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Abstract
Cocoa bean shells (CBS) represent up to 20% of the waste from roasted beans in emerging countries, such as Peru, one of 
the leading producers of fine-aroma cocoa (Theobroma cacao L.) in the world. Due to the high phenolic and theobromine 
concentrations in agricultural residues such as cocoa bean shells (CBS), multidisciplinary research is focused on optimizing 
the extraction, characterization, and evaluation of phenolic compounds present in CBS. To provide a complete guide for the 
extraction of theobromine from CBS, we present here the main methods of extraction and stabilization (encapsulation) of 
theobromine present in CBS, moving from conventional techniques to others considered “green,” such as ultrasound-assisted 
extraction (UAE), microwave-assisted extraction (MAE), supercritical fluid extraction (SFE), pressurized liquid extraction 
(PLE), even deep eutectic solvent extraction (DES), hydrodynamic cavitation reactors (HCR), pulsed electric field (PEF), and 
high-voltage electric discharge extraction (HVED), pressurized hot water extraction (PHWE) and subcritical water extraction 
(SCE), among others. Here, the significant increase in theobromine concentration of the extracts is highlighted, as well as 
the importance of microencapsulation and nanoencapsulation in protecting their bioactivity. The UAE and MAE methods 
are more effective for theobromine extraction, respectively. On the other hand, encapsulations have been evaluated primar-
ily with maltodextrin mixed with gum Arabic, chitosan, and whey protein by spray drying or freeze-drying. It is concluded 
that obtaining a nutraceutical product from CBS in a sustainable circular agricultural economy requires optimizing scalable 
green extraction processes, such as US, and exploring new encapsulated materials and their mixtures to stabilize bioactive 
compounds, taking advantage of synergistic protection effects.
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Introduction

Emerging agricultural residues, for example, from the choc-
olate industry, contribute to a circular economy by providing 
low-cost and sustainable renewable (bio)resources for nutra-
ceutical production. Nutraceuticals, a functional food with 
high concentrations of bioactive compounds, have become 
a multibillion-dollar industry [18].

Cocoa (Theobroma cacao L.) is a crop whose origin, 
domestication, and use originated in South America [69]. 
Its leading producers are African countries (Ivory Coast and 
Ghana) and South American countries, such as Ecuador and 
Brazil. Peru is one of the leading producers and a major 
global exporter of fine-flavor cocoa, with the Netherlands, 
Indonesia, Mexico, Malaysia, and the USA being its primary 
markets [56].
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In Peru, cocoa production involves 90,000 producers, 
mainly family farmers, in 16 of Peru's 24 regions. San Mar-
tin, Junin, Ucayali, Huanuco, and Cusco are the five promi-
nent producing regions, accounting for 86% of total national 
production [82].

In 2022/2023, the worldwide production of cocoa beans 
was estimated to be around 4.9 million tons [56], of which 
the by-products (cocoa husk, cocoa shell, and pulp) corre-
spond to 85% of the cocoa production [15]. In Peru, in the 
same year (2023), the total production of dried beans was 
approximately 170,300 tons [82]. Interestingly, during the 
processing of cocoa beans, since the harvesting of cocoa, 
the cocoa industry produces waste by-products with valu-
able health properties, which represent between 10 and 20% 
of the CBS [49, 110, 111] Based on available data, it was 
estimated that in Peru, cocoa bean shells (CBS) production 
reached between 17 000 and 34 000 tons in 2023.

Furthermore, cocoa waste by-products, i.e., cocoa pod 
husks (CPH) and cocoa bean shells (CBS), have been evalu-
ated due to the presence of different bioactive compounds 
such as methylxanthines (theobromine and caffeine), poly-
phenols (protocatechuic acid, procyanidin B2, catechin, 
and epicatechin), and phytosterols (campesterol, stigmas-
terol, β-sitosterol) [15, 35, 49, 110]. Meanwhile, polyphe-
nols – one of the main compounds found in CBS and CPH 
[35] – serve as an antioxidant that prevents the progression 
of many diseases. Theobromine – another main compound 
present in the CBS – is becoming more relevant due to its 
[49] properties as a nutraceutical.

Theobromine is an antioxidant and anti-inflammatory that 
has been shown to positively influence cardiovascular health 
and brain function positively [40], act as an anticarcinogenic 
agent [126], diminish obesity and diabetes disorders [59], 
improve fertility, and reduce neurological and neurodegen-
erative disorders such as Alzheimer's and Parkinson's dis-
ease [44, 60]. Furthermore, theobromine is being proposed 
as a new medical treatment for lithiasis, i.e., kidney stone 
formation. [26, 29, 52].

Polyphenols and theobromine could be extracted from 
CPH and CBS using various technologies, such as ohmic 
heating [110], hydrodynamic cavitation extraction [46], 
pulsed electric field [9, 17], supercritical CO2 [41, 51, 80] 
with ethane [83], ultrasonic assisted [95], supercritical water 
extraction [63, 64], pressured hot water extraction [89], and 
microwave extraction [32, 43].

Previous literature has shown that new technologies, con-
sidered “green processes,” are being highlighted in bioactive 
recovery from CBS to follow circular economy principles, 
i.e., utilizing agricultural residues and clean processes. Fur-
thermore, the focus of all extraction processes showcased in 
the literature is mainly on optimizing the recovery of phe-
nolic compounds and demonstrating their antioxidant activ-
ity. For this reason, this review aims to analyze different 

techniques and technologies that allow the extraction and 
optimized stabilization of other components present in 
CBS, such as methylxanthines, in particular theobromine, 
since it shows nutraceutical properties for the prevention 
and treatment of diseases, having enormous possibilities to 
be incorporated in food, cosmetic, or even pharmaceutical 
formulations.

Methods and Literature Search

For this review, peer-reviewed scientific literature published 
between 2000 and 2024 was analyzed. However, some previ-
ous studies were incorporated due to their relevance to the 
field or because they represent the most current research 
available on specific aspects of the topic. The bibliographic 
search was conducted primarily through specialized data-
bases and search engines, including Scopus, Web of Science, 
ResearchGate, Google Scholar, MDPI, PubMed, and Sci-
ELO. Additional sources were identified through a manual 
review of the references cited in the selected articles. Vari-
ous search terms were used, both individually and in com-
bination, including keywords such as"polyphenols,""theobr
omine,""functional,""cocoa,""Theobroma,""byproduct,"an
d"cocoa bean shell,"among other related terms.

Generation of Cocoa Bean Shell (CBS) 
as a by‑product of Post‑Harvest Processing

Cocoa (Theobroma cacao L.) undergoes several harvesting 
processes to obtain products such as butter, liquor, and cocoa 
powder, generating by-products with a high content of great 
commercial value. The latter includes mucilage (8–10% of 
the fresh fruit), pod husk (CPH, 65–80% of the fresh fruit), 
and bean husk (CBS, 10–20% of bean weight) [49, 110, 111]

Figure 1 illustrates the operational sequence for obtaining 
cocoa bean husk (CBS). In the first stage, the seeds undergo 
a fermentation process that lasts 5 to 7 days, generating the 
precursors of the characteristic aroma and flavor of cocoa. 
Subsequently, the beans are dried, either in the sun or in 
mechanical dryers, to reduce the humidity to below 8%, 
which prevents microbial proliferation and improves the 
conservation of the bean.

The dried beans are then roasted at temperatures above 
100 °C, a process that not only intensifies the volatile com-
pounds and the sensory profile of the cocoa but also weakens 
the bond between the husk and the cotyledon. This structural 
modification enables the shelling process to be carried out 
through friction and mechanical agitation, resulting in the 
CBS as a by-product.
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The Extraction Process and Quantification 
of Theobromine from Cocoa Bean Shell

In the process of extracting theobromine from cocoa 
bean shells (CBS), researchers have focused on both fer-
mented and unfermented, as well as roasted and unroasted, 
cocoa beans, all of which are reduced in size to less than 
500 µm. Once pulverized to this particle size to access 
the CBS metabolites, the bioactive compounds in CBS 
can be extracted using conventional and non-conventional 
methods. The conventional methods are simple, readily 
available, and cost-effective; however, their effectiveness 
is limited by the solvents'ability to penetrate plant cell 
walls and their potential toxicity.

Traditionally, CBS extracts have been inspected with 
ultraviolet–visible spectroscopy (UV–Vis). UV–Vis 
spectroscopy can estimate the total content of phenolic 
compounds and methylxanthines after extraction and its 
subsequent cleaning step to eliminate interferences, such 
as polyphenols and proteins [95]. The latter is possible 
through Carrez clarification method, which involves the 
addition of a solution of potassium ferrocyanide and zinc 
acetate or zinc sulfate [22]. These forms insoluble pre-
cipitates of proteins and colloidal substances that can be 
separated by centrifugation or filtration, thereby helping 
to clarify the sample before bioactive analysis. [79]. How-
ever, more precise and accurate analytical techniques are 
now being used to identify and quantify methylxanthines 
present in CBS extracts. The most common is high-per-
formance liquid chromatography (HPLC) coupled to dif-
ferent detectors, such as a diode array detector (DAD) [14, 
46, 94]. [119],), and electrospray ionization of a tandem 
mass spectrometry system (ESI–MS/MS)[8, 50, 96]. These 
analytical techniques for methylxanthine identification 
and quantification have been further improved by using 

ultra-high-performance liquid chromatography (UPLC or 
UHPLC).

Conventional Solid–Liquid Extraction

Conventional extraction techniques of methylxanthines from 
CBS are based on solid–liquid extraction, such as decoction 
(boiling infusion), leaching, maceration, and percolation 
[101].

The extraction principle is based on the transfer of the 
compound present in the solid to the mass of the solvent, 
where five mass transfer steps are usually involved: pen-
etration of the solvent into the surface of the solid, diffu-
sion through the solid, solubilization of the compound in 
the solvent, diffusion to the surface of the solid, and finally, 
external transfer to the total solution. Therefore, extraction 
depends on how fast the compound dissolves and reaches 
equilibrium in the liquid [77, 97]. Furthermore, the overall 
temperature (Tbulk) of the system and the type of solvent 
are known to have a significant impact on the mass trans-
fer processes. Thus, diffusion rates would increase with an 
increase in the local temperature of the solute (local T), 
thereby reducing the extraction time [77]. In particular, 
water, ethanol, methanol, or their combination has been tra-
ditionally selected for theobromine extraction from CBS. 
Moreover, the binary mixture (water: ethanol) is the most 
commonly used due to its compatibility with food prepara-
tion (i.e., water and ethanol are green solvents)[98]. In many 
cases, solid–liquid extraction requires either mechanical or 
magnetic agitation to enhance the extraction process. On 
the contrary, maceration is a static solid–liquid extraction 
process that does not need agitation. Unfortunately, macera-
tion requires a longer extraction time than other solid–liquid 
systems to maximize the recovery of methylxanthines.

Fig. 1   Steps to obtain cocoa 
bean shell (CSB) residues
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Regardless of the solid–liquid extraction system used, 
water requires a higher temperature during extraction than 
ethanol or methanol to improve the solubility and diffusion 
coefficient of phenolic compounds, with the disadvantage 
of thermal degradation and lower extraction selectivity of 
compounds [21, 101]. Therefore, to prevent the thermal 
destruction of metabolites during maceration, where longer 
extraction times are used, alternative solvents, such as water 
or binary phases with similar polarity and solubility, are 
preferred [98, 115]. Table 1 below presents recent applica-
tions of conventional extraction techniques. The fermenta-
tion and roasting that the cocoa bean undergoes influence 
the theobromine recovery efficiency of the CBS as much 
as the extraction parameters. The particle size of the CBS 
(< 300 µm), the agitation, and the type of solvent have a 
significant influence on the theobromine extraction time 
and yield. The use of ethanol in a stirred system requires 
a shorter extraction time of 20 min compared to macera-
tion, which can take up to 720 min. Additionally, the use of 
ethanol requires lower temperatures than water as a solvent 
(> 80 °C) to enhance theobromine recovery. Therefore, etha-
nol stands out for its theobromine recovery efficiency due to 
its low energy cost and its consideration as a green solvent 
in conventional extraction techniques.

Microwave‑Assisted Extraction

Microwave radiation is a fast and efficient, environmentally 
friendly process that reduces extraction time and solvent 
requirements, increasing yields and improving purity com-
pared to conventional heating methods [70, 74]. Microwave-
assisted extraction (MAE) significantly enhances mass 
transfer from biomass to solvent by a temperature-induced 
diffusion (TID). Unlike conventional isothermal processes, 
where solute transport depends mainly on concentration gra-
dients, MAE also involves thermal gradients that modify 
the internal chemical potential of the biomass [113]. This 
phenomenon results in increased water absorption in cells, 
which can lead to elevated internal pressures that weaken or 
even rupture cell walls [77]. As a result, the release of bio-
active compounds from the biomass is facilitated, increas-
ing the extraction yield and reducing the process time. In 
addition, microwave heating produces a localized increase in 
temperature (local T) higher than the average temperature of 
the system (Tbulk), which accelerates the solubilization of 
compounds and improves the yield [77]. This rapid heating, 
driven by changes in applied power, promotes cell rupture 
and effective diffusion of solutes into the solvent. However, 
this technology also has limitations. Although it reduces 

Table 1   Theobromine extraction parameters by conventional extraction

* HPLC–DAD; ** RP-UHPLC-DAD; *** HPLC ****UHPLC; + HPLC–DAD-ESI–MS/MS; + + HPLC–MS; + + + UV–Vis (273 nm)

CBS Ratio L/S 
(mL g −1)

Time (min) Temp (ºC) Solvent concentration Stirring Concentration 
(mg g−1)

Reference

Ground 100 5 80 H2O (100%) Yes 13.2 +++ [95]
Unroasted (100 µm) 8.55 20 Room EtOH (63%) Yes Identification** [25]

14.28
20

Fermented unroasted 
(250 µm)

N.I/20 720 Room EtOH (96%) No, maceration 7.1–9.6 *** [35]

Fermented roasted 
(250 µm)

15.4—22.5 ***

(300 µm) 500 118 25 EtOH (39.15%) Rotary agitation 
(60 rpm)

4.7—10.6 ** [9]

Ground and defatted 20 45 Room Water (nano pure) Yes 9.0 **** [55]
55 10.3**** [55]

(500 µm) 5 60 60 EtOH 70% (v/v) Magnetic stirring 7.40* [107]
Ground (300 µm) 50 60–90 N.I Water Magnetic stirring 2.96–2.99* [65]
(250 μm) 20 120 25 EtOH/H2O 50:50 (v/v) Rotatory oscillation 4.6—9.9 + [8]
Unmilled 66.6 15 N.I H2O Magnetic stirring 2.3 * [11]

33.3 45 2.9 *
(250 μm) 20 120 25 EtOH/H2O (50:50, 

v/v)
Rotatory oscillation 7.6–9.0 ** [105]

Non-fermented and 
unroasted (0.5 μm)

3 60 70 MeOH/H2O 80:20 
(v/v) Acidified pH 3

Yes 3.9 ++ [50]

Fermented and 
unroasted (0.5 μm)

12.0 ++
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extraction times, prolonged exposure of the compound to 
elevated temperatures within the system can induce its deg-
radation, especially if it remains in contact with the biomass 
for an extended period. [77]. Additionally, the drastic tem-
perature change caused significant damage to the structural 
plant wall and solubilized unwanted compounds, requiring 
more complex purification steps and thereby increasing 
overall process costs. As a result, selective heating of mol-
ecules efficiently provides the energy needed to overcome 
the activation barrier; however, careful control of operating 
parameters is required to avoid the co-extraction of unwanted 
compounds and degradation of the bioactive compounds of 
interest. Microwave-assisted extraction of bioactive com-
pounds from CBS is shown in Fig. 2.

Table 2 below presents recent applications of micro-
wave-assisted extraction of methylxanthines from CBS, 

along with their process factors. Microwave-assisted 
extraction (MAE) enhances the extraction efficiency of 
theobromine from cocoa peel by up to 72% and caffeine 
from cocoa seeds by up to 150% without altering the 
extracts. The extraction mix consisted of 0.5 g of sample, 
90 mL of distilled water, and 5 mL of Carrez I reagent, 
and was performed using 210 W and an irradiation time 
of 5 min [43].

Darasia et al. [32] placed a mixture of cocoa pod husk 
powder and ethanol in an Erlenmeyer flask, which was 
subjected to microwave heating at 180 W for 3 min. Then, 
the extraction was filtered, dried (rotary vacuum evapora-
tor, 50 °C, 100 bars, 65 rpm), and stored at low tempera-
ture. This MAE extraction protocol produced the highest 
total phenol content of 6.473 mg GAE/g with antioxidant 
activity of 27.2 μg mL−1 compared to the traditional Sox-
hlet extraction [32].

Fig. 2   Schematic representation 
of microwave-assisted extrac-
tion of bioactive compounds 
from CBS and its process fac-
tors. Reprinted from Heliyon, 
10(10), Nayak et al. Advances 
in the novel and green-assisted 
techniques for extraction of bio-
active compounds from millets: 
A comprehensive review, Vol. 
9., Copyright 2024 with permis-
sion from Elsevier [84]

Table 2   Theobromine extraction parameters by microwave-assisted extraction

*HPLC–DAD; **HPLC–UV/VIS; ***RP-UHPLC-DAD; + UV–Vis (275.9 nm)

Raw material Solvent Ratio L/S 
(mL g −1)

Specifications Concentration (mg g−1) Reference

CBS (ground) H2O/DES (49%/choline 
chloride: oxalic acid, 
1:1 mol ratio)

20 Power: 600-800W
Time: 11.41 min
Temperature: 35.1 ºC

4.5* [93]

CBS ground (< 1 mm) H2O 25 Power: 500 W
Time: 5 min
Stirring: 400 rpm
Temperature: 97 °C pH: 2

5.1** [81]

pH: 7 (phosphate buffer) 6.4 **
pH: 12 7.6 **

CBS unroasted (100 µm) EtOH/H2O
(63% v/v)

69.71 Power: 399,88 W
Time: 3.6 min

Identify*** [25]

CBS ground H2O (with Carrez reagent) 180 Power: 210 W
Time: 5 min

12.60+ [43]
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Cavitation Extraction Techniques

In general terms, cavitation extraction is a physical phe-
nomenon involving the formation and collapse of cavities, 
either vapor or gas bubbles, in the solvent, which can be 
induced by various mechanisms. For bioactive extraction, 
these mechanisms can include acoustic cavitation, which 
is the principle of ultrasonic-assisted extraction (UAE), or 
hydrodynamic cavitation (HC).

Hydrodynamic cavitation occurs when the pressure in tur-
bulent flow systems, such as those found in Venturi valves, 
rotors, or high-speed centrifugal pumps, abruptly reduces. 
[128]. This generates the formation or collapse of cavities 
(bubbles) in a liquid medium, producing a hot spot and 
shock waves that disrupt cell membranes, thereby enhancing 
mass transfer [28]. On its side, ultrasound-assisted extrac-
tion (UAE) is based on the controlled induction of acoustic 
cavitation by the application of high-frequency ultrasonic 
waves, ranging from 16 to 100 kHz (I = 10–1000 W/cm2), 
generated by an ultrasonic transducer [108]. These waves 
induce the formation, growth, and implosive collapse of 
microbubbles in the solvent, especially in the vicinity of 
the biomass. This collapse produces localized pressure gra-
dients. as well as microjets and shock waves that generate 
various intense mechanical and thermal effects, such as sur-
face detachment, erosion, and fragmentation of particles, 
disruption of cell structures, and increased cell wall perme-
ability, which together promote mass transfer between the 
biomass and the solvent [27, 116]. In addition, the bubble 
implosion produces macroturbulences and micromixers that 
contribute to the homogenization of the system and a more 
efficient extraction. [27].

In summary, HC does not require ultrasonic waves, but 
rather hydraulic mechanical energy, making it more energy-
efficient and economically viable, and thus more easily scal-
able to an industrial level. Table 3 presents different extrac-
tion techniques for producing cavitation for theobromine 
extraction.

Hydrodynamic Cavitation Reactors (HCR)

Finally, a third method for producing hydrodynamic cavi-
tation is based on mechanical forces that occur in hydro-
dynamic cavitation reactors (HCR) with or without mov-
ing parts, such as the venturi-type and rotor–stator HCRs 
(Table 3).

Hydrodynamic cavitation extraction techniques were suc-
cessfully implemented in a pilot-scale plant by [46]. The 
authors demonstrated that HCR overcomes ultrasound and 
conventional extraction methods. Biomass destruction is 
enhanced faster due to the high-energy environment pro-
vided by the hydrodynamic cavitation technique [46]. Pilot 
scale tests were performed in a 25 L rotor/stator HCR in a 

hydroalcoholic mixture (70:30 EtOH/H2O) at room tempera-
ture at 3000 rpm for 11 min for 47.7 cycles (each 5 s) and 
a total residence time of 3.93 min for theobromine extrac-
tion, compared to ultrasound-assisted extraction. Extraction 
by hydrodynamic cavitation yielded 14.8 vs. 9.6% w/w for 
ultrasound-assisted extraction. These results were improved 
using a ternary mixture of Hex/EtOH/H2O (30:49:21) using 
cocoa shells with(without) milled. A 50% higher extraction 
per concentration was obtained using hydrodynamic cavita-
tion than ultrasound-assisted extraction (UAE). Extraction 
ranged from 34.4 vs. 23.2 mg g−1 of shells for UAE to 141.6 
vs. 95.5 for HCR using cocoa shells with(without) milled 
[46]. The intensification of the process shown by HCR over 
the UAE was confirmed.

Ultrasound‑Assisted Extraction (UAE)

One method of achieving cavitation extraction is the use of 
ultrasound. In ultrasound, a high sound frequency is applied, 
causing rapid changes in liquid pressure. Upon decompres-
sion, a cavitation bubble rapidly collapses, producing micro-
jets and shockwaves that can damage cell walls, increase the 
surface area exposed to the solvent, and enhance the release 
of bioactive compounds [24].

In more detail, the ultrasound-assisted extraction is based 
on ultrasound implosions that generate an estimated local 
temperature zone of around 2,000–5,000 K and pressures 
over 100 MPa [66, 67]. This type of cavitation extraction can 
be applied directly or indirectly using a sonication device 
with a probe or an ultrasonic bath, respectively (Fig. 3). On 
the one hand, the probe sonication device emits an ultrasonic 
wave directly into the liquid medium, producing intense cav-
itation in a localized area. In an ultrasonic bath, the transduc-
ers are attached to the bottom or sides of the tank, vibrating 
and creating cavitation bubbles in the liquid. However, they 
generate less intense implosions due to the indirect and dif-
fuse nature of ultrasonic wave propagation through the liquid 
in the tank. [75, 100]. Although ultrasonic implosions are 
uniform in the bath, achieving mass transfer through acous-
tic agitation and micromixing, it is recommended to include 
mechanical agitation to ensure the efficient transmission of 
ultrasonic energy to the biomass, thereby achieving uniform 
cavitation distribution [100]. In contrast, in direct sonication, 
the ultrasonic transducer probe is immersed directly into 
the sample to create high-intensity mechanical vibrations, 
generating acoustic power almost 100 times higher than that 
of the ultrasonic bath [75]. At the yield level, direct probe 
sonication produces higher pressure and temperature gradi-
ents at the microscopic level (Tlocal > Tbulk), facilitating cell 
rupture, depolymerization of structures, and more efficient 
intensified mass transfer by direct mechanical disruption, 
providing better particle dispersion compared to bath sonica-
tion by reducing particle size distribution, resulting in higher 
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Table 3   Theobromine extraction parameters by ultrasound (probe and bath) and hydrodynamic cavitation extraction

*HPLC–DAD; **UPLC; *** UHPLC, **** UV–Vis; ++ RP-HPLC–PDA

Equipment Extraction conditions Theobromine 
concentration 
(mg g−1)

Reference

Device Fre-
quency 
(kHz)

Raw material Solvent (con-
centration)

Ratio L/S 
(mL g −1)

Temp (ºC) Power (W) Time 
(min)

Ultrasound 
probe

30 CBS EtOH/H2O 
(60:40)

10 - 100 30 0.31–0.33 * [14]

19.9 CBS Hex/EtOH/
H2O 
(30:49:21)

10 40 150 15 7.0 hydroal-
coholic 
phase*

[46]

CBS ground Hex/EtOH/
H2O 
(30:49:21)

4.8 hydroal-
coholic 
phase*

CBS 
(< 1000 μm)

Hex/EtOH/
H2O 
(30:49:21)

17.8 hydroal-
coholic 
phase*

20 Cocoa peel H2O 100 80 240 3 15.1 **** [95]
20 CBS 

ground < 5 mm
EtOH/H2O 

(70:30)
5 - 200 3 5.5 * [107]

Ultrasound 
(bath)

40 CBS ground 
defatted

H2O (nanop-
ore)

20 (diluted 
to 25 mL 
for 
analysis)

45–75 - 45 10.1–10.6 
***

[55]

55 - 25–65 10.1–10.3 
***

37 CBS H2O 50 40 - 60 5.9 * [94]
35 CBS (ground) H2O N.I 60 - 30 4.9 * [58]

EtOH/H2O 
(50:50)

2.5 *

EtOH/H2O 
(75:25)

0.5 *

CBS (ground) MeOH/H2O/
HCOOH 
(70:30:0,1%; 
v/v/v)

16.6 
(diluted 
to 25 mL 
for 
analysis)

N.I 5/10 min 
(4 
cycles)

9.3–12.9 * [73]

Pulsed 
electric 
field 
(PEF)

50 CBS (0.3 mm) EtOH (39%) 140 
(diluted 
to 
50 mL)

PEF intensity: 
1.74 kV cm−1

Post-PEF 
extraction: 
118.54 min

Current: 100 A

11.99 μs
Pulses: 

991.28

4.6–10.9 ++ [9]

High-
voltage 
electric 
discharge 
extrac-
tion 
(HVED)

100 CBS ground 
(< 0.3 mm)

H2O 50 Current: 10 A
Voltage: 12 kV

60 min 6.0 * [65]

30 Current: 10 A
Voltage: 30 kV

30 min 5.3 *

40 CBS
(ground)

H2O 66.6 Voltage: 30 kV 15 min 3.0 * [11]
80 33.3 3.3 *

Hydrody-
namic 
cavita-
tion 
reactor 
(HCR, 
47 cycles 
of 5 s)

CBS EtOH/H2O 
(70:30)

10 Room (Stir: 
3000 rpm)

11 13.5 hydroal-
coholic 
phase*

[46]

CBS 
(< 1000 μm)

Hex/EtOH/
H2O 
(30:49:21)

32.7 hydroal-
coholic 
phase*
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yields. [27, 75, 116]. However, the concentration of energy 
from the probe generates an uneven temperature distribution, 
which can make thermal control difficult in large volume 
systems and lead to a risk of localized overheating. While 
the ultrasonic bath offers better thermal stability and repro-
ducibility, its low intensity limits its performance. Based 
on this, the recommendation is to develop a mixed system 
that integrates multiple distributed and controlled probes or 
transducers, allowing scaling volumes to industrial scale, 
but maintaining efficiency, uniformity, and thermal control 
in acoustic cavitation.

Laboratory tests require probe systems, which are expen-
sive and more challenging to operate than those used in 
batch systems but are preferred due to the higher ultrasonic 
intensity [124]. However, they depend on the probe diam-
eter, viz 25 mm probes have been used for volumes up to 
1 L [68]. Therefore, although the ultrasonic bath has lower-
intensity implosions than the probe, it is preferred because 
it generates homogeneous extraction processes for larger 
sample volumes.

Like other methylxanthine extraction techniques, sol-
vents such as water, ethanol, and methanol are preferred. 
In the case of ultrasound systems, additives, such as formic 

acid, control the solvent pH. It has been demonstrated that 
solvent acidification can enhance the extraction of theo-
bromine. Table 3 shows that acidification with formic acid 
allows for reaching values between 9.3—12.9 mg g−1, over-
coming other studies with non-acidified solvents [73]. Like-
wise, it is shown that extraction of theobromine is achieved 
using frequencies around 20 to 40 kHz.

Pulsed electric Field (PEF) and High‑Voltage Electric 
Discharge Extraction (HVED)

Another cavitation extraction technique is the pulsed electric 
field and the high-electric discharge approach. In these two 
cases, two electrodes are submerged in a liquid. A high-
voltage pulse between the two electrodes generates a mod-
erate electric field (around 20 kV/cm) for the pulse electric 
field or a high electric field (100 kV cm−1) at high-voltage 
electric discharge extraction, respectively (Fig. 4). In both 
cases, the electrical discharge transfers quickly and localized 
energy into the liquid, producing electric spark bubbles [19]. 
These bubbles act as cavitation microbubbles that collapse 
rapidly, producing shock waves [19].

Fig. 3   Schematic representation 
of the ultrasonication extraction 
of bioactive compounds from 
CBS and its process factors. 
Reprinted from Journal of Agri-
culture and Food Research, Vol 
14, Roobab et al. An updated 
overview of ultrasound-based 
interventions on bioactive 
compounds and quality of fruit 
juices, 3., Copyright 2023 with 
permission from Elsevier [106]
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Since the pulsed electric field (PEF) technique uses 
moderate to high electric fields (around 20–80 kV cm−1), 
i.e., voltage pulses of short duration (from nanoseconds to 
milliseconds), it is a low-energy consumption extraction 
approach that offers temporary or permanent membrane 
permeability [125]. Hence, intracellular compounds from 
vegetable matrices are released faster, increasing extraction 
rates and yields. The pulsed electric field approach is highly 
recommended to extract thermally sensitive compounds or 
in situations that require extensive cell structure destruction 
to release the bioactive compounds [71].

For example, Barbosa-Pereira et al. [9] demonstrated 
that the extraction of polyphenols and methylxanthines 
from cocoa bean shells (CBS) and coffee silver skin (CS) 
using pulsed electric field (PEF) showed an increase by 
around 20%, becoming a new economically viable alterna-
tive extraction method. The conditions for phenolic com-
pounds extraction from CBS used by Barbosa-Pereira et al. 
were 991.28 pulses of 11.99 μs to generate an electrical field 
strength of 1.74 kV cm−1. Although the authors performed 
their pulsed electric field extraction in ethanol (39.15%), 
followed by a solid–liquid extraction time of 118.54 min [9], 
they were not able to report better efficiencies for the two 
most prominent methylxanthines, i.e., theobromine or caf-
feine, when compared with conventional methods.

High-voltage electric discharge extraction (HVED) 
is characterized by the use of higher electrical fields 
(40 kV cm−1 or more) for microseconds using higher-volt-
age electrical discharge pulses [78]. Due to its mechanical 
and electrical effects on the product, HVED produces larger 
structural damage than PEF with higher cell permeation. 
It facilitates the extraction process [78], reduces costs, and 
increases functional properties [11].

Both techniques, HVED and PEF, are less efficient in 
recovering methylxanthines. It was reported that using 

HVED (80 Hz for 15 min) in aqueous solutions with 1.5 
and 3% CBS extracts methylxanthines less efficiently than 
phenolic components, which reach up to 84% of theobro-
mine and caffeine. [11]. HVED also influences the hardness 
of CBS, making them more difficult to grind or refine, which 
implies a change in fiber properties [10]; this influences the 
particle size and rheology of the paste during chocolate 
manufacturing [13]. On the other hand, HVED influences 
the presence of metals in the CBS residue after treatment, 
producing a decrease in the content of K, Cd, U, Co, Ni, Fe, 
Mo, Cr, Mn, and Cu,however, it showed a higher increase 
in Ca [12].

Advanced Green Solvent Extraction

Currently, there are advanced extractive techniques with 
pressurized liquids (PLE), supercritical fluids (SFE), sub-
critical water (SWE), and pressurized hot water (PHWE) 
that have proven to be highly effective for the recovery of 
bioactive compounds such as theobromine, surpassing con-
ventional methods in efficiency, selectivity, and sustainabil-
ity [3, 37, 121]. These techniques were initially developed 
to be operated in static or batch mode, which implies that 
the solvent and sample are kept in contact without flow until 
equilibrium is reached with precise control of the extractive 
conditions [76]. The evolution towards continuous configu-
rations has broadened its applications and enabled its imple-
mentation in larger-scale processes with higher efficiency. 
This involves a constant flow of fresh solvents through the 
sample, improving mass transfer and reducing extraction 
time to prevent thermal degradation of thermosensitive 
compounds. [76]. However, the theobromine extraction 
from cocoa using continuous extraction techniques is just 
being evaluated at laboratory scale. Theobromine extraction 
from cocoa using continuous extraction techniques has not 

Fig. 4   Pulsed electric fields  (PEF) and high voltage electrical dis-
charges (HVED) treatment cells (a), pulsing protocols (b), and aque-
ous extraction procedures. Reprinted from Food Research Interna-
tional, 65 (Part C), Parniakov, et al. Impact of pulsed electric fields 

and high voltage electrical discharges on extraction of high-added 
value compounds from papaya peels, 337–343., Copyright 2014, with 
permission of Elsevier [91]



	 Food Engineering Reviews

been found in previous literature, so further experimental 
development is required to improve the theobromine recov-
ery efficiency, reduce solvent consumption, and improve its 
kinetics.

Supercritical CO2 Extraction (SC‑CO2)

Supercritical fluid extraction (SFE) is gaining popularity as 
an eco-friendly method for extracting bioactive compounds 
from diverse botanical sources. Carbon dioxide is the pre-
ferred solvent in SFE for extracting volatiles and essential 
oils due to its low polarity, mild critical conditions, non-
flammability, low cost, and ease of removal from the extract 
[80]. The extraction of bioactive compounds using super-
critical fluids (SFE) takes advantage of the properties of 
CO₂ above its critical point (31.1 °C and 7.38 MPa), being 
simultaneously gas and liquid, presents high diffusivity, low 
viscosity, and adjustable density, which facilitates penetra-
tion into the plant matrix, allowing mass transfer and effi-
cient extraction. [20, 30, 120]. The preheated supercritical 
CO₂ flows through the particulate material, transferring heat 
by convection to the plant solid, which promotes thermal 
desorption of the metabolite. In this manner, the solvent 
penetrates the pores of the plant material, solubilizes the 
metabolite through physicochemical interactions, and facili-
tates its diffusion into the solvent, driven by concentration 
gradients [54]. This process can be enhanced by the addition 
of a polar co-solvent such as ethanol, which improves the 
affinity of the system towards moderately polar compounds 
such as theobromine [53, 118].

Supercritical CO2 extraction is an excellent alternative 
for obtaining caffeine and fats from ground CBS. Further-
more, it can be used as a sample pretreatment to get higher 
yields of theobromine [41]. Higher yields of theobromine 
extraction were achieved at 303 K and 2000 psi, resulting 
in 17.09 mg g-1, compared to 318 K and 4000 psi, which 
yielded 15.82 mg g-1, using SC-CO2 [41].

Although the chemical structures of the xanthines (caf-
feine, theophylline, and theobromine) are very similar, their 
dissolution capacities in carbon dioxide in the supercritical 
state are significantly different. Caffeine has a CO2 solubil-
ity one order of magnitude higher than that of theophyl-
line and two orders of magnitude greater than that of theo-
bromin, applying temperatures around 313—353 K and in 
a pressure range of 20–35 MPa [62]. Similarly, Saldaña 
et al. [109] confirmed a higher selectivity for caffeine than 
theobromine from cocoa beans, which increases recovery 
time and requires a higher CO2 solvent amount. Theobro-
mine extraction is enhanced by mixing ethanol with car-
bon dioxide, reducing pressure, and conserving energy. 
Varying ethanol content from 5 to 10% with CO2 increase 
from 42 to 90% the theobromine content 5.15 and 10.98 g 
theobromine/kg cocoa beans [109]. In another study, CBS 

theobromine extraction in an integrated green process com-
prised of two steps: a supercritical fluid extraction (CO2 at 
20 MPa 40 °C−1) and a pressurized liquid extraction (PLE-
ethanol at 10 MPa 70 °C−1), reported theobromine with a 
relative area of 46.04%, measured by GC–MS [80].

Subcritical Water Extraction (SWE)

Subcritical water extraction (SWE) is an advanced extrac-
tion technique that uses water at elevated temperatures, 
above its boiling point (100 °C) but below its critical point 
(374 °C), under pressures sufficient to keep it in the liquid 
phase throughout the process [23]. This technology can be 
considered a specific variant of pressurized liquid extraction 
(PLE), which shares the same thermodynamic fundamentals 
but allows the use of other organic solvents or binary mix-
tures. Therefore, subcritical extraction using water (SWE) 
as an extraction medium is an environmentally friendly 
solution for extracting various substances without the use 
of organic solvents or catalysts.

Water under these subcritical conditions exhibits a 
decrease in its dielectric constant and viscosity, which 
favors the solubilization of both polar and partially apolar 
compounds, resulting in faster and more efficient extraction 
processes with higher yields than those obtained under con-
ventional room temperature conditions. [23].

In subcritical water extraction (SWE), the primary heat 
transfer mechanism is conduction, whereby thermal energy 
is initially transferred from the heat source to the aqueous 
medium and then to the plant matrix. Increasing the water 
temperature produces several effects, such as improved mass 
transfer from the solid matrix to the solvent due to increased 
solubility of the bioactive compounds, especially those of 
intermediate polarity, as well as a decrease in the surface 
tension and viscosity of the water, which improves its pen-
etration into the sample pores and facilitates the desorption 
and diffusion of the compounds. [23].

The SWE of active compounds from cocoa shells dem-
onstrated a steady increase in theobromine concentration 
from 120 ºC to 170 ºC, along with an increase in antioxidant 
activity, varying from 15 to 75 min. Furthermore, increased 
temperatures lead to the extraction of unwanted compounds 
[63]. The compounds extracted by SWE from CBS include 
theobromine, theophylline, caffeine, catechin, epicatechin, 
gallic, and chlorogenic acids, as well as some sugars and 
their derivatives [63]

Pressurized Hot Water Extraction (PHWE)

In their study, Pagliari et al. [89] calculated the recoveries 
of pressurized hot water extraction (PHWE) by comparing 
the amounts of methylxanthine compounds in PHWE extract 
with those obtained by the ultrasound-assisted extraction 
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(UAE) technique. Considering the three main compounds 
of interest (caffeine, theobromine, and antioxidant activity), 
their chemometric analysis suggested the following param-
eters as the optimized conditions for PHWE: Temperature 
90 °C, Cycles 5, 15% EtOH, and Static Time 6 min. These 
PHWE parameters offered an improvement in the yield of 
theobromine, 156.4%, and caffeine, 160.8%, compared to 
UAE. Pagliari et al. [89] demonstrated that PHWE can pro-
vide an exhaustive extraction efficiency that is even more 
significant than UAE techniques.

Extraction with Deep Eutectic Solvents (DES)

Deep Eutectic Solvents (DES) have higher extraction capac-
ity than conventional solvents [34] by combining at least two 
compounds that act as a hydrogen bond donor or a hydrogen 
bond acceptor, such as ammonium compounds and carbox-
ylic acids, respectively [1]. On the one hand, DES presents a 
more environmentally friendly extraction process for various 
molecules. On the other hand, one disadvantage is their low 
vapor pressure, which makes it difficult to separate them 
from the extracted compounds [34]. Recently, new formula-
tions of deep eutectic solvents (DES) have been developed 
using primary metabolites and materials of bio-renewable 
origin, known as natural deep eutectic solvents (NADES), 
which are based on the use of combinations of sugar alco-
hols, sugars, amino acids, and organic acids. [127].

Jakovljević et al. [58] demonstrated that DES doesn't offer 
a better recovery process for theobromine and only slightly 
improves the recovery of phenolic compounds from CBS. 
The authors reported that increasing the extraction time from 
180 to 360 min in a choline chloride:oxalic acid and H2O 
50% solution at room temperature improved the antioxidant 
activity. Meanwhile, Benítez-Correa et al. [16] demonstrated 
promising results. By using another DES system (i.e., Cho-
line chloride: Lactic acid 1:2 and 50% H2O), they obtained 
higher recovery of theobromine (5.80 mg g−1) and Caffeine 
(2.08 mg g−1) than when using choline chloride: glycerol 
and choline chloride: ethylene glycol (both in molar ratio 
1:2 and 50% H2O), and even 70% ethanol.

Combining DESs with ultrasound-probe-assisted extrac-
tion (UAE) has proven to be an environmentally friendly 
alternative to traditional extraction methods (Table 4).

Deep eutectic solvents (DES) have a high viscosity, which 
limits diffusion and reduces the efficiency of the extraction 
process, which can be compensated by the use of ultrasound by 
inducing localized acoustic cavitation and generating turbulent 
flows, significantly reducing the resistance to mass transfer, 
facilitating the penetration of the solvent into the plant matrix 
and accelerating the release of the bioactive compounds. This 
synergetic effect enables the achievement of higher extractive 
yields in shorter times, even for poorly soluble or compounds 
of intermediate polarity, which are traditionally considered 

insoluble in both water and lipophilic media. Theobromine, 
being an alkaloid with limited solubility in water, is usu-
ally extracted using ethanol as an alternative solvent due to 
its intermediate polarity, which is capable of solvating func-
tional groups of low molecular weight (–C = O and –CH3) [85, 
127]. In this context, the use of NADES represents a promising 
alternative for the efficient recovery of theobromine from CBS, 
especially when integrated with intensification technologies 
such as ultrasound-assisted extraction (UAE).For example, 
Ruesgas-Ramón et al. [107] applied DES (choline chloride: 
lactic acid 2:1 and 10% H2O) in combination with UAE and 
achieved a higher extraction yield of methylxanthines (i.e., 
theobromine, caffeine, and chlorogenic acid) than only stir-
ring-assisted extraction (HCR). Likewise, Pavlović et al. [93] 
demonstrated a higher extraction yield of bioactive compounds 
from CBS with a combination of microwave-assisted (MAE) 
and DES extraction.

Other Extraction Technologies

Non-thermal technologies, such as cold atmospheric plasma, 
have become essential for avoiding quality alterations in color 
and texture, as well as the consequent loss of nutrients [90]. 
Cold atmospheric plasma extraction is an economical, ver-
satile, and eco-friendly technique that has proved efficient 
for removing toxins, decontaminating food, and inactivating 
enzymes. Still, it is also used to extract bioactive [58].

Plasma is an ionized, quasi-neutral state of gas based on 
thermal equilibrium, composed of ions, free electrons, atoms, 
and molecules. Its efficiency depends on the plasma source, 
electrode design and spacing, pressure, voltage, treatment 
time, and reactive gas [90]. It has been reported that reducing 
frequency from 100 to 70 Hz in pure water increases theo-
bromine yield from 4 443 to 5 612 mg kg−1 due to the micro 
rupture of the cell walls produced by cavitation [58].

Ohmic heating extraction produces heat from electricity, 
providing rapid and uniform heating. In this way, it promotes 
the heating and electro-permeation of cell membranes, which 
is essential for extracting biological compounds [110]. Using 
ohmic heating (2–15 V cm−1), the extraction of phenolic com-
pounds increased by around 40% compared to the conventional 
technique (0 V cm−1). Additionally, the antioxidant activity 
ranged from 4 to 20%. It was reported that the maximum 
extraction of phenolic compounds (23 mg GAE/g CBS) was 
obtained at 67 °C, 50 min, and 44% ethanol (v/v) [110].

Encapsulation Process and Protection 
Materials as Encapsulant Agents

The encapsulation process is widely used in the chemical, 
pharmaceutical, cosmetic, and food industries for protecting 
nutraceutical compounds that are vulnerable to oxidation 
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Table 4   Theobromine extraction parameters by cold atmospheric plasma, pressurized liquid, supercritical CO2, Soxhlet, and deep eutectic sol-
vents (DES)

*HPLC–DAD; **UPLC-MS/MS; ***UPLC-UV; ****UV–Vis

Extraction method Raw material Ratio L/S 
(mL g −1)

Time (min) Temp (ºC) Solvent Specifics condi-
tions

Concen-
tration 
(mg g−1)

Reference

Cold atmospheric 
plasma extraction

CBS ground N.I 30 N.I H2O Frequency: 100 4.4 * [58]
CBS N.I Frequency: 70 5.6 *

Pressurized-liquid CBS ground 3 5 75 EtOH absolute Pressure: 
10.35 MPa 1 
static cycle Vol-
ume cylindrical 
cell: 100 mL

1.9 ** [88]
30 90 3.3 **
50 90 3.5 **

CBS (300–
600 μm)

5/1 2 110 EtOH (7.5%) Five static cycles 
Pressure flush 
volume: 69 bar 
at 150% Purge 
time: 100 s A 
total of 4 mm 
glass beads

20.6 *** [89]

Supercritical CO2 CBS ground 30 40 CO2 Flow: 2 kg h−1

Mass: 100 g
Pressure: 300 bar

5.9* [58]
30 60 CO2 6.3 *

CBS ground 44.85 CO2 Flow CO2: 
0.176 g min−1

Ratio: 3:2 (g 
EtOH mL−1)

275.8 bar
Static and dynamic 

phase time: 
20 min for each 
one

1.7 **** [41]

Soxhlet CBS ground 100 petroleum ether, 
5 g 120 mL−1

0.001 * [58]

With deep eutectic 
solvents (DES)

CBS ground 60 Room choline chloride: 
oxalic acid and 
H2O (50%)

Stirring: 1100 rpm 3.6 * [58]
360 4.0 *

CBS ground 20 140 30 Choline chloride: 
Lactic acid 1:2 
and H2O (50%)

Magnetically 
stirred

5.80 [16]

Choline chloride: 
Glycerol 1:2 and 
H2O (50%)

2.59

Choline chloride: 
Ethylene gly-
col1:2 and H2O 
(50%)

3.24

CBS ground 20 60 50 Choline chloride: 
Butan 1,4-diole 
1:2 and H2O 
(50%)

Stirring 3.64 [93]

Choline chloride: 
Oxalic acid 1:1 
and H2O (50%)

3,605

Choline chloride: 
Urea 1:2 and 
H2O (50%)

3.61

CBS Ground 
(< 0.5 mm)

5 60 60 Choline chloride: 
Lactic acid: H2O 
1:2:1.5

Magnetically 
stirred

4.6 [107]
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and degradation due to adverse environmental factors [36]. 
Exploring encapsulation systems that enhance the stability 
and usefulness of these compounds is crucial for protecting 
them. Coating materials from various sources and differ-
ent processing conditions are investigated to obtain micro- 
and/or nanostructures that protect a bioactive core [36, 61]. 
These tests range from laboratory level to pilot or industrial 
scale.

On the other hand, agro-industrial residues are considered 
secondary and waste materials, which have been extensively 
studied as sources of functional bioactive molecules, but also 
represent a sustainable source of polymers such as starch, 
cellulose, and pectin that can be extracted from husks, seeds, 
and pulp residues of the processes, and can serve as protec-
tive materials in the encapsulation processes of bioactive 
compounds [4–7, 123]. Likewise, agro-industrial wastes are 
also inexpensive sources of nutrients, such as sugar cane 
molasses and sucrose, which have enabled the biological 
synthesis of biopolymers, yielding xanthan gum and dex-
tran, with the same industrial applications or purposes [103, 
123]. Therefore, the opportunity arises to study the physical 
and rheological properties of these biomaterials, which can 
be used individually or synergistically, for the protection of 
bioactives derived from CBS in micro- or nanoencapsulation 
processes, adopting a circular economy approach.

Microencapsulation of Cocoa by‑Product Bioactive

The spray-drying microencapsulation technique is used 
for stabilizing CBS extracts. This technology is low-cost 
and straightforward, facilitating large-scale adoption in the 
industry [104]. Despite being a widely used and effective 
technique to stabilize bioactive compounds, we identify 
methodological limitations: most research prioritizes the 
evaluation of total phenols and antioxidant capacity, while 
the specific quantification of alkaloids, such as theobromine, 
is scarce or absent, which limits our understanding of the 
encapsulation behavior of these key compounds. Another 
aspect is the use of materials studied for encapsulating bio-
actives from other botanical sources, where encapsulation 
processes with maltodextrin (MD) stand out, becoming the 
most commonly used material for encapsulating bioactives 
at the laboratory or pilot level. Nevertheless, MD could 
be replaced or combined with chitosan (CH), gum Arabic 
(GA), carrageenan (CR), gelatin (GL), and goat milk whey 
(GMW), as shown in Table 5. After encapsulation, spectro-
photometric techniques enable the evaluation of the protec-
tive material's efficiency. For example, extract contents are 
evaluated according to their total phenolic compounds (CFT, 
mg GAE/g dw), total flavonoid content (CTF, mg RE/g dw 
or mg CE/g), and antioxidant capacity. The latter is meas-
ured based on the 1,1-diphenyl-2-picrylhydrazyl (DPPH) 
method, ferric reducing antioxidant power (FRAP) assay, or 

ABTS (2,2-azino-bis-(3-ethylbenzothiazoline-6-sulphonic 
acid)) radical cation scavenging activity assay.

Maltodextrin

Maltodextrin (MD), measured in dextrose equivalent (DE), 
is a highly demanded additive in the food industry for encap-
sulating cocoa products. [47] It protects against oxidation, 
provides a smoother mixture for pulverization, has a mild 
flavor, and is water-soluble. Maltodextrin (MD) is the most 
commonly used excipient due to its availability and proper-
ties, which are suitable for spraying, and has been used as an 
encapsulation enhancer with different dextrose equivalents 
(DE) for bioactive protection. However, its excessive use 
may reduce the final bioactivity of the powder due to the 
decrease in the antioxidant capacity as the coating ratios 
increase to improve the process yield. Some experiences are 
listed below. For instance, MD (DE 17.0–19.9) encapsulated 
CBS extracted dissolved in water (10%, w/v) at three differ-
ent concentrations (core/coating ratio 1:5, 1:10, and 1:15 W: 
W) was produced using the spray-drying (inlet temperature: 
150 °C; flow rate: 87 6 ml/min). A microencapsulated pow-
der with CFT (22 mg kg−1), a mass yield of 78.1%, and anti-
oxidant activity of 64% (DPPH) with a core: coating agent 
ratio of 1:5 of 1 g of lyophilized CBS extract [45]. Likewise, 
the stability of CBS extracts obtained with MD (DE16) and 
whey protein isolated (WPI) generated higher TP and TF 
(37.68 mg GAE/g and 7.66 mg CE/g, respectively) using 
subcritical water extraction and spray drying. However, the-
obromine extraction was higher using WPI than MD (7.3 vs. 
6.0 mg/g). On the other hand, methylxanthines are better 
preserved using a coating with 50% WPI and CBS powder 
recovery with 50% MD formulation (73.52% vs 58.61%) 
[64]. Furthermore, MD with a higher dextrose equivalent 
(DE20) was compared with goat milk whey (GMW) as an 
encapsulating agent for cocoa powder bioactive (1:1 ratio 
in 200 ml of water). GMW recovered more bioactive during 
spray-drying than MD (33.11% vs. 24.03%) and got higher 
phenolic compound content than MD. Nevertheless, there is 
no difference in antioxidants [114].

Encapsulation cocoa pods (CPH) extract in ethanol with 
different MD concentrations has a powder drying yield of 
32% (20% MD and 80% ethanolic extract) that reaches up 
to 70% (60% MD and 40% extract) with MD increase by 
spray drying (inlet temperature: 150 ºC, feed flow: 10 ml/
minute). On the other hand, antioxidant activity is nega-
tively affected by increasing MD, varying the anti-oxidant-
containing compounds (IC 50) from 75.89 to 114.89 μg/mL 
[48]. In other studies, crude cupuassu (Theobroma grandi-
florum) seed extract was dissolved in 50 mL of 50% (w/v) 
ethanolic solution with 100, 150, or 200 g L−1 maltodex-
trin (MD), to obtain extracts containing 5.0, 7.5, or 10.0% 
(w/v) MD. Higher retention of around CFT (80%) and CTF 
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(82%) was achieved with 5% w/v MD concentration (inlet 
temperature: 170 °C; feed flow rate: 7.5 mL min−1), obtain-
ing microencapsulation powder with CFT (33 mg GAE/g) 
and CTF (12 mg CE/g), and drying yield of 12.6%. Dry-
ing yield could be improved to 19% using MD at 10% w/v 
(inlet temperature: 160 °C; feed flow rate: 5.0 mL min−1) to 
the detriment of CFT and CTF retention up to 67% [31]. The 
HPLC–DAD chemical profile reported for the encapsula-
tion with higher dryer yield: gallic acid (2.2 mg 100 g−1), 
glycosylated quercetin (39.8 mg 100 g−1), protocatechuic 
acid (15.5 mg 100 g−1), p-coumaric acid (2.2 eg 100 g−1), 
epicatechin (39.8 mg 100 g−1) and epigallocatechin gallate 
(8.8 mg 100 g−1) [31]. Theobromine was not quantified.

Synergistic Effect of MD with Other Biomaterials

Maltodextrin (MD), when combined with other biopoly-
mers such as gum arabic (GA) and chitosan (CH), generates 
highly synergistic multicomponent coating systems, signif-
icantly improving the encapsulation efficiency and stabil-
ity of bioactive compounds, evidencing high retention of 
bioactive compounds and superior antioxidant activity, and 
represents an advanced and effective strategy to obtain func-
tional microencapsulates with applications in cocoa-derived 
nutraceutical systems. Combinations of mucilages, hydro-
colloids, or starches have become popular due to higher 
bioactive encapsulation efficiencies, generating less porous 
matrices and delaying the release of these compounds [42]. 
Specifically, whey protein isolate (WPI), goat milk whey 
(GMW), chitosan (CH), gum Arabic (GA), pectin (P), starch 
(H), and maltodextrin (MD) have been applied as protective 
co-materials for cocoa extracts and derivatives. [112]. The 
emergence of emerging materials such as WPI, GMW, CH, 
and their mixtures has shown improvements in the recovery 
of bioactive compounds, but their standardization and tech-
nological compatibility still require further validation for 
the stability of cocoa-derived alkaloids. In the literature, it is 
reported that microcapsules with modified starch (HC) have 
a higher number of semispherical morphologies in compari-
son to microcapsules with maltodextrin (MD) with a size 
varying from 5 to 15 µm [112].

Cold-pressed cocoa bean powder extracted was encap-
sulated by atomization mixing 5.0% (v/v) cocoa extract, 
0.5% CH (v/p), and 5.0% MD (v/p) in a spray drying process 
(inlet temperature: 170 ºC, extract flow rate: 2.5 mL min−1; 
aspiration rate: 80% (32 m3 h−1); airflow: 30 mm Hg). In 
addition, antioxidant activity from extracted was reduced 
after encapsulation from 1905 to 623.76  µM Trolox 
g−1 [38]. Likewise, pressed cocoa bean extract microen-
capsulation was optimized using CH and MD as protective 
co-materials. 5% MD (DE 16.5–19.5) and 0.5% CH (v/w) 
were mixed (inlet temperature: 170 ºC,extract flowrate: 
2.5 mL min−1). HPLC analysis identified epicatechin as M
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the major component of both extracts (24.0 mg g−1). The 
microcapsules presented a TPC of 80 mg GAE/g, gallic acid 
(1.35 mg g−1), protocatechuic acid (0.93), catechin (4.30), 
vanillic acid (8.33), epigallocatechin and gallate (1.85) [39]. 
In addition, MD, GA, and a mixture were used as protection 
material for the cocoa husk extract (40% w/v in a 1:2 w/w 
ratio) (inlet temperature: 155 °C,flow rate: 1.54 m3 min−1). 
MD microcapsule presented higher TPC (169.09 mg GAE 
100  g−1) and TFC protection (114.69 mg QE 100  g−1). 
However, the mixture produced the highest DPPH values 
(1063 mM Trolox 100 g−1) compared to each microcapsule 
of a single material, taking advantage of synergistic protec-
tion effects [57].

Lyophilization, also known as freeze-drying, is another 
thermosensitive bioactive encapsulation method based on 
sublimation dehydration. Despite being used in designing 
high-value-added products with bioactive compounds of 
higher biological activity, this technique is not economical 
due to its lengthy process (24–48 h) [102]. On the other 
hand, it is a simple technique (with few steps) compared to 
microencapsulation methods such as coacervation, solvent 
extraction, and supercritical fluid precipitation, among others 
[99, 102]. Furthermore, there is little evidence of research 
that directly compares technologies, such as spray-drying 
and freeze-drying, nor does it discuss aspects of industrial 
scalability or stability during storage, focusing primarily on 
the quantification of total bioactives and their antioxidant 
capacity. For instance, microencapsulation by freeze-drying 
(−40 °C and 0.001 mbar) of cocoa shell extract (CPH) using 
MD with GA, CH, carrageenan, or gelatin as coating mate-
rials was investigated. For this purpose, the materials were 
previously hydrated (1:1 v/w) and mixed with CPH extract 
in a 1:1 (w/w) ratio. Both coating material MD and MD: 
GA (8:2 w/w) retained, with non-significant differences, the 
highest levels of total phenols (~ 15.51 mg GAE/g), flavo-
noids (~ 24.96 mg CE/g), saponins (~ 307. 13 mg EE/g); 
and alkaloid (463.47 and 494.55 mg GAE/g) [87]. Similarly, 
freeze-drying on microencapsulation of cocoa shell extract 
(CPH) was mixed with MD and GA or CH previously dis-
solved in water (1:1 v/w) at a ratio of 1:1 (w/w). MD and GA 
(9: 1 w/w) retain the highest levels of TPC (14.91 mg GAE), 
TFC (22.69 mg CE), TSC (113.21 mg EE), and using MD 
100% resulted in maximum amounts of TAC (646.96 mg 
AE/g ds) and ARSC (36 mg TE/g ds) [86].

Nanoencapsulation of Cocoa by‑Product Bio‑Actives

Nanoencapsulation represents an emerging technological 
strategy for protecting and transporting bioactive compounds 
derived from cocoa by-products, highlighting its applicabil-
ity in functional and nutraceutical matrices. Nanoencapsu-
lation coats bioactive compounds in liquid, solid, or gase-
ous form inside an inert material to protect, stabilize, and 

control their release through specific active areas (Table 5). 
It requires a particle size of less than 1000 nm to be clas-
sified as nanoparticles, which, due to their size, vary sig-
nificantly in  their physicochemical properties compared 
to microparticulate or bulk materials. [72, 92]. Nanoscale 
encapsulation of antioxidants, antimicrobials, vitamins, pro-
biotics, prebiotics, minerals, enzymes, and other compounds 
has enabled the development of flavorings, food ingredi-
ents, and nutraceuticals. For this reason, it has been applied 
as protective materials, such as carbohydrate-, protein-, or 
lipid-based materials, including chitosan nanoparticles, chi-
tosan peptides, and β-lactoglobulin or biopolymer emulsion 
mixtures [92]. On the other hand, considering theobromine, 
a compound partially limited by its polarity and low solubil-
ity in non-aqueous media, other types of nano transporters, 
complemented with nano-spray drying, could be evaluated. 
For example, nanoemulsions, solid nano-lipids, and self-
assembled natural polymers, which have not been previously 
reported for cocoa extracts, could be considered.

y polímeros naturales autoensamblados, que no se reporta 
para extractos de cacao.

The use of biocompatible and functional materials, such 
as pectin and whey protein isolate (WPI), offers structural 
and functional synergies in terms of colloidal stability and 
antioxidant capacity within the system. Both materials 
have been used as bioactive protection materials for cocoa 
cotyledon extracts on the nanoscale. The nanoparticle solu-
tion comprised 2.5% P, 0.25% WPI, 0.004% Tween 80, and 
0.05% freeze-dried cocoa extract. Nanoparticles loaded with 
polyphenolic extracts obtained by spray-drying (inlet tem-
perature: 120 °C; feed rate: 3 mL h−1; drying gas flow rate: 
100 L min−1) were characterized by a 530 nm particle size, a 
CFT of 91.53 mg GAE/g, and antioxidant activity (EC50) of 
50.21% [2]. The cocoa industry can effectively utilize pectin 
in nanoencapsulation processes, as the CPH fruit shell, the 
primary waste product, contains pectin with a low degree 
of methoxylation (LM), allowing the encapsulation of com-
pounds sensitive to high temperatures or extreme pH levels 
[6, 33, 122].

Other natural extracts have also been nanoencapsulated 
by spray drying. For example, tests on Opuntia atropes 
extracts with different encapsulating agents (maltodextrin, 
soy protein isolate, calcium caseinate, alone and in combina-
tion with MD) show that MD produces spherical, nanomet-
ric, and well-defined capsules, with particle sizes ranging 
from 110 to 405 nm [117]. Therefore, although the approach 
is promising, interactions between the wall material and the 
encapsulated compounds must be evaluated, as well as on 
the critical conditions of spray drying at the nanoscale, as 
the efficiency is usually lower than in microencapsulated 
systems due to the higher risk of thermal degradation and 
coalescence or melting of droplets during encapsulation of 
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cocoa-specific compounds such as theobromine, polyphe-
nols or catechins.

Conclusions and Future Prospects

In conclusion, using emerging agricultural residues from 
the cocoa industry, such as cocoa bean hulls (CBS), presents 
an interesting opportunity for sustainable utilization in the 
nutraceutical industry. These agricultural residues, rich in 
bioactive compounds such as polyphenols and methylxan-
thines, have shown significant potential to promote health 
benefits, ranging from antioxidant and anti-inflammatory 
effects to their possible role in preventing kidney stone for-
mation due to the presence of theobromine.

Although polyphenol recovery has been the primary 
focus in the literature, there is a growing need to develop and 
optimize methods for extracting and stabilizing other pre-
dominant compounds in CBS, such as theobromine. These 
compounds could be incorporated into functional foods and 
pharmaceuticals, providing new non-surgical treatments for 
diseases such as kidney stones.

Extraction technologies, especially those considered 
environmentally friendly or “green processes” due to their 
short extraction periods and non-toxic solvents, offer prom-
ising avenues for efficiently recovering these bioactive com-
pounds. Although extraction technologies (such as SWE, 
SFE, PLE, and EAU) and encapsulation methods, includ-
ing lyophilization and nano spray drying, are promising at 
the laboratory level, their industrial-scale up faces signifi-
cant technical and economic challenges. Besides the initial 
high investment cost, such as supercritical fluid extraction 
(SFE) or nanometric encapsulation, operational complexity 
requires trained technical personnel. In addition, heterogene-
ous cocoa by-products, which depend on agronomic factors 
that complicate the reproducibility of the processes, are evi-
denced in the variation of theobromine concentration among 
different studies. Process intensification technologies will 
depend on improvements in extraction efficiency, reduc-
tion of energy costs, and validation of the functionality of 
encapsulated compounds under real application conditions. 
For example, by optimizing hybrid or combined processes 
(e.g., ultrasound-DES), identifying organic solvents that are 
more compatible with extractive processes (e.g., less vis-
cous NADES), and testing with continuous equipment that 
is adaptable to industrial volumes.

On the other hand, the encapsulation of CBS bioactives, 
which relies on the use of maltodextrin (MD) as a wall mate-
rial, lacks specific characterization of methylxanthines, and 
a limited evaluation of the release and functionality of the 
encapsulated compounds hinders progress towards specific 
nutraceutical or pharmacological applications. The use of 
MD produces an inverse relationship between the proportion 

used in encapsulation and the biological activity of the 
microencapsulated powder. At the technological level, spray-
drying encapsulation processes can induce partial degrada-
tion of thermostable compounds in CBS extracts. In contrast, 
techniques such as freeze-drying offer better retention of 
bioactives, but are still economically limited in the indus-
try due to high energy consumption and lengthy processing 
times. For this reason, it is essential to utilize MD in con-
junction with other emerging materials to enhance encap-
sulation efficiency and oxidative stability. Still, it requires 
technological validation in the encapsulation of theobro-
mine-rich CBS extracts, accompanied by higher-resolution 
structural characterization of theobromine using techniques 
such as LC–MS. In order to facilitate its implementation at 
pilot-industrial scale, a comprehensive understanding of the 
biopharmaceutical behavior of the encapsulated systems is 
required.

Overcoming these aspects, microencapsulation is the 
most promising strategy for stabilizing and valorizing bio-
active compounds, such as theobromine. It is concluded that 
the development of functional microencapsulations of theo-
bromine, a potential nutraceutical, will require a more inte-
grative approach, combining experimental design, advanced 
characterization, release, and bioavailability studies in 
simulated or real physiological conditions to validate the 
functional or therapeutic effects of theobromine extracted 
or encapsulated from cocoa by-products.

Microwave-assisted extraction, cavitation extraction, 
and advanced green solvent extraction have proven to be 
efficient in the recovery of bioactive compounds present in 
CBS, mainly due to the extensive structural damage of the 
cell walls, improving theobromine extraction performance 
than solvent extraction and traditional techniques, but still, 
the scaling up of these technologies needs to be explored to 
contribute to zero waste policies (i.e., maximizing the value 
of cocoa industry waste).

In addition, micro- and nanoencapsulation techniques 
have proven efficient in conserving bioactive present in 
cocoa residues. However, they have focused on optimizing 
the stabilization of polyphenols and their antioxidant activ-
ity, with maltodextrin as the main protection material. The 
goal is to improve encapsulation efficiency, develop less 
porous matrices, and delay the release of compounds using 
new or mixed compounds such as mucilage, hydrocolloids, 
starches, or protein isolates, which can also be recovered 
from other wastes or sustainable resources.

Despite considerable progress in extraction and stabiliza-
tion technologies for harnessing CBS, from our perspective, 
there is a gap in the widespread application and adoption 
of these methods at the industrial level. Furthermore, we 
believe that further optimization of extraction processes, 
standardization of protocols, and a deeper understanding 
of bioactive stabilization and incorporation into consumer 
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products are necessary to integrate into the industry success-
fully. By bridging the gap between scientific research and 
industrial application, we can ensure that these technologies 
operate at their optimal potential in the recovery and pres-
ervation of bioactive compounds, thereby contributing to a 
more sustainable circular agricultural economy.
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