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A B S T R A C T   

The influence of different extrusion conditions on the cocoa shell (CS) dietary fiber, phenolic compounds, and 
antioxidant and functional properties was evaluated. Extrusion produced losses in the CS dietary fiber (3–26%), 
especially in the insoluble fraction, being more accentuated at higher temperatures (160 ◦C) and lower moisture 
feed (15–20%). The soluble fiber fraction significantly increased at 135 ◦C because of the solubilization of 
galactose- and glucose-containing insoluble polysaccharides. The extruded CS treated at 160 ◦C–25% of feed 
moisture showed the highest increase of total (27%) and free (58%) phenolic compounds, accompanied by an 
increase of indirect (10%) and direct (77%) antioxidant capacity. However, more promising results relative to 
the phenolic compounds’ bioaccessibility after in vitro simulated digestion were observed for 135◦C–15% of feed 
moisture extrusion conditions. The CS’ physicochemical and techno-functional properties were affected by 
extrusion, producing extrudates with higher bulk density, a diminished capacity to hold oil (22–28%) and water 
(18–65%), and improved swelling properties (14–35%). The extruded CS exhibited increased glucose adsorption 
capacity (up to 2.1-fold, at 135 ◦C–15% of feed moisture) and α-amylase in vitro inhibitory capacity (29–54%), 
accompanied by an increase in their glucose diffusion delaying ability (73–91%) and their starch digestion 
retardation capacity (up to 2.8-fold, at 135 ◦C–15% of feed moisture). Moreover, the extruded CS preserved its 
cholesterol and bile salts binding capacity and pancreatic lipase inhibitory properties. These findings generated 
knowledge of the CS valorization through extrusion to produce foods rich in dietary fiber with improved health- 
promoting properties due to the extrusion-triggered fiber solubilization.   

1. Introduction 

Cocoa (Theobroma cacao L.) processing produces a variety of by- 
products, being the cocoa shell (CS) the main one. The CS, also known 
as hull and husk, is the outer section of cocoa beans that holds the nibs. It 
is removed after the roasting process during chocolate production 
(Belwal et al., 2022). The CS represents 12–20% of cocoa seeds, and its 
annual production is estimated at around 600,000 tons (Boeckx et al., 
2020). Conventionally, the CS has been used as fuel in cocoa processing 
facilities or organic matter to supply soil nutrients and fight weeds. 
Other applications proposed include using the CS as animal feed, 
adsorbent, or biofiltration agent for the food industry wastewater 
(Rebollo-Hernanz et al., 2022a). The biorefinery of cocoa processing 
by-products into valuable goods is increasing attention. Consequently, 

industrial countries are developing strategic policies to transition to
ward a circular bioeconomy (Kumar et al., 2022). 

Current research focuses on novel food applications of the CS due to 
its comparable chocolate sensorial properties and excellent nutritional 
value (Belwal et al., 2022). The CS has been included in foods, such as 
bread, biscuits, and muffins, with positive results on the sensory quali
ties of these new products (Nogueira Soares Souza et al., 2022). The CS is 
rich in dietary fiber and other phytochemicals, such as theobromine and 
phenolic compounds. As a result of this composition, the CS exhibits 
hypoglycemic and hypolipidemic properties observed in vitro, in cell 
culture models, and in vivo (Rebollo-Hernanz et al., 2019, 2022b). Di
etary fiber in the CS comprises a complex polysaccharide structure 
embedding phenolic compounds that confers it enhanced antioxidant 
properties (Soares and Oliveira, 2022). Phenolic compounds in the CS 
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are released from the dietary fiber matrix during gastrointestinal 
digestion, being bioaccessible and potentially transformed by the gut 
microbiota into smaller and more bioavailable phenolic metabolites 
(Cañas et al., 2022). Therefore, the CS could be a suitable ingredient for 
formulating foods with cocoa-like sensory attributes, enriched in dietary 
fiber and phytochemicals that could exert broad health-promoting 
properties. 

Extrusion could be a promising technology for including the CS in 
foodstuffs. Extruded-based snacks and breakfast cereals are popular, 
although most display low nutritional value, which has led the food 
industry to develop nutrient-dense, healthier, and functionalized prod
ucts (Menis-Henrique et al., 2020). In this regard, incorporating the CS 
into food formulations could be an encouraging approach to developing 
novel, healthy, eco-friendly, sustainable extruded products (Grasso, 
2020). However, extrusion is a thermo-mechanical short-time process 
involving high temperatures, pressure, and shear forces, usually result
ing in physical and chemical modifications of the material, i.e., struc
ture, texture, protein denaturalization, or polysaccharides solubilization 
(Leonard et al., 2020). Fibrous food by-products have been extruded, 
resulting in dietary fiber solubilization, phenolic compounds release 
from the matrix, and techno-functional and antioxidant properties 
modifications (Garcia-Amezquita et al., 2019; Villasante et al., 2019). 
The changes mentioned above, which are intricately tied to the pro
cessing parameters, could alter the CS chemical and phytochemical 
composition and, as a result, modify their functionality and biological 
activity (Santos et al., 2022). Jozinović et al. (2019) investigated 
corn-CS extruded snacks’ technological and texture properties. None
theless, no scientific evidence about the effect of extrusion on the dietary 
fiber composition and physiological properties of the CS has been 
reported. 

Hence, the objective of the present work was to evaluate the modi
fications that occur during the extrusion process, at different conditions 
of temperature and moisture, on the chemical composition and func
tional and physiological properties of the CS. For this purpose, we 
analyzed the dietary fiber, phenolic compounds, antioxidant capacity, 
physicochemical and techno-functional, and in vitro hypoglycemic and 
hypolipidemic properties of the CS extruded at different conditions. 

2. Materials and methods 

2.1. Materials 

The CS was supplied by Chocolates Santocildes (Castrocontrigo, 
León). The CS was ground in a pilot scale ball mill (Ortoalresa-Álvarez 
Redondo S.A., Madrid) for 72 h. Ground CS was sieved (250 μm) and 
stored at − 20 ◦C until analysis. 

2.2. Extrusion process 

Extrusion was performed in triplicate in a lab-scale single-screw 
extruder (Compact E 19/25 D; Brabender, Duisburg, Germany) with a 
19/25D screw, 3:1 compression ratio, and the die opening had a diam
eter of 3 mm. The total length of the screw was 19 mm, and the length- 
to-diameter ratio (L:D) was 25. The process was performed at a constant 
screw speed of 150 rpm and an extruder feed hopper speed of 200 rpm 
(yielding an estimated feed rate of 1.8 kg/h). The effect of extrusion 
moisture content (15, 20, and 25%) and barrel temperature ramps 
(135–150 ◦C and 160–175 ◦C) were investigated, obtaining a total of six 
different extrusion conditions and a non-extruded CS flour. The tem
perature in the barrel increased by 5 ◦C over four different zones (135 >
140 > 145 > 150 ◦C or 160 > 165 > 170 > 175 ◦C), being 150 or 175 ◦C 
the final temperature at the die. Afterward, the extruded and non- 
extruded CS (used as control) (Table 1) were milled and stored in 
sealed plastic bags at − 20 ◦C until analysis. 

2.3. Determination of dietary fiber 

The enzymatic-gravimetric method (Mes-Tris AOAC method 991.43) 
was used to determine the content of dietary fiber in extruded and non- 
extruded CS (Benítez et al., 2021). Dietary fiber fractions were obtained 
after enzymatic digestion, and the generated insoluble residues were 
isolated by filtration. Additionally, soluble fiber was precipitated from 
the filtrate using ethanol and isolated by filtration. Residues obtained 
after ash and protein correction correspond to the insoluble dietary fiber 
(IDF) and soluble dietary fiber. Total dietary fiber (TDF) resulted from 
the sum of the IDF and the SDF. 

2.4. Determination of dietary fiber composition 

The composition of the dietary fiber fractions was determined after 
acid hydrolysis of the residues obtained in section 2.3. Briefly, insoluble 
fiber residues were subjected to 12 M H2SO4 treatment for 3 h at room 
temperature followed by dilution to 0.6 M H2SO4 hydrolysis at 100 ◦C 
for 3 h (Seaman hydrolysis) and to a 0.6 M H2SO4 hydrolysis at 100 ◦C 
for 3 h. Soluble fiber residues were hydrolyzed only with 0.6 M H2SO4 at 
100 ◦C for 3 h. Afterward, the fiber components, i.e., neutral sugars, 
uronic acids, and Klason lignin, were quantified (Benitez et al., 2019). 
The neutral sugars composition in the CS dietary fiber fractions was 
determined by HPLC-PAD. The concentration of uronic acids was 
determined using a commercial kit (K-URONIC, Megazyme Co. Wick
low, Ireland) following the manufacturer’s instructions. Cellulose and 
non-cellulosic polysaccharides (NCP) were estimated from their corre
sponding individual sugar contents. 

2.5. Extraction and determination of free, bound, and total phenolics 

Free and bound phenolic compounds (FPC and BPC, respectively) 
were extracted from the non-extruded and extruded CS using methanol: 
HCl: water (79.5: 0.5: 20) as previously described (Rebollo-Hernanz 
et al., 2021). FPC and BPC were analyzed by the Folin-Ciocalteu method 
using gallic acid as standard. The results were expressed as mg/g gallic 
acid equivalents (GAE). Total phenolic compounds (TPC) derived from 
the sum of FPC and BPC. 

2.6. Overall antioxidant capacity 

Overall antioxidant capacity was measured by both direct and indi
rect ABTS assay, according to Benitez et al. (2019). Direct ABTS (direct 
AC) was evaluated in the extruded and non-extruded CS, and indirect 
ABTS (indirect AC) was measured in the FPC and BPC extracts (AC-FPC 
and AC-BPC). Total indirect antioxidant capacity (AC-TPC) was calcu
lated by adding the AC-FPC to the AC-BPC. Trolox was used as standard, 
and the results were expressed as mg/g Trolox equivalents (TE). 

Table 1 
Extrusion treatment parameters (temperature and moisture) and sample code.  

Sample code Extrusion treatment 

Temperature (◦C) Moisture (%) 

Control Non-treated Non-treated 
E135–15 135–150 15 
E135–20 135–150 20 
E135–25 135–150 25 
E160–15 160–175 15 
E160–20 160–175 20 
E160–25 160–175 25  
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2.7. Release of phenolic compounds and their antioxidant capacity during 
in vitro simulated digestion 

2.7.1. Simulated in vitro digestion 
Gastrointestinal digestion was performed following the harmonized 

INFOGEST protocol to evaluate the release of phenolic compounds from 
the extruded and non-extruded CS (Brodkorb et al., 2019). The super
natants and non-digestible residues (ND) from the gastric and gastro
intestinal phases (GP, IP, NDG, and NDI, respectively) were lyophilized 
and stored at − 20 ◦C until further use. 

2.7.2. Determination of released and non-digested phenolic compounds and 
their in vitro antioxidant capacity 

The content of released phenolic compounds (RPC) and their anti
oxidant capacity (AC-RPC) were determined in gastric (RPC-G) and 
gastrointestinal (RPC-I) supernatants, as previously described in section 
2.5. Moreover, phenolic bioaccessibility was calculated in the gastro
intestinal phase regarding FPC or TPC, as follows: 

Bioaccessibility (%)=
[RPC − I]

[FPC] or [TPC]
× 100 

Similarly, the AC-recovery index was calculated using the AC values 
of the corresponding fractions. 

The residues of each phase, gastric and gastrointestinal, were sub
jected to the extraction and determinations described in sections 2.5 and 
2.6 to evaluate the content of FPC, BPC, and TPC in the ND of the gastric 
and gastrointestinal phases (FPC-NDG, BPC-NDG, and TFC-NDG; FPC- 
NDI, BPC-NDI, and TFC-NDI, respectively) and their antioxidant ca
pacity (AC-FPC-NDG, AC-BPC-NDG, and AC-TFC-NDG; AC-FPC-NDI, 
AC-BPC-NDI, and AC-TFC-NDI, respectively). The results were expressed 
as mg GAE or mg TE/g of CS. 

2.8. Techno-functional properties 

pH was measured according to the official AOAC procedure. Bulk 
density (BD), oil holding capacity (OHC), water holding capacity 
(WHC), water absorption capacity (WAC), swelling capacity (SWC), and 
emulsifying activity (EA) were determined according to Benitez et al. 
(2019). 

2.9. In vitro hypoglycemic properties 

2.9.1. Glucose-adsorption capacity 
Glucose-adsorption capacity was determined by mixing the extruded 

CS with different concentrations of glucose (10, 50, 100, 200 mM), ac
cording to Benitez et al. (2019). The amount of glucose adsorbed was 
evaluated using a commercial kit (K-GLUC, Megazyme, Wicklow, 
Ireland). The results were expressed as mmol adsorbed glucose/g of CS. 
The maximum amount of adsorbed glucose was calculated by obtaining 
the (second-order) curve’s maximum. 

2.9.2. Amylase inhibition capacity 
The residual α-amylase activity was evaluated according to Benitez 

et al. (2019). Briefly, non-extruded and extruded CS were incubated 
with α-amylase (Sigma-Aldrich, MO, USA) and a 4% potato starch so
lution to evaluate starch degradation, followed by enzyme inactivation 
and centrifugation steps. Glucose content was quantified in the super
natant, and results were expressed as a percentage of inhibition 
regarding the maximum glucose produced in the absence of 
non-extruded or extruded CS. 

2.9.3. Capacity to retard glucose diffusion 
In vitro glucose diffusion was evaluated by determining the kinetics 

of glucose dialysis in the presence or absence (blank) of samples for 10, 
30, 60, 90, 120, and 150 min of incubation time. Afterward, glucose was 
quantified in the dialysate using the K-GLUC kit (Benítez et al., 2021). 

The maximum glucose diffusion rate (Vmax glucose diffusion) was 
calculated by fitting the experimental data to a second-order equation: 

Y (Dialized glucose, μmol)= at2 + bt + c  

where a, b, and c are the coefficients and t is the diffusion time (min). 
The first derivative of the equation was used to calculate the diffusion 
rate (Y′). Since Y’ = 2 at + b, when t is close to 0, Y′ = Vmax = b. The 
capacity of samples to retard glucose diffusion was calculated using the 
glucose diffusion retardation index (GDRI): 

GDRI= 100 ‒[Glucose] in the dialysate with CS addition
[Glucose] in the dialysate of blank test

× 100  

2.9.4. Capacity to retard starch digestibility 
Starch digestibility was evaluated according to Benítez et al. (2021). 

Briefly, a mixture of samples, α-amylase, and potato starch solution was 
dialyzed against distilled water. After incubation, glucose was deter
mined in the dialysate using the K-GLUC kit. A control experiment 
(blank) was performed without the addition of samples. The maximum 
diffusion rate for the hydrolyzed starch (Vmax starch hydrolysis) and the 
capacity to retard the starch digestibility (GDRI-starch hydrolysis) were 
calculated as described in section 2.9.3. 

2.10. In vitro hypolipidemic properties 

2.10.1. Cholesterol binding capacity 
Cholesterol absorption capacity was determined according to Benítez 

et al. (2021). A mixture of non-extruded or extruded CS with diluted egg 
yolk was incubated (37 ◦C, 2 h) after adjusting its pH to 2.0 or 7.0. Then, 
samples were centrifugated, and the supernatants were diluted with 
acetic acid (90% v/v), mixed with o-phthalaldehyde, and incubated for 
color development. Results were expressed as the percentage of bound 
cholesterol compared to a control test without samples (blank). 

2.10.2. Bile salts’ binding capacity 
The bile salts’ absorption capacity was evaluated according to 

Benítez et al. (2021). Samples were mixed with a NaCl solution and 
sodium cholate (Sigma-Aldrich, MO, USA), followed by a gentle stirring 
for 1 or 3 h before centrifugation. Binding capacity was determined by 
comparing the concentration of sodium cholate before and after the 
reaction time. After incubation, supernatants were recovered and mixed 
with H2SO4 (45% v/v) and furfural (0.3% v/v), followed by incubation 
and cooling at room temperature (25 ◦C). 

2.10.3. Lipase inhibition capacity 
The ability of studied samples for pancreatic lipase inhibition was 

determined by incubating a mixture of non-extruded or extruded CS, 
olive oil, sodium phosphate buffer (0.1 M, pH 7.2), and pancreatic lipase 
for 1 h in the presence or absence of bile salts (Benítez et al., 2021). Once 
the reaction was stopped by a heat shock (100 ◦C, 5 min), the hydrolysis 
of triglycerides and production of free fatty acids were analyzed by 
titrating with NaOH (0.05 M). A similar procedure without adding CS 
was used as reaction control (blank). The enzyme inhibitory activity (%) 
was defined as the decrease of free fatty acid production compared to the 
blank. 

2.11. Statistical analysis 

Sample analyses were performed in triplicate. The data were 
analyzed by T-test or one-way analysis of variance (ANOVA) and post 
hoc Tukey’s test using SPSS 26.0. Pearson’s linear correlation co
efficients were calculated to evaluate the relationships between the 
analyzed parameters at p < 0.05, p < 0.01, and p < 0.001 levels of 
significance. A hierarchical cluster analysis was performed using 
XLSTAT 2020 for Microsoft Excel 2016. 
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3. Results and discussion 

3.1. Changes in the proportion of soluble: insoluble dietary fiber in the 
cocoa shell after extrusion 

The CS exhibited a high content of dietary fiber, mainly IDF (48.6%) 
and low SDF (10.5%) (Fig. 1A). Extrusion produced significant (p <
0.05) losses of TDF at 160 ◦C–15% moisture (26%) and 160 ◦C–20% 
moisture (15%) due to the noticeable reduction of IDF in these condi
tions (28 and 15%, respectively) (Fig. 1A and B). Additionally, the SDF 
significantly increased when the extrusion was performed at 135 ◦C, 
from 10% at 135 ◦C–25% moisture to 35% at 135 ◦C–15% moisture, 
which explains why the TDF did not change at 135 ◦C. No differences 
were found in the SDF at 160 ◦C. These SDF increases at 135 ◦C could be 
partially due to the transformation of certain IDF into SDF during 
extrusion. Even though changes in the dietary fiber after extrusion might 
depend on the food matrix and the extrusion process parameters, losses 
in the content of one of the dietary fiber fractions without altering the 
other fraction have been previously reported (Leonard et al., 2020). 
Then, both fractions could have been degraded at higher temperatures 
(160 ◦C) since extrusion produces chemical reactions, especially the 
breakdown of polymeric compounds. Thus, part of the CS dietary fiber 
could have been solubilized or broken into lower molecular weight 
fragments or soluble sugars during extrusion (Bader Ul Ain et al., 2019). 
A higher degradation is associated with low moisture feed due to a 
greater mechanical shear (Espinosa-Ramírez et al., 2021). Nevertheless, 
no significant differences were observed among the three moisture 
levels within the same temperature groups. The decrease in the content 
of dietary fiber and its solubilization produced extruded CS with slightly 
less fiber content but a better SDF: IDF ratio (1:3–1:4) compared to the 
non-extruded CS (1:5) (Fig. 1B). Generally, fiber sources suitable to be 
included as food ingredients should depict SDF: IDF ratio close to 1: 3, 
wherein the insoluble fraction is in the majority, to provide the physi
ological effects associated with both fractions (Bader Ul Ain et al., 2019). 

3.2. Low-temperature extrusion enriched the cocoa shell’s soluble dietary 
fiber in galactose- and glucose-containing polysaccharides 

The polysaccharides present in the CS’ IDF were mainly constituted 
of glucose (47–58%), followed by notable contents of uronic acids, 
galactose, xylose, and arabinose, whereas mannose and rhamnose 
occurred in lower content (Table 2). In origin, glucose content was 
mainly cellulosic since 0.6 M H2SO4 released less than 10%. Then, cel
lulose was inferred to be the primary cell wall polysaccharide in IDF 
(16–24%), followed by non-cellulosic polysaccharides (NCP, hemi
celluloses and pectic substances) (16–23%) (Fig. 1C). Interestingly, 
uronic acids, galactose, and arabinose were found at the same or higher 
levels in 0.6 M hydrolysis than in sequential hydrolysis (Seaman, 12 +
0.6 M H2SO4), whereas xylose was released at lower levels. These results 
pinpoint that the cellulosic matrix was intimately related to hemi
celluloses (presumably xyloglucans). In contrast, homogalacturonans 
and neutral pectic polysaccharides such as arabinans, galactans, and 
arabinogalactans exhibited weaker linkages to the cellulosic matrix. 

Extrusion yielded modifications in the composition of the CS’ IDF, 
mainly associated with the temperature of the process. The IDF fraction 
in the extruded CS exhibited a significant (p < 0.05) lower total sugar 
content (172–200 mg/g), which provides an overview of the cellulosic 
and non-cellulosic polysaccharides, than the non-extruded CS (230 mg/ 
g), mainly due to the decreases of glucose, xylose, galactose, arabinose, 
and uronic acids, being higher at 160 ◦C than at 135 ◦C, except for 
glucose (Fig. 1C, Table 2). Extrusion induces the loss of cellulose and the 
decrease of hemicelluloses and pectic substances depending on the 
extrusion temperature (Schmid et al., 2020). In addition, results showed 
that extrusion significantly (p < 0.05) increased lignin content at 
135 ◦C–20% moisture (8%) and 135 ◦C–25% moisture (16%) but 
significantly (p < 0.05) diminished at 160 ◦C–15% moisture (40%) and 
160 ◦C–20% moisture (10%), reaching a maximum of 219.9 mg/g at 
135 ◦C with 25% moisture feed. 

The SDF fraction was mainly composed of uronic acids (36–50%) and 
galactose (33–39%), followed by arabinose, glucose, mannose, and 
rhamnose (Table 2). Therefore, homogalacturonans and neutral galac
tose pectic polysaccharides would be the main polysaccharides of the 
SDF in the extruded CS. Extrusion significantly (p < 0.05) increased the 
neutral and total sugar content except for 160 ◦C and 25% moisture feed, 
whose SDF sugars were like those from the non-extruded CS. The in
creases were mainly due to galactose and, in less extent, glucose, 
probably derived from the solubilization of the IDF fraction, as previ
ously reported (Menis-Henrique et al., 2020). Taken together, the TDF 
composition of the extruded CS indicated that extrusion generated a 
higher loss of galactose, xylose, arabinose, mannose, and uronic acids at 
160 than 135 ◦C, corroborating the greater degradation found at a 
higher temperature (160 ◦C) by the gravimetric method and the redis
tribution of IDF to SDF at 135 ◦C. 

3.3. Extrusion of the cocoa shell at high temperatures and high moisture 
increased the concentration of phenolic compounds and the antioxidant 
capacity 

The effect of extrusion on phenolic compounds depends on extrusion 
parameters and matrix composition (Yi et al., 2022). The CS extruded at 
160 ◦C–25% of feed moisture showed a significantly (p < 0.05) higher 
TPC (27%) and FPC (58%) content compared with the non-extruded CS, 
unlike the other conditions (Table 3). However, a significant reduction 
in the BPC (50 and 60%) occurred when extrusion was performed at 
15% moisture feed moisture at 135 ◦C and 160 ◦C, respectively. Such 
extrusion parameters may assist the release of phenolic compounds from 
the food matrix, mainly conjugated phenolics, which were covalently 
bound to the insoluble fiber fraction (Rani et al., 2018). The TPC tended 
to increase with temperature and moisture feed. The CSextruded at 25% 
moisture feed (independently of the temperature) showed a significantly 
(p < 0.05) higher TPC (45–50%) than those extruded at 15% moisture. 
These results revealed that high moisture content might protect these 
bioactive compounds, avoiding their friction losses. 

The increase in the total phenolic content as a result of moisture 
conditions could be responsible for the significantly (p < 0.05) higher 
indirect AC observed with 25% moisture content at both temperatures 

Fig. 1. Influence of extrusion on the content of di
etary fiber measured by the gravimetric method (A) 
and fiber fractions proportions according to solubility 
(B) and chemical composition (C) in the cocoa shell 
under different temperature (135–150 or 
160–175 ◦C) and moisture (15, 20, or 25%) process
ing conditions. The results are reported as mean ± SD 
(n = 3). Bars and points with different letters signif
icantly (p < 0.05) differ according to ANOVA and 
Tukey’s multiple range test. IDF: Insoluble Dietary 
Fiber; SDF: Soluble Dietary Fiber; NCP: Non- 
Cellulosic Polysaccharides.   
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(37.7 mg TE/g) compared to CS extruded with 15% moisture at 135 ◦C 
(26.8 mg TE/g) and 160 ◦C (29.3 mg TE/g) (Table 3). Only the CS 
extruded at 25% moisture feed at both temperatures displayed a 
significantly higher (10%, p < 0.05) indirect AC compared to the non- 
extruded CS (34.4 mg TE/g), while the opposite trend was observed 
for a 15% moisture feed at both temperatures. This behavior would 
probably be due to the loss of bound phenolic compounds exhibited with 
the low moisture barrel feed (r = 0.734, p < 0.05) (Fig. 2A). The CS’s in 
vitro and ex vivo antioxidant properties were previously assigned to 
phenolic compounds, mainly to protocatechuic acid, the main com
pound bound to the dietary fiber matrix (Rebollo-Hernanz et al., 2021; 
Rodríguez-Rodríguez et al., 2022; Cañas et al., 2023). Here we corrob
orated the association of the total indirect AC and the quantified total 
phenolic compounds (r = 0.921, p < 0.05). Nevertheless, other com
pounds might be participating in the antioxidant capacity of the 
extruded and non-extruded CS, as samples exhibited higher direct than 

indirect AC (determined in the phenolic extracts) (Table 3). These 
compounds could correspond to other CS components, such as proteins, 
aromatic compounds, pigments, or processing-derived ones, such as 
antioxidant melanoidins, produced through the Maillard reaction due to 
the high temperatures (Yi et al., 2022). Results indicated a positive 
correlation between direct antioxidant capacity with temperature and 
moisture feed (r = 0.806 and r = 0.792, p < 0.05, respectively). 
Consequently, all the extruded CS exhibited a significantly (p < 0.05) 
higher direct antioxidant capacity (22–77%) than the non-extruded one 
(110.5 mg TE/g). The CS extruded at 160 ◦C and 25% feed moisture 
showed the greatest rise in the AC (195.1 mg TE/g), and the one 
extruded at 135 ◦C and 15% feed moisture exhibited the lowest AC 
(134.9 mg TE/g) (Table 3). As previously reported in other food 
matrices, extrusion, primarily at high temperatures, enhanced the CS’s 
antioxidant capacity (Benítez et al., 2021; Zhang et al., 2018). 

Table 2 
Monosaccharide composition of the IDF and SDF fractions from non-extruded and extruded cocoa shell (mg/g).   

DF 
Fraction 

Hydrolysis Neutral monosaccharides Total 
neutral 
sugars 

AU Total 
sugars 

Klason 
Lignin 

IDF or 
SDF†

TDF‡

Glu Gal Xyl Ara Man Rha 

Control IDF Seaman 108.2 
± 0.2b 

22.3 
± 1.2c 

20.7 
± 0.3d 

20.7 
± 0.4c 

10.9 
± 0.1c 

2.4 ±
0.1b 

185.3 ±
2.3c 

36.8 
± 2.1d 

230.3 ±
5.3b 

189.3 ±
3.1c 

419.6 ±
8.4c 

506.4 ±
12.9b 

0.6 M 
H2SO4 

6.6 ±
0.4z 

25.1 
± 5.8y 

3.2 ±
1.3z 

23.9 
± 0.4z 

1.4 ±
0.3z 

1.3 ±
0.4 z 

61.5 ±
8.6y 

45.0 
± 3.0x     

SDF 0.6 M 
H2SO4 

3.4 ±
0.4b 

30.0 
± 2.0a 

– 3.2 ±
0.5a 

5.6 ±
0.5b 

3.7 ±
0.1b 

46.0 ±
2.4a 

40.9 
± 2.1a 

86.8 ±
4.5a  

86.8 ±
4.5a  

E135–15 IDF Seaman 87.9 ±
0.7a 

15.9 
± 0. 9b 

18.3 
± 1.8c 

15.1 
± 1.1b 

8.6 ±
1.2b 

1.7 ±
0.1a 

147.6 ±
6.9a 

31.9 
± 1.3c 

181.8 ±
9.2a 

175.3 ±
12.7b 

357.1 ±
21.8b 

506.6 ±
28.2b 

0.6 M 
H2SO4 

8.4 ±
0.4y 

18.3 
± 2.5z 

2.3 ±
0.5z 

21.8 
± 6.6z 

1.3 ±
0.1z 

1.5 ±
0.3zy 

53.6 ±
10.4z 

34.2 
± 2.3y     

SDF 0.6 M 
H2SO4 

13.1 ±
0.8f 

58.3 
± 1.2c 

– 8.6 ±
0.3c 

7.7 ±
0.9c 

7.4 ±
0.0f 

95.1 ±
3.2d 

54.4 
± 3.1b 

149.5 ±
6.3c  

149.5 ±
6.3c  

E135–20 IDF Seaman 87.0 ±
8.0a 

15.6 
± 1.0b 

17.9 
± 1.2c 

15.2 
± 1.5b 

9.0 ±
0.9b 

3.9 ±
0.7c 

148.3 ±
13.3a 

33.6 
± 2.1cd 

187.1 ±
15.0a 

205.0 ±
9.0d 

392.1 ±
23.9bc 

506.3 ±
31.8b 

0.6 M 
H2SO4 

8.0 ±
0.2y 

20.4 
± 0.1y 

6.1 ±
0.8y 

26.9 
± 1.3z 

1.6 ±
0.3z 

1.8 ±
0.1y 

65.1 ±
2.8y 

38.6 
± 1.7y     

SDF 0.6 M 
H2SO4 

11.0 ±
0.2e 

43.0 
± 4.2b 

– 4.8 ±
0.4b 

6.2 ±
0.5b 

6.4 ±
0.2e 

71.3 ±
5.5c 

43.0 
± 2.4a 

114.3 ±
7.9b  

114.3 ±
7.9b  

E135–25 IDF Seaman 92.9 ±
4.2a 

13.0 
± 3.4ab 

11.2 
± 1.3a 

14.4 
± 1.8b 

6.4 ±
1.6a 

1.8 ±
0.3a 

139.7 ±
12.6a 

33.5 
± 1.9cd 

184.0 ±
14.6a 

219.9 ±
19.3d 

403.9 ±
33.9c 

504.9 ±
44.2b 

0.6 M 
H2SO4 

7.9 ±
0.7y 

20.3 
± 2.1y 

6.3 ±
1.9y 

26.9 
± 2.5z 

1.5 ±
0.6z 

2.2 ±
0.4y 

65.1 ±
9.2y 

44.2 
± 2.0x     

SDF 0.6 M 
H2SO4 

7.1 ±
0.4d 

39.2 
± 5.7b 

– 2.8 ±
0.7a 

6.2 ±
0.4b 

5.6 ±
0.3d 

60.9 ±
7.5b 

40.1 
± 2.8a 

101.0 ±
10.3b  

101.0 ±
10.3ab  

E160–15 IDF Seaman 99.9 ±
4.1ab 

10.8 
± 2.5a 

14.8 
± 1.9b 

11.0 
± 0.3a 

7.8 ±
1.9ab 

3.1 ±
0.2c 

147.4 ±
10.9a 

20.9 
± 1.5a 

173.6 ±
12.3a 

114.1 ±
4.5a 

287.7 ±
16.8a 

398.3 ±
23.2a 

0.6 M 
H2SO4 

8.0 ±
0.0y 

20.4 
± 4.2y 

6.9 ±
1.3y 

27.2 
± 1.9z 

1.7 ±
0.6z 

1.8 ±
0.0y 

65.4 ±
8.0y 

26.1 
± 1.4z     

SDF 0.6 M 
H2SO4 

6.2 ±
0.4d 

36.8 
± 2.0b 

– 4.6 ±
0.3b 

8.3 ±
0.2c 

6.7 ±
0.3ef 

62.5 ±
3.2b 

48.2 
± 3.3ab 

110.7 ±
6.5b  

110.7 ±
6.5b  

E160–20 IDF Seaman 99.4 ±
8.5ab 

9.2 ±
2.6a 

10.4 
± 3.7a 

11.3 
± 3.7a 

7.0 ±
1.6a 

1.7 ±
0.8a 

139.0 ±
20.9a 

28.1 
± 1.7b 

172.1 ±
22.7a 

170.8 ±
5.3b 

342.9 ±
28.1b 

446.4 ±
32.8ab 

0.6 M 
H2SO4 

8.1 ±
0.1y 

21.0 
± 0.5y 

6.4 ±
1.2y 

26.1 
± 1.6z 

1.6 ±
0.3z 

1.5 ±
0.1zy 

65.1 ±
3.8y 

33.0 
± 1.8y     

SDF 0.6 M 
H2SO4 

4.5 ±
0.1c 

38.4 
± 1.1b 

– 4.3 ±
0.1b 

6.6 ±
0.1b 

4.7 ±
0.2c 

58.5 ±
1.6b 

44.9 
± 3.1a 

103.4 ±
4.7b  

103.4 ±
4.7ab  

E160–25 IDF Seaman 113.6 
± 2.8b 

11.6 
± 0.1a 

16.5 
± 0.5bc 

11.0 
± 1.0a 

9.3 ±
1.7b 

3.1 ±
0.4c 

165.2 ±
7.7b 

28.7 
± 2.0b 

200.3 ±
10.2a 

189.6 ±
3.2c 

389.9 ±
13.4bc 

475.1 ±
19.8b 

0.6 M 
H2SO4 

10.6 ±
0.5x 

30.2 
± 8.3x 

15.4 
± 2.5x 

24.1 
± 0.1z 

2.9 ±
0.1y 

2.6 ±
0.0x 

85.9 ±
11.5x 

35.1 
± 2.5y     

SDF 0.6 M 
H2SO4 

2.2 ±
0.4a 

32.5 
± 2.1a 

– 3.6 ±
0.2a 

2.5 ±
0.7a 

2.2 ±
0.4a 

42.9 ±
3.8a 

42.3 
± 2.6a 

85.2 ±
6.4a  

85.2 ±
6.4a  

Results are reported as mean ± SD (n = 3). Mean values within the same column, DF fraction, and hydrolysis conditions, followed by different superscript letters (a, b, c 
…) indicate differences between samples IDF-Saeman hydrolysis (within the same column); superscript letters (z, y, x …) indicate differences between samples IDF- 
0.6M H2SO4 hydrolysis (within same column); and subscript letter (a, b, c …) indicate differences between samples SDF-0.6M H2SO4 hydrolysis (within the same 
column) once subjected to Tukey’s test (p < 0.05). IDF: Insoluble Dietary Fiber; SDF: Soluble Dietary Fiber; TDF: Total Dietary Fiber; Glu: Glucose; Gal: Galactose; Xyl: 
Xylose; Ara: Arabinose; Man: Mannose; Rha: Rhamnose; UA: Uronic Acids. †Chemical IDF and SDF calculated as the sum of its components ‡Chemical TDF calculated as 
the sum of chemical IDF and SDF. 
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3.4. High-temperature and high-moisture extrusion increased phenolic 
compounds release, but low-moisture extrusion improved their 
bioaccessibility 

Although the chemical extraction provides insight into phenolic 
compounds potentially released in the small intestine during gastroin
testinal digestion (FPC) and in the colon after microbial metabolism 
(BPC) (Cañas et al., 2022), simulated gastrointestinal digestion better 
reflects the behavior of phenolic compounds under physiological con
ditions (Brodkorb et al., 2019). Extrusion at a high temperature (160 ◦C) 
significantly (p < 0.05) favored the release of phenolic compounds 
(RPC) during simulated gastrointestinal conditions at both gastric 

(24–58%) and intestinal (14–33%) phases compared to the 
non-extruded CS, promoting the phenolic’s release at the highest (25%) 
moisture feed (Table 3). Significant RPC increases were accompanied by 
a lower concentration of total phenolic compounds in the insoluble 
non-digested residue of the gastric phase (TPC-NDG). In addition, the 
gastric digestion media of extruded samples exhibited a higher in vitro 
antioxidant capacity (AC-RPC-G) than the non-extruded CS, i.e., 
15–32% (135 ◦C) and 29–33% (160 ◦C) (Table 3). The AC-RPC-G was 
correlated with both extrusion temperature and moisture parameters (r 
= 0.890 and r = 0.863, p < 0.05, respectively). Nevertheless, the anti
oxidant capacity of the total phenolic compounds extracted from the 
non-digested gastric residue (AC-TPC-NDG) seemed not to be affected by 

Table 3 
Impact of extrusion on the free, bound, and total phenolic compounds content and in vitro direct and indirect antioxidant capacity in the cocoa shell under different 
temperature (135–150 or 160–175 ◦C) and moisture (15, 20, or 25%) processing conditions. Release of phenolic compounds and remaining phenolic content in the 
insoluble non-digested residue in the gastric and intestinal phases of the simulated digestion and corresponding antioxidant capacity of the remaining and released 
compounds in gastric and intestinal phases.   

Total Phenolic Compounds (mg/GAE g) Bioaccessibility 
(%) 

Antioxidant Capacity (mg/TE g) Recovery (%) 

Free Bound Total Released Freey Total‡ Free Bound Total Direct Released Free Total 

Raw FPC BPC TPC    AC-FPC AC-BPC AC-TPC Direct AC    
Control 18.8 ±

1.1a 
10.2 ±
0.9c 

28.9 ±
1.2ab 

– – – 22.7 ±
1.3bc 

11.7 ±
0.7b 

34.4 ±
1.6b 

110.5 ±
4.8a 

– – – 

E135–15 18.0 ±
0.8a 

5.1 ±
0.3ab 

23.1 ±
0.6a 

– – – 20.1 ±
0.6a 

6.7 ±
0.8a 

26.8 ±
1.2a 

134.9 ±
10.0b 

– – – 

E135–20 19.0 ±
1.9a 

7.9 ±
0.6bc 

26.8 ±
2.3ab 

– – – 20.9 ±
0.6ab 

12.0 ±
0.7b 

33.0 ±
1.3b 

158.0 ±
4.5c 

– – – 

E135–25 18.7 ±
1.2a 

13.5 ±
2.2d 

32.2 ±
3.2bc 

– – – 22.5 ±
0.8bc 

15.1 ±
1.6b 

37.6 ±
1.9c 

161.0 ±
13.5c 

– – – 

E160–15 20.4 ±
3.6a 

4.1 ±
1.0a 

24.6 ±
3.6a 

– – – 23.0 ±
0.9c 

6.3 ±
0.8a 

29.3 ±
1.5a 

162.6 ±
7.1c 

– – – 

E160–20 21.1 ±
2.6a 

8.2 ±
0.8bc 

29.3 ±
2.7ab 

– – – 23.3 ±
2.5c 

12.1 ±
1.2b 

35.4 ±
1.1bc 

169.4 ±
12.7c 

– – – 

E160–25 29.6 ±
1.4b 

7.1 ±
1.1abc 

36.7 ±
2.1c 

– – – 25.6 ±
2.4c 

12.1 ±
1.6c 

37.7 ±
3.0c 

195.1 ±
5.3d 

– – – 

Gastric 
Phase 

FPC-NDG BPC- 
NDG 

TPC- 
NDG 

RPC-G   AC-FPC- 
NDG 

AC-BPC- 
NDG 

AC-TPC- 
NDG  

AC-RPC-G   

Control 19.1 ±
1.1d 

4.4 ±
0.9a 

23.5 ±
1.6b 

7.5 ± 1.9a – – 22.8 ±
0.7d 

4.9 ±
1.2a 

27.7 ±
1.9a 

– 8.6 ± 0.4a – – 

E135–15 12.9 ±
1.0a 

10.4 ±
1.1c 

23.3 ±
0.8b 

8.7 ±
0.5ab 

– – 12.5 ±
1.3a 

13.7 ±
0.7d 

26.2 ±
0.8a 

– 10.3 ±
0.4b 

– – 

E135–20 15.2 ±
1.4abc 

7.8 ±
0.6b 

22.2 ±
2.1ab 

8.0 ±
0.5ab 

– – 17.9 ±
1.4b 

8.7 ±
1.5b 

26.5 ±
1.2a 

– 9.9 ± 0.3b – – 

E135–25 15.8 ±
1.3bc 

7.3 ±
2.1b 

23.2 ±
1.6b 

7.8 ±
0.5ab 

– – 20.7 ±
0.9cd 

7.8 ±
1.6b 

28.5 ±
2.4a 

– 11.4 ±
0.1c 

– – 

E160–15 12.5 ±
1.0a 

7.5 ±
1.2b 

20.0 ±
1.5a 

9.3 ±
0.4bc 

– – 17.5 ±
0.9b 

11.1 ±
0.9c 

28.6 ±
1.5a 

– 11.1 ±
0.3c 

– – 

E160–20 13.1 ±
0.9ab 

6.7 ±
1.2ab 

19.8 ±
1.4a 

10.5 ±
0.8cd 

– – 19.4 ±
1.2bc 

8.7 ±
0.9b 

28.0 ±
2.0a 

– 11.1 ±
0.2c 

– – 

E160–25 17.1 ±
2.4cd 

5.3 ±
1.3ab 

22.4 ±
2.9ab 

11.9 ±
0.5d 

– – 22.0 ±
0.9d 

7.0 ±
1.1ab 

29.0 ±
1.6a 

– 13.0 ±
0.6d 

– – 

Intestinal 
Phase 

FPC-NDI BPC-NDI TPC- 
NDI 

RPC-I   AC-FPC- 
NDI 

AC-BPC- 
NDI 

AC-TFC- 
NDI  

AC-RPC-I   

Control 9.2 ±
0.5bc 

5.6 ±
0.5b 

14.8 ±
0.7b 

13.6 ±
0.4a 

73 ±
2b 

47 ±
1ab 

16.7 ±
1.6a 

12.4 ±
2.1c 

29.1 ±
3.6b 

– 23.1 ±
2.3ab 

102 ±
4a 

67 ±
3ab 

E135–15 7.7 ±
0.5abc 

5.3 ±
1.0ab 

13.0 ±
1.0b 

15.2 ±
0.4ab 

85 ±
2c 

66 ± 2d 15.0 ±
2.4a 

12.1 ±
0.9c 

27.2 ±
2.3b 

– 24.3 ±
1.0abc 

121 ±
2b 

91 ±
1d 

E135–20 8.0 ±
0.3abc 

4.5 ±
0.6ab 

12.4 ±
0.8ab 

14.6 ±
0.4ab 

77 ±
2bc 

54 ± 2c 15.0 ±
1.4a 

10.7 ±
1.1bc 

25.7 ±
0.6b 

– 23.5 ±
1.4ab 

112 ±
3ab 

71 ±
2ab 

E135–25 7.9 ±
0.4abc 

4.1 ±
0.4ab 

12.0 ±
0.3ab 

14.1 ±
0.3a 

75 ±
2bc 

44 ± 1a 15.1 ±
1.7a 

11.4 ±
1.7c 

26.5 ±
0.9b 

– 22.2 ±
1.7a 

99 ±
3a 

59 ±
2a 

E160–15 6.4 ±
0.6a 

1.8 ±
0.4a 

8.2 ±
0.7a 

15.7 ±
0.5ab 

77 ±
2bc 

64 ± 2d 13.8 ±
1.5a 

6.6 ±
0.9a 

20.5 ±
1.2a 

– 25.5 ±
2.9abc 

111 ±
7ab 

87 ±
5cd 

E160–20 6.8 ±
0.8ab 

4.3 ±
0.6ab 

11.1 ±
0.9ab 

16.7 ±
0.8bc 

74 ±
2b 

53 ±
1bc 

15.7 ±
0.9a 

10.1 ±
1.9bc 

25.8 ±
1.2b 

– 26.5 ±
1.7bc 

114 ±
3ab 

75 ±
2bc 

E160–25 10.2 ±
0.6c 

3.1 ±
1.2ab 

13.3 ±
1.5b 

18.1 ±
0.4c 

61 ±
1a 

49 ±
1abc 

19.1 ±
1.8b 

8.1 ±
0.8ab 

27.2 ±
1.6b 

– 28.9 ±
2.1c 

113 ±
3ab 

77 ±
2bc 

The results are reported as mean ± SD (n = 3). Mean values within the same column followed by different letters significantly (p < 0.05) differ according to ANOVA and 
Tukey’s multiple range test. FPC: Free Phenolic Compounds; BPC: Bound Phenolic Compounds; TPC: Total Phenolic Compounds; AC: Antioxidant Capacity; RPC: 
Released Phenolic Compounds G: Gastric; I: Gastrointestinal; NDG: Non-Digested Gastric; NDI: Non-Digested Gastrointestinal; yPC-Bioaccessibility-F: Phenolic 
Compounds Bioaccessibility related to Free phenolics; ‡PC-Bioaccessibility-T: Phenolic Compounds Bioaccessibility related to Total Phenolics. 
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extrusion. 
The antioxidant capacity in the intestinal phase (AC-RPC-I) signifi

cantly increased at high temperatures (160 ◦C) and high moisture (25%) 
(Table 3). The mentioned antioxidant capacity was closely associated 
with the content of phenolic compounds released in the intestinal media 
(RCP-I) (r = 0.950, p < 0.05) and with FPC (r = 0.878, p < 0.05). A 
significant decrease in the antioxidant capacity from the total phenolic 
extracted from the insoluble non-digested intestinal residue (AC-TPC- 
NDI) was observed at 160 ◦C–15% moisture extrusion conditions due to 
the loss of total phenolics (TPC-NDI) (r = 0.969, p < 0.05). Cañas et al. 
(2022) demonstrated that the main phenolic compounds released from 
the CS during gastrointestinal digestion include catechin and gallic and 
protocatechuic acids. We previously found that those phenolic com
pounds are tightly bound to the dietary fiber matrix (BPC) but highly 
associated with the CS antioxidant properties (Rebollo-Hernanz et al., 
2021; Cañas et al., 2023). Therefore, we foresee that extrusion might 
liberate those compounds from the dietary fiber matrix, allowing their 
enhanced release during gastrointestinal digestion. 

Milder extrusion conditions (135 ◦C–15% moisture) significantly 
improved the bioaccessibility of phenolic compounds (PC-Bio
accessibility) relative to FPC and TPC (PC-Bioaccessibility-F and PC- 
Bioaccessibility-T) (17% and 40%, respectively) (Table 3). In addition, 
the recovered antioxidant capacity in the extruded CS was higher than in 
the non-extruded CS, i.e., 19% and 35% relative to FPC-AC and TPC-AC, 
respectively, at 135 ◦C–15%, and 30% regarding TPC-AC at 160 ◦C–15% 
(Table 3). The antioxidant capacity recovery index was associated with 
PC-Bioaccessibility-T (r = 0.939, p < 0.05). The improved bio
accessibility might be due to the decrease of the binding between 
phenolic compounds and cell walls components, triggered by the 
degradation of the IDF polysaccharides (cellulose and hemicellulose) 
and lignin during extrusion (Herrera-Cazares et al., 2021). Accordingly, 

we observed an inverse correlation (p < 0.05) between 
PC-Bioaccesibilities and the content of glucose in IDF (r = − 0.842), 
cellulose (r = − 0.798), and lignin (r = − 0.808). Our findings suggest 
that extrusion cooking could be viewed as a strategy for promoting the 
solubilization of phenolic compounds bound to the CS dietary fiber 
matrix. Research has previously shown that bound phenolics, primarily 
linked to cell wall components, are connected to the dietary fiber matrix 
through hydrophobic interactions, hydrogen bonds (between phenolic 
acids’ hydroxyl group and the oxygen atoms of glycosidic linkages in 
hemicelluloses sugar residues), and covalent bonds (ester bonds be
tween phenolic acids carboxy group and polysaccharides’ hydroxyl 
group, or ether linkages between hydroxyl groups of phenolics and 
lignins) (Liu et al., 2020). Correspondingly, glycosidic/ester/ether 
bonds in hemicelluloses, celluloses, and lignin may be hydrolyzed dur
ing the extrusion process (Giummarella et al., 2019). 

3.5. Extrusion modified the techno-functional properties of the cocoa shell 

The extruded CS exhibited similar pHs to the non-extruded CS 
(Table 4). The pH is associated with other techno-functional properties, 
mainly those related to proteins, such as emulsifying activity (EA). Then, 
the absence of pH changes might explain the invariable EA of the 
extruded CS after extrusion (Table 4). All the studied extrusion treat
ments showed a significant (p < 0.05) increase in BD, as previously 
supported by Wang et al. (2022). The bulk density (BD) is an essential 
parameter in extruded food production closely tied to the expansion 
capacity (Oladiran and Emmambux, 2018). Consequently, Jozinović 
et al. (2019) observed a decreasing expansion ratio of corn: CS extru
dates when increasing the proportion of the CS. In general, the extrusion 
process significantly (p < 0.05) decreased the ability of the CS to hold oil 
(22–28%) from 1.8 mL/g in the non-extruded CS to 1.3–1.4 mL/g in the 

Fig. 2. Chord diagram illustrating the significant (p 
< 0.05) Pearson correlations among the extrusion 
parameters for the cocoa shell, dietary fiber and 
phenolics’ composition, physicochemical and techno- 
functional properties, and in vitro physiological 
properties (A). Agglomerative hierarchical cluster 
analysis coupled to heat map (from the lowest ( ) to 
the highest ( ) relative value for each parameter) (B) 
showing the associations among the measured prop
erties and classifying extruded cocoa shell samples 
according to them. Average relative values for each 
property set (1–3) in each sample cluster (1–3) (C). 
Bars with different letters significantly (p < 0.05) 
differ according to ANOVA and Tukey’s multiple 
range test. IDF: Insoluble Dietary Fiber; SDF: Soluble 
Dietary Fiber; NCP: Non-Cellulosic Polysaccharides; 
UA: Uronic Acids; BD: Bulk Density; WAC: Water 
absorption Capacity; WHC: Water Holding Capacity; 
SWC: Swelling Capacity; EA: Emulsifying Activity; 
FPC: Free Phenolic Compounds; BPC: Bound Phenolic 
Compounds; TPC: Total Phenolic Compounds; AC: 
Antioxidant Capacity; RPC: Released Phenolic Com
pounds G: Gastric; I: Gastrointestinal; NDG: Non- 
Digested Gastric; NDI: Non-Digested Gastrointes
tinal; PC-Bioaccessibility: Phenolic Compounds Bio
accessibility; GA: Glucose Adsorption; GDRI: Glucose 
Diffusion Retardation Index; BBSS: Bile Salts.   
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extruded ones. These results infer that extrusion may reduce the 
non-polar residues availability on the surface of the CS, probably due to 
the decreased particle size and hydrophobic groups in the extruded CS 
(Li et al., 2019). 

The successful inclusion of fiber-enriched ingredients into foods can 
be influenced by their water-holding (WHC), water absorption (WAC), 
and swelling (SWC) capacities. The extruded CS exhibited significant (p 
< 0.05) lower WHC (18–65%) than the non-extruded one (3.4 mL/g), 
higher at 160 than at 135 ◦C, being maximum at 160 ◦C–25% moisture 
(1.2 mL/g) (Table 3). Hence, results supported that increasing extrusion 
temperature might reduce the WHC (Li et al., 2019). The reduction of 
galactose and arabinose observed in the IDF of the extruded CS corre
lated with the WHC (r = 0.819 and r = 0.879, p < 0.05, respectively). 
Losses in arabinose- and galactose-containing polysaccharides may 
diminish the water interaction sites of the extruded CS. Conversely, 
extrusion increased the WAC at 135 ◦C and decreased it at 160 ◦C, 
whereas barrel moisture feed did not affect this property. These findings 
could be associated with the modifications displayed by the extrusion 
process in the IDF and SDF content and composition. Results showed 
correlations (p < 0.05) between the WAC and the content of cellulose (r 
= − 0.831), the SDF concentration (r = 0.774), and the SDF total neutral 
sugars content (r = 0.837) (Fig. 2A). Then, the reduction in the cellulose 
content, while the SDF content increased, resulted in improved WAC 
properties. Cellulose showed a similar WAC (2.8 mL/g), whereas pectin 
exhibited much higher values (9.9 mL/g) (Benitez et al., 2019). More
over, the WAC correlated with the SWC (r = 0.850, p < 0.05). In this 
context, extrusion also increased significantly (p < 0.05) SWC 
(14–35%), except for the CS extruded at 160 ◦C− 25% of moisture feed. 
As observed for the WAC, the SWC showed a larger increase at 135 ◦C 
and 15 or 20% of moisture feed due to their higher SDF content, which 
was supported by the correlation observed between the SWC and SDF 
polysaccharides (r = 0.813, p < 0.05). Extrusion yielded similar effects 
on coffee parchment; extrusion at low moisture increases the SWC 
(Benítez et al., 2021). The inclusion of the CS in an extruded food matrix 
would provide good hydration properties due to their high hydration 

properties (Dey et al., 2021). 
Based on our results, extrusion modified the techno-functional 

properties of the cocoa shell, producing a more compact CS with 
slightly less capacity to hold oil and water and slightly higher swelling 
properties. Then, the CS might be used to reduce the caloric content or 
modify the texture of extruded products. In addition, the mentioned 
modifications could imply changes in the extruded CS’s physiological 
effects, such as their hypoglycemic and hypolipidemic capacities. 

3.6. Extrusion enhanced in vitro hypoglycemic properties due to the higher 
proportion of soluble fiber in the extruded cocoa shell 

The glucose adsorption capacity of the extruded CS depended on the 
glucose concentration (Fig. 3A). Extrusion (all conditions) significantly 
(p < 0.05) increased the CS’s glucose adsorption capacity at 100 and 
200 mM but not at low glucose concentrations (10–50 mM), high
lighting the capacity to adsorb glucose of those samples extruded with 
15 and 20% moisture feed. Extrusion at 135 ◦C–15% moisture showed 
the highest increase for glucose adsorption (2.2–2.9-fold, p < 0.05, 
depending on the glucose concentration in the medium) and the 
maximum glucose adsorbed per gram of sample (2.1-fold, p < 0.05), 
along with CS extruded at 135 ◦C–20% and 160 ◦C–15% (Fig. 3A and B). 
The extruded CS glucose adsorption capacity strongly correlated with 
their respective SDF content (r = 0.965, p < 0.05) (Fig. 2A). The 
increased contribution of SDF to TDF after extrusion may influence the 
higher glucose adsorption capacity of the extruded CS, as previously 
suggested by Garcia-Valle et al. (2021). These results may indicate that 
extrusion with 15 and 20% moisture feed could promote the ability of 
the CS to reduce the amount of glucose available in the intestinal lumen 
to a greater extent than the non-extruded CS and, consequently, atten
uate the postprandial glucose increase. 

The extruded CS exhibited a significantly (p < 0.05) higher capacity 
(29–54%) to inhibit the α-amylase activity compared to the non- 
extruded CS, except for the treatments with 25% moisture feed at both 
temperatures. However, no significant differences were found among 
the extrusion treatments at 15 and 20% moisture feed (Fig. 3C). The 
observed inhibition showed a strong correlation with SDF and IDF, being 
inversely proportional for the latest (r = 0.888 and r = − 0.911, p < 0.05, 
respectively) (Fig. 2A). Therefore, the higher capacity exhibited could 
be explained by the IDF decrease and the increased SDF contribution 
noted in the extruded CS (Fig. 1A and B). The α-amylase inhibition 
displayed by the extruded CS could expand carbohydrates’ digestion 
time and limit the glucose release from starch (Punia Bangar et al., 
2022). Thus, reduced α-amylase activity may decrease the rate of 
glucose absorption and, consequently, diminish the postprandial plasma 
glucose. 

The CS extruded at 135 ◦C (15− 25% moisture) and 160 ◦C (15% 
moisture) showed a significantly lower (p < 0.05) dialyzed glucose 
(Fig. 3D) and Vmax (2.1− 2.2 μmol/min) (Fig. 3E) compared to the non- 
extruded CS (2.7 μmol/min). Moreover, extrusion raised (73–91%, p <
0.05) the GDRI-glucose (Fig. 4F). The improvement of glucose diffusion 
retardation may be associated with the SDF content since GDRI-glucose 
and Vmax were directly and inversely associated, respectively, with this 
parameter (r = 0.852 and r = − 0.849, p < 0.05) (Fig. 2A). Therefore, the 
higher SDF proportion promoted by extrusion increased the CS’s ability 
to retard glucose diffusion. This capacity may be related to the physical 
impediment offered by fiber particles to glucose molecules due to the 
rheological properties of fiber polysaccharides, together with the CS’ 
capacity to adsorb glucose (r = 0.782, p < 0.05) (Zhu et al., 2021). 

Moreover, all the extruded CS flours significantly reduced (p < 0.05) 
starch hydrolysis in comparison to the non-extruded CS from 60 min 
onwards and exhibited increased GDRI-starch (p < 0.05) up to 2.8-fold 
in 135 ◦C–15% moisture compared to non-extruded CS (Control, 20%) 
(Fig. 3G, I). The CS extruded at 135 ◦C and 15–20% moisture feed, as 
well as that obtained at 160 ◦C and 15% moisture feed, showed a 
significantly lower Vmax (0.09 μmol/min, p < 0.05) compared to the 

Table 4 
Effect of extrusion on the physicochemical and techno-functional properties of 
the cocoa shell (CS) under processing conditions of 135–150 or 160–175 ◦C and 
15, 20, or 25% moisture.   

pH EA 
(%) 

BD (g/ 
mL) 

OHC 
(mL/ 
g) 

WAC 
(mL/ 
g) 

WHC 
(mL/ 
g) 

SWC 
(mL/ 
g) 

Control 5.8 
±

0.2a 

15.1 
± 1.5a 

0.48 
±

0.00a 

1.8 ±
0.2b 

2.8 ±
0.2b 

3.4 ±
0.0d 

7.0 ±
0.0b 

E135–15 5.6 
±

0.1a 

15.3 
± 2.1a 

0.65 
±

0.00b 

1.3 ±
0.1a 

3.6 ±
0.2c 

2.8 ±
0.0c 

9.5 ±
0.5d 

E135–20 5.5 
±

0.1a 

17.8 
± 1.8a 

0.64 
±

0.00b 

1.4 ±
0.0a 

3.3 ±
0.3c 

2.8 ±
0.0c 

9.3 ±
0.0d 

E135–25 5.5 
±

0.1a 

17.5 
± 1.6a 

0.61 
±

0.00b 

1.4 ±
0.1a 

3.0 ±
0.3bc 

2.4 ±
0.0c 

8.0 ±
0.0c 

E160–15 5.5 
±

0.1a 

15.1 
± 1.5a 

0.64 
±

0.01b 

1.4 ±
0.1a 

2.6 ±
0.3ab 

2.2 ±
0.0b 

8.3 ±
0.0c 

E160–20 5.5 
±

0.2a 

17.8 
± 1.9a 

0.62 
±

0.02b 

1.6 ±
0.0b 

2.4 ±
0.2a 

2.0 ±
0.1b 

8.0 ±
0.3c 

E160–25 5.3 
±

0.1a 

18.1 
± 1.7a 

0.61 
±

0.01b 

1.4 ±
0.0a 

2.0 ±
0.2a 

1.2 ±
0.0a 

5.0 ±
0.5a 

Results are reported as mean ± SD (n = 3). Mean values within a column fol
lowed by different superscript letters are significantly different when subjected 
to Tukey’s test (p < 0.05). BD: Bulk Density; WHC: Water Holding Capacity; 
WAC: Water Absorption Capacity; OHC: Oil Holding Capacity; SWC: Swelling 
Capacity; EA: Emulsifying Activity. 
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non-extruded CS (0.12 μmol/min) (Fig. 3H). Therefore, results showed 
that extrusion enhanced the CS’s capacity to reduce starch digestibility. 
This effect might be related to the SDF content and the other hypogly
cemic properties since the GDRI-starch was correlated (p < 0.05) to the 
content of SDF (r = 0.846), the GDRI-glucose (r = 0.925), the glucose 
adsorption capacity (r = 0.832), and α-amylase inhibition (r = 0.700) 
(Fig. 2A). The modifications promoted by extrusion in the dietary fiber 
from the CS, especially regarding the SDF proportion, led to the higher 
ability of the extruded CS to retard starch digestibility. Interestingly, 
there were no associations between the concentration of phenolic 
compounds and the CS’s hypoglycemic properties. Dietary fiber, 
phenolic compounds, and their interactive complexes have demon
strated glucose absorption delaying properties (Dobson et al., 2019; 
Taladrid et al., 2023). Nonetheless, the hypoglycemic properties of the 
extruded CS were mainly governed by dietary fiber. Hence, the 
improved hypoglycemic properties found in the extruded CS could 
probably be due to the SDF increase, which triggered a strengthened 
capacity to adsorb glucose, diminishing glucose diffusion and reducing 
the enzyme accessibility to starch as the polysaccharide entrapment or 
enzyme in the matrix. 

3.7. Extrusion preserved the in vitro hypolipidemic properties of the cocoa 
shell 

Results indicated that the cholesterol-binding capacity of the 
extruded CS depended on the pH of the media. In general terms, at pH 2, 
both the extruded and non-extruded CS showed a similar capacity to 
bind cholesterol (37–50%), except for the CS extruded at 160 ◦C–25% 
moisture, whose capacity to bind cholesterol increased significantly (p 
< 0.05) up to 66% (Fig. 4A). However, extrusion produced a significant 
decrease (p < 0.05) in the ability to bind cholesterol at pH 7, except for 
135–25%, being significantly more pronounced at 160 ◦C (48–57%) 
than at 135 ◦C with 15 and 20% moisture feed (30 and 21%, respec
tively). The mentioned trend could be due to the reduction of the TDF 
content, specifically, the decrease of IDF, since, at pH 7, cholesterol 
binding notably correlated with TDF and IDF (r = 0.872 and r = 0.810, p 
< 0.05, respectively). This drop could be associated (p < 0.05) with the 
loss of non-cellulosic polysaccharides in IDF (r = 0.896), constituted by 
arabinose (r = 0.913), galactose (r = 0.845), and uronic acids (r =
0.909) (Fig. 2A). Therefore, it can be claimed that dietary fiber, IDF non- 
cellulosic polysaccharides in this specific case, can delay cholesterol 
absorption, although the involved mechanisms remain unclear. Some 

Fig. 3. Effect of extrusion on the cocoa shell’s glucose adsorption capacity (A), maximum glucose adsorbed (mmol/g) (B), α-amylase inhibition (C), glucose diffusion 
kinetics (0–150 min) (D), Vmax glucose diffusion (E), glucose diffusion retardation index (GDRI) (F), starch hydrolysis kinetics (0–150 min) (G), Vmax (H) and GDRI (I) 
for glucose release from starch under different temperature (135–150 or 160–175 ◦C) and moisture (15, 20, or 25%) processing conditions. The results are reported as 
mean ± SD (n = 3). Bars and points with different letters significantly (p < 0.05) differ according to ANOVA and Tukey’s multiple range test. 
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authors proposed a direct binding of fiber to cholesterol in the intestinal 
lumen or a reduction of its emulsification by bile salts, delaying its 
diffusion to the intestinal epithelial cells (Acevedo-Fani and Singh, 
2022). The extruded CS exhibited a similar or higher cholesterol binding 
capacity than other dietary fibers from food by-products, commercial 
citrus pectin, or even cholestyramine (Bagabaldo et al., 2022; Taladrid 
et al., 2023). Then, the extruded CS might be an attractive fiber-rich 
ingredient with hypocholesterolemic effects. 

The extruded and non-extruded CS revealed noticeable bile salts’ 
adsorption capacity, between 54 and 79% (Fig. 4B), not being affected 
by incubation time (1–3 h) (p > 0.05). The extruded CS bound from 23 to 
35 mg of sodium cholate per gram. Only extrusion at 15% moisture feed 
at both temperatures significantly enhanced the CS capacity to bind bile 
salts (26–39%). This improvement could be significantly (p < 0.05) 
correlated to the decrease of IDF (r = − 0.852) and the increase in the 

proportion of SDF (r = 0.801) together with the changes produced by 
extrusion in its composition, particularly in the contents of mannose (r 
= 0.920), rhamnose (r = 0.897) and uronic acids (r = 0.797) (Fig. 2A). 
Therefore, these sugar residues may be responsible for the dietary fiber 
binding to bile salts. As previously reported, the reduction of bile salts 
availability in the small intestine, exhibited by the extruded CS, can 
inhibit its surfactant activity (Islam et al., 2022). Consequently, 
decreased micelles formation and hindered lipid digestion and absorp
tion might reduce circulating triglycerides. In addition, the bile salt 
binding capacity of the extruded CS blocks their reabsorption, which 
may require the use of cholesterol in hepatocytes to preserve the bile salt 
reserve, thereby reducing plasma cholesterol levels (Islam et al., 2022). 

The capacity of the extruded CS to inhibit pancreatic lipase was 
analyzed in the absence or presence of bile salts (BBSS− and BBSS+, 
respectively) (Fig. 4C). In the BBSS− model, extrusion at 15–20% 
moisture feed at both temperatures significantly reduced the CS’s lipase 
inhibitory ability (22–27%, p < 0.05) compared to the non-extruded 
material, whereas, in the BBSS+ model, such property was preserved. 
The modifications produced by extrusion in the TPC might cause the 
mentioned decrease in lipase inhibition in the first model (r = 0.805, p <
0.05). Nevertheless, all the extruded CS flours displayed high inhibitory 
ability against pancreatic lipase (40–93%) (Fig. 4C). Lipase inhibition by 
the extruded CS could be associated with dietary fiber and phenolic 
compounds, as previously proposed (Liu et al., 2020). Whether phenolic 
compounds can interact with the catalytic site of pancreatic lipase, di
etary fiber could form a coating around lipid droplets, hindering lipase 
access to fat globules, decreasing lipid accessibility, trapping the enzyme 
within its matrix, or sequestering calcium ions necessary for enzyme 
activity (Acevedo-Fani and Singh, 2022). Due to their ability to inhibit 
lipase activity, adsorb cholesterol, and bind bile salts, the extruded CS 
could be an ingredient with promising hypolipidemic properties. 

3.8. Extrusion modified the cocoa shell dietary fiber and phenolic 
compounds determining differential functional and physiological properties 

Hierarchical clustering coupled with a heatmap (Fig. 3B) classified 
samples into three groups. The first group clustered the non-extruded CS 
and the CS extruded at 160 ◦C and 25% moisture. The second group was 
composed of extruded CS at low temperature and low moisture (135 ◦C 
and 15%), and the third group included the remaining samples (CS 
extruded at 160 ◦C, 15 and 20% moisture, and at 135 ◦C, 20 and 25% 
moisture feed). Similarly, the extruded CS’s properties were clustered in 
three groups. The second group of samples (Cluster 2) was characterized 
by high values in the first set of properties (Properties 1, including SDF, 
phenolics bioaccessibility, WAC, hypoglycemic properties, and bile salts 
binding), followed by clusters 3 and 1 (Fig. 3C). The second set of 
properties was similar among clusters and included IDF, pH, WHC, and 
phenolics bound to insoluble non-digestible residues. Finally, the last set 
of properties, characterized by low values in cluster 2, and higher in 
clusters 1 and 3, included mainly phenolic compounds (free, bound, and 
released) and their antioxidant capacity, and cholesterol binding and 
lipase inhibition properties. Accordingly, extrusion produced two dif
ferential effects: solubilization of dietary fiber at 135 ◦C and low mois
ture (15%), correlated with higher hypoglycemic properties, or an 
increase in phenolic compounds and antioxidant capacity at 160 ◦C and 
high moisture (25%) associated with higher lipase inhibition. The other 
middle extrusion conditions combinations (cluster 3) yielded interme
diate effects. Then, extrusion of the CS modified the content and profile 
of dietary fiber and phenolic compounds, determining differential 
functional and physiological properties. 

Current research focuses on the incorporation of food by-products as 
ingredients into extruded products. This approach seeks the dual goal of 
valorizing residues while improving the nutritional quality of extruded 
foods (Santos et al., 2022). In this sense, we have demonstrated that the 
cocoa shell could be effectively extruded, providing attractive chemical 
and techno-functional traits to the added products. The solubilization of 

Fig. 4. Effect of extrusion on the cocoa shell’s cholesterol-binding capacity (%) 
at pH 2 (solid bars ) and pH 7 (striped bars ) (A), bile salt binding ca
pacity (%) after 1h (solid bars ) and 3h (striped bars ) of incubation (B), 
and in vitro lipase inhibition in a model without bile salts (BBSS− , solid bars 

) and with them (BBSS+, striped bars ) (C) at several temperature 
(135–150 or 160–175 ◦C) and moisture (15, 20, or 25%) processing conditions. 
The results are reported as mean ± SD (n = 3). Bars and points with different 
letters significantly (p < 0.05) differ according to ANOVA and Tukey’s multiple 
range test. 
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dietary fiber during the extrusion of the CS may yield food ingredients 
with improved dietary fiber content and profile. Within the array of 
innovative techniques presently used for this purpose (mechanical, 
chemical, or enzymatic hydrolysis; microbiological fermentation, and 
thermal processes), extrusion cooking has been highlighted as one of the 
best options for disrupting the covalent and non-covalent interactions 
within cell wall polysaccharides and modifying the insoluble dietary 
fiber into smaller and more soluble molecular fragments (Bader Ul Ain 
et al., 2019). Considering the complex structure of the CS dietary fiber, 
comprising strong phenolic-polysaccharide interactions, extrusion was 
proven to be an effective technique for promoting phenolic compounds 
solubilization. Bound phenolic compounds and phenolic-dietary fiber 
interactions possess meaningful implications related to the bio
accessibility of phenolic compounds and, therefore, on the biological 
activity that those may exert in the organism (Rocchetti et al., 2022; 
Taladrid et al., 2023). The CS dietary fiber matrix protects phenolic 
compounds during gastrointestinal digestion but also hinders their final 
release in the gut due to such intense interactions (Cañas et al., 2022). 
Notwithstanding, the CS antioxidant fiber-phenolic complexes may 
entail significant reciprocal effects on the gut microbiota. Extrusion 
might promote fiber and phenolic compounds’ colonic biotransforma
tion, yielding exciting biological effects (Rocchetti et al., 2022; Taladrid 
et al., 2023). Ultimately, extrusion may serve as a strategy for utilizing 
the CS as an ingredient and improving extruded products’ physiological 
and health-related effects while modifying their chemical and functional 
properties (Yi et al., 2022). 

4. Conclusion 

Extrusion of the CS decreased the total dietary fiber at 160 ◦C, while 
it did not change at 135 ◦C due to the IDF’s solubilization, which 
increased the SDF. In addition, the extruded CS dietary fiber exhibited a 
better SDF: IDF ratio because of the higher contribution of the SDF 
fraction. Extrusion at high temperatures and high moisture feed 
(160 ◦C–25%) yielded a higher antioxidant capacity and phenolic 
compounds content, but the milder extrusion conditions (135 ◦C–15%) 
significantly enhanced the in vitro bioaccessibility of these bioactive 
compounds. Changes in the composition and structure of the extruded 
CS flours impacted the techno-functional properties, generating 
compact flours with slightly less capacity to hold oil and water and 
higher swelling properties. Likewise, the fiber composition modifica
tions produced in the extruded CS improved the in vitro hypoglycemic 
properties, whereas the in vitro hypolipidemic properties were main
tained. This study revealed the feasibility of the CS to improve the 
nutritional value of extruded foods. However, further post-inclusion 
studies are needed to verify its effect in specific matrices. 
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