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Abstract

:

Cocoa and chocolate antioxidants might contribute to human health through, for instance, blood flow improvement or blood pressure and glycemia reduction, as well as cognitive function improvement. Unfortunately, polyphenol content is reduced during cocoa fermentation, drying, roasting and all the other phases involved in the chocolate production. Here, we investigated the evolution of the polyphenol content during all the different steps of chocolate production, with a special emphasis on roasting (3 different roasting cycles with 80, 100, and 130 °C as maximum temperature). Samples were followed throughout all processes by evaluating the total polyphenols content, the antioxidant power, the epicatechin content, and epicatechin mean degree of polymerization (phloroglucinol adducts method). Results showed a similar trend for total polyphenol content and antioxidant power with an unexpected bell-shaped curve: an increase followed by a decrease for the three different roasting temperatures. At the intermediate temperature (100 °C), the higher polyphenol content was found just after roasting. The epicatechin content had a trend similar to that of total polyphenol content but, interestingly, the mean degree of polymerization data had the opposite behavior with some deviation in the case of the highest temperature, probably due to epicatechin degradation. It seems likely that roasting can free epicatechin from oligomers, as a consequence of oligomers remodeling.
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1. Introduction


Cocoa, obtained by processing the seeds Theobroma cacao L., and cocoa-derived products have been used for millennia and now we know that approximately 5500 years ago people leaving in Santa Ana-La Florida in the southeast part of Ecuador were already using cocoa [1,2]. Better known is the use of cocoa by Mayans and Aztecs that were used to consume it as unsweetened dark beverage [3].



Many beneficial or even curative effects have been reported for cocoa, chocolate, or other cocoa-derived products but only in recent decades, some of the positive effects claimed could be reliably demonstrated and scientifically validated. In fact, the improvement of analytical technologies and the development of more accurate analytical protocols have permitted the qualification and quantification of the numerous compounds responsible for these favorable effects. Many clinical studies have recognized that various of these effects are due to the presence of antioxidant compounds [4].



The most representative antioxidant compounds present in cocoa are catechins, anthocyanins, and proanthocyanins, among them, (-)-epicatechin is one of the most abundant flavanols and is also credited to be one of the key active molecules responsible for different biological activities.



Many biological effects with preventive or even curative potential on human pathologies have been reported [5]. For example, cocoa polyphenols, including (-)-epicatechin, may contribute to reducing blood pressure and glycemia during pregnancy [6], to improving cognitive function and reducing blood pressure in elderly with mild cognitive impairment [7], and have showed various disease modifying properties in patients affected by Alzheimer’s disease [8]. Some evidence on cocoa positive health effects against oxidative stress and chronic inflammation, risk factors for cancer and many chronic diseases, have been also reported [9].



Among the different biological effect reported, the most consolidated is the reduction of blood pressure after consumption of cocoa or cocoa-rich chocolate. In response to this evidence, in 2012, the European Food Safety Authority have issued a health claim related to cocoa flavanols and the maintenance of normal endothelium-dependent vasodilation by stating that the consumption of 200 mg/day of cocoa flavanols (provided by 2.5 g of high-flavanol cocoa powder or 10 g of high-flavanol dark chocolate), consumed in the context of a balanced diet, help to maintain endothelium-dependent vasodilation, which contributes to normal blood flow [10].



Cocoa generally contains a very high content of polyphenols per dry weight, much higher than other crops, foods, and beverages. For instance, tea and red wine, well known for their positive health effects ascribed to antioxidant compounds, have a lower content of polyphenols [11,12]. However, the large amount of polyphenols contained in fresh cocoa seeds, that fluctuates as a function of cocoa variety and pedoclimatic conditions, is significantly reduced as a consequence of the post harvesting processes (i.e., pod storage, fermentation [13], drying [14]) and of the manufacturing steps performed to obtain chocolate. Alkalization, roasting, and conching are among the steps more detrimental for the chemical integrity of cocoa polyphenols [15,16,17,18,19,20]. While alkalization is generally required in the production of cocoa powder and conching can also be avoided during the manufacturing of chocolate, roasting is the first step of chocolate production and is, virtually, always performed. Roasting and fermentation are the most important steps that allow the development of the taste and bouquet of the produced chocolate. On the other hand, these two steps are regarded as extremely detrimental for cocoa polyphenols and, generally, account for the loss of more than 50% of their initial polyphenol content [21].



Due to the important positive biological effects ascribed to cocoa polyphenols, that in some cases have been also clinically demonstrated, a deeper understanding of the fate of polyphenols during the whole chocolate manufacturing process is highly desirable. To this aim, cocoa beans were roasted using three different roasting temperature programs and the roasted cocoa was employed to produce Modica chocolate, Cioccolato di Modica. Modica chocolate was selected because of the mild production process (i.e., cold mixing of bitter cocoa paste with sugar) and does not contemplate the mixing at high temperature, the so-called conching [22]. All the manufacturing steps were monitored, the samples were analyzed at each step for their polyphenol content, epicatechin concentration, antioxidant capacity, and mean degree of polymerization of epicatechin oligomers.




2. Materials and Methods


2.1. Materials


(-)-Epicatechin standard, (±)-epicatechin, n-hexane, trifluoracetic acid (TFA), ethyl acetate (EtOAc), acetonitrile (ACN), formic acid (FA), anhydrous sodium sulphate (Na2SO4), pyridine, the derivatizing agent N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA), gallic acid, Trolox [(6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid)], the Folin–Ciocalteu reagent, anhydrous sodium carbonate (Na2CO3), sodium acetate (CH3COONa), acetic acid (AcOH), ferric chloride (FeCl3), sodium sulphate, and hydrochloric acid (HCl) were purchased from Merck Life Science (Merck KGaA, Darmstadt, Germany). All the reagents were of analytical grade. Water for sample extraction was purified with a New Human Power I Scholar water purification system (Human Corporation, Seoul, Republic of Korea).




2.2. Cocoa Processing and Chocolate Preparation


Cocoa beans were processed to obtain the refined cocoa liquor by using a bean-to-bar equipment produced by the SELMI Group (Santa Vittoria d’Alba, Italy).



Fermented and dried cocoa beans (Cocoa beans) (6 Kg) were roasted in a Roaster 106 by using 3 different temperature programs (Table 1). Any roasting program was repeated 3 times obtaining 3 samples of 18 Kg of roasted cocoa beans (Roasted cocoa beans).



The roasted cocoa beans were then submitted to winnowing/cracking to obtain decorticated cocoa nibs (Cocoa nibs) that were grounded in particles of size between 200 and 250 μm (Cocoa liquor) (Stainless steel roller crusher, Grinder Mill, SELMI Group, Santa Vittoria d’Alba, Italy) and finally refined to a particle size between 20 and 25 μm (Refined cocoa liquor) (Micron ball refiner SELMI Group, Santa Vittoria d’Alba, Italy).



The refined cocoa liquor or cocoa paste were finally processed to obtain Modica chocolate. This particular type of chocolate was chosen because of the mild production process that does not contemplate the conching step that would have submitted the refined cocoa liquor to additional thermal stress. Modica chocolate was prepared by melting at a temperature ≤50 °C the refined cocoa liquor with sugar in the ratio 60/40 and mixing till obtaining a homogenous mass. The molten mass (100 g) was poured in a mold and left cooling down at a temperature ≤15 °C. Modica chocolate bars were produced by two chocolate makers of the Consorzio di tutela del cioccolato di Modica.




2.3. Sample Preparation and Polyphenols Extraction


Samples were grounded and sieved to obtain a powder with a particle size lower than 300 μm. Powdered samples (30 g) were dispersed in 150 mL of n-hexane and stirred for 3 h at room temperature. Afterwards, the suspension was filtered through a paper filter, washed with 50 mL of fresh n-hexane, and dried at room temperature. The defatted samples (0.5 g) were dispersed in 200 mL of extraction solution made up of MeOH/water/AcOH, in the ratio 79.2/20/0.8 (v/v), stirred for 3 h at room temperature, and filtered to obtain clear polyphenol solutions.




2.4. Determination of the Total Polyphenol Content with the Folin–Ciocalteu Assay


The total polyphenol content (TPC) of each extract was determined through the Folin–Ciocalteu assay as described previously with only few modifications [23,24]. The Folin–Ciocalteu reagent was diluted ten-fold with water and 0.1 mL of sample solution were added to 0.75 mL of reagent mixture and incubated for 10 min at room temperature in the dark. Afterwards, 0.75 mL of Na2CO3 (2%, w/v) were added, and the whole mixture incubated for 3 h at room temperature in the dark.



The absorbance was read at 765 nm with a UV-VIS spectrophotometer (Agilent 8453 spectrophotometer, Waldbronn, Germany). Gallic acid was used as a standard for the construction of the calibration curve, which was in the 1.275–12.75 μg/mL concentration range. All samples were analyzed in triplicate and the results obtained were expressed as milligrams of gallic acid equivalents per gram of defatted cocoa (mg GAE/g DC).




2.5. Determination of the Total Antioxidant Capacity by the FRAP Assay


Well aware that two main mechanisms can be at the basis of the antioxidant action of phenolic compounds, that is either through an electron transfer or a hydrogen transfer process (or a combination of both) [23,24], in the present study, the comparison among the total antioxidant capacity (TAC) of each extract was determined through the ferric reducing antioxidant power (FRAP) assay, as described previously with only slight modifications [23,24]. This basic procedure was considered suitable for the aim of the study. The FRAP reagent was prepared by mixing 2.5 mL of HCl 0.04 M with TPTZ (0.3%, w/v), 2.5 mL of FeCl3 (0.3%, w/v), and 25 mL of NaOAc (0.3 M, pH 3.6). A 1.5 mL aliquot of this mixture was added to 0.1 mL of water and 0.1 mL of polyphenol solution (see 2.4. sample preparation and polyphenols extraction) and incubated for 4 min at room temperature in the dark. The absorbance was read at 593 nm with a UV-VIS spectrophotometer (Agilent 8453 spectrophotometer, Waldbronn, Germany).



Trolox was used as a standard for the construction of the calibration curve, which was in the 0.59–5.88 μg/mL concentration range. All samples were analyzed in triplicate and the results obtained were expressed as milligrams of Trolox equivalent per gram of defatted cocoa (mg TE/g DC).




2.6. HPLC-UV Analysis for (-)-Epicatechin Quantitative Analysis: Experimental Conditions and Instrumentation


High-performance liquid chromatography analysis was carried out on a Shimadzu (Kyoto, Japan) LC-20A Prominence, equipped with a CBM-20A communication bus module, two LC-20AD dual piston pumps, a SPD-M20A photodiode array detector, and a Rheodyne 7725i injector (Rheodyne Inc., Cotati, CA, USA) with a 20 µL stainless steel loop. The obtained chromatogram was handled with the LC Solution Software from Shimadzu (Kyoto, Japan). The column temperature was fixed at 25 °C through a Grace (Sedriano, Italy) heather/chiller (Model 7956R) thermostat. The Grace Smart C18 column (100 Å, 5 μm, 4.6 mm i.d. × 250 mm, from Grace, Sedriano, Italy) was used for the HPLC analysis.



Before injection, each sample was filtered with a nylon 0.45 µm filter and analyzed in triplicate under gradient conditions. The mobile phase gradient program was obtained from eluent A [water/ACN/FA-95/4/1 (v/v/v)] and eluent B [water/ACN/FA-49.5/49.5/1 (v/v/v)] as follows: 0–10 min 10% B, 10–20 min up to 20% B, 20–30 min up to 80% B, 30–40 min up to 100% B. The eluent flow rate was fixed at 1.0 mL/min, while 275 nm was selected as detection wavelength.



The (-)-epicatechin content in the investigated extract samples was determined by relying upon a calibration curve built up in the 0.002–0.024 mg/mL concentration range (R2 = 0.998). To get the calibration curve, the concentration value of each epicatechin standard solution, analyzed in triplicate, was plotted against the corresponding area value.



In Figure 1, the HPLC chromatograms the of (-)-epicatechin standard solution and an exemplary extracted sample are shown.



The enantioseparation analysis was carried out slightly modifying a method found in the literature [25] with a Chiralcel OD-H column from Chiral Technologies (West Chester, PA, USA), containing cellulose tris(3,5-dimethylphenylcarbamate) adsorbed onto a 5 µm silica gel, as the chiral selector. Before the use, the selected column was conditioned with the employed mobile phase [n-hexane/EtOH/TFA–60/40/0.1 (v/v/v)] at a 1.0 mL/ min flow rate for at least 40 min. The LC enantioselective analyses were run at 1.0 mL/min flow rate with a 40 °C column temperature, setting the wavelength of detection at 275 nm. To confirm the isomeric identity of epicatechin, the corresponding peak in the achiral HPLC chromatogram was isolated from all the investigated samples, evaporated to dryness, and then analyzed with the above enantioselective LC conditions after solubilization in the selected eluent system. As a result, a predominance (>99.5%) of (-)-epicatechin was always detected, thereby justifying the exclusive consideration of this isomer throughout the manuscript. However, for a sake of simplicity, “epicatechin” will be used from now on in the manuscript. An exemplary chromatogram of a chiral analysis is shown in Figure 2.




2.7. GC-MS Analysis for (-)-Epicatechin Structure Confirmation: Experimental Conditions and Instrumentation


Gas chromatography-mass spectrometry (GC-MS) analysis was performed to ascertain the chemical identity of the HPLC peak attributed to epicatechin based on retention time correspondence with that of the reference standard. GC analysis of epicatechin standard, as well as of the corresponding peaks isolated in the HPLC runs of the extracts, was carried out after silylation reaction (see the following section for details). Analyses were performed on an Agilent 6850 Series Gas Chromatograph apparatus (Agilent Technologies, Santa Clara, CA, USA) fitted with a splitless injector for a low background HP-5MS fused silica capillary column (30 m × 0.25 mm i.d. × 0.25 μm film thickness) supplied by Agilent. A silanized injector liner split/splitless (2.0 mm i.d.) was used. Detection was carried out with a 5975B Mass single quadrupole spectrometer (Agilent Technologies). The GC–MS operation control and the data process were carried out by ChemStation software package (Agilent Technologies). The injector temperature was 250 °C. The temperature gradient program of the GC analysis was applied based on a previously developed and optimized method [26]. The oven temperature was held at 90 °C for 1 min, then increased to 220 °C at a heating rate of 6 °C/min, then to 290 °C at 10 °C/min and held for 1.23 min, and finally to 310 °C at a rate of 40 °C/min and the temperature was held for 7.5 min. The total run time was 37.67 min. The detector temperature was 280 °C. The carrier gas used was helium at a flow rate of 1.0 mL/min. The injected sample volume was 1.0 μL. The conditions for electron impact ionization (EI) were an ion energy of 70 eV and the mass range scanned was 140–600 m/z. The epicatechin-derivative fragmentation pattern was confirmed by comparison with data reported in literature [27].




2.8. Sample Derivatization Procedure for the GC-MS Analysis


A mixture of BSTFA and pyridine in ethyl acetate was used as the silylation reagent. One milliliter of each extract sample (in ethyl acetate or diethyl ether) was evaporated to dryness and transferred to a microvial for the GC-MS analysis [28]. Moisture is a major competitor of phenolic hydroxyl groups during derivatization with the mixture BSTFA-pyridine thus negatively affecting the derivatization efficiency. To avoid this problem, all reagents used for the silylation reaction were subjected to a dehydration pre-treatment with anhydrous sodium sulphate, which is effective in providing water-free conditions. The solid sample was dissolved in 0.2 mL of anhydrous ethyl acetate and the vial was stoppered. The derivatizing mixture BSTFA-pyridine-ethyl acetate (4/1/5, v/v/v) (0.5 mL) was added and the whole solution was mechanically shaken (through a vortex mixer) for 1 min at room temperature. Before injecting, samples were further diluted with 0.25 mL ethyl acetate (0.5 mL total volume). The results of a GC-MS analysis are reported in Figure 3. According to literature [26,28], the characteristic fragmentation patterns of the Trimethylsilyl (TMS) derivative of epicatechin are readily evident in the MS spectra displayed in Figure 3: m/z values of 73, 147, 179, 267, 355, 368, 369, 379.




2.9. Oligomers Extraction


Defatted samples (2.5 g) were added to 22.5 mL of acetone/H2O (80/20 v/v) solution and stirred for 4 h in an automatic shaker. After shaking, the mixture was centrifuged for 15 min at 5000 rpm. MeOH/H2O (60/40 v/v) (22.5 mL) was added to the defatted cocoa/chocolate powder left from the acetone extraction and shacked for 3 h. The mixture was centrifuged for 15 min at 5000 rpm and the methanol supernatant was added to the acetone supernatant. Acetone/MeOH/H2O extract was dried under reduced pressure. The dry residue was recovered with 25 mL of H2O, frozen, and freeze dried [29,30].




2.10. Mean Degree of Polymerization


Fractionation of cocoa proanthocyanidins and analyses of the reaction products were performed as described in Lisjak et al. [31]. Briefly, the oligomers extract (5 mg) was dissolved in 1 mL of MeOH, and 200 μL of this mixture was added to 200 μL of reaction solvent (10 g of phloroglucinol, 0.2 g of ascorbic acid and 0.167 mL of HCl 37 % (v/v) in 20 mL of MeOH) and left to react for 20 min at 50 °C. To quench the reaction, 1 mL of a CH3COONa water solution (0.04 M) was added to the mixture. The quenched reaction mixture was analyzed with HPLC-DAD-MS.



A HPLC Infinity 1290 coupled with 6460 Agilent Triple Quadrupole was used for the analyses. The column was XTerra® RP 18 (4.6 × 100 mm, 3.5 μm particle size from Waters). The analysis was performed in gradient with two solvents: solvent A: aqueous solution of acetic acid (1% v/v) and solvent B: MeOH. The gradient features are reported in Table 2. The results were elaborated with the Mass Hunter B.04.01 software.




2.11. Correlation Analysis


Pearson’s correlation test was performed to determine the correlation between epicatechin content and TPC or epicatechin content and TAC. The correlation coefficients and associated probability values (two-tailed) were calculated and a minimum level of significance of p < 0.05 was used.




2.12. Principal Component Analysis


Principal component analysis (PCA) was performed on the normalized data excluding those of the initial cocoa beans (a value of 100% for all the parameters considered would have negatively affect the PCA results). The analysis was carried out using the correlation matrix to standardize the scales through the software Minitab 18 (Minitab Inc., State College, PA, USA).





3. Results and Discussion


Samples of unroasted cocoa, roasted cocoa (3 different temperature programs), intermediate products, as well as chocolate were collected at each step of processing and analyzed for their TPC, TAC, epicatechin content, and mDP. In particular, seven samples [named: Cocoa beans, Roasted cocoa beans, Cocoa nibs, Cocoa liquor, Refined cocoa liquor, and chocolate (Modica)] for each roasting temperature program were analyzed.



Interestingly, the polyphenol content, estimated by the Folin–Ciocalteu assay, when compared to that of unroasted cocoa beans, increased by different amounts in all the processing steps as a function of the roasting program, except for the last one. The intermediate temperature program was able to increase up to about 50 % of the TPC after roasting, while at lower or higher temperatures, the increases were less pronounced (Figure 4). The samples that reached 100 and 130 °C during roasting showed a TPC increase, followed by a reduction during the successive steps. The TPC of cocoa beans submitted to 80 °C remained almost stable after roasting (minor oscillations) with a sole reduction in the last step, originating a chocolate that had practically the same polyphenol content (~90%) of the original cocoa beans (Figure 4). Please note that in this specific case, the chocolate polyphenol content was referred to the grams of refined cocoa liquor employed in the formula and there is not a dilution effect due to the added sugar [32]. No other ingredients were added.



As expected, a similar trend was observed for the TAC, with the highest increase after roasting at the intermediate temperature program (maximum temperature reached, 100 °C) (Figure 4). The changes in antioxidant capacity of the cocoa submitted to 100 and 130 °C during roasting showed an astonishing similarity with the TPC data: an initial increase followed by a decrease. On the contrary, the TAC of the cocoa roasted at the lowest temperature (80 °C) had a slight increase during roasting although it continued to grow during the successive steps with a decline only at the two last steps. The produced chocolate had an antioxidant capacity slightly superior to that of the cocoa beans employed for its preparation (Figure 4).



The obtained results are somehow counterintuitive because it is well known that all the steps to produce chocolate, and especially those submitting the sample to thermal stress like roasting and conching, generally reduce the content of polyphenols and, consequently, the antioxidant capacity of the obtained product [33]. Indeed, Suazo and co-workers found that the higher is the temperature or the time of roasting, the higher is the loss of polyphenols [34]. However, the technique and the protocol employed for cocoa roasting may be optimized to reduce the detrimental effects on polyphenols, for instance superheated steam roasting has showed a lower impact on polyphenols than convectional roasting [35]. Air velocity and humidity during roasting have been seen also to have an impact on the extent of polyphenols decrease during the process [36].



Interestingly, the reduction of the TPC is not always accompanied by a reduction of the measured antioxidizing capacity that can even increase [32]. This evidence was explained by the fact that, while the TPC may decrease during roasting, some fractions of reducing substances may increase in concentration. Depending on the method used to quantify the free-radical scavenging activity, these fractions can contribute to a different extent to the TAC [37].



Even if a comparison with the literature data is not easy due to the different experimental setups, some authors reported a certain increase of TPC when roasting is performed at low temperature and short time [38,39]. In the present experimental set up, which was different from the majority of previous reports for the use of temperature ramps instead of fixed temperatures, it appeared readily evident that the intermediate temperature program provoked the highest increase of polyphenols/antioxidants but, overall, the best preservation of phenolic fraction and antioxidant capacity in the final product was guaranteed by the mildest temperature program.



A possible explanation on the rise of phenols/antioxidants is related to the contribution of new-born compounds, other than polyphenols, to the TPC due to the non-complete specificity of the polyphenol quantification assay. Here, TPC was obtained by using the Folin–Ciocalteu assay, a quick, cheap and versatile colorimetric method to quantify polyphenols in plant extracts and food matrices. The method is based on the transfer of electrons from phenolic compounds to phosphomolybdic/phosphotungstic acid complexes in alkaline environment. The reaction produces blue complexes that are quantifiable spectrophotometrically at a wavelength around 760 nm (765 nm in our protocol) [40].



Although this assay is a very useful analytical methodology for a rapid screening of large number of samples, the Folin–Ciocalteu reagent may react with other compounds giving rise to an underestimation or an overestimation of the phenolic fraction. In fact, it has been suggested to regard the Folin–Ciocalteu assay as a measure of the TAC rather than TPC [41]. In the specific case of cocoa and its derived products, due to the high abundance of phenolic compounds, the Folin–Ciocalteu assay may give a good approximation of the content of phenolic compounds [42].



The possible contribution of Maillard reaction products (MRPs) formed during roasting should be also considered. Indeed, during cocoa thermal treatment, a non-enzymatic reaction between reducing sugars and amino acids, peptides or proteins (i.e., the Maillard reaction), takes place, and a plethora of new compounds, referred as MRPs, is produced. High-molecular weight brown polymers, known as melanoidins, are a class of MRPs, produced during cocoa heat treatment that contribute to the color and flavor development. Melanoidins react with the Folin–Ciocalteu reagent and possess antioxidant activity, so it is reliable that, at least in part, the changes in the TPC and TAC values are due to the contribution of melanoidins and/or other MRPs developed during roasting and/or other production steps (e.g., grinding and refinement) that may produce local temperature increase in the sample [43,44,45].



It is also interesting to mention that cocoa melanoidins might contain polyphenols, such as epicatechins, either covalently bound in their backbone or adsorbed in them. It was shown that, upon partial hydrolysis, the released melanoidin-bound phenolic compounds maintain their scavenging properties [46].



Since epicatechin is one of the most abundant cocoa antioxidants, highly recognized for its beneficial effects in humans, the changes of epicatechin amount during the whole process of chocolate production were investigated (Figure 5). This information will also allow to envisage the contribution of epicatechin in the TPC and TAC.



Epicatechin content substantially increased during the chocolate production process, with a trend was very similar to that observed for the TAC, only when the cocoa beans were roasted through the mildest temperature program and the raw material did not exceed 80 °C. After roasting at intermediate/high temperatures, changes were present, but a clear trend could not be observed (Figure 5).



A Pearson correlation analysis between epicatechin content and TPC or epicatechin content and TAC revealed a significant correlation for low and intermediate temperature roasting programs, while no significant correlation was found for the highest temperature program (Figure 6), confirming the potential role of MRPs, in particular melanoidins.



These results seem to indicate that, at low and intermediate temperatures roasting programs, epicatechin contributes to the antioxidant activity of cocoa polyphenols. At higher roasting temperatures the absence of correlation suggests that other compounds, other than epicatechins, give a larger contribution to the matrix antioxidant capacity.



Overall, the obtained results tended to follow a similar trend: during roasting, and more in general during cocoa processing, the polyphenol content and the antioxidant capacity increased and then decreased to different extents, as a function of the roasting conditions. On the other hand, epicatechin showed the same behavior only when the mildest conditions were employed. While the first two experimental set ups (i.e., TPC and TAC) are indirect measurements and from these data it is not easy to give an interpretation at the molecular level, epicatechin concentration has been quantified directly by HPLC. So, the increase of epicatechin concentration during cocoa production can reliably be due to the release of epicatechin molecules from epicatechin oligomers as a consequence of roasting or all the other steps that submit the matrix to thermal and/or shear stresses.



To corroborate this hypothesis, oligomers were extracted and analyzed to calculate the mDP (Figure 5). A decrease of the mDP value during the different steps of chocolate production would indicate a reduction of the polymerization degree of the oligomers that might contemplate the release and/or the rearrangement of monomers, such as epicatechin. It is speculated that this mechanism was responsible for epicatechin variation. In particular, the cocoa samples submitted to the mildest temperature program had an increase in epicatechin content that corresponded to a decrease in mDP (Figure 5 and Figure 7). The same behavior was not observed for the samples treated at intermediate or high temperature.



Catechins oligomers, known as proanthocyanidins, has their own antioxidant capacity and their content in cocoa and chocolate was correlated to their antioxidant capacity [47]. Here, we report just the mDP, while their content was not evaluated; so, with the present experimental setup, it is not possible to draw conclusions on proanthocyanidin contribution to the antioxidant capacity of the analyzed samples. However, since the polyphenol extraction procedure was not optimized for proanthocyanidins, it is safe to state that their contribution was limited.



As previously stated, it is not common to find evidence of polyphenol increase during roasting or cocoa processing, but some reports support the finding that this increase can be due to the hydrolysis of oligomers [48,49]. In a recent report, Kothe and co-workers showed that dimmers and trimers can decrease and increase as a consequence of roasting and that the process is temperature dependent [48].



Although epimerization was considered the main mechanism of these variations, the rearrangements of oligomers cannot be excluded. Indeed, De Taeye and co-workers, in a very detailed investigation, clearly showed the possibility of oligomer rearrangement during roasting or the other steps for chocolate production. By studying the evolution of (−)-epicatechin and procyanidin B2 in aqueous and lipidic model media, the authors evidenced the formation of new oligomers, not present in the starting matrix. The same molecules (dimmers and trimers) were absent in unroasted cocoa beans but present after roasting, demonstrating the possibility of oligomers rearrangement, justifying the variations of mDP (decrease/increase) during the different steps of chocolate production and the possibility of monomer release during oligomer reorganization [50].



The PCA on the normalized data (excluding those of the fermented cocoa beans) can reduce the number of variables; in fact, the two principal components were able to explain more than 90% of the variation in the data. The variables contribute to the two eigenvectors in a very specific manner, in fact the first principal component depends mainly, and in a balanced manner (their coefficients in the eigenvector are all around 0.57), by TPC, TAC, and Epicatechin content, with the mDP responsible only for a marginal contribute (its coefficient in the eigenvector is −0.02). From the other side, the second principal component depends almost exclusively by the mDP (its coefficient in the eigenvector is around 0.87, while the second more relevant factor is TAC with a value of −0.19). These results allow an easy explanation of PCA eigenvectors, with the PC1 related to the polyphenols contents and antioxidant activity and the PC2 related the oligomerization degree. The effect of all the variables on the bi-dimensional space defined by the two principal components is reported in the loading plot (Figure 8 upper plot).



The final results of PCA are reported in the score plot (Figure 8 lower plot). The samples cluster according to their processing temperature. Samples treated at lowest roasting temperature are characterized by high values of PC1 and PC2, indicating an increase of polyphenols content and antioxidant activity, together with the oligomerization degree with respect to the initial samples. At intermediate temperature, there was still an average/high content of polyphenols and antioxidant activity, even if of less extent with respect to the sample treated at 80 °C, and a concomitant reduction of the oligomer length. Thus, the samples processed at 80 and 100 °C are well differentiated by the PC2. The samples processed at the highest temperature (130 °C) are instead clustered by the PC1 in a different plot area (lower left quadrant). In this case, all the samples showed intermediate or low values of PC1, indicating a reduction of the polyphenolic component.



Finally, it is interesting to note that the 3 chocolate samples did not cluster according to their processing temperature and seem to represent a separate group, characterized by low values of PC1 and high/intermediate values of PC2.




4. Conclusions


The results reported here have shown that roasting, and also the other steps needed for chocolate manufacturing, are responsible for the variation of the polyphenol content in the final product that is generally lower than that of the starting raw material. However, it is interesting to note that by employing real roasting programs, polyphenols and the antioxidant activity change by different extents as a function of the initial roasting program and the mildest conditions guarantee the best preservation of these healthy compounds. This investigation makes obvious the need for deeper and more accurate studies on the fate of the antioxidant compounds during chocolate manufacturing. In fact, most of the available reports concentrate their attention on a single manufacturing step or reproduce the single steps in the laboratory scale with conditions that may be substantially different from the real manufacturing conditions.



In conclusion, it is important to highlight that to have reliable indications on the preventive or curative effects described for cocoa/chocolate, a complete qualitative and quantitative characterization of the products is mandatory, especially when these are employed in clinical studies. At the same time, a deep characterization of the evolution of polyphenols (or other compounds of interest) during the whole production and manufacturing process will allow the optimization of the working parameters to obtain valuable and reproducible final products.
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Figure 1. Representative HPLC chromatograms of (a) (-)-epicatechin standard solution and (b) an extracted sample (the magnified section of the chromatogram in the time-window containing epicatechin is highlighted). 
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Figure 2. Representative enantioselective analysis of the peak corresponding to epicatechin in the achiral HPLC chromatogram. The magnified section of the chromatogram makes it evident the subtle presence of the (+)-epicatechin isomer. 
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Figure 3. Representative GC chromatograms and MS spectra, in EI mode at 70 eV, of derivatives of (a) epicatechin standard and (b) epicatechin in a selected real sample. The epicatechin peak is marked with an asterisk. 
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Figure 4. Data of TPC determined by Folin–Ciocalteu assay (left plots) and TAC determined by FRAP assay (right plots). 
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Figure 5. Epicatechin content determined by HPLC (left plots) and mDP data determined by using the phloroglucinol derivatization method (right plots). 
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Figure 6. Correlation plots of TPC (%) and epicatechin (%) (upper plot) and of TAC (%) and epicatechin (%) (lower plot). Values have been normalized (100%) for the values of the relative cocoa bean sample. * significant (p < 0.05); ns, not significant (p > 0.05). 
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Figure 7. Comparison between the percentage of Epicatechin content (%) and mDP (%). Values have been normalized (100%) for the values of the relative cocoa bean sample. 
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Figure 8. Loading plot (upper) and score plot (lower) representing the bidimensional space of PC1 and PC2 derived by PCA. 
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Table 1. Parameters of the 3 different roasting programs.
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	Roasting

Program
	Temperature 1 (T1, °C)
	Duration T1 (min)
	Temperature 2 (T2, °C)
	Duration T2 (min)
	Maximum Temperature 1 (°C)





	Low

temperature
	43
	15
	90
	25
	80



	Intermediate temperature
	95
	10
	130
	15
	100



	High

temperature
	140
	6
	166
	11
	130







1 maximum temperature effectively reached by the sample during the roasting process.
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Table 2. Gradient employed to separate fractionation products of proanthocyanidins extracted from cocoa.
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	Time (min)
	Flow (mL/min)
	Solvent B Percentage





	0
	0.7
	5



	25
	0.7
	5



	45
	0.7
	20



	60
	0.7
	32



	62
	0.7
	100



	67
	0.7
	100



	68
	0.7
	5



	72
	0.7
	5
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