetone were obtained
from VWR (Radnor, PA, USA). The standards of (−)-epicatechin (EC), (±)-catechin (C), and procyanidin
B2 (PCB2) were obtained from ChromaDex (Irving, CA). Standards of procyanidin C1 (PCC1),
cinnamtannin A2 (CinA2), and DP 5-9 purified from cocoa (purity: DP 3-5: 93–99%, DP6-9: 80–92%)
were obtained from Planta Analytica (New Milford, CT, USA). Ammonium formate, Folin-Ciocalteu
reagent, 4-dimethylaminocinnamaldehyde (DMAC), and α-glucosidase (from Saccharomyces cerevisiae)
were obtained from Sigma-Aldrich (G5003, St. Louis, MO, USA). The solvents were ACS grade
or higher.

2.2. Fermentation Model System and Processing

A partial factorial approach (Figure 1A) was employed to generate cocoa powders from the same
batch of raw beans: fermentation (unfermented (UF), cool fermented (CF), and hot fermented (HF))
and roasting (unroasted (UR), cool temperature roasted (CR), and hot temperature roasted (HR)).
Certain possible combinations were not evaluated due to cost constraints.
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Figure 1. (A) Cocoa processing model system to evaluate the impact of combined fermentation
and roasting parameters, producing seven total cocoa powders: unfermented/unroasted (UF/UR),
unfermented/cool roast (UF/CR), unfermented/hot roast (UF/HR), cool fermentation/unroasted (CF/UR),
cool fermentation/cool roast (CF/CR), hot fermentation/unroasted (HF/UR), and hot fermentation/hot
roast (HF/HR). (B) Fermentation index as a ratio of absorbance at 460 nm:530 nm, with values ≥1
indicating a complete fermentation. Note broken axes for ease of interpretation on select graphs.
Values are presented as the mean ± SEM of fermentation replicates within treatments. Significant
between time points for each value was determined by one-way ANOVA and Tukey’s HSD post-hoc
test (p < 0.05). Time points with different letters are significantly different within values. (C) Cut test
for all fermentations performed. (D) pH of simulated pulp media/bean nib and dissolved oxygen (DO).
It is important to note that for bean nib measurements, these values do not quantify the pH of the cocoa
bean itself, but rather the acidity derived from bean acids diluted in water. These nib values are useful
for comparison between the pH of the solution produced by beans at different time points. (E) Total
polyphenols in each cocoa powder, expressed in gallic acid equivalents. Total flavanols from cocoa
powder expressed in procyanidin B2 equivalents. Overall mean flavanol degree of polymerization
(mDP) for the total flavanols in cocoa powder- native monomers were accounted for in calculation.
Mean flavanol degree of polymerization for oligomers and polymers in cocoa powder (not including
native monomers); Note broken axes for ease of interpretation. All values are presented as the least
squares (LS) means with upper and lower confidence interval (CI). Significance between treatments
was determined by two-way ANOVA for the roasting and fermentation temperature effects using type
III sums of squares to account for unbalanced data, followed by post-hoc comparisons of LSMEANS
(p < 0.05). Normality was checked for each variable visually and with the Shapiro–Wilks test, and if
needed, transformed (Log or Box–Cox) prior to running the ANOVA and post-hoc test. Treatments
with different superscript letters (a–d) in Figure 1D and E are significantly different within values.
Legends above graphs indicate treatment (F = fermentation; R = roasting) main effect and interactions
as determined by two-way ANOVA, * p < 0.05, ** p < 0,01, *** p < 0.001.
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2.2.1. Fermentation

The raw unfermented cocoa beans were rehydrated, fermented, and dried based on previously
established pilot-scale cocoa fermentation protocols described by Racine et al. [30] and Lee et al. [31]
with modifications. The unfermented cocoa beans (32 kg) were rehydrated in plastic fermentation
boxes (polypropylene, Sterilite, Townsend, MA, USA) by submersion in distilled, deionized (DI) water
(45 L) for 24 h at room temperature. The final moisture content of the beans after rehydration was
between 35–50% (IR-120 Moisture Analyzer, Denver Instrument, Bohemia, NY, USA). After draining
off the excess water, rehydrated beans (60 kg) were mixed with 60 L of simulated pulp media (Table 1)
(three replicate fermentation boxes per fermentation run; approximately 20 kg rehydrated beans; and,
20 L simulated pulp media per box). Boxes were covered and placed inside a pre-heated (25 ◦C)
incubator (Forma 29 cu ft Reach-In-Incubator, Model No. 3950, Thermo Fisher Scientific, Waltham,
MA, USA).

Table 1. Composition of simulated pulp media.

Reagent e Mass a (g)

Simulated Pulp Solution b

Citric acid 40
Yeast extract 20

Peptone 20
Calcium lactate pentahydrate 4

Tween 80 4

Magnesium-Manganese Solution c

Magnesium sulfate-heptahydride 2
Manganese sulfate-monohydride 0.8

Sugar Solutions d

Sucrose 100
Glucose 160
Fructose 180

a per four liters of solution; b reagents were combined with 1600 mL DI water, pH adjusted to 3.6 using 1 N NaOH,
and adjusted to a final volume of 2.4 L DI water before autoclaving; c reagents were combined with 400 mL of DI
water; d reagents were made separately into 400 mL solutions; e solutions c and d were combined with autoclaved
solution b to begin fermentation.

In total, four fermentation runs were conducted: two cool and two hot fermentation runs. Each
fermentation run continued for a total of 168 h. For each run, the material was fermented in three
separate boxes within the same incubator, with 20 kg rehydrated beans and 20 L simulated pulp in
each box. The incubator set point was raised 3.5 ◦C/24 h for the cool fermentation runs and 6 ◦C/24 h
for the hot fermentation runs, to final temperatures of 46◦C (cool) and 60◦C (hot) (Figure 1A). For all of
the boxes in all fermentation runs, the beans were manually agitated for 5 min. every 8 h to ensure
that the simulated pulp media was well-mixed and properly aerated. The pulp dissolved oxygen
(DO) and pH values were monitored while using benchtop meters (Orion DO Probe 083005MD; Orion
Versa Star Pro pH meter; Thermo Fisher Scientific, Waltham, MA, USA). Figure S1 shows images of a
representative fermentation batch over time. After 168 h of fermentation, the beans were drained to
remove the remaining simulated pulp media, evenly spread onto baking sheets, and then oven dried
(Rational, Germany; Blodgett, Burlington, VT, USA) at 65.5 ◦C for 24–26 h or until the moisture content
fell below 8%. After drying, all of the beans from both cool runs were thoroughly commingled and
stored at 3.5 ◦C until roasting, and the same was done for all beans from both hot runs. The beans that
were subjected to the unfermented treatment were immediately oven dried following rehydration and
draining, according to the procedures above.
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2.2.2. Roasting and Further Processing

Roasting was performed in a gas-fired drum roaster (180 kg capacity, Probat, Inc., Vernon Hills,
IL) at a drum speed of 15 rpm in collaboration with Epiphany Craft Malt (Durham, NC, USA). Each
unique fermentation/roasting treatment was separately roasted in batches of approximately 30 kg. The
cool roasted treatment temperature was 120 ◦C and the hot roasted treatment temperature was 170 ◦C
(Figure 1A). Roasting treatments were conducted for 20 min. each. After roasting, the beans were placed
on a rotating cooling table and then stored at 3.5 ◦C until further processing. The beans were further
processed into cocoa powder in collaboration with Blommer Chocolate Company (East Greenville,
PA, USA). The beans were first winnowed to remove shells and ground into liquor. The liquor was
then heated to approximately 200 ◦C and pressed (Cacao Cucino, Model No. 306487, Clearwater, FL,
USA) for 133 min. to produce a solid cake that was then ground into a homogenous cocoa powder. All
seven treatments were uniformly processed into cocoa powder. The powders were stored at −20 ◦C
until further analysis. The moisture and fat content for liquors and cake (ORACLE Rapid Fat Analyzer,
CEM, Matthews, NC, USA) and particle size of liquors (Microtrac S3500, Microtrac, Montgomeryville,
PA, USA) was measured for each treatment per Blommer standard operating procedures.

2.3. Fermentation Assays

The bean pH was determined every 24 h based on the method that was described by Racine
et al. [30]. A representative cut test was performed on a sample of whole beans from each of the
four fermentation runs (2 cool batches, 2 hot batches). Beans (n = 6) from each 24 h sampling period
(0–168 h) were cut through the middle lengthwise so that color and quality could be assessed. This
test is a standard assessment of post-fermentation bean quality and suitability to move forward
in processing [32,33]. The cocoa bean fermentation index (FI) was measured every 24 h during
fermentation based on the method of Romero-Cortes et al. [34] with minor modifications. Randomly
selected whole cocoa beans (n = 3–5) were frozen with liquid nitrogen and ground into a powder
in an electric spice grinder. The powder (50 mg) was mixed with 5 mL MeOH/HCl (97:3 v/v) and
extracted at 4 ◦C for 16–18 h on a rotating platform. The samples were then centrifuged (5 min.,
3500× g), supernatant collected (300 μL), and absorbance measured at 460 nm and 530 nm using a
96-well microplate. The FI was calculated while using the equation below and all analyses were
performed in analytical triplicate.

FI =
A460

A530
(1)

2.4. Polyphenol Extraction and Characterization

Polyphenol-rich extracts were made from raw beans, the fermented cocoa beans, and powders
for all seven treatments, as described previously [13,30]. The Folin–Ciocalteu colorimetric assay was
used to approximate the total phenolic content of the freeze-dried cocoa extracts, and total flavanols
were measured by the 4-dimethylaminocinnamaldehyde (DMAC) colorimetric assay, as previously
described in Dorenkott et al. [12]. These values were expressed in mg Gallic Acid Equivalents (mg
GAE)/g bean and mg PCB2/g bean, respectively. The mean degree of polymerization (mDP) of the
flavanols was determined by thiolysis based on the protocol of Dorenkott et al. [12], with minor
modifications. Cocoa monomeric flavanols and PCs (DP 1-10) were quantified by HILIC UPLC-MS/MS
based on the method of Racine et al. [35]. Refer to Supplementary Materials, including Table S1, for
full methodological details.

2.5. Melanoidin Dialysis

The dialysis method that was proposed by Sacchetti et al. [36] was followed with modifications to
isolate high and low molecular weight (HMW and LMW, respectively) extract fractions. Polyphenol-rich
extracts were re-dissolved in extraction solution (70:28:2 acetone, water, acetic acid) at 40 mg/mL.
Dialysis was performed in triplicate while using acidified methanol: water (60:40, 0.1% formic acid) as
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the dialysis solvent. For each replicate, 2.5 mL of dissolved extract (i.e. 100 mg) was placed inside
presoaked dialysis tubing (8–10 kDa MW cutoff, Spectrum Spectra/Por Biotech-Grade RC Dialysis,
Fisher) and clipped closed. This MW cutoffwas chosen based on preliminary data (Table S2) illustrating
that the majority of early, intermediate, and final Maillard reaction products (MRP) are eluted from the
3.5–5 kDa and 8–10 kDa tubing, with very little in 20 kDa, followed by a significant increase in 50 kDa
(see Supplementary Materials). The tubing was submerged in 250 mL dialysis solvent and the beaker
was stirred at 4 ◦C for 24 h and continuously sparged with N2. Following dialysis, the solvent outside
the tubing and the components remaining within the tubing were separately rotary evaporated at
55 ◦C, frozen at −80◦C, and then freeze-dried. Following freeze-drying, the solids were weighed, and
yield was calculated.

Fractions and undialyzed extracts were resolubilized in 0.05 M H2SO4 to a concentration of
0.15625 mg/mL (for detection of early MRPs in all samples), 2.5 mg/mL (for detection of intermediate
MRPs in all samples), 5 mg/mL (for detection of late MRPs in LMW, <8–10 kDa, fractions), 2.5 mg/mL
(for detection of late MRPs in HMW, >8–10 kDa, fractions), and 10 mg/mL (for detection of late
MRPs in unfractionated extracts) to selectively quantify melanoidins/MRPs. Each diluted dialysate,
non-dialyzable extract, and unfractionated extract was transferred (300 μL) into a UV-Star 96-well plate.
The absorbance was read at 280 nm (early MRP), 360 nm (intermediate MRP), and 420 nm (late MRP).
The MRP values are reported as absolute absorbance values (single dilution used for each fraction to
facilitate direct comparisons of absorbance values: 5 mg/mL (<8–10 kDa), 2.5 mg/mL (>8–10 kDa), and
10 mg/mL (unfractionated extract)) due to the lack of a good analytical standard.

2.6. In Vitro α-Glucosidase Inhibition Assay

The powder extracts were screened for α-glucosidase inhibitory activity in vitro, as described
previously [13]. A 0.1 M phosphate buffer (pH 6.9) was prepared in water with sodium phosphate
monobasic anhydrous (8.05 g/L), and sodium phosphate dibasic anhydrous (4.67 g/L). pH was adjusted
to 6.9 with 1 N NaOH. The extracts were diluted to 0.3125–8000 μg/mL in 10% DMSO. A negative
control (no inhibitor, i.e. 0 μg/mL extract) was prepared with only 10% DMSO. The α-glucosidase
solution (1 U/mL) and p-nitrophenyl α-D-glucopyranoside (pNPG, 1 mM) substrate solution were
prepared in 0.1 M phosphate buffer. In 96-well plates (n = 6 wells/treatment), 50 μL of each working
sample solution or negative control was mixed with 100 μL of α-glucosidase solution. The plate was
then incubated at room temperature for 10 min., followed by the addition of 50 μL of pNPG solution
to each well. Thus, the final concentration range of each inhibitor solution was 0–2000 μg/mL. The
plate was then read at 405 nm. The negative control was 0 μg/mL extract and the positive control was
acarbose in 10% DMSO (0–2000 μg/mL final concentration). The cocoa extracts were compared to the
controls at each concentration and the values were expressed as % α-glucosidase activity while using
the following equation:

% α−Glucosidase Activity =

( ΔAsample

ΔAnegative control

)
× 100 (2)

where:

ΔAsample= the change in the individual absorbance value of the product of the inhibitor, substrate, and
enzyme at each inhibitor dose before and after incubation; and,
ΔAnegative control= the average change in absorbance of the negative control (0 μg/mL) before and
after incubation.

α-glucosidase enzyme inhibition by all extracts and the positive control were assessed at
physiologically relevant doses. The highest concentration (2000 μg extract/mL) is equivalent to
approximately 13,333 μg powder/mL in the intestinal lumen (i.e. 13,333 ppm), when accounting for
15% extraction yield from powder. At an estimated 2 L upper digestive volume, this would equal
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approximately 26.67 g of cocoa product, or just less than 1 square of baking chocolate (1 square ≈ 28 g).
At a lower concentration such as 100 μg/mL (666.67 μg original product/mL in the intestinal lumen),
this would be equivalent to 1.33 g of original cocoa product or approximately 0.0475 squares of baking
chocolate, which is a very achievable and physiologically relevant amount. Alternatively, acarbose
is typically administered at 50–200 mg per dose [37]. At a 2 L upper digestive volume these would
translate to 25–100 μg/mL, a range assessed in this assay and further confirming the physiological
relevance of our concentrations.

2.7. Data Analysis and Statistics

All of the fermentation data (pH, FI, DO) within each treatment were analyzed by one-way
ANOVA and when overall significance was detected, Tukey’s HSD post hoc test was performed to
determine the differences between time point means. Compositional data for beans and powders
were analyzed for significance of main effect and interactions by two-way ANOVA using type III
sums of squares to account for the unbalanced data (due to the partial factorial design) and if overall
significance between treatments was detected, post-hoc comparisons of least-squares means (lsmeans)
was performed. The normality was visually checked for each variable and with the Shapiro–Wilk test,
and, if needed, transformed via Log or Box–Cox prior to two-way ANOVA and post-hoc test. Median
inhibitory concentration (IC50) values for α-glucosidase were calculated for each extract treatment
while using a four-parameter sigmodal analysis. Enzyme inhibitory data were analyzed using a
four-parameter log-logistic model for each of the seven treatments and the positive control, acarbose.
Simple linear regression analysis was performed to correlate individual measured compositional
factors (predictors: X) to α-glucosidase activity (IC50, outcomes: Y). The mean compositional values
and IC50 for each extract treatment were plotted (seven points per analysis), and R and R2 were
calculated. Statistical significance for all of the treatments in this study was defined a priori as p < 0.05.
All of the analyses were carried out on GraphPad Prism v7.03 (GraphPad, La Jolla, CA, USA), R
(v3.5.2) with Rstudio (v1.1.463, Boston, MA, USA) and additional packages, including lsmeans, car,
RVAideMemoire, and others, to assist in the dose-response analyses.

3. Results

3.1. Fermentation Model System and Cocoa Processing

Monitored fermentation parameters (pH, DO) similarly progressed across 168 h for CF and HF,
with initial (0 h) pulp pH values at 3.99 ± 0.05 and 3.84 ± 0.01, respectively, and ending (168 h) values at
3.51 ± 0.02 and 3.36 ± 0.07, respectively (Figure 1D). Furthermore, the bean pH values ranged from an
initial 5.61 ± 0.01 (CF) to 5.75 ± 0.16 (HF) and concluded at 3.89 ± 0.04 (CF) and 3.95 ± 0.01 (HF) after
168 h. DO remained ≤1 mg/L after the first 24 h of fermentation. The initial FI values (Figure 1B) for
both CF and HF were above 1.0 and remained within ±0.01 throughout the entire 168 h fermentation.
Cut test results showed similar results, as there was no true progression of color from purple to brown
beans. However, the sample size used was much smaller than what is traditionally seen, with the
typical cut tests consisting of over 300 cut beans.

Table S3 reports the fat and moisture content of liquors and presscakes, as well as the particle
size of liquors. While liquor fat content was generally similar across all treatments (~56–58%), UF/HR
had much higher cake fat content (15.4%) and lower cake moisture (2.0%) than the other treatments.
HF/HR had the lowest cake fat content, at 7.50%.

3.2. Characterization and Quantification of Polyphenols

Folin–Ciocalteu and DMAC, respectively, measured the total polyphenols and flavanols in beans
(Figure S2) and powders (Figure 1E) from each treatment. The powders had a 2–3-fold higher total
polyphenol and flavanol enrichment as compared to beans due to the concentration of polyphenols
during pressing as cocoa butter is removed. Overall, treatment significantly influenced the measured
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total polyphenols and total flavanols (Figure 1E). Treatments with less harsh (i.e. cooler) processing
conditions (UF/UR, UF/CR, CF/CR) generally had higher levels of total compounds than those that
endured a more heat intensive processing (HF/UR, HF/HR, UF/HR), as expected, with the notable
exception of CF/UR, which did not fit the overall pattern.

PCs (DP 1–10) were quantified from beans and powders from each of the seven treatments
via HILIC UPLC-MS/MS. The powder concentrations were normalized to the fat-free mass in each
treatment to account for the effect of pressing (i.e., fat content) and to present values only influenced by
fermentation and roasting (Figure 2). Figures S3 and S4 show normalized values for powders and beans.
Table S4 shows 2-way ANOVA results for monomers and PCs. As expected based on Folin–Ciocalteu
and DMAC, UF/UR, and UF/CR powders had the highest concentrations of individual PCs DP 1–10
(Figure 2) and HF/HR powder had the lowest levels. However, HF/HR had the highest mDP of all
treatments, at approximately 10, when calculated only factoring in oligomeric and polymeric PCs
(Figure 1E), but this increase was not seen for mDP, including monomers present before thiolysis.

Figure 2. (A–J) Levels of individual procyanidin compounds in cocoa powders as measured by HILIC
UPLC-MS/MS. (K) Individual values as a% of total measured procyanidins for each treatment. Values
are normalized to the fat-free mass of each treatment to account to varying fat content. All values are
presented as the LS means with upper and lower CI. Significance between treatments was determined by
two-way ANOVA for the roasting and fermentation temperature effects using type III sums of squares
to account for unbalanced data, followed by post-hoc comparisons of LSMEANS (p < 0.05). Normality
was checked for each variable visually and with the Shapiro–Wilks test, and if needed, transformed
(Log or Box-Cox) prior to running the ANOVA and post-hoc test. Treatments with different superscript
letters (a–e) are significantly different within values. Legends above graphs indicate treatment (F =
fermentation; R = roasting) main effect and interactions as determined by two-way ANOVA, * p < 0.05,
** p < 0,01, *** p < 0.001, refer to Table S4 for numerical values.
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3.3. Quantification of Maillard Reaction Products

The MRPs were quantified in LMW and HMW fractions and unfractionated extracts (Figure 3).
The results for early MRPs did not show clear trends. Intermediate and late MRPs generally increased
as expected from UR to CR to HR within all of the treatments. Fermentation had little impact on MRPs,
as expected.

Figure 3. Analysis of low molecular weight (LMW) and high molecular weight (HMW) cocoa extract
fractions and the unfractionated extract for early, intermediate, and late Maillard reaction products
(MRP). Early MRP were quantified at 0.15625 mg/mL at 280 nm, intermediate MRP were quantified
at 2.5 mg/mL at 360 nm, and late MRP were quantified at 5 mg/mL (LMW, <8–10 kDa), 2.5 mg/mL
(HMW, >8–10 kDa), and 10 mg/mL (unfractionated extract) at 420 nm. Note that absolute absorbances
are reported due to lack of adequate standards. Each bar represents the LS means with upper and
lower CI. Significance between treatments was determined by two-way ANOVA for the roasting
and fermentation temperature effects using type III sums of squares to account for unbalanced data,
followed by post-hoc comparisons of LSMEANS (p < 0.05). Normality was checked for each variable
visually and with the Shapiro–Wilks test, and, if needed, transformed (Log or Box-Cox) prior to running
the ANOVA and post-hoc test. Treatments with different superscript letters (a–e) are significantly
different within values. Legends above graphs indicate treatment (F= fermentation; R= roasting) main
effect and interactions as determined by two-way ANOVA, * p < 0.05, ** p < 0,01, *** p < 0.001, refer to
Table S4 for numerical values.

3.4. α-Glucosidase Enzyme Inhibition

Figure 4 shows the curves from four-parameter log-logistic model fitting ofα-glucosidase activity as
a function of inhibitor concentration for each treatment. See Figure S5 for raw (non-fitted) dose-response
curves representing mean ± SEM values for each treatment. The extracts dose-dependently inhibited
α-glucosidase activity. CF/CR was the most efficacious of all extracts and it was more potent than
acarbose. At 250 μg/mL, all of the treatments but UF/HR and HF/HR inhibited enzyme activity greater
than acarbose, and at concentrations≥500 μg/mL, all the treatments were better inhibitors than acarbose
(Figure 4). The extracts had the following IC50 values from most potent to least potent: 68.09 (CF/CR)
> 115.15 (HF/UR) > 125.31 (UF/CR) > 134.27 (CF/UR) > 154.14 (UF/UR) > 158.33 (HF/HR) > 169.19
(UF/HR), with acarbose (A) exhibiting an IC50 value of 133.22 for comparison. Note that statistical
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comparisons of IC50 were not possible, since this is a parameter that is interpolated from a single curve
for each treatment, fitted to multiple replicates at each dose. The curve parameters that were obtained
for the four-parameter log-logistic model were also calculated for each treatment: Hill coefficient,
minimum/maximum values, and EC50, so that the statistical significance of inhibition parameters could
be determined (Table 2). EC50 trends generally mimicked those of IC50 values.

Figure 4. Overlay fitted curves obtained for α-glucosidase activity (% activity compared to no inhibitor)
via 4-parameter log-logistic model for all cocoa powder extracts (A) and treatments plotted individually
against acarbose (B–H). Individual points represent inhibition values for individual replicates at each
concentration. Dotted line represents IC50 values. Refer to Table 2 for numerical values.

Table 2. Enzyme inhibition as analyzed by four-parameter log-logistic model. Significance indicated
by * p < 0.05, ** p < 0.01, *** p < 0.001.

Parameter
Treatment

Estimate Std. Error
LCL

(2.5%)
UCL

(97.5%) t-Value p-Value Significance
F R Abbreviation

Hill
Coefficient

- - (UF/UR) 1.9696 0.141725 1.691 2.248 13.8973 <2.2 × 10−16 ***
- Cool (UF/CR) 2.142171 0.177728 1.793 2.491 12.0531 <2.2 × 10−16 ***
- Hot (UF/HR) 1.603793 0.113242 1.381 1.826 14.1626 <2.2 × 10−16 ***

Cool - (CF/UR) 1.429009 0.129739 1.174 1.684 11.0145 <2.2 × 10−16 ***
Cool Cool (CF/CR) 3.465039 0.425681 2.629 4.301 8.14 3.17 × 10−16 ***
Hot - (HF/UR) 1.142063 0.107241 0.931 1.353 10.6495 <2.2 × 10−16 ***
Hot Hot (HF/HR) 1.627053 0.113836 1.403 1.851 14.2929 <2.2 × 10−16 ***

Acarbose (A) 1.30504 0.113057 1.083 1.527 11.5432 <2.2 × 10−16 ***

Minimum
Value

- - (UF/UR) 0.378196 1.496104 −2.561 3.318 0.2528 0.80054
- Cool (UF/CR) 1.513805 1.388439 −1.214 4.242 1.0903 0.27611
- Hot (UF/HR) −0.030323 1.857523 −3.68 3.619 −0.0163 0.98698

Cool - (CF/UR) −4.888001 2.078745 −8.972 −0.804 −2.3514 0.01909 *
Cool Cool (CF/CR) 0.516432 0.977596 −1.404 2.437 0.5283 0.59755
Hot - (HF/UR) −5.208691 2.488998 −10.1 −0.318 −2.0927 0.03689 *
Hot Hot (HF/HR) 1.208122 1.755526 −2.241 4.657 0.6882 0.49166

Acarbose (A) 4.867636 2.043044 0.854 8.882 2.3825 0.01757 *
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Table 2. Cont.

Parameter
Treatment

Estimate Std. Error
LCL

(2.5%)
UCL

(97.5%) t-Value p-Value Significance
F R Abbreviation

Maximum
Value

- - (UF/UR) 77.81598 0.894435 76.059 79.573 87.0002 <2.2 × 10−16 ***
- Cool (UF/CR) 75.880224 0.889772 74.132 77.628 85.2806 <2.2 × 10−16 ***
- Hot (UF/HR) 80.391462 0.940686 78.543 82.24 85.4604 <2.2 × 10−16 ***

Cool - (CF/UR) 76.297669 1.107626 74.121 78.474 68.8839 <2.2 × 10−16 ***
Cool Cool (CF/CR) 76.360965 0.968329 74.458 78.264 78.8585 <2.2 × 10−16 ***
Hot - (HF/UR) 83.518081 1.382998 80.801 86.235 60.3892 <2.2 × 10−16 ***
Hot Hot (HF/HR) 84.494321 0.96061 82.607 86.382 87.959 <2.2 × 10−16 ***

Acarbose (A) 76.123584 1.073488 74.014 78.233 70.9123 <2.2 × 10−16 ***

EC50

- - (UF/UR) 153.38225 8.067667 137.53 169.23 19.012 <2.2 × 10−16 ***
- Cool (UF/CR) 122.95011 6.486545 110.21 135.7 18.9546 <2.2 × 10−16 ***
- Hot (UF/HR) 169.26537 10.618809 148.4 190.13 15.9401 <2.2 × 10−16 ***

Cool - (CF/UR) 146.08776 9.519332 127.38 164.79 15.3464 <2.2 × 10−16 ***
Cool Cool (CF/CR) 67.824539 1.888888 64.113 71.536 35.9071 <2.2 × 10−16 ***
Hot - (HF/UR) 127.62786 9.183673 109.58 145.67 13.8973 <2.2 × 10−16 ***
Hot Hot (HF/HR) 155.5339 8.935954 137.98 173.09 17.4054 <2.2 × 10−16 ***

Acarbose (A) 119.95973 10.225587 99.869 140.05 11.7313 <2.2 × 10−16 ***

IC50
a

- - (UF/UR) 154.1448 - 132.33 a 175.92 b - - -
- Cool (UF/CR) 125.30945 - 108.24 a 142.15 b - - -
- Hot (UF/HR) 169.1858 - 139.08 a 199.97 b - - -

Cool - (CF/UR) 134.26837 - 105.91 a 162.82 b - - -
Cool Cool (CF/CR) 68.09163 - 63.22 a 72.61 b - - -
Hot - (HF/UR) 115.14538 - 86.2 4 a 144.88 b - - -
Hot Hot (HF/HR) 158.33224 - 132.88 a 184.1 b - - -

Acarbose (A) 133.22093 - 102.04 a 165.78 b - - -

a IC50 LCL at 5%; b IC50 UCL at 95%.

3.5. Identifying Predictors of α-Glucosidase Enzyme Inhibitory Activity

Simple linear regression was employed to determine whether strong linear relationships existed
between the observed α-glucosidase inhibitory activities (IC50) and any of the individual chemical
composition parameters of the cocoas and their extracts (Figure 5), as a means of tentatively identifying
the composition factors that may influence inhibitory activities of cocoa. A strong negative correlation
(R = −0.882) with a statistically significant non-zero slope was observed between the overall mDP
calculated when factoring in monomers originally present in the sample, and IC50. This demonstrates
that the enzyme activity decreases as overall mDP increases (i.e. inhibition increases). No other
composition value (total polyphenols, total flavanols, individual PCs, etc.) was strongly correlated to
α-glucosidase inhibitory activity or had a non-zero slope. However, moderate positive correlations
with IC50 were observed for the early and intermediate MRPs from the HMW extract fraction (R ≥ 0.52
for both), demonstrating that the enzyme activity also increases as the concentration of these very large
and complex compounds increase (i.e. inhibition decreases), which suggests that these MRPs either
interfere with enzyme inhibition, or are markers of the loss of compounds that inhibit enzyme activity.
Weak negative correlations with IC50 were observed for total flavanols, total PCs measured by HILIC,
PC dimers, tetramers, and nonamers and early MRPs (LMW fraction) (|R|> 0.2 for all). Finally, weak
positive correlations with IC50 were observed for intermediate MRPs (LMW) and late MRPs (HMW).
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Figure 5. Correlations between cocoa powder extract composition and enzyme IC50 values. For mean
degree of polymerization (mDP), O + P: oligomers + polymers (not factoring in monomers present
prior to thiolysis), and All: (including monomers present prior to thiolysis). Note the x-axis for mDP
graphs have a minimum value of 1 mDP because there cannot be an mDP value of <1. Note that early,
intermediate, and late MRP are presented as absolute absorbance. Individual points represent mean
composition values and calculated IC50 values for each treatment. Lines represent the least-squares
regression line for each plot. Note that composition values are for the cocoa extract, not powders,
since the extract was evaluated for enzyme activity. *indicates that the slope is significantly different
from zero.

4. Discussion

We generated seven different cocoa powders representing a broad range of possible fermentation
and roasting conditions, and then assessed compositional and bioactivity differences of these powders
while using a partial factorial design through controlled fermentation and further processing. This
novel approach allowed for us to solely attribute differences to processing, since all of the products
were produced from the same starting beans.

Cocoa fermentation, as mentioned previously, is reliant upon multiple highly variable factors, and
thus fermentation conditions employed in cocoa production around the world vary tremendously. The
reported heap fermentations appear to start uniformly around pH 3.6, but our model system started
slightly out of these ranges [27–29,38–40]. Our cool and hot fermentations both concluded under more
acidic conditions than is typically reported. Beans of Trinitario and Forastero varieties typically range
in initial pH from 6.3–6.8, decreasing to approximately 5.0–6.0 by the end of fermentation, whereas
Criollo beans, while not as widely produced or studied as the Trinitario and Forastero varieties, have
been noted for their characteristically low pH [39–41]. The high initial DO values can be attributed to
the fresh mixing of bean and simulated pulp media, dropping significantly after 24 h and remaining
≤1 mg/L for the remainder of the fermentation. This model system fermentation is liquid based and it
was designed to mimic typical conditions in the center of a well-mixed cocoa heap. The FI and cut test
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are traditional quality controls conducted on farm to assess the post-fermentation bean quality. These
methods are based upon anthocyanin degradation and aglycone release throughout fermentation. The
FI of raw unfermented beans typically range from 0.3–0.6 and increase to 1.3–1.4 during fermentation,
with a value of ≥1 indicating the near-complete anthocyanin degradation and, thus, adequate and
complete fermentation [2,42,43]. However, our FI values started at >1 (Figure 1B). These data, along
with the acidic values for both pulp and bean in CF and HF systems, lead us to believe that these
beans are of Criollo or Nacional variety, but this statement cannot be verified and is thus a limitation
of this study. Criollo beans have low levels of anthocyanins when compared to other varieties, like
Trinitario and Forastero, and they have a naturally low pH, which possibly explains the high acidity
in our fermentation systems and inconclusive FI and cut test results [41]. Nacional beans grow in
Ecuador and they are very similar to Criollo beans [41]. Traceability is often limited or not possible in a
global commodity supply chain, such as that of cocoa beans, and thus the exact variety of the beans
used in this study is unknown.

The total polyphenol and flavanol content differed between powder and bean products, with
powders having higher total concentrations of both polyphenols and flavanols due to concentration of
flavanols in powders via the removal of flavanol-free cocoa butter during pressing. Overall, our cocoa
composition data align with previously published reports that fermentation and roasting significantly
reduce native flavanol levels in cocoa beans [5,11,14,17,32,44–46]. We assessed the interaction of both
steps by evaluating them in varying combinations, while most previous studies have investigated the
implications of fermentation and roasting independently of each other. Roasting is often considered
to be the key phase in cocoa processing in terms of defining the sensory characteristics of a finished
product by producing characteristic aromas, flavors, and texture of beans. Yet, roasting is an extension
of the flavanol reduction that begins during fermentation. The epimerization and polymerization of
flavanols, as well as reactions with larger structures, such as proteins, polysaccharides, and MRPs, can
all influence the flavonoid levels in processed cocoa [5,46]. This is clearly demonstrated by our data
across a broad range of polyphenol and flavanol assays.

Significantly lower levels of all measured compounds in the most harshly processed cocoa, HF/HR,
as compared to other treatments, demonstrate that prolonged high temperature exposure via hot
fermentation, followed by hot roasting degrades native polyphenols and flavanols. However, the high
mDP that was reported for both the HF/UR and HF/HR suggests that fermentation might have a larger
influence on polymerization of larger molecular weight compounds than originally thought, or that
the interaction between fermentation and roasting at high temperatures is crucial in the development
of large PCs. This agrees with studies suggesting that levels of high molecular weight PCs increase
with greater roasting time and temperatures [10,17].

Flavanols, particularly HMW flavanols, generally have poor intestinal absorption, and we chose to
examine the inhibition of a digestive enzyme, such as α-glucosidase (a brush-border enzyme), in order
to examine a mechanism located where these compounds are present at their highest concentrations
in vivo (the lumen or epithelium of the intestines). We also chose α-glucosidase based on data
suggesting that cocoa exerts greater inhibition on this enzyme than on the pancreatic α-amylase and
lipase [13]. Through the inhibition of α-glucosidase, cocoa compounds have the potential to slow
down carbohydrate digestion and post-prandial absorption of glucose, which blunts blood glucose
excursions. Extracts that were produced in this study appear to be effective dietary inhibitors of
α-glucosidase, most notably the CF/CR treatment, with an IC50 of 68.1 μg/mL (~50% lower than
that of acarbose). The level of acarbose that is typically present in the gut is between 25–100 μg/mL
when taken as recommended, which is within the concentrations used in the present study, and
thus represents a relevant control for this assay. At an IC50 of 68.1 μg/mL, CF/CR falls within the
typical acarbose range, but it is two-fold more effective in inhibiting 50% of enzymatic activity. The
CF/CR processing parameters that were applied in this study were within ranges used in industrial
cocoa powder production and have promising potential to surpass the activity of acarbose in vivo. In
addition to CF/CR, HF/UR, and UF/CR also had lower IC50 values than acarbose. Furthermore, all of
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the cocoas were more effective than acarbose at higher doses, such as 500 μg/mL (Figure 4). While
500 μg/mL is approximately five-fold higher than typical acarbose concentrations within the gut, it is
still a highly relevant dietary dose at 6.67 g of original cocoa product or approximately 0.24 square of
baking chocolate. Even at 250 μg/mL, all the cocoas treatments, except UF/HR and HF/HR, had better
inhibitory effects than acarbose, and these were treatments that were not significantly different than
acarbose (Figure 4). While it is promising that select processing conditions improve IC50 values, it is
noteworthy that even the harshest of conditions have similar inhibitory activity as compared to UF/UR
(no fermentation or roasting processing). The least-processed cocoa (UF/UR) was not the best inhibitor
nor was the most harshly-processed cocoa (HF/HR) far worse than all other treatments, which suggests
that, in this particular instance, processing, at worst, does not negatively affect activity and, at best, can
actually greatly enhance inhibitory activity.

The Hill coefficient is the slope of the curve at the inflection point and it can be used to interpret
the binding behavior and kinetic activity of the inhibitor’s target. Furthermore, a Hill coefficient of
1 is considered to be standard and is generally understood to have a single inhibitor binding site
or a simple kinetic mechanism (Table 2). With a steeper curve, the Hill coefficient increases, which
indicated that enzyme inhibition increases with an overall decrease in concentration range. Although
the reasons for these steep dose-response curves are poorly understood, several mechanisms can
potentially explain this action, including an increased number of inhibitor sites, an inhibitor undergoing
a phase transition with increased concentration, as well as when the enzyme concentration exceeds the
equilibrium constant for the inhibitor. With the exception of UF/CR and CF/CR, all of the treatments
have standard slopes and, therefore, can be considered to have simple kinetic mechanisms. EC50,
or the half-maximal effective concentration in relation to the control (i.e. acarbose), can be used in
combination with log-logistic parameters to estimate the IC50 of each treatment. There are slight
differences between these and IC50 values due to dependence on the control for EC50 values. Yet,
CF/CR is the most powerful inhibitor of α-glucosidase with both EC50 and IC50 values being lower
than all other treatments, including acarbose. Overall, our data do not support the hypothesis that an
inverse relationship exists between the processing intensity and α-glucosidase inhibitory activity of
cocoa powder.

Once we determined the α-glucosidase inhibitory activities of these cocoas, we then wished to
determine whether measured concentrations of putative bioactive cocoa compounds were associated
with inhibitory activity. We employed a simple linear regression approach to achieve this, similar to
our previous studies [13,47] (Figure 5). Of all compositional measures, the only strong correlation
seen was between IC50 and the overall flavanol mDP, with decreasing IC50 as mDP increased. The
lack of strong correlations for most measures in Figure 5 aligns with previous work demonstrating
that, although processing induced significant losses in total polyphenols and total flavanols, these
compositional changes did not uniformly influence bioactivity, but, rather, increasing mDP had a
stronger influence on cocoa bioactivity [13,25,48,49]. This finding provides evidence suggesting that
cocoa processing could be specifically tailored to promote flavanol polymerization as a means to
enhance α-glucosidase activity. Additionally, our data begin to suggest that MRPs may be useful as
markers of activity in cocoa. These compounds are intriguing markers, as they may directly contribute
to α-glucosidase inhibition due to structural similarities with their carbohydrate precursors, and they
are also sensitive indicators of processes, such as roasting. The quantification of these compounds is
complex, with limited understanding of structure and activity. Our results preliminarily suggest that
longer and higher roasting times/temperatures, which often result in the increased production of these
MRPs, negatively impact the α-glucosidase inhibitory activity of the extract, but further investigation
into these compounds is needed to fully elucidate the impact that they have on specific digestive
enzymes. Finally, our data suggest that traditional putative markers, such as total polyphenols and
total or specific flavanols, may not be sufficient for predicting α-glucosidase inhibitory activity of cocoa.
Whether this applies to other bioactivities, in vitro and in vivo, remains to be seen.
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The main novelties of this study were in (1) our use of a single uniform batch of raw cocoa beans
as the starting material for all the processing treatments, (2) coupled with examining variations in
fermentation and roasting in combination as opposed to separately, and (3) challenging the hypothesis
that traditional putative bioactives in cocoa are correlated with a given bioactivity. Previous studies have
often relied on information that was reported through various levels of the cocoa supply chain, often
resulting in unknowns regarding origin of the beans, processing conditions, as most cocoa production
processes in country of origin, especially fermentation, lack robust controls or recordkeeping, which
results in considerable variation and poor traceability. Our controlled system eliminates many of these
external challenges, providing confidence that differences between the cocoa powders were due to the
fermentation and roasting treatments, rather than unknown factors. While the model fermentation
system that was used in our study was not designed to physically mimic the conditions found in
on-farm cocoa fermentation, fermentation of cocoa beans while using this system results in biochemical
changes analogous to those reported in on farm fermentation. Conducting the fermentation step in
this model system allowed for us to produce cocoa powders with acceptable chemical composition,
which were subject to known and controlled fermentation conditions. We are currently expanding on
this research by investigating each cocoa powder’s ability to prevent obesity-induced GI and systemic
inflammation and gut barrier dysfunction in vivo.

This study is not without limitations. Quantifying individual PCs ranging from DP 1–10, although
expanding beyond the monomeric flavan-3-ols often focused on in cocoa products, still leaves many
large molecular weight compounds yet to be individually quantified. Additionally, α-glucosidase
inhibition is just one specific mode of bioactivity that we chose to focus on, based on previous reports.
Although our results begin to expand on this powerful inhibitory effect, the exact compositional
factors that are involved remain to be elucidated. Our processing parameters could be expanded
to include a wider range of processing conditions to address these limitations moving forward, to
further optimize the α-glucosidase inhibitory activity. Additional work is also needed to study the
finer variations of the optimal parameters that we identified here to further enhance the inhibitory
activity. This expansion of treatment conditions tested, as well as further the fractionation of powder
extracts to identify specific components that are associated with α-glucosidase inhibitory activity,
would allow for a more comprehensive understanding of the impact that each processing step has
on various compositional factors and bioactivity of dietary cocoa. By extending characterization to
lignins and the speciation of melanoidins and other MRPs, further evidence could be provided to
explain the mechanisms that govern enzymatic α-glucosidase inhibition by cocoa. This in vitro work
also needs to be extended in vivo to further reinforce and clarify the mechanisms behind cocoa’s
enzymatic inhibition influence in both animals and humans, including, but not limited to, maltose
versus glucose tolerance tests with cocoa consumption, and long-term effects on diet-induced obesity
and glucose intolerance. Furthermore, yeast-derived α-glucosidase is a good, inexpensive starting
point to screen for α-glucosidase inhibitory activity in vitro. Although yeast derived α-glucosidase
is not completely identical to mammalian α-glucosidase, it is commonly selected for anti-diabetic
investigations and it can be used for preliminary screening before investigating further in costly
mammalian (i.e. rat acetone intestinal powder or Caco-2 cells) or human recombinant enzymes. For our
purposes, yeast α-glucosidase was initially used to demonstrate the concept that processing does not
necessarily eliminate cocoa’s α-glucosidase inhibitory activity and, therefore, was not intended to be a
definitive test of in vivo human relevance. Cocoa, as well as other polyphenol-rich substances, have
exhibited powerful inhibitory activity when using mammalian α-glucosidase, showing promise for our
data moving forward [16,50–52]. However, further studies must be conducted to establish relevance
between these models and the human digestive tract, as well as specific mechanisms of action.

5. Conclusions

Overall, this study demonstrates that processed cocoa powders are promising inhibitors of
α-glucosidase, despite a significant reduction in native flavanol composition during fermentation and
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roasting, and fermentation and roasting can improve inhibitory activity when compared to raw cocoa.
We report the novel finding that cocoa processing might generate compounds with α-glucosidase
inhibitory activity, and that non-traditional markers, such as MRPs, may be more informative than
traditional markers, such as total and individual polyphenols and flavanols. These observations
support our hypothesis that reductions in native polyphenols and flavanols do not necessarily dictate a
reduction in activity and, furthermore, that products of fermentation and roasting do, in fact, contribute
to cocoa bioactivity. Further investigation is needed to determine the identity of compounds that
explain this activity. Finally, it remains to be seen whether these findings apply to other bioactivities of
cocoa, but the present study provides the proof of concept needed to justify such investigations.
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Abstract: Cocoa beans are the main raw material for the manufacture of chocolate and are currently
gaining great importance due to their antioxidant potential attributed to the total phenolic content
(TPC) and the monomeric flavan-3-ols (epicatechin and catechin). The objective of this study was to
determine the degradation kinetics parameters of TPC, epicatechin, and catechin during the roasting
process of Criollo cocoa for 10, 20, 30, 40, and 50 min at 90, 110, 130, 150, 170, 190, and 200 ◦C. The
results showed a lower degradation of TPC (10.98 ± 6.04%) and epicatechin (8.05 ± 3.01%) at 130 ◦C
and 10 min of roasting, while a total degradation of epicatechin and a 92.29 ± 0.06% degradation
of TPC was obtained at 200 ◦C and 50 min. Reaction rate constant (k) and activation energy (Ea)
were 0.02–0.10 min−1 and 24.03 J/mol for TPC and 0.02–0.13 min−1 and 22.51 J/mol for epicatechin,
respectively. Degradation kinetics of TPC and epicatechin showed first-order reactions, while the
catechin showed patterns of formation and degradation.

Keywords: roasting; catechin; epicatechin; total phenolic content; Criollo cocoa; kinetic

1. Introduction

Cocoa beans, the seeds of the tree Theobroma cacao L., are the key raw material for chocolate
production [1]. Criollo is the finest variety of cocoa [2]. Its seeds are aromatic, mild tasting, and
with low bitterness: they represent the ideal raw material for a quality chocolate [1,3]. For obtaining
chocolate from cocoa beans, one very important stage in the process is the roasting [4], which results in
the production of desirable flavor and aroma compounds, as well as color changes [5]. The temperature
and duration of roasting substantially affected the character in chemical and physical changes of cocoa
beans [6].

Cocoa and chocolate have recently gained much attention due to their potential benefits in
human health [1,7–10] and have recently become the target of increased scientific research due to their
health promoting properties [11]. Cocoa, from a therapeutic viewpoint, is important due to the high
concentrations of polyphenols as antioxidants [12]. These health effects have been assumed to be
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associated with the presence of polyphenols, among which are monomeric flavan-3-ols: epicatechin
and catechin [5,13–16]. The beneficial effects of cocoa polyphenols to human health are, among others,
the scavenge of free radicals and prevention of damage to DNA, the chelation of metals, vasoprotective
effects, improvements in endothelial function, anti-inflammatory effects, the amelioration of insulin
resistance, and anticarcinogenic effects, among others [13,17–21]. Cocoa is a rich source of polyphenolic
compounds and may account for 12–18% of the dry mass of the beans [5]. Typically, polyphenols are
sensitive to heat during the process, especially under a high temperature environment, i.e., roasting
and drying [22,23]. Additionally, roasting influences the alteration of bioactive compounds [24]. In
particular, the roasting process leads to the loss or modification of flavanols, which leads to a 14% loss
of the total phenolic content (TPC), as well as the epimerization of epicatechin to catechin [25–32].

Kinetic modeling can provide a deeper understanding of the changes that occur during thermal
processing controlling and food quality optimization [33,34]. Since these roasting techniques were
introduced to the chocolate industry, the roasting time and temperature have been studied, applying
designs or models that allow for a proper assessment of the process [35]. Various studies have been
reported on the effect of roasting on cocoa nibs’ coloration, physical/chemical changes [4,5,8,16,23,25,36],
flavor changes [37], and the kinetics of polyphenol degradation during drying [12,28,38]; however,
studies on the kinetics of the polyphenol and monomeric flavan-3-ol degradation of Criollo cocoa during
the roasting process are scarce, so the aim of the present study was to understand this degradation and
determine the kinetic parameters.

2. Materials and Methods

2.1. Materials

Approximately 14 kg of dried fermented cocoa beans of Criollo variety were obtained directly
from Multi-Service Cooperative APROCAM in the Bagua province, Amazon region, Perú.

2.2. Chemicals and Standards

Methanol HPLC grade (JT Baker, Deventer, The Netherlands), Folin–Ciocalteu’s phenol
reagent, gallic acid, sodium carbonate, ≥98% (-)-epicatechin (HPLC) from green tea, ≥97%
(-)-catechin (HPLC) from green tea, and ≥90% petroleum ether were purchased from Sigma Aldrich
(Diessenhofen, Germany).

2.3. Roasting Process

Samples of cocoa bean were subjected to different treatments of time and temperature as conditions
of the roasting process. Prior to the roast, the beans were selected according to their size, choosing
beans of uniform size. Criollo cocoa samples (100 g) were roasted in a roaster (IMSA, ERTC-51, Lima,
Perú) in the Agroindustry Plant Pilot at Universidad Nacional Toribio Rodríguez de Mendoza de
Amazonas (UNTRM), Perú.

2.4. Chemical Analysis

2.4.1. Methanolic Extraction of Phenolic Compounds and Monomeric Flavan-3-ols

According to Summa et al. [29] regarding some modifications, three cocoa beans were ground in a
pestle from each sample. The powder was defatted by extraction with petroleum ether and centrifuged
using a centrifuge (MPW Med Instruments, MPW-51, Warszawa, Poland) at 3000 rpm for 15 min at
room temperature. The supernatant was then discarded. Fresh petroleum ether was added and then
centrifuged (four times). The resulting defatted material was air dried at room temperature. Methanol
extraction based on the methodology used by Jonfia-Essien et al. [30] with some modifications was
performed, and 0.5 g of defatted cocoa powder was homogenized in 25 mL of 80% methanol for 30 min
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in a magnetic stirrer and then filtered in a vacuum filter. This methanolic extract was used for the
determination of both TPC and monomeric flavan-3-ols.

2.4.2. Total Phenolic Content

The TPC of the Criollo cocoa beans was determined following the procedures of Singleton et al. [31]
and Hu et al. [7]. Diluted extract (0.1 mL) or blank (0.1 mL deionized water) was mixed with 7.9 mL
water and 0.5 mL of Folin-Ciocalteu reagent for 5 min at 22 ◦C. Next, 1.5 mL of saturated sodium
carbonate solution was added. Reagents were mixed thoroughly by vigorous shaking for 10 s by hand.
The mixture was incubated in the dark at 22 ◦C for 2 h before determination of the absorbance at
765 nm using an UV/Visible spectrophotometer (Unico, S2100, Dayton, NJ, USA). Gallic acid in 70%
methanol was diluted (2–16 mg/L) to create a calibration curve. TPC is expressed as mg of gallic acid
equivalents/g defatted cocoa bean (mg GAE/gdf).

2.4.3. Quantification of Epicatechin and Catechin of the Methanolic Extract

Quantification of epicatechin and catechin followed the procedures of Wang et al. [39] with
some modifications in a high performance liquid chromatography system (HPLC) (Lachrom
Elite, Hitachi, Japan) equipped with a UV-Vis detector (Hitachi, Lachrom Elite L–2420, Wako,
Japan) and isocratic pump (Hitachi, Lachrom Elite L–2130, Japan). The column used was a C18
150 × 4.6 mm, 5 μm (Merck, Purospher RP–18 endcapped, Darmstadt, Germany). The mobile phase
was methanol/water/orthophosphoric acid (20/79.9/0.1), and the flow rate was 1 mL/min. Absorption
wavelength was selected at 210 nm. The sample injection volume was 20 μL. Chromatographic peaks
in the samples were identified by comparing their retention time and UV spectrum with those of the
reference standards. A standard graph for each component was prepared by plotting concentration
versus area. Quantification was carried out from integrated peak areas of the sample and corresponding
standard graphs, and the epic/cat ratios of epicatechin and catechin concentrations were obtained.

2.4.4. TPC and Monomeric Flavan-3-ol Degradation

According to Martins et al. [40], the degradation was then calculated according to the
following formula:

% degradation =

(
Xcontrol −Xt

Xcontrol

)
∗ 100 (1)

where Xcontrol is the TPC, epicatechin, or catechin concentration in the control sample (unroasted cocoa
bean), and Xt is the TPC, epicatechin, or catechin concentration at time t.

2.5. Experimental Desing for Kinetics of TPC and Monomeric Flavan-3-ols

Samples (100 g) in triplicate of Criollo cocoa beans were roasted for each combination of time and
temperature (10, 20, 30, 40, and 50 min at 90, 110, 130, 150, 170, 190, and 200 ◦C), 105 samples were
obtained. Means and standard deviations were calculated. The temperature and time values used
were defined according to the published literature. Fitting procedures (Matlab 2014) were used to
determine the reaction rate constants for TPC, epicatechin, and catechin. The general kinetic models of
zero-, first-, and second-order reactions were used, presented in Equations (2)–(4), respectively [41].

[A]0 − [A] = kt (2)

[A] = [A]0 exp(−kt) (3)

1
[A]
− 1
[A]0

= kt (4)
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k (min−1) is the reaction rate constant at temperature T; t is the reaction time (min); [A]0 and [A] are the
initial (control sample) and final amounts of TPC, epicatechin or catechin, respectively, at different
times t and temperatures.

The final fitting models were obtained by matching and analyzing the initial models obtained
by Matlab software with general equations of zero-, first-, and second-order reactions presented
in Equations (2)–(4), respectively. The effect of temperature was evaluated by means of the
Arrhenius equation.

k = k0 ∗ e(−Ea/RT). (5)

The activation energy Ea for the formation of each parameter was determined by linear regression
of Ln k curve versus 1/T with Equation (6).

Lnk = Lnk0 − Ea/RT (6)

Ea (J/mol) is the apparent activation energy, R (8.3145 J/mol.K) is the universal gas constant, k is the
reaction rate constant, and k0 is the pre-exponential factor.

2.6. Statistical Analysis

The results were compared using one-factor analysis of variance (ANOVA) followed by the Tukey
test. Previously, Dixon’s Q test, for the identification and rejection of outliers, was used. Statistical
analyses were carried out in Minitab 17 software.

3. Results

3.1. Effect of Roasting on Monomeric Flavan-3-ols and TPC

The TPC, epicatechin, and catechin concentration and the epi/cat ratio of the unroasted (control
sample) Criollo cocoa beans were 110.98 ± 1.43 mg GAE/gdf, 30.29± 1.0 mg/gdf, 2.71± 0.13 mg/gdf, and
11.20 ± 0.40, respectively (Table 1). These values served as a starting point for the study of degradation.
The TPC and epicatechin values and the epi/cat ratios of the treatments were lower than the control
sample. Some results show that the concentration of epicatechin in some cases increased. During the
roasting process, the epi/cat ratio was reduced as the process temperature increased. Considering a
time of 10 min, the epi/cat ratio was reduced from 6.08 ± 0.96 when heated at 90 ◦C to 3.20 ± 0.68
at 200 ◦C. Table 1 shows that epicatechin degradation reached 100% when Criollo cocoa beans were
roasted for 50 min at 190 or 200 ◦C, while TPC did not reach full degradation at any temperature or
time. The opposite happened with catechin, which showed patterns of formation. The values in bold
indicate that there was formation instead of degradation.
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3.2. Roasting Kinetics of Monomeric Flavan-3-ols and TPC

The values obtained from the fitted parameters are given in Table 2. In the case of TPC and
epicatechin, the k value increases from 0.02 ± 0.01 min−1 at 90 ◦C to 0.10 ± 0.05 min−1 at 200 ◦C, and
from 0.02 ± 0.01 min−1 at 90 ◦C to 0.13 ± 0.04 min−1 at 200 ◦C, respectively. The kinetic parameters of
the catechin are not shown because it corresponds to a combined production and degradation model,
which does not correspond to Equations (2), (3), or (4).

Table 2. First-order kinetic parameters fitted for TPC and epicatechin degradation.

Roasting
Temperature (◦C)

TPC Epicatechin

k (min−1) R2 RMSE k (min−1) R2 RMSE

90 0.02 ± 0.01 0.52 18.50 0.02 ± 0.01 0.65 4.57
110 0.02 ± 0.01 0.70 13.97 0.03 ± 0.01 0.95 2.49
130 0.03 ± 0.02 0.87 13.08 0.03 ± 0.02 0.86 4.31
150 0.04 ± 0.03 0.83 14.59 0.06 ± 0.03 0.91 3.27
170 0.07 ± 0.03 0.96 2.24 0.07 ± 0.03 0.96 2.24
190 0.06 ± 0.03 0.92 11.35 0.09 ± 0.02 0.99 1.05
200 0.10 ± 0.05 0.96 9.23 0.13 ± 0.04 0.99 1.44

Figure 1 shows that the catechin reaction kinetics could be divided into two order models: one for
formation and the other for degradation, where the highest catechin formation (84.90 ± 37.90%) was at
170 ◦C and 30 min of roasting.

 

Figure 1. Kinetic of formation and degradation of catechin.

The temperature dependence of the TPC and epicatechin degradation was estimated using the
Arrhenius equation expressed in Equation (5). The linear behavior of Ln k versus 1/T allowed us to
determine Ea for TPC and epicatechin of 24.03 J/mol (R2 = 0.94) and 22.51 J/mol (R2 = 0.97), respectively
(Figure 2). The parameters for catechin kinetics were not calculated because it presented a degradation
and production pattern, as mentioned above.
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Figure 2. Correlation of Ln k with 1/T to obtain the TPC and epicatechin kinetic parameters.

4. Discussion

The time and temperature of the roasting process depend on several factors, such as the type
of cocoa (Criollo or Forastero) and others [42]. The main type of polyphenols (known for their
demonstrated antioxidant and anti-inflammatory properties) in cocoa is flavanols. This family of
compounds includes catechin and epicatechin (monomeric species). Epicatechin is the most abundant
flavanol in cocoa and accounts for 35% of the total polyphenolic fraction [43,44] (TPC). In one study
made by Kim and Keeney [45], the epicatechin concentrations ranged from 2.66 (Jamaica) to 16.52 mg/g
(Costa Rica) of the defatted sample in cocoa beans of different varieties. The epicatechin and catechin
concentrations of the control sample were higher than those found by Kim and Keeney [45] and Payne
et al. [32] in fermented cocoa beans (the Forastero variety) from Ivory Coast (epicatechin: 1.69 ± 0.10
mg/g; catechin: 0.08 ± 0.00 mg/g) and Papua New Guinea (epicatechin: 0.78 ± 0.04 mg/g; catechin:
0.05 ± 0.00 mg/g). These values were higher than those found by Mazor Jolić et al. [46] in Forastero
cocoa beans from Ghana (epicatechin: 2.23 ± 0.6 mg/g; catechin: 0.28 ± 0.04 mg/g). Other studies
conducted in Perú on fermented cocoa beans from Tingo María, San Alejandro, and Curimaná presented
epicatechin and catechin concentrations of 0.33–5.04 mg/g and 0.02–0.14 mg/g, respectively [47]. It is
known that epicatechin has diverse biological properties (antioxidant, antimicrobial, anti-inflammatory,
antitumor, and cardio-protective activity) [48]; thus, the Criollo cocoa beans used in the present study
show potential for use in the elaboration of functional foods. It has been postulated that the ratio of
epicatechin to catechin (epi/cat) possibly could be associated with the degree of cocoa processing [32,49].
Payne et al. [32] obtained epi/cat ratio values of 20.1 ± 0.63 for dry fermented cocoa beans and 3.35
± 0.20 at 90 ◦C to 0.96 ± 0.02 at 120 ◦C for roasted beans. Table 1 shows control sample epi/cat ratio
values of 11.20 ± 0.40; considering 50 min of roasting, values of 5.55 ± 1.24 at 90 ◦C to 2.36 ± 0.20 at
130 ◦C and 0.00 ± 0.00 at 200 ◦C were obtained. These results demonstrate that roasting at 200 ◦C at
any time (10 or 50 min) is aggressive for epicatechin, so if these parameters are used, the functional
properties of chocolate will be lost.

In Table 1, a roasting time of 50 min at 90, 110, 130, 150, 170, 190, and 200 ◦C degraded the TPC
to 53.46 ± 7.29, 46.88 ± 6.30, 65.40 ± 3.16, 74.57 ± 1.37, 82.40 ± 0.89, 88.91 ± 1.27, and 92.29 ± 0.06,
respectively; these results are consistent with those obtained by Mazor Jolić et al. [46]. The decrease of
TPC is associated with the thermal and oxidative degradation of these compounds [35]. It was proven
that, at high temperature, low molecular weight phenolic compounds easily volatilize [50]. Djikeng et
al. [50] also observed that the degradation percentage of the TPC also increased with roasting time. In
general, more intense roasting conditions result in a greater loss of TPC due to the high redox activity of
polyphenols at those conditions [50,51]. Epicatechin degraded more than TPC at a higher temperature,
obtaining a complete degradation at 200 ◦C and 50 min. This is concordant with Stanley et al. [5],
who observed the significant effects of roasting time within temperatures up to 190 ◦C; the levels of
epicatechin in Trinitario cocoa (a type of fine cocoa) decreased in a time- and temperature-dependent
manner. Significant decreases in Criollo cocoa were observed. Among the monomeric flavan-3-ols,
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epicatechin was identified as the more active compound responsible for the vascular health benefits
associated with cocoa and chocolate [52]. Applying treatments of 190–200 ◦C results in a total loss
of epicatechin, and the healthy properties of the Criollo cacao and its aromatic properties may also
be reduced; for this reason, Żyżelewicz et al. [1] and Hurst et al. [36] state that Criollo beans require
milder roasting conditions. The roasting temperature is generally in the range from 110 to 120 ◦C.

The most important reactions occurring with catechins under thermal processing are epimerization,
hydrolysis, oxidation, and polymerization; catechin epimerization takes place on two asymmetric
carbon atoms in the C ring [53]. In Table 1, catechin shows a particular behavior due to the increase
in its concentration (formation) at the beginning of the roasting. The catechin values in bold font
shows an increase in its concentration with respect to the control sample (unroasted beans) during the
first 10 min at 130 ◦C (11.46 ± 4.71%), and its formation continues until the first 10 min at 200 ◦C and
subsequently degrades to 21.37 ± 5.74%. The trend of these results is consistent with those obtained by
Stanley et al. [5], except that the catechin formation was much higher, showing an increase in catechin
concentration 675% higher than the control (unroasted beans) at 10 min. These results were reported for
Trinitario cocoa beans. We can affirm that, in Trinitario cacao, the formation of catechin is much greater
than in Criollo cacao, and this applies to the epimerization of epicatechin to catechin [5,14,25,32,54];
however, as the treatment continued, its concentration decreased. These results were also found by
Żyżelewicz et al. [4] in Forastero cocoa, since after 15 min of roasting at 135 ◦C, the content of catechin
increased significantly, initiating its degradation. When cocoa beans are progressively roasted at
conditions described as low, medium, and high roast conditions (160 ◦C at 13, 20, and 25 min), there is
a progressive loss of epicatechin and an increase in catechin with higher roast levels [36,55]. The high
temperature–short time (HTST) process induces higher epicatechin epimerization than does the low
temperature–long-time (LTLT) process, generating greater amounts of catechin [16,53].

Cocoa consumption is suggested to promote health benefits. The amounts and profiles of
monomeric flavanols depend strongly on the bean type, origin, and manufacturing process. Roasting
is known as a crucial step in the technical treatment of cocoa, which leads to flavanol losses and
modifications, especially the epimerization of epicatechin to catechin [42]. These modifications were
fully produced (epimerization) at temperatures of 150, 170, and 190 ◦C (Table 1). In the manufacture of
chocolate, it is necessary to achieve a balance that maintains healthy properties and the development
of the aroma that characterizes fine, Criollo cocoa chocolates.

In order to explain the phenomena of TPC and epicatechin degradation, the data were fitted using
kinetic models, which are pseudo first-order kinetic reactions coinciding with the majority of food
reactions [56]. The term “pseudo” is added with respect to reactions in biological materials, such as
food, because the actual reaction mechanism and its kinetics are far more complex [28]. We used seven
temperatures in our experiment, allowing us to notice the behavior of the roasting process; when
Taoukis et al. [56] states that five or six experimental temperatures are the practical optimum to obtain
meaningfully narrow confidence limits in kinetic parameters (Ea and k). The values obtained from the
fitted parameters in Matlab are given in Table 2 and consistent with previous studies [26,28,41,57], in
which the first-order kinetic model explains both TPC and epicatechin degradation at all temperatures;
the k value of epicatechin is higher than the k value of TPC. These results suggest that the degradation
of epicatechin is faster than the degradation of TPC. Roasting conditions of 130 ◦C and 10 min produced
a lower percentage of epicatechin (8.05 ± 3.01%) and TPC (10.98 ± 6.04%) degradation. Many authors
claim that these compounds are degraded by heat [4,22,23,50]. The most intense temperatures have
caused significant degradation of the components; however, it was found that the epicatechin is more
thermosensitive than TPC. This is explained by the greater k value that epicatechin has compared to
TPC; however, the chemical basis of this phenomenon must be studied.

Kinetic modeling may also use the influence of processing on critical quality parameters.
Knowledge of degradation kinetics, including the reaction order, Ea and k, is of great importance to
predict food quality loss during thermal process treatments [58]. Food quality loss reactions described
by the kinetic models were shown to follow Arrhenius (Equation (5)) behavior with temperature
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changes [56]. The Ea for TPC was greater than the Ea for epicatechin, this being the minimal value of
energy that a specific collision between reagent molecules must achieve in order for a reaction to take
place [59]. The epicatechin thus needs less energy than TPC to degrade it. The relative differences in Ea

values could be due to the different composition of the sample studied or to changes occurring in the
samples during heating [58]. Olivares-Tenorio et al. [60] observed that catechin followed patterns of
formation by epimerization and degradation, and experiments need to be devised to unravel these
various reactions. Figure 1 shows that catechin reaction kinetics could be divided into a two order
models: one for formation and the other for degradation, where the highest catechin formation was
at 170 ◦C and 30 min (84.90 ± 37.90%), followed by treatments at 190 ◦C and 150 ◦C. The largest
catechin formation occurs in the first 30 min of roasting at any of the aforementioned temperatures.
The epimerization from epicatechin to catechin due to technological treatment (heat) has often been
postulated. Only a few publications have confirmed this reaction by enantioseparation. The reaction
mechanism is not fully clarified, but it is assumed that ring opening occurs at position C-2 of the
oxygenated ring, and reclosing leads to the atypical enantiomers. High temperatures, particularly
when combined with alkaline conditions, accelerate the epimerization reaction [42]. Figure 1 shows
that at 90 and 110 ◦C there is only catechin degradation; subsequently, the formation of catechin
begins slowly from 130 ◦C, reaching its highest point at 190 ◦C. The treatment at 200 ◦C only shows a
degradation pattern. It is assumed that the k for catechin formation kinetics will be greater at 190 ◦C for
30 min, after which the degradation kinetics will take place at a high k. An enantoseparation reaction
will occur to a greater extent for 30 min when the Criollo cocoa beans are roasted at 150, 170, or 190 ◦C.

5. Conclusions

The roasting process of Criollo cocoa allowed for a higher formation of catechin in the first 30 min
of the process at 170 ◦C, followed by degradation to minimum levels at 200 ◦C, while the epicatechin
showed greater susceptibility to treatment than the TPC and the catechin. Likewise, the degradation
data of TPC and epicatechin are better suited to a first-order kinetic reaction as the temperature
increases. Although it is true that the roasting stage is essential for the development of the aromas of
chocolate, this also affects the polyphenolic content and monomeric flavan-3-ol of cocoa beans and thus
the final chocolate product; therefore, roasting at moderate temperatures is necessary to obtain minimal
degradation of cocoa phenolic compounds and consequently antioxidant properties. Likewise, with
epicatechin being part of the total phenolic compounds, its degradation percentage is higher. This is
explained by its kinetics; however, its chemical explanation for future work is pending.
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Abstract: The polyphenol content of cocoa beans and the products derived from them, depend on the
regions in which they are grown and the processes to which they are subjected, especially temperature.
The aim of the study was to compare the total content of polyphenols and antioxidant activity of
chocolates obtained from roasted and unroasted cocoa beans. The chocolates produced from each of
the six types of unroasted beans and each of the five types of roasted beans were investigated. The
seeds came from Ghana, Venezuela, the Dominican Republic, Colombia and Ecuador. The highest
total polyphenol content was determined in cocoa beans originating from Colombia and in the
chocolates obtained from them. A higher content of total polyphenols was found in unroasted cocoa
beans, which indicates the influence this process had on the studied size. The ability to scavenge
free DPPH radicals was at a high level in both the beans and the chocolates produced from them,
irrespective of the region where the raw material was grown. A positive correlation between the total
polyphenol content and the ability to scavenge free radicals was found.

Keywords: cocoa; chocolate; polyphenols; antioxidants

1. Introduction

Chocolate is one of the most valued food products in the world [1]. Bitter chocolate in liquid form
was already discovered in South America over 3000 years ago. This valuable product is made from
cocoa liquor and fat (cocoa butter), with the addition of sugar, as well as milk and other additives
(depending on the type of chocolate).

The main ingredient of chocolate is cocoa liquor, which is a mixture of fat and non-fat ingredients
from the processing of cocoa beans. Furthermore, chocolate is produced with the addition of cocoa
powder, which was recognised by EFSA as one of the richest sources of polyphenols [2]. Therefore,
cocoa has recently become the target of increased scientific research, due to its pro-health properties.

Fresh cocoa beans contain about 32–39% water, 30–32% fat, 10–15% protein, 5–6% polyphenols,
4–6% pentosans, 2–3% cellulose, 2–3% sucrose, 1–2% theobromine, 1% acids and less than 1% caffeine.
It is also a rich source of mineral components [3,4].

Three types of flavonoids dominate in cocoa beans: Proanthocyanins (circa 58%), catechins or
flavan-3-ols (circa 37%) and anthocyanins (circa 4%) [5,6].

The high polyphenol content of cocoa, combined with its wide presence in many food products,
makes it particularly interesting from a nutritional and health point of view [6–11].

The content and composition of polyphenols differs depending on the genotype, origin, growth
conditions, degree of ripeness of the cocoa fruit and the grain processing parameters [12–15]. Knowledge
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of the changes in the polyphenol content throughout the technological chain, enables us to take steps
to maintain the highest possible polyphenolic content in the final product.

Polyphenols shape not only antioxidant properties, but also affect sensory properties such as
colour and taste [14,16,17]. During all stages of processing, the polyphenols present in cocoa beans may
undergo many transformations, including polymerization, hydrolysis or reactions with proteins [18].

Roasting is a technological process which, due to its high temperature, is one of the most important
in shaping the quality and sensory properties of cocoa beans and the products derived from them.
During roasting, the structure of the beans is dried and loosened to remove the husks. Grinding of the
kernels and pumping of the cocoa fat follows [19].

The roasting time lasts from 5 to 120 min (usually 10 to 35 min), at temperatures ranging from
110 ◦C to 160 ◦C (usually 120 ◦C−140 ◦C) [7,14,20]. High temperatures and the dehydration of cocoa
beans in the roasting process, reduce the concentration of polyphenols and many volatile acids,
especially acetic acid, which is responsible for the acidity of the product, as well as the bitter and
astringent taste [21,22].

The roasting process also stimulates protein degradation, the synthesis of sulfur compounds, the
Maillard reaction and the caramelization of sugars. These reactions allow new compounds to form,
which contributes to the characteristic aroma, taste and colour of chocolate [23,24]. Oracz, et al. [25]
stated that during the roasting process, conditions such as time and temperature influence phenolic
stability, as well as the characteristics of the obtained taste.

Cocoa beans that are only fermented and dried (not roasted, referred to as “raw”) during the
production process contain many more phenolic compounds, which can have a positive effect on human
health [18]. Omitting the roasting process, and not using high temperatures during the production of
raw chocolates, results in the inability to evaporate many volatile components from the grain, including
acetic acid, as well as increasing the acidity of such grains. The production of this type of chocolate
does not use alkalization either, so the process of conching is often extended to up to four days, which
makes it possible to obtain a final product that has a structure similar to traditional chocolates [26,27].

Roasting whole beans requires more energy than roasting smaller pieces, and at the same time
makes it difficult to roast the beans evenly. Differences in roasting greatly influence the final product;
i.e., the properties of chocolate, as well as its sensory and physicochemical properties. That is why
manufacturers often roast a shot; i.e., ground beans. In this study, the antioxidant properties of beans
that were roasted whole and ground, originating from the same region, were compared.

A number of studies are currently underway to develop a technology for roasting cocoa beans and
cocoa middlings that will result in a semi-finished product with the least possible reduction in bioactive
compounds and the lowest possible content of anti-nutritional compounds, such as acrylamide and
acrolein [28].

The aim of this study was to compare the total polyphenol content and its ability to inactivate free
DPPH radicals in chocolates produced from roasted and unroasted cocoa beans from different regions.

2. Methodology

2.1. Experimental Material

The experimental material consisted of roasted and unroasted cocoa beans, as well as the bitter
chocolate obtained from the beans, from the Dominican Republic, Ghana, Venezuela, Colombia and
Ecuador. Presented in Table 1 is a list of the research material and its labelling. The beans came from
the 2014 harvest and were submitted for testing by one of the chocolate producers in Poland.
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Table 1. List and labelling of test material No.

No Abbreviation Full Name

1 E-r Ecuador-roasted beans
2 E-ur Ecuador-unroasted beans
3 E-c Ecuador-roasted and crushed beanss
4 E-ch Ecuador-chocolate-roasted beans
5 C-r Colombia-roasted beans
6 C-ur Colombia-unroasted beans
7 C-c Colombia-roasted and crushed beanss
8 C-ch Colombia-chocolate-roasted beans
9 G-r Ghana-roasted beans
10 G-ur Ghana-unroasted beans
11 G-c Ghana-roasted and crushed beanss
12 G-ch Ghana-chocolate-roasted beans
13 D-r Dominican-roasted beans
14 D-ur Dominican-unroasted beans
15 D-c Dominican-roasted and crushed beanss
16 D-ch Dominican-chocolate-roasted beans
17 V-r Venezuela-roasted beans
18 V-ur Venezuela-unroasted beans
19 V-c Venezuela-roasted and crushed beanss
20 V-ch Venezuela-chocolate-roasted beans
21 P-ur Peru-unroasted beans
22 P-ch Peru-chocolate-unroasted beans

In order to illustrate the appearance of roasted and unroasted beans from different regions of the
world, photographs were taken (shown in Figure 1).

Figure 1. Cocoa bean cross-section photos (taken by authors); (a1) unroasted Colombia, (a2) roasted
Colombia, (b1) unroasted Dominican Republic, (b2) roasted Dominican Republic, (c1) unroasted
Ecuador, (c2) roasted Ecuador, (d1) unroasted Ghana, (d2) roasted Ghana, (e1) unroasted Venezuela,
(e2) roasted Venezuela.
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2.2. Analytical Methods

Chemical analyses have been carried out in at least three parallel repetitions. Total polyphenol
content was determined by Folin-Ciocialteu’s method [28]. Based on preliminary tests, a 70% acetone
solution was used as a solvent to prepare extracts.

The extracts were prepared by weighing about 5 g of crushed test material into 300 mL grinding
conical flasks and adding 100 mL of 70% acetone (v/v).

The samples were then shaken for 30 min in a Multi-Shaker PSU 20 Biosan shaker. Following this
procedure, the solutions were filtered through the corrugated filters into 100 mL grinding flasks. In
order to determine the total polyphenol content, 300 μL of the extract was taken from the tubes, and
4.15 mL of deionized water, 500 μL of 20% sodium carbonate solution and 50 μL of Folina-Ciocialteu
reagent were added.

The blank sample was prepared by sampling: 300 μL extraction solution, 4.15 mL deionized water,
500 μL 20% sodium carbonate solution and 50 μL Folina-Ciocialteu reagent. Absorbance was measured
at 700 nm on a SHIMADZ UV-1201V spectrophotometer. The apparatus was zeroed to a blank.

In order to calculate the total polyphenol content, a standard curve was prepared. Based on
the results obtained, the graphical dependence of the absorbance of the solution on the amount of
gallic acid contained in it was plotted. The total polyphenol content was calculated on the basis of the
calibration curve and expressed in gallic acid equivalent per 100 g of product.

Determinating the ability of extracts to inactivate stable DPPH radicals
The extracts were prepared by weighing them into 300 mL grinding conical flasks of about 5 g

of crushed test material and adding 100 mL of 70% acetone (v/v). The samples were then shaken for
30 min in a Multi-Shaker PSU 20 Biosan shaker. Following that, the solutions were filtered through
the corrugated filters into 100 mL grinding flasks. Acetone extract (4 mL) and DPPH solution (1 mL),
were taken to determine the appropriate sample. Acetone extract (4 mL) and methanol (1 mL), were
collected for the blank sample. The samples were mixed and left to stand for 30 min, then absorbance
was measured on the NOVASPEC II Pharmacia spectrophotometer (zeroing the apparatus for the
blank test) at a wavelength of 562 nm in glass cuvettes with a diameter of 1 cm [29].

The antioxidant activity of the extracts against DPPH was calculated using the formula:

Act. = [(Ak − Awł)/Ak] × 100%. (1)

where Act.-ntioxidant activity (%); Ak—the absorbance of the control sample; and Awł—absorption of
the specific sample.

Microsoft Excel 2013 for Windows 10 was used to calculate the average values of the obtained
results and to create graphs. Statistical analysis of the obtained results, correlation tests and the
significance of the differences between the test samples were carried out using Statistica 13.0 using
Tukey’s test at the level of significance p < 0.05.

3. Results and Discussion

3.1. Determination of Total Polyphenols in Cocoa Beans

A total content of polyphenols in the research material was determined. The results were calculated
in terms of gallic acid equivalent, as shown in Figure 2. The results for roasted cocoa beans in their
entirety (marked with the letter “r”), middlings-crushed cocoa beans (marked with the letter “c”) and
whole unroasted cocoa beans (marked with the letters “ur”) were presented.
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Figure 2. Total polyphenolic content in roasted and unroasted cocoa beans from different regions of the
world (the same letter means no statistically significant differences between the analysed products at
the level of significance α = 0.05; abbreviations used in the graph are described in Table 1).

The highest polyphenol content was found in both roasted and unroasted cocoa beans originating
from Colombia, respectively 3781 mg/100 g of product and 3766 mg/100 g of product. The lowest
total polyphenol content was found in roasted and unroasted cocoa beans originating from Venezuela
(996 and 1034 mg/100 g of product). These differences can be explained by factors such as plant variety,
geographical region, degree of maturity and post-harvest conditions [24]. The study also included
cocoa beans that were organically farmed from Peru; ones which are used only in unroasted forms
to produce raw chocolates. The polyphenol content of these beans was determined to be 2778 mg,
the second highest after that of Colombia. The polyphenol content of roasted cocoa meal was also
analysed, and the results obtained for whole roasted beans were compared. In the majority of analysed
samples, the polyphenol content in crushed beans was significantly lower. The differences could result
from a greater loss of these compounds due to the influence of oxygen and light on a smaller surface
area. Additionally, the interior of the grain was discovered, to some extent, as a result of grinding,
which additionally facilitated the influence of external factors on phenolic compounds (Figure 2).

In a study by Salvador, et al. [30], cocoa beans were analysed during production at one of the
production plants in Brazil. In raw beans, over 6000 mg/100 g of product was determined, while in
roasted beans from the same production cycle only about 1050 mg/ 100 g of product was determined.

In all types of unroasted grains, except for Colombia’s (a similar level was determined), a higher
content of polyphenols in grain was found, compared to the amount in roasted grains. The biggest
difference was discovered in the beans from Ghana, and was almost 30% higher before roasting,
whereas in Venezuela the difference was about 4% in favour of unroasted beans.

There are many known cases in literature where these differences are much greater. According to
Medeiros, et al. [8], as a result of technological parameters and operations in the final product, the loss
of flavonoids derived from cocoa beans can reach up to 80% of their initial content.

According to Gültekin-Özgüven, et al. [31] roasting and alkalization of cocoa beans reduces
polyphenolic content by 65% and 87% respectively.
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The determined polyphenol content may also be affected by the type of extraction used, the length
of the procedure, the solvent used and the degree of fragmentation of the research material [32,33].

Statistical analysis showed significant differences in the content of polyphenols with a confidence
level of 95%. Additionally, through the analysis of variance (ANOVA) for the one-way experiment,
it was found that the type of cocoa beans (p-Value < 0.05) had a significant effect on the content of
polyphenols. The beans from Colombia and Peru, which are separate homogeneous groups and have
the highest polyphenolic compound content, deserve special attention. Based on the Tukey HDS
test, eight homogeneous groups, marked with the same letters in Figure 2, were distinguished from
cocoa beans.

The regression analysis showed a positive correlation (0.36) between the type of cocoa beans used
in production and the content of polyphenols in chocolate.

3.2. Determination of Total Polyphenols in Chocolates

The results of total polyphenolic content in chocolates converted to gallic acid equivalent are
presented in Figure 3. The polyphenolic content in chocolates ranged from 910 mg/100 g of chocolate
product produced from roasted beans from Venezuela to 4055 mg/100 g of chocolate product from
roasted beans from Columbia. The most chocolates had a higher polyphenol content than the amounts
indicated in the cocoa beans. The process of chocolate production is complex and depends on
many factors. The main source of phenolic compounds is the raw material-cocoa beans. According
to literature data, most polyphenols undergo degradation during high-temperature processes. It
should be remembered, however, that some polyphenols, e.g, (−)-epicatechin, may form complex,
insoluble complexes, which are very difficult to determine analytically. At the same time, due to
high temperatures, complex procyanidins may degrade to monomers, which in turn are determined
analytically, thus affecting the overall polyphenol content of the product. In addition, bitter chocolates
are often accompanied by the addition of a skimmed cocoa powder, which is an excellent source of
polyphenols, and their positive health effects have been confirmed in the EFSA report [2].

 

Figure 3. Comparison of the total polyphenol content in beans from different regions of the world and
in the chocolates obtained from them (the same letter means that there are no statistically significant
differences between the analysed products at a confidence level of α = 0.05; the abbreviations used in
the graph are described in Table 1).
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Cocoa crops in Colombia currently have a high genetic variability, due to the crosses that can
be found in some cocoa varieties (Stranger/Amazonian and Trinitario clones) [34]. As a result, the
ecoclimatic conditions in the territory of Colombia are conducive to crop expansion into the country,
and the increased capability to produce cocoa ecotypes with different bioactive profiles and flavours
that are classified as high quality beans [34].

Polyphenols are contained in the non-fat components of cocoa beans, so it should be remembered
that increasing the proportion of cocoa liquor results in an increase in the content of polyphenols
in chocolates [35]. Jabłońska-Ryś, et al. [35] determined 2241–2746 mg of polyphenols per 100 g of
product in dessert chocolate containing 70% cocoa, while in bitter choclates containing 75–80% cocoa,
2164–3129 mg of polyphenols were found per 100g of product.

In the present study, only chocolate from Venezuelan beans (910 mg/100 g product) showed lower
results than those reported in the literature. In other cases, values higher than those presented in
the studies by Jabłońska-Ryś, et al [35] or Kowalska and Sidorczuk [36] were obtained. The studies
conducted by Meng, et al. [37] confirmed the influence of cocoa liquor’s mass in chocolate on the
content of polyphenols (578 mg/100 g in dark chocolates, while in milk and white chocolates the
amount was 160 and 126 mg/100 g respectively). Studies by Cooper, et al. [38] also showed that apart
from one chocolate from Venezuelan beans, the content of polyphenols was lower than in this study.
On the other hand, Żyżelewicz, et al. [18] showed that dark chocolates produced with and without the
addition of cocoa mass, prepared from unroasted cocoa beans, contained a higher concentration of total
polyphenols (360 mg/100 g) compared to chocolate produced on the basis of roasted beans, in which
only 841 mg of polyphenols per 100 g of the product was determined. The authors claim that during the
preparation of chocolate, polyphenols may undergo many transformations, including polymerization
and hydrolysis, as well as interacting with proteins and the products of the Maillard reaction.

A study by Lucia Godočiková, et al. [39] noted that chocolate produced in the traditional way
(the roasting stage included) had almost twice the polyphenol content compared to cold processed
products. Polyphenols can break down (degrade) or condense into complex compounds as a result of
high temperatures. The lack of a roasting stage, for which the temperature of 110–160 ◦C is applied,
may reduce the content of polyphenolic compounds, which was confirmed by Todorovic, et al. [40]
in their studies. The tests were carried out for chocolates containing 65 to 75% cocoa. In the Jalil
and Ismail [41] studies, chocolates obtained from unroasted beans were characterized by indirect
polyphenol content in comparison to other analysed products. The amount of the analysed component
in chocolates confirmed that the content of bioactive compounds depends on the technological process,
raw material composition of the final product and the origin of cocoa beans [41].

The amount of polyphenols determined could also be affected by the type of extraction
used, extraction time, the solvent used and the degree of fragmentation of the research material.
Benayad, et al. [42], Cheng et al. [43] and Boulekbache-Makhlouf, et al. [44] showed that the use of
acetone, in comparison to other polar organic compounds, increased the extraction of flavonoids and
flavonoids from different plant materials.

The results of many scientific studies show how complex the process of determining the
polyphenols content in chocolates is. Therefore, it is not clear which cocoa beans are the best
source of polyphenols.

The statistical analysis of chocolates in the range of polyphenol content showed that only in
one case (products from Venezuela), there was no statistically significant difference between the size
determined in chocolates and beans (Figure 3). The remaining chocolates differed significantly from
each other statistically with a confidence level of 95%. The analysis of variance (ANOVA) for the
one-way experiment showed that the region of origin of cocoa beans significantly influenced the
content of polyphenolic compounds in chocolates obtained from them (p-value < 0.05). Based on the
Tukey HDS test, eight homogeneous groups, marked with the same letters on the data labels, were
distinguished among chocolates.
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Based on the results obtained in the present study and literature data, it can be concluded
that the content of polyphenols depends on many factors, both those resulting from the genotype
and region of raw material cultivation, as well as the technological processes and parameters used.
Despite cultivation of the same varieties under similar conditions and the application of similar
processing conditions, the content of polyphenols varies. It should be remembered that plants produce
polyphenols in response to stresses, which can be very strong sunlight, drought, pest infestation
and many others. In addition, the polyphenol content varies depending on the period of harvest.
Cocoa beans from different plantations are mixed, and further processed as such. Therefore, there are
differences in the polyphenols content of both the raw materials and the products derived from them.
The analysis of the polyphenol content in the beans from different regions, taking into account the
applied technological processes and their parameters, may be useful in creating blends and optimising
the quality characteristics of the chocolates obtained from them.

3.3. Determination of the Ability of Extracts to Inactivate Stable DPPH Radicals in Cocoa Beans and Chocolates
Derived Therefrom

The main polyphenols in cocoa beans are catechins, epicatechins, anthocyanins and procyanidins,
the presence of which affets antioxidant activity [28].

Figures 4 and 5 show the results of the analysis of the activity of the tested extracts against DPPH
radicals. The results of antiradical activity of antioxidant compounds in relation to DPPH radicals
were calculated on the basis of measured absorbance values.

Figure 4. Anti-radical activity of grain extracts from different regions of the world (the same letter
means that there are no statistically significant differences between the analysed products at a confidence
level of α = 0.05; the abbreviations used in the graph are described in Table 1).
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Figure 5. Comparison of anti-radical activity of grain extracts from different regions of the world and
of the chocolate extracts produced from them (the same letter means that there are no statistically
significant differences between the analysed products at a confidence level of α = 0.05; the abbreviations
used in the graph are described in Table 1).

Both the beans (roasted and unroasted) and chocolates produced from them were characterized
by high ability to scavenge stable DPPH radicals. The analysis showed the influence of the roasting
process on the antioxidant activity. In all roasted cocoa beans the ability to extinguish stable DPPH
radicals was lower. Moreover, contrary to the determination of polyphenol content, higher antioxidant
activity was determined in roasted meal in most of the analyzed samples than in whole grains.
Referring to the results obtained for raw chocolate from Peru beans, it should be noted that despite the
high content of polyphenols, the ability to extinguish the stable DPPH radicals was indirect. This is
further evidence that the antioxidant properties of chocolate are an extremely complex phenomenon,
dependent on a number of factors, and therefore it is not possible to determine the polyphenolic
content and antioxidant activity unequivocally. Despite the separation of homogeneous groups, no
statistically significant differences in antioxidant activity against stable DPPH radicals were found
for cocoa beans studied, which was confirmed by statistical analysis (p-value = 0.148). The lowest
antioxidant activity to extinguish DPPH radicals was obtained for chocolates from Ecuador (90.75%),
Colombia (91.91%) and Dominican Republic (90.93%). Particularly noteworthy is chocolate from
Colombia, which was characterized by the highest content of polyphenols in total. These compounds,
according to literature data and the results of the correlation carried out in this study, significantly
shape the antioxidant activity.

The above data show that traditional roasting significantly reduces both the concentration of
polyphenols and the antioxidant activity of cocoa beans. These observations are consistent with the
reports of Djikeng, et al. [45] who demonstrated that the decrease in antioxidant activity of cocoa beans
during roasting was associated with the destruction of polyphenols contained in them. Roasting is
considered one of the stages in the processing of cocoa beans that leads to a high loss of phenolic
compounds and a decrease in antioxidant activity, as confirmed by Bauerin, et al. [46]. Similar
conclusions were reached by Arlorio, et al. [47], who compared the antioxidant capacity of roasted and
unroasted cocoa beans. Hu, et al [48] reported a decrease in antioxidant activity of between 44 and 50%
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from high-temperature roasting (190 ◦C). According to Gültekin-Özgüven, et al. [32], roasting cocoa
beans reduced the antioxidant capacity of DPPH by 21% and of ORAC by 51%. According to the results
of the Kowalska and Sidorczuk [38] studies, the tested cocoa beans and chocolates were characterized
by a high ability to scavenge free radical DPPH at the level of 88–92%. These results are slightly
lower than the results obtained in this study (cocoa beans above 95%, and chocolate from 90% to 96%),
which may be due to the different content of cocoa components and the region of origin of the beans.
Żyżelewicz et al. [49], in their studies, showed that the antioxidant activity of chocolate decreased with
an increase in the percentage of prepared cocoa liquor from unroasted beans. Wollgast, et al. [50] found
that the evaluation of polyphenolic compounds and antioxidant activity depends largely on the solvent
and extraction procedure, which is not standardized in the cocoa literature, so the data are difficult to
compare. According to Di Mattia, et al. [29], discrepancies in total phenol (TPC) colorimetric tests may
occur due to phenolic compounds being used as reference for the standard curve and the presence of
reducing compounds that interfere with the test. Therefore, comparison of antioxidant activity results
may be problematic due to the large number of heterogeneous tests used.

The regression analysis at a 95% confidence interval showed that there is a positive correlation
(0,86) between the content of polyphenols in chocolate and the ability to inactivate stable DPPH radicals.
Additionally, a very strong correlation (r = 0.72) between the antiradical activity of grain extracts from
different regions of the world and chocolate extracts produced from them was demonstrated on the
basis of a statistical analysis.

4. Summary and Conclusions

Based on the research conducted and results obtained, it is now known that roasted cocoa beans
in most of the analyzed samples had a lower polyphenol content than unroasted grains. However,
the content of polyphenols in chocolates was much higher than in the cocoa beans from which they
were obtained. The ability to extinguish free DPPH radicals was at a high level both in the beans and
chocolates, and was higher than in the literature’s data. This ability decreased after roasting the cocoa
beans, and after the whole process of chocolate production, in relation to the beans from which it
was produced.

The conducted research showcases the influence of the type of cocoa beans and the technological
processes used on the properties of the chocolates obtained. Further analysis of chocolate products
based on unroasted beans and the evaluation of their usefulness, in terms of dietary inclusion of
products with specific antioxidant properties, seems justified.
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Abstract: The aim of the study was to analyze the antioxidant character of conched chocolate milk
masses, taking into account different protein content in milk. For the study, cocoa liquor obtained
from roasted and unroasted cocoa beans from different regions, as well as milk powder obtained by
spray and cylindrical drying were used. The analysis that was carried out showed that the protein
content of powdered milk products ranged from about 11.6% (w/w) to over 31% (w/w). Lower content
of polyphenols and lower antioxidant activity were shown in the masses to which the addition of
milk with higher protein content was applied. The analysis of antioxidant character of chocolate
milk masses showed higher total polyphenols content in masses prepared from unroasted cocoa
beans liquor.

Keywords: conching; milk chocolate; milk powder; protein; polyphenols; antioxidant activity

1. Introduction

Cocoa beans are seeds of the tropical Theobroma cacao tree. There are three best known varieties
of this plant: Forastero, which covers about 95% of the world’s cocoa production and is most commonly
used to produce chocolate; Criollo, which is the most exclusive but at the same time the least cultivated
variety due to its susceptibility to diseases; and Trinitario, a hybrid combining the characteristics of
Criollo and Forastero, with an intense chocolate aroma, with a hint of wine, more resistant to diseases
and pests [1,2].

Many studies and numerous publications confirm that cocoa beans are a raw material carrying a
powerful load of antioxidants, valued in today’s diets mainly for their antiatherogenic, antiradical,
and anticancer properties [3–6]. The genotype of cocoa beans, the region in which they are grown, the
environmental conditions, as well as the conditions and parameters of applied technological operations,
especially fermentation, drying, roasting, and conching, have a significant influence on the formation
of sensory characteristics and antioxidant properties of cocoa bean processing products [7–10]. As
numerous studies have shown, the most degrading content of phenolic compounds is the roasting
stage—high-temperature heating of beans or cocoa shots, which significantly affects the antioxidant
potential of chocolates [11–15]. The use of less processed cocoa beans (omitting the roasting process)
for the production of chocolate mass may result in a product with a higher content of polyphenols and
higher antiradical activity, as well as positively change the nutritional and health value. Therefore,
interest in cocoa mass obtained from unroasted cocoa beans [2] has increased in recent years.

Conching is one of the main and most important stages in the chocolate production process. It
consists of stirring and aerating the chocolate mass with simultaneous heating at a certain temperature
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(>40 ◦C) [16,17]. Conching plays an important role in the development of taste by removing undesirable
volatile compounds and moisture and by obtaining a homogeneous mass of appropriate particle
size [9]. The time of conching, which is unfavorable from the point of view of production efficiency,
is significantly influenced by the temperature and speed of mixing [18]. These parameters are also
important for the course and intensification of the Maillard reaction as well as the Strecker degradation
reaction [19]. The choice of process parameters is adapted to the type of product, its composition, and
the production capacity of the plant. In order to limit or prevent the Maillard reaction it is recommended
to carry out the process of conching milk masses at a temperature not exceeding 50 ◦C [9]. The Maillard
reaction is affected by many aspects, including temperature, pH, water content, duration of heating,
type of reactant, oxygen, ratio of amino acid to sugar, metals, and reaction inhibitors [20].

Few studies indicate that the percentage of the conching process has no significant effect on the
content and phenolic system, as well as on the antioxidant activity [1,19,21,22]. The results obtained by
Di Mattia, et al. [23] even indicate an increase in the antioxidant activity of conched masses, mainly
due to the growing potential of melanosides.

The legal act establishing guidelines and minimum requirements for a product that can be called
chocolate is Directive 2000/36/EC of the European Parliament and of the Council of 23 June 2000 [24]. It
indicates that chocolate is a product obtained from cocoa products and sugar, containing not less than
35% (w/w) total dry cocoa solids and a minimum of 18% (w/w) cocoa butter and 14% (w/w) dry non-fat
cocoa solids. The original chocolate recipe is based on only three ingredients: cocoa mass, cocoa butter
(fat), and sugar. However, with the development of the chocolate market, other raw materials and
additives such as emulsifiers, which stabilize the structure and consistency of chocolate and flavors
that enhance its taste and smell, started to be used [3,25]. An example of another raw material used in
the production of chocolate is powdered milk, which was first used in 1875 and gave the chocolate a
more velvety texture and a pleasant sweet and milky character. Two types of milk powder are used to
produce chocolate: roll-dried and spray-dried. Roll-cured milk is more preferred because the chocolate
mass produced from it ensures optimum viscosity, while spray-dried milk-based chocolate mass has a
much higher viscosity. This is due, among other things, to physical differences in the material. Powder
dried on a cylinder has a high content of free fat (at the level of about 90%), while spray-dried powder
has below 10%. Powder dried on rolls usually has a larger average particle size of about 150 μm and a
small vacuole volume, while spray-dried powder has a smaller particle size—about 70 μm—and a
high vacuole volume [26].

The protein content in bitter chocolate is at the level of 5–15% (w/w) and it is the protein derived
from cocoa beans. Peptides are currently considered important bioactive constituents of food but
the potential biological activities of oligopeptides found in cocoa are not sufficiently researched in
cocoa literature. This protein is characterized primarily by a low degree of amino acid release during
digestion, which results in low nutritional importance of this component in our diet. In the case of
milk chocolates, however, the protein content is primarily determined by the amount of milk powder
added, in which the content of this component oscillates between 25% and 30% (w/w). Milk protein
is characterized by much better assimilability compared to cocoa, which translates into increased
nutritional importance of this protein in the diet of the consumer [27,28]. According to Maidannyk,
et al. [29], milk powder proteins are susceptible to caking and adhesion and may be highly insoluble.
Therefore, storage conditions of the powder are an important factor responsible for such problems.

Most studies analyze the antioxidant properties of bitter chocolates, which are a rich source
of these compounds. Due to lower content of cocoa mass and fat-free components of cocoa bean
processing, milk chocolates are characterized by much lower antioxidant potential [30]. Moreover, most
of the studies concern chocolates obtained in the traditional technological cycle and include mainly
the influence of the origin of raw materials and the roasting process on the physical and chemical
properties of these products. The results of these studies are inconclusive and although they tend
to confirm the positive correlation between polyphenol content and antioxidant activity, as well as
the degrading effect of roasting on polyphenol content, there are studies that do not confirm these
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results [22]. As shown by the results of the work involving the evaluation of consumer preference for
chocolate, consumers are most likely to reach for milk chocolates.

However, research on milk chocolates is not conducted on a large scale, especially in terms of
evaluating their antioxidant potential. They are mainly produced using milk obtained from spray
drying and such products are the subject of most studies and publications. Moreover, chocolates
called “raw”—produced without roasting—have appeared on the market. There is little research into
these products. As well as few studies on the effect of conching on antioxidant properties have been
published. Therefore, it seems reasonable to attempt to assess the effect of conching on the antioxidant
potential of chocolate milk masses, taking into account the protein content of milk powder obtained
by spray or cylindrical drying, as well as to analyze the subject of research after using roasted and
unroasted cocoa pulp.

The aim of the study was to investigate the relationship between the protein content of milk
powder and cocoa mass and the antioxidant potential of chocolate milk masses after conching.

2. Materials and Methods

2.1. Test Material

The research material was 19 milk powders differing in production technologies (Table 1) and the
raw materials used to prepare chocolate milk masses—cocoa liquors from 3 manufacturers, differing
the country of origin and in the process of processing the beans from which they were made and
selected powdered milk (Table 2).

Table 1. Dry matter and protein content in milk powder analyzed.

Milk Sample
Number

Characteristics of Milk
Type of Milk/Supplier/Milking

Time/Production Technique
Protein Content (%) Dry Matter Content (%)

1 WMP- MX/I 2018/D 28.53 ± 0.9 97.02 ± 0.08
2 WMP- MX/XII 2018/D 31.10 ± 1.1 97.35 ± 0.1
3 WMP- MX/IV 2017/D 30.35 ± 0.6 97.15 ± 0.2
4 WMP- MX/II 2018/D 27.44 ± 0.6 96.51 ± 0.1
5 WMP- MX/IX 2018/D 29.14 ± 0.8 96.72 ± 0.2
6 WMP- MX/VIII 2018/D 28.41 ± 1.0 96.34 ± 0.1
7 WMP- MX/V 2018/D 29.06 ± 0.8 97.31 ± 0.3
8 WMP- MX/IX 2018/D 29.00 ± 0.7 96.85 ± 0.09
9 WMP- MX/II 2018/D 27.99 ± 0.8 97.25 ± 0.1
10 WMP- MX/V 2018/D 28.86 ± 0.9 96.41 ± 0.2
11 WP- MX/III 2018/D 13.51 ± 1.1 97.91 ± 0.1
12 WMP- MX/I 2018/D 29.47 ± 0.9 95.92 ± 0.3

13 MP - MX/IV 2018/C (consisting in 80%
of WM, enriched with lactose and WP) 18.90 ± 0.8 96.55 ± 0.09

14
MP - MX/IV 2018/C (consisting of 47%

sugar and the remainder of milk,
permeate and cream)

13.19 ± 1.0 97.26 ± 0.1

15 WMP- MX/VII 2018/D 25.78 ± 1.1 95.32 ± 0.2
16 WMP- MX/VI 2018/D 26.43 ± 0.9 95.17 ± 0.2
17 WMP- MX/V 2018/D 27.02 ± 0.6 96.24 ± 0.3
18 WMP- MZ/V 2018/D 26.76 ± 0.7 97.56 ± 0.09
19 WP- MZ/V 2018/D 11.61 ± 0.9 97.14 ± 0.1

The results of the protein content and dry weight given in grams in 100 g of product (g 100 g−1) were expressed
in (%)—(w/w). Whole-milk powder—WMP, Whey powder—WP, Milk preparation—MP, manufacturer X—MX,
manufacturer Y—MY, manufacturer Z—MZ, drying technique—D, cylindrical drying technique—C.
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Table 2. List and marking of raw materials used to prepare chocolate milk masses.

Sample Code Characteristics of the Test Material

Ch_1 Cocoa liquor/unroasted beans/Peru,
Ch_2 Cocoa liquor/roasted beans/Ivory Coast
Ch_3 Cocoa liquor/roasted beans/Ghana
Ml_1 WMP- MX/IV 2017/D
Ml_2 WMP/- MX/II 2018/D
Ml_3 WMP/- MX/IX 2018/D
Ml_4 MP – MX/IV 2018/C (consisting in 80% of WM, enriched with lactose and WP)
Ml_5 MP – MX/IV 2018/C (consisting of 47% sugar and the remainder of milk, permeate and cream)
Ml_6 WMP- MX/VII 2018/D
Ml_7 WMP- MZ/V 2018/D

Whole-milk powder—WMP, Whey powder—WP, Milk preparation—MP, manufacturer X—MX, manufacturer
Y—MY, manufacturer Z—MZ, drying technique—D, cylindrical drying technique—C.

Milk powders and cocoa masses were obtained from the chocolate products manufacturers.
The first stage of the research was to carry out the analysis of dry matter and protein content

in powdered milk according to the research methodology described in the subchapter of analytical
methods 3.1 and 3.2, respectively.

On the basis of the results obtained, seven milk products were selected for further studies—3, 4,
5, 13, 14, 15, and 18 differing in protein and dry matter content. The selected milk was marked with
new codes respectively: 3—Ml_1, 4—Ml_2, 5—Ml_3, 13—Ml_4, 14—Ml_5, 15—Ml_6, and 18—Ml_7
(Table 2).

The samples marked with the codes Ml_1, Ml_2, Ml_3, Ml_6, and Ml_7 were spray-dried whole
milk powders, differing in protein content (Table 1). On the other hand, the milk Ml_4 and Ml_5
differed from the other compositions (they were mixtures of milk with sugar) and were produced
using the cylindrical method.

2.2. Technological Process

Chocolate milk masses were prepared by mixing (Table 3):

• Cocoa masses—16.2%,
• Cocoa butter—12.3%,
• Sugar—50%,
• Milk powder—18.0%,
• Whey—3.2%,
• Lecithins—0.3%.

Table 3. List and marking of chocolate milk masses.

Sample
Code

Characteristics of Chocolate Milk
Masses

Sample
Code

Characteristics of Chocolate Milk
Masses

T-1 CMM prepared using Ch_1 and Ml_1 T-12 CMM prepared using Ch_2 and Ml_5
T-2 CMM prepared using Ch_1 and Ml_2 T-13 CMM prepared using Ch_2 and Ml_6
T-3 CMM prepared using Ch_1 and Ml_3 T-14 CMM prepared using Ch_2 and Ml_7
T-4 CMM prepared using Ch_1 and Ml_4 T-15 CMM prepared using Ch_3 and Ml_1
T-5 CMM prepared using Ch_1 and Ml_5 T-16 CMM prepared using Ch_3 and Ml_2
T-6 CMM prepared using Ch_1 and Ml_6 T-17 CMM prepared using Ch_3 and Ml_3
T-7 CMM prepared using Ch_1 and Ml_7 T-18 CMM prepared using Ch_3 and Ml_4
T-8 CMM prepared using Ch_2 and Ml_1 T-19 CMM prepared using Ch_3 and Ml_5
T-9 CMM prepared using Ch_2 and Ml_2 T-20 CMM prepared using Ch_3 and Ml_6

T-10 CMM prepared using Ch_2 and Ml_3 T-21 CMM prepared using Ch_3 and Ml_7
T-11 CMM prepared using Ch_2 and Ml_4

Chocolate milk masses—CMM, other code explanation in Table 2.
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Chocolate milk masses were prepared from ingredients weighed and mixed at controlled
temperature and time conditions in the Termomix device (Vorweck, Germany)—the household
appliances. The first step was to liquefy a weighed portion of cocoa butter at 45 ◦C. Then the fat was
poured into another container. The cocoa liquor was liquefied at 55 ◦C. The sugar, milk powder, whey,
and 10% cocoa butter were added to the liquefied cocoa liquor. The ingredients were mixed for 10 min
at a constant temperature of 45 ◦C, then residual cocoa fat and lecithin were added. The final stage was
the proper conching, i.e., slow mixing of the mass at 55 ◦C for 1 h.

3. Analytical Methods

The reagents used for the analyses were purchased from Sigma Aldrich Company.

3.1. Determination of Dry Matter Content

The dry matter content was determined in all samples of milk powder and cocoa liquor. This
analysis consisted in the evaporation of water from the material tested during the drying process,
followed by weight determination of the residue (dry matter).

The weight of test material was dried to constant mass at 105 ◦C for 3 h in the laboratory chamber
oven type SUP-65 WG manufacturer WAMED. Samples of cocoa liquor and chocolate masses were
dried with sand to increase the evaporation surface. The dry matter content was calculated from the
difference of sample weight before and after drying. The arithmetic mean of three parallel repetitions
for each sample was taken as the final result.

3.2. Determination of Protein Content

The determination of protein content was performed in all samples of milk powder and cocoa liquor.
The protein content was determined by the Kjeldahl method. The principle of the method

consisted in mineralization of samples with concentrated sulphuric acid (VI) in the presence of a
catalyst (selenium-copper mixture) in the Buchi 426 Dugestion Unit. Under these conditions, the
protein nitrogen was converted to an ammonium ion, which after alkalization was distilled in the
form of ammonia and bound in excess boric acid in Buchi’s distillation unit B-316. The ammonia
solution was determined by potentiometric titration with 0.1 N hydrochloric acid standard solution.
The nitrogen content in the sample was calculated on the basis of the volume of 0.1 N of hydrochloric
acid standard solution used for titration, knowing that 1 cm3 of 0.1 N of hydrochloric acid solution
corresponds to 0.0014 g of nitrogen. Nitrogen was converted into protein using a multiplier calculated
from the average nitrogen content in proteins, which is 16% (100:16 = 6.25). The determination was
carried out in three consecutive repetitions.

3.3. Determination of Total Polyphenols Content by the Folin–Ciocalteu Method

Total polyphenol content was determined by Folin–Ciocalteu’s method [31,32]. Based on
preliminary tests, a 70% acetone solution was used as a solvent to prepare extracts. The extracts were
prepared by weighing about 5 g of crushed test material into 300 mL grinding conical flasks and adding
100 mL of 70% acetone (v/v). The samples were then shaken for 30 min in a Multi-Shaker PSU 20 Biosan
shaker. Following this procedure, the solutions were filtered through the corrugated filters into 100 mL
grinding flasks. In order to determine the total polyphenol content, 300 μL of the extract was taken
from the tubes, and 4.15 mL of deionized water, 500 μL of 20% sodium carbonate solution, and 50 μL
of the Folin–Ciocalteu reagent were added. The blank sample was prepared by sampling: 300 μL of
the extraction solution, 4.15 mL of deionized water, 500 μL of the 20% sodium carbonate solution, and
50 μL of the Folin–Ciocalteu reagent. Absorbance was measured at 700 nm on a Shimadzu UV-160A
spectrophotometer. The apparatus was zeroed to a blank. In order to calculate the total polyphenol
content, a standard curve was prepared. The standard curve was plotted for chlorogenic acid for
various concentrations (0, 25, 50, 75, and 100 μL) used in absorbance measurements. Based on the
results obtained, the graphical dependence of the absorbance of the solution on the amount of gallic
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acid contained in it was plotted. The total polyphenol content was calculated on the basis of the
calibration curve and expressed in gallic acid equivalent in mg per 100 g d.m. (mg GAE·100 g−1 of the
product Two extracts from each mass were made and polyphenols content was determined in three
parallel repetitions for each extract. The average of six repetitions for each mass was considered the
final result.

3.4. Determination the Ability of Extracts to Inactivate Stable DPPH Radicals

The extracts were prepared by weighing 5 g test material to conical flasks (300 mL) and adding
100 mL of 70% acetone (v/v). The samples were then shaken for 30 min in a Multi-Shaker PSU 20
Biosan shaker. Following that, the solutions were filtered through the corrugated filters into 100 mL
flasks. Acetone extract (1 mL), acetone solution (3 mL), and added DPPH solution (1 mL) were taken to
determine the appropriate sample. Acetone solution (4 mL) and DPPH solution (1 mL) were collected
for the control sample. The samples were mixed and left to stand for 30 min, then absorbance was
measured on the NOVASPEC II Pharmacia spectrophotometer (apparatus were zeroed for the blank
test) at a wavelength of 517 nm in glass cuvettes with a diameter of 1 cm [33,34].

The antioxidant activity of the extracts against DPPH was calculated using the formula:

Act. = [(Ak − As)/Ak] × 100% (1)

where Act.—antioxidant activity (%); Ak—the absorbance of the control sample; and As—absorption
of the specific sample.

3.5. The Statistical Analysis

The statistical analysis of results was performed in the Statistica 13.0. Program by using one-
and two-factor analysis of variance at significance level α = 0.05 to determine differences between the
content of polyphenolic compounds and the antioxidant ability the test samples of chocolate milk
masses, taking into account the effect of the protein content of milk powder. Significant differences
between means were determined through Tukey’s tests. The correlation matrix was analyzed to
determine the relationship between polyphenol content and antioxidant activity.

4. Results and Discussion

4.1. Selection of Raw Materials for Chocolate Milk Masses Production

The selection of components differentiating the mixtures was carried out on the basis of their own
characteristics and the results of analyses to which they were subjected (Tables 1 and 4).

Table 4. Cocoa liquor—content: dry matter, protein, polyphenols, and antioxidant activity (code
explanation in Table 2).

Sample Code
Dry Matter Proteins Polyphenols Antioxidant Activity

% (w/w) % (w/w) mg GAE 100 g−1 % (w/w)

Ch_1 97.75 ± 0.3 13.62 ± 1.2 3284.4 ± 20.3 93.5 ± 2.4
Ch_2 98.92 ± 0.6 14.67 ± 1.7 2881.3 ± 29.5 91.6 ± 3.6
Ch_3 98.96 ± 0.4 14.25 ± 1.6 2723.6 ± 18.6 90.2 ± 4.3

For preparation of milk masses three cocoa liquor were used: Ch_1, Ch_2, and Ch_3 (Table 4) and
seven of tested powdered milk: Ml_1, Ml_2, Ml_3, Ml_4, Ml_5, Ml_6, and Ml_7 (Tables 1 and 2). The
remaining part of the composition consisted of ingredients such as cocoa fat, sugar, whey, and lecithin.

The protein content in the tested cocoa masses oscillated around 13.6–14.6% (w/w). The values
obtained in this study are also presented by the studies of Jumnongpon, et al. [35] and Torres-Moreno,
et al. [36], who determined the protein content in cocoa beans from which cocoa mass is produced at
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the level of 13–20% (w/w). Selected pulp differed in producer, origin, and type of grain from which they
were prepared, while in the case of dry substance and protein content they had similar parameters
(Table 4).

Proteins are important bioactive food ingredients, but the potential biological activity of
oligopeptides found in cocoa is insufficiently researched. Biologically active or functional proteins
come primarily from food and have, in addition to their nutritional value, a physiological effect on the
body [37].

In cocoa, peptides are formed naturally during the fermentation of cocoa beans and are considered
important flavor precursors. The peptides come from two main protein fractions—globules, consisting
of a storage protein resembling vicilin and albumin, which exhibit trypsin inhibitory properties. Cocoa
proteins during natural cocoa fermentation are split into hydrophilic and hydrophobic peptides as well
as amino acids by autolysis of two endogenous enzymes: aspartic endoprotease and carboxypeptidase
activated by microbial metabolites such as acetic acid [38]. Milk proteins include complex groups
of proteins: caseins (αs1-, αs2-, β-, and κ- casein), whey proteins (β-lactoglobulin, α-lacto-albumin,
albumin serum, and immunoglobulin), and protein envelopes of fat globules. Structural differences
within milk protein molecules affect their properties [39]. It is assumed that β-casein is the most
effective stabilizer among milk proteins as it reduces the surface tension most [40].

According to Christian Vásquez, et al. [41] milk proteins can act as surfactants and stabilizers that
are able to induce the formation of spherical micellar aggregates in the chocolate structure. Moreover,
spray drying technology can induce changes in proteins that affect hydrophobicity, solubility, and
denaturation [42–44]. Milk selected for preparation of milk chocolate masses contained from 11.61 to
31.1 mg of protein in 100 g of powder (Table 1). The selection was made in such a way that protein
content in the analyzed milk was differentiated. This allowed for comparative analysis and evaluation
of the dependence between phenol potential and protein content.

Antioxidants prevent formation of free radicals or support their removal. The milk contains
several antioxidant factors such as vitamins and enzymes. Possible antioxidant activity of milk proteins
and their hydrolysates has also been shown. It has been reported that peptides produced from milk
protein digestion have an antioxidant effect. According to Pihlanto [45], antioxidant peptides derived
from milk consist of 5–11 amino acids, including hydrophobic amino acids, proline, histidine, tyrosine,
or tryptophan in the sequence.

The cocoa liquor and milk used in the study were subjected to a technological process to obtain 21
chocolate milk masses, which were tested for polyphenols content and antioxidant activity against free
radicals of DPPH.

4.2. Results of Polyphenols Content Determination in Chocolate Milk Masses

The presence of polyphenols in milk depends on the animal’s diet and may affect the preservative
effect of milk components [46].

In milk masses made on the basis of cocoa liquor obtained from unroasted beans from Peru
(Ch_1) and seven milk/milk powder mixes, the polyphenols content was obtained from about 1525 to
about 1685 mg calculated as gallic acid in 100 g of product (Figure 1). The highest content of phenolic
compounds was achieved by the T-5 sample with the addition of milk Ml_5 (protein content 13.19%)
and the lowest by T1 based on whole milk powder Ml_1 (protein content 30.35%). The differences in
the content of polyphenols were statistically significant, as indicated by five homogeneous groups.
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Figure 1. Polyphenols content in chocolate milk masses prepared from cocoa liquor from Peru (the
same letter means that there are no statistically significant differences between the analyzed products
at a confidence level of α = 0.05; the abbreviations used in the graph are described in Table 3).

In the investigated milk masses prepared on the basis of cocoa liquor bean from the Ivory Coast
(Ch_2) in combination with seven different milk powders the results of polyphenols content on the
level from about 838 to almost 1071 mg per 100 g of product were obtained (Figure 2).

 

Figure 2. Polyphenols content in chocolate masses prepared from Ivory Coast cocoa liquor (the same
letter means that there are no statistically significant differences between the analyzed products at a
confidence level of α = 0.05; the abbreviations used in the graph are described in Table 3).

The highest content of polyphenols was determined for the mass of T-12, to which the milk
mixture Ml_5 (dried by cylinders method) was used, whereas the lowest for the mass of T-8, to which
spray-dried whole milk was applied (Ml_1). All masses formed six homogeneous groups, which prove
their statistically significant differentiation in terms polyphenols content. Only T-14 masses did not
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differ significantly from T-9 and T-13 samples. In the presented values a specific order of increase in
the content of phenolic compounds from T-8, through T-10, T-9, T-14, T-13, T-11, to T-12 chocolate was
observed. It is worth emphasizing that T4 and T5, as well as T11 and T12 masses were characterized
by the highest content of polyphenols, and Ml_4 (protein content 18.9%) and Ml_5 (protein content
13.19%) milk with the lowest protein content was used to produce them.

Figure 3 shows the results of the determination of polyphenols content in masses obtained with
the use of cocoa liquor made from cocoa beans grown in Ghana (Ch_3). Invariably, the mass with
the highest content of the determined compounds remained the one with the addition of milk Ml_5
(T5 and T12 on Figures 1 and 2) and the one with the lowest one with the addition of whole milk
powder Ml_1. A similar tendency to the polyphenol content was found as in the samples with the
addition of cocoa liquor from the Ivory Coast. However, the differences between the masses were
much less pronounced, but nevertheless formed six homogeneous groups. By comparing the results
of the masses in Figure 3 with those produced from Ch_2 cocoa liquor (Ivory Coast), an average of
3–5% higher total polyphenol content could be observed in each sample in favor of those produced
from beans from Ghana, regardless of the milk used. However, it is noteworthy that Ghanaian cocoa
liquor beans were found to have a lower polyphenol content of approximately 6% compared to the
values determined for Ivory Coast cocoa liquor bean. However, the protein content of the Ch_2 cocoa
liquor was about 3% higher than that of the Ch_3 cocoa liquor (Table 4). The results obtained may
confirm the literature data describing interactions between polyphenols and proteins present in the
chocolate matrix. This is mainly due to the induction by proteins of the formation of spherical micellar
aggregates, which close polyphenolic compounds limiting their availability.

 

Figure 3. Polyphenols in chocolate milk masses prepared from Ghana cocoa liquor (the same letter
means that there are no statistically significant differences between the analyzed products at a confidence
level of α = 0.05; the abbreviations used in the graph are described in Table 3).

Analyzing the results obtained for all 21 chocolate milk masses, it was noted that the amount of
polyphenols contained in them oscillated between 35% and 50% of the values obtained for the cocoa
liquor from which they were obtained. This is mainly due to the recipe in which cocoa mass constitutes
less than 2/3 of the raw material composition of the finished chocolate milk mass. Additionally, not
only the cocoa liquor (although certainly in the majority) brings an additional antioxidant character
to the chocolate milk masses, because, as indicated by the studies of Ertan, et al. [47], whole milk
powder may contain from about 50 to even 100 mg of polyphenols converted into gallic acid in 100 g
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of product. Summarizing these values in the finished product, which is a milk mass, it is possible to
explain a polyphenol content of 1000–1500 mg in chocolates based on roasted cocoa liquor bean and
correspondingly more in chocolates prepared from unroasted cocoa liquor bean. While the values
for dairy products based on unroasted cocoa liquor bean were within the assumed range, this was
not the case for roasted cocoa liquor bean. This could result in a small extent from the treatments
(in the process of conching) to which the milk mass was subjected, losing between 5% and 10% of
phenolic compounds as indicated by Di Mattia, et al. [1]. However, in the majority of cases, this loss
was probably the result of possible interactions between polyphenols and proteins contained in milk
and whey powder, intensified mixing time to which chocolate masses are subjected. As Gallo, et al. [48]
points out, polyphenol–protein interactions may occur in milk chocolates, resulting in compounds
that are inaccessible to the components of the reaction, while limiting their availability and in vitro
oxidative potential. These studies showed a 15% decrease in the assay of polyphenols combined with
casein, a 25% decrease in combination with whey proteins and almost 40% decrease in combination
with pure ß-lactoglobulin (the main whey protein of milk). The results of these studies may explain
the trends obtained in the studies carried out in this study, considering that the results obtained
after statistical analysis confirmed a correlation of −0.66 between protein and polyphenol content in
chocolate milk masses.

The comparative analysis of polyphenol content in all analyzed milk chocolate masses was 13
homogeneous groups, which indicates a large diversity of tested samples (Table 5). Considering that
the protein content in chocolate pulp used to make the masses was at a similar level, and every third
sample contained the addition of the same milk, such a large number of homogeneous groups indicate
the complexity of factors shaping the antioxidant potential.

Table 5. Results of statistical analysis of polyphenols content and antiradical activity of all analyzed
milk chocolate masses (code explanation in Table 3).

Codes of
Masses

Polyph. DPPH
Codes of
Masses

Polyph. DPPH
Codes of
Masses

Polyph. DPPH

T-1 J h T-8 A a T-15 B C b
T-2 K j T-9 C G c T-16 D E de
T-3 J ij T-10 A B b T-17 C D c
T-4 L m T-11 G H gh T-18 G ij
T-5 M n T-12 I i T-19 H k
T-6 K l T-13 E F de T-20 F fg
T-7 K k T-14 D E cd T-21 E F ef

The same letter A, B or a, b means that there are no statistically significant differences between the analyzed products
at a confidence level of α = 0.05; the abbreviations used in the graph are described in Table 3.

4.3. Results of Determination of Antioxidant Activity in Chocolate Milk Masses

Whey proteins may have an antioxidant activity, while heat treatment at very high temperature
has no clear effect on the antioxidant potential of milk [49].

Antioxidant potential (AP) is an important nutritional property of food, as increased oxidative
stress has an effect on most diet-related chronic diseases. In dairy products the protein fraction shows
antioxidant activity, especially casein. Pihlanto study [45] reported that peptides produced from
milk protein digestion have an antioxidant effect. Antioxidant peptides derived from milk consist of
5–11 amino acids, including hydrophobic amino acids, proline, histidine, tyrosine, and tryptophan
in sequence.

The milk contains several antioxidants: naturally occurring vitamins (i.e., E and C), β-carotene,
enzymatic systems, serum albumin, and lactoferrin, which act as chelating agents, iron-binding
glycoprotein, and the activity of free radical scavenging by amino acids such as tyrosine and cysteine [45].
Therefore, polyphenols may be the main contributor to the antioxidant capacity of the food matrix [44].
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The solubility of milk protein in water may be closely related to the oxidative status as oxidation
improves interactions and protein aggregation [50], which reduces the solubility of milk powder [51].

In these studies, the antioxidant activity remained in the same upward trend as polyphenols. The
results of the phenolic potential expressed as antioxidant activity in the masses obtained from unroasted
cocoa beans are shown in Figure 4. However, it was noticeable, as in the case of the determination of
phenolic compounds, that higher values, on average by 8–10%, were obtained for the masses obtained
from unroasted cocoa beans. The obtained values were subjected to statistical analysis, on the basis
of which the masses were assigned to seven homogeneous groups. No significant differences were
observed between T2 and T3 masses, prepared successively from whole milk powder Ml_2 and Ml_3,
containing 27.44% and 29.14% (w/w) protein, respectively.

 
Figure 4. Antioxidant activity in chocolate milk masses prepared from unroasted cocoa liquor from
Peru (the same letter means that there are no statistically significant differences between the analyzed
products at a confidence level of α = 0.05; the abbreviations used in the graph are described in Table 3).

In chocolate milk masses prepared from unroasted cocoa liquor bean from Peru, the results of
determination of antioxidant activity against free radicals of DPPH were 70–80% (Figure 4). The highest
activity was characterized by T5 mass with the addition of milk mixture Ml_5, while the lowest T-8
mass with addition of whole milk powder Ml_1, which coincides with the dependence obtained during
polyphenols determination. Similar observations were also observed in the significance of differences
in the levels of antioxidant activity as, as well as in the case of polyphenols content. Chocolate milk
masses from the Ivory Coast cocoa liquor bean formed six homogeneous groups from which no
significant differences between the T14 and T9 and T13 mixture were found.

In chocolate milk masses prepared from roasted cocoa liquor bean from Ivory Coast the results of
determination of antioxidant activity against free radicals of DPPH were 70–80% (Figure 5). The highest
activity was characterized by T12 mass with addition of milk mixture Ml_5, while the lowest T-8 mass
with addition of whole milk powder Ml_1, which coincides with the dependence obtained during
polyphenols determination. Similar observations were also observed in the significance of differences
in the levels of antioxidant activity as well as in the case of polyphenols content. Milk masses from the
Ivory Coast cocoa liquor bean formed six homogeneous groups from which no significant differences
between T14 and T9 and T13 mixture resulted (Figure 5).
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Figure 5. Antioxidant activity in chocolate milk masses prepared from Ivory Coast cocoa liquor (the
same letter means that there are no statistically significant differences between the analyzed products
at a confidence level of α = 0.05; the abbreviations used in the graph are described in Table 3).

The levels of antiradical activity of milk masses prepared from cocoa liquor from Ghana also
maintained very similar relationships as in the case of the previous variant and the results obtained
during the determination of polyphenols content (Figure 6). Again, the mixture with the addition of
milk preparation Ml_5 (protein content 13.19%) was characterized by the highest value of the properties
tested (in this case antiradical activity). A similar tendency of changes in antioxidant activity as in all
previous determinations were shown on Figures 5 and 6.

Figure 6. Antioxidant activity in chocolate milk masses prepared from cocoa liquor from Ghana (the
same letter means that there are no statistically significant differences between the analyzed products
at a confidence level of α = 0.05; the abbreviations used in the graph are described in Table 3).

The antioxidant activity expressing the degree of reduction of free radicals by antioxidant
compounds contained in the product is a valuable parameter of both the technological and health
potential. The results obtained for all 21 milk masses allowed to determine in which of them the
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in vitro antioxidant potential was highest and how it changed depending on the raw materials used
and the process parameters.

In the studies of Da Silva Medeiros, et al. [30], as well as Todorović, et al. [52], chocolate milk
masses with declared cocoa liquor content of about 30% were distinguished by almost six times lower
antioxidant activity potential, as compared to the tested bitter chocolates with declared cocoa liquor
content of 67–70%. Similarly, the studies of Serafini, et al. [53] on blueberry fruit extracts and Dubeau,
et al. [54] on different types of tea proved to confirm the dependence of lowering the antioxidant
activity of extracts prepared after mixing them with milk. However, these values, unlike in the case of
chocolates, were characterized by only 5–20% lower results compared to the activity of extracts not
enriched with milk. Differences may result mainly from different protein content in milk added to tea
(liquid—about 5 g/100 mL) and content of this ingredient in dried milk (about 30 g/100 g), as well as
the amount of milk added in the mentioned variants.

In the investigated milk masses similar relationships were noted, because after the addition of
milk or milk preparations, they reached much lower inactivation capacity of free radicals DPPH. This
characteristic tendency is caused mainly by the fact, as indicated by Vertuani, et al. [55], that these
masses are mixtures of various components, of which the cocoa liquor, bringing the greatest antioxidant
character, is only a part of their composition. It is noteworthy, however, that this decrease was not as
large as in the case of studies comparing milk chocolates to bitter chocolates. The differences were
closer to those recorded for blueberry or tea extracts. This may mean that further processing and more
intense industrial conditions, which were not provided for in this study, may lead to an increase in
the reduction of antioxidant activity in milk chocolate. Intensified and extended by the process of
tempering, the mixing of milk chocolate components causes more frequent interactions in the mixture
of polyphenols with proteins, which, as indicated by Belščak, et al. [56], form complexes no longer
having the same antiradical properties under the conditions of the antioxidant activity determination
reaction. Similar conclusions were also drawn by Dubeau, et al. [54], who determined that casein
proteins and catechin molecules in tea are mainly responsible for complex formation.

By the use of ANOVA analysis the results of antioxidant activity obtained for particular chocolate
milk masses were compared to their polyphenols content. The correlation was close to 96.5%, which
is a very strong correlation. It shows a simultaneous proportional decrease in antioxidant activity
with a decrease in polyphenols content and its high value is also confirmed by Miller, et al. [57] in
which this correlation reached almost 98%. However, more interesting from the nutritional point of
view was a strong correlation between the results of protein content in masses and the content of
previously discussed polyphenols or antioxidant activity. Negative correlation at the level of 0.66 and
0.76, respectively, showed a gradual proportional decrease in polyphenols and antioxidant activity
with increasing protein content in the mass. The possible formation of protein–polyphenol complexes,
supported by the study results and quoted in the literature, may explain this relationship. It can also
be a valuable indication for producers of milk chocolate, who, while making chocolate products, also
want to ensure pro-healthy values by preserving as many polyphenol compounds as possible. This
relationship may also explain the observations of Serafini, et al. [53], who stated in their research that
the reduction of antioxidant potential may also be influenced by the fat content, because taking into
account whole, semiskimmed and skimmed milk, they obtained for blueberry fruit extracts a similarly
characteristic decrease in antioxidant activity with increasing fat content. However, this dependence
may have been largely due to the decrease in potential due to the antioxidant products of fat oxidation
as well as to the decreasing antioxidant potential due to their combination with milk proteins.

Statistical inference was carried out with a 95% confidence level, to which the results of antioxidant
activity of all tested milk chocolate masses were subjected. Fourteen homogeneous groups were
obtained—one group more than for the analysis of polyphenols content (Table 5). Noteworthy is
the analysis of masses T-7, T-8, T-1, T-12, T-16, and T-21, which were in the same groups in both the
content of polyphenols and DPPH. A similar inference arises, as described in the analysis of polyphenol
content. The analytical analysis confirmed the large variation between the results obtained, despite the
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fact that the tested masses can be grouped into three areas in terms of the used milk chocolate mass
and in seven groups in terms of the used milk powder. The results indicate the complexity of aspects
related to antioxidant potential.

Regardless of the decreasing antioxidant reduction potential in vitro studies, in many works,
among others, Serafini, et al. [53], Loffredo, et al. [58], and Di Mattia, et al. [1], the same trend is
not observed in studies on living organisms. In all these studies, the results of the increase in the
occurrence of specific antioxidants in plasma consumed in the vicinity of milk did not differ significantly
from those of milk-free counterparts. Such dependence may mainly result from the conditions of
the digestive process of living organisms and many transformations and changes of substances that
may occur as a result. Decreases in the amount determined in the body of epicatechin patients were
recorded in studies by Neilson, et al. [59] after consumption of cocoa products containing milk. In
each case, however, these values, although lower, did not show statistically significant differences.
This phenomenon was explained by the variability of intestinal capture of food components and their
subsequent transport between cells in patients’ organisms. It follows that lowering the antioxidant
character of cocoa in a product with the addition of milk, such as milk chocolate, may be of primarily
technological importance.

5. Conclusions

In this study, the highest content of polyphenols was determined in chocolate milk masses
obtained from milk with the lowest protein content. This relationship is least evident in the masses
obtained from cocoa liquor from Ghana, which also contained the least protein. Negative correlation
between protein and polyphenol content in chocolate masses was observed.

A strong correlation was also shown for the decreasing ability of chocolate milk masses to scavenge
DPPH radicals with increasing protein content of milk or milk preparations used to produce them.
This correlation proves that the antioxidant potential of ready-made chocolate milk masses decreases
with increasing content of milk proteins and consequently their ability to neutralize and inhibit the
oxidation reaction of fats contained in chocolates decreases.

A strong correlation between the content of polyphenols in chocolate milk masses prepared for
testing and their antioxidant activity was shown, which proves a proportional preservation of both
values in the subject of the study.

In order to confirm this hypothesis, further studies should focus on the determination of fat
oxidation products in masses and in vitro tests on the analyzed analytical matrix.
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Abstract: Considering the increasing interest in the incorporation of natural antioxidants in enriched foods,
this work aimed to establish a food-grade and suitable procedure for the recovery of polyphenols from
cocoa beans avoiding the degreasing process. The results showed that ultrasound for 30 min with particle
sample size < 0.18 mm changed the microstructure of the cell, thus increasing the diffusion pathway of
polyphenols and avoiding the degreasing process. The effect of temperature, pH, and concentration of
ethanol and solute on the extraction of polyphenols was evaluated. Through a 24 full factorial design,
a maximum recovery of 122.34 ± 2.35 mg GAE/g, 88.87 ± 0.78 mg ECE/g, and 62.57 ± 3.37 mg ECE/g
cocoa beans, for total concentration of polyphenols (TP), flavonoids (TF), and flavan-3-ols (TF3),
respectively, was obtained. Based on mathematical models, the kinetics of the solid–liquid extraction
process indicates a maximum equilibrium time of 45 min. Analysis by HPLC-DAD-ESI-MS/MS
showed that our process allowed a high amount of methylxanthines (10.43 mg/g), catechins (7.92 mg/g),
and procyanidins (34.0 mg/g) with a degree of polymerization >7, as well as high antioxidant activity
determined by Oxygen Radical Absorbance Capacity (1149.85 ± 25.10 μMTrolox eq/g) and radical
scavenging activity (DPPH•, 120.60 ± 0.50 μM Trolox eq/g). Overall, the recovery method made
possible increases of 59.7% and 12.8% in cocoa polyphenols content and extraction yield, respectively.
This study showed an effective, suitable and cost-effective process for the extraction of bioactive
compounds from cocoa beans without degreasing.

Keywords: cocoa; polyphenols; solid–liquid kinetic extraction; antioxidants

1. Introduction

Flavanols are the most abundant substances of polyphenols found in cocoa, with a degree of
polymerization ranging from monomers to polymeric proanthocyanidins [1]. Therefore, unfermented cocoa
bean is composed of 1.3–3.3% methylxanthines [2] and of about 6% condensed flavan-3-ols [3]; as a
result, it is has been listed as the 4th richest dietary source of polyphenols [4]. Cocoa is one of the top
crops in Colombia in terms of economic impact, with a national production record of 59,665 tons in
2019 according to National Cacao Producers Federation. There is also a government initiative aiming
at a switch from cocaine to cocoa and to join forces with the private sector to enhance Colombia’s

Antioxidants 2020, 9, 364; doi:10.3390/antiox9050364 www.mdpi.com/journal/antioxidants83



Antioxidants 2020, 9, 364

competitiveness at an international level, which has been established in the comprehensive national
program for the replacement of illegal crops [5].

Polyphenols have gained increasing attention as supplements and additives in functional foods
due to their nutraceutical properties and beneficial health properties. The recovery of polyphenols
from cocoa and its by-products through several technologies such as maceration [6], microwave [7],
and pressurized liquid extraction [8] has been previously reported. Most of them use powder cocoa
beans obtained from processing operations consisting mainly of (a) drying and particle size reduction
pretreatment, (b) degreasing, and (c) recovery of secondary metabolites. During the pretreatment stage,
low drying temperatures and short times are preferred to avoid oxidation of flavonoids while small
particle size is suggested to increase mass transfer.

The total fat content of whole cocoa beans is over 50% (on a dry basis) [9], which constitutes a barrier
for the release of polyphenols from the cells; therefore, a degreasing process is commonly employed that
can include pressing of the beans, or using a solvent extraction (i.e., hexane, chloroform, petroleum ether
or other non-polar solvents) [10,11] to achieve a final fat content lower than< 12 wt.% [12]. When defatting
using solvents, an additional step for residual solvent removal is thus needed. Supercritical fluid CO2

can be used, which leaves no residue in the final product, but it is more expensive [13].
During the last stage, the extraction yield can vary not only due to the pre-treatment step, but also

due to the type of solvent, contact time, temperature, solid to solvent ratio, the structure of the solid
matrix and pH [14]. Although several solvents can be used to extract cocoa polyphenols, polar solvents
approved by food regulations agencies (i.e., FDA and EFSA) for human consumption (that is, water,
ethanol or a mixture of both) are preferred.

Some patented processes can be found in the literature for producing cocoa polyphenol concentrate;
these include a series of sequential steps consisting on inhibition of enzymatic browning (blanching with
hot water or steam), pressing and supercritical CO2 extraction for fat removal or degreasing with
hexane over 6 h [13], reduction of particle size (<500 um) using cryogenic milling (under −5 ◦C),
and extraction of polyphenols using hot water [13], 60% 2-propanol [15], acetone/water/acetic acid [16]
and aqueous methanol [17].

These are good examples showing that no single universal extraction processes can be employed
for the extraction of polyphenols from different plant sources [18]. Therefore, the goal of the present
work was to establish the optimal experimental conditions to enhance higher recovery of polyphenols
from cocoa beans without degreasing. Thus, a suitable method that was reproducible for large-scale
production (0.05–10 L), cheap, used food grade solvents and reliable for food applications was developed
based on ultrasound-assisted solid-liquid extraction using aqueous ethanol. The best operational
conditions for the pre-treatment process (drying and particle size reduction to avoid the degreasing)
and for the recovery of polyphenols were established. In addition, chemical characterization and
antioxidant activity of the cocoa polyphenol extract were also studied.

2. Material and Methods

2.1. Reagents

All the chemicals used were analytical or reagent grade and were not purified further.
Folin-Ciocalteu reagent, gallic acid, sodium carbonate, ascorbic acid, l-cysteine, sodium phosphate
monobasic monohydrate (NaH2PO4·H2O), disodium hydrogen phosphate (Na2HPO4), caffeine,
and theobromine were obtained from Sigma Aldrich (St. Louis, MO, USA). (+)-Catechin hydrate (≥99%;
ASB-000003310), (−)-epicatechin (≥99%; ASB-00005127), procyanidin B2 (≥90%; ASB-00016231) were
purchased from ChromaDex Inc. (Irvine, CA, USA). Acetonitrile, methanol, (HPLC-grade), ethanol,
n-hexane, citric acid and formic acid were acquired from Merck (Merck, Germany). Deionized water
(18 MΩ/cm) from an Aqua Solution system (Aqua solution, Inc. Jasper, Georgia, USA) was used for
the preparation of all solutions.
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2.2. Pre-Treatment of Cocoa Beans

Fresh cocoa pods (Trinitary, clone ICS 39) were collected at Villa Santa Monica (San Vicente de Chucurí,
Santander, Colombia) and immediately protected from light and transported on ice to CICTA Lab
for processing. Beans were removed manually from the pods using a knife, cleaned and separated
from the pulp (mucilage) using a mucilage remover (Penagos Ltd.a, Colombia). After that, beans were
heat-treated (96 ◦C for 6.4 min) with an enzyme inhibition solution (70 mM·L-ascorbic acid and
l-cysteine, ratio 1:1 v/v) until reaching a polyphenol oxidase inhibition up to 93%. The inactivated
beans were frozen at −20 ◦C and used for further analysis.

2.2.1. Drying and Milling Process

Drying and milling processes were evaluated as follows:

(a) Drying: Beans after polyphenol oxidase (PPO) inactivation were used immediately to evaluate
the effect of drying technology on the total polyphenol content. To do so, beans were chopped
(cross section of 50 × 30 mm2). Then, beans were a) oven dried (FD 23, Binder, Germany) at
both 50 ◦C and 70 ◦C at atmospheric pressure, and b) freeze-dried (Labconco Corp., Kansas City,
MO, USA) at −84 ◦C processing temperature and 13 Pa constant pressure in the drying chamber
to obtain final humidity < 4%. The moisture content was evaluated by AOAC method 931.04
(AOAC, 1990).

(b) Milling: As a strategy to avoid the use of a non-GRAS (Generally Recognized as Safe) solvent
for removing the fat from cocoa beans, different particle size distributions and ultrasound time
were evaluated as a function of total phenol content. Dried beans were milled at max speed
at −20 ◦C in N2 environment for 30 s during three cycles (Grindomix GM 200, Retsch, Haan,
Germany). The milled samples were sieved through steel mesh (W.S. Tyler, Mentor, OH, USA)
with a sieve shaker (Gilson, Screen Co., USA) and fractionated in three groups: sieved and
retained on 20 to 40-mesh (sample 1); 40 to 80-mesh (sample 2); and 80 to 200-mesh (sample 3).
After that, the powdered sample was immersed in 50% aqueous ethanol and ultrasonicated (35 kHz,
ice bath at 4 ◦C, Elma, Ultrasonic LC20H, Germany) for several intervals of time. A defatted cocoa
sample (<5 wt.%) was employed as a control sample. To do so, the cocoa bean powder (1.0 g) was
three times defatted with n-hexane (10 mL, extraction in an ultrasonic bath at 25 ◦C for 15 min).
The resulting powder was dried overnight at room temperature.

In all experiments, a standard polyphenol extraction step was carried out as follows: 1 g of
sample was added to 60 mL of a mixture of 50% ethanol and water (w/w) at 50 ◦C with stirring at
300 rpm for 30 min using a magnetic stirrer hotplate (IKA C-MAG HS7, Germany) with temperature
being monitored with a thermocouple (IKA ETS-D5, Germany). The resulting extract was centrifuged
(5000× g, 4 ◦C, 20 min), then the supernatant was filtered through 0.45 μm hydrophilic PTFE filter
(Millipore, Milford, USA), and the total polyphenol content was measured immediately as detailed
in Section 2.4.1.

2.2.2. Scanning Electron Microscopy

Scanning electron microscopy (SEM) was used to evaluate the microstructure of (a) raw cocoa
beans, (b) cocoa beans with reduced PPO activity, and (c) cocoa beans with reduced PPO and treated by
ultrasound. Bean samples cut into longitudinal and transversal sections were mounted on aluminum
stubs with double-sided carbon adhesive tape and observed using the XL-30 Environmental SEM
(Philips, USA) at 25 kV accelerating voltage with the BSE (backscattered electron) detector. The images
were stored in TIFF format at 712 × 484 pixel in grayscale with brightness values between 0 and 255 for
each pixel constituting the image.
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2.3. Solid–Liquid Extraction of Polyphenols

Extraction temperature, pH, solute/solvent ratio, and ethanol/water ratio were evaluated as the
major factors that can affect the extraction yield. pH was adjusted with 1 M citric acid. The combination
of these factors was modeled through a surface design consisting of 24 + four replicates at the
central point + triplicates at the start point. Low and high levels for the different factors were,
as follows: Temperature (40, 60 ◦C); pH (3, 5); solute/solvent ratio (w/v) (1/60, 1/30); ethanol/water ratio
(v/v) (25/75, 75/25).

The resulting extracts were centrifuged at 5000× g, 4 ◦C for 15 min and the supernatant was
collected and filtered using Whatman Nº1 filter paper (Whatman, Inc., USA), and used for further
experiments. At maximum extraction conditions, large-scale recovery (up to 10 L) controlled by
Bioflow-110 bioreactor (New Brunswick Scientific, Enfield, CT, USA) was used to prove that the scale
up of the process is possible.

2.4. Determination of Total Polyphenol, Total Flavonoids, and Total Flavan-3-ols Content

2.4.1. Total Polyphenol Content by Folin-Ciocalteu

The total polyphenol (TP) content was assayed using the Folin-Ciocalteu reagent according to
Singleton et al. [19] with modifications as follows. The reaction was initiated by the addition of 50 μL
of the sample with 1.5 mL of 10-fold diluted Folin-Ciocalteu reagent. After 5 min, 1.5 mL of 7.5% (w/v)
sodium carbonate was added and vortexed for 10 s. The reaction medium was stored in the dark for
1 h at 25 ◦C. Absorbance was measured at 765 nm (Genesys 20; Thermo Scientific-Fisher, Waltham,
MA, USA) against a blank sample. A calibration curve of gallic acid (ranging from 0.01–0.8 mg/mL,
r2 = 0.99) was prepared, and the results were expressed as mg gallic acid equivalents (GAE) per gram
of dried cocoa beans.

2.4.2. Total Flavonoid Assay

Total flavonoid (TF) content was measured according to Zhishen et al. [20]. Sample (500 μL) was
added to 5 mL volumetric flask containing 2 mL H2O followed by addition of 0.15 mL 5% NaNO2.
After 5 min, 0.15 mL 10% AlCl3 was added and 1 min after, 1 mL 1M NaOH was added. The total
volume was made up to 5 mL with H2O. The reactants were mixed well and stored in the dark for
15 min at 25 ◦C. Absorbance was measured at 510 nm (Genesys 20; Thermo Scientific-Fisher, Waltham,
MA, USA) against a blank sample. Total flavonoid content was expressed as mg (−)-epicatechin
equivalents (ECE) per gram of dried cocoa beans.

2.4.3. Total Flavan-3-Ol Assay

Total flavan-3-ol (TF3) content was determined by the vanillin-H2SO4 assay as described by
Sun [21]. The reaction consisted of 1 mL sample in methanol with 2.5 mL of 1% vanillin in methanol and
2.5 mL of 9N H2SO4. The reaction medium was well mixed at 30 ◦C and allowed to react for 15 min.
Absorbance was measured at 500 nm (Genesys 20; Thermo Scientific-Fisher, Waltham, MA, USA) against
a blank sample. Total flavan-3-ol content was expressed as mg (−)-epicatechin equivalents (ECE) per
gram of dried cocoa beans.

2.5. Kinetic of Solid–Liquid (S-L) Extraction of Polyphenols

Once the optimum S-L extraction conditions were selected, the extraction kinetics were evaluated by
plotting the concentration of the isolated target analyte versus time. Aliquots (100μL) of each sample were
taken out at various times to measure the total concentration of polyphenol, flavonoid, and flavan-3-ol.
The extraction curves were adjusted by several kinetic models previously documented [22–26].
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2.6. Characterization by HPLC-DAD-ESI-MS/MS

HPLC analysis was performed on a Shimadzu (LC-2030 LT Series-i, USA) equipped with a
photodiode detector, solvent degasser, quaternary pump, autosampler with temperature control,
and thermostat column compartment. The separation was achieved using a C18-phenyl column
(4.6 × 50 mm, 2.5 μm particle size) (Xbridge®, Waters, USA) protected with a security guard obtained
from Phenomenex (AJ0-8788, Phenomenex, Torrance, CA, USA). The procedure consisted of acidified
water (water/formic acid, 99.9:0.01 v/v) (solvent A) and acidified acetonitrile (acetonitrile/formic acid,
99.9:0.01 v/v) (solvent B). The optimized linear gradient was as follows: 0–8 min, 2% B; 8–37 min,
10% B; 37–40 min, 0% B and 2% B for 10 min. The flow rate was 0.8 mL/min, and the temperature
was 60 ◦C. The detector acquisition was 190–800 nm. The calibration curves for caffeine, theobromine,
catechins, and dimer B2 were made from commercially available analytical standards (r2 = 0.99).
Oligomeric procyanidin calibration curve was performed from isolated fractions (r2 = 0.98) according to
Toro-Uribe et al. [27]. All the results are expressed as mg of sample per g of cocoa beans (dry matter basis).

The mass detector was an Agilent 6320 Ion Trap LC/MS (Agilent Technology, Waldbronn, Germany)
equipped with an ESI source and ion trap mass analyzer which was controlled by the 6300 series trap
control software (Bruker Daltonik GmbH). MS/MS analyses were carried out to obtain the structural
information of the separated compounds. Mass spectrometer was operated under positive and negative
ESI mode, nebulizer pressure, 40 psi; dry gas, 12 L min−1; dry temperature, 350 ◦C, and mass spectra
recorded from 90 to 2200 m/z. MS characterization features were analyzed using extraction ion
compound tool and commercial standards. It was also consulted METLIN and HMBD databases for
matching exact mass.

2.7. Antioxidant Assays

Oxygen radical absorbance capacity (ORAC) assay described by Huang et al. [28] was carried out as
follow: 96 well microplates were filled with 50μL of the daily working fluorescein solution (4 × 10−3 mM
in 75 mM phosphate buffer, pH 7.4), 50 μL of samples at a known concentration, and incubated at 37 ◦C
for 10 min in a microplate reader (Synergy HT Multi-Detection, Biotek Instruments, Inc. Winooski,
VT, USA). The reaction was initiated by the addition of 50 μL of 2,2′-Azobis(2-methylpropionamidine)
dihydrochloride (221 mM in 75 mM phosphate buffer, pH 7.4) and the fluorescence decay was monitored
kinetically for 2 h, using emission and excitation wavelength of 485 nm and 528 nm, respectively.
A calibration curve was prepared with 12.5–375 μM Trolox (r2 = 0.99). Results are expressed as μM
Trolox equivalents per g of cocoa beans (dry matter basis) as follows:

ORAC =
AUCsample −AUCblank

AUCTrolox −AUCblank
∗ k ∗ molarity o f trolox

weight o f sample

where k is the sample dilution factor, and AUC is the area below the fluorescence decay curve of the
sample, blank, and Trolox, respectively. The area under the curve of normalized data was calculated
using GraphPad Prism v. 6.0 (GraphPad Soft. Inc., La Jolla, San Diego, CA, USA).

The reducing ability of antioxidants toward the DPPH (2,2-diphenyl-1-picrylhydrazyl) radical was
measured according to Brand-Williams et al. [29]. DPPH methanolic solution (684.7 μM) was adjusted
with methanol until an absorbance of 0.550 ± 0.01 units at 517 nm (Genesys 20, Thermo Scientific,
Waltham, MA, USA) was obtained. Samples (100 μL) were incubated with 1.45 mL of this DPPH
solution for 60 min in the dark. A calibration curve was prepared from 1.95–150 μM Trolox (r2 = 0.99).
Results are expressed as μM Trolox equivalent per g of cocoa beans (dry matter basis).

2.8. Statistical Analysis

All the experimental measurements were repeated at least three times, and data were expressed as
the mean ± standard deviation. Statistical analysis was done using Statistica 7.1 (Stat-Soft Inc., USA).
The analysis of variance (ANOVA) and F-test were used to evaluate the influence of the factors and
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their interactions on the experimental designs. ANOVA one-way and Tukey’s multiple range test
was also conducted at a 5% level of significance. The kinetic constants in this study were determined
from experimental data using non-linear regression employing Quasi-Newton method and least
squares as custom loss function (0.0001 for both start value and initial step size). The response surface
methodology consisting of full factorial central composite rotatable design with four replicates at the
central point was conducted according to a completely randomized model. A second-order polynomial
equation was used to fit the experimental data as follows:

Y = β0 +
k∑

i=1

βiXi +
k∑

i=1

βiiX2
i +

k−1∑
i = 1
i < j

k∑
j=2

βi jXiXj

where Y is the predicted factor, β0 is the value of the fitted response to the design, βi, βii, and βij are the
coefficients of linear, quadratic, and cross product terms, respectively.

The performance of full factorial central composite design method was measured by r and r2.
Experimental runs were also randomized to evaluate the concordance of experimental data and
predicted values; therefore, the root mean squared error (RMSE) was calculated as follows:

RMSE =
2

√∑n
i=1(yi − ŷi)

2

n

where yi and ŷi is the measured value and predicted value by the model, respectively. In addition, n is
the number of the set data.

3. Results and Discussion

3.1. Effect of Drying Temperature, Particle Size and Non-Degreasing Process on the Concentration of
Total Phenols

3.1.1. Drying Technology

Beans with reduced enzyme activity were manually chopped, and the total phenol content was
evaluated after (a) oven-air drying at 50 ◦C and 70 ◦C, and (b) freeze-drying. The initial moisture
content in a fresh unfermented bean was 40.1 wt.% and after drying process the final moisture
content was between 1.4–3.2 wt.%. Table 1 summarizes the effect of drying process on TP content.
Therefore, high temperature air drying led to a great extent of dehydration levels. Visual evidence
showed that dried beans were slightly grey/purple color, which is characteristic of dried unfermented
cocoa beans with high procyanidin content [12]. However, drying at 50 ◦C for 20 h resulted in TP content
10% lower than drying at 70 ◦C for 3 h (p < 0.05), which showed that polyphenols were more sensitive
to drying time than temperature. No significant differences in TP amount was observed between freeze
drying and oven-dried at 70 ◦C treatments, which was also reported by Kothe et al. [30], who found
that when employing high temperatures and short times (100–160 ◦C for 30 min), different reactions
can occur, such as configuration rearrangement of flavan-3-ols and epimerization, which could led
to the formation of new flavan-3-ol products with higher phenol activity. Thereby, oven-air drying
at 70 ◦C was chosen as drying technology for further experiments. Moreover, air drying is a more
cost-effective solution (and faster) than freeze-drying.

3.1.2. Impact of Particle Size on Extraction Yield

After the PPO enzymatic inhibition and drying steps, the samples were milled at low temperature
for a short time, thus avoiding the fat melting during the reduction of particle size. In an attempt to
discriminate which sizes led to better performance on extraction yield, three distinct samples varying
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on particles size were evaluated as follow: (S1) > 0.42 mm, (S2) 0.42–0.18 mm, and (S3) < 0.18 mm.
The results showed that the best treatment was S3 with a TP recovery of 50 mg GAE/g being 2× and
1.2× fold higher than S1 and S2, respectively. This study reinforces the idea that there is an inverse
relationship between the particle size and the extraction yield. This behavior was also observed by
Sun et al. [31], who found that extraction yields were 6 fold higher when particle size decreased from 2
to 0.074 mm.

Table 1. Effect of drying process on total polyphenol amount in cocoa beans.

Drying Method
Enthalpy of

Sublimation (kJ/mol) *
Time (h)

Total Polyphenol Content
(mgGAE/g)

Freeze Drying 51.00 48 43.99 ± 0.25 a

Oven-air (50 ◦C) 41.69 20 38.96 ± 1.47 b

Oven-air (70 ◦C) 40.84 3 43.20 ± 0.73 a

Mean value ± standard deviation (n = 5) with similar letters mean are not significantly different by ANOVA One-way
Tukey (p > 0.05). * The thermophysical property data for the determination of enthalpy of sublimation of pure
compounds (water) was calculated thorough the libraries of the NIST ThermoData Engine (TDE) version 10.

3.1.3. Conditions to Avoid the Degreasing Process

Non-defatted samples and defatted samples with a total fat content of 58.5% and 2.5%, respectively,
were used for these experiments. In prior assays, results showed that TP extraction from the defatted
samples was 60% higher than in non-defatted samples, which confirms that fat is a barrier for the
diffusion of the bioactive compounds from the solid phase to the extractor solvent. Since one of the
aims of the present work was to avoid the use of toxic organic solvents, ultrasonic treatment was
selected as an alternative clean extraction technology. Thus, non-defatted cocoa samples were placed
in a test tube and mixed with 50% ethanol (1/60 w/v ratio solute/solvent) and ultrasonicated (35 kHz,
4 ◦C). The effect of ultrasonic time (0–60 min) was tested as a function of TP amount. As can be seen in
Figure 1, ultrasound increases the polyphenols extraction efficiency up to a 30 min. This is because
the cavitation forces improving the polarity of the system; moreover, the bubbles in the liquid/solid
extraction can explosively collapse and generate localized pressure causing plant tissue rupture [32],
thus increasing the mass transfer rate. Figure 1 also shows that samples ultrasonicated for 30 min had
no significant difference with the defatted control (p < 0.05). Thereby, the ultrasonic bath for 30 min
was chosen as optimal value for further experiments.

Figure 1. Impact of time of ultrasonic treatment on total polyphenolic amount. Means with different
letters were significantly different by Tukey (p < 0.05).

3.1.4. Microscopy Analysis

Figure 2 shows SEM photographs confirming the mechanical effect of ultrasound on cell wall
structure. As can be observed, non-treated samples had intact cell walls which were oval-shaped and not
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fractured, as well as appearing more solid and denser due to the cellular contents remaining embedded
in the cell (Figure 2A). In general, the cocoa bean is formed of parenchyma cells (containing cocoa
butter and proteins), which represent over 80% of the mass [33], and polyphenols and alkaloids,
which are placed into the vacuoles [34]. Physical changes were observed in the structure of cocoa
starch granules that become larger, smooth and fibrous, quite likely as produced by heat treatment
(Figure 2B). This behavior could be the result of enzyme heat treatment, which opens up the cell and
favors diffusion of bioactive compounds from the matrix into the extraction medium, as well as to the
mobilization of proteins and polyphenols and redisposition of fat within the cell [34].

 

Figure 2. Microscopy images for the microstructure of (A) non-treated cocoa bean, (B) beans after PPO
inhibition, and (C) beans after PPO inhibition and ultrasound treatment.

The morphological differences are more evident in Figure 2C. Smaller fragments were dispersed
within the cell, and the microstructure was more porous, which could be the result of cell disruption
and changes in the intercellular spaces. Hence, changes in the cell might increase the permeability and
thus diffusion of polyphenols out of the cells. In accordance with our results, Rostagno et al. [35] found
that disruption of tissue and cell walls are most efficient when heat treatment together with ultrasound
are used, which resulted in a greater penetration of solvent into the sample matrix, increasing the
contact surface between solid and liquid phase, and as a result, the solute quickly diffuses from the
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solid phase to the solvent. The observation of this study confirms that the enzymatic inhibition by
heat treatment, milling process, and ultrasounds play a significant role in the change of the internal
structure of cocoa beans, thus enhancing a high concentration of polyphenols while avoiding the
defatting process.

3.2. Solid–Liquid Extraction of Polyphenols from Cocoa Beans

As mentioned, temperature, solute/solvent ratio, ethanol/water ratio, and pH were evaluated
through a surface experimental design. As can be seen in Table 2, the concentration of ethanol had
a strong impact on response factors, for instance, TP, TF and TF3 varied from 41.3–107.6 mg GAE/g,
15.2–86.0 mg ECE/g, and 21.7–59.8 mg ECE/g, respectively, throughout the ethanol concentration range
(0–100%). Moreover, TP yield increased with increasing extraction temperature, i.e., extraction at 60 ◦C
(25% ethanol, pH 5, 1/60 solvent/solute ratio) was 1.12 fold higher at 40 ◦C. Maximum values for TP
(107.6 mg GAE/g), TF (86.0 mg ECE/g), and TF3 (59.8 mg ECE/g) were observed at different levels of
factors, which indicate that combination of factors plays a key role in the extraction process.

Table 2. 24 full factorial central composite rotatable design and experimental results for total polyphenol,
total flavonoids, and total flavan-3-ols recovery from cocoa beans.

T (◦C) SS (w/v) EW (v/v) pH TP (mgGAE/g) TF (mgECE/g) TF3 (mgECE/g)

60 1/30 25 5 78.22 ± 1.17 62.30 ± 1.75 35.07 ± 0.14
50 1/24 50 4 94.15 ± 0.50 79.64 ± 1.88 48.62 ± 0.59
50 1/40 50 2 98.86 ± 0.52 55.87 ± 2.60 39.46 ± 0.25
60 1/60 75 3 103.57 ± 1.25 57.48 ± 0.39 43.78 ± 0.90
40 1/30 75 3 92.23 ± 1.79 77.30 ±4.10 42.89 ± 0.27
60 1/60 25 3 91.59 ± 1.30 52.36 ± 0.39 40.74 ± 0.98
50 1/40 50 2 98.17 ± 1.10 53.84 ± 2.34 38.01 ± 0.13
40 1/30 75 3 95.81 ± 0.07 68.77 ± 3.51 40.75 ± 0.24
50 1/40 50 6 98.85 ± 0.65 66.45 ± 2.08 59.28 ± 0.98
50 1/40 50 4 95.96 ± 0.82 67.97 ± 4.16 51.26 ± 0.09
50 1/120 50 4 107.59 ± 0.52 53.74 ±0.77 55.21 ± 1.39
50 1/40 50 6 97.53 ± 0.26 64.31 ± 0.26 59.78 ± 1.54
60 1/30 75 3 97.90 ± 0.93 73.11 ± 2.35 47.46 ± 0.04
50 1/40 50 4 95.52 ± 0.61 63.01 ± 3.38 47.38 ± 0.93
40 1/30 75 5 81.23 ± 0.23 76.18 ± 4.30 50.28 ± 1.40
40 1/30 25 5 76.97 ± 1.29 61.21 ± 0.96 42.77 ± 0.28
40 1/60 75 5 91.56 ± 0.19 49.34 ± 2.72 42.19 ± 0.63
60 1/30 25 3 82.64 ± 0.13 59.53 ± 0.59 39.84 ± 0.07
60 1/60 75 5 89.26 ± 0.45 57.78 ± 0.39 58.68 ± 1.12
50 1/40 100 4 46.79 ± 0.44 15.18 ± 1.30 22.72 ± 0.37
40 1/60 25 3 84.58 ± 0.19 50.93 ± 3.12 38.83 ± 0.99
40 1/30 25 3 76.06 ± 0.69 55.74 ± 2.91 43.87 ± 0.21
40 1/60 25 3 84.45 ± 0.99 51.83 ± 3.52 40.37 ± 1.28
30 1/40 50 4 88.59 ± 0.13 74.73 ± 1.56 42.52 ± 0.14
70 1/40 50 4 100.04 ± 0.69 79.73 ± 4.14 58.04 ± 0.51
60 1/60 25 3 82.98 ± 2.23 55.26 ± 1.16 39.85 ± 0.85
40 1/30 25 5 78.95 ± 1.03 59.04 ± 3.69 46.46 ± 0.21
40 1/60 75 3 102.28 ± 2.25 46.02 ± 3.91 29.49 ± 0.61
60 1/30 25 5 81.21 ± 0.45 64.10 ± 3.88 38.59 ± 0.36
50 1/120 50 4 104.96 ± 0.91 55.91 ± 1.56 55.57 ± 0.56
60 1/30 75 5 83.48 ± 0.58 74.43 ± 4.27 55.98 ± 0.52
50 1/40 0 4 43.45 ± 1.22 22.40 ± 1.56 21.73 ± 0.09
40 1/60 25 5 76.43 ± 1.17 56.35 ± 2.34 41.86 ± 0.42
50 1/40 0 4 41.32 ± 0.22 17.09 ± 0.26 25.81 ± 0.65
30 1/40 50 4 89.97 ± 0.91 77.91 ± 2.60 41.31 ± 0.23
40 1/30 25 3 79.12 ± 0.67 58.51 ± 0.39 39.37 ± 0.25
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Table 2. Cont.

T (◦C) SS (w/v) EW (v/v) pH TP (mgGAE/g) TF (mgECE/g) TF3 (mgECE/g)

60 1/30 75 5 84.29 ± 0.39 75.47 ± 4.26 52.63 ± 1.39
60 1/30 25 3 82.19 ± 0.39 59.47 ± 3.50 36.21 ± 0.39
60 1/60 75 5 89.01 ± 1.36 57.96 ± 1.16 54.35 ± 1.74
50 1/40 50 4 90.36 ± 0.48 69.19 ± 4.17 44.92 ± 0.84
60 1/60 25 5 85.11 ± 0.33 59.55 ± 1.95 44.08 ± 0.35
50 1/24 50 4 100.27 ± 0.05 86.05 ± 4.53 53.69 ± 0.25
70 1/40 50 4 97.97 ± 0.26 82.05 ± 2.08 58.80 ± 0.84
60 1/60 75 3 95.49 ± 2.51 53.52 ± 0.78 46.89 ± 1.50
60 1/30 75 3 98.69 ± 0.57 72.95 ± 3.50 49.99 ± 1.22
50 1/40 50 4 93.54 ± 1.13 64.19 ± 1.30 45.78 ± 0.77
40 1/30 75 5 81.22 ± 0.49 70.55 ± 2.15 47.68 ± 0.77
50 1/40 50 4 90.52 ± 0.30 65.81 ± 4.16 50.50 ± 0.79
50 1/40 50 4 91.27 ± 0.17 64.09 ± 3.90 50.16 ± 0.19
40 1/60 25 5 77.75 ± 0.91 51.53 ± 0.39 41.35 ± 1.01
40 1/60 75 3 99.96 ± 1.39 45.00 ± 1.55 32.91 ± 1.12
60 1/60 25 5 87.44 ± 1.25 56.65 ± 2.73 41.67 ± 0.85
50 1/40 100 4 47.40 ± 0.35 15.19 ± 0.78 23.69 ± 0.28
40 1/60 75 5 92.33 ± 0.32 48.27 ± .50 46.59 ± 0.14

Control by S-L extraction (Yield = 14.9%) 49.35 ± 2.06 a 35.71 ± 0.19 a 26.41 ± 1.88 a

Optimum by S-L Extract. (Yield = 16.8%) 122.34 ± 2.35 b 88.86 ± 0.78 b 62.57 ± 3.37 b

where TP is total polyphenol TF is total flavonoid and TF3 is total flavan-3-ol. S-L is the solid–liquid extraction.
Means (n = 3) within a column (comparison of same bioactive compound family) with different letters were
significantly different by ANOVA One-way Tukey (p < 0.05). For more information see the methodology section.

Results were fitted to a quadratic model (Equations (S1)–(S3)) and the 3D surface graphs for
dependent variables were plotted (Figure 3). Thus, analysis of variance summarized the observations
and differences among the studied factors (Table S1). ANOVA showed that the recovery of bioactive
compounds was mainly dependent on the linear effect of temperature (T) and pH, linear and quadratic
effect of ethanol/water (EW) ratio, and solute/solvent (SS) ratio. Besides, the interactions of T × EW,
and EW × pH for total polyphenol content; SS × T, and SS × EW for total flavonoid concentration;
and T × SS, T × EW, SS × pH, and EW × pH for total flavan-3-ol amount were also significant
(p < 0.05). ANOVA analysis also showed that the selected quadratic model adequately represented the
extraction process. Therefore, the model has a good coefficient of multiple determination of r2 = 0.957,
radj = 0.941; r2 = 0.954, radj = 0.937; and r2 = 0.905, radj = 0.872 for total polyphenol, flavonoid and
flavan-3-ols content, respectively. Overall, higher accordance regression fit values mean that the model
explained most of the variability in the responses.

Thereby, the maximum experimental conditions were enhanced with 50/50 v/v ethanol/water
ratio, 1/120 w/v solute/solvent ratio, pH 6 at 70 ◦C for a predicted recovery of 117.87 ± 16.68 mgGAE/g,
85.22 ± 18.51 mgEC/g, and 76.86 ± 15.98 mgECE/g, which were in agreement with the experimental
data with 122.34 ± 2.35 mg GAE/g, 88.87 ± 0.78 mgECE/g, and 62.57 ± 3.37 mgECE/g, for TP, TF,
and TF3, respectively.

Effect of Independent Factors on the Recovery of Total Polyphenols and Total Flavonoids

As can be seen in Figure 3, the significant factors evaluated had a parabolic behavior on the
extraction of TP, TF, and TF3. For instance, it was confirmed that temperature promoted faster diffusion
rate, better mass transfer, reduce viscosity and surface tension (Figure 3A,C,E), which is in agreement with
Cacace and Mazza [36]. Indeed, this factor had a linear effect until it reached a maximum, after which
the extraction yield decreased. This phenomenon is explained by the softening of plant tissue at high
temperature, while at the same time, it weakens phenol-protein and phenol-polysaccharide interactions [37].
Moreover, results showed that higher diffusion rate is enhanced at lower ratio solute/solvent, which is
confirmed by the significance of linear and quadratic effect for both total phenol and total flavonoid
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content. Also, Fick´s second law of diffusion predicts this phenomenon, that is, a final equilibrium
between the concentration of solute in the solid matrix and in the bulk solution after a certain time [37].

Figure 3. Surface response as function for Temperature vs. Ethanol concentration, and pH vs.
solute concentration for the recovery of total polyphenols (A,B), total flavonoids (C,D) and total
flavan-3-ols (E,F).

The influence of ethanol concentration (Figure 3A,C,E) suggested that the extract contains
polyphenols with different polarities, which also confirms the principle “like dissolves like” The lowest
concentration of water or ethanol were not efficient for the extraction of flavonoids from cocoa beans.
The maximum yield was enhanced at 50% ethanolic aqueous solution. Previous works are consistent
with our results, reporting a maximum extraction yield of polyphenols with an ethanol/water ratio of
40–50% [18,38], which is because the concentration of ethanol influences the velocity-transfer kinetic
and the thermodynamics of the process [38].

In addition, the interaction of pH with the solvent (Figure 3B,D,F) plays an essential role in
controlling adsorption/desorption rate (i.e., changing the surface charge of adsorbent, the degree of
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ionization and speciation of adsorbate during adsorption) [39], and an impact on the pKa value for the
polyphenols. In fact, lower solvent acidity allowed the highest recovery of flavonoids, because acid could
hydrolyze the cell wall and thus facilitates the diffusion of the phenolic compounds. However, at higher
concentrations of ethanol, a reduction on the extraction yield was observed. Similar results show that
the amount of acid in the extraction solvent increases concentration by increasing the stability of the
phenolics during extraction and increasing their dissolution [37].

In addition, significant differences (p < 0.05) among control samples and sample at optimum
conditions were found; thereby, TP, TF, and TF3 were 59.7, 59.8, and 57.8% higher, respectively,
when employing the optimized S-L extraction method (Table 2).

3.3. Extraction Kinetics Parameters

Given the maximum conditions for the recovery of polyphenols, different extractions were carried
out to evaluate the equilibrium time and kinetic parameters as a function of TP, TF, and TF3 content.

The study of equilibrium time plays an essential role in economizing the energy and cost of the
industrial process [37], thus improving the accuracy of the procedure and the quality of the final
product. Table 3 summarizes the kinetic parameters, RMSE and the accordance of the model (r) for all
the mathematical models selected, which were previously used to model the solid-to-liquid extraction
of bioactive compounds. Overall, TP, TF, and TF3 content had the lowest r and highest RMSE for those
equations that consider the extraction is occurring in one continuous step, i.e., Equations (1), (2), (4),
and (5). Goodness of fit of the model and lower standard deviation of residuals were obtained for the
two models that represent the recovery of polyphenols on two different rates (sorption/desorption),
for instance, Equation (3) and Equation (6). These equations represent the kinetic process of a liquid/solid
system based on the solid capacity. As can be seen in Figure 4, the extraction curve shape had a faster
extraction rate followed by a slower extraction rate and asymptotically approached the equilibrium
concentration. Generally, the temperature enhances the solubility of polyphenols in the solvent [40],
but the rate of extraction yield decreased progressively due to the exposure to both higher temperature
and time extraction, which confirms that polyphenols are thermosensitive compounds [41].

Results suggested that the Peleg model (Equation (3)) proved to be most suitable to model the
solid–liquid extraction kinetics for the dependent variables (r ≥ 0.98 and RMSE ≤ 0.71). In fact, k1 and k2

represent the extraction rate constant and constant of extraction extent, respectively [42]. Table 3 shows
that k1 was similar in all the cases, but k2 increased by TF3 ~ TF >> TP, which is related to its maximum
equilibrium concentration (Ct→∞). Thereby, the equilibrium extraction time were 45 min, 39 min and
34 min for TP, TF, and TF3 content, respectively. Comparison of these data with those of previous
authors shows that our optimized extraction method was 2.7×, 4.4×, 6.0×, and 2.7× faster than the
polyphenol recovery of cocoa beans [43], grape seed [42], and mango kernel [44], respectively.

In addition, a large-scale extraction process was also assayed. The results showed that recovery
from 0.05 to 5 L did not significantly impact extraction yield (p < 0.05), but the extraction at 10 L
was 25.7 ± 0.9% lower for TP content while was 23.0 ± 6.9% and 5.3 ± 2.6% higher for TF and TF3
amount, respectively. These differences could be due to diffusional changes as a result of the scaling up
the process.

In general, this work confirmed the importance of studying the impact of extraction parameters
on both secondary plant metabolites, thereby increasing the yield of extraction. In terms of going
beyond the highlights, the optimized ultrasound-assisted solid–liquid extraction not only allowed a
high concentration of both total polyphenols and flavonoids but also employed food-grade solvents,
reduced the number of stages (i.e., avoiding the degreasing), the extraction time (<45 min), and therefore
energy consumption. Thereby, the extraction process could be suitable for large-scale applications.
For example, cocoa polyphenol extract can be used to enrich products in very high demand in the food
and cosmetic industries.
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Table 3. Kinetic models used for the fitting for total polyphenol, total flavonoids, and total flavan-3-ols
content from cocoa beans.

Model Parameters for TP Parameters for TF Parameters for TF3 Ref.

nth order (1)
C(t) = ktn k = 55.64

n = 0.16
k = 46.63
n = 0.13

k = 37.03
n = 0.11 [26]

r
RMSE

0.93
8.23

0.90
5.46

0.90
4.19

Page (2)
C(t) = ektn k = 4.06

n = 0.03
k = 3.87
n = 0.03

k = 3.64
n = 0.02 [23]

r
RMSE

0.93
8.52

0.89
5.55

0.89
4.22

Peleg (3) C(t) =
t

k1 + k2t
k1 = 0.03

k2 = 8.1 × 10−3
k1 = 0.03
k2 = 0.01

k1 = 0.03
k2 = 0.01 [24]

r
RMSE

0.98
0.71

0.99
0.62

0.99
0.67

Weibull-type (4)
C(t) = C0ektn

C0 = 1.7 × 10−8

k = 21.92
n = 6.9 × 10−3

C0 = 2.8 × 10−7

k = 13.17
n = 6.4 × 10−3

C0 = 2.0 × 10−7

k = 19.03
n = 5.8 × 10−3 [22]

r
RMSE

0.93
8.33

0.89
5.51

0.90
4.32

Mincher and Minkov (5)
C(t) = A− Be−kt

A = 96.94
B = 96.94
k = 289.60

A = 72.29
B = 72.29
k = 103.69

A = 55.07
B = 55.07
k = 117.03

[26]

r
RMSE

0.64
22.06

0.68
12.47

0.71
8.35

Pseudo first order (6) C(t) = C∞ − C∞
ekt+a

C∞ = 122.34
k = 0.11

a = 0.124

C∞ = 88.87
k = 0.18
a = 0.024

C∞ = 62.57
k = 0.25
a = 0.020

[25]

r
RMSE

0.98
6.49

0.98
5.59

0.99
2.29

where TP is total polyphenol (mgGAE/g) TF is total flavonoid (mgECE/g), and TF3 is total flavan-3-ol (mgECE/g).

Figure 4. Experimental and calculated extraction curves for a total polyphenol (TP), total flavonoids
(TF), and flavan-3-ols content. E (TF3). Extraction rate constant based on Peleg model and solid–liquid
extraction at optimal conditions.

3.4. Chromatographic and Antioxidant Analysis

Identification of alkaloids, catechins and procyanidins in cocoa, were achieved by
HPLC-DAD-ESI-MS/MS. The chromatographic method allowed not only the detection of main
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alkaloids but also the procyanidins with different degree of polymerization up to 7 (Figure 5). As can be
seen in Table 4, the cocoa extract obtained at maximum conditions contained 65% (w/w) procyanidins
followed by methylxanthines (20% w/w) and catechins (15% w/w), which is in agreement with previous
authors [45,46]. Theobromine/caffeine ratio was 2.93, which can be used to classify hybrid genotypes [47].
Therefore, it was confirmed that the cocoa sample was of the Trinitarian variety. (−)-Epicatechin
(7.30 mg/g) was the main catechin, being 11.8 fold higher than (+)-catechin, which was also confirmed
by Romero et al. [48]. The major procyanidin in cocoa polyphenol extract was the Trimer C1 (11.9 mg/g)
being 2.9×, 1.3×, 1.7×, 6.6×-fold higher than the dimer, tetramer, pentamer, and hexamer, respectively.

Our results are in agreement with previous works that reported that the main alkaloid and flavanol
are the theobromine and (−)-epicatechin, but their concentrations vary considerably depending on
the methodology of extraction and cocoa bean variety [49]. Theobromine and caffeine concentrations
were in agreement with previous reports [8,15], but epicatechin and catechin amounts were 1.5× and
1.9×, and 2.0× and 2.3× fold higher than those reported by Kothe et al. [30] and Carrillo et al. [15],
respectively. In general, procyanidin content was much higher than previous authors, i.e., dimer B2
was 2.0× and 1.5× -fold greater than procyanidin B2 previously reported by Kothe et al. [30] and
Tomas-Barberán et al. [43], respectively.

In addition, the identification of oligomeric procyanidins was carried out by mass spectrometry
in comparison with commercial standards and published literature. For instance, dimer B2 (B-type,
EC-4β→8-EC-4β), trimer C1 (B-type, EC-4β→8-EC-4β→8-EC), tetramer, pentamer, hexamer and
heptamer with a molecular ion [M − H]− m/z 577, 865, 1153, 1441, 1729, 2019, respectively were
identified. Characterization of larger polymers was not possible due to their low concentration,
low ionization, peak signal dispersion, the formation of multiple ions, and limitations of the ion trap
MS analyzer. Fragment patterns also suggested that various fragmentation mechanisms are involved in
ESI such as quinone methide (QM), retro-Diels-Alder (RDA), as well as heterocyclic ring fission (HRF),
which could take place on the extension unit or the terminal unit of the molecule [50]. For instance,
the loss of a fragment with m/z 152, 170 and additional loss of water corresponding to RDA fission and
loss of 288 Da corresponds to QM cleavage (Figure 5).

Figure 5. Chromatogram of cocoa extract and hypothetical electrospray ionization (negative mode)
fragmentation pathway for procyanidin dimer. RDA, retro-Diels-Alder fission; QM, quinone methide
cleavage; HRF, heterocyclic ring fission.
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Table 4. Methylxanthine and procyanidin concentration, and characterization of cocoa beans using a
HPLC-DAD-ESI-MS/MS method.

Compound

Reverse Phase

Ionization

Predicted
Mass
(mau)

Observed
Mass
(mau)

Error
(mau)

HPLC-ESI-MSn

Retention Time
(min)

Concentration*
(ppm)

MS2 Fragment
(m/z)

Theobromine 1.42 7.78 ± 0.01 [M + H]+ 181.07 181.8 0.73 137.5, 110.5
Caffeine 5.01 2.65 ± 0.02 [M + H]+ 195.08 195.5 0.42 158.4, 138.7

Catechin 2.16 0.62 ± 0.01 [M − H]+ 291.08 292.3 1.22 273.3, 165.3,
139.4, 123.7

Epicatechin 5.46 7.30 ± 0.10 [M − H]+ 291.08 292.3 1.22 273.3, 165.3,
139.3, 123.6

Dimer B2 6.22 4.06 ± 0.03 [M − H]− 577.14 577.4 0.26 451.2, 425.1,
289.1, 271.1

Trimer C1 12.91 11.99 ± 0.25 [M − H]− 865.19 865.4 0.21 695.2, 577.2,
451.0, 289.0

Tetramer D 16.81 9.33 ± 0.40 [M − H]− 1153.26 1153.6 0.34 1027.3, 865.3,
739.2, 577.1

Pentamer 19.91 6.81 ± 0.52 [M − H]− 1441.33 1441.3 0.03 1153.3, 865.2,
691.6, 574.3

Hexamer 20.85 1.81 ± 0.01 [M − H]− 1729.38 1729.3 0.08 1534.0, 1153.3,
865.2, 574.2

Heptamer 22.51 ND [M − H]− 2017.45 2019.3 1.85 1153.4, 995.3,
851.3, 574.3

Data expressed as means of triplicate experiments. * Concentration expressed as mg polyphenol per g cocoa beans
(dry weight basis).

Among the antioxidant assays, our results showed that the cocoa extract had an ORAC of
1149.85 ± 25.1 μM Trolox eq/g. These values are higher than those reported by Hurst et al. [51] and
Carrillo et al. [15], with TP in the range 58.0–61.7 and 45.3–70.0 mg GAE/g, and ORAC in the range
797.0–947.0 and 387.3–618.1 μM Trolox eq/g, respectively. Moreover, DPPH radical scavenging activity
was 120.6 ± 0.5 μM Trolox eq/g (equal to 0.72 μM Trolox eq/mg cocoa extract), which was 2.4 fold
higher than previously reported by Summa et al. [52]. These differences could be associated with the
improved methodology of extraction at optimal conditions, thus enhancing both high composition
and concentration of catechins (7.92 mg) and procyanidins (34.0 mg) with a DP ≥ 7.

4. Conclusions

An effective ultrasound-assisted solid–liquid process for extracting polyphenols from cocoa beans
was optimized using an experimental design. The 24 factorial design showed that all parameters
studied were significant factors in affecting the polyphenolic content as well as enabling us to determine
the optimal values for the extraction process. This optimization showed that the best conditions to
obtain high polyphenol yield were 50% of ethanol, solid/solvent ratio of 1:120 w/v, pH 6 at 70 ◦C for a
maximum equilibrium time of 45 min. Operating conditions to avoid degreasing and freeze-drying
steps were also established, thus leading to a more cost-effective strategy. Overall, the process extraction
allowed to increase on 59.7% and 12.8% of cocoa polyphenols amount and extraction yield, respectively.
The extract rich in polyphenols could replace the synthetic antioxidants and could be used in the
food and cosmetic industries. Our results suggest that ultrasound-assisted solid–liquid extraction is a
suitable method for the recovery of cocoa polyphenols and could be used for the scaleup procedure for
further research.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3921/9/5/364/s1,
Table S1: ANOVA for TP, TF, and TF3 through 24 surface design + central points+ start points.
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Abstract: Melanoidins from real foods and model systems have received considerable interest due to
potential health benefits. However, due to the complexity of these compounds, to date, the exact
structure of melanoidins and mechanism involved in their biological activity has not been fully
elucidated. Thus, the aim of this study was to investigate the total phenolic content, antioxidant
properties, and structural characteristics of high-molecular weight (HMW) melanoidin fractions
isolated by dialysis (>12.4 kDa) from raw and roasted cocoa beans of Criollo, Forastero, and Trinitario
beans cultivated in various area. In vitro antioxidant properties of all studied HMW cocoa fractions
were evaluated by four different assays, namely free radical scavenging activity against DPPH• and
ABTS•+ radicals, ferric reducing antioxidant power (FRAP), and metal-chelating ability. Additionally,
the structure–activity relationship of isolated HMW melanoidin fractions were analyzed using
attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR). The results show
that roasting at a temperature of 150 ◦C and a relative air humidity of 0.3% effectively enhances the
total phenolics content and the antioxidant potential of almost all HMW cocoa melanoidin fractions.
The ATR-FTIR analysis revealed that the various mechanisms of action of HMW melanoidins isolates
of different types of cocoa beans related to their structural diversity. Consequently, the results clearly
demonstrated that HMW cocoa fractions isolated from cocoa beans (especially those of Criollo variety)
roasted at higher temperatures with the lower relative humidity of air possess high antioxidant
properties in vitro.

Keywords: melanoidins; theobroma cacao L.; total phenolic compounds; antioxidant capacity;
metal-chelating ability; fourier transform infrared spectroscopy

1. Introduction

In recent years, a number of biological properties and potential health benefits of consuming
cocoa-derived products have been investigated, e.g., antioxidant, anti-inflammatory, anti-carcinogenic,
and antifungal properties. Much research has focused on the cocoa phenolic compounds, such as
flavonoids (procyanidins, anthocyanins, flavonols, etc.), as a potential health-promoting compounds
due to its antioxidant capacity and abundance in the cocoa beans. However, the bioactive compounds
composition of cocoa beans is influenced by many factors including variety, climatic and agronomic
conditions, post-harvest practices, and storage conditions [1–3]. Moreover, thermal processing may
also cause a change in the level of phytochemicals in cocoa beans and their antioxidant capacity.
Many studies have shown that phenolic compounds, which have been suspected as primarily factors
responsible for the antioxidant properties of cocoa beans, are susceptible to degradation and oxidative
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condensation during thermal processing [2,4–7]. A recent study showed that, beside loss of phenolic
compounds, roasting of cocoa beans induced only negligible changes in the total antioxidant capacity,
probably due to the higher extractability of the cellular matrix compounds and/or formation of new
antioxidants trough Maillard reactions, such as reductones and melanoidins [5,6,8]. Melanoidins are
colored, nitrogen-containing, and polymeric compounds that form as a result of the final stage of the
Maillard reactions. These compounds occur widely in many treated processed foods, such as coffee,
bakery products, cooked potatoes, cocoa, roasted barley, and beef [9]. One of the most important
properties that melanoidins contribute to foodstuffs is brown color. In addition, these macromolecules
have considerable structural variability that result in diverse biological effects. The interest in the
physiological role of melanoidins present in many heat-treated foods has increased dramatically over
the last decade, particularly in relation to human health [2,9,10]. The biological effects exerted by
melanoidins on the human body are thought to be strongly related to their ability the chelate metal
cations, the capacity of scavenging superoxide anions and hydroxyl radicals, and the decomposing
ability of hydrogen peroxide [10,11], which may be responsible for the antioxidant, anticancer, and
antimicrobial properties [12]. Food melanoidins can also act as dietary fiber in the gastrointestinal tract
and promote the growth of beneficial Bifidobacteria in the gut [9,11]. Current studies have shown that
these biological functions are thought to be associated, at least in part, with the presence of phenolic
compounds in the melanoidin structure [11,13]. Phenolic compounds, especially phenolic acids, are
considered to contribute more to the healthful effects than the other constituents of melanoidins [13,14].
However, the exact mechanism of melanoidins antioxidant activity has not fully been elucidated
to date. Moreover, despite numerous studies evaluating the biological and molecular properties of
melanoidins obtained from both model systems and real foodstuffs, such as coffee, bread, honey, heated
potato fiber, and malt [9,11,15], only very few authors have attempted to determine the biological
activities of melanoidins isolated from cocoa beans and cocoa-derived products. Summa et al. [16,17]
investigated the antibacterial, mutagenic, and radical-scavenging effects of four molecular weight
fractions (>30, 30–10, 10–5, and <5 kDa) isolated by ultrafiltration from raw, pre-roasted (80–90 ◦C for
10 min), and roasted (130–160 ◦C for 15–20 min) cocoa beans. In those experiments, all high-molecular
weight (HMW) fractions showed activity against the pathogenic bacteria Enterobacter and Escherichia.
More recent studies have reported that LMW (<10 kDa), intermediate molecular weight (10–30 kDa),
and HMW (>30 kDa) fractions isolated from cocoa powder by ultrafiltration have a dose-dependent
inhibitory activity against α-glucosidase [18]. This activity was attributed to the presence of compounds
in the low, intermediate, and high molecular weight fractions, including brown melanoidins, proteins,
phenolic compounds, as well as polysaccharides, whether or not they were bound to the melanoidin
skeleton or to unknown MRPs [18]. In our previous study, we investigated the effect of different
roasting conditions, including temperature (110, 120, 135, or 150 ◦C) and relative air humidity (0.3%
or 5.0%) on the physicochemical properties and the profiles of free phenolics and bound phenolics
of high molecular weight Maillard reaction products isolated from Criollo, Forastero, and Trinitario
beans from different regions of Africa [19,20]. In our previous work, we also demonstrated that the of
the cocoa melanoidins are good sources of bound phenolics [19]. In that respect, it is noteworthy that
the relation between the structure of these compounds and their health-related properties should be
comprehensively investigated. Especially when, for some groups of people, cocoa beans represent a
significant source of these compounds in their diet, the accurate assessment of the contribution of the
chemical and structural properties of melanoidins to their antioxidant activity should be carried out.

In continuation with our previous study, this work was designed to carry out a comparative
investigation of total phenolic content, antioxidant activity, and structural characteristic of HMW
melanoidin fractions isolated from cocoa beans, both raw and roasted at different temperatures (110, 120,
135, and 150 ◦C) and relative air humidity levels (RH 0.3% and 5.0%) of three Theobroma cacao L. types.
To the best of our knowledge, this is the first report concerning the determination of in vitro antioxidant
activity and ATR-FTIR structural characterization of isolated HMW melanoidin fractions of Criollo,
Forastero, and Trinitario beans from different regions of Africa.
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2. Materials and Methods

2.1. Materials and Chemicals

Gallic acid, 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox), 2,2′-azino-bis
(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS), 2,2-diphenyl-1-(2,4,6-trinitrophenyl)
hydrazyl (DPPH), 2,4,6-tri(2-pyridyl)-s-triazine (TPTZ), sodium acetate, ferric chloride hexahydrate,
ferrozine, and ammonium acetate were purchased from Sigma-Aldrich (St. Louis, MO, USA). All other
reagents were of analytical grade and were purchased from Chempur (Piekary Slaskie, Poland).
Ultrapure water (resistivity 18.2 MΩ cm), obtained from a Milli-Q purification system (Millipore,
Bedford, MA, USA), was used for all analyses.

2.2. Plant Material

Analyses and experiments were conducted on samples of fermented and dried cocoa beans of the
three main T. cacao groups: Criollo and Trinitario originating from Madagascar, and Forastero from
Ghana. All cocoa beans were harvested at their technological maturity in 2013 and purchased from
commercial sources. Cocoa fruit reaches physiological maturity around 5 months after flowering and
is harvested at 5–6 months. Cocoa pods harvested at 5–6 months are considered to be technologically
matured as the beans have developed optimum quality [21]. The description of cocoa beans is presented
in Table 1.

Table 1. Selected physical characteristics of different cocoa varieties used in the study.

Variety
Country of

Origin
Mean Size

(Length ×Width) (mm)
Mean Bean Weight (g)

Criollo Madagascar 25.1 × 10.2 1.75 ± 0.07 c

Forastero Ghana 22.3 × 8.1 1.32 ± 0.12 a

Trinitario Madagascar 24.8 × 9.2 1.54 ± 0.08 b

Means sharing the different letters (a–c) are significantly different according to Tukey’s HSD test at p < 0.05.

Raw cocoa beans of each group after removal of impurities and broken or chipped beans were
convectively roasted in batches of 200 g in a tunnel with the forced air flow without circulation (adapted
for either dry or humid air). Process air humidity was gradually increased using 4.0 MPa saturated
steam from a generator. Roasting was performed at four temperatures (110, 120, 135, or 150 ◦C) and
two relative air humidity levels (0.3% or 5.0%). The heat treatment parameters were chosen to obtain
a range of roasted beans with acceptable physico-chemical and sensory properties. Usually, during
roasting, the raw cocoa beans are exposed to temperatures that range from 135 to 150 ◦C, whereas the
“fine or flavor” varieties require lower temperatures than the “bulk” ones [19]. It was terminated when
bean moisture dropped to 2% as determined by drying until constant weight at 103 ± 2 ◦C. The time of
thermal treatment was determined experimentally for each batch of cocoa beans, based on their initial
water content and size. Roasting times at 150, 135, 120, and 110 ◦C were approximately 20, 40, 75, and
85 min, respectively. The application of higher relative air humidity prolonged the duration of thermal
treatment. At the end of roasting, the beans were immediately cooled to approximately 20 ◦C for about
10 min. The roasted cocoa beans were kept in hermetically sealed plastic containers (500 g) and stored
at −20 ◦C for subsequent analyses. The samples were analyzed within 6 to 12 h of storage. All roasting
experiments were performed in duplicate for each cocoa type used.

2.3. Extraction and Isolation of Cocoa Melanoidin

The HMW melanoidin fraction was obtained from raw and roasted cocoa beans by dialysis
according to our previously research [19]. Briefly, the cocoa beans were deshelled, ground, and defatted,
and then extracted twice with 100 mL of water at 90 ◦C for 20 min in an orbital shaker (100× g).
Subsequently, pooled extracts were cooled to room temperature and filtered through Whatman no.
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4 filter paper to remove insolubles. An aliquot of the filtrate was dialyzed using a dialysis tubes
(MW cut-off > 12.4 kDa, Sigma-Aldrich, Saint Louis, MO, USA) for 1 day under running tap water
and for 2 days against 2000 mL of water at 4 ◦C with constant stirring. The water was changed
4–5 times until no further color was visible in the dialysate. The dialysate containing LMW compounds
was removed. After dialysis, the retentate containing the HMW fraction was frozen at −20 ◦C and
lyophilized (−50 ◦C, 0.9 MPa) using a DELTA 1-24LSC Christ freeze drier (Martin Christ, Osterode am
Harz, Germany). All lyophilized HMW materials were then stored in plastic bags at −20 ◦C to prevent
hydration until used.

2.4. Determination of Total Phenolic Content

Total phenolic contents (TPC) of HMW isolates from raw and roasted cocoa beans were determined
using the Folin–Ciocalteu method, as described by Belšcak et al. [22]. Briefly, 100 μL of the suitably
diluted lyophilized HMW cocoa sample with high-purity deionized water (1.5 mg/mL) or blank was
mixed with 4 mL of high-purity deionized water and 0.5 mL of the Folin–Ciocalteu reagent. After
3 min, 1 mL of 20% (w/v) Na2CO3 solution was added to the mixture. The final volume was adjusted
to 10 mL with high-purity deionized water. The solution was then mixed vigorously and allowed
to stand at room temperature in the dark place for 60 min. The absorbance of reaction mixture was
measured at 765 nm using a UV-1800 spectrophotometer (Shimadzu, Tokyo, Japan). For each sample,
experiments were conducted in triplicate. The results were expressed as mg gallic acid equivalents
(GAE) per gram of lyophilized HMW cocoa fraction dry weight (mg GAE/g dw).

2.5. Determination of the Free Radical-Scavenging Capacity

The free radical-scavenging activity of the HMW isolates from raw and roasted cocoa beans
was determined by the DPPH and ABTS assays as previously described by Oracz and Nebesny [8].
All analyses were carried out in triplicate, and the results obtained from the two tests were expressed
as μmol Trolox equivalents per gram of lyophilized HMW cocoa fraction dry weight (μmol TE/g DW).

2.6. Determination of Ferric Reducing Antioxidant Power (FRAP)

The FRAP assay was performed according to the protocol described by Pastoriza and
Rufián-Henares [23] with slight modification. The fresh working FRAP solution was prepared
by mixing 25 mL of 300 mmol/L acetate buffer (pH 3.6), 2.5 mL of 10 mmol/L TPTZ in 40 mmol/L HCl,
and 2.5 mL of 20 mmol/L FeCl3·6H2O and then warmed at 37 ◦C for 30 min before using. Aliquots
(0.1 mL) of the suitably diluted lyophilized HMW cocoa samples with high-purity deionized water
(1.5 mg/mL) were mixed with 4 mL of fresh FRAP solution. The solution was then mixed vigorously
and allowed to stand for 30 min at 37 ◦C. The absorbance of reaction mixture was measured at 593 nm
using a UV-1800 spectrophotometer (Shimadzu, Tokyo, Japan). For each sample, experiments were
conducted in triplicate. The results were expressed as μmol Trolox equivalents per gram of lyophilized
HMW cocoa fraction dry weight (μmol TE/g dw).

2.7. Determination of Chelating Activity on Fe2+

Chelating activity of the HMW isolates from raw and roasted cocoa beans was evaluated using
the method of Gu et al. [24]. Briefly, 1 mL of the suitably diluted lyophilized HMW cocoa materials
in high-purity deionized water (2 mg/mL) were added to 1.85 mL of high-purity deionized water
and 50 μL of 2.0 mM FeCl2. After mixing, the solution was allowed to stand at room temperature for
30 s, followed by the addition of 100 μL 5 mM ferrozine. The reaction mixture was then vortexed
and left to stand at room temperature for 15 min. The absorbance of the solution was measured
spectrophotometrically at 562 nm with UV-1800 UV-VIS Spectrophotometer (Shimadzu, Tokyo, Japan).
Worth noting, that low absorbance of the resulting solution indicated a strong ferrous ion chelating
ability. A reaction mixture containing 1 mL of high-purity deionized water instead of sample solution
served as the blank. The results are expressed as the percentage chelating activity (%).
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2.8. Attenuated Total Reflection Fourier Transform Infrared Spectroscopy

The infrared spectroscopy is based on the absorption of radiation due to vibrations bonds
of molecules [25,26]. The FTIR spectra of lyophilized HMW cocoa melanoidin fractions were
obtained using an infrared Fourier transform spectrometer, model IRTracer-100 (Shimadzu, Tokyo,
Japan) equipped with an attenuated total reflection (GladiATR) accessory with diamond crystal
(PIKE Technologies, Inc., Madison, Wisconsin, USA) at room temperature. The spectral range was
400–4000 cm−1 with 40 scans and a resolution of 4 cm−1. Around 5 mg of lyophilized HMW cocoa
fractions was deposited on the diamond platform prior to measurement. Background and sample
spectra were acquired at 4 cm−1 resolution with 40 scans from 400 to 4000 cm−1

2.9. Statistical Analysis

The results are presented as mean ± standard deviations of three replicates. Statistical tests were
evaluated by using the Statistica 13.0 software (StatSoft, Inc., Tulsa, OK, USA). The obtained data
were tested for normal distribution (Shapiro-Wilk test) and equal variances (Levene’s test). As all
values showed normal distribution and homogeneity of variance, considering p ≥ 0.05, the data were
subjected to the analysis of variance (ANOVA). The effects of variety, roasting temperature, roasting air
humidity, and their interaction on total phenolic content and antioxidant activity of HMW melanoidin
fractions were tested by means of two-way ANOVA. The significant differences among the means were
estimated through Tukey’s HSD test. For all statistical analysis, p < 0.05 was considered as statistical
significance. The error bars in all figures correspond to the standard deviations. The correlation
coefficients between investigated parameters were assessed by means of the Pearson correlation test
using Microsoft Office Excel 2016 (Microsoft Corporation, Redmond, WA, USA).

3. Results and Discussion

The present study is a continuation of our previous work [19,20] exploring the physicochemical
properties and the profiles of free and bound phenolics of HMW melanoidin fractions of different
T. cacao groups and origins. In this work, the total phenolic content and the antioxidant activity
of the HMW melanoidin fractions (>12 kDa) from raw and roasted, at different temperatures and
relative air humidities, cocoa beans of different groups were evaluated by using different in vitro
spectrophotometric assays.

3.1. Total Phenolics Content

The total phenolics content (TPC) of HMW melanoidin fractions from the three cocoa types
is shown in Figure 1. The data were expressed as milligrams of gallic acid equivalents (GAE) per
gram dry weight (mg GAE/g dw). In this study, significant differences (p < 0.05) in TPC of the
HMW fractions were found between the three cocoa types. The HMW fractions from both raw and
roasted Criollo beans were characterized by the highest TPC, ranging from 121.99 to 149.90 mg GAE/g
DW. Less phenolics were observed in HMW isolates from Forastero beans (117.46–139.12 mg GAE/g
DW), while HMW materials from Trinitario beans contained the lowest amounts of these compounds
(93.02–129.00 mg GAE/g DW). In order to assess the influence of cocoa variety, roasting temperature,
roasting air humidity, and their interactions on TPC content of HMW melanoidin fractions, a two-way
ANOVA was carried out. The results showed that the cocoa variety and roasting process parameters
significantly affected the TPC of HMW melanoidins isolated from the studied cocoa beans (p < 0.01).
Generally, more phenolics were contained in the almost all of HMW fractions isolated from roasted
beans than from the raw ones. The greatest increase in TPC (by 25.3–38.1% of initial value) of the HMW
fractions was observed when cocoa beans of the Trinitario type were roasted at 110 ◦C. Moreover, it was
also noticed that thermal processing of Criollo and Forastero beans at 150 ◦C with RH of 0.3% led to the
highest increase in the TPC (by 18.4–22.9% of initial value). As can be seen from the results, the changes
in the TPC of the HMW fractions also depended on the RH and in almost all samples were slightly
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less advanced when the air humidity was increased from 0.3% to 5.0%. Thus, it was confirmed that
influence of the roasting parameters on TPC of the HMW fractions is complex, and huge differences
are observed depending on applied cocoa bean variety and process conditions, like temperature and
relative air humidity level. According to Pérez-Martínez et al. [27], the Folin–Ciocalteau assay measures
the reducing capacity of a sample, and the results of TPC may be affected by the presence of other
electron donors, such as non-phenolic substances and nitrogen-containing compounds. Thus, the
increase in the level of compounds able to react with the Folin–Ciocalteu reagent could be linked to
the formation of new substances, especially reductones, during the roasting of cocoa beans. These
compounds, which are formed in the advanced and final stages of Maillard reaction, can act as reducing
agents, due to the presence of hydroxyl and pyrrole groups [24,28].

Figure 1. Total phenolics content of melanoidin fractions isolated from raw and roasted, at different
at different temperatures and relative air humidities, cocoa beans of different groups. Results are
presented as means ± SD from triplicate assays. Bars with the same lowercase letter (a–g) within each
variety do not differ significantly according to Tukey’s HSD test at p < 0.05.

Summa et al. [16] reported that pre-roasting of cocoa beans (at 80–90 ◦C for 10 min) significantly
reduced the concentration of Folin–Ciocalteu reactive substances in the 30–10 kDa fraction while
accurate roasting (at 130–160 ◦C for 15–20 min) increased their content. As suggested by these authors,
this phenomenon might be caused by formation of reducing substances in the 30–10 kDa fraction
during roasting at high temperatures. They also found that the level of reducing compounds in the
>30 kDa fraction increased significantly during cocoa beans pre-roasting but declined markedly after
accurate roasting. In addition, the observed behavior can be a consequence of the incorporation of
phenolic compounds into the structure of melanoidins during heat treatment [15,29]. The oxidized
polyphenols may react with thiol groups on amino acids, peptides, and proteins or nucleophilic
amines via Michael-type addition or Schiff base reaction to form thiol−quinone and amine–quinone
adducts or benzoquinone imines [15,30–32]. Our previous studies have shown that roasting of cocoa
beans of different types at temperatures ranging from 110 to 150 ◦C led to a marked increase in the
bound phenolics content as compared to HMW fractions from unroasted beans [20]. Therefore, we
can concluded that significant differences in the TPC observed between the HMW cocoa melanoidin
fractions appeared to be brought about by the structural changes of their active components, involving
oxidation of phenolic compounds, their condensation with proteins and polysaccharides, as well as
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cross-linking and polymerization of low molecular weight MRPs during roasting, which decide their
electron donating abilities [20,31,33].

3.2. Free Radicals-Scavenging Capacity

To make a comprehensive evaluation on the antioxidant effect of samples, it is necessary to
employ different methods due to the fact that this assays exhibit different mechanisms of by which its
antioxidant activity takes place. In vitro free radical scavenging activities of the HMW melanoidin
fractions from raw and roasted at various conditions cocoa beans of different T. cacao groups and
origins were assessed against DPPH and ABTS radicals (Table 2).

Table 2. The free radical scavenging capacity (2,2-diphenyl-1-(2,4,6-trinitrophenyl) hydrazyl (DPPH)
and 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS)) and ferric
reducing ability (FRAP) of high-molecular weight (HMW) fractions isolated from raw and roasted at
different conditions cocoa beans of Criollo, Forastero, and Trinitario groups originating from various
geographical regions.

Varieties
(Country of Origin)

Roasting Conditions DPPH ABTS FRAP

Criollo (Madagascar)

unroasted 726.26 ± 1.53 a 849.84 ± 1.65 c 622.42 ± 1.71 a

T = 110 ◦C, RH = 0.3% 902.61 ± 1.65 c 920.74 ± 1.68 d,e 846.75 ± 1.67 b,c

T = 110 ◦C, RH = 5.0% 826.77 ± 1.74 b 943.17 ± 1.72 e 869.94 ± 1.59 c

T = 120 ◦C, RH = 0.3% 1172.37 ± 1.76 e 1127.53 ± 1.54 g 915.42 ± 1.62 d

T = 120 ◦C, RH = 5.0% 1074.21 ± 1.71 d 1086.72 ± 1.65 f 841.03 ± 1.59 b

T = 135 ◦C, RH = 0.3% 1384.97 ± 1.68 g 805.94 ± 1.59 b 1077.18 ± 1.72 g

T = 135 ◦C, RH = 5.0% 1250.47 ± 1.72 f 772.74 ± 1.73 a 1036.51 ± 1.63 f

T = 150 ◦C, RH = 0.3% 1475.61 ± 1.75 h 903.34 ± 1.68 d 987.45 ± 1.55 e

T = 150 ◦C, RH = 5.0% 1411.21 ± 1.62 g 897.71 ± 1.64 d 904.74 ± 1.49 d

Forastero (Ghana)

unroasted 689.16 ± 1.35 a 806.22 ± 1.67 a 553.90 ± 1.49 a

T = 110 ◦C, RH = 0.3% 1046.65 ± 1.86 d 917.64 ± 1.59 d,e 785.85 ± 1.52 d

T = 110 ◦C, RH = 5.0% 938.30 ± 1.88 b 857.05 ± 1.78 b 714.41 ± 1.68 b

T = 120 ◦C, RH = 0.3% 1124.59 ± 1.79 e 937.50 ± 1.72 e 825.15 ± 1.71 e

T = 120 ◦C, RH = 5.0% 989.95 ± 1.85 c 903.18 ± 1.65 d 750.13 ± 1.63 c

T = 135 ◦C, RH = 0.3% 1224.05 ± 1.89 g 819.04 ± 1.68 a 947.46 ± 1.70 h

T = 135 ◦C, RH = 5.0% 1172.50 ± 1.67 f 826.16 ± 1.57 a 911.02 ± 1.56 g

T = 150 ◦C, RH = 0.3% 1309.52 ± 1.91 h 897.62 ± 1.64 c,d 817.99 ± 1.59 e

T = 150 ◦C, RH = 5.0% 1177.01 ± 1.84 f 877.13 ± 1.71 b,c 850.71 ± 1.58 f

Trinitario
(Madagascar)

unroasted 640.43 ± 1.29 a 680.90 ± 1.56 a 440.49 ± 1.42 a

T = 110 ◦C, RH = 0.3% 1024.17 ± 1.45 d 833.81 ± 1.71 c 728.69 ± 1.71 g

T = 110 ◦C, RH = 5.0% 1006.96 ± 1.37 d 874.36 ± 1.39 d 698.13 ± 1.64 e

T = 120 ◦C, RH = 0.3% 1209.25 ± 1.39 f 976.25 ± 1.48 g 624.41 ± 1.72 c

T = 120 ◦C, RH = 5.0% 1107.30 ± 1.27 e 948.24 ± 1.53 f 590.76 ± 1.59 b

T = 135 ◦C, RH = 0.3% 938.00 ± 1.68 c 897.84 ± 1.67 e 779.49 ± 1.76 i

T = 135 ◦C, RH = 5.0% 834.00 ± 1.46 b 894.13 ± 1.56 d,e 768.42 ± 1.36 h

T = 150 ◦C, RH = 0.3% 1189.09 ± 1.24 f 714.99 ± 1.41 b 654.89 ± 1.52 d

T = 150 ◦C, RH = 5.0% 1085.65 ± 1.37 e 689.24 ± 1.72 a 584.27 ± 1.65 b

Two-way ANOVA analysis Significance
Variety [V] ** * ***

Roasting temperature [RT] *** *** ***
Roasting air humidity [RH] ** ns **
Interactions of V × RT × RH *** *** ***

T, temperature. RH, relative air humidities. Data are presented as mean ± SD of three replications. The means
followed by the same lowercase letter (a–h) within each variety in the same column do not differ significantly
according to Tukey’s HSD test at p < 0.05. Significance: * p < 0.05; ** p < 0.01; *** p < 0.001; ns: not significant. DPPH,
the DPPH radical-scavenging capacity expressed in μmol Trolox equivalents per gram of HMW fraction dry weight
(μmol TE/g DW); ABTS, the ABTS radical-scavenging activity expressed in in μmol Trolox equivalents per gram of
HMW fraction dry weight (μmol TE/g DW). FRAP, the ferric reducing antioxidant power expressed in μmol Trolox
equivalents per gram of HMW fraction dry weight (μmol TE/g DW).
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The ABTS•+ and DPPH assays are widely used methods for the assessment of the antioxidant
activities of many vegetable or food matrices [34–37]. These methods are both based on quenching
of stable colored radicals and show the free radical quenching activity of antioxidants even when
present in complex biological matrices such as plant or food preparations (extracts or fractions).
The values of antioxidant potential obtained in both assays were equal or higher than those reported
by other authors for the HMW melanoidin fractions of cocoa beans, chocolate, or even coffee [16,23,38],
meaning that all of studied HMW cocoa melanoidin samples exhibited good DPPH and ABTS radical
scavenging activities.

However, there were significant differences between HMW melanoidin fractions from both the raw
and roasted cocoa beans regarding their antioxidant abilities. Two-way ANOVA revealed significant
effect of cocoa variety (p < 0.01), roasting temperature (p < 0.001), roasting air humidity (p < 0.01), and
interaction of variety and roasting conditions (p < 0.001) for the DPPH radical-scavenging activity
(Table 2). In addition, ABTS scavenging capacity were significantly affected by variety, roasting
temperature, and interaction of variety and roasting conditions, but the levels of relative humidity
did not have significant influence. The HMW materials from unroasted Criollo beans demonstrated
the highest scavenging capacity against both DPPH and ABTS radicals (726.26 and 849.84 μmol
TE/g dw, respectively). Compared with HMW melanoidins from Criollo beans, the HMW fraction
from unroasted Forastero beans showed the significantly lower (p < 0.05) activity against DPPH
(689.16 μmol TE/g dw) but the similar against ABTS radical cations (806.22 μmol TE/g dw). The lowest
radical scavenging abilities against the ABTS and DPPH assays was exhibited by HMW isolates from
unroasted Trinitario beans, which is consistent with the results of TPCs discussed above. These results
showed that, depending on the cocoa type and roasting conditions, an increase or decrease in the
antioxidant capacity of HMW melanoidin fractions was observed. Roasting of all types of cocoa
beans at temperatures ranging from 110 to 150 ◦C caused a significant increase (p < 0.05) in the DPPH
radical-scavenging activity of HMW fractions. However, the changes in the free radical-scavenging
activity of HMW fractions were considerably smaller at the higher RH. Interestingly, we observed that
HMW fractions from Criollo beans roasted at 150 ◦C with lower RH exhibited a higher antioxidant
activity by DPPH scavenging assay (1475.61 μmol TE/g dw) compared to all other melanoidin samples.
Roasting of Forastero and Trinitario beans at temperatures ranging from 110 to 150 ◦C caused a
significant increase (p < 0.05) in the ABTS radical-scavenging activity of their HMW melanoidin
fractions. It was also observed that the HMW fractions from Criollo beans, roasted at temperatures
of 110, 120, and 150 ◦C, displayed the significantly increased ABTS scavenging capacity, while after
roasting at 135 ◦C, exhibited a slightly lower antioxidant activity by this method. Nevertheless, among
HMW melanoidin fractions isolated from roasted beans of the three cocoa varieties, the highest ABTS
radical-scavenging capacity (1172.37 μmol TE/g dw) was exhibited by the fraction from Criollo beans
roasted at 120 ◦C and RH of 0.3%. Based on the results presented in Table 2, it is possible to observe that,
in almost all HMW fractions, antioxidant activity is higher in the DPPH method (except HMW fractions
of Criollo beans roasted at 110 ◦C). This behavior is similar to the observed by other researchers [23]
who have observed a stronger scavenging activity against DPPH• than ABTS•+ radicals in the case
of chocolate melanoidins. Our results corroborated also with those reported by Summa et al. [16],
who showed that the >30 kDa fraction obtained from pre-roasted cocoa beans had higher DPPH
and ABTS radical-scavenging activity compared to the >30 kDa fractions of raw and roasted beans.
The differences between the ABTS and DPPH radical-scavenging activity could be explained by the
wide variety of chemical mechanisms involved in the antioxidant activity of HMW cocoa melanoidin
fractions, as it was mentioned earlier. The reaction mechanism with DPPH• radical involve transfer
of a hydrogen atom, while the reactions with ABTS•+ radicals involve electron transfer process [39].
The observed differences indicate the complexity of the mechanism of action of melanoidins formed
in real food. The increase in the antioxidant capacity of the HMW fractions can be a consequence
of accumulation of high molecular weight MRPs-like melanoidins during roasting. In addition,
the observed behavior can be explained by the presence of residues of certain active compounds,
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containing more than one active group (OH or NH2), such as phenolic compounds, quinones, and low
molecular weight MRPs, in the HMW materials. These compounds might be attached to the structure
of melanoidins via non-covalent bonds and influence their biological properties [4,5,18]. Although
the content of free phenolic compounds in HMW fractions of roasted cocoa beans decreased [19],
it is possible that it could be explained by the presence of quinones generated by oxidation of these
compounds that spontaneously form covalent bonds to functional groups of melanoidins during
roasting [4,40]. We suppose that the radical-scavenging activity of tested HMW fractions from cocoa
beans depends on the structure and the number of the included active group (OH or NH2). This
was a clear indication that the synergistic effect between different bioactive compounds present in
the structure of melanoidins could determine their biological properties. Since, the HMW cocoa
melanoidins have the ability to scavenge free radicals, thereby preventing lipid peroxidation chain
reactions that cause damage a wide range of molecules found in living cells, they could serve as
potential nutraceuticals and functional ingredients.

3.3. Ferric Reducing Antioxidant Power

The reducing capacity may serve as a significant indicator of potential antioxidant activity. Thus,
the HMW melanoidin fractions of unroasted and roasted cocoa beans of tree different T. cacao beans
was estimated for their ability to reduce TPTZ–Fe (III) complex to TPTZ–Fe (II). In order to identify the
influence of cocoa variety, roasting temperature, roasting air humidity, and their interactions on ferric
reducing antioxidant power (FRAP), a two-way ANOVA was performed. As demonstrated in Table 2,
significant differences (p < 0.05) in the reducing properties of HMW fractions were found between the
three cocoa types. The HMW fractions from Criollo beans exhibited the highest FRAP values, ranging
from 622.42 to 1077.18 μmol TE/g dw, followed by isolates of Forastero beans (533.90–947.46 μmol
TE/g dw), while HMW materials of Trinitario beans had the lowest reducing power (440.49–779.49 μmol
TE/g dw). The results also showed that the roasting process parameters significantly (p < 0.05) affected
the reducing properties of HMW materials isolated from the studied cocoa beans. Generally, all of
HMW fractions isolated from unroasted beans showed a lesser reducing power compared to the isolates
from the roasted samples. The greatest increase in the ferric reducing ability (by 71.1%–77.0% of initial
value) of HMW fractions was observed when cocoa beans of all studied cocoa groups were roasted at
135 ◦C with RH of 0.3%. As can be seen from the results, the changes in the reducing power of HMW
fractions depended on the RH and in almost all samples was slightly more pronounced when the air
humidity was decreased from 5.0% to 0.3%. We can conclude that all studied HMW cocoa melanoidin
fractions behaved as reductants and inactivators of oxidants due to the presence of electron-donors in
their structure. The observed increase in the reducing capacity of HMW cocoa fractions could be linked
to the formation of new substances able to donate electrons or to terminate radical chain reactions,
during roasting of cocoa beans. As described above, the HMW cocoa melanoidin fractions contained
different amounts of free and bound phenolic compounds and the presence of these polyphenols along
with compounds formed in the advanced and final stages of Maillard reaction could contribute to the
antioxidant properties observed by FRAP method. These residues due to the presence of hydroxyl and
pyrrole groups can act as reducing agents via their redox potential of transferring electrons [24,33]. In a
study performed by Summa et al. [16], it was observed that roasting of cocoa beans (at 130–160 ◦C for
15–20 min) significantly increased the concentration of reducing substances in the 30–10 kDa fraction.
They also found that the level of reducing compounds in the >30 kDa fraction increased significantly
during cocoa beans pre-roasting but declined markedly after roasting.

3.4. The Weighted Average Antioxidant Capacity

Our results suggest that the antioxidant capacity of HMW fractions from raw and roasted beans
depend on the cocoa type and roasting conditions, wherein no significant correlation was observed
between DPPH, ABTS, and FRAP values. This may be explained by the fact that different constituents
in the HMW fractions would have different mechanisms of action regarding their antioxidant activities.
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According Tabart et al. [41], the weighted average of the results obtained by the different assays should
be calculated to get an overall impression of the antioxidant potential of the samples. Therefore,
the results of antioxidant capacity of HMW fraction obtained by the specific assay (DPPH, ABTS, and
FRAP) was divided by the average activity of the all HMW samples by the same assay, and then the
calculated values in each assay were summarized and divided by the number of assays used (three in
our case). The weighted average antioxidant capacity of each HMW samples are shown in Figure 2.
The results of the present study show that cocoa beans roasting temperatures of 110–150 ◦C cause
significant rise in the weighted average antioxidant capacity (WAAC) of the HMW materials. The
highest WAAC values were obtained at a roasting temperature of 150 ◦C and RH of 0.3% (in the case of
Criollo and Forastero groups) and a roasting temperature of 120 ◦C and RH of 0.3% (in the case of
Trinitario group). It was also observed that the HMW fractions of both raw and roasted Criollo beans
exhibited the highest WAAC values. The HMW fractions derived from almost all beans of Forastero
type has a slightly higher WAAC compared to the samples of Trinitario type (except for beans roasted
at 110 ◦C and RH of 5.0%). This is reflected in the results of the two-way ANOVA (Figure 2) indicating
that WAAC was significantly affected by the cocoa variety (p < 0.001), roasting temperature (p < 0.001),
roasting air humidity (p < 0.01), and their interactions (p < 0.001).

Figure 2. The weighted average antioxidant capacity of HMW fractions isolated from raw and roasted,
at different at different temperatures and relative air humidities, cocoa beans of different groups. Results
are presented as means ± SD from triplicate assays. Bars with the same lowercase letter (a–f) within
each variety do not differ significantly according to Tukey’s HSD test at p < 0.05.

3.5. Chelating Activity on Fe2+

The changes in ferrous ion chelating activity of HMW fractions, caused by roasting of beans of all
tested cocoa groups, are presented in Figure 3. All HMW isolates obtained from raw and roasted cocoa
beans were able to chelate ferrous ion (Fe2+), being the most powerful pro-oxidants among various
species of metal ions. The ferrous ion in the Fenton reaction can catalyze the generation of potentially
toxic reactive oxygen species (ROS), such as hydroxyl radicals (•OH) that initiate lipid peroxidation [28].
It was also found that, similar to the WAAC, the HMW fractions from raw Criollo beans showed the
higher chelating activity (55.16%) than those derived from raw Forastero and Trinitario beans (53.31%
and 43.39%, respectively). To the best of our knowledge, this is the first study showing the interplay
between roasting conditions and the iron chelating activity of HMW fractions isolated from different
groups of cocoa beans. Two-way ANOVA revealed that the effect of cocoa variety, roasting conditions,
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and their interactions was highly significant (p < 0.001). The results of this study demonstrate that the
chelating activity of HMW fractions isolated from beans of the three cocoa types was increased by
roasting at temperatures in the range of 110 to 150 ◦C, which may be ascribed to structural changes
in melanoidins and phenolic compounds. Moreover, the changes in the iron binding ability greatly
depended on the roasting air humidity (0.3–5.0%) and were considerably smaller when the RH was
elevated. The chelating activity of the HMW isolates obtained from roasted samples varied from
45.21% to 92.07%. The increase in the metal-chelating activity was more pronounced in HMW isolates
from Forastero and Trinitario beans, while the lowest changes were observed in the Criollo samples.
Irrespective of the cocoa type, the greatest increase in the iron chelating ability occurred when cocoa
beans were roasted at 150 ◦C and the lower relative humidity of air (RH of 0.3%) whereas the lowest
rise was caused by roasting at 110 ◦C with humid air (RH of 5.0%). These results are consistent with
the described above differences in the free radical scavenging activities and the reducing properties of
HMW cocoa. However, unlike to the WAAC, the melanoidin fraction of Forastero beans roasted at
higher temperatures exhibited the highest ferrous ion chelating potential, compared to other cocoa
groups (even in the relation to Criollo samples).

Figure 3. Total phenolics content of HMW fractions isolated from raw and roasted, at different at
different temperatures and relative air humidities, cocoa beans of different groups. Results are presented
as means ± SD from triplicate assays. Bars with the same lowercase letter (a–h) within each variety do
not differ significantly according to Tukey’s HSD test at p < 0.05.

Such differences could be explained by variations in the composition of studied HMW melanoidin
fractions that are strongly determined by cocoa variety and roasting conditions [19,20]. In addition,
this phenomenon suggests that Maillard reactions that took place during roasting of cocoa beans at the
higher temperatures resulted in formation of high molecular weight brown melanoidins, exhibiting
the high iron chelating activity. Our findings confirm recently reported observation that MRPs with
metal-chelating ability are generated in model systems due to heat treatment. Gu et al. [24] found that
high molecular weight MRPs had higher metal-chelating potential than low molecular weight MRPs.
They also suggest that the metal-chelating activity of MRPs is possibly affected by the presence of the
hydroxyl or pyrrole groups in their structures. This was a clear evidence that the studied HMW cocoa
melanoidins may prevent against oxidative damage by sequestering Fe (II) ions that participate in
transition metal ions-catalyzed hydrogen peroxide decomposition with generation of hydroxyl radicals.
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3.6. Characterization of Cocoa Melanoidins by Fourier Transform Infrared Spectroscopy

To provide a comprehensive explanation about the antioxidant properties of HMW cocoa fractions,
it was necessary to precisely characterize the chemical structure of these materials. We report here
for the first time the ATR-FTIR spectroscopic characterization of HMW cocoa melanoidins. The FTIR
spectra of HMW isolates obtained from raw and roasted cocoa beans were collected with FTIR
spectrometer equipped with an ATR sample accessory. The ATR-FTIR spectra (within the 400 cm−1 to
4000 cm−1 wavenumber region) of the cocoa melanoidins are given in Figure 4.

Figure 4. Fourier transform infrared spectroscopy (FTIR) spectra of HMW fractions isolated from
raw and roasted, at different at different temperatures and relative air humidities, cocoa beans of
different groups.

The heterogenic nature of the cocoa melanoidins has been confirmed by Fourier transform
infrared spectra of HMW fractions isolated from different types of T. cacao beans, which exhibit
prominent absorption bands in the broad region 400–4000 cm−1, the characteristic for various classes of
compounds. Common features as well as particular vibrations, specific to from phenolic compounds
and its derivatives, polysaccharides, and proteins, are found in the spectra. The ATR-FTIR spectra of
all HMW cocoa melanoidin fractions contains a wide band at 3350 cm−1 that belongs to the H-bond
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stretching vibrations of O–H hydroxyl groups, strong stretching band at about 1650 cm−1 assigned to
the double bond stretching of carbonyl (C=O), C=C, or C=N [42] and characteristic absorption bands
appeared between 900–600 cm−1 due to the stretching vibrations of the entire anhydroglucose ring.
All mentioned bands confirms the presence of a phenol group sensitive to hydrogen bonding [25].
Moving forward, it confirms that more phenolic compounds bound to melanoidins might also contribute
to the observed strong antioxidant capability of HMW cocoa fractions. The antioxidant activity of
phenolic compounds is attributed to its molecular structures, particularly the number and positions of
the hydroxyl groups, and the nature of substitutions on the aromatic rings [43]. Therefpre, more active
antioxidant compound possesses more hydroxyl groups. The changes in the spectra gradually occur,
depending on the cocoa type and roasting conditions. Our results showed that thermal treatment
temperatures between 110 and 150 ◦C generally caused an increase in intense of the peak of HMW
fractions isolated from cocoa beans (except for Trinitario samples). The peaks at 2922 and 2850 cm−1

in the FTIR spectra were attributed to the stretch of the C–H of aromatic ring and would be due to
stretching vibrations of CH2 and CH3 groups that can originate from fatty acids present in the cocoa
melanoidin fractions [25]. A igher peak in the region 2920 cm−1 clearly reflects adsorption of aliphatic
compounds in the melanoidins structure. Some reports revelated that interactions between reactive
carbonyl compounds arising from lipid oxidation reactions and amino acids or proteins might play an
important role in the formation of brown HMW macromolecular compounds upon high-temperature
processing of cocoa beans [44,45]. Bands in the range of 1616–1690 cm−1 were ascribed to N–H bending
vibrations from amine or amide groups, and C=O stretching vibrations from flavonoids, phenolic
acids and its derivatives, quinones, and lipids [45,46]. The band centered at about 1650 cm−1 mainly
corresponds to the C=O stretching vibrational mode of the different structures of the protein backbone.
The band at 1515 cm−1 was attributed to C=C stretching vibrations from aromatic rings of phenolic
compounds [25,26,45]. Mot [46] noticed that the intensity of the peak at 1630 cm−1 is closely correlated
with the antioxidant activity of plant extracts. In this study, in the FTIR spectrum of HMW fractions
of Trinitario beans, the intensity of the 1630 cm−1 peak is significantly lower compared to the Criollo
and Forastero melanoidins. This behavior corroborates the results obtained in DPPH• and ABTS
scavenging assays and could be a consequence of the higher number of phenolic groups in the HMW
melanoidin fractions of Criollo and Forastero groups compared to those of Trinitario type. Moreover,
the relative intensity of this peak increases during roasting of almost all cocoa beans, which may be
the result of adsorption of phenolic compounds and/or its derivatives in the melanoidin structures.
This was a clear evidence that the studied HMW melanoidin fractions possessed residues (OH or
NH2 groups) that could act simultaneously as hydrogen and electron donors. Our previous study on
UHPLC-DAD-ESI-HR-MSn analysis of HMW melanoidin fractions derived from two different types
of cocoa beans revealed that both free and bound phenolic compounds, including three flavan-3-ols,
seven phenolic acids, one phenolic aldehyde, and four n-phenylpropenoyl-L-amino acids (NPAs),
are present in these fraction [20]. Most of the phenolics in all the HMW melanoidin fractions were
present in the bound form. It was also found that HMW fractions obtained from roasted cocoa beans
had the higher content of bound phenolics than those from unroasted cocoa beans. This observation is
consistent with the results of other authors who showed that phenolic compounds can be incorporated
into the melanoidin skeleton during coffee roasting [15]. The spectral region from 1400 to 650 cm−1

is called the fingerprint region. This region of the infrared spectrum contains vibrations that are
specific for the large number of infrared bands, including C–O, C–C, and C–N single bond stretches,
C–H bending vibrations, and some bands due to benzene rings [25,26]. The peaks in the range of
1020–1060 cm−1 corresponded to C–O–C and C–O stretching vibrations of the glycoside linkage and
C–O bond stretching vibration in glycerol. According to the literature, the occurrence of this band is an
evidence of polysaccharide and lipids in samples [25,26].

Our results demonstrate that ATR-FTIR spectroscopy may be used as a direct and nondestructive
method for the rapid investigation of the structural characteristics and functional properties of the
HMW melanoidin fractions. According to our findings, the presence of different types of compounds
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in HMW melanoidin fractions is responsible for their bioactive properties (e.g., reducing power,
antioxidant capacity, chelating activity) and its different mechanisms of action.

4. Conclusions

In conclusion, the present study, to the best of our knowledge, was the first time a comprehensive
study was carried out on the total phenolic content and antioxidant activities, as well as structure–activity
relationships of HMW cocoa melanoidin fractions isolated from raw and roasted, under different
temperature and relative air humidity conditions, cocoa beans of different T. cacao groups. The results
showed that the cocoa type and roasting conditions affect the total phenolic content and antioxidant
properties of HMW melanoidin fraction isolated from the studied beans. The ATR-FTIR analysis
revealed the presence of different bioactive compounds with various mechanism of action in HMW
cocoa melanoidin fractions. We found that, both for TPC and in vitro antioxidant activity, HMW cocoa
melanoidin fractions of Criollo beans showed significantly higher values than those of Fosrastero and
Trinitario samples. Moreover, we observed that that roasting at higher temperatures with the lower
relative humidity of air effectively enhances in vitro antioxidant potential of almost all HMW fractions
isolated from cocoa beans. Consequently, irrespective of the cocoa type, the thermal processing at
150 ◦C and RH of 0.3% can be recommended to obtain HMW materials with the highest total phenolic
content and strong in vitro antioxidant potential. This fact could indicate that the thermal processing of
cocoa beans enhances the concentration of bioactive molecules in HMW fractions that contribute to the
antioxidant response observed in in vitro tests. Our findings suggest, in general, that optimization of
the roasting conditions and choosing an appropriate cocoa variety may provide functional advantages
by enhancing in vitro antioxidant properties of HMW fractions of cocoa beans.
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Abstract: Background: Recent studies have highlighted the importance of cherry and cocoa extracts
consumption to protect cells from oxidative stress, paying particular attention to cocoa by-products.
This study aims to investigate the protective effect of cocoa husk extract (CHE) and cherry extracts (CE)
against ROS-induced oxidative stress in Human Umbilical Vein Endothelial Cells (HUVECs). Methods:
CE and CHE had antioxidant activity characterized by total polyphenols content (TPC). HUVECs
were treated for 2 h and 24 h with increasing TPC concentrations of CE and CHE (5-10-25-50-100 μg
Gallic Acid Equivalent (GAE)/mL) and then with H2O2 for 1 h. Cell viability and ROS production
were evaluated. CE and CHE polyphenols permeability on excised rat intestine were also studied.
Results: CE and CHE showed a similar antioxidant activity (2.5 ± 0.01 mmol Fe2+/100 g FW (fresh
weight) and 2.19 ± 0.09 mmol Fe2+/100 g FW, respectively, p > 0.05) whereas CHE had a higher TPC
(7105.0 ± 96.9 mg GAE/100 g FW) than CE (402.5 ± 8.4 mg GAE/100 g), p < 0.05. The in vitro viability
assay showed that both extracts were non-cytotoxic. CHE resulted in protection against ROS at
lower concentrations than CE. CHE showed a 2-fold higher apparent permeability compared to CE.
Conclusions: CHE represents a high-value antioxidant source, which is interesting for the food and
pharmaceutical industries.

Keywords: cocoa by-products; cherry extract; oxidative stress; human endothelial cell

1. Introduction

Reactive oxygen species (ROS) are involved in the pathogenesis of numerous chronic and
degenerative diseases. Physiologically, oxygen metabolism generates ROS, which are contrasted and
neutralized by antioxidant defenses. The unbalance toward ROS formation is recognized as a critical
aspect of cell damage that characterizes many disease states, such as atherosclerosis and premature
aging [1–3].

Vascular endothelial cell lines are particularly sensitive to ROS, and damage to them is reflected
in the alteration of vascular tone and permeability, and thus involved in cardiovascular dysfunction
associated with hypertension, diabetes, atherosclerosis, and ischemic heart disease [4–6].
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Therefore, the use of nutraceuticals appears essential for the prevention and control of ROS
induced damages. In nature, polyphenols are the most abundant category of antioxidants. Most of them
are in fruits and vegetables and are typically associated with healthy diets. Actually, epidemiological
studies and associated meta-analyses have confirmed that their long-term consumption correlates with
protection against the development of serious diseases such as cancers, cardiovascular diseases (CVD),
diabetes, osteoporosis, and neurodegenerative pathologies [7].

Cocoa and its derivative products are rich in polyphenols, which possess an antioxidant capacity
and are associated with the prevention of diseases related to oxidative stress. Most of the phenolic
compounds found in cocoa are represented by flavonols, such as catechins, or flavan-3-ols (37%),
anthocyanins (4%), and proanthocyanidins (58%) [8,9]. The protective activity of cocoa seems to be
due to its phytochemical constituents, especially catechins.

Cocoa by-products, mainly cocoa husk, are produced worldwide in large amounts, constituting
about 75% wt of whole fruit from the cocoa harvest [10]. Being a production waste, they are
generally discarded, with a negative environmental impact [11]. Moreover, the cocoa by-products
(bean and husks) possess nutritional and functional properties, particularly related to the presence of
proanthocyanidins identified in the husks [12]. The proanthocyanidins found in husk are tannins, which
can have different molecular weights, according to the degree of polymerization [13]. In vitro cellular
studies have also confirmed that proanthocyanidins possess antioxidant activity [8,14]. Additionally,
flavanols protect cells from oxidative stress by reducing ROS production and inhibiting the activation
of caspase-3. Procyanidin B2 also increases the performance of enzymes specifically involved in
antioxidant and detoxification processes [15].

Along with cocoa, cherry fruits have valuable nutritional properties, and their beneficial effects
have been demonstrated against oxidative stress damage on both neuronal and intestinal epithelial cells.
Similarly to cocoa, the most representative nutraceutical actives in cherries are polyphenols, including
flavonoids and anthocyanins [16]. Many studies have used natural extracts on endothelial progenitor
cells [17,18] or Human Umbilical Vein Endothelial Cells (HUVECs) [19–21] in in vitro experiments
related to vascular dysfunction.

The aim of the present research was to compare the antioxidant properties of two antioxidant-rich
natural products plant extracts, namely cherry and cocoa (bean and husk). The extracts were evaluated
both in vitro and ex vivo in order to compare their beneficial effects on vascular related dysfunction
upon oral intake.

For this purpose, we performed phenol cocoa bean and husk extraction from two different plant
varieties (Costa Rica and Madagascar) that had their antioxidant activity, total polyphenols content,
and phenolic composition characterized by HPLC coupled to electrospray ionization tandem mass
spectrometry (ESI-MS/MS). The characterization of cherry extract (CE) has already been reported [22].
Moreover, Costa Rica cocoa husk extract (CHE) and CE were compared for their ability to permeate
across excised rat intestine.

2. Materials and Methods

2.1. Materials

Hexane, acetone, and Folin-Ciocalteau reagent, and gelatin were purchased from Sigma-Aldrich
(Milan, Italy). HPLC grade formic acid and methanol were purchased from VWR (Milan, Italy). HPLC
grade water (18 mΩ) was obtained by a Mill-Q purification system (Millipore Corp., Bedford, MA,
USA).

H2O2 was purchased from Farmac-Zabban S.p.a. (Calderara di Reno, BO, Italy). Medium 199
(M199), fetal bovine serum (FBS), penicillin-streptomycin solution, L-glutamine, and HEPES buffer
were supplied by Hospira S.r.l. (Naples, Italy).

4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolium]-1,3-benzenedisulfonate (WST-1 assay),
was purchased from Roche Applied Science (Mannheim, Germany), 5-(and-6)-chloromethyl-2′,
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7′-dichloro-di-hydro-fluorescein diacetate, and acetyl ester (CM − H2DCFDA) were supplied by
Thermo Fisher Scientific Inc. (Waltham, MA, USA).

2.2. Sample Preparation

2.2.1. Cocoa Bean and Husk Phenol Extraction

The cocoa bean and husk phenol extraction were carried out using a procedure reported by
Hammerstone et al. [23], slightly modified. Two varieties of cocoa (Costa Rica and Madagascar) were
ground for 30 s in order to obtain a homogeneous material that was defatted four times with 125 mL
of hexane for 20 min at 200 rpm and subsequently centrifuged for 30 min at 4000 rpm. The defatted
cocoa sample was then extracted four times with acetone 70% v/v at a ratio of 1:5, stirred for 3 min, and
centrifuged for 30 min at 4000 rpm. The extraction procedure was repeated four times after which
the supernatants were combined, filtered with a paper filter and the organic solvent was removed by
evaporation at room temperature for 48 h. To obtain a stable product the remaining water suspension
was lyophilized.

The cocoa from Madagascar was selected because Bruna et al. [24], comparing the content of
polyphenols in cocoa husks from different countries (Ghana, Madagascar, Ecuador, Trinidad, and
Venezuela), found that Madagascar husks were the richest. The cocoa from Costa Rica was chosen
because compared to that from other countries (Ivory Coast, Venezuela, Samoa, Trinidad, Brazil, Ghana,
Ecuador, Jamaica), it was found to be particularly rich in epicatechin [25–28].

2.2.2. Cherry Extract (CE) Preparation and Characterization

The cherry extracts were obtained from the Crognola Capannile variety of Prunus avium L.,
an ancient Tuscan variety of sweet cherry, as described by Beconcini et al. [29].

The Crognola Capannile variety was used for the present study due to their high polyphenol
content, as reported by Berni et al. [22].

2.3. HPLC-PDA/UVvis-ESI-MS/MS Analysis of Cocoa Extracts

Cocoa extracts were dissolved in methanol at a final concentration of 2.5 mg/mL, then centrifuged
for 5 min at 1145× g. The supernatants (20 μL injection volume) were subjected to HPLC coupled with
a photodiode array (PDA)/UVvis and an ion trap ESI-MS. The LC system was composed of a Surveyor
autosampler, a Surveyor LC pump, a Surveyor PDA/UVvis detector, and a LCQ Advantage ion trap
ESI mass spectrometer (ThermoFinnigan, San Jose, CA, USA) equipped with Xcalibur 3.1 software.
Qualitative analysis was performed on a C-18 column (Luna, 4.6 × 150 mm, 5 μm, Phenomenex,
Bologna, Italy) using a mixture of methanol (solvent A) and formic acid in water 0.1% v/v (solvent B)
as eluent. A linear gradient of increasing 5 to 55% A was developed within 50 min at a flow rate of
0.8 mL/min, with a splitting system of 2:8 to MS detector (160 μL/min) and PDA detector (640 μL/min),
respectively. PDA/UV spectra were recorded in a range of 200–600 nm, using 254, 280, and 325 nm as
preferential channels, while ESI-MS experiments were achieved in negative ion mode (scan range of
m/z 150-2000). Ionization parameters were used as previously reported [30].

2.4. Antioxidants Determination

The total antioxidant potential of cocoa by-product extracts and CE freeze-dried samples was
determined by a ferric reducing antioxidant power (FRAP) assay, as previously reported [31]. The FRAP
value of the samples, expressed as mmol of Fe2+ per 100 g FW, was determined from a standards curve
built up using ferrous sulfate.
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2.5. Total Polyphenolic Content

The total polyphenols content (TPC) of cocoa by-product extract and CE was determined by the
Folin–Ciocalteau method [32]. The results were expressed as gallic acid equivalent (GAE) on a dry
weight basis following a previously reported procedure [33].

2.6. HUVEC Isolation and Culture

HUVECs were collected from umbilical cords obtained from healthy donors women post-labor,
treated anonymously. The age of the donors ranged from 24 to 43 years. Ethical approval (authorization
number 2943), was granted by the local Ethics Committee (Full name: Comitato Etico per la
Sperimentazione Clinica Area Vasta Nord Ovest c/o Azienda Ospedaliero-Universitaria Pisana (AOUP),
Pisa”). HUVECs were collected following the procedure described by Jeffe et al. [34]. Briefly, HUVECs
after isolation and centrifugation were plated on gelatin pre-coated flasks and incubated for 24 h
at 37 ◦C, using 5% CO2 in a complete growth medium made with 10% FBS. After 24 h, the growth
medium was replaced to remove the excess of red blood cells.

2.7. Cell Treatment

HUVECs between passage P2–P4 were treated for 2 h and 24 h with increasing polyphenol
concentrations of cocoa husk Costa Rica extract (CHE) and Crognola Capannile cherry extract (CE)
(5, 10, 25 or 50 μg GAE/mL), in growth medium with 5% FBS. Cells in medium only were used as
a positive control. Then, cells were washed with PBS and treated with 50 μM of commercial H2O2 for
1 h to induce oxidative stress [33]. At the end of each treatment, cells were analyzed for viability and
ROS production.

2.8. Cell Viability

At the end of each treatment, HUVECs were incubated with tetrazolium salt (10 μL/well) for 3 h
at 37 ◦C, in 5% CO2 and the formazan dye formed was quantified at 450 nm with a multiplate reader
(Thermo Scientific Multiskan FC Microplate Photometer), correlating the with the number of active
cells. The viability was expressed as the percentage of viable cells.

2.9. ROS Production

ROS production was evaluated using CM − H2DCFDA, a fluorescent probe. HUVECs during the
last 15 min of treatment with CHE, CE or H2O2, were incubated in the dark at room temperature with
CM − H2DCFDA (10 μL/well) dissolved in PBS. ROS production was detected measuring the increase
in fluorescence over time at excitation of 488 nm and emission of 510 nm using a microplate reader
(Thermo Scientific Fluoroskan Ascent Microplate Fluorometer). ROS production was expressed as
a percentage of ROS accumulation.

2.10. Permeation Study of CHE and CE

For the ex-vivo permeation studies, we used the intestinal mucosa excised from non-fasting
male Wistar rats (weight 250–300 g), using the procedure reported by Fabiano et al. [35]. The ex vivo
experiments on excised rat intestine were carried out with the aim of assessing the permeability of the
intestinal epithelium to the antioxidants present in the different extracts. The isolated rat intestine
was chosen from among the known intestinal models because its tight junctions are similar in number
and tightness to those of the human intestine [36]. The formulation tested were 1 mL of CE solution
(15.5 μg/mL GAE concentration [33], or CHE (280 μg/mL GAE concentration). At 30 min intervals of
a total of 240 min, the apical to basolateral transport of CHE or CE was investigated, analyzing the
receiving phase (50 μL) by the Folin–Ciocalteau reagent for TPC.
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2.11. Cocoa Extract and CE Stability Studies

The stability of CHE and CE was evaluated according to the procedure reported by Beconcini
et al. [33]. At 30 min intervals of a total of 240 min, 50 μL of CHE or CE volume was withdrawn and
analyzed by the Folin–Ciocalteau reagent for TPC.

2.12. Statistical Analysis

The GraphPad Prism Software vs. 7.0 (GraphPad Software Inc., La Jolla, CA, USA) was used for
the statistical analysis of data. All results were presented as means ± standard deviation (SD) of at
least three independent experiments. The significant difference (p-value < 0.05) between groups of
values was evaluated by a one-way ANOVA or Turkey’s or Bonferroni’s multiple comparisons.

3. Results

3.1. Phenolic Profile of Cocoa Extracts

The phenolic composition of cocoa bean and husk extracts was characterized by
HPLC-PDA/UVvis-ESI-MS/MS experiments. Cocoa Costa Rica extracts (bean and husk) showed
similar chemical profiles (Figure 1), with 14 major phenol compounds identified: one caffeoyl
derivative, caffeoyl aspartate (1); one flavan-3-ol, catechin/epicatechin (9); three procyanidin B isomers
(5, 6, and 10) together with seven procianydin C isomers (2, 3, 4, 7, 8, 11, and 12); two flavonol
glycosides, quercetin 3-O-glucoside (13), and quercetin 3-O-arabinoside (14).

In contrast, the Madagascar cocoa husk extract showed a less rich phenolic content, mainly with
regard to procyanidins. Indeed, compounds 5-9, which were the most representative constituents in
cocoa husk Costa Rica extract, were significantly reduced in Madagascar cocoa husk, while compounds
10, 11, and 12 were not detected at all. These findings are in agreement with previous studies, reporting
a high different phenol content in cocoa products with different geographic origins, i.e., Costa Rica and
Madagascar [24].

All compounds were tentatively identified by comparison of their elution order, UV data, and
both full and fragmentation mass spectra (Table 1) with data reported in the literature [13,37,38].
Compounds 2–4, 7, 8, 11, and 12 showed the same molecular deprotonated ion [M − H]− at m/z 865
and two strong UV absorptions at 242–258 and 277–280 nm, suggesting a trimeric B-type procyanidin
structure for all isomers. This finding was confirmed by fragmentation mass spectra, all showing the
same diagnostic product ions at m/z 739, 713, 695, 451, 407, and 287, together with a base peak ion at
m/z 577, represented by the dimeric form [30].

Since all the spectra are superimposable, it is not possible to distinguish between the isomeric
forms [39], but all compounds can be assigned as procyanidin C isomers, previously found in cocoa
extract [37]. Likewise, full MS of peaks 5, 6, and 10 were characterized by type-B procyanidin dimers,
as deduced by the deprotonated molecule [M −H]− at m/z 577 and product ions at m/z 451, 425, 407,
and 289. Also, in this case, the exact structure cannot be assigned only on the basis of spectral data.
However, it can be assumed all three molecules to be isomers of procyanidin B, previously reported
in cocoa extract [37]. In addition to these oligomers, also their monomer was detected (compound 9,
[M − H]− at m/z 289), corresponding to catechin or epicatechin, as deduced by diagnostic product ions
at m/z 245 and 205 [30].

Along with flavan-3-ols, also two flavonol glycosides were identified in all three analyzed cocoa
extracts, as evidenced by UV absorptions at 267–268 and 354–355 nm. Compounds 13 ([M − H]−
at m/z 463) and 14 ([M − H]− at m/z 433) were quercetin derivatives showing the loss of a hexose
([M −H-162]− at m/z 301) and a pentose units ([M −H-132]− at m/z 301), respectively. According to data
reported in previous work [40], 13 and 14 were identified as quercetin 3-O-glucoside and quercetin
3-O-arabinoside, respectively.

Finally, a caffeoyl derivative (compound 1, [M −H]− at m/z 293) was detected in all cocoa samples,
showing the loss of an aspartate residue ([M − H-115]− at m/z 301) in the ESI-MS/MS experiments.
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Thus, compound 1 was identified as N-caffeoyl aspartate, previously reported in cocoa source [37].
Some other peaks remained unidentified; however, based on UV data, they were not attributed to
phenol derivatives.

Figure 1. HPLC-electrospray ionization (ESI)-MS/MS profiles of phenols detected in cocoa husk and
bean extracts in negative ion mode. Peak data are listed in Table 1.
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Table 1. ESI-MS/MS, UV, and chromatographic data (retention time, tR) of compounds 1–14 detected in
the cocoa bean and husk extracts Costa Rica and cocoa husk Madagascar.

Peak a Compound
tR

(min)
M [M+HCOO]− [M−H]−

ESI MS/MS
(Product Ions)

(m/z) b

UV
(λmax)

Phenols

1 N-caffeoyl aspartate 17.8 295 294 276, 179, 132 252, 277, 305

2 procyanidin C (trimer I) 19.4 866 865 847, 739, 713, 695,
577, 451, 407, 287 258, 277

3 procyanidin C (trimer II) 20.7 866 865 847, 739, 713, 695,
577, 451, 407, 287 252, 279

4 procyanidin C (trimer III) 21.7 866 865 847, 739, 713, 695,
577, 451, 407, 287 248, 280

5 procyanidin B (dimer I) 23.0 578 577 451, 425, 407, 289 243, 279
6 procyanidin B (dimer II) 24.1 578 577 451, 425, 407, 289 243, 279

7 procyanidin C (trimer IV) 26.3 866 865 847, 739, 713, 695,
577, 451, 407, 287 244, 280

8 procyanidin C (trimer V) 27.2 866 865 847, 739, 713, 695,
577, 451, 407, 287 242, 279

9 catechin/epicatechin 28.6 290 335 289 271, 245, 205, 179 240, 279
10 procyanidin B (dimer III) 36.0 578 577 451, 425, 407, 289 277

11 procyanidin C (trimer VI) 36.4 866 865 739, 713, 695, 577,
451, 407, 287 277

12 procyanidin C (trimer VII) 37.0 866 865 739, 713, 695, 577,
451, 407, 287 278

13 quercetin 3-O-glucoside 42.7 464 463 301, 179 268, 355
14 quercetin 3-O-arabinoside 44.2 434 433 301, 179 267, 354
a Peak numbers correspond with those of Figure 1. b Ions were generated by fragmentation of molecular deprotonated
ions in the ESI-MS/MS experiments, and the base peaks are showed in bold.

3.2. Cherry and Cocoa By-Product Extracts Characterization

FRAP and Folin–Ciocalteu methods on CE reported that Crognola had the highest antioxidant
content and TPC (402.5 ± 8.4 mg GAE/100 g FW) among the six varieties of Prunus avium L. studied.
Flavonoid molecules of quercetin and catechins were 59.32 ± 3.2 μg/g FW and 292.76 ± 1.9 μg/g
FW, respectively. HPLC analysis also showed the presence of anthocyanins, represented mainly by
cyanidin-3-glucoside (227.37 ± 1.2 μg/g FW).

In Table 2, the antioxidant content and the TPC of the two extracts under study are reported. CE
and CHE antioxidant content was not significantly different (p > 0.05), whereas CHE had a higher TPC
than CE (p < 0.05).

Table 2. Cherry Extract (CE) and Cocoa Husk Extract (CHE) characterization. a Determined by FRAP.
b Determined by Folin–Ciocalteau. * Significantly different from each other (p < 0.05). TPC = total
polyphenols content.

Extract Antioxidant Content a (mmol Fe2+/100 g FW) TPC b (mg GAE/100g FW)

CE 2.19 ± 0.09 402.5 ± 8.4
CHE 2.50 ± 0.01 7105 ± 96.9 *

3.3. Dose- and Time-Dependent Effect of CHE and CE on HUVECs Viability

Polyphenolic concentrations of 5, 10, 25, 50 and 100 μg GAE/mL, were chosen for viability studies.
Cell viability was evaluated by WST-1 colorimetric assay. Both CHE and CE polyphenols were
non-cytotoxic, both after 2 h and 24 h of treatment (Figure 2a,b). After 24 h of treatment, there was
an increase in cell viability at high concentrations of CHE (25 to 100 μg GAE/mL TPC) compared
to control (Figure 2b). This enhancement of cell viability might be due to the incubation over time
addicted to a higher concentration of polyphenols, as previously demonstrated in apple juice study on
HUVECs [20].
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Figure 2. Dose- and time-dependent cell metabolic activity. Human Umbilical Vein Endothelial Cells
(HUVECs) were cultured for 2 h (a) and 24 h (b) in the presence of increasing concentrations of total
polyphenol content (TPC) from CE or CHE (5, 10, 25, 50, and 100 μg GAE/mL). Cell metabolic activity
was determined by WST-1 colorimetric assay and expressed as metabolic activity percentage compared
to control (untreated cells). Graphical data are represented as mean ± SD of three separate experiments
run in triplicate. (*** p < 0.005, **** p < 0.0001 vs. control).

3.4. Protective Effect from Oxidative Stress

To evaluate the antioxidant activity of CHE and CE, HUVECs were pre-treated for 2 h and 24 h
with increasing polyphenols concentrations (ranging from 5–100 μg GAE/mL of TPC), and after that,
an oxidative stress insult was applied by treating the cells with 50 μM H2O2 for 1 h.

The results reported that treatment of HUVECs with H2O2 significantly reduced viable cell
number compared to control (Figure 3). Viability after H2O2-induced oxidative stress was increased
by a pre-treatment with CE, both after 2 h or 24 h (Figure 3b). In particular, after 24 h, only
50 μg GAE/mL TPC of CE mL had the most significant protective effect. For CHE polyphenols, only
the 24 h pre-treatment significantly protected cells from oxidative stress in a concentration range of
5 μg GAE/mL TPC to 50 μg GAE/mL TPC.

Figure 3. Protective effects from H2O2-induced oxidative stress. HUVECs viability after 2 h (a) or 24 h
(b) of pre-treatment with CE or CHE and treatment with 50 μM H2O2 for 1 h. Data are expressed as the
% of viable cells compared to 100% of control (untreated cells). (*p < 0.05, ** p < 0.005, *** p < 0.0005,
**** p < 0.0001 vs. H2O2; §§§§ p < 0.0001 vs. control).
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3.5. Antioxidant Activity

ROS accumulation in HUVECs was evaluated after 2 h and 24 h pre-treatment of CHE or CE
at different concentrations (ranging 5–50 μg GAE/mL of TPC). Treatment of HUVECs with H2O2

significantly increased intracellular ROS production. As shown in Figure 4a, after 2 h pre-incubation,
CHE showed to significantly reduce ROS production already at low concentration (10 μg GAE/mL
TPC) compared with control, while a significantly protective effect by CE polyphenols was observed at
a concentration above 25 μg GAE/mL (** p < 0.005 vs. control).

CHE and CE seemed to increase their antioxidant power over incubation time, as observed in
Figure 4b, and directly correlated to their polyphenolic content, indicating a time- and dose-dependent
effect on cell metabolic activity.

Figure 4. Rective Oxygen Species (ROS) production by HUVECs was evaluated after 2 h (a) and 24 h (b)
of incubation with different concentrations of CHE and CE (i.e., 5, 10, 25, 50, and 100 μg/mL of TPC) and
100 μM H2O2 for 1 h. Data are expressed as ROS production% by treated cells and are representative of
three separate experiments run in triplicate (* p < 0.05, ** p < 0.005, *** p < 0.0005, **** p < 0.0001 vs.
H2O2).

3.6. Permeation Study of CHE and CE

For each permeation run, the value of the apparent permeability coefficient, P’app, for permeant
across the excised rat intestinal mucosa was calculated from the following equation

P’app = dM/dt × 1/(AC0) (1)

where dM/dt 1/A, the permeation flux, is the slope of the linear portion of the cumulative amount
permeated per unit surface area vs. time plot, and C0 is the CHE or CE concentration (280 μg/mL
or 15.5 μg/mL, respectively) introduced at the donor phase. For each plot, the quality of the linear
regression, shown in Figure 5, as evidenced by r2 values being >0.9.

Such linearity allowed the application of Equation (1), as reported by [41]. The single P’app values
were averaged to calculate the mean apparent permeability Papp (n = 3). Since the extract concentration
was different for CHE and CE, we calculated the cumulative percentage permeated at each time,
useful for comparative purposes. The relevant data reported in Table 3 shows that for cocoa extract,
the apparent permeability was 2-fold higher than that corresponding to CE, as the flux was 36-fold
higher than that of CE.

125



Antioxidants 2020, 9, 132

Figure 5. Cumulative CHE and CE permeated (%) across excised rat intestine.

Table 3. Data on CE or cocoa extract permeation across the excised rat intestine. a Apparent permeability.
b Cumulative extract permeated (%) over the whole experiment time (4 h). * Significantly different
from each other (p < 0.05).

Extract Flux 102 (μg cm−2min−1) Papp
a 104 (cm min−1) T4h

b (%)

CE 0.41 ± 0.03 2.64 ± 0.02 5.75 ± 0.07
CHE 14.50 ± 1.33 * 5.18 ± 0.47 * 8.58 ± 2.13

3.7. CHE and CE Stability Studies

CHE and CE stability in simulated gastric fluids (SGFs) shown in Figure 6, indicates that CHE is
more stable than CE in the stomach for at least 4 h. In fact, the CHE polyphenols percentage in the
SGF was around 100% for the entire duration of the experiment, whereas that corresponding to CE
decreased around 50% just after 3 h.

Figure 6. Cocoa or CE stability in simulated gastric fluid.
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4. Discussion

Natural products are increasingly used in scientific research for their potential effect on human
health. Many studies show their beneficial effects in clinical and in vitro studies due to the presence
of antioxidant molecules, mainly polyphenols. Polyphenols have shown their effects against chronic
diseases, including CVD. For the treatment of CVD, prevention plays an important role. The introduction
of nutraceuticals in the diet could represent the first defense mechanism of the body from oxidative stress.

In the present study, we compare the antioxidant effects of the molecules contained in an ancient
variety of Tuscan cherries (Crognola Capannile) and cocoa by-product extracts (bean and husk).

Numerous studies reported that sweet cherries had high and variable concentrations of
antioxidants and TPC in different varieties. A recent study by Berni et al., found the same differences in
Tuscan cherries varieties [22]. The analysis confirmed the presence of a high content of antioxidant and
phenolic compounds, particularly in the variety Crognola Capannile for CE and Costa Rica for cocoa
by-products extract, mainly husks. Specifically, the characterization of the phenolic composition of
cocoa bean and husk extracts demonstrated a high concentration, mainly with regard to procyanidins.
Above all, compounds 5–9 were the most representative constituents in cocoa husk Costa Rica extract.
According to previous studies, cocoa extracts were found to be rich in flavonoids, in particular, dimeric
and trimeric procyanidins, among which, the B-type (characterized by a C4–C8 or C4–C6 bond between
monomers catechin/epicatechin) were the most representative [37].

Several studies have tested natural products-derived polyphenols on HUVECs [19–21] for in vitro
experiments related to vascular dysfunction. In this study, we have investigated the in vitro properties
of Crognola CE, obtained from fresh fruits, and selected from the six Tuscan varieties the highest TPC
and molecular content (as previously shown by Berni et al. [22]), and Costa Rica cocoa by-product
extract (in particular, husk product (CHE)), for their rich phenolic content [25].

Vascular oxidative stress contributes to mechanisms of vascular dysfunction and has been
implicated in playing an important role in a number of cardiovascular pathologies [42]. There are also
many in vitro studies about the antioxidant properties of Prunus avium L. and cocoa by-products for
the prevention of chronic diseases [12,16,43,44]. The presence of hydroxycinnamic acids, flavonoids
and anthocyanins made CE interesting for in vitro experiments related to oxidative stress. Matias
et al. [16] demonstrated that a 2 h pre-treatment with cherry extracts effectively alleviated oxidative
stress caused by H2O2-induced injury in neuronal cells.

In a recent study, Rebollo–Hernanz et al. [44] demonstrated that cocoa by-product extracts
effectively reduced inflammatory markers in macrophages and adipocytes and the production of
reactive oxygen species. Moreover, extracts from cocoa by-products also modulated the phosphorylation
of the insulin receptor signaling pathway and stimulated GLUT-4 translocation, increasing glucose
uptake [44].

Our results show that lower concentrations of CE protected from oxidative stress in a shorter
treatment time (2 h, Figure 3a), in agreement with other studies [16], whereas a higher concentration
of polyphenols was required in long-term treatment (24 h, Figure 3b). These results demonstrate the
indirect antioxidant potential of CHE, possibly acting through the augmentation of cellular antioxidant
capacity by enhancing specific genes encoding antioxidant proteins [45].

Polyphenols showed an anti-radical activity supported by different studies [12,46,47]. In this
study, the antioxidant activity of CHE and CE polyphenolic molecules has been verified through the
evaluation of ROS production, both with and without H2O2-stress induction on HUVECs.

The obtained results suggest that polyphenols in sweet CE and CHE are able to inhibit ROS,
protecting cells from oxidative stress. In particular, CHE showed a time- and dose-dependent effect on
cell metabolic activity, probably due to an indirect antioxidant effect [45]. Specifically, CHE showed
an antioxidant effect at low concentrations.

Finally, in the present study, we evaluated the ability of natural extracts to cross the excised
intestinal wall. The results indicate that CHE is more able to permeate through the excised intestinal
wall compared to CE, probably because the antioxidants contained in CHE are more stable than those
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in CE when they come into contact with the rat intestinal tissue. This hypothesis is in agreement with
the results shown in Figure 6, indicating that CHE is more stable than CE in the gastric environment.

5. Conclusions

The two extracts studied in this work, CHE and CE, have both been shown to have antioxidant
activity on HUVECs, i.e., on the cells of the endothelium of blood vessels, thus proving to be potential
compounds for the prevention of CVD. Between the two extracts, CHE showed better performance on
HUVECs, and greater permeability across the rat intestine than CE, perhaps due to its greater stability
in the physiological environment. The results obtained in this work encourage us to continue the
studies on cocoa husks extracts, which represent a waste product of cocoa processing and a cost for
their disposal. Thanks to their beneficial properties, cocoa by-products might become a nutraceutical
research topic for possible medical applications in CVD, as well as a potential ingredient for the food
and pharmaceutical industries.
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Abstract: This study investigated the effects of (–)-epicatechin (Epi) in young male borderline
hypertensive rats (BHR) during two weeks of treatment (Epi group, 100 mg/kg/day p.o.) and
two weeks post treatment (PE group). Epi reduced blood pressure (BP), which persisted for two
weeks post treatment. This was associated with delayed reduction of anxiety-like behaviour. Epi
significantly increased nitric oxide synthase (NOS) activities in the aorta and left heart ventricle (LHV)
vs. the age-matched controls without affecting the brainstem and frontal neocortex. Furthermore,
Epi significantly reduced the superoxide production in the aorta and relative content of iron-containing
compounds in blood. Two weeks post treatment, the NOS activities and superoxide productions in the
heart and aorta did not differ from the age-matched controls. The gene expressions of the NOSs (nNOS,
iNOS, eNOS), nuclear factor erythroid 2-related factor 2 (Nrf2), and peroxisome proliferator-activated
receptor-γ (PPAR-γ) remained unaltered in the aorta and LHV of the Epi and PE groups. In conclusion,
while Epi-induced a decrease of the rats’ BP persisted for two weeks post treatment, continuous Epi
treatments seem to be necessary for maintaining elevated NO production as well as redox balance in
the heart and aorta without changes in the NOSs, Nrf2, and PPAR-γ gene expressions.

Keywords: (–)-epicatechin; borderline hypertensive rats; nitric oxide; redox balance; iron; Nrf2;
PPAR-γ; open field

1. Introduction

Borderline hypertension, i.e., prehypertension, was first defined in the seventh report of the Joint
National Committee on Prevention, Detection, Evaluation, and Treatment of High Blood Pressure, as
being characterized by systolic blood pressure (BP) between 120 and 139 mm Hg or diastolic BP between
80 and 89 mm Hg [1]. Data from the 1999–2008 that were published by the National Heart, Lung, and
Blood Institute showed the prevalence of prehypertension in the young US population (18–29 years
old) ~ 26% and ~33% among those aged 40–49 years [2]. High prevalence of prehypertension has been
found in school-aged and adolescent populations [3]. In addition, several studies have confirmed the
elevated risk of cardiovascular diseases in prehypertensive people [4,5]. These findings have led to the
formulation of new guidelines for the prevention, evaluation, and management of people with systolic
BP above 120–139 mm Hg.

There are several terms for systolic BP that are in the range of 120–139 mm Hg. The European
Society of Cardiology and European Society of Hypertension defined systolic BP of 120–129 mm Hg
as “normal” and 130–139 mm Hg as “high normal” [6]. The American College of Cardiology and
American Heart Association defined systolic BP of 120–129 mm Hg as “elevated” and 130–139 mm
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Hg as “stage 1 hypertension” [7]. Both of the guidelines currently recommend non-pharmacological
interventions for each stage of elevated systolic BP and pharmacological treatment for high normal/stage
1 hypertension (i.e., systolic BP in the range of 130–139 mm Hg) if other risk factors are present, despite
the differing terminologies [6,7]. There is a considerably lower number of experimental studies focused
on the mechanism of preventing high BP during the prehypertensive phase than studies focused
on the treatment of fully developed hypertension, despite the high prevalence of prehypertension
among humans.

One of the experimental models of essential prehypertension consists of young spontaneously
hypertensive rats (SHR). Several studies have showed that early pharmacological treatment in young
SHR during the prehypertensive period (4–8 weeks of age) has a prolonged BP-lowering effect and
it maintains cardiac protection in adulthood [8,9]. However, young SHR are not a suitable model
for representing essential prehypertension in adulthood due to the early onset of fully developed
hypertension (i.e., systolic BP over 140 mm Hg) before reaching adulthood (~12 weeks of age) [10].
A more appropriate genetic model of essential prehypertension consists of borderline hypertensive
rats (BHR), which were obtained by the mating of female SHR and male normotensive Wistar-Kyoto
(WKY), resulting in a systolic BP of approximately 140 mm Hg in the adulthood stage [11,12].

Regarding the mechanisms of (pre)hypertension development, several human studies noticed
increased markers of oxidative stress and decreased antioxidant capacity in the plasma of young
as well as middle-aged prehypertensive adults [13,14]. Oxidative damage was also observed in
adult 22-week-old BHR [11], which suggested that the altered redox state might contribute to the
development of (pre)hypertension. Iron, which is an essential nutrient for all cells, in addition to
its other functions, contributes to the production of reactive oxygen species (ROS), modulates redox
balance [15], and affects nitric oxide bioavailability and, thus, vascular function [16]. However, the role
of iron and/or iron-containing compounds in the development of arterial hypertension is not fully
understood. For example, studies of Astma et al. [17] and Zhu et al. [18] showed that the haemoglobin
levels were positively associated with BP in non-hypertensive people. In addition, a high incidence
of systolic BP in prehypertensive range prevailed in young adults, in them haemoglobin level was
positively correlating with systolic BP [19]. In contrast, in patients with hereditary haemochromatosis
with profound iron overload endothelial function was impaired without changes in BP [20]. Endothelial
dysfunction, which results from reduced nitric oxide (NO) bioavailability, is another factor that is
involved in the development of (pre)hypertension [21]. In addition, alterations in the renin-angiotensin
system and in neurogenic regulation also contribute to the development of (pre)hypertension [22].

Several lifestyle-related changes are recommended to reduce elevated BP, such as weight reduction,
exercise, and a healthy diet. High attention is paid to the consumption of flavan-3-ols (catechins), as
several clinical and epidemiological studies have found that a reduction in the systolic BP is associated
with an increased consumption of cocoa products [23], the rich source of Epi. The recent studies have
confirmed that Epi is the subject of major in vivo metabolisation and Epi and/or its metabolites are
absorbed well from the gastrointestinal tract [24,25]. Furthermore, there are other studies that found Epi
and/or its metabolites in plasma in concentrations that are sufficient to produce biological effects [23].
A decrease in the BP, dependent on the Epi content, was found in a meta-analysis that was performed
by Ellinger et al. [26]. The BP-lowering effect of Epi was also observed in various experimental studies
while using with N(ω)-nitro-L-arginine methyl ester (L-NAME)-induced [27], fructose-induced [28],
and deoxycorticosterone acetate (DOCA)–salt-induced hypertension [29]. Epi was also found to induce
a reduction in the systolic BP of both young and adult SHR [30,31]. Elevated NOS activity and reduced
oxidative stress seem to be the main factors that lead to a BP decrease after long-term Epi treatment.

However, little is known about the molecular mechanisms that are associated with the elevated NO
production and reduced release of ROS during Epi treatments. Nuclear factor erythroid 2-related factor
2 (Nrf2) is a transcription factor that plays a significant role in hypertension development [32,33]. Nrf2 is
involved in cellular responses to oxidative stress; it modifies the ROS level by modulating the antioxidant
and detoxification outputs as well as it modifies inflammation [33–35]. Peroxisome proliferator-activated
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receptor gamma (PPAR-γ) is transcription factor that modulates several signalling pathways, such
as phosphoinositide 3-kinase/protein kinase B/nitric oxide synthase, the renin-angiotensin system,
angiotensin-receptor 1/nicotinamide adenine dinucleotide phosphate oxidase pathway, as well as redox
homeostasis [36]. Nrf2 and PPAR-γ are both present in the heart and arteries [37,38] and it might be
involved in the Epi-induced BP-lowering effect.

Therefore, this study investigated the effects of (–)-epicatechin on BP, locomotor activity,
anxiety-like behaviour, nitric oxide synthase (NOS) activity, and superoxide (O2•–) production in the
aorta, left heart ventricle (LHV), brainstem, and frontal neocortex, as well as on the relative content of
iron-containing compounds in the blood of young borderline BHR. In addition, the gene expressions
of NO synthase isoforms (nNOS, eNOS, iNOS) and involvement of mechanisms that are mediated by
transcription factors Nrf2 and PPAR-γ were investigated in the LHV and aorta. Furthermore, we tested
the hypothesis that Epi treatment can result in a long-term reduction of BP, behavioural alterations,
and alterations in the abovementioned genes after the cessation of Epi administration.

2. Materials and Methods

2.1. Animals and Treatment

Five-week-old BHR males, i.e., the offspring of SHR dams and WKY sires, were used in this
study. The rats (n = 28) were divided into four groups: the seven-week control (C7, n = 7), Epi-treated
(Epi, n = 7), nine-week control (C9, n = 7), and post-Epi (PE, n = 7) groups. The rats in the Epi and PE
groups were treated with Epi (Sigma-Aldrich, Bratislava, Slovakia, Cat. no. E1753) added to drinking
water for two weeks. Epi was prepared fresh every day before administration to rats by suspension of
Epi in tap water at ~85 ◦C for 5 min. while using vortex. The calculated volume of this Epi, based
on the body weight of rats and drinking volume, was added to the drinking bottles of the rats to
reach a final dose of approximately 100 mg/kg/day after drinking all of the liquid during the 24 h
period. The rats in both the control groups drank tap water. Rats in the PE group drank tap water
for two weeks after the cessation of the Epi administration. The dose of Epi was selected on the basis
of our previous study in age-matched SHR, in which the same dose and way of Epi administration
elevated antioxidant capacity of plasma and improved aortic NO bioavailability when determined as
the elevated NO-dependent component of acetylcholine-induced relaxation [30].

The body weights (BW) of all the rats were measured on the same day as the BP measurements.
At the end of the experiment, all of the rats were exposed to brief CO2 anaesthesia and subsequently
killed by decapitation. After decapitation, the relative weight of the left heart ventricle (LHV/BW)
was calculated. Increasing the LHV/BW ratio served as a marker of left-heart hypertrophy. We also
measured the relative weight of the left and right kidneys (LK + RK/BW). The Department of Animal
Wellness, State Veterinary and Food Administration of the Slovak Republic approved all of the
procedures in accordance with the EU Directive 2010/63/EU, decision No. Ro-2561/12-221.

2.2. Open-Field Test

Locomotor activity and anxiety-like behaviour were measured while using the open-field test
(OF) between 07:30 a.m. and 10:00 a.m. with a video tracking system called Any-maze (Stoelting,
Ireland). At the beginning of the experiment, all of the rats were tested at the age of five weeks (Basal,
n = 28). After the basal behavioural testing, the rats were assigned to the control (C7, C9) or Epi-treated
groups (Epi, PE). The behavioural tests were conducted on day 13 for the C7 and Epi groups and day
27 for the C9 and PE groups. Kluknavsky et al. have previously described the testing conditions in
detail [30]. The total distance travelled and total time of immobility in the OF were determined as the
parameters of locomotor activity. As markers of anxiety-like behaviour, total distance and relative
distance travelled in the central zone (calculated as the percentage of central zone distance with respect
to the total distance travelled) were determined.
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2.3. Systolic Blood Pressure

The systolic BP was measured in preconditioned, conscious rats while using non-invasive tail-cuff
plethysmography between 08:00 a.m. and 11:00 a.m., as previously described by Puzserova et al. [39].
Each value was calculated as the average of five measurements. The BP values were measured at the
beginning of the experiment (Basal), and then on the days 3, 7, 14, 17, 21, and 28 of the experiment.

2.4. Determination of the Relative Iron Content in Blood

A Quantum Design MPMS-XL 7AC (SQUID) magnetometer with a reciprocating sample operation
option (with differential sensitivity of 10−11 Am2 up to 0.25 T and 10−10 Am2 up to 7 T) was
used to compare the relative content of iron and iron-containing compounds in the blood samples.
The advantage of this method is its ability to determine all of the iron forms in a small sample of
biological material, with high sensitivity [40–42].

After decapitation, trunk blood was collected in Eppendorf test tubes and then stored at −80 ◦C.
Subsequently, the blood was defrosted and homogenised using an ultrasonic bath for 60 s (50 kHz,
30 W). After homogenisation 10 μL of the blood was placed on a 16 cm × 6 mm strip of standard
white office paper (80 g/m2), vacuum-dried, and inserted into a plastic measuring tube [42]. Thus,
we obtained a dry sample of the blood in a homogeneous ambient without the need for a gelatine
capsule, which is usually the source of an additional magnetic signal. The magnetic characteristics of
the samples were measured in the form of isothermal hysteresis curves [40] at a temperature of 2 K
(−271.15 ◦C) and at a magnetic field up to 7 T when the saturation magnetisation (Ms) was reached.
Ms is the parameter for determining the concentration of magnetic particles in the biological samples,
of which iron is a dominant component under the conditions used in this study. Changes in the
magnetic forms of iron, which result from the various sizes of the iron-containing compounds, can be
characterised by alterations in the remanent magnetisation (Mr) and coercivity (Hc) [43]. The magnetic
properties of the blood were determined for the C7 and Epi groups (n = 5 per group).

2.5. Superoxide Production

The production of superoxide was measured in the LHV and thoracic aorta (15–20 mg) samples with
lucigenin (50 μmol/L)-enhanced chemiluminescence while using a TriCarb 2910TR liquid scintillation
analyser (Perkin Elmer, Waltham, MA, USA), as described previously by Slezak et al. [44]. The results
are expressed in the form of cpm/mg of tissue.

2.6. Nitric Oxide Synthase Activity

The total NOS activity was measured in the 20% tissue homogenates of the LHV, aorta,
brainstem, and frontal neocortex by determining the [3H]-L-citrulline formation from [3H]-L-arginine
(ARC, St. Louis, MO, USA), as described previously [39], and expressed in terms of pmol/min./mg of
tissue protein. The protein concentration was determined while using the Lowry method.

2.7. Gene Expression

The expression levels of Nrf2, PPAR-γ, neuronal NOS (nNOS, isoform I), inducible NOS (iNOS,
isoform II), endothelial NOS (eNOS, isoform III), and ß-actin (housekeeping gene) were determined
while using a real-time quantitative polymerase chain reaction (RT-qPCR). The total RNA of the
thoracic aorta, LHV, brainstem and frontal neocortex were isolated using the TRIsure reagent (Bioline,
United Kingdom), according to the manufacturer’s protocols. The amount of total isolated RNA was
spectrophotometrically quantified at 260/280 nm while using a NanoDrop spectrophotometer (Thermo
Scientific, Waltham, MA, USA). Reverse transcription was performed using 1 μg of the total RNA of
each sample and 20 μL of the reaction medium using a SensiFAST™ cDNA Synthesis Kit (Bioline,
London, United Kingdom), in accordance with the manufacturer’s protocols (Eppendorf Mastercycler,
Hamburg, Germany). SensiFAST mix (SensiFAST SYBR No-ROX kit, Bioline, London, UK) was used for
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gene amplification. The preparation of the PCR mixture, thermal cycling conditions, used apparatus,
and detection software were described previously [30]. Gene-specific primers were designed while
using the PubMed database (Gene) and program (Primer-BLAST). The primer pairs used to amplify the
nNOS (GenBank accession No. NM_052799.1), iNOS (GenBank accession No. NM_012611.3), eNOS
(GenBank accession No. NM_021838.2), PPAR-γ (GenBank accession No. NM_013124.3) and Nrf2
(GenBank accession No. NM_031789.2) genes, as well as β-actin (GenBank accession No. NM_031144.3,
a housekeeping gene) are listed in Table 1. The samples were measured using the Bio-Rad CFX Manager
software 2.0 (Hercules, CA, USA). The gene expressions were considered as the ratio of the given
gene’s expression to β-actin expression.

All of the chemicals used in this study were purchased from Sigma-Aldrich (Bratislava, Slovakia)
and Merck Chemicals (Bratislava, Slovakia), unless stated otherwise.

Table 1. Primer pairs used to amplify selected genes.

Gene Forward (Sense) Primer Reverse (Antisense) Primer Temp

eNOS CGGCGCAAAAGGAAGGAATC CCAGCCCAAACACACAGAAC 60 ◦C
iNOS TGGAGGTGCTGG AAGAGTT GGAGGAGCTGATGGAGTAGT 57 ◦C
nNOS CGCTACGCGGGCTACAAGCA GCACGTCGAAGCGGCCTCTT 60 ◦C
Nrf2 AGGTTGCCCACATTCCCAAA TATCCAGGGCAAGCGACTCA 60 ◦C

PPAR-γ TCCCGTTCACAAGAGCTGAC GCTCTACTTTGATCGCACTTTGG 60 ◦C
β-actin AATCGTGCGTGACATCAAAG ATGCCACAGGATTCCATACC 57 ◦C

2.8. Statistical Analysis

The BP results were separately analysed for the Epi-treatment period (n = 14 in each group)
and post-treatment period (n = 7 in each group) while using a two-way ANOVA (treatment x day of
experiment). The saturation magnetisation of the blood was analysed using the Student’s t-test. All of
the other data were analysed with a one-way ANOVA. All of the ANOVA analyses were followed
by Bonferroni post-hoc tests. The correlations between the gene expressions were determined using
Pearson’s correlation coefficient (r). The values were found to significantly differ when p < 0.05.
The data were presented in the form of mean ± standard error of the mean (SEM). GraphPad Prism 5.0
(GraphPad Software, Inc., San Diego, CA, USA) was used for the statistical analyses.

3. Results

There were age-dependent changes in the BW and relative kidney mass (LK+RK/BW), and Epi had
no effect on these parameters when compared to the age-matched controls (Table 2). No alterations were
found in the relative LHV mass (LHV/BW) among the groups (Table 2). The saturation magnetisation
of the Epi-treated rats was significantly reduced by approximately 54% vs. the age-matched control
group. No significant changes were found in the remanent magnetisation and coercivity (Table 2).
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Table 2. Basic biometric parameters and magnetic properties of blood.

Group BW (g) n = 7
LHV/BW

(mg/g) n = 7

(LK +
RK)/BW

(mg/g) n = 7

Ms (10−3

Am2/kg)
n = 5

Mr (10−2

Am2/kg)
n = 5

Hc (A/m)
n = 5

C7 178 ± 5.9 1.98 ± 0.10 9.33 ± 0.18 210 ± 13.85 0.19 ± 0.07 1569 ± 727

Epi 177 ± 2.1 1.89 ± 0.09 9.40 ± 0.26 98 ± 26.26 x 0.08 ± 0.01 1260 ± 244

C9 249 ± 4.6 x 1.84 ± 0.04 8.07 ± 0.09 x N.D. N.D. N.D.

PE 244 ± 4.0 + 1.95 ± 0.05 8.11 ± 0.05 + N.D. N.D. N.D.

Abbreviations: C7: seven-week-old control group, C9: nine-week-old control group, Epi: (–)-epicatechin group, PE:
(–)-epicatechin post-treatment group, BW: body weight, LHV: left heart ventricle, LK: left kidney, RK: right kidney,
Ms: saturation magnetisation of the blood samples, Mr: remanent magnetisation of blood samples, Hc: coercivity of
blood samples, N.D.: not determined. The values represent the mean ± SEM. x p < 0.001 vs. C7, + p < 0.001 Epi.

There were no significant differences in the basal BP of rats that were assigned to the control
groups (132 ± 2 mm Hg, n = 14) and Epi-treated groups (137 ± 2 mm Hg, n = 14) at the beginning
of the study (Figure 1). The ANOVA analysis confirmed significant differences in BP between the
groups during the treatment (F1,100 = 19.03, p < 0.0001, main effect of treatment), the significant effect
of the day of treatment (F3,100 = 4.08, p < 0.01, main effect of day), as well as the significant effect
of the interaction of treatment and day of experiment (F3,100 = 5.80, p < 0.002) during the treatment
period. Epi significantly reduced the BP during the treatment when compared to the control group.
During the post-treatment period (i.e., days 17, 21, and 28), the ANOVA showed significant difference
in BP between the control and PE groups (F1,35 = 10.65, p < 0.003, main effect of post-treatment) and
the significant effect of the day of experiment (F2,35 = 6.95, p < 0.003, main effect of day).

Figure 1. The effect of (–)-epicatechin on the systolic blood pressure of borderline hypertensive rats.
The values represent the mean ± SEM. x p < 0.05 vs. control group on the respective day of experiment,
# p < 0.03 vs. control group (ANOVA main effect of group during post-treatment period i.e., on days 17,
21 and 28, see Results). Abbreviations. Bas: baseline value, Epi: (–)-epicatechin group.

The ANOVA analysis confirmed significant differences in OF behaviour during testing for all of
the distance travelled (F4,59 = 7.76, p < 0.001), immobility (F4,59 = 12.5, p < 0.001), distance travelled in
the central zone (F4,59 = 3.83, p < 0.008), and relative distance travelled in the central zone (F4,59 = 2.9,
p < 0.03). Repeated testing of BHR in OF led to the habituation of locomotor activity and immobility
(Figure 2a,b) when compared to the respective basal values. There were no differences in the individual
values determined for the Epi group as compared to the age-matched controls (C7). However, for the
PE group, a lack of habituation (vs. the basal value) was found in distance travelled in the central zone,
in contrast to the age-matched C9 control group (Figure 2c). This resulted in the significant increase in
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relative distance travelled in the central zone for the PE group as compared to the age-matched (C9)
control group (Figure 2d).

Figure 2. The effect of (–)-epicatechin on the behaviours of borderline hypertensive rats. Total distance
travelled (a) and total immobility (b) in the open field; total distance (c) and relative distance (d)
travelled in the central zone of the open field. The values represent the mean ± SEM. * p < 0.05 vs. the
basal group value, # p < 0.05 vs. the C9 group. Abbreviations. C7: seven-week-old control group, C9:
nine-week-old control group, Epi: (–)-epicatechin group, PE: (–)-epicatechin post-treatment group.

In the LHV, Epi did not change O2•– production as compared to the age-matched control groups
(Figure 3a). In the aorta, a significant (p < 0.001) reduction of O2•– production was detected in the Epi
group when compared to the C7 group, and a similar tendency was seen in the post-treatment period
(Figure 3b).

Figure 3. The effect of (–)-epicatechin on the superoxide production in the left heart ventricle (a) and
aorta (b) of borderline hypertensive rats. The values represent the mean ± SEM. x p < 0.001 vs. C7
group, n = 6–7 per group. Abbreviations. C7: seven-week-old control group, C9: nine-week-old control
group, Epi: (–)-epicatechin group, PE: (–)-epicatechin post-treatment group.

The Epi-treatment significantly (p < 0.05) increased the total NOS activity in the LHV, returning
back to the control levels after cessation of the treatment (Figure 4a). Epi failed to alter the gene
expressions of eNOS, nNOS, iNOS, as well as Nrf2 and PPAR-γ in the LHV (Figure 4b–f).
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Figure 4. The effect of (–)-epicatechin on the nitric oxide synthase (NOS) activity (a) and gene expression
of neuronal nNOS (b), inducible iNOS (c), endothelial eNOS (d), Nrf2 (e) and PPAR-γ (f) in the left heart
ventricle of borderline hypertensive rats. The values represent the mean ± SEM, n = 6–7 per group.
x p < 0.05 vs. C7 group, + p < 0.05 vs. Epi group. Abbreviations. C7: seven-week-old control group, C9:
nine-week-old control group, Epi: (–)-epicatechin group, PE: (–)-epicatechin post-treatment group, Nrf2:
nuclear factor erythroid 2-related factor 2, PPAR-γ: peroxisome proliferator-activated receptor gamma.

Epi significantly (p < 0.04) increased the total NOS activity in the aorta as compared to C7
(Figure 5a), despite the gene expressions of the individual NOS isoforms remaining unchanged
(Figure 5b–d). During the post-treatment period, the NOS activity and gene expressions were similar
to those in the age-matched C9 control group.

Figure 5. The effect of (–)-epicatechin on the nitric oxide synthase (NOS) activity (a) and gene expression
of neuronal nNOS (b), inducible iNOS (c), endothelial eNOS (d), Nrf2 (e) and PPAR-γ (f) in the aorta of
borderline hypertensive rats. The values represent the mean ± SEM; n = 6–7 per group. x p < 0.05 vs. C7
group, + p < 0.05 vs. Epi group. Abbreviations: C7: seven-week-old control group, C9: nine-week-old
control group, Epi: (–)-epicatechin group, PE: (–)-epicatechin post-treatment group, Nrf2: nuclear
factor erythroid 2-related factor 2, PPAR-γ: peroxisome proliferator-activated receptor gamma.

There were significant correlations between the gene expressions of Nrf2 and PPAR-γ, eNOS,
iNOS, and nNOS, as shown in Table 3.
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In the frontal neocortex and brainstem, Epi had no effect on the NOS activity or expression of the
individual NOS isoforms as compared to the respective age-matched control group (Figures 6 and 7).

Table 3. Correlations between the gene expressions in the aorta and left heart ventricle.

Nrf2

Aorta Left Heart Ventricle

r p < n r p < n

PPAR-γ 0.896 0.0001 26 0.714 0.0001 24

eNOS 0.772 0.0001 28 0.719 0.0001 24

nNOS 0.694 0.0001 27 0.570 0.004 24

iNOS 0.689 0.0001 27 0.508 0.01 25

The Pearson’s correlation coefficients (r) for the gene expressions of the nuclear factor erythroid
2-related factor 2 (Nrf2), endothelial (eNOS), neuronal (nNOS), inducible (iNOS), nitric oxide synthase
and peroxisome proliferator-activated receptor-γ (PPAR-γ), respectively.

Figure 6. The effect of (–)-epicatechin on the nitric oxide synthase (NOS) activity (a) and gene expression
of neuronal nNOS (b), inducible iNOS (c) and endothelial eNOS (d) in the frontal neocortex of borderline
hypertensive rats. The values represent the mean ± SEM. + p < 0.05 vs. Epi group. Abbreviations.
C7: seven-week-old control group, C9: nine-week-old control group, Epi: (–)-epicatechin treatment
group, PE: (–)-epicatechin post-treatment group.
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Figure 7. The effect of (–)-epicatechin on the nitric oxide synthase (NOS) activity (a) and gene expression
of neuronal nNOS (b), inducible iNOS (c) and endothelial eNOS (d) in the brainstem of borderline
hypertensive rats. The values represent the mean ± SEM. + p < 0.05 vs. Epi group. Abbreviations.
C7: seven-week-old control group, C9: nine-week-old control group, Epi: (–)-epicatechin group,
PE: (–)-epicatechin post-treatment group.

4. Discussion

The effects of an increased intake of cocoa products or Epi and Epi-containing foods are under
investigation, not only in the area of BP regulation, but also in relation to the various neuropsychological
and mood disorders in humans [23]. There are currently no studies investigating the modulation of
locomotor activity and anxiety-like behaviour resulting from purified Epi or Epi-containing foods in
BHR rats. BHR, which is an experimental model of human essential prehypertension, might inherit
a predisposition to locomotor hyperactivity from the SHR parent [45]. However, the results of this
study showed that Epi failed to significantly affect the OF behaviour of young BHR after two-week
treatment in contrast to the reduced locomotor activity and relative distance travelled in the central
zone previously found in the age-matched Epi-treated SHR [30]. However, the low habituation level
for distance travelled in the central zone and increased relative distance travelled in the central zone at
two weeks post treatment suggest a delayed anxiolytic effect of Epi in young BHR. In a study with
normotensive Wistar rats, a single-dose of cocoa had an anxiolytic effect with unchanged locomotor
activity, whereas a two-week treatment period failed to affect the behaviour of the rats [46]. In a
study with Wistar-Unilever rats, the administration of cocoa extract for two weeks had antidepressant
effects [47]. The results currently available in the literature suggest that Epi has ambiguous effects
on behaviour, which probably depends on the animal model used. However, the literature has also
indicated the penetration of Epi and its metabolites into the brain [48]. Further studies are required
for clarifying the mechanisms of Epi’s action on the spontaneous behaviour of rats and its possible
association with blood pressure.

On the other hand, the BP-lowering effects of Epi are well known. In this study, the five-week
BHR had a systolic BP of ~134 mm Hg, which slowly increased to ~141 mm Hg through the course of
this experiment (in untreated rats). These values are similar to those that were observed in previous
studies in adult BHR [11,12,49]. Regarding the development of BP in young BHR males, our results
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suggest the absence of a critical BP developmental window associated with the rising BP at the age of
5–7 weeks, in contrast to that in young SHR [50].

The depressor effect of Epi was observed during the entire period of treatment, followed by a
gradual increase in the BP after cessation of treatment. This study is, to our knowledge, the first
one that aimed at investigating the long-term effects of Epi in BHR after the cessation of the Epi
treatment. The long-term influence of Epi on BP was studied on the basis of previous studies that
showed long-term beneficial effects of antihypertension treatment in young prehypertensive SHR [8,9].
We found that the lower values of BP persisted two weeks after the cessation of the Epi treatment
(statistically determined as the main effect), which might have been a result of the prevention of
BP-induced vascular and/or organ changes that cause postponed BP increase.

Several human studies have examined the effects of flavanol-rich cocoa products associated with
high content of Epi in prehypertensive individuals, despite the lack of animal studies. Petyaev et al.
described the depressoric effects of cocoa products in prehypertensive subjects after two weeks of
consuming 30 g dark chocolate that contained 85% cocoa [51]. Similar findings were reported for
prehypertensive subjects after 15 days of consuming 30 g dark chocolate that contained 70% cocoa [52].
On the other hand, Ried et al. observed unaltered systolic BP in prehypertensive subjects after eight
weeks of consuming 50 g dark chocolate that contained 70% cocoa [53]. The variability of the results
that were obtained from those studies can be associated to the differing ages of the subjects, lengths of
the treatment and, particularly, the variable flavanol content used in the individual studies.

Oxidative stress, which iron plays an important role in causing, can also result in the development
of elevated BP [34,54,55]. In our study, Epi significantly reduced the level of iron-containing compounds
in blood; reduced saturation magnetisation was observed while using SQUID magnetometry. However,
the size of the iron particles and/or their chemical moiety seems to be unchanged, as coercivity and
remanent magnetisation remained unaltered. SQUID magnetometry is a novel approach to quantify
different iron forms in biological samples with high sensitivity that might provide new information for
the understanding of the pathomechanisms of various diseased states as described previously [40,43].
The relative reduction of iron-containing compounds in Epi-treated vs. control rats in this study might
be related to the inhibition of iron absorption in the enterocytes by Epi or its metabolites [56]. Indeed,
there are animal and human studies that found reductions in iron bioavailability after the consumption
of tea or various polyphenols-rich foods [57]. In our study, we showed the reduced levels of iron
and/or iron-containing compounds in the blood of Epi-treated BHR. However, the exact mechanisms
and chemical moiety of iron-containing compounds that are affected by Epi remain to be elucidated.

The lowered iron content level might be also involved in the reduced vascular ROS production.
In our study, Epi significantly reduced the O2•– production in the aorta. This antioxidant effect was
seen to partially persist after the cessation of the treatment, as the O2•– production in the aorta of the
PE group was similar to that of the Epi group. The Epi-reduced O2•– production in the aorta of BHR
was similar to our previous findings in the young SHR [39]. The antioxidant effects of Epi may also
be a result of the direct scavenging of ROS [58], activation of antioxidant enzymes [59], or inhibition
of pro-oxidant enzymes [58,60]. The suppression of the oxidative damage caused by Epi was also
observed in the SHR [30] and other experimental models of hypertension [27–29].

It is well known that NO plays a key role in the modulation of BP [21]. In this study, the Epi
stimulated NO production in the aorta and LHV (in contrast to the brain regions) of the young
BHR, which, however, did not persist post treatment. The increased NO production due to Epi was
found in various experimental models of hypertension: young SHR [30], adult SHR [31], as well as
L-NAME-induced and fructose-induced hypertension [27,28] models. The observed NOS-stimulating
effect of Epi is also supported by human studies in which the long-term administration of dark chocolate
led to an increase of NO metabolites in blood in prehypertensive and hypertensive probands [52,61].

An important aim of our study was to investigate the genomic effects of the Epi during the
stimulation of NO release and antioxidant defence in the LHV and aorta. The mRNA of all eNOS, iNOS
and nNOS was present in the LHV and aorta in BHR. There are studies that found a significant role of
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nNOS-derived NO in local physiologic regulation of vascular tone [62], as well as in the physiological
regulation of basal systemic vascular resistance and BP in healthy humans [63], despite the well-known
role of eNOS-produced NO in flow-mediated dilatation. We found that the Epi did not alter the
gene expression of the individual NOS isoforms and transcription factor Nrf2 in the LHV and aorta.
This suggests that the antioxidant effects of Epi in the abovementioned tissues are not related to the
improved gene expressions of Nrf2-activated antioxidant enzymes. In addition, Nrf2 is involved in the
NO-mediated regulation of iron metabolism, as it upregulates ferritin and ferroportin transcriptions,
which results in the reduction of intracellular iron content [64]. However, these mechanisms seem to
be less plausible in the cardiovascular system, as the Nrf2 gene expression was unaltered during this
experiment. Furthermore, Epi does not seem to modify PPAR-γ-mediated lipid metabolism and energy
balance in the LVH and aorta [65] as PPAR-γ gene expressions were also found unaltered. There were
significant correlations between Nrf2 and PPAR-γ, as well as the individual NOS isoforms, despite
the unchanged gene transcriptions, which suggests the regulatory role of Nrf2 in NOS expressions
in the heart and aorta; this mechanism remained unaltered by Epi. The coordinating role of Nrf2 in
PPAR-γ expressions and endothelial NO generation was previously found by Luo et al. [66]. Regarding
Epi effects, relatively few in vivo and in vitro studies have investigated the genomic and proteomic
effects of purified Epi, especially the expressions of the genes that were investigated in this study.
Our previous study showed that the expressions of all the NOS isoforms in the LHV of young SHR were
unchanged [30], which was similar to those that were found in the young BHR. Mohamed et al. showed
that iNOS gene expression was unaltered by Epi treatment in the brain of Wistar rats [67]. A study by
Gómez-Guzmán et al. showed increased gene and protein expressions of Nrf2 upon Epi administration
in the aorta of Wistar rats, which is in contrast to our findings [29]. Another study found the eNOS
protein expression to be unchanged in Sprague-Dawley rats simultaneously treated with L-NAME and
Epi [68]. Prince et al. investigated the alteration of the eNOS protein expression by administering Epi
in the kidneys of Sprague-Dawley rats [69]. Rats that were simultaneously fed with fructose and Epi
had similar expression levels as those of fructose-fed rats, which indicated that Epi does not affect
the eNOS expression in the kidney [68]. Furthermore, Gómez-Guzmán et al. found the eNOS protein
expression to be unaltered by Epi in the aorta of Wistar rats [70]. Thus, the BP-lowering effect of Epi
was probably related to the increase of NOS activity and/or NO bioavailability due to improved redox
conditions in the cardiovascular system of young BHR, similarly as it was found in SHR [30], without
genomic effects being involved in the stimulation of NO release or antioxidant defence.

5. Conclusions

Our study showed that a two-week oral treatment of young BHR with Epi had a BP-lowering
effect that persisted for two weeks after the cessation of the treatment. This was associated with a
delayed reduction of anxiety-like behaviour. The mechanism underlying the BP-lowering effect of
Epi was associated with the reduced relative content of the iron-containing compounds in the blood,
reduced O2•– production, and stimulation of NOS activity in the LHV and aorta without increasing
the mRNA expressions of the individual NOS isoforms or Nrf2 and PPAR-γ transcription factors.
In addition, our results suggest that continuous Epi treatment is required for maintaining elevated NO
synthase activity and redox balance in the heart and aorta of young BHR. However, caution is needed
due to the possible reduction of blood iron content with a long-term Epi intake.
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Abstract: Consumption of flavonoid-rich nutraceuticals has been associated with a reduction in
coronary events. The present study analyzed the effects of cocoa flavonols on myocardial injury
following acute coronary ischemia-reperfusion (I/R). A commercially available cocoa extract was
identified by chromatographic mass spectrometry. Nineteen different phenolic compounds were
identified and 250 mg of flavan-3-ols (procyanidin) were isolated in 1 g of extract. Oral administration
of cocoa extract in incremental doses from 5 mg/kg up to 25 mg/kg daily for 15 days in Sprague Dawley
rats (n= 30) produced a corresponding increase of blood serum polyphenols and become constant after
15 mg/kg. Consequently, the selected dose (15 mg/kg) of cocoa extract was administered orally daily
for 15 days in a treated group (n = 10) and an untreated group served as control (n = 10). Both groups
underwent surgical occlusion of the left anterior descending coronary artery and reperfusion. Cocoa
extract treatment significantly reversed membrane peroxidation, nitro-oxidative stress, and decreased
inflammatory markers (IL-6 and NF-kB) caused by myocardial I/R injury and enhanced activation of
both p-Akt and p-Erk1/2. Daily administration of cocoa extract in rats is protective against myocardial
I/R injury and attenuate nitro-oxidative stress, inflammation, and mitigates myocardial apoptosis.

Keywords: flavonoids; cocoa extract; ischemia-reperfusion injury; oxidative stress; apoptosis;
inflammatory markers

1. Introduction

In United States, about one million people suffer from myocardial infarction per year [1]. Ischemic
heart disease provoked by limited blood supply to cardiomyocytes upon occlusion of coronary
vessels is the main precursor of myocardial infarction. Prevention of tissue damage in patients with
ischemic heart disease can be effectively accomplished through reperfusion of the ischemic myocardial
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tissue [2,3]. However, reperfusion itself is responsible for inducing injury to cardiomyocytes via
multiple mechanisms, leading to heart failure [4,5]. Oxidative stress and myocardial inflammatory
pathways play a leading role in the pathogenesis of myocardial ischemia-reperfusion (I/R) injury [6].
Oxidative stress is caused by an intracellular redox imbalance between pro- and anti-oxidants [7–9].
Exogenous antioxidants might influence the course of the ischemic heart disease by providing
therapeutic substances which help in restoring and maintaining a balanced system [10]. Therefore,
plant resources with anti-oxidant activity would be worthy natural substances for protection against
ischemic heart disease. The progression of reperfusion, thus, is accompanied by the development of
oxidative stress with the generation of free radicals and leukocyte activation that lead to myocytes
apoptosis [11]. Exogenous antioxidants might influence the course of the ischemic heart disease by
contributing to restoring a balanced system.

Many scientists have been working to explore antioxidant-rich natural sources to protect against
myocardial I/R injury [12]. Many studies have reported plants as the main reservoir of natural
antioxidants and anti-inflammatory compounds, thus pointing towards the protective role of plant
products against inflammatory and reperfusion injury [12–15].

Cocoa and chocolate products contribute high levels of flavonoids among commonly consumed
foods and have been historically used as a medicine to cure inflammation, pain, and numerous
other diseases [13,16]. It is observed that adipose tissue inflammation can be reduced by long-term
cocoa supplementation. In a recent study reported by Akinmoladun et al., antioxidant-containing
extracts of cocoa and the kola nut tree have shown a protective effect against myocardial I/R injury
using Langerdorff-perfused rat hearts [13]. In another study, flavonoids (5-hydroxy derivatives:
5-hydroxy flavone, apigenin, chrysin, and naringenin) lowered myocardial tissue injury and improved
post-ischemic functional recovery [17]. Earlier, an in vitro study reported reduced IL-1 mRNA
expression and IL-2 secretion by T-cells in polyphenol containing cocoa liquor [18]. However,
previous studies lack biochemical analysis of inflammatory markers and signaling protein activities,
and evaluation of myocardial nuclei apoptotic levels in rat hearts after I/R injury. Moreover, to the best
of our knowledge, dose optimization of the cocoa extract in blood sera in rats has not been documented
previously in literature.

In this study, we investigate the effects of a commercially available cocoa extract on oxidative
stress, inflammation, and apoptosis to ascertain whether it can protect myocardium in an in vivo
experimental model of I/R injury.

2. Methods and Materials

2.1. Chemicals and Materials Used

CocoaVia® was purchased from Mars Inc., (Hackettstown, NJ, USA). Primary antibodies
Nitro-tyrosine, IL-6, NFkB2, P-Erk, P-akt antibody were obtained from Bioss antibodies, Novusbio,
and Cell Signaling Technology (Danvers, MA USA). In Situ Cell Death Detection Kit, AP was from
Roche (Basel, Switzerland).

2.2. Animals

Thirty healthy Sprague Dawley (SD) male rats of average weight 300–350g were used for the dose
response experiment and 20 rats were used to assess the effect of cocoa extract on ischemia reperfusion
injury. All animal experiments were done per the ethical guidelines reviewed and approved by
“University of Verona Ethical Committee and the Italian Ministry of Health (341/2016-PR) at C.I.R.S.A.L.
(Interdepartmental Research Centre for Laboratory Animals) of the Biological Institutes, University of
Verona, and Verona, Italy”.
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2.3. Extraction and Identification of CocoaVia® Contents

Total phenolic compounds of the cocoa extract supplement (Cocoavia; Mars Inc., Hackettstown,
NJ, USA) made by patented process (Cocoapro; Mars Inc., Hackettstown, NJ, USA) were extracted with
three volumes of ice-cold methanol (w/v)). Samples were mixed, sonicated (15 min, 4 ◦C), centrifuged
(16,000× g rpm, 10 min, 4 ◦C), and filtered through 0.2 μm pore filters. The supernatant samples
were diluted 1:100 and 1:10 (v/v) with LC-MS grade methanol for HPLC-ESI-MS. The samples were
further diluted 1:2 with LC-MS grade water and passed through Minisart 0.2 μm filters following
protocol [19]. Each sample was analyzed in two technical and three biological replicates, with 20 μL
injection volumes. The unknown metabolites of samples were analyzed using HPLC-ESI-MS (Esquire
6000, Bruker Daltonics, Billerica, USA), followed by ESI (Electrospray Ionization)-base peaks, MS/MS,
and MS3 fragmentation at its retention time and mass to charge ratio (m/z). For this purpose,
an “in house” library of commercial standard spectra, scientific literature, and online databases such
as Mass bank (www.massbank.jp) were used. The quantification of the metabolites in the methanolic
extracts was carried out through HPLC-DAD (Beckman Coulter Gold 126 Solvent Module coupled with
a Gold 168 Diode Array Detector), relying on the calibration curves of authentic standard compounds.

2.4. Quantification of Polyphenols Levels in Blood Samples

Thirty rats were divided into six groups of five rats each. Among them, group 1 served as control,
fed with normal rat diet, while the animals of other groups were administrated oral gavage with 5, 10,
15, 20, and 25 mg/kg body weight of cocoa extract dissolved in water, five times per week for 15 days,
respectively. All animals were kept at a temperature of 22–24 ◦C and fed with a regular pellet diet
ad libitum.

A total of 1 mL of blood was collected, 1 hour after oral administration of cocoa extract powder
from each rat, which showed a higher concentration of flavonoids in plasma between 30 and 60 min
through lateral tail vein [19]. Blood was deposited in clean heparinized glass tubes, centrifuged
(3500 rpm for 15 min), and stored at −80 ◦C for the HPLC-ESI-MS analysis. The total amount of
flavonoid in blood sera from each sample were calculated by HPLC-ESI-MS [19,20].

2.5. Induction of Ischemia/Reperfusion Injury and Tissue Collection

Twenty rats were divided into two groups, control and treated, with ten (10) in each group.
The selected dose of 15 mg/kg of cocoa from our previous results was given to the treated group (n = 10)
once a day for 15 days. The control group remained untreated. Rats (n = 20) were anesthetized with
5% isoflurane in 50% O2 administered through a facial mask and maintained anesthesia using 2%
isoflurane throughout procedure. These anesthetized animals were subjected to ischemia for 30 min by
left anterior descending (LAD) coronary artery ligation, followed by 120 min reperfusion, as previously
described [21]. The onset of ischemia was confirmed when cyanosis developed on the wall of the
ischemic myocardium, as evidenced by saddleback-type (ST) segment elevation and a significant
T-wave increase recorded on the electrocardiograph Power Lab data acquisition system (model ML866,
AD Instruments, Colorado Springs, CO) and Animal Bio Amp (model ML136, AD Instruments)). Then,
the ligation was opened to allow reperfusion to the ischemic part of the myocardium for 120 min.
Hearts were excised as demonstrated in Figure 1, the ischemic part of the left ventricle was split into
two: one portion was stored in 4% formalin for immunohistochemistry and Terminal Deoxynucleotidyl
Transferase dUTP Nick End Labeling (TUNEL) analysis, the second portion was stored in liquid
nitrogen for of nitro-oxidative stress measurements. Experimental design is illustrated in Figure 1.
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Figure 1. Schematic experimental design.

2.6. Immunohistochemistry Staining

To access the inflammation and nitrative stress and signaling pathways activation in myocardial
tissue, samples (n = 10 each group) were embedded in paraffin. Fixed tissues were sectioned 3 μm,
deparaffinized, and dehydrated with two grades of xylene and four grades of ethanol, following the
method in [22]. After antigen retrieval and endogenous peroxidase activity procedure, all sections
were incubated with primary antibodies, IL-6 (1:100), NF-κB2 (1:500), Nitrotyrosine (1:300), p-Erk
(1:200), and p-Akt (1:200) (Sigma–Aldrich, United Kingdom), diluted in antibody diluent and kept at
4 ◦C for overnight. Following the incubation with primary antibodies, tissue sections were rinsed,
and incubated with the biotinylated anti-rabbit secondary antibody (1:400), avidin–biotin complex
substrate, and diaminobenzidine (Dako Corp., Carpinteria, CA, USA). Sections were rinsed two
times and mounted after dehydration in three grades of ethanol and cleared in two grades of xylene.
The negative control was used to confirm and check the absence of the signal or specificity of staining.
Image acquisition of all the sections was done under Olympus System BX51 Universal research
microscopy (Olympus corporation, Tokyo, Japan). The images were analyzed by using ImageJ software
(NIH, Bethesda, MD, USA) to quantify the strength of immune-peroxidase staining in heart tissue.

2.7. Oxidative Stress Measurement

The analysis of malondialdehyde (MDA) levels in myocardial tissue samples collected from the
affected area was performed as described by Ben Maunsour et al. [23].

150



Antioxidants 2020, 9, 167

The reactive oxygen species (ROS) in myocardial tissue was measured using a spectrophotometry
and the absorbance determined (peak at 505 nm max) value is expressed as Carr. Units, as explained
by Rizzo et al. [24].

2.8. Terminal Deoxynucleotidyl Transferase dUTP Nick End Labeling (TUNEL) Assay

TUNEL assay is a method that labels 3′-hydroxyl termini in the double-stranded DNA fragments
generated as a result of apoptosis. Paraffin-mounted heart sections from control and treated groups
(n = 10) were deparaffinized with xylene and descending concentrations of ethanol. Apoptotic
cells were stained following the protocol provided by the In Situ Cell Death Detection Kit, AP (ref.
11684809910, Version 11, Roche Diagnostics, Indianapolis, IN, USA). Hoechst 33342 solution was used
for staining nuclei and examined under confocal microscope. The images were analyzed by ImageJ
software (NIH, Bethesda, MD, USA), average mean fluorescent intensities (MFIs) were measured by
multiplying the intensities of each image [25].

2.9. Statistical Analysis

Analyses were performed using SPSS software version 21 (SPSS Inc., Chicago, IL, USA).
Comparison between control and experimental groups was statistically evaluated by the Students
t-test, and p-value < 0.05 was considered statistically significant. All the results were expressed as
mean ± SD.

3. Results

3.1. Identification of Phenolic Compounds

A total of 250 mg of flavan-3-ols (procyanidin) was identified from 1 g of cocoa extract. From this,
19 different phenolic compounds were determined (Table 1 and Figure 2a).

Table 1. Phenolic molecules identified from the cocoa extract samples analyzed by chromatographic
mass spectra in negative ion mode.

No. (−) m/z No. (−) m/z

1 Di-hexose, Di-hexose (2M−H) 11 Procyanidin pentamer
2 N-[3′,4′-dihydroxy-(Z)-cinnamoyl]-l-aspartic acid 12 Procyanidin monomer
3 Catechin hexose 13 Procyanidin aptamer
4 Catechin 14 Procyanidin hexamer
5 Procyanidin trimer 15 Procyanidin
6 Procyanidin tetramer 16 Quercetin hexose
7 Procyanidin B2 17 Procyanidin derivative
8 Epicatechin 18 Ellagic acid pentose
9 Procyanidin trimer, Catechin derivative 19&20 (Epi) catechin ethyl trimmers
10 Procyanidin tetramer

3.2. Dose Response and Dose Adjustment

Oral administration of cocoa extract in incremental doses from 5 mg/kg up to 25 mg/kg daily for
15 days produced a corresponding increase in blood serum polyphenols and became constant after 15
mg/kg (Figure 2B).

3.3. Anti-Inflammatory Effect of Cocoa

The extent of inflammation after I/R was measured by the expression of IL-6 and NF-kB in
the myocardium. Immunohistochemistry revealed a reduced expression of IL-6 (Figure 3A,B) was
significantly lowered after cocoa extract treatment 15 mg/kg (p < 0.01) in the ischemia-reperfusion
injury model. The levels of NF-kB were remarkably low in the treated group as compared to control
(Figure 3C,D).
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Figure 2. Cocoa Extract: (A) shows HPLC-ESI-MS graph with various peaks correlating with 19
different phenolic compounds found in cocoa extract. (B) shows a curve correlating different oral doses
(mg/kg) of cocoa extract and blood levels of phenolic compounds in rats. It shows an optimal dose of
15 mg/kg to be the optimal dose of cocoa extract (six groups (n = 30) and each group (n = 5)).

 

Figure 3. Immunohistochemical analysis showing expression (representative images, 20×magnification)
of IL-6 and NF-kB2 in myocardial tissue of cocoa treated rats (n = 10) compared to control rats (n = 10),
(*p = 0.0032, **p = 0.0001 respectively). presented as mean ± SD and scale bar is 100 μm. (A,B): IL-6,
(C,D): NF-kB.
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3.4. Nitro-Oxidative Stress Attenuation with Cocoa

Oxidative stress was studied by identifying the levels of the “lipid peroxidation index,
Thiobarbituric acid reactive substances (TBARS)”. TBARS expressed as malondialdehyde (MDA)
levels was lower in the treated group as compared to control (Figure 4A). The concentration of ROS
was also attenuated in the treated group as compared to control (Figure 4B). Nitrosative stress was
assessed by measuring nitrotyrosine levels in myocardial tissue. The nitrotyrosine was reduced by
cocoa treatment (p < 0.05) (Figure 4C,D).

 

Figure 4. Effects of cocoa on oxidative stress on myocardial tissue rats: Lower oxidative stress was
recorded in cocoa-treated rats (n = 10) myocardial tissue as compared to control (n = 10). (A) Lipid
peroxidation index (TBARS) expressed as malondialdehyde (MDA) concentration measured in nmol/μg
(p = 0.031), * p < 0.05. (B) Reactive oxygen species (ROS) measured as Carr. Unit (Carratelli Unit)
(p = 0.0001), ** p < 0.001. (C,D) Expression of nitrotyrosine staining in myocardial tissue in the control
and treated groups (20×) (p = 0.04), * p < 0.05. Data illustrated in the graphs are presented as mean ±
SD and scale bar is 100 μm.

3.5. Akt and Erk1/2 Signaling Pathways Activation

Immuno-peroxidase analysis of p-Akt and p-ERK1/2 in myocardial tissue from rats treated with
cocoa extract and control group was performed. Enhanced phosphorylation of Akt (Figure 5A,B,E)
and ERK1/2 (Figure 5C,D,F) was observed as compared to control group (p < 0.05 in both cases).
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Figure 5. Immunohistochemical labeling of p-Akt (A,B,E) and p-Erk1/2 (C,D,F) in cocoa-treated rat
myocardial tissue compared to control. The graphs show a significant elevation in the activation of
p-Akt and p-Erk1/2 in the myocardial tissue of cocoa-treated rats (n = 10) compared to control (n = 10).
Representative images (20×). Data illustrated in the bar graph are presented as mean ± SD. p-value less
than 0.05 considered statistically significant. P-ERK1/2, phosphorylated extracellular signal regulated
kinases 1

2 ; p-Akt, phosphorylated serine-threonine protein kinase, (* p < 0.05, ** p < 0.001).

3.6. TUNEL Assay

TUNEL-positive nuclei were less in number in the treated group (A) as compared to the control
group (B). Yellow arrows indicate apoptotic nuclei (Figure 6A–C). There was a significant reduction in
apoptosis in treated samples as compared to control (p < 0.001).
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Figure 6. TUNEL Assay: (A,B,C): Representative images (n = 10 for each group) immunofluorescent
staining for TUNEL-positive nuclei in control, treated, and negative control groups (20×magnification).
TUNEL-positive myocytes were less in number in the treated group (A) as compared to control group
(B). Yellow arrows indicate apoptotic nuclei and (C) negative control. p-value = 0.002 considered
significant (** p < 0.001, control versus treated), scale bar is 100 μm. (D): Graphical presentation of
apoptotic nuclei in control vs treated groups.

4. Discussion

Cocoa has the highest flavonol contents of all foodstuffs and its extract contains a considerable
concentration of proanthocyanidins [16]. Flavonoids characterize a main division of phenolic
compounds, and they are greatly active scavengers of most oxidizing molecules and free radicals
involved in several diseases [17,18], including cardiovascular diseases.

In the present study, a total of 250 mg of procyanidins was determined in 1 gram of cocoa extract.
From this, 19 different phenolic compounds were identified (Figure 1 and Table 1). Many studies
have shown the protective effect of cocoa in myocardial ischemia-reperfusion injury and in improving
post-ischemic functional recovery [13,17]. Thus, it was observed that cocoa extract has anti-inflammatory
properties [26] and it can protect against myocardial injury [27]. Even though flavonoids have many
health-related benefits, their bioavailability is a major concern [28]. We hypothesized that these
phenolic compounds, introduced daily with cocoa extract supplement, might contribute to reducing
inflammatory markers, oxidative stress, myocardial apoptosis, and activating pro-survival pathways
in the heart exposed to I/R injury. In the present study, different concentrations of a commercially
available cocoa extract were investigated in a dose-response assessment in order to establish the
optimal dose in a daily administration regimen in order to have maximal plasma concentration of
polyphenols. An optimal dose of 15 mg/kg/BW was administered daily to investigate the possible
cardioprotective effects during acute myocardial I/R.

The expression of inflammatory mediators, which recruits leukocytes into inflammatory sites,
was reduced in the cocoa-treated rat heart (Figure 3). During the inflammatory process at tissue,
the usual trend is the elevation of IL-6 and NF-kB levels [29]. These mediators were significantly
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reduced in cocoa extract-treated rat hearts. In vitro reduction in other inflammatory meditators,
such as IL-1 mRNA expression and IL-2 secretion by T-lymphocyte treated with cocoa liquor was
also reported [17]. Thus, reduction in inflammatory markers in cocoa-treated rat hearts suggests an
anti-inflammatory and cardioprotective role of cocoa extract flavonoids.

Malondialdehyde (MDA), a marker of oxidative stress, was attenuated in cocoa-treated heart
tissue (Figure 4A). The levels of reactive oxygen species were found to be significantly higher in
cocoa-treated rat myocardium as compared to the control group after the induction of I/R (Figure 4B).
Similarly, Akinmoladun et al. explored the protective effects of cocoa and kola nut tree extracts,
and also reported a reduction in oxidative stress and post I/R injury in an in-vitro model [13]. Nitric
oxide (NO) produced by endothelial nitric oxide synthase (eNOS) constitutively is reduced in ischemia
but inducible NOS is activated by I/R, thus increasing nitrosative stress. Nitrotyrosine (peroxynitrite)
levels, which indicate nitrosative stress [30] in myocardial tissue due to I/R, were lower in cocoa-treated
rat heart in our study (Figure 4C,D).

The ultimate step of myocardial injury in reperfusion injury is apoptosis, and inhibition of
apoptotic pathways demonstrated significant cardioprotection. Reduced apoptosis leads to reduced
myocardial injury [31]. Apoptosis could be due to mitochondrial dysfunction, which results in low
energy for myocyte contraction. Additionally, there may be an increase in oxidative stress that directly
damages and induces apoptosis in myocytes [32–34]. During I/R, the fuel preference switches to
glucose. This alteration safeguards the heart, in part, because “free acids waste more oxygen to be
oxidized”. However, over time, while not oxidized, fatty acids hoard inside the myocytes, leading
to cardiac lipotoxicity [35,36]. Nitrite reacts with critical thiols to form nitrosothiols, which act as
antioxidants that prevent the irreversible oxidation of proteins and lipids during the early oxidative
burst of reperfusion” [37,38].

Despite the pharmacological effectiveness of cardioprotective drugs, novel products which inhibit
ischemic organ damage are required and care is being given to discovering novel pharmacological agents
from plants [39]. Infact, the medicinal plants’ antioxidant content may contribute to protection from
diseases. Commonly found in plants, phenolic compounds are major antioxidant phytochemicals [27].
When the plants are consumed, these phytochemicals contribute to the intake of natural antioxidants
in the diets of animals as well as humans.

The reduced levels of myocardial apoptosis observed in cocoa-treated rats demonstrate potential
effect of flavonoids containing cocoa in reducing myocardial apoptosis. The toxicological study also
indicated the contribution of epicatechin and catechin in cocoa in the reduction of apoptosis via the
inhibition of amyloid-β protein [40]. The reduced myocardial apoptosis could be due to the antioxidant
content of cocoa, which might contribute to the protection against oxidative stress produced by I/R.

In our study, immuno-peroxidase analysis of myocardial tissue from rats treated with cocoa extract
showed elevation in the activity of p-Erk1/2 and p-Akt (Figure 5). Pro-survival pathways proteins
(Erk1/2 and Akt) are known for their contribution to cell survival during ischemia-reperfusion injury.
Enhanced phosphorylation of Erk1/2 and Akt were observed with cocoa treatment, which leads to
cardioprotection [41]. The TUNEL assay, which is good indicator to measure apoptosis, demonstrated
reduced apoptosis in cocoa-treated heart tissues as compared to control (Figure 6).

Therefore, this study suggests that treating rats with cocoa extract significantly attenuates
inflammation, oxidative stress, and apoptosis in the myocardium and the process can be modulated by
the activation of Erk1/2 and Akt pathways.

The present study investigated only one commercially available cocoa extract. Other products
could give different results. Additionally, we investigated healthy rats; in order to translate the
results to humans they should be confirmed in a randomized clinical study in patients with ischemic
cardiomyopathy taking different medications.
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5. Conclusions

Daily supplementation of cocoa extract attenuates myocardial I/R injury, limiting oxidative and
nitrosidative stress and inflammation with a reduction in myocardial apoptosis.
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