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Abstract: Cocoa bean shells (CBSs) represent the external layer of cocoa beans. The shells are removed during
the winnowing after the pre-roasting, a processing step of chocolate production; in in the past they were
considered a waste. CBSs possess many interesting nutritional characteristics in both macro and
micronutrients. CBSs result very rich in dietary fiber and antioxidant compounds such as phenolic acids and
flavan-3-ols. Soluble dietary fibers are potentially associated with fermentability and prebiotic activity on
human gut microbiota instead antioxidants compounds have been linked with positive effects on human
health. Based on these properties, the aim of this study was the valorization of CBSs thorough enzymatic
treatments. The shells were treated both raw and defatted; three sets of carbohydrases have been used in order
to destructure the fiber profile, potentially enhancing the potential prebiotic activity of CBSs. Cellulase,
xylanase and pectinase were used to perform enzymatic treatments. After the enzymatic hydrolisis, both
soluble and insoluble fibers fraction were quantified, in parallel with the total phenolic and the total flavonoid
contents and the antioxidant activity. Moreover, the HPLC-PDA analysis was carried out for the main
compounds of CBSs. The enzymatic treatmens allowed to obtain an enhancement in soluble fibers, for both
defatted and raw CBSs, particularly using cellulase, xylanase and their combinations. Finally, a parallel
preservation of the antioxidant capacity and the content of the main bioactive compounds after the treatments
was observed. These results can be used to exploit the enzymatic treated CBSs to further industrial applications
in the food and nutraceutical fields.
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1. Introduction

Cocoa bean shells (CBSs, also reported as “testa” and “husks” in the past), which constitute the
10%-17% of the beans total weight, are derived from the removal of the external layer of cocoa beans
during the industrial process called winnowing. The winnowing is a procedure aimed to blow the
shells during the pre-roasting phase [1]. This product is currently considered as a waste material,
even if its many positive nutritional features have been investigated in the recent past. CBSs are
significantly rich in dietary fibers and proteins, with interesting amounts of several antioxidant
bioactive compounds [2,3].

Even if CBSs represent a part of the cocoa plant that is not suitable for direct consumption
(principally depending on the microbiological profile and the potential presence of xenobiotics and
mycotoxins) and, in addition, considered a waste material from chocolate production, the chemical
composition indicates a very good set of macro, micro, fibers and antioxidant qualities that deserve
to be considered. In a future prospective, the implementation of the use of this matrix could be crucial
for the development of new CBSs-based products which could claim healthy and functional
characteristics.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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An adequate amount of dietary fibers in human diet has been indicated as a key point to
maintain a good health of our gastrointestinal system, gut microbiota colonization, absorption of
nutrients and lower odds to develop diseases [4,5].

In Europe, the definition of dietary fibers is defined by EFSA (European Food Safety Authority)
which takes under control the food labeling, trade and security. EFSA, following the regulation
1169/2011, define fibers as ‘carbohydrate polymers with three or more monomeric units, which are neither
digested or absorbed in the human small intestine”.

The US FDA (Food and Drug Administration) gives a slightly different definition of what fibers
are. FDA defines fibers as ‘non-digestible soluble and insoluble carbohydrates (with 3 or more
monomeric units), and lignin that are intrinsic and intact in plants beneficial to human health” [6].
Many definitions were proposed by different world’s authorities, in this sense the CODEX
Alimentarius Commission tried to sum up these definitions focusing the attention on the healthy
significance that dietary fibers have un human health, this created guidelines that can be followed by
all the world food authorities and citizens [7].

The main fibers present in CBSs are pectin, cellulose, and hemicellulose. As previously
enlightened, fibers have been linked with many health benefits for humans: improvement of the
gastrointestinal mobility [4], a positive action on the microbiota regulation in the human gut [5,8].
Dietary fibers, soluble especially, are the most recognized regulator of the gut microbiota. The
bacteria that compose our gastrointestinal microbiota can use the oligosaccharides we cannot digest
to produce short chain fatty acids (SCFAs). Short chain fatty acids can actively influence the human
central nervous system by the gut-brain axis, the action of these molecules is important for the
modulation of glucose and lipid metabolism, reducing the risk of developing type 2 diabetes and
other metabolic syndromes [9].

Few attempts in the literature are reported to firstly evaluate the prebiotic potential of CBSs and
secondly to enhance the fermentability by the gut microbiota. The work of Disca et al., (2024)
highlighted that the CBSs enzymatically hydrolyzed improved SCFAs production (mainly acetate
and butyrate) in simulated colon environment despite no change in solubility of the dietary fibers
[10]. Instead the work of Younes & Karboune, (2023) highlighted the possibility, through enzymatic
treatment, to enhance oligosaccharides in CBSs [11].

The primary objective of the study was to investigate the effects of enzymatic treatments using
three different enzymes (cellulase, xylanase and pectinase), both individually and in various
combinations, on raw and defatted cocoa bean shells. The focus was to assess whether these
treatments could increase the solubility of the dietary fiber fraction without compromising the
antioxidant properties of the cocoa bean shells. The enzymatic treatment was aimed at enhancing the
health and functional properties inherent in the substrate. This approach is in line with the principles
of the circular economy [12] and aims to transform cocoa shells from a mere by-product of the
chocolate industry into a novel ingredient with improved nutritional and functional properties. In
essence, the research aimed to demonstrate that enzymatic treatments can effectively modify cocoa
bean shells to make them more suitable for food-related industrial applications, thereby contributing
to waste reduction and sustainability in the chocolate industry.

2. Materials and Methods

Materials

Reagents and solvents utilized in the experiment were procured from Sigma-Aldrich (Milano,
Italy). Dichloromethane was acquired from Carlo Erba (Rodano, Milano, Italy). Methanol, water (LC-
MS grade), and formic acid (50%, LC-MS grade) were sourced from Sigma-Aldrich (Milano, Italy).
Water, utilized in the procedures, was obtained through the Milli-Q instrument (Millipore Corp.,
Bedford, MA, USA). The reagents and standard chemicals for assessing total phenol content and
antiradical activity were also obtained from Sigma-Aldrich (Milano, Italy).
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Samples

The samples that have been used for the research were kindly provided by a leader Italian
chocolate producer. The cocoa bean shells (CBSs) are Nacional variety originating from Ecuador.

Lipid Removal

Firstly, the cocoa bean shells were finely minced with a ball millet. The lipidic fraction removal
was carried out with a semi-automatic extraction system BUCHI B-811 LSV (BUCHI, Switzerland)
using dichloromethane as solvent with a cycle of 6h.

Enzymatic Treatment

The enzymatic treatment was performed utilizing 3 food grade enzymes (cellulase, EC 3.2.1.4;
xylanase, EC 3.2.1.8.; pectinase, EC 3.2.1.15) in different combinations. The enzymes were produced
and kindly donated by a leader supplier. The enzymatic reaction was performed by stabilizing the
enzymes in a buffer solution to reach the optimal conditions for enzymes activity (citrate buffer pH
5; 1 mol/L). Four different combinations of the enzymes were tested: cellulase, xylanase, cellulase +
xylanase, cellulase + xylanase + pectinase. For both the single enzyme and the combination, the
enzymes concentration was calculated in order to reach a final enzymatic activity of 16.67 pkat/L of
buffer. The treatment has been performed in duplicate, for both raw and defatted cocoa bean shells,
in Erlenmeyer flask. A magnetic anchor on a magnetic plate has been used to avoid the formation of
grumes. Enzymatic solution was transferred into the flasks in a ratio of enzymatic buffer/sample of
1:10 p/v. The flasks were then placed in a shaking incubator at 150 rpm for 2 hours with a constant
temperature of 60 °C. After the end of the incubation time the enzymatic reaction was interrupted by
thermal shock (80 °C for 5 min), subsequently the flasks were cooled on ice for 15-20 min. All the
samples were stabilized by freeze drying and stored at -80 °C for the analysis.

Total, Insoluble and Soluble Dietary Fibers

Quantification of Soluble Dietary Fiber (SDF) and Insoluble Dietary Fiber (IDF) was conducted
using the AOAC 991.43 method with a MES-Tris buffer as described elsewhere [10]. In this procedure,
samples underwent partial digestion with alpha-amylase, followed by subsequent digestion with
protease and amyloglucosidase enzymes. Filtration was employed to remove the mass of undigested
IDF, which was then dried and weighed. To precipitate soluble dietary fiber, ethanol 95% was used.
The mass of undigested SDF was isolated, dried, and weighed. The determination of dietary fiber
involved calculating the residue’s weight minus the protein and ash weights, expressed as a
percentage of the original sample weight.

Extraction

Extracts of the hydrolyzed CBSs were produced as reported by Rojo-Poveda and colleagues [16].
In brief, hydroalcoholic extraction were performed utilizing a solution of ethanol (50 %, v/v) in milliQ
water. Powders were placed in 5 ml tubes in a sample/solvent ratio 1:20 (p/v) then were placed in a
sonic bath (Branson 1515, Connecticut, USA) for 30 minutes and shaked for 2 h at room temperature,
followed a centrifugation step at 5000 rpm, at 4 °C for 10 min. Finally, the filtration of the supernatant
through a 0.45 um filter was performed prior storage of the samples at -20 °C prior the analysis.
Extractions were performed in triplicates.

Total Phenolic Content

The determination of total phenolic content (TPC) followed the classical Folin-Ciocalteu assay,
as outlined elsewhere [13]. The results were expressed as mg catechin equivalents (CE) using a
calibration curve (R2=0.9905).

doi:10.20944/preprints202407.1448.v1
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Total Flavonoid Content

To have the assessment of the total flavonoid content the colorimetric method with aluminum
chloride (AICIL2) has been used. The aluminum chloride can react with flavones and flavonoids’
ketonic (C-4) and hydroxyl groups (C-3 or C-5) forming stable acids and changing its color giving a
rose tonality. The results are expressed through interpolation of a calibration curve of (+)-catechin
hydrate (R?=0.9996).

Total Procyanidins Content

For the determination of proanthocyanidin (PAC) content, the protocol described by Prior et al.,
(2010) was used, with some modifications [14]. Phenolic extracts were opportunely diluted with a
mixture of acetone, water and acetic acid (75:24.5:0.5, v/v). Then, 280 pL of diluted extract (or 280 uL
of solvent for the control) were added to 840 pL of DMAC (4-(dimethylamino) cinnamaldehyde)
ethanolic solution (0.01% w/v). The solution was left to react until the maximum absorbance value
was reached (20 min), at 20 °C and away from the light, then the absorbance was read at 640 nm.
Results were expressed as mg of catechin equivalents (CE) through a calibration curve.

Antiradical Activity

The assessment of radical scavenging activity employed the DPPHe assay, following the
methodology reported elsewhere [13]. CBSs extracts were subjected to triplicate assays, and the
outcomes were articulated as mg of Trolox equivalent (TE).

HPLC-PDA Analysis

RP-HPLC-PDA analysis was carried out following the work of Bordiga et al., [15] with minor
modification. A Thermo Scientific chromatographic system equipped with a diode array detector
(Accela PDA Detector) was used, the separation was performed on a reversed-phase Supelco Ascentis
Amide (15 cm x 2.1 mm, 3pm, 100 A) at 35 °C. Eluent A of the mobile phase consisted of water/ formic
acid (99.9 : 0.1, v/v), while eluent B consisted of acetonitrile/ formic acid (99.9 : 0.1, v/v). The applied
program gradient was the following: isocratic 2.5% B (10 min), from 2.5 to 12% B (10 min), isocratic
12% B (15 min), from 12% to 100% B (24 min), from 100 to 2.5% B (2 min), isocratic 2.5% B (9 min),
with a total run time of 80 minutes. The flow rate and the injection volume were 400 uL/min and 5
uL, respectively. PDA detection was performed at 280 and 330 and quantification were performed
based on calibration curves obtained with the corresponding standard compounds.

Statistics

The statistical analysis was conducted using the R software (version 4.3.0). The analysis test of
one-factor variance (ANOVA) was used to determine the difference significant between samples
followed by the Tukey multiple comparisons. In addition, multivariate hierarchical clustering on the
principal components (HCPC) was performed.

4. Discussion

Authors should discuss the results and how they can be interpreted from the perspective of
previous studies and of the working hypotheses. The findings and their implications should be
discussed in the broadest context possible. Future research directions may also be highlighted.

The pre-treated CBSs characteristics in terms of moisture (%), ashes, fats, proteins, and dietary
fibers, the fibers have been divided in total dietary fibers (TDF), insoluble dietary fibers (IDF) and
soluble dietary fibers (SDF) are reported in Table 1. Moisture excepted; the other values are referred
to g/100 grams of CBSs.

doi:10.20944/preprints202407.1448.v1
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Table 1. Raw CBSs proximate composition.

Parameter Amount
Moisture (%) 4.42+0.2
Ashes (g/100) 7.76+0.02

Fats (g/100) 8.04+0.01

Protein (g/100) 10.5+0.42

Carbohydrates (g/100) 11.13+0.86
TDF (g/100) 58.14+1.11

IDF (g/100) 42.22+0.59

SDF (g/100) 15.91+0.51

According to the study performed by Agus et al., (2018) the average moisture value in roasted
cocoa bean shells is around 4.32%, a value that is very close to the moisture that has been found in
the provided CBSs samples of this study. A moisture below 7% has been reported to be effective in
limiting the microbial growth in foods, increasing the storability and shelf life [16]. The average value
of ashes has been reported to be 7,76 g /100 g, this value is very similar to what obtained by Mellinas
et al., (2020) (6.0 = 0.1) but distant from the results of Agus et al., (2018) with almost 11% for roasted
cocoa shells; Arlorio et al., (2005) have reported an ashes percentage, in Italian roasted cocoa shells
around 2%, and so very low [16-18].

The fat content in the provided CBSs is reported to be around 8 g/100 g, this value is again in
line with what claimed for other studies, the value is attested to be around 7% (g /100 g dry weight)
[19], depending on the processing and the plants. In terms of protein content, the amount of protein
in CBSs is reported to be 10%, which is in line with other findings, but is reported to be quite low
compared to various studies that have reported CBSs containing protein between 12-25% [18,19].
Also in this case, the origin of cocao as well as the ecotype can stronlgy impact on this parameter.
The amount of protein of a given cocoa quality may be relevant to the use of CBSs as a source of
protein to be extracted and used as an ingredient in other foods [20], as unconventional source of
proteins. The high value of the cocoa’s proteins could be related to the absence of common allergens,
considering the very low frequence of appearance of adverse reaction to these proteins [21].

The most relevant value characterizing CBSs is represented by the fiber content. In this case, the
CBS samples have a total fiber content of more than 60 g/100 g dry weight, this value can be broken
down into insoluble fiber (44 g/100 g) and soluble fiber (17 g/100 g). The average dietary fiber reported
in literature for CBSs corresponds to the value reported for the samples of this experiment, 20-66
g/100 g dry weight of TDF, depending on the type of cocoa. The values of insoluble and soluble fibers
correspond to those reported in the literature, with 2/3 of the fibers being insoluble and 1/3 soluble
[20,22]. After the enzymatic treatment performed on CBSs and defatted CBSs some appearance
differences over the samples have been registered as shown in Figure 1. After the freeze-drying the
samples obtained were again milled in a fine powder, as shown in Figure 1.

Cellulase
+

Cellulase Xylanase
+ i +

Untreated | Cellulase | Xylanase | Xylanase | Pectinase

- 20008
- OGBS

Figure 1. Powdered samples after the enzymatic treatments.
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Dietary Fibers Analysis

Figure 2 shows the measured amount of insoluble and soluble fiber in raw and defatted CBSs
and the same treated with the enzymes. The aim of the enzymatic treatment was to use the enzymes
to break down polysaccharides, releasing oligosaccharides and enriching the samples in simple
carbohydrates. These sugars can be functionally used by microbial bacterial species for energy
production. Most enzymes on the market catalyze the breakdown of plant cell walls to give
fermentable monosaccharides; moreover, most high performing enzymes are isolated from bacteria

[23].
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Figure 2. Insoluble and soluble dietary fibers expressed as g over 100 g of dry weight in enzymatically
treated raw defatted CBSs. CBSs, cocoa bean shells; IDF, insoluble dietary fibers; SDF, soluble dietary
fibers; C, cellulase; X, xylanase; P, pectinase. Different letters indicate sample statistically different
(p<0.05).

Results related to the IDF and the SDF are reported in Figure 2, expressed as g over 100 g dw.
For the raw samples, the untreated SDF content was 16.61/100 g. Treatment with cellulase increased
the SDF to 24.93 + 1.72 g/100 g dw and xylanase further increased it to 28.18 + 1.58 g/100 g dw. The
combination of cellulase and xylanase (C+X) resulted in the highest SDF of 31.57 + 0.47 g/100 g dw,
while the addition of pectinase (C+X+P) reduced it to 18.94 +1.05 g/100 g.

In defatted samples, untreated SDF was 16.04 + 0.28 g/100 g. Cellulase treatment increased the
SDF to 22.37 + 0.69 g/100 g dw, and xylanase to 27.90 + 1.51 g/100 g de. The combination of cellulase
and xylanase (C+X) yielded an SDF of 20.79 + 0.62 g/100 g dw, and the addition of pectinase (C+X+P)
resulted in 16.53 + 12.37 g/100 g dw. Enzymatic treatments significantly increased the SDF content,
particularly with xylanase and the combination of cellulase and xylanase.

Instead, for the IDF fraction, the raw untreated CBSs shown a quantity of 44.08 + 0.61 g/100 g
dw. Cellulase treatment reduced the IDF to 32.29 + 0.22 g/100 g dw, and xylanase further reduced it
to 31.75 £ 0.09 g/100 g dw. The combination of cellulase and xylanase (C+X) resulted in an IDF of
30.87 £ 4.82 g/100 g dw, and the addition of pectinase (C+X+P) significantly reduced it to 13.17 + 1.08
g/100 g dw.

In defatted samples, untreated IDF was 41.01 + 1.15 g/100 g dw. Cellulase treatment reduced the
IDF to 29.78 + 2.17 g/100 g dw, and xylanase reduced it further to 25.02 + 0.94 g/100 g dw. The
combination of cellulase and xylanase (C+X) resulted in an IDF of 16.94 + 3.43 g/100 g dw, while the
addition of pectinase (C+X+P) led to an IDF of 20.77 £ 2.6 g/100 g dw.

The Table 2 shows the SDF/IDF ratio. This value offers insight into the proportion of soluble to
insoluble fibers. Enzymatic treatments generally increased the ratio, indicating a shift towards higher
soluble fiber content. For raw samples, the untreated ratio was 0.38, which increased to 1.30 with
cellulase treatment, 1.13 with xylanase, and 0.98 with the combination of cellulase and xylanase
(C+X). The addition of pectinase (C+X+P) reduced the ratio to 0.69.
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Table 2. SDF/IDF ratio. CBSs, cocoa bean shells; IDF, insoluble dietary fibers; SDF, soluble dietary
fibers; C, cellulase; X, xylanase; P, pectinase. Different letters indicate samples statistically different

(p<0.05).
SDF/IDF

Raw CBSs
Untreated 0.38
C 1.30
X 1.13
C+X 0.98
C+X+P 0.69

Defatted CBSs

Untreated 0.39
C 1.33
X 0.89
C+X 0.81
C+X+P 1.26

Considering the defatted samples, the ratio in untreated samples was 0.39, which increased to
1.33 after cellulase treatment, 0.89 with xylanase, and 0.81 with the combination of cellulase and
xylanase (C+X). The addition of pectinase resulted in a ratio of 1.26. These changes in the SDF/IDF
ratio are consistent with the literature, suggesting that enzymatic treatments enhance the solubility
of dietary fibers, thus improving their functional properties and health benefits.

The combined action of the enzymes theoretically allowed the breakdown of bonds of the main
polysaccharides of cocoa peels, generating smaller chains and soluble and oligosaccharides
potentially prebiotic. Few works have investigated the effect of enzymatic treatments on cocoa bean
shells. A study performed by Ramos et al., (2008) has investigated the effect of a wide range enzyme
sets. Applying the enzymatic treatment the researchers obtained a matrix rich in fibers which can be
potentially used by humans’ gut microorganisms to produce short chain fatty acids. Other works
have investigated the action of similar enzymes on different substrates like in Napolitano et al., (2009)
with the investigation of the enzymatic treatment’s effects on Triticum durum [24,25]. The registered
increment in this matrix was almost 300% in soluble fiber fraction. A boost of prebiotic effect in post-
enzymatic treated food samples have been confirmed in other works. Some examples are the
experiments performed on okara (pasta obtained after soymilk squeezing, during soy milk
production) where an increased prebiotic effect has been registered [26] and the production of a
functional strawberries-based beverage, with an increased amount of dietary fibers. mainly
represented by fructo-oligosaccharides [30].

A recent work of Disca et al., (2024) highlighted that the enzymatic treatment on CBSs permitted
to boost SCFAs production in simulated proximal colon environment. The production of acetate and
butyrate was higher after 24 hours of fermentation. Despite these findings, the enzymatic treatment
did not augment the soluble fiber portion and the SDF/IDF ratio [10]. Moreover, a recent study of
Younes & Karboune, (2023) investigates the enzymatic generation of CBSs oligosaccharides using bi-
enzymatic and multi-enzymatic systems, focusing on structural characterization and prebiotic
activity assessment, enzymatically generated non-digestible oligosaccharides from CBSs have shown
significant prebiotic activity, promoting the growth of probiotic strains like Lactobacillus rhamnosus
GG and Bifidobacterium longum [11]. In addition, a very recent study, enlighten the possibility to pilot
produce oligosaccharides from CBSs by isolating the pectic fraction through alkaline treatment and
hydrolyze the fiber utilizing Depol™ 670L, showing prebiotic and antioxidant properties [27].

Peculiar is the reduction in TDF for samples treated with the combination of the three enzymes
(C+X+P) for both defatted and raw CBSs and the treatment with xylanase on defatted CBSs as
reported in Figure 3. This could be explained by a very strong hydrolysis that generated soluble
oligosaccharides that escaped precipitation in ethanol. Similar results were obtained by Jagelaviciute
et al. (2023) who treated apple pomace with a commercially available carbohydrase and obtained a
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decrease in IDF and SDF by obtaining oligomers and monomers that do not precipitate in ethanol
[28]. In fact, recent observations published by McCleary and McLoughlin reported that more
advanced methods allow the quantification of SDF that escapes the precipitation step [29].
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Figure 3. Total dietary fibers expressed as g over 100 of dry weight in enzymatically treated raw
defatted CBSs. CBSs, cocoa bean shells; TDF, total dietary fibers; C, cellulase; X, xylanase; P, pectinase.
Different letters indicate samples statistically different (p<0.05).

Total Phenolic Content

The quantification of the total phenolic content of post-enzymatic treatment CBSs and defatted
CBSs has been performed through the Folin-Ciocalteu assay. The results are expressed as mg of
catechin equivalent (mg/g of dry weight) in Table 3.

Table 3. Total flavonoid content, expressed as mg CE/ g dw (TFC). Antiradical activity, expressed as
mg TE/ g dw (AA). Total phenolic content, expressed as mg CE/ g dw (TPC) and Total Procyanidins
Content, expressed as mg CE/ g dw (TPC) in raw CBSs and defatted CBSs. CBSs, cocoa bean shells;
C, cellulase; X, xylanase; P, pectinase. Different letters indicate samples statistically different p<0.05.

TFC AA TPC PAC
Raw CBSs
Untreated 7.69+0.05> 41.34+0.112> 22.3242.49 2.33+0.2a
Cellulase 6.93+0.09v 42.48+3.273b 20.37+0.54 2.38+0.162
Xylanase 6.85+0.09v 45.61+3.282 19.28+0.17 2.37+0.162
C+X 6.58+0.24b 36.1+1.4b 19.52+1.36 2.14+0.]abe
C+X+P 6.75+0.52b 42.6+1.92b 20.03+0.81 1.9+0.14b<d
Defatted CBSs
Untreated 9.5+0.352 46.68+0.552 24.35+1.61 1.65+0.17<
Cellulase 6.75+0.110 46.51+3.962 21.3+0.59 1.82+0.194
Xylanase 7.12+0.15> 42.94+3.27 20.07+2.21 2.03+0.122b
C+X 6.8+0.25> 39.41+4.642 19.56+0.47 2.01+0.09abed
C+X+P 7.15+0.53b 46.67+1.062 23.3+2.54 1.8920.09bcd

The results in this case were not statistically significant in terms of difference between the
untreated CBSs and the treated samples. This is a quite positive result because the amounts of
bioactive phenolics in the samples are preserved despite the treatments. This indicates that the
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enzymatic treatment, which has been positively linked with the amounts of dietary fibers in many of
these samples, did not negatively affect the total phenolic content of the samples, which remains very
similar in all the cases.

The results give a suggestion that the stabilization through freeze-drying could be a solution if
compared to conventional oven drying. In fact the thermal stability and the phenolic content has
already been investigated by a study which has shown that a thermal procedure of only 60 °C has
the power to decrease the total phenolic content of 15-20% [30]. Thermal treatments. below or above
100 °C impact the TPC with a possible reduction of 30-50% on average [31]. Another study
performed by Huynh et al., (2023) investigated the phenolic content of cocoa bean shells after
sonication procedure and enzymatic treatment with Viscozyme® L (mixture of beta-glucanases,
pectinases, hemicellulases and xylanases) [32]. In that case, the more the enzymes’ concentration was
high and more the TPC increased, while the incubation time wasn’t correlated with a TPC
incrementation. In the same study the stabilization procedure has not been investigated.

These results are very encouraging because the polyphenols are very powerful antioxidants
important in the human diet. The antioxidant power of polyphenols can decrease inflammation and
prevent the development of cardiovascular and gastrointestinal diseases, like previously discussed
in this work. These results can encourage future works to further investigate enzymatic treatment
retaining the anti-inflammatory potential of the substrate.

Total Flavonoid Content

The total flavonoid content has been investigated using aluminum chloride assay. The final
concentration of flavonoids has been found by interpolation between the calibration curve and the
results expressed as mg/equivalent catechin [33].

As the Table 3 shows, untreated CBSs and enzymatically treated CBSs registered almost no
change in the final flavonoids content. For defatted CBSs the results are mildly different. Defatted
untreated CBSs shows more flavonoids content than raw CBSs (9.5 and 7.6 mg/g dw, respectively)
but, after enzymatic hydrolysis, the defatted samples showed a similar content when compared to
the raw untreated and treated CBSs, ranging from 6.5 to 7 mg/g dw. After the quantification of the
total flavonoid content, it was possible to investigate how the content of flavonoids, another class of
antioxidants and pigments present in cocoa and cocoa bean shells, changed after the enzymatic
treatments of the samples.

The results contrast with the work of Huynh et al., (2023) which has registered very low TFC in
CBSs samples after the treatment with Viscozyme® L, with a TFC around 3.5 mg/g dw that was not
correlated with the enzymes used [32]. The incubation time affected more the final TFC, besides this
result, increasing the incubation time did not increase the final TFC content. In another work the TFC
has been evaluated using sonication and modern extractive systems. the results obtained from the
CBS was 7.47 mg of rutin equivalent per gram of dry weight [34].

Antiradical Activity

The antiradical activity (AA) quantification has been obtained thanks to the DPPH (2.2-
diphenyl-1-picrylhydrazyl) radical quenching assay. The results have been expressed as mg of Trolox
equivalent (mg T.E./g dw).

As Table 3 shows, the results remained very stable. The only reduction in AA registered has
been given by the sample treated with C+X.

Multivariate Analysis (HCPC)

The multivariate analysis was carried out by applying the hierarchical clustering based on
principal component analysis. The statistical analysis performed was applied in order to evaluate the
differences among the treated and untreated samples, as reported in Figure 4. The samples have been
grouped in three different clusters, depending on IDF, SDF, TDF and SDF/IDF ratio of all samples
tested; the coding of the samples is reported in the caption of the Table 4.
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Table 4. Sample coding of the HCPC analysis.

Samples : HCPC coding
Pre-treatment Enzymatic treatment
Raw Untreated A
Raw Cellulase B
Raw Xylanase C
Raw C+X D
Raw C+X+P E
Defatted Untreated F
Defatted Cellulase G
Defatted Xylanase H
Defatted C+X I
Defatted C+X+P L

Based on the clustering obtained (Figure 4), it is possible to appreciate that the enzymatically
treated samples clustered on their own (cluster 1 and 2); contrary, the untreated samples are clustered
together (cluster 3). It is interesting to observe a cluster represented by samples that were hydrolyzed
with pectinase that showed a lower total dietary fiber content. The clustering highlights the strong
impact of the various treatments compared to the untreated sample more specifically, as previously
discussed for the SDF portion.

PCA graph of variables Hierarchical clustering on the factor map

cluster 1

Dim 2 (38.97%)

05

2.0

00

height
1.0
Dim 2 (38.97%)

0.5

0.0
b

-10 -05 00 05 10 D|m1(4943%)

a) Dim 1 (49.43%) b)

Figure 4. a) Scores and b) loadings of the principal components-based hierarchical cluster (HCPC).
IDF, Insoluble dietary fibers; SDF, soluble dietary fibers; TDF, total dietary fibers.

RP-HPLC-PDA Analysis

Analysis through the HPLC-PDA system permitted the evaluation of selected molecules in all
the samples. The molecules investigated were: gallic acid, caffeic acid. epicatechin, theobromine and
caffeine; the results have been expressed as pg/g dw.

The quantification was performed on the main molecules present in the cocoa matrix. No
peculiar trends have been observed over the various treatments. The amount of methylxanthines in
enzymatically hydrolyzed CBSs both raw and defatted seems to be conserved compared with
untreated CBSs. The theobromine and caffeine levels of these samples resulted in the range with the
amounts indicated in the work of Rojo-Poveda et al., (2021) on cocoa bean shells [35]. The same work
highlights epicatechin (flavanols) content in CBSs, that is in range with the results obtained. The
phenolic acid concentrations seem to be in range with the usual concentration found in CBSs as well
[35].
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Table 5. Gallic acid. caffeic acid. epicatechin. theobromine and caffeine quantification (expressed as
ug/g dw) through HPLC-PDA. CBSs, cocoa bean shells; C, cellulase; X, xylanase; P, pectinase.
Different letters indicate samples statistically different (p<0.05).

Gallic acid Caffeic acid Epicatechin Theobromine Caffeine
Raw CBSs

Untreated 2.33+0.22 1.04+0.06 25.84+0.32 161.4+6.314b 29.1+£1.37

Cellulase 2.12+0.14 1.01+0.09 23.6+0.41> 160.1+3.222b 25.91+1
Xylanase 2.12+0.18 1.02+0.05 23.33+0.49° 159.8+4.46b¢ 26.13+1.38
C+X 2.06+0.22 0.94+0.07 21.51+1.36P 156.4+4.24bc 25.23+1.63
C+P+X 2.29+0.23 0.99+0.08 17.9+1.14¢ 177.245.72 26.08+1.97

Defatted CBSs

Untreated 1.86+0.43 0.94+0.14 23.59+2.45P 147.9+13.9¢ 22.97+2.55
Cellulase 1.92+0.07 0.95+0.11 21.96+1.23b 153+4.77v¢ 23.56+0.5
Xylanase 1.96+0.11 0.98+0.04 23.88+1b 155.3+3.18b¢ 25.41+0.32
C+X 1.93+0.02 0.98+0.11 22.91+1.07° 156.3+1.79bc 25.07+0.62
C+P+X 2.19+0.09 1.02+0.1 21.01+0.57° 156.3+1.79bc 24.83+0.67

5. Conclusions

The aim of this work was to investigate the effect of different enzymatic treatments on cocoa
bean shells in order to evaluate the potential reuse of this food up-cycled ingredient as a high added
value by-product. Cocoa bean shells are an example of an extremely interesting product, possessing
several potential intrinsic nutritional properties, that are closely linked to benefits for human health,
those studied in this work being dietary fiber and antioxidant potential. Enzymatic treatment can be
a key step to make CBSs available as new industrial products to add nutritional value as functional
ingredients. The enzymatic treatments carried out in this work have indeed been shown to be suitable
for CBSs. The analysis carried out has registered an increase in soluble dietary fibers and a
preservation of antioxidant power after the treatments, both of which are correlated with positive
health properties.

The samples treated with cellulase, xylanase and the combination of both enzymes are those
that, both for raw and defatted CBSs, showed the highest SDF yield, TDF, total phenolic content,
antiradical activity and total flavonoid content. The increased quantity of soluble fiber leaves room
for further investigations, such as the full characterization of the oligosaccharide profile (prebiotics?)
and the simple sugar content, largely impacting in the taste as well as in the fermentability properties.
Furthermore, the enzymatic treatment did not negatively affect the concentrations of the main
antioxidant compounds in CBSs. Further studies will be necessary to investigate the feasibility of this
solution at an industrial level, but the results obtained are encouraging. The enzymatic treatments
carried out could be the first step of new industrial approaches to reuse, up-cycle and valorize cocoa
shells, which can be exploited as new food ingredients both in food and food supplements, adding
value to the nutritional profile.
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