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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Maria Corradini Coffee pulp is an underutilized by-product of coffee industrial production rich in bioactive compounds such as
phenolic compounds, caffeine, and dietary fiber. The widely known antioxidant, anti-inflammatory, anti-aging,
antimicrobial and hepatoprotective health-promoting properties attributed to mentioned compounds enhance
the use of coffee pulp as a bioactive food ingredient. Furthermore, the application of green sustainable extraction
techniques pursuing highly efficient and selective extraction processes promotes this by-product exploitation in
food science. Hence, this review gathers the available information relative to the impact of the extraction pro-
cesses on the bioactive compound’s recovery from coffee pulp, providing an overview of the most recent ad-
vances. An in-depth comparison workout between conventional and alternative extraction methods was
performed to identify the most suitable techniques for coffee pulp valorization as functional ingredient until date.
A critical discussion focused on advantages and drawbacks of the extraction methods applied to coffee pulp was
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included together a prospective of emerging extraction techniques.

1. Introduction

Coffee is one of the most valued agricultural commodities due to its
high commercialization rates for hot-water beverage brewing and other
coffee-based food products manufacturing, besides being one of the
leading products in fair trade (Ma et al., 2022). In 2020, the global green
coffee production from more than 70 cultivation countries was esti-
mated around 10.7 million tonnes (FAOSTAT, 2022). According to the
International Coffee Organization, the annual coffee production is
yearly increasing worldwide because of the growing demand by con-
sumers (International Coffee Organization, 2020), mostly motivated by
the health-promoting and functional claims of coffee food products. The
commonly consumed coffee beverage is made from roasted beans
however, other coffee plant parts which are currently neglected and
wasted such as leaves, flowers, and trunks, could be commercially
revalorized, i.e., for tobacco and perfumery applications (Lachenmeier
et al., 2022). Furthermore, the industrial food production of the coffee
cherry, including dry and wet processing, yields vast amounts of

by-products, such as coffee husk, pulp, parchment and silverskin (Klin-
gel et al., 2020), resulting nearby 50% of the fruit’s dry weight. Such
coffee by-products are prone to spoilage when a proper treatment
and/or use is lacking and, added to the fact that they are difficult to be
naturally degraded after being discarded, their production might result
in a severe negative environmental impact. In this regard, recent studies
toward improving the sustainability of the coffee by-products manage-
ment systems, demonstrated that coffee by-products are superior re-
sources to be revalorized in biorefinery, food and pharmaceutical
industries (Bondam et al., 2022). Focusing on the value-added potential,
topic of coffee pulp (CP, 26 items) in Web of Science Core Collection
(from 1980 to 2020) has been less explored compared to silverskin (30
items) and spent coffee grounds (64 items) according to the sciento-
metric analysis of coffee by-products previously reported
(Duran-Aranguren et al., 2021).

CP is the main by-product derived from the wet processing of coffee
cherries, comprising approximately 40-50% of its fresh weight (Carmen
et al., 2020). Considering that nowadays it is directly discarded or
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poured without pretreatment, CP may lead to the acidification of soil
and rivers, seriously threatening the ecological environment and water
system. Therefore, developing value-added products from CP supposes
an effective green and sustainable strategy for diminishing landfill waste
and effluent discharge. Traditional applications for CP valorization
include the bioethanol production (Gurram et al., 2016), its use as an-
imal feed (Maxiselly et al., 2022) or as culture medium for promoting
the livestock and edible mushrooms growth (Rodriguez Frometa et al.,
2020). Moreover, CP is described as a low-cost and natural source of
food components such as carbohydrates (45-89%), proteins (4-12%),
lipids (1-2%) and minerals (6-10%), besides other interesting bioactive
compounds such as phenolic compounds and caffeine (1.3%) (Klingel
et al., 2020). Such chemical composition endows CP with the possibility
of being used as a nutritional and/or functional emerging food ingre-
dient. In fact, fiber-enriched breads (Rosas-Sanchez et al., 2021) and
cookies (Moreno et al., 2019), sweet purees with fruity flavor (Buck
et al., 2021) and cold beverages with high antioxidant capacity and
consumer acceptance (Contreras-Oliva et al., 2022), were developed by
incorporating CP into their formulation. Recently, based on traditional
food declarations and applications from third countries, the European
Food Safety Authority (EFSA) has assessed and considered to place CP
(European Food Safety Authority, 2021a) or dried CP (European Food
Safety Authority, 2021b) as novel food on the EU market. A promising
alternative to the direct use of the whole CP has nowadays emerged
focusing on the bioactive compound’s recovery with potential
health-benefits. Currently, CP’s aqueous and organic solvent extracts
have been proven to exert in vitro antioxidant (Canas et al., 2022; Myo
and Khat-udomkiri, 2022), antimicrobial (Khochapong et al., 2021) and
anti-inflammatory properties (Magoni et al., 2018) as well as in vivo
antidiabetic (Boonphang et al., 2021) and hepatoprotective activities
(Ontawong, et al., 2019) using rats as animal model, together with an
improved metabolic syndrome in high-carbohydrate, high-fat diet-fed
rats (Bhandarkar et al., 2021). Moreover, a daily consumption of CP
extracts showed a deceleration in the skin aging process while
improving the skin health (Tseng et al, 2022). Mentioned
health-promoting effects were mainly attributed to the content of ca-
rotenoids, methylxanthines, and phenolic compounds, specially
chlorogenic acids and procyanidins, determined in the extracts (Fig. 1).
However, as is well-recognized, CP extracts derived from different coffee
species and ripening stages varied in composition and antioxidant
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activities (Rodriguez-Duran et al., 2014). Moreover, the comprehensive
revision of the scientific literature shows that the extraction efficiency
and selectivity of bioactive compounds from CP and, in consequence,
their respective biological activities, notably depend on the extraction
method and conditions.

Once raw material has been pre-treated, in example by dehydration,
freeze-drying, grounding, etc., it is followed by an extraction procedure
to separate the desired products from the matrix. Extraction methods
include distillation, pressing, sublimation or solvent extraction, being
the latest the most widely developed procedure for the recovery of
bioactive compounds from CP. Solvent extraction is based on its pene-
tration into the matrix followed by the solute dissolution and its further
diffusion out the matrix to finally collects the solutes in the extraction
media (Zhang et al., 2018). Conventional solvent extraction methods,
such as maceration, percolation, or decoction with/without reflux
methodologies by using aqueous, organic, acid solvents, or their com-
bination including heating for the latest, are well-established and rela-
tively easy to operate (Bondam et al., 2022). However, these procedures
are high-priced with long processing times, achieving poor or moderate
selectivity, and involving high energy and chemicals consumption
(Mediani et al., 2022). Therefore, advanced techniques based on mass
transfer improvement have been recently explored to achieve high ef-
ficiency and selectivity extraction rates while being environmentally
friendly by using green alternative solvents, such as supramolecular
solvent (SUPRAS) (Torres-Valenzuela et al., 2020) and deep eutectic
solvents (DES) (Loukri et al., 2022), high-pressurized hot water (Pun-
busayakul et al., 2015) or supercritical carbon dioxide (SC-CO5) (Her-
nandez et al., 2009) (Fig. 1). Mentioned solvent extraction strategies can
be considered chemical techniques since the success on the solute re-
covery is mostly based on the way the solvent surrounds and interacts
with solute molecules (solvent solvation). Additionally, the use of
assisted emerging techniques based on promoting the exposure of solute
to solvent by cell wall weakening (named physicochemical techniques),
such as microwave (Tran et al., 2022b), ultrasound (Myo and
Khat-udomkiri, 2022) and pulsed electric field (Macias-Garbett et al.,
2022) have been also explored. Besides, biochemical extraction ap-
proaches such as fermentation and enzymatic treatment mediated by,
for example, lactic acid bacteria (Myo et al., 2021) or molds as Asper-
gillus spp. (Ntnez Pérez et al., 2022) followed by solvent recovery, have
gained growing interest during the last decades since they allow a better

Fig. 1. Representation of those advanced and sus-
tainable extraction techniques explored until date to
obtain enriched-bioactive fractions from coffee pulp
(the upper half). It includes the bioactivities studies
until date and the compounds pointed as responsible
of such properties. Moreover, non-explored extraction
techniques, bioactive compounds and health-
promoting activities are proposed (the lower half).
MAE: Microwave-Assisted Extraction, UAE:
Ultrasound-Assisted Extraction, PEF: Pulsed Electric
Field-Assisted Extraction, DES: Deep Eutectic Solvent,
SUPRAS: Supramolecular Solvent, SWE: Subcritical
Water Extraction, FER: Fermentation, ENZ: Enzy-
matic Treatment, HHP: High Hydrostatic Pressure;
EXTR: Extrusion, MEM: Membrane, NanoFL: Nano-
filtration, BioTh: Biotechnology.
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performance improving the extraction yield of certain target compounds
from the CP (Fig. 2).

Regardless the extraction techniques, the recovery of bioactive
compounds is driven by multiple factors, e.g., solvent polarity, extrac-
tion temperature and pressure, aeration, voltage, etc., that need to be
investigated, optimized, and controlled to achieve the maximum diffu-
sivity and solubility potential of each CP-solvent extraction system.
Predictably, solvent type (e.g., water, alcohols, and their mixtures) and
its concentration (e.g., ethanol aqueous solution) results the main factor
for both conventional and assisted methods to reach high efficiency and
selectivity extraction rates (Tran et al., 2020a). In addition, other
experimental independent variables such as pH, time, solid-liquid (S-L)
ratio, and particle size could enhance the mass transfer between phases,
promoting the recovery of the target compounds (Zhang et al., 2018).
Parameters to be considered for non-conventional extraction tech-
niques, such as the power and frequency of ultrasound and microwave,
and the voltage of the pulsed electric field, are also critical factors that
affect the extraction efficiency (Macias-Garbett et al., 2022). Addition-
ally, the selection of microorganisms and enzyme species, enzyme ac-
tivity, and dosage were also pointed as relevant factors (Fig. 2) to be
considered in biotechnology (Myo et al., 2021). Therefore, considering
i) the dissimilar mechanisms of action of those abovementioned
extraction methodologies for the recovery of bioactive fractions from
CP, ii) the variables having influence on the results by extraction strat-
egy, iii) the specific conditions tested and, iv) the type of outcomes
provided by authors, it results necessary a thorough revision to integrate
all scientific findings about the topic (Table 1).

This review was conceived to provide an overview about the impact
of the most advanced and sustainable extraction techniques on the
health-promoting properties of CP as an emerging valorization strategy,
through the study of the extraction efficiencies for bioactive compounds
recovery offered by mentioned techniques. Their advantages and
drawbacks compared to those known for conventional extraction tech-
niques are also discussed, offering the most promising extraction tech-
niques explored until date. Finally, the prospects of emerging extraction
techniques which are expected to play a relevant role in the near future
for CP revalorization, and the potential for food and pharmaceutical
applications are highlighted. This work is a state-of-the-art about the use
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of alternative green solvents and sustainable techniques for the extrac-
tion of bioactive compounds from CP, at both laboratory and industry
levels, based on healthy products and potential valorization practices.

2. Conventional solvent extraction methods

Conventional solvent extraction procedures (i.e., maceration or
decoction) are widely practiced by food industry and research with the
objective to achieve high recovery efficiencies of compounds under in-
terest from a matrix. Such successful applicability is mostly due to the
simple operating conditions besides the affordable technician formation
and handling. Either liquid (e.g, fish o0il) or solid matrices (e.g., coffee
pulp) can be used to recover target bioactive compounds at atmospheric
pressure by mixing or immersing the raw material in the selected sol-
vent. If needed, heating and stirring can be also applied facilitating the
solubility and diffusivity of compounds. The most frequently used con-
ventional solvents are water, acidified aqueous solutions, and certain
organic solvents such as methanol, ethanol, and acetone, which are
employed as individual or combined extraction media (Bondam et al.,
2022) (Table 1). In general terms, this process is considered trouble-free,
guideless, and highly reproducible but has the disadvantage of high
energy consumption, large extraction times and toxicity for some sol-
vents, among others (Fig. 2).

2.1. Water extraction

Water is considered the safest, non-toxic, and greenest solvent for
food production. The S-L extraction of CP using water is similar to the
household process of brewing coffee. The simplest extraction process
employing water was performed by Khochapong et al. (2021), who
submitted the CP to a water extraction at the ratio of 1:2 (w/v) and room
temperature under continuous homogenization using a blender,
obtaining an extract enriched in phenolic compounds (11.3 mg GAE/g
extract), chlorogenic acid (12.2 mg/g extract), caffeine content (1.6
mg/g extract), and monomeric anthocyanin content (11.4 mg/g extract)
(Khochapong et al., 2021). Similarly, Magoni et al. (2018) also recov-
ered higher phenolic compounds (33.0 mg/g extract) from CP at the
ratio of 1:10 (w/v) and room temperature for 16 h, which might be

Fig. 2. Schematic summary of solvent extraction

techniques used for coffee pulp (CP) valorization in
food science including the fundamentals of the
extraction model and the main factors to be consid-
ered together with their respective advantages and
disadvantages. S-L extraction: Solid-Liquid extrac-
tion, S-L ratio: Solid-Liquid ratio, MAE: Microwave-
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Table 1

Summary of the extraction methodologies for coffee pulp valorization as functional ingredient.
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Extraction
method

Extraction solvent

Most suitable conditions

Target compounds

Biological activities

Reference

Solid-liquid
extraction (S-L
extraction)

Fermentation

Enzymatic
extraction

Water

Water
Hot water

Hot water

Hot water

Hot water

Hot water

Aqueous HCI (1%)

Aqueous HNO3 (0.1
M)

Aqueous methanol
(80%)

Aqueous methanol
(80%, acidified)
Butylated
hydroxytoluene
methanol (1%)
Aqueous ethanol
(50%)

Ethyl acetate

B-cyclodextrin

Deep eutectic
solvent (DES)

Supramolecular
solvents

Subcritical water

Water

Aqueous methanol
(80%, acidified)
Methanol

Acetone-methanol
(7:3, v/V)
Aqueous ethanol
(80%)

Hot water

1: 2 S-L ratio, undefined
temperature

1: 10 S-L ratio, RT, 16 h
1: 5 S-L ratio, 92 °C, 2 min

1: 10 S-L ratio, 85 °C, 15
min, particles <1.4 mm

1: 100 S-L ratio, 100 °C, 60
min, shaking

100 °C, 10 min

Undefined temperature, 10
min

5: 12 S-L ratio, RT, 30 min,
pH 1.8

1: 25 S-L ratio, boiling, 30
min
1: 4 S-L ratio

1: 10 S-L ratio, 55 °C, 35
min, 100 rpm agitation

1: 20 S-L ratio, RT, 1 h, 100
rpm agitation

1: 40 S-L ratio, 70 °C, 60
min, 350 rpm agitation

1: 5 S-L ratio, RT, 24 h,
shaking

9.25 mg/mL concentration,
1: 30 S-L ratio, 80 °C, 120
min

Choline chloride: glycerol (1:
3 molecular ratio), 70% (w/
v) concentration, 1: 47 S-L
ratio, 55 °C, 120 min
Hexagonal inverted
aggregates of octanoic acid:
ethanol: water (5:24:71), 1:
4 S-L ratio, RT, 5 min
Aqueous acetic acid (7%, v/
v), 120 °C, 1500 psi
pressure, 15 min

Lactic acid bacteria, 30 °C,
substrate: water: sugar (3:
10: 3), 5% starter, 72 h
Fungus Aspergillus tamarii

Lactic acid bacteria, 31.8 °C,
4 m/s air flowrate, 66-68%
humidity, 4.2 h; 1: 10 S-L
ratio, 27 °C, 24 h

Yeast, 10% starter, 28 °C, 48
h

Actinomycetes, 10% (v/w)
starter, 27 °C, 9 days; 1: 10 S-
L ratio, 100 rpm agitation,
24 h

Viscozyme (1%, v/w), 1 h; 1:
10 S-L ratio, 90 °C, 10 min

TPC (11.3 mg GAE/g extract),
chlorogenic acid (12.2 mg/g extract),
caffeine (1.6 mg/g extract), anthocyanin
(11.4 mg C3G/g extract)

TPC (33.0 mg GAE/g extract)

TPC (3.5 mg GAE/g CP)

TPC (9.2 mg GAE/g CP), chlorogenic acid
(2.2 mg/g CP), caffeine (6.8 mg/g CP),
gallic acid (0.73 mg/g CP), rutin (0.09
mg/g CP), protocatechuic acid (3.1 mg/g
CP)

TPC (23.4 mg GAE/g CP), TFC (19.2 mg
CE/g CP), caffeine (3.9 mg/g CP),
chlorogenic acid (3.5 mg/g CP)

TPC (23.3 mg GAE/g extract),
chlorogenic acids (12.0 mg/g extract),
caffeine (3.6 mg/g extract), catechin
(0.26 mg/g extract), epicatechin (0.18
mg/g extract)

TPC (25.5 mg GAE/g extract),
chlorogenic acid (6.5 mg/g extract)

TPC (4.5 mg GAE/g CP), TFC (7.8 mg CE/
g CP), chlorogenic acid (0.084 mg/g CP),
tannin (0.94 mg CE/g CP), anthocyanin
(0.004 mg C3G/g CP)

Pectin (14.6%)

TPC (0.56 pg GAE/g CP), TFC (1.0 ug CE/
g CP)
Hydroxycinnamates (25.5 mg/g CP)

Phytoprostanes (654.6 ng/g CP),
phytofurans (474.3 ng/g CP)

TPC (45.0 mg GAE/g CP)
TPC (0.18 mg GAE/g CP), TFC (0.79 mg

CE/g CP)
Caffeine (4.8 mg/g CP)

Caffeine (4.9 mg/g CP)

Caffeine (3.6 mg/g CP), protocatechuic
acid (0.9 mg/g CP)

Cyanidin-3-rutinoside (30.4 pg/g CP)

TPC (3.3 mg GAE/g CP)

TPC (137.8 mg GAE/g CP),
hydroxycinnamic acid (14.5 mg/g CP)
TPC (6.7%)

Carotenoids (16.4 mg/L)

TPC (1.2 mg GAE/mL), anthocyanins
(110.0 mg/mL), catechin (10.4 mg/mL)

TPC (12.2 mg GAE/g CP), TFC (5.5 mg
CE/g CP), chlorogenic acid (2.2 mg/g
CP), caffeine (2.4 mg/g CP),
anthocyanins (0.18 mg/g CP)

Antioxidant,
antimicrobial

Antioxidant, anti-aging
Antioxidant,
antimicrobial
Antioxidant

Antioxidant

Hepatoprotective, lipid-
lowering, antidiabetic,
renoprotective

Antioxidant, lipid-
lowering
Antioxidant

Not validated
Antimicrobial
Not validated

Not validated

Antioxidant
Antioxidant

Antioxidant

Antioxidant

Antioxidant

Not validated

Antioxidant

Antioxidant

Antioxidant

Antimicrobial,
antioxidant
Not validated

Anti-diabetic,
antioxidant

Not validated

Khochapong et al. (2021)

Lonati et al. (2022)
Duangjai et al. (2016)

Heeger et al. (2017)

Tran et al. (2020a)

Ontawong et al. (2019a)
Ontawong et al. (2019b)
Boonphang et al. (2021)

Ontawong et al. (2021)

Delgado et al. (2019)

Reichembach and de
Oliveira Petkowicz (2020)
Sangta et al. (2021)
Rodriguez-Duran et al.
(2014)

Ruesgas-Ramon et al.
(2019)

Kusumocahyo et al. (2020)
Alkaltham et al. (2020)

Loukri et al. (2020)

Loukri et al. (2022)

Torres-Valenzuela et al.
(2020)

Punbusayakul et al. (2015)

Myo et al. (2021)

Arellano-Gonzalez et al.
(2011)
Oktaviani et al. (2020)

Moreira et al. (2018)

Kurniawati et al. (2016)

Patil et al. (2022)

(continued on next page)



S. Hu et al.

Table 1 (continued)
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Extraction Extraction solvent Most suitable conditions Target compounds Biological activities Reference
method
Aqueous methanol 1: 5S-Lratio, 40 °C,100rpm  Chlorogenic acid (0.71 mg/g CP), caffeic Torres-Mancera et al.
(80%) agitation, 30 min acid (0.11 mg/g CP), ferulic acid (0.03 (2013)
mg/g CP)
Ultrasound- Aqueous methanol 1: 100 S-L ratio, 40 °C, 150 TPC (14.4 mg GAE/g CP), TFC (13.2CE/g  Antioxidant Tran et al. (2020b)
assisted (50%) W, 30 min CP), Caffeine (2.9 mg/g CP),
extraction proanthocyanidins (6.8 mg CE/g CP)
(UAE)
Aqueous ethanol 1:16 S-Lratio, 30°C,15min  TPC (23.2 mg GAE/g CP), TFC (25.1 mg Antioxidant, tyrosinase Chen et al. (2021)
(50%) quercetin/g CP) inhibitory
Aqueous ethanol 1: 20 S-L ratio, 60 °C, 250 W, TPC (46.7 mg GAE/g CP), TFC (36.4 mg Antioxidant Tran et al. (2022b)
(50%) 35 min CE/g CP), chlorogenic acid (7.9 mg/g
CP), caffeine (5.7 mg/g CP)
Aqueous ethanol 1: 10 S-L ratio, RT, 100 TPC (44.5 mg GAE/g extract) Antioxidant, anti- Magoni et al. (2018)
(70%) power, 37 Hz, 30 min inflammatory
Aqueous propylene 1: 22 ratio, RT, 20 kHz, 8 TPC (9.3 mg GAE/g CP), TFC (58.8 mg Antioxidant Myo and Khat-udomkiri
glycol (46.71%) min quercetin/g CP), tannin (8.7 mg/g CP) (2022)
Deep eutectic Lactic acid: choline chloride Chlorogenic acid (0.45 mg/g CP), Not validated Ruesgas-Ramon et al.
solvent (DES) (2:1 molecular ratio), 1: 5 S- caffeine (0.55 mg/g CP) (2020)
L ratio, 200 W, 3 min
Microwave- Aqueous ethanol 1:100 S-L ratio, 1000 W, RT,  TPC (38.7 mg GAE/g CP), TFC (27.0 mg Antioxidant Tran et al. (2022a)
assisted (42.5%) 85 min CE/g CP), chlorogenic acid (7.0 mg/g
extraction CP), caffeine (5.5 mg/g CP)
(MAE)
Aqueous ethanol 1: 20 S-L ratio, 700 W, 70 TPC (20.9 mg GAE/g CP), TFC (18.8 mg Antioxidant Tran et al. (2022b)
(50%) min CE/g CP), chlorogenic acid (2.3 mg/g
CP), caffeine (3.3 mg/g CP)
UAE-MAE Aqueous ethanol UAE at 1: 12 S-L ratio, RT, TPC (328.9 mg/g extract), tannin (20.52 Not validated Gonzalez-Gonzalez et al.
(30%) 40 kHz, 20 min; MAE at mg CE/g extract) (2022)
70 °C, 800 W, 5 min
PEF-MAE Water PEF at 5 Hz, 18 kV (6 kV/cm) TPC (14.4 mg GAE/g CP), TFC (3.1 mg Antioxidant Macias-Garbett et al.

5 min; MAE at 1: 10 S-L ratio,
10 min

rutin/g CP)

(2022)

Abbreviations: S-L: solid-liquid, RT: room temperature, TPC: total phenolic content, TFC: total flavonoid content, GAE: gallic acid equivalent, CE: catechin equivalent,

C3G: cyanidin-3-glucoside.

attributed to the higher S-L ratio. Furthermore, the recovery of bioactive
compounds from CP aqueous extracts was reported to be significantly
affected by several factors (Fig. 2), including temperature, extraction
time, S-L ratio, and particle size (Loukri et al., 2020). In this sense, Tran
et al. (2020a) found that an increased extraction temperature would
enhance the intermolecular contact, expediting the release of bioactive
compounds. Indeed, the optimal conditions for the maximum recovery
of total phenolic compounds (23.4 mg GAE/g CP), flavonoids (19.2 mg
CE/g CP), caffeine (3.9 mg/g CP) and chlorogenic acids (3.5 mg/g CP)
were found at 100 °C, 60 min and the ratio of sample to solvent 1:100
g/mL (Tran et al., 2020a). Such successful extraction yields induced by
high extraction temperatures were supported by using hot water for 10
min yielding 10.2 mg GAE/g CP at 90 °C (Patil et al., 2022) and 25.5 mg
GAE/g extract at undetailed temperature (Ontawong et al., 2021).
Moreover, a notable high content of specific phenolic compounds ob-
tained after 10 min with hot water has been reported ie., 6.5 mg
chlorogenic acid/g extract or 0.26 mg catechin/g extract and 0.18 mg
epicatechin/g extract (Ontawong et al., 2019a, 2021). In addition, the
appropriate particle size helps to extend the contact area between the
hot water and the CP, thus boosting the leaching of bioactive substances.
Heeger et al. (2017) suggested that CP material with a particle size lower
than 1.4 mm yielded better results in terms of phenolic compounds re-
covery when extracting using hot water (85 °C), with an initial con-
centration of 1 g/mL for 15 min. Likewise, an increased acidity caused
by the presence of strong acids (such as HCl) denatures the CP cell
membranes, facilitating the release of substances covalently bound to
the cell walls from the matrix, and ultimately improving the extraction
efficiency of the bioactive compounds. In this regard, an aqueous solu-
tion of HCl 1% (pH 1.8) was applied to extract bioactive compounds
from the CP at a ratio of 25: 60 (g/mL) in Caturra and Colombia vari-
eties. The acidity increased the phenolic, flavonoid and tannin content
of the extract by 49%-594% following reported data. The anthocyanins,

which were not detected in the aqueous extracts at neutral pH, was
found in considerable amounts (3.6-4.1 mg/100 g CP) in the acidic
aqueous solution (Delgado et al., 2019). In addition, acidification of
aqueous solutions is also commonly used for precipitation and extrac-
tion of pectin (Reichembach and de Oliveira Petkowicz, 2020) to ach-
ieve revalorization of carbohydrates from CP (Manasa et al., 2021).
Currently, natural alternatives with antioxidant properties are being
widely pursued. The phenolic compounds and caffeine present in CP’s
aqueous extracts are proved to exert in vitro and in vivo antioxidant
bioactivity (Fig. 3) (Canas et al., 2021). Tran et al. (2020a) recovered
phenolic antioxidants using water from Robusta dried CP, and indicated
that phenolic, flavonoid, caffeine and chlorogenic acids content notably
contributed to the 2,2'-azinobis-(3-ethylbenzthiazoline-6-sulphonate)
(ABTS) and 1,1-diphenyl-2-picrylhydrazyl (DDPH) radical scavenging
ability and ferric reducing antioxidant power (FRAP) (Tran et al.,
2020a). Mentioned results relative to DPPH scavenging capacity sup-
ported similar findings previously reported (Magoni et al., 2018). Pro-
tocatechuic acid and gallic acid content experienced a high correlation
with oxygen radical absorption capacity (ORAC, r = 0.78 and 0.86,
respectively), and xanthonoids mangiferin and isomangiferin were also
found to be highly positively correlated to DPPH (r = 0.95 and 0.93,
respectively) in CP hot-water extract (Pua et al., 2021). The temperature
and pH of the water extraction were proved to give a predominant
impact on the biological activities. Thereby, the ABTS and DPPH radical
scavenging abilities and FRAP value of the hot water extract were 2.1,
3.4 and 25.4 times higher than those observed at room
temperature-water extract, respectively, which rationally might be
attributed to the increased presence of phenolic compounds in the ex-
tracts (Fig. 3). Delgado et al. (2019) manifested that condensed tannins
in acidified aqueous extract were better scavengers of free radicals
compared to neutral pH extraction, with a significant correlation to
ORAC values (r = 0.69). Nevertheless, coffee varieties must be
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A B Fig. 3. Ranking diagram of the extraction techniques
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considered when reporting antioxidant activities exerted by water ex-
tracts since high variability were also reported between Coffea arabica L.
and Coffea canephora (Pua et al., 2021).

The antioxidants compounds contained in CP extracts can get into
the lipid bilayer of the cytoplasmic membrane, modifying function,
structure, and permeability, thus inhibiting the growth of microorgan-
isms as reported Khochapong et al. (2021). This work showed that a CP
aqueous extract enriched with antioxidant bioactive compounds also
inhibited the growth of Escherichia coli TISTR 780 and Staphylococcus
aureus TISTR 1466 at concentrations of 150 and 200 mg/mL (Khocha-
pong et al., 2021). These results were supported by Duangjai et al.
(2016) since a hot water extract obtained at 92 °C for 2 min (ratio of 1: 5)
exhibited a superior growth inhibition for gram-positive (minimal
inhibitory concentration, MIC, values of Staphylococcus aureus and
Staphylococcus epidermidis were 37.5 and 4.7 mg/mlL, respectively)
rather than gram-negative bacteria (MIC values of Pseudomonas aerugi-
nosa and Escherichia coli were 75.0 and 37.5 mg/mL respectively). These
results were attributed to the relatively high content of quinic, malic and
chlorogenic acids as well as the caffeine content in the CP extract
(Duangjai et al., 2016). Moreover, aging-related diseases are often
associated with excessive reactive oxygen species (ROS) production,
breaking the neutralizing capacity of the endogenous antioxidant de-
fense system. A notable anti-aging activity of CP extract, mainly due to
the presence of phenolic compounds with antioxidant activity, was re-
ported (Tseng et al., 2022). In this sense, it was suggested that procya-
nidins and quinic acid derivatives found in CP aqueous extracts might
become a nutritional strategy to counteract age-related damage, point-
ing that an intake of 2 mg was effective (Lonati et al., 2022).

The hepatoprotective effect of CP hot water extract was also inves-
tigated by Ontawong and coworkers (2021). They found that CP hot-
water extracts reduced the intracellular lipid content by stimulating
triglyceride and cholesterol secretion while regulating the hepatic lipid
metabolism and transporter protein-related genes in human hepatocyte
cells (HepG2). The hepatoprotective effect of this extract was mostly
attributed to chlorogenic acids and caffeine, which also exerted an anti-
hepatic steatosis effect at 2.3 pg/mL and 0.8 pg/mL respectively in
HepG2 cells. The in vivo hepatoprotective activity of this extract was

Solvent, SUPRAS: Supramolecular Solvent, SWE:

Subcritical Water Extraction.

further corroborated by using male Wistar rats fed with high-fat diet for
12 weeks. Supplementation of CP hot-water extract (1 g/kg body
weight) could manage caloric intake, assist in controlling body weight
and visceral fat mass in obese rats, and improve plasma metabolic pa-
rameters, insulin resistance and morphological characteristics of liver
tissues. Mentioned extract was also able to modulate the expression
levels of genes involved in hepatic lipid metabolism, ameliorating he-
patic steatosis in obese rats induced by high-fat diet (Ontawong et al.,
2019a). Moreover, the in vitro and in vivo lipid-lowering effect of CP
hot-water extract was also studied using Caco-2 cells (50 mg/mL) and
rat models (1 g/kg body weight) respectively. Results demonstrated a
notable inhibition of the cholesterol transport by dietary mixed micelles
through cell membrane and rat jejunal loops, and regulated
Niemann-Pick Cl-Like 1 (NPC1L1) protein and Liver X receptor alpha
(LXRa) mRNA expression in Caco-2 cells and hypercholesterolemic rats
(Ontawong et al., 2019b). CP hot water extract also significantly
improved renal lipid content and lipid peroxidation in an experimental
model of type 2 diabetes (T2D) and restored renal morphology and
organic transport associated with T2D, thus its anti-diabetic and renal
protective effects were also proved (Boonphang et al., 2021).
Although recovering bioactive compounds using aqueous extractions
had been widely investigated, its use is still reduced to certain applica-
tions since some bioactive substances are easily degradable by envi-
ronmental factors e.g., temperature, light exposure, etc. Additionally,
the selectivity achieved by using water as extraction solvent usually
results insufficient to recover target compounds, which could imply
undesirable interactions and interferences on the pursued bioactivities.
Some authors have suggested to overcome these limitations by using
vigorous extraction media, such as organic solvents, instead of water.

2.2. Organic solvent extraction

Several organic solvents, within a wide range of polarities (i.e., from
methanol to ethyl acetate), were employed to enhance the disruption of
the CP matrix and, in consequence, increasing the release of bioactive
compounds. Both extraction efficiency and selectivity will directly
depend on the dissolving power of the selected extraction media to
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solubilize the compounds under interest. With the objective to optimize
the extraction yields of certain group of compounds, e.g., phenolic
compounds or methylxanthines besides others, several organic solvent
aqueous mixtures are usually employed (Fig. 2).

It has been reported an extraction yield of 6.6% using 80% methanol
as extraction solvent (1:4 w/v ratio) after a sample purification step
using 95% dichloromethane and a total phenolic content of 0.56 pg/g CP
with notable inhibitory activity against horticultural pathogens (Sangta
et al., 2021). Nevertheless, different coffee varieties and ripening stages
also showed different characteristics when extracted with 80% meth-
anol aqueous solution. Indeed, the hexane-defatted CP using 1% (v/v)
acetic acid for extraction solvent acidification, exhibited a maximum
concentration of hydroxycinnamates (7.4-25.5 mg/g CP) at semiripe
stage (Rodriguez-Duran et al., 2014). The acidification of methanol
(MeOH/0.1% HCI (v/v)) was also successfully tested to obtain antho-
cyanins and carotenoids from arabica CP, as other phenolic compounds
such as chlorogenic or mono- and di-caffeoylquinic acids (Esquivel et al.,
2020). Moreover, an extract obtained using 1% (v/v) butylated
hydroxytoluene methanol was abundant in phytoprostanes and phyto-
furans, known by their interesting biological properties such as
anti-inflammatory and neuroprotection activities (Ruesgas-Ramon
et al., 2019). Ethanol, with similar polarity to methanol, seems to be a
promising candidate for the extraction of bioactive substances from CP
(Fig. 3). Indeed, Magoni et al. (2018) reported slightly higher extraction
yields from CP by using 30% ethanol compared to water (8.4% and
7.8%, respectively) after 16 h at room temperature. Lower values were
observed when increasing the ethanol concentration from 30 to 100%,
being 8.4% and 6.4% respectively. Similar trends were observed for
total phenolic compounds content, yielding around average 36.0 mg
GAE/g extract for both 30% and 70% ethanol, and 32.0 mg GAE/g
extract for both 100% ethanol and water extractions. However, no sig-
nificant differences on antioxidant bioactivity were detected for any of
the extraction solutions tested (Magoni et al., 2018).

Less commonly used solvents for phytochemical recovery were also
successfully explored e.g., propylene glycol, acetone and ethylacetate
(Table 1). Then, propylene glycol (46%) was used for the extraction of
phenolic, flavonoid and tannin compounds (8.5 mg GAE/g CP, 51.7 mg
quercetin equivalent/g CP, and 7.8 mg tannic acid equivalent/g CP,
respectively) from CP at a liquid-solid ratio of 22.2 mL/g for 24 h,
resulting in significantly higher values compared to those obtained for
ethanol and aqueous extractions (Myo & Khat-udomkiri, 2022). More-
over, acetone aqueous solution (70%) was suitable to obtain procyani-
dins from CP (Wong-Paz et al., 2021) and the use of ethyl acetate at
room temperature for 24 h under shaken yielded up to 0.18 mg GAE/g
CP (Alkaltham et al., 2020). Comparatively, Tran et al. (2020a) sug-
gested extraction yield of phenolic compounds and caffeine content was
ranked by acetone > ethanol > methanol, which were 2.5-3.5 and
2.9-3.7-fold higher than those of water extraction and comparable to
those of hot water extraction (Fig. 3) (Tran et al., 2020a).

As reported for aqueous extracts, phytochemicals-enriched fractions
obtained from CP using organic solvents typically exhibited bioactive
properties such as antioxidant, anti-inflammatory or antimicrobial ac-
tivities (Table 1). In this regard, Tran et al. (2020a) showed a prominent
radical scavenging activity (ABTS methodology) of a 50% methanol
aqueous solution, being positively correlated to proanthocyanidins
content (r = 0.75) (Tran et al., 2020b). However, such antioxidant po-
tential was reinforced by using acetone as extraction solvent, resulting
the ABTS and DPPH scavenging abilities and FRAP determinations a
17.2%, 53.8%, 79.3% and 0.8%, 38.0%, 41.1% higher than those ob-
tained from methanol and ethanol extracts, respectively. This work also
claimed the higher extraction yields for phenolic compounds and
caffeine, as well as antioxidant activities by using 50% solvent aqueous
dilutions compare to pure solvents, being overall significantly higher
than those observed for water extractions, and comparable to those from
hot-water extraction (Fig. 3) (Tran et al., 2020a). Indeed, besides the
solvent concentration, such bioactive potential seemed to be deeply
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influenced by the temperature and time of extraction. As example, a
decreased ICsy of DPPH values was found for elevated extraction tem-
peratures and times, mostly due to higher extraction efficiencies for the
total phenolic content extractions (Kusumocahyo et al., 2020).
Mentioned supremacy of the organic solvents over water extracts in
terms of anti-inflammatory bioactivity was also reported. Thus, Magoni
et al. (2018) compared the therapeutic effects of CP 70% ethanol and
water extracts on in vitro inflammation cell culture model by using
TNF-a-stimulated gastric epithelial cells (AGS cell line). Obtained results
revealed that the ethanolic fraction was superior to aqueous extract at
inhibiting IL-8 release (ICsy values of 61.5 pg/mL and 79.4 pg/mL,
respectively). Meanwhile, the antimicrobial effect of CP organic extracts
was also reported. The growth of Alternaria brassicicola, Pestalotiopsis sp.
and Paramyrothecium breviseta fungi were inhibited when treated with
80% aqueous methanol CP extract enriched on caffeic acid and epi-
gallocatechin gallate, displaying a significant bioactivity with inhibitory
concentrations (ICsp) of 0.09, 0.31 and 0.14 g/mL, respectively (Sangta
et al., 2021).

Although organic solvent seems to offer higher extraction effi-
ciencies to obtain bioactive compounds from CP, these extraction stra-
tegies might result cost-intensive when transferred to industry, besides
being far from the paradigm of sustainable processes due to the polluted
solvent by-products wasted to the environment (Bondam et al., 2022). In
addition, bioactive extracts possibly suffer from toxic and harmful sol-
vents residues, making them unfavorable for food applications (Geme-
chu, 2020).

In general terms, conventional extraction processes, using both water
and organic solvents, are considered not effective regarding selectivity,
energy, performance, yield and environmental impact (Alara et al.,
2021). However, the abovementioned advantages and drawbacks of
conventional S-L extractions must be considered for selecting the most
suitable solvent to recover bioactive compounds from CP (Fig. 2).
Nevertheless, to overcome the limitations previously mentioned, novel
extraction strategies were explored pursuing the environmentally
friendly and food grade character of water combined with the high
extraction efficiency and selectivity of certain organic solvents (Choi
and Verpoorte, 2019). Among them, the commonly known emerging
green solvents e.g., deep eutectic solvents, were pointed as promising
alternatives (Table 1).

3. Alternative chemical techniques
3.1. Extraction methods using emergent green solvents

Beyond the solvent’s physicochemical characteristics (i.e., boiling
point and polarity), their impact on human health and environmental
sustainability should be considered. Therefore, agents like acetone and
methanol, commonly used in scientific research focused on the extrac-
tion processes development for the recovery of bioactive compounds,
are not desirable. In return, they were proposed to be substituted by
emerging green solvent, such as deep eutectic solvents (DESs), supra-
molecular solvents (SUPRASs) and pressurized liquids (PLs) (Fig. 2).

3.1.1. Deep eutectic solvent (DES) extraction

DESs has been emerging since 2004 as a promising green alternative
to conventional extractions because of their physicochemical properties
i.e., high viscosity, non-inflammability, and low volatility, besides the
chemical and thermal stability (Florindo et al., 2019; Mbous et al.,
2017). They are defined as a homogeneous mixture of several solid
substances at specific mixture ratio with a melting point lower than
either of the individual components melting points, induced by the
generation of intermolecular hydrogen bonds between hydrogen bond
acceptors (HBA) and donors (HBD) (Choi and Verpoorte, 2019). DESs
were recognized as cost-effective, highly efficient, and selective
extraction media for target molecules from natural sources, besides their
distinctive favorable sustainability (Saini et al., 2022). Moreover, such
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constituting compounds have been approved as food additives or sup-
plements for human consumption because of their practically zero
toxicity (Saini et al., 2022). Thereby, Ruesgas-Ramon et al. (2020)
prepared six different DESs by using choline chloride, betaine, lactic
acid, glycerol, and 1,4-butanediol to extract bioactive compounds from
CP under heat-stirring assisted conditions for 1 h at 60 °C. Results
exhibited the notable influence of extraction media composition on the
recovery of phenolic compounds at both quantitative and qualitative
levels. The mixture of choline chloride, lactic acid, and water (CCLA) at
1: 2: 1.5 mol ratio resulted the most efficient solvent for chlorogenic acid
and caffeine recovery (4.1 and 3.9 mg/g CP, respectively) compared to
the other tested DESs. Moreover, similar total phenolic content was
found for CCLA DES (9.6 mg GAE/g CP) and a 70% ethanolic extraction
following the described HPLC-MS quantification methodology, although
a notably decrease of chlorogenic acid (25.5%) and caffeine (33.9%)
content was noticed for CCLA DES (Ruesgas-Ramon et al., 2020). In
addition, high concentrations of DES aqueous solution, composed by
diluted mixtures of choline chloride and glycerol, were observed to
impair the extraction efficiency of caffeine from CP, which was attrib-
uted to the reduced mass transfer caused by the higher densities of the
concentrated eutectic mixtures. However, the solvent to CP ratio and
temperature exerted an opposite effect, the higher values for both in-
dependent variables the higher caffeine yields. Finally, this scientific
work also provided the most promising extraction conditions for
caffeine recovery from CP using choline chloride-glycerol aqueous
mixtures (40 mL/g liquid-solid ratio, 55 °C, and 70% DES concentra-
tion), resulting higher (4.9 mg/g) than those observed for water
extraction (4.4 mg/g) and cyclodextrin extraction (4.7 mg/g) (Loukri
et al., 2022).

DES not only improves the extraction yield but also enhances the
biological activity of the obtained fractions by protecting the bioactive
molecules. Apparently, the hydrogen bonding-induced interactions be-
tween DES and the phenolic compounds contributed to such bioactive
compounds stabilization by reducing their free movement in the
extraction media. Thus, it would involve shorter air exposures and ul-
timately, a safeguard of the molecules from oxidative degradation. This
statement was provided by Loukri and coworkers (2020) following their
findings relative to the antioxidant properties of DES extracts from CP.
They observed that DPPH results generally increased with DES con-
centration (Fig. 3), DES-CP ratio, and temperature, establishing the
optimal extraction conditions for bioactivity at 55 °C, 47 mL/g solvent-
CP ratio and 70% DES concentration. Obtained results i.e., 82 pmol TE/g
CP resulted superior to the obtained data from water, cyclodextrin,
methanol, and ethanol extraction media by 54.9%, 55.0%, 83.4% and
88.5%, respectively.

Undoubtedly, DESs contribute to expand the opportunities range for
achieving selective extractions of target bioactive compounds. However,
as already pointed out by Ruesgas-Ramén and coworkers (2020), it is
important to note the influence of the analytical methodology applied to
the determined certain compounds in DES extracts e.g., total phenolic
compounds by Folin-Ciocalteu methodology. Inconsistent results were
found when comparing data from the latest colorimetric technique to
those obtained by HPLC-MS quantification, which might be due to the
analytical interferences exerted by the formation of insoluble salt pre-
cipitates induced by the choline chloride-based solvent (Ruesgas-Ramon
et al., 2020). This limitation is one of the disadvantages recognized for
DES (i.e., hindering analytics) however, other aspects must be consid-
ered such as the increased complexity of the reaction system, the large
number combinations of HBA and HBD, the time-consuming relative to
the recommended chemical characterization of the obtained DES prior
carrying out the extraction process or the more arduous work to isolate
the extracted compounds from the media when needed (Fig. 2).

3.1.2. Supramolecular solvent (SUPRAS) extraction
SUPRASs comprise green nano-structured solvents produced by the
sequential self-assembly of amphiphilic colloidal suspensions triggered
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by external stimuli such as pH, temperature, or salt modifications
(Musarurwa and Tavengwa, 2021). The phenomena behind the pro-
duction of SUPRAS:s is based on the generation of reverse micelles or
vesicles by the spontaneous self-aggregation of amphiphiles to reach a
water-immiscible phase induced by external stimuli, causing the coac-
ervation of an amphiphile-enriched liquid phase (SUPRASs phase) from
the bulk solution (Musarurwa and Tavengwa, 2021; Rastegar et al.,
2016). SUPRASs are renewable and low toxic solvents which allow easy
and short extraction time as well as highly efficient and cost-effective
extraction processes. These outstanding physico-chemical properties
become them a desirable alternative to replace the use of organic sol-
vents in the extraction processes of bioactive compounds (Fig. 2).

Notwithstanding such a promising SUPRASs prospect, its potential as
extraction media to recover bioactive compounds from CP remains
almost unexplored. Indeed, only one scientific work developed by Tor-
res-Valenzuela et al. (2020) was published so far (Table 1). They
recovered bioactive compounds from CP by SUPRAS using hexagonal
inverted agglomerates of octanoic and decanoic acids (5% v/v) in
several ethanol-water mixtures. Results revealed the dependent char-
acter of the extraction yields to the ethanol percentage, the SUPRAS
composition and the solvent-sample ratio affected the extraction effi-
ciency of the most abundant bioactive compounds i.e., caffeine and
protocatechuic acid. Under the optimal conditions (4:1 v/w SUPRAS
octanoic-sample ratio at RT for 5 min), the extraction yields of caffeine
and protocatechuic acid were 3.6 mg/g, and 0.9 mg/g CP respectively,
resulting 7-19 and 11-33-folds higher than those observed for conven-
tional organic solvents (i.e., methanol, ethanol, acetone, and acetoni-
trile) under the same experimental conditions (Fig. 3). In addition, the
DPPH and ABTS scavenging activities showed a linear correlation with
SUPRAS concentration up to 15 g/L and 25 g/L respectively, concen-
trations at which the maximum antioxidant capacities were obtained,
45% for DPPH and 91% for ABTS.

The enhanced extraction efficiency claimed for SUPRAS could be
explained by the presence of large regions with polarity differences in
the supramolecular aggregates, which endows the possibility of
extracting compounds within a large polarity range at high individual
efficiencies e.g, from trigonelline to rutin (Torres-Valenzuela et al.,
2020). Moreover, the high concentration of amphiphilic molecules
provides numerous binding sites to interact with bioactive molecules by
ion-ion, dipole-dipole, hydrogen bonding and dispersion, resulting
crucial for their recovery the 3 and 4 hydrogen bond acceptors of
caffeine and protocatechuic acid respectively (Torres-Valenzuela et al.,
2020). Besides, SUPRAS is organized by coalescing droplets with dis-
continuities, creating a high surface area that facilitates mass transfer,
and promotes extraction efficiency (Keddar et al., 2020). However, the
further separation of compounds under interest and SUPRASs for food
science applications as well as the solvent recovery after extraction are
dilemmas that demand to be addressed. Fortunately, there is a wide
variety of emerging extraction solvents and techniques available to be
used for each specific application, together with those coming in near
future. For example, using pressurized water and carbon dioxide is a
prospective extraction technology which allows avoiding further re-
covery and separation steps.

3.2. Pressurized fluid extraction (PFE)

Pressurized fluid extraction is one of the several sample preparation
technologies used to extract bioactive compounds from food matrices
into a solvent under elevated temperatures and pressures, above room
temperature and 0.1 MPa, respectively. Water, organic solvents and
liquified gases (and their mixtures) are commonly used for PFEs. How-
ever, depending on the fluid combination and the pressure-temperature
conditions, those fluids are placed at different areas of their respective
phase diagrams. In this regard, low and high pressurized liquids (the
latest commonly known as subcritical liquids) and supercritical fluids
have been successfully employed as extraction media in food science.
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Pressurized liquid extraction (PLE) is based on increased the process
temperature above the atmospheric boiling point while keeping the
liquid state by applying high pressures. Meanwhile, supercritical fluid
extraction (SFE) is based on turning the material state of the extraction
media from either liquid or gas over the respective critical point. Both
pressurized fluids strategies have shown encouraging results on bioac-
tive compounds recovery (King, 2014; Mustafa and Turner, 2011). PFEs
are usually time- and cost-saving, high selective and efficient while
reducing the use of solvents compared to conventional and advanced
solvent extraction techniques. Moreover, the extracts obtained could be
non-toxic food grade fraction for PLE and even a solvent-free fractions
for SFE using neat carbon dioxide.

3.2.1. Pressurized water extraction

Water is a highly polar solvent with an extensive hydrogen bonding
structure and a high dielectric constant at room temperature under at-
mospheric pressure, resulting inefficient for moderate non-polar com-
pounds extraction. However, high-pressurized hot water extraction,
commonly known as subcritical water extraction (SWE), are character-
ized by a decreased surface tension, viscosity and dielectric constant
while increasing the mass transfer diffusion rates. Therefore, highly
efficient organic solvent-like extractions of low polar compounds will be
achieved. Moreover, such improved extraction yields of SWE are also
attained by the matrix surface disruption induced by high temperatures
and pressures, significantly contributing to the mass transfer enhance-
ment (Fig. 2). Nowadays, an accurate definition of SWE in terms of phase
diagram location is still lack, however, subcritical state is widely
considered as any situation above 100 °C and 0.1 MPa and bellow the
critical point of water (374 °C and 22 MPa).

Under our knowledge (Table 1), the SWE application on CP for
bioactive compounds recovery had been exclusively approached by
Punbusayakul et al. (2015). They investigated the effect of temperature
(65, 80, 105, 120, 135 and 155 °C) on the cyanidin-3-rutinoside
anthocyanin extraction yield at 10.3 MPa for 15 min using acidified
water with 7% acetic acid as solvent from CP. Results showed an
improved extraction yields with the temperature until an inflexion point
around 120 °C, reaching 30.4 pg/g CP (Punbusayakul et al., 2015).
Given the limited reports of SWE focused on CP valorization, the study of
both extraction efficiencies and biological activities compared to con-
ventional solvent extractions failed to be achieved. However, the
applicability of water under subcritical conditions had been widely
investigated for other coffee by-products, especially for spent coffee
grounds, where phenolic compounds were successfully extracted and
tested as antioxidant compounds (Vandeponseele et al., 2020). Consid-
ering the green connotation of water together with the other previously
mentioned advantages of SWE, it is strongly recommended to explore
this technology for the valorization of CP in the near future.

3.2.2. Supercritical fluid extraction

Carbon dioxide is also considered green, non-toxic, and highly effi-
cient solvent widely used as supercritical fluid, namely supercritical
carbon dioxide (SC-CO,). SC-CO, is a fluid state of carbon dioxide
achieved by heating at or above its critical temperature (31.1 °C), and
pressure (73.8 bar), featuring both liquid- and gaseous-like character-
istics. The selectivity and efficiency of the extraction process can be
easily tuned by modifying the temperature or pressure and time or
solvent flow, respectively. Moreover, the operating conditions minimize
the bioactive compounds degradation by avoiding light and air exposi-
tion, yielding higher quality extracts compared to other solvents and
techniques (Vandeponseele et al., 2020). Unexpectedly, no studies about
using SC-CO for CP’s bioactive compounds extraction had been re-
ported until date. However, it was successfully employed using coffee
beans and other coffee by-products as raw material (e.g., spent coffee
grounds and coffee husk), notably improving the recovery of antioxidant
and antimicrobial bioactive compounds including caffeine, phenolic
compounds, and sterols (Vandeponseele et al., 2020).
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The combination of co-solvents (such as ethanol or ethyl lactate)
with carbon dioxide at one phase supercritical state has been used to
increase the polarity of the mixture and, in consequence, facilitating the
extraction of polar molecules such as phenolic compounds (Coelho et al.,
2020). For instance, the addition of ethanol promoted caffeine solubi-
lization through intermolecular interactions such as hydrogen bonding,
resulting in higher yields (de Marco et al., 2018). As far as we know,
there is a single publication showing the results of using SC-CO5 with
10% t-butanol (v/v) at 15 MPa and 55 °C with the aim of esterifying
chlorogenic acid from a CP aqueous extract but not pursuing bioactive
compounds recovery (Hernandez et al., 2009). Therefore, considering
the promising results obtained for coffee and other agro-industrial coffee
by-products as raw materials for bioactive compounds recovery, as well
as the feasibility of the industrial use of such technology as it is shown
for coffee decaffeination, the use of neat carbon dioxide and its mixtures
with food grade organic solvents at supercritical state must be explored.

4. Biochemical techniques: fermentation and enzyme-assisted
extraction

Overall, the above-mentioned strategies can be gathered within
chemical techniques group since the extraction efficiency and selectivity
enhancement of bioactive compounds from CP is due to the chemical
bonding and mass transfer improvement. However, fermentation and
enzymatic treatment are also interesting biotechnological approaches
(Fig. 2).

Fermentation involves the exploitation of microorganisms to
consume substrates and accumulate desirable metabolites, which
together with exogenous enzymes, are capable of breaking and weak-
ening the cell walls, allowing the release of cell wall-linked and cellular
compounds. Therefore, it was demonstrated that total phenolic com-
pounds (12.2 mg GAE/g CP), flavonoids (5.5 mg catechin equivalents/g
CP), anthocyanins (0.18 mg/g CP), chlorogenic acids (2.2 mg/g CP) and
caffeine (2.4 mg/g CP, Fig. 3) from a CP hot water extract increased by
19.6%, 19.1%, 20.0%, 22.2%, 17.7%, respectively, after submitted to
Viscozyme® L compared to non-treated samples (Patil et al., 2022). As
expected, the type of enzymes and the solvent used for phytochemical
recovery after treatment affected to the bioactive compound’s recovery
(Table 1). Indeed, a lower content of chlorogenic acid (0.71 mg/g)
compared to Patil et al. (2022) data were obtained from an 80% meth-
anol aqueous extraction of the enzyme-treated CP by using an enzymatic
mixture from Aspergillus tamarii, Rhizomucor pusillus, and Trametes sp
(Torres-Mancera et al., 2013).

The enhanced recovery of bioactive compounds showed by enzyme
activity was also demonstrated by an Aspergillus tamarii solid-state
fermentation, since the free hydroxycinnamic acids content from a CP-
fermented sample extracted by aqueous methanol followed by alkaline
hydrolysis, significantly increased by 134%, suggesting a reduction of
the phenolic compounds-cell wall covalent bounds (Arellano-Gonzalez
et al., 2011). Likewise, actinomycetes solid-state fermentation (Strepto-
myces exfoliatus 42 and Streptomyces costaricanus 45I-3) resulted a useful
tool for releasing anthocyanins (110 mg/mL) and catechin (10.4
mg/mL) from CP using 80% aqueous ethanol as recovery media, being
around 1.1- and 2.5-fold higher than results observed for spontaneous
fermentation (Kurniawati et al., 2016). Moreover, solid-state fermen-
tation by Rodothula mucilaginosa CCMA 0156 could also liberate carot-
enoids (16.4 mg/L) when submitted to a CP extract (obtained by S-L
KOH 0.06% (w/v) and sterilization process) using acetone-methanol
solution (7:3, v/v) for compounds recovery (Moreira et al., 2018).
Lactic acid bacteria Lactobacillus plantarum TISTR 543 (Myo et al., 2021)
and Leuconostoc pseudomesenteroides (Oktaviani et al., 2020) were also
verified to release bioactive compounds from CP liquid-state fermenta-
tion using water as fermentation solvent, and solid-state fermentation
using ethanol as recovery solvents, respectively. In addition to micro-
organism species, fermentation conditions such as time, temperature,
aeration, and fermentation media to CP ratio are the key factors
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controlling the extraction yield (Table 1). Thus, Myo et al. (2021) found
that the time of lactic acid bacteria (Lactobacillus plantarum TISTR 543)
liquid-state fermentation (24-72 h) significantly promoted the total
phenolic compounds and protocatechuic acid content in the aqueous
fermentation fluid. The highest phenolic content (3.3 mg GAE/g CP) was
achieved for a 3: 10: 3 substrate: water: sugar ratio and a 5% of starter
(Myo et al., 2021). These findings were in concordance with those re-
ported by Oktaviani et al. (2020), who found that the lactic acid bacteria
(Leuconostoc pseudomesenteroides) solid-state fermentation of CP at 4.2 h
and 31.8 °C, positively contributed to the phenolic content (6.7%) using
methanol as recovery solvent. As above showed, fermentation and
enzymatic treatment could certainly enhance the bioactive compounds
recovery from CP but, unfortunately no comparison studies focused on
the extraction efficiency between different treatments can be done due
to the dissimilar procedures, microorganism species, incubation condi-
tions and recovery solvents utilized (Table 1).

The health-promoting properties of enzyme-treated and fermented
CP fractions are mainly focused on their antioxidant and antimicrobial
biological activities (Table 1). Thus, anthocyanins, chlorogenic acid,
total phenolic and flavonoid content showed a high correlation with the
FRAP value of a Viscozyme ® L-treated hot water extraction, which
resulted in 155.7 pmol/g, a 1.2-fold higher than non-treated extract
(130.6 pmol/g) (Patil et al., 2022). In addition, the significant higher
release of hydroxycinnamic acids after CP fermentation mediated by
A. tamarii was also pointed as responsible of the enhanced ABTS scav-
enging data compared to non-fermented CP (Arellano-Gonzalez et al.,
2011). Moreover, the mentioned carotenoids release from pretreated CP
by Rodothula mucilaginosa CCMA 0156 fermentation showed relevant
DPPH results, and of linoleic acid oxidative protection (Moreira et al.,
2018). Regarding the antioxidant capacity of Lactobacillus plantarum
TISTR 543 fermented CP, it seemed that fermentation within optimal
time (24 h) increased DPPH and ABTS scavenging activities and FRAP
values by 30.2%, 23.1%, and 31.9%, respectively compared to
non-fermented material, whereas the prolonged fermentation time
resulted in a reduction in antioxidant activities of the CP extracts (Myo
et al., 2021). Such phenomenon relative to the effect of the fermentation
time over the antioxidant bioactivity was also observed by Oktaviani
et al. (2020), since DPPH scavenging capacity of
L. pseudomesenteroides-fermented CP fraction increased with time up to
4.2 h, likewise for temperature being 31.8 °C the optimal value. They
also reported a 15% and 30% higher antioxidant activity for simulta-
neous aeration of CP fermentation than that observed by spontaneous
fermentation and fresh CP respectively. Moreover, antimicrobial activity
was also studied focusing on the growth inhibition of pathogenic bac-
teria, including Salmonella colorless, Escherichia coli, Staphylococcus
aureus and Listeria monocytogenes, at a low MIC value between 0.61 and
1.20 mg/mlL, resulting more effective than synthetic p-carotene (Mor-
eira et al., 2018). Overall, a possible explanation for such as bioactivity
improvements compared to untreated CP samples is that microorgan-
isms and enzymes serve as a catalyst to enhance biological activities by
modifying, degrading, or synthesizing novel natural compounds at the
expense of CP substrate, namely biotransformation.

Despite such higher demonstrated recoveries, the extraction of
bioactive compounds from CP via fermentation and enzymatic treat-
ments routinely involve the use of organic solvents (Table 1), lacking the
sustainability character fulfilled by other extraction techniques.
Important to note the pretreatment of the raw material eventually
needed prior fermentation which implies larger times, solvent- and
chemicals-consuming and the presence of undesirable compounds in the
recovered fraction. In consequence, the combination of fermented and
enzymatic treatment, and the use of emerging green solvents described
above (i.e., DES) for bioactive compounds recovery may result a prom-
ising approach of biological and chemical extraction techniques for
achieving further sustainable extraction system. Additionally, the use of
physicochemical techniques such as ultrasound, microwave and PEF
could also be explored using CP fermented or enzyme-treated fractions
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as liquid or solid enriched-bioactive materials, although operational
limitations must be carefully considered.

5. Physicochemical techniques
5.1. Ultrasound-assisted extraction (UAE)

The high-power UAE, above 20 kHz frequencies, is based on the
ultrasound propagation effects in a S-L media due to the generation of
acoustic cavitation bubbles. Original microbubbles will grow thought
coalescence to finally collapse at compression phase generating hot-
pressurized spots up to 4726 °C and 100 MPa (Kumar et al., 2021).
Such extreme conditions lead to fragmentation, erosion, capillarity,
sonoporation, shear forces and detexturization individual or combined
phenomena occurrence (Chemat et al., 2017). Thus, cavitation bubbles
explosion generates shockwaves and accelerated molecular collision
which results in a matrix structure rupture. Such fragmentation en-
hances compounds solubility, meaning mass transfer, because of smaller
particle sizes and higher surface areas. Moreover, higher extraction
yields are also attributed to i) the material erosion due to bubbles
implosion, ii) the capillary formation allowing the water absorption and
rehydration of the matrix, iii) the generation of membrane pores
(sonoporation) and iv) the local shear forces and turbulences, facilitating
the diffusion of bioactive compounds into the extraction solvent
(Chemat et al., 2017; Kumar et al., 2021).

UAE is commonly applied to assist the organic solvent extraction of
bioactive compounds from CP (Table 1). For instance, Chen et al. (2021)
showed a notable recovery of total phenolic (23.2 mg GAE/g CP) and
total flavonoid (25.1 mg quercetin/g CP) using 50% ethanol as UAE
solvent at 30 °C for 15 min. The beneficial effect of UAE on bioactive
compounds recovery was also supported by Myo and Khat-udomkiri
(2022), who reported an increased phenolic and tannin content using
propylene glycol (9.3 mg GAE/g CP and 8.7 mg tannic acid/g CP) and
ethanol (7.5 mg GAE/g CP and 7.1 mg tannic acid/g CP), resulting in a
4.2-9.3% and 9.9-11.8% higher content respectively compared to
conventional solvent extraction procedures using the same solvents.
Moreover, an exhaustive study related to the influence of extraction time
and ultrasound power parameters on the total phenolic compounds,
flavonoids, chlorogenic acid and caffeine extraction yields by 50%
ethanol UAE-assisted extraction was also carried out (Fig. 3), being 20.9,
18.8, 2.3 and 3.3 mg/g, respectively at 250 W and 60 °C for 35 min (Tran
et al., 2022b). Regardless the intrinsic differences associated to each
extraction procedure, the higher efficiencies reported for conventional
methods using 50% ethanol compared to non-diluted solvent (see sec-
tion 2.2.) were also found for UAE assisted extraction as above showed.
Additionally, a promising combination of UAE and lactic acid: choline
chloride (2:1 mol ratio) DES was also reported by Ruesgas-Ramon et al.
(2020), indicating that the extraction capacity of chlorogenic acid and
caffeine from CP was 8.3% and around 37.5% respectively higher for
UAE-assisted extraction at 200 W for 3min compared to heat-stirring
conditions.

Mentioned higher content of phenolic compounds and caffeine from
CP at UAE-assisted versus conventional extractions was reflected in an
enhanced antioxidant activity (Fig. 3). Thus, the DPPH and ABTS radical
scavenging activities and FRAP showed by CP UAE-assisted propylene
glycol extracts significantly increased by 34.3%, 21.3% and 10.1%,
respectively, compared to conventional solvent extraction, showing
additionally a potent NIH/3T3 fibroblasts protection from oxidative
stress induced by hydrogen peroxide (Myo and Khat-udombkiri, 2022).
As reported by Tran et al. (2022b), the extraction conditions also
influenced on the antioxidant activities of UAE CP extracts since the
temperature and power significantly improved their bioactive properties
up to ABTS, DPPH and FRAP values of 57.7, 5.2, 35.9 mg TE/g CP at
optimal extraction conditions (60 °C for 35 min at a ratio of sample to
solvent 5:100 g/mL and power of 250 W) (Tran et al., 2022b).
Furthermore, it seems that the influence of extraction factors on
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extraction efficiency is interactive rather than independent. Myo and
Khat-udomkiri (2022) verified that the interaction of extraction time
and solvent concentration was positively correlated to ABTS results,
while the interaction of solid to liquid ratio and solvent concentration
was positively correlated to FRAP findings. However, the characteristics
of the raw material using in UAE are supposed to be further deliberated,
since a highly viscous material is likely to minimize the cavitation effect.
In addition, the input energy differs from the selected UAE equipment (e.
g, bath and probe), which may provide inconsistent results. A final
separating step (e.g., centrifugation or filtration) after extraction to
isolate solubilized bioactive compounds into solvent from the UAE
extraction residues is also a drawback to be considered.

5.2. Microwave-assisted extraction (MAE)

MAE is considered one of the most promising technology to reach
high extraction efficiencies in short times and reduced solvent amounts.
It involves the oscillation of 1 mm to 1 m microwave wavelengths at
frequencies ranging from 0.3 GHz to 300 GHz capable to penetrate the
matrix (Pinto et al., 2021). The absorbed energy is converted into
thermal energy enhancing the diffusion of target compounds out the CP
matrix, while the breakage of hydrogen bonds promotes the dissolution
of these substances into the extraction solution. The friction and colli-
sions between ions and dipoles provoke the intracellular water evapo-
ration resulting into a high-pressure environment that eventually gives
rise to cell wall disruption and, in consequence, a further enhancement
of the extraction yields (Fig. 2).

MAE has been successfully applied to a wide variety of food matrices
for bioactive compounds recovery, especially small phenolic compounds
such as phenolic acids and flavonoids (Aires, 2017; Alara et al., 2021).
Regarding CP, Macias-Garbett et al. (2022) demonstrated that the MAE
of CP (Arabe variety) using water as extraction media, improved the
total phenolic and flavonoid content by 52.8% and 10.8% respectively
compared to MAE-untreated samples, reaching up 10.7 mg GAE/g CP for
total phenolic content and 0.24 mg rutin equivalents/g CP for flavo-
noids. Similar trend with slight differences was observed for Penasco CP
variety (Table 1). However, the recovery of caffeic acid by MAE deter-
mined by HPLC-MS was significantly higher for Penasco (0.60 mg
GAE/g CP) than Arabe (0.23 mg GAE/g CP) variety, highlighting the
relevance of detailing the raw material origin when reporting scientific
results (Macias-Garbett et al., 2022). Furthermore, Tran et al. (2022a)
demonstrated the positive influence of extraction time and MAE power
on the extraction yield using the response surface methodology as an
optimization technique. The optimized extraction yields for total
phenolic compounds, flavonoids, chlorogenic acid and caffeine (38.7,
27.0, 7.0 and 5.5 mg/g CP, respectively) were obtained by radiation a
sample to solvent ratio of 1 g/100 mL using 42.5% ethanol as solvent
and under a microwave power of 1000 W for 85 min (Tran et al., 2022a).
A close similarity of extraction yields corresponding to total phenolic
and abovementioned bioactive compounds were reported, it was 46.7
mg/g CP for total phenolic compounds, 36.4 mg/g CP for flavonoids,
7.9 mg/g CP for chlorogenic acid, 5.7 mg/g CP for caffeine submitting a
50% ethanol-CP mixture (ratio 20: 1 mL/g) to a MAE power of 700 W for
70 min (Tran et al., 2022b) (Table 1). Certainly, the extraction solvent
selected for MAE procedures was recognized to be exceptionally corre-
lated to the extraction success (Fig. 3) however, further studies are
needed to detail the influence of this independent variable on the
extraction yields of target compounds.

Consistently to the results observed for the bioactive compounds
recovery, the MAE power and extraction time were pointed as the main
factors with notably influence on the biological activities of the extracts
(Fig. 3). In general terms, radiation time (10-70 min) positively
contributed to the antioxidant capacity, whereas opposite trend was
observed for the radiation power (400-900 W), which might be related
to a decreased phenolic and flavonoid content. Even so, the optimized
ABTS, DPPH and FRAP results (i.e., 57.7, 5.2, 35.9 mg TE/g CP) were
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over 47%, 57% and 52% higher than those obtained by UAE (Tran et al.,
2020a). However, the positive effect of both extraction time and MAE
power on the mentioned antioxidants measurements was observed by
Tran et al. (2022a), who also reported a significant interaction between
radiation time and solid to solvent ratio, reaching 88.0, 9.3, and 65.3
mg TE/g CP at the above detailed optimal conditions (Tran et al.,
2022a). As expected, the promoting effect of MAE on the antioxidant
activities of CP extracts is also related to the coffee variety, which is in
concordance with previous reported information relative to the extrac-
tion yield efficiencies for some bioactive compounds i.e., caffeic acid.
Indeed, more desirable values for DPPH and ABTS scavenging abilities
and FRAP were obtained for Penasco compared to Arabe CP.

These encouraging results point MAE as an excellent candidate for
the extraction of certain bioactive compounds from CP. However, the
selection of the MAE solvent must simultaneously fulfill a double cri-
terion, a high affinity for the target compounds while being compatible
to MAE extraction mechanism (it is the absorption ability). Unfortu-
nately, the extraction selectivity is eventually compromised since some
solvents i.e., hexane, does not meet the above-mentioned criteria
(Table 1). Nevertheless, the combination of extraction techniques is also
a viable strategy to minimize mentioned drawbacks. For example, a
green process using ultrasound-microwave extraction system was
developed for the promising recovery of 15 phenolic compounds from
CP using water as solvent (Gonzdlez-Gonzalez et al., 2022). Addition-
ally, other combinations such as by pulsed electric field treatment fol-
lowed by MAE was also proved to be an efficient method for the
recovering of antioxidant compounds from CP.

5.3. Pulsed electric field (PEF)-assisted extraction

PEF assisted extraction is carried out by applying intermittent short
pulses (pus-ms) of low-intensity electric fields (0.5-5.0 kV/cm) on raw
material, which modifies the cell membrane potential increasing its
permeability and decreasing the selectivity for the entry of extracellular
components (Bocker and Silva, 2022). Such membrane potential forms
hydrophilic pores (electroporation) through which internal components
are easily released, enhancing mass transfer of target compounds
(Ranjha et al., 2021). To date, studies focused on the extraction of
bioactive compounds from CP by PEF had not been reported. However,
as previously mentioned, Macias-Garbett et al. (2022) developed a green
extraction system by combining PEF-assisted extraction and MAE with
the aim to explore the effect of PEF pretreatment on CP MAE fractions
(Table 1). Results showed that total phenolic, flavonoid and caffeic acid
content determined in MAE fractions were further increased after PEF
pretreatment by 14.9-23.6%, 6.0-29.1%, and 23.1-30.0%, respectively,
for both Penasco and Arabe coffee varieties. Likewise, PEF pretreatment
also improved the antioxidant activities of MAE extracts, which also
varied depending on coffee varieties. Indeed, the DPPH results of frac-
tions obtained by PEF-MAE treatment increased by 5.8% and 8.5% for
Arabe and Penasco CP varieties, respectively. Similarly, the ABTS results
exhibited a 2.4% and 13.4% of increase for both mentioned CP varieties,
whereas a slight decrease of FRAP were observed. Such reduced FRAP
values were attributed to formation of phenolic compounds-based
complexes (e.g., glycosylated molecules) blocking their binding sites
needed to exert the scavenging activity (Macias-Garbett et al., 2022).

PEF could become a powerful green extraction process characterized
by low time-, solvent- and energy-consumption yielding both highly
efficient and selective extraction recoveries of target bioactive com-
pounds (Fig. 2). The applicability of PEF is almost unexplored although
one of the main advantages in terms of sustainability and circular bio-
economy is the straightforward use of agricultural by-products such as
CP avoiding pretreatments like a grounding step. Nevertheless, the
optimization of the extraction process must be performed by considering
factors such as electric field strength, energy input, number and width of
pulses, temperature, and time.
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6. Applicability of current extraction techniques used for CP’s
bioactive compounds recovery

The CP valorization as a source of bioactive compounds is being
supported by notable emerging experimental work. CP’s phenolic
compounds and caffeine content have attracted the scientific interest
due to this by-product valorization as antioxidant source material. When
gathering all results reported by food science researchers and regardless
the extraction technique employed, a very strong correlation (r = 0.94,
P < 0.05) was found between the content of phenolic compounds and its
antioxidant activity determined by ABTS scavenging methodology in the
obtained extracts, being moderate but not significant (r = 0.77, p >
0.05) for caffeine (Fig. 4A and B). However, no differences were found
for total phenolic compounds and caffeine using DPPH antioxidant
methodology, resulting in fair-moderate correlations, r = 0.60 (p < 0.01)
and r = 0.59 (p < 0.05), respectively (Fig. 4C and D). Nevertheless, the
dominance of ABTS over DPPH methodology when analyzing complex
plant-based matrices (Floegel et al., 2011) reveals the undoubtedly
suitability of CP as an excellent source of antioxidant compounds when
making a conscious decision of the extraction techniques to be used.

Overall, the conventional solvent techniques for the extraction of
bioactive compounds from CP are well-established and frequently
referred to as standard methods in both research and industry fields
(Alara et al., 2021). Using water is preferred as the safest conventional
solvent extraction approach to obtain bioactive compounds-enriched
fractions from CP (Table 1). However, limited extraction efficiency
and selectivity together with the eventually depletion of bioactive
compounds due to hydrolysis and oxidation during extraction, are the
main drawbacks widely perceived in these processes. A more target
extraction process (highly selective) is pursued when using organic
solvents compared to aqueous extractions. However, the environmental
risk generated by the consumption of massive amounts of organic sol-
vents in the extraction process is not favorable to the nowadays pursued
sustainability paradigm (Fig. 2). Although ethanol is considered a food
grade solvent, other extraction media such as methanol or acetone are
rejected within food science applications owing to their possible toxicity
(Bondam et al., 2022). Regardless the solvent polarity, the efficiency of
the conventional solvent systems is frequently enhanced by facilitating
mass transfer from solid to liquid phases based on heating (e.g., hot
water extraction) and stirring (e.g, heat-assisted stirring extraction).
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Nevertheless, the degradation of thermolabile compounds and the large
energy consumption are also major disadvantages that need to be
considered.

Emerging green solvents, which are affordable and low-toxic while
allowing highly efficient and selective recovery processes, have become
promising alternatives to conventional solvent extraction (Table 1).
Furthermore, these green solvents can protect bioactive substances from
deterioration or functionality loss, bringing huge benefits for the further
use of high-sensitive compounds as food ingredients. Thus, DES is pro-
posed to reduce the movement of phenolic compounds between mole-
cules through hydrogen bindings and, in consequence, reducing its
exposure to air and ultimately, reducing the oxidative degradation of the
bioactive substances (Choi and Verpoorte, 2019). The intermolecular
interactions induced by supramolecular solvents can also generate
highly stable assemblies to protect such bioactive compounds from
damage (Vandeponseele et al., 2020). DES and SUPRAS are promising
solvents to achieve desirable physicochemical properties for the
extraction of target compounds from CP by compiling the composition of
the solvent. However, despite some exceptions, a subsequent treatment
of the sample after the extraction must be considered to isolate the
bioactive fraction from DES/SUPRASs depending on possible analytical
interferences occurrence and the further extract applications i.e., for cell
culturing assays. Moreover, strict conditions for their production define
the purpose of such promising extraction strategies at industry. Never-
theless, we encourage to further investigate the extraction potential of
such solvents for food science application since we deeply believe that
most of the mentioned drawbacks will be overcome with scientific
knowledge generation. The abovementioned final step for compounds
recovery is avoided by using pressurized fluid extractions i.e., pressur-
ized hot water and supercritical fluid extractions. They are considered as
inexpensive and time-saving extraction techniques with from low sol-
vent consumption to solvent-free character while keeping non-toxic and
high selective and efficient extraction processes. Surprisingly, very few
works focusing on the recovery of bioactive compounds using PFE can
be found in the literature. The high selectivity rates that can be reached
by using PFE, specially by supercritical fluid extraction, broaden the
valorization strategies for CP. In addition, the high chance of further
industrial implementation, e.g., the extraction of caffeine from CP using
supercritical carbon dioxide, should be reason enough to further
research.

Fig. 4. Correlation of the most studied bioactive
compounds from coffee pulp (CP) and their antioxi-
dant activity, corresponding to total phenolic com-
v o3 pounds (A) or caffeine (B) versus ABTS radical

scavenging activity and total phenolic compounds (C)
or caffeine (D) versus DPPH. Colored circles represent
the study providing the data being, purple for Heeger
et al. (2017), black for Myo et al. (2021), green for
Tran et al. (2022a), red for Tran et al. (2022b), pink
for Tran et al. (2020a), orange for Macias-Garbett

Caffeine (mg/g CP)

et al. (2022), dark blue for Loukri et al. (2020) and
light blue for Loukri et al. (2022). Results were
normalized before plotting using the available data
provided by authors therefore, studies missing the
information needed for recalculation were excluded.
Pearson’s correlation coefficients (r) were obtained
by SPSS v24 software (p = 0.02 for A, p = 0.05 for B,
p = 0.005 for C and p = 0.04 for D). (For interpre-
tation of the references to color in this figure legend,
the reader is referred to the Web version of this
article).
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Additionally, innovative green techniques such as UAE, MAE and
PEF are well considered to be exceptionally promising for sustainable
revalorization of CP due to their distinctive characteristics and robust-
ness (Table 1). The predominant efficiency of these techniques basically
involves the disruption of plant tissues (e.g., cell membranes and walls)
and the breakdown of linked components (e.g, lignins and celluloses)
induced by exogenous energy (Singh and Yadav, 2022). However, these
techniques require sophisticated extraction equipment, such as ultra-
sonic probe and bath, and controlled condition fermenters, which ren-
ders the extraction process more technically challenging and costly. In
addition, most of these extraction techniques are still at laboratory or
pilot scale levels with insufficient technology maturity. As example,
some commercial ultrasonic probe and bath systems may not be as
efficient as in laboratory experiment (Mediani et al., 2022). Conse-
quently, the adaptability of bioactive compounds extraction from CP on
an industrialized scale, which is a further critical barrier for achieving
commercial-scale application of these techniques, requires to be vali-
dated by extensive investigations. Similar mechanisms involved break-
down of tissues and linked components, have been achieved through the
biochemical approaches using solid- and liquid-state fermentation and
enzymatic treatment. The hydrolytic action induced by enzymes or
fermenting microorganisms causes biodegradation of tissue-linked
components, contributing to the prominent efficiency of bioactive
compounds recovery from CP.

Although green techniques are initially selected because their sus-
tainability, the genuine influence of a specific extraction technique must
be carefully analyzed since, occasionally, the observed extraction effi-
ciency enhancement is outweighed by simple solvent changes. As shown
in Fig. 3, extraction performed using both organic solvents and DES is far
more efficient for total phenolic compounds and caffeine recovery than
aqueous UAE, MAE and enzymatic treatments. Moreover, the highest
DPPH and ABTS scavenging activities (Fig. 3) were also obtained with
DES and ethanol as extraction solvents. Therefore, the choice of solvent
is normally the first parameter to be determined for extraction of
bioactive compounds from CP. On the other hand, thermal process-
assisted extraction tends to be more effective than non-thermal pro-
cess-assisted extraction, demonstrated by the higher extraction yields
and bioactivities observed for MAE, heat-assisted extraction and hot
water extractions compared to those from UAE and enzymatic treatment
(Fig. 2). Finally, following the available information and considering the
advantages and drawbacks of these techniques, we recommend the
sequential and/or simultaneous combination of green emerging solvent,
physicochemical and biochemical techniques, as the most promising
strategy for the valorization of CP directed to obtained bioactive
compounds-enriched fractions for their further use at food, nutraceuti-
cal, or pharma industries. For instance, some of these combinations
could be i) a pretreated-UAE CP easily fermented by microorganisms
due to cell wall broking, ii) the sequential use of MAE followed by
pressurized fluid extraction or, iii) DES and PFE simultaneous combi-
nation to achieve enhanced extraction yields and bioactivities.

7. Future perspectives

Unlike other coffee agroindustry by-products, CP has not been so
well-explored until date while large amounts are yearly generated, and
its composition is similar to coffee beans in qualitative terms. Further
research is highly recommended to promote the valorization of CP as
source of bioactive compounds for food science applications, for
instance:

i) The study of other relevant compounds, such as polysaccharides,
peptides, and phospholipids, as these compounds had been iso-
lated and characterized from other coffee by-products.

ii) A wide-ranging evaluation of the CP bioactive potential by
studying the so far unexplored properties such as anti-
hyperglycaemic, antihypertensive, anticarcinogenic,
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neuroprotective, and prebiotic activities, at both in vitro and in

vivo experimentation, as the effectiveness of coffee consumption

in these diseases had been validated.

The exploration of green extraction techniques potentially suit-

able such as high hydrostatic pressure, high voltage fields, and

nanofiltration, since these techniques had been successfully
applied to other coffee by-products.

iv) The use of more advanced features i.e., computational tools, to
model the physicochemical properties of solvents and extraction
techniques. In example, for the composition-dependent DES and
SPURAS properties or the density and polarity prediction of
pressurized liquids by varying temperature and pressure. These
tools are conducive to a time-saving screening process and
contributed to a selective extraction of target compounds in the
future.

v) A comprehensive study about the applicability of obtained
antioxidant-enriched extracts from CP as ingredients to promote
food safety and quality, providing more stability and shelf life by
inhibiting the production of free radicals and the oxidation of
nutrients in different food products due to presence of antioxi-
dant compounds.

iii)

8. Conclusion

CP is an underutilized by-product of coffee industrial production
highly rich in bioactive compounds i.e., phenolic compounds, caffeine,
etc., serving as raw material for the obtention of bioactive compounds-
enriched fractions. Indeed, it has been shown the notably health-
promoting benefits of CP components including antioxidant, anti-
inflammatory, anti-aging, antimicrobial and hepatoprotective activ-
ities among others. The global aim to develop sustainable and circular
production systems has notably increased the investigation of CP valo-
rization for food science applications. Although further research is high
endorsed several environmentally friendly extraction strategies using
DES, SUPRAS, subcritical water and SC-CO, as solvents, have been
pointed candidates to overcome the drawbacks relative to conventional
solvent extraction methods i.e., the use of organic solvents, the high
energy consumption, the polluting residues. Other physicochemical
extraction techniques such as UAE, MAE or PEF-assisted extraction are
alternatives to conventional methods due to their high sustainability,
efficiency, safety, and reproducibility. Nevertheless, the sequential or
simultaneous combination of several extraction techniques, as observed
for MAE-PEF extraction system, allows to take advantage of their
respective strengths to achieve the most suitable valorization strategy of
coffee pulp. However, the further perspective of the scientific knowledge
transferring to industry must be present when selecting an extraction
technique so, other parameters such as easily handling or reproducible
data acquisition must be also considered.
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