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1 | INTRODUCTION

Coffee is one of the most consumed beverages in the world, and
moreover, coffee beans are considered an important agricultural
product of international trade (Mussatto et al, 2011; Mustafa
et al., 2022). According to the latest statistics from the International
Coffee Organization (ICO), global coffee consumption will reach
171.3 million bags in 2022-2023, with Europe accounting for about
one-third of global consumption (Tea and Coffee, 2023; ICO, 2023).
Nowadays, coffee beverages are consumed and prepared by a lot of
various hot and cold brewing methods, depending on the geographic,
cultural, and social context, as well as on personal preference
(Santanatoglia, 2023a, 2023b, 2023c, 2023d, 2024). Therefore, in
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In a world where a greener approach is increasingly necessary, it is mandatory to
reduce waste production and reuse residues from the company's supply chain. Spent
Coffee grounds (SCG) and Coffee Silverskin (CS) are two important by-products of
coffee production, being sources of important dietary fibers and bioactive com-
pounds, which is why some authors have proposed their reuse in the nutraceutical,
food and cosmetic industries. However, their nutrients chemical content has been
insufficiently studied. Therefore, the aim of the present review was to investigate
the main components, such as carbohydrates, dietary fibers, lipids, and bioactive
compounds of SCG and CS. In addition, the most common extraction methods to

obtain these aforementioned nutrients were evaluated.

bioactive compounds, carbohydrates, coffee silverskin, dietary fibers, lipids, spent coffee
ground, valorization, waste

order to satisfy the enormous product demand, coffee companies
must process a huge amount of raw materials, releasing a significant
amount of solid and liquid residues, since about 90% of the weight of
coffee berries is disposed of as agricultural waste and byproducts
during the manufacturing process (Pavli¢ et al., 2023). For this
reason, several authors have proposed the possibility of recycling
various coffee residues to reuse them in different industries while
reducing the amount that ends up in landfills (Iriondo-De Hond
et al., 2016; Nzekoue, Khamitova, et al, 2020a, 2020b; Severini
et al.,, 2020; Malara et al., 2018; Dos Santos Polidoro et al., 2018).
Both the processing of the coffee cherries in the producing countries,
as well as the processing of the green beans into coffee are sources of
unavoidable waste. Processing of coffee cherries results in the
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generation of husks, peel, and pulp, which together represent 45% of
the cherry (Angeloni et al., 2021; Campos-Vega et al., 2015). Among
this waste, Spent Coffee Grounds (SCG) and Coffee Silverskin (CS) are
two important byproducts generated during coffee processing
(Figure 1); the first one is the residue that comes largely from the
soluble coffee company and the brewing process, is the solid residue
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FIGURE 1 Coffee production chain.

that remains after ground roasted beans are brewed to make coffee,
representing approximately 45% of the cherry. It was estimated that
for each ton of green coffee beans, 650 kg of SCG are generated, and
for each kg of soluble coffee, 2 kg of wet SCG are generated (Murthy
& Naidu, 2012), with coffee shop chains and soluble coffee producers
being responsible for half of this amount. The CS also known as
coffee chaff, is the thin skin covering green coffee beans, which is
released during the roasting process; this component represents
approximately 4% of the weight of the bean (Ballesteros et al., 2014;
Zengin et al., 2020). Some authors have proposed the use of both by-
products for different purposes involving different fields; for
example, some researchers have proposed to use them as adsorbents
for the removal of potentially toxic metals (Malara et al., 2018), as
raw material to produce fuel ethanol (Mussatto et al., 2012). While
some studies have addressed the possibility of obtaining bioactive
compounds from these two byproducts and using them in the food,
nutraceutical, pharmaceutical and cosmetic industries (Angeloni,
Scortichini, et al., 2020; Bertolino et al., 2019; Bessada et al., 2018;
Iriondo-De Hond et al., 2016; Nzekoue, Khamitova, et al., 2020a,
2020b; Zengin et al., 2020). Despite these possible applications, SCG
and CS are still underutilized as valuable materials for industrial
processes. Nowadays, it is necessary to focus on the recycling of SCG
and CS and to profitably utilize these unused materials and reduce
their impact on the environment. Although some properties of SCG
and CS have been recently described in the literature, to our
knowledge, there is no study showing a detailed descriptions of the
possible valorization and the most common extraction methods for
SCG and CS, in specific terms of main nutrients, such as carbohy-
drates, dietary fibers, lipids, and bioactive compounds. This infor-
mation is of great importance to identify the possible applications of
these residues. Some summary values of these nutrients expressed as
g/100 g dry material have been reported in Table 1. It is hoped that
the results of this review can contribute to increase knowledge on
SCG and CS and to facilitate the development of new applications
that exploit these valuable by-products.

2 | CARBOHYDRATES AND FIBERS

The coffee bean is a rich source of polysaccharides, estimated around
50% of the green bean's dry weight. The saccharide fraction of coffee
is mainly composed of galactomannans, arabinogalactans, and cellu-
lose (Campos-Vega et al., 2015). After roasting, the resulting hy-
drophilic polysaccharides are crucial for preserving organoleptic
characteristics of the coffee cup. In fact, preparing the coffee using
hot water at high pressures, about the 13.9% (w/w) of carbohydrates
from the roasted and ground coffee is extracted representing the
water-soluble fraction, while cellulosic compounds are not extracted
(Ishwarya & Nisha, 2022). Galactomannans are primary poly-
saccharide compounds in coffee extract. Galactomannans can go
through several chemical events during roasting, including depoly-
merization, debranching, Maillard reactions, caramelization, isomeri-

zation, oxidation, decarboxylation, and the production of
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TABLE 1 Summary table reporting the content of carbohydrates, fibers, lipids and other components inside SCG and CS expressed as
percentage.

Chemical components SCG CS References
Carbohydrates 45%-46% 40%-50% Simdes et al., 2013; Pourfarzad et al., 2013
Cellulose 10%-20% 25%-35% Mussatto et al., 2011
Glucose 10%-20% 20%-58% Mussatto et al., 2011
Hemicellulose 39%-40% 16%-17% Mussatto et al,, 2011; Simdes et al.,, 2013; Ballesteros et al., 2014; Bijla et al., 2022;
Alghooneh et al., 2017
Arabinose 1%-7% 8%-9% Mussatto et al., 2011; Simdes et al., 2013; Ballesteros et al., 2014; Bijla et al., 2022
Galactomannans?® 50% - Simdes et al., 2013
Mannose 21%-46% 4.37% Mussatto et al., 2011; Simdes et al., 2013; Ballesteros et al., 2014; Bijla et al., 2022
Galactose 15%-32% 9.29% Mussatto et al., 2011; Simdes et al., 2013; Ballesteros et al., 2014; Bijla et al., 2022
Xylose - 18.81% Mussatto et al., 2011
Lignin 23%-24% 28%-30% Borrelli et al., 2004; Ates & Elmaci, 2019; Gottstein et al.,, 2021
Insoluble 17%-20% 20%-21% Ballesteros et al.,, 2014
Soluble 6%-7% 7%-10% Ballesteros et al., 2014
Total dietary fiber 43%-58% 28% Vazquez-Sanchez et al., 2018; Ates & Elmaci, 2019; Murthy & Naidu, 2012
Insoluble 35% 20%-45% Murthy & Naidu, 2012; Ballesteros et al., 2014
Soluble 8% 8%-10% Murthy & Naidu, 2012; Ballesteros et al., 2014
Lipids 18%-20% 2%-3% Couto et al., 2009; Efthymiopoulos et al., 2018; Quijote et al., 2021; Angeloni, Scortichini,
et al., 2020

Saturated fatty acids (SFA)

Palmitic (C16:0) 32% 34%-35% Campos-Vega et al,, 2015; Mota et al,, 2020; Quijote et al., 2021; Toschi et al., 2014;
Angeloni, Scortichini, et al., 2020

Stearic (C18:0) 7%-10% 6%-9% Campos-Vega et al., 2015; Mota et al., 2020; Quijote et al., 2021; Toschi et al., 2014;
Angeloni, Scortichini, et al., 2020

Arachidic (C20:0) 2%-5% - Campos-Vega et al., 2015; Mota et al., 2020; Quijote et al., 2021

Behenic acid (C22:0) - 8%-10% Toschi et al., 2014; Angeloni, Scortichini, et al., 2020

Monounsaturated fatty acids (MUFA)

Oleic (C18:1) 10%-12% 5%-8% Campos-Vega et al., 2015; Mota et al., 2020; Quijote et al., 2021; Toschi et al., 2014;
Angeloni, Scortichini, et al., 2020

Polyunsaturated fatty acids (PUFA)

Linoleic (C18:2) 36%-42% 27%-36% Campos-Vega et al., 2015; Mota et al,, 2020; Quijote et al., 2021; Toschi et al., 2014;
Angeloni, Scortichini, et al., 2020
Sterols 10%-20% 0.2%-0.4% Cholakov et al., 2013; Toschi et al., 2014
Sitosterol 48%-52% 71% Campos-Vega et al., 2015; Toschi et al., 2014
Stigmasterol 21%-22% 11% Campos-Vega et al., 2015; Toschi et al., 2014
Campesterol 16%-18% 14% Campos-Vega et al., 2015; Toschi et al., 2014
5-avenasterol - 4% Toschi et al., 2014
Diterpenes 0.1%-0.5% 0.1%-0.5% Ballesteros et al., 2014
Cafestol 0.8% - Acevedo et al., 2013
Kahweol 0.4% - Acevedo et al., 2013
Ashes 1.30% 5.36% Ballesteros et al., 2014
Protein 17% 18% Ballesteros et al., 2014

(Continues)
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TABLE 1 (Continued)

Chemical components SCG CS References
Nitrogen 2%-3% 3% Ballesteros et al., 2014
Carbon/nitrogen ratio 17% 14%-15% Ballesteros et al., 2014

?Referred to total carbohydrates.

melanoidins. During this process, the relaxation and swelling of the
cell-wall and the polysaccharide depolymerization, improves the
solubility of mannans and of arabinogalactan too (Nunes & Coim-
bra, 2010). Coffee arabinogalactans are extremely susceptible to
degradation even after a light roast, in contrast to cellulose, which is
the polysaccharide that is less impacted by roasting. Galactomannans
and arabinogalactans can increase the viscosity giving the charac-
teristic “body”, smooth sensation, and high foam stability to the
extracted beverage (Nunes & Coimbra, 2010). At the same time, they
can have an adverse impact on the procedures required to produce
instant soluble coffee (Ishwarya & Nisha, 2021; Wei et al., 2012).

In coffee roasting and extraction by-products, SCG and CS
respectively, the carbohydrate fraction is constituted by insoluble
polysaccharides such as cellulose and hemicellulose. From a nutri-
tional point of view, these molecules are considered dietary fibers
as they cannot be digested in gastro-intestinal apparatus, but they
can have beneficial impacts in improving the formation and correct
expulsion of feces and decreasing the absorption of nutrients,
benefits mainly related to pathological situations of obesity or dia-
betes. Among dietary fibers in coffee by-products also lignin must
be considered even if it does not present a polysaccharidic struc-
ture. Total dietary fibers content in SGC is around 58% while the
crude fibers of untreated CS were quantified as around 28% (Ates &
Elmaci, 2019; Vazquez-Sanchez et al., 2018). Differences in carbo-
hydrate and dietary fibers composition of SCG and CS can occur
due to geographical origin, genotype, harvest season, as well as
various production factors such as roasting temperature and soil
(Iriondo-De Hond, 2019). Several studies have reported the possi-
bility of use the coffee by-product as source of fibers for further
functional food formulations (Ates & Elmaci, 2019; Pourfarzad,
Mahdavian-Mehr & Sedaghat, 2013; Rios et al, 2020; Vazquez-
Sanchez et al., 2018).

2.1 | Carbohydrate and fiber composition of SCG

The majority (more than the 80%) of the polysaccharides present in
roasted coffee powder is not extracted during the coffee cup prep-
aration and persists in the SCG as water-insoluble material. The
resulting SCG matrix is, therefore, rich in polymerized sugar, mainly
forming galactomannans (mannose and galactose), cellulose (glucose)
and hemicellulose (arabinose, mannose, and galactose) structures.
These correspond to almost half (45.3%, w/w) of the SCG material

(Simoes et al., 2013). Galactomannans resulted in the major poly-
saccharide in Arabica SCG (approximately 50% of the total carbo-
hydrates) constituted of mannose (46%) and galactose (27%) (Simdes
et al, 2013). The main constituent of SCG galactomannans is
mannose. It is frequently exploited as a nutritional supplement in
food and pharmaceutical sectors to produce drug forms. Mannose
can speed up the healing of wounds, reduce the obesity deriving from
a high-fat diet and it may help prevent diabetes too (Cavanagh
et al, 2023). The other component of SCG galactomannans is the
galactose. Monosaccharides analysis of SCG reported contents in the
range of 21%-37% of mannose, 15%-32% of galactose, 10%-20% of
glucose, and 1%-7% of arabinose (Ballesteros et al., 2014; Bijla
et al., 2022; Mussatto et al., 2011; Simdes et al., 2013). The differ-
ences in chemical composition found in scientific literature on SCG
carbohydrate fraction characterization probably are results of
different varieties of beans, different roasting processes, and a
different extraction method that can lead to a significant difference
in unextracted material.

Polysaccharides constituted of glucose (20%), and arabinose (7%)
were found in SCG as products of cellulose, hemicellulose and ara-
binogalactans degradation. In coffee, after the extraction, only the
water-insoluble fraction of the total glucose remains in SCG as part
of cellulose and hemicellulose or other insoluble polysaccharidic
structures (Simdes et al., 2013).

Regarding fiber content, SCG contains 43% total fiber (8% and
35% soluble and insoluble, respectively) (Murthy & Naidu, 2012).
Furthermore, during the Maillard reaction, melanoidins are formed
from the combination of sugars and amino acids. Melanoidins are
brown, high molecular weight heterogeneous polymers produced in
food matrices with low water activity during non-enzymatic high
temperatures processes (Moreira et al., 2012). In coffee beverages,
melanoidins were estimated to account for up to around 29% (w/w)
of the dry matter positioning coffee as one of the main sources of
melanoidins in the human diet. also because it is widely and daily
consumed. The intake of these molecules is associated with some
health benefits, such as antimicrobial activity, modulation of colon
bacterial population, anti-inflammatory, antihypertensive, and anti-
glycative action (Delgado-Andrade et al., 2005; Reichardt et al., 2009;
Rufidn-Henares & de la Cueva, 2009; Verzelloni et al., 2011; Vita-
glione et al., 2010). SCG contains substantial amounts of lignin
23.90% (w/w), a non-polysaccharidic dietary fiber. The most impor-
tant lignin constituents in SCG are chlorogenic, caffeic, and coumaric

acids, and these substances have a significant impact on health
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because of its antioxidant characteristics that are covered in Sec-
tion 4 of this review.

2.2 | Carbohydrate and fiber composition of CS

In coffee production, previous steps are necessary to obtain roasted
coffee beans; during these processes several by-products are gener-
ated. In scientific literature, some beneficial effects of CS have already
been described (Borrelli et al., 2004; Murthy & Naidu, 2012; Balles-
teros et al., 2014; Iriondo-De Hond, 2019). CS was valued especially for
its high content of dietary fibers, which is in the range of 60%-80%,
polysaccharides components (60%-70%) and total sugar content
(1.6%-12%) (Pourfarzad et al., 2013). The first attempts to define the
dietary fiber composition of CS point to a potential use of CS as a
functional component for the dietary fiber enrichment of foods.
However, current knowledge does not provide an in-depth description
of CS fiber architectures, including specifics on lignin and poly-
saccharide interunit connections (Gottstein et al., 2021). Cellulosic
structures are more abundant in CS than in SCG, resulting thus in a
higher concentration of glucose. Regarding hemicellulose, the main
difference between SCG and CS is represented by the presence of
xylose, that is the main sugar in CS hemicellulose, but it is not present in
the SCG (Ballesteros et al., 2014). The high glucose content is given by
the cell wall polysaccharide cellulose and the xylose is related to the
dicotyledonous type of coffee plants (Hall et al., 2022; Oosterveld
et al., 2003). Moreover, Borrelli et al. (2002) studied CS from several
Italian coffee plants and underlined the high amount of soluble dietary
fiber (about 14% of the total fiber) and the very high antioxidant ac-
tivity. In terms of monosaccharides composition, Mussatto et al. (2011)
reported that CS contains 58.76% glucose, 18.81% xylose, 9.29%
galactose, 8.75% arabinose, and 4.37% mannose. Lignin is also a sig-
nificant fraction of CS fibers, reported with percentages around 28%-
30% (Ates & Elmaci, 2019; Borrelli et al., 2004; Gottstein et al., 2021).
Nowadays, the food application of CS seems to be attractive due to its
composition in terms of fibers, antioxidants and proteins (Iriondo-De
Hond, 2019). Several authors have suggested the usage of CS as fiber-
enriching ingredient to be incorporated in several food formulations,
according also with other properties as the antioxidant activity, protein
and ash content (Ballesteros et al., 2014; Bresciani et al., 2014; Jimé-
nez-Zamora et al., 2015; Murthy & Naidu, 2012). For example, a recent
study by Bertolino et al. (2019) proposed the addition of CS to yogurt
formulations to increase the dietary fibers, phenolic compounds, and

caffeine values.

2.3 | Carbohydrates and fibers extraction methods
from SCG and CS

2.3.1 | Determination of polysaccharides and sugars

Soluble fraction of polysaccharides in coffee is extracted during

coffee cup preparation, so in SCG there would be only the insoluble

¥
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sugars, implicating specific efforts to extract and characterize its
polysaccharidic fraction. In fact, the main problem for the SCG and
CS utilization as a source of polysaccharides is the low yield of
extraction. Several research works have described the poly-
saccharides extraction from SCG using different methods such as the
solid-liquid extraction through organic solvents (Simées et al., 2010),
dilute acidic and alkaline hydrolysis (Mussatto et al., 2011), and
microwave-assisted extraction (Passos & Coimbra, 2013). Also, some
pretreatment strategies were proposed to improve the extractability
of galactomannans without degradation. For example, Ballesteros
et al. (2015) tested an alkali pretreatment with NaOH 4 M at 25°C
reaching the 6.05% of extraction yield. The extractability of SCG
galactomannans was improved without degradation in Simodes
et al. (2013) investigation. In their study, SCG undergoes to a roasting
pre-treatment followed by extractions with hot water and with
alkaline solutions at different temperatures. The extracted gal-
actomannans were then submitted to an enzymatic hydrolysis and
the obtained oligosaccharides were separated through size exclusion
chromatography. Finally, electrospray tandem mass spectrometry
(ESI-MS/MS) technique was used to characterize their structures.
They assessed that a preventive roasting SCG at 160°C can imple-
ment the extraction of galactomannans without any improvement in
arabinogalactans yield. According to the investigated literature, the
main problem for the SCG and CS utilization as a source of poly-
saccharides is the low yield of extraction. For example, Zhang
et al. (2021) investigated the extraction of polysaccharides from SCG
using water with ultrasound-assisted extraction (UAE) maximizing
the yields through a central composite design. Under optimal con-
ditions, polysaccharide yields were 1.1%. The mainly used method is
the hydrolyzation of SCG and CS polysaccharides using acid, alkaline
or enzymatic procedures (Gottstein et al., 2021; Nolasco et al., 2022).
Typically, reducing sugars, as galactose and mannose, are the main
constituents of hydrolyzed SCG and CS. Reducing sugars can act as
reducing agents because they have a free aldehyde or ketone group
(Mussatto et al., 2011). Total carbohydrates in CS were extracted
using UAE with acetonitrile/water solution as solvent and deter-
mined through HPLC-UV system by Nolasco et al. (2022). Their re-
sults, including the entire nutritional profile monitoring, reported
carbohydrates as the main constituent of CS with 42% of value.
Furthermore, the enzyme-based hydrolyzation of SCG and CS car-
bohydrates into reducing sugars was proposed as a practical and
green technique for sugars extraction into food-applicable in-
gredients (Bhaturiwala & Modi, 2020). In addition, the transformation
of insoluble fractions into soluble molecules, thereby reducing the
particle size of samples, is another plus of enzyme hydrolysis as it can
help in SCG and CS polysaccharide characterization (Cavanagh
et al., 2023; Franca & Oliveira, 2022). An alkali treatment-mannanase
digestion combined technique was applied by Wongsiridetchai
et al. (2021) to characterize mannooligosaccharides obtained from
SCG and evaluate their prebiotic activity. Results showed that the
mainly present sugars were mannose, mannobiose, mannotriose, and
mannopentose, and that the obtained extract had prebiotic proper-

ties. An oligosaccharides extraction from SCG procedure was
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proposed by Bhaturiwala and Modi (2020) involving a series of
sequential treatments. The best yield of polysaccharides (33.25%)
was obtained using the central composite design, applying a roasting
step at 160°C for 10 min with a liquid/solid ratio of 15 mL/g and a 8-
mannanase enzymatic hydrolysis of the treated materials. Further
characterization through FTIR (Fourier-transform infrared spectros-
copy) highlighted the B-glycosidic bonds breaking, verifying the effi-
ciency of the extraction processes. Moreover, the microwave-
assisted extraction (MAE) using superheated water to obtain poly-
saccharides and oligosaccharides was presented as a possible method
to increase the extraction yield. Passos & Coimbra (2013) applied a
two-steps MAE extraction to obtain both galactomannans and ara-
binogalactans reaching the extraction of the 74% of the total galac-

tose and the 66% of the total mannose.

2.3.2 | Determination of total, soluble, and insoluble
fiber

The extraction of dietary fiber from plant by-products can be related
to the recovery of other constituents like antioxidants or proteins
(Murthy & Naidu, 2012). In dietary fiber extractions, the gravimetric
enzymatic method optimized by Prosky et al. (1988) is still the main
applied technique. The method involves two main steps: enzymatic
digestion, common to all fiber types, and filtration, that is different
for each kind of investigating fiber (Borrelli et al., 2004). In enzymatic
digestion step, the main used enzymes are mannanase, cellulase, and
glucanase as they were proved to be effective to produce hydroly-
sates suitable for food purposes (Franca & Oliveira, 2022). After this
step, a specific filtration is applied to determine the total, soluble, and
insoluble fibers content respectively. Total dietary fiber fraction is
usually obtained through ethanol solution filtration with a Celite fil-
ter. For this analysis, an assay kit is available called Megazyme In-
tegrated Total Dietary Fiber Assay kit, and it is accepted as AOAC
method consistent with the CODEX Alimentarius definition of di-
etary fiber (Cunniff & Washington, 1997). This involves an enzymatic
digestion with amylase, protease, and amyloglucosidase, to cut off
protein and starch, followed by precipitation with ethanol, filtration,
and drying of the extract. The total dietary fibers are then calculated
by difference of ash and protein on the final weight (Martuscelli
et al., 2021). Insoluble dietary fibers fraction determination involves
the same procedure but with an additional warm water washing of
the digested solution and analysis of the residue. The soluble dietary
fibers fraction is obtained from the liquid part of insoluble fibers
filtration with consequent precipitation with ethanol.

Lignin contents of SCG and CS are mainly investigated as Klason
lignin and/or as acetyl bromide soluble lignin (ABSL) (Schafer
et al., 2019). The determination of Klason lignin involves a two-step
sulfuric acid hydrolysis and a gravimetric precipitation. In ABSL lignin
extraction, polysaccharides are partially degraded using a cell wall
degrading enzyme, called driselase, to improve the lignin extraction
and minimize estimation mistakes due to the interference of poly-

saccharides degradation products. Then a derivatization step with

acetyl bromide solution and a following alkalinization allow the
spectrophotometric determination of lignin by measuring the
absorbance at 280 nm (Gottstein et al., 2021). Both these lignin
determining methods are non-specific, although they differ in the co-
analyzed substances. In SCG and CS, Klason lignin concentrations
may be significantly influenced by Maillard reaction products such
melanoidins, which are not entirely broken by hydrolysis (Bunzel
et al.,, 2011).

3 | LIPIDS

The storage of lipids in coffee beans, as for the other fruit, occurs
during the ripening stage and most often coffee cherries are picking
prior to their maturation, hence beans present low lipids content
(Quijote et al., 2021). Another important aspect to be taken into
consideration is the coffee beans species respectively Arabica 15%-
18% (w/w) and Robusta 8%-12% (w/w) (Belitz et al., 2009). SCG and
CS, which are both produced as waste products of the coffee
manufacture, are good sources of lipids particularly 18%-30% (w/w)
for industrial generation of SCG and 9%-17% (w/w) for those pro-
duced by espresso machine (Couto et al, 2009; Efthymiopoulos
et al., 2018; Quijote et al., 2021), while CS accounts 2%-3% (w/w)
(Angeloni, Scortichini, et al, 2020). The oil yield and the lipid
composition of SCG and CS are strongly influenced by the different
extraction methods. The lipid recovery from plant-based sources is
commonly achieved either through mechanical or solvent extraction
like the Soxhlet extraction or Folch method (Loyao et al., 2018).
However, valuable and promising solutions such as supercritical CO,
extraction and enzymatic hydrolysis have been investigated in order
to address the selectivity, the safety and the efficiency of the
extraction method (Couto et al., 2009; Mota et al., 2020; Quijote
et al,, 2021).

3.1 | Lipids composition of SCG

SCG is particularly rich in lipids since they are mainly retained in the
coffee ground and not leaching to the brew. Several extraction
methods have been implemented for the recovery of fat from SCG.
An increased yield of SCG oil has been observed by the used solvents
in the order ethanol with petroleum ether > hexane > heptane
respectively 25.6% > 15.3% > 7-13% (Quijote et al., 2021). More-
over, the SCG oil yield is affected by the extraction conditions using
in the Soxhlet apparatus as well as the duration of extraction, in this
regard pentane, hexane, toluene, chloroform, acetone, isopropanol,
and ethanol were used for 15-70 min and the highest oil recovery
was reported with hexane 15.28% (w/w) while the lowest 8.6% (w/w)
with chloroform (Al-Hamamre et al, 2012). In general, the most
suitable solvents are nonpolar due to their free charges which makes
the SCG penetration easier. However, the conventional solvent-
liquid extraction with organic solvents presented several limita-

tions including undesirable residues in the extract, thermal
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degradation, and oxidation of the target compounds as well as legal
restriction for what concern food and pharmaceutical applications.
For this reason, supercritical CO, extraction has been widely
investigated aimed at selective extraction thus guaranteeing the
preservation of thermolabile compounds as well as allowing an
environmentally friendly operation (Essien et al., 2020). To achieve
this goal, supercritical CO, was carried out on SCG in the pressure
range of 15-30 MPa and at temperature of 313-333 K for 50, 120,
and 180 min. The oil yield increased with pressure at fixed tem-
perature, this means that higher pressure caused an increased CO,
density and thus its ability to solubilize the SCG lipids. Differently,
the effect of temperature in the oil extraction showed different
behaviors as a function of the applied pressure. Higher pressure (25
and 30 MPa) promoted an increased oil yield by increasing tem-
perature, while at 20 MPa a decrease in oil extraction was reported
with high temperature. This behavior was explained by the influence
of increased temperature which determining a decrease of CO,
density and thus its solvation capacity (Couto et al., 2009). Regarding
the application of SCG for biodiesel production, interesting is the
employment of dilute acid hydrolysis as pre-treatment to produce
wet residues with 1.4 times more of the lipid content 23% (w/w)
(Quijote et al., 2021). The extracted SCG oil in general presented
mainly triacylglycerol (84.4%), diterpene (12.3%), alcohol esters
(1.9%), sterols (1.9%), polar material (1.3%), and sterol esters (0.1%)
(Campos-Vega et al., 2015). However, the lipid matter composition
varied according to the different methods applied. The fatty acid
methyl esters (FAMEs) composition of the SCG oil extracts available
in the literature range from 3.7 to 4.9 g/100 g (Al-Hamamre
et al, 2012; Loyao et al., 2018), except for the application of acid
hydrolysis as pre-treatment in the extraction process where the yield
reached around 19.5 g FAMEs/100 g (Quijote et al., 2021). In more
details, the most representative were palmitic (C16:0) (32%), linoleic
(C18:2) (36%-42%), oleic (C18:1) (10%-12%), stearic (C18:0) (7%-
10%) and arachidic (C20:0) (2%-5%) acids, whereas lauric (C12:0)
and myristic (C14:0) acids were scarcely detected depending on the
method, parameters of extraction and origin (Campos-Vega
et al, 2015; Mota et al., 2020; Quijote et al., 2021). Based on the
FAMEs profile, oil can be classified into two main clusters; one with
low palmitic and high linoleic (>40%) acids and the other account the
contrary. Thus, resulting in different oil quality, prevention, and
treatment of diseases as a function of the polyunsaturated/saturated
fatty acid ratio. For what concern the unsaponifiable matter which
account for 10%-20% of the SCG total lipid it is mainly characterized
by sterols, terpenes, and tocopherols, compounds particularly
appreciated in cosmetic and pharmaceutical industries as well as in
biofuels storage (Cholakov et al., 2013).

Among the sterols sitosterol (48%-52%), stigmasterol (21%-
22%) and campesterol (16%-18%) were the most abundant (Campos-
Vega et al., 2015). Whereas diterpenes like cafestol and kahweol
were detected in SCG oil extracted by supercritical CO, and their

concentration varied according to the process conditions. In detail, an

¥
g
43:*4&"

increase was observed at 80°C and 98 bar 0.8 and 0.4 mg/g for
cafestol and kahweol respectively (Acevedo et al., 2013).

3.2 | Lipids composition of CS

According to the literature review, the lipid content of CS presented
lower oil yield recovery (around 3%) compared to SCG, however their
FAMEs composition was similar. The different CS extraction methods
allowed us to obtain different lipid profiles. The highest amount of
the extracted lipids was observed with the Folch's method using
chloroform/methanol, while the UAE with hexane resulted in the
lowest fat yield. However, the lipid composition of CS extract ob-
tained by the UAE led to an enhanced release of free fatty acids
(58%) and lower content of triacylglycerols (9%) compared to Soxhlet
method (21% and 48% respectively) (Mota et al., 2020).

Hence, in CS oil C16:0 (34%-35%), C18:2 (27%-36%), C18:0
(6%-9%) and C18:1 (5%-8%) have been detected as well as for SCG
oil, in addition behenic acid (C22:0) (8%-10%) has been found
(Angeloni, Scortichini, et al., 2020; Mota et al, 2020; Toschi
et al, 2014). In general, CS contained mainly saturated fatty acids
(55%-64%) followed by polyunsaturated (28%-36%) and finally
monounsaturated fatty acids (6%-8%) (Angeloni, Scortichini,
et al., 2020; Mota et al., 2020). Since CS oil was mainly composed of
triacylglycerols, interesting was the application of lipase which pro-
vided a selective hydrolysis promoting oil enriched in poly-
unsaturated fatty acids by the production of acylglycerols thanks to
its mild reaction able to guarantee quality oil deterioration (Barbosa
et al.,, 2019). In addition, CS oil is a valuable source of phytosterols
that can help to reduce low density lipoprotein (LDL) cholesterol
level (Santanatoglia et al., 2023f), however, as sensitive bioactive
compounds, they are susceptible to oxidative degradation. Con-
cerning the unsaponifiable matter, 0.2%-0.4% of CS was mainly
composed by B-sitosterol (71%), campesterol (14%), stigmasterol
(11%), and 5-avenasterol (4%), observing lower amount compared to
those from green coffee. Thus, could be probably ascribed to the
degradation process occurring during the roasting process, which
leading to their reduction (Toschi et al., 2014).

4 | BIOACTIVE COMPOUNDS

Considerable attention has been paid to polyphenolic compounds in
recent years due to the growing evidence suggesting that their
consumption may provide a multitude of health benefits. They
showed anti-inflammatory, antimicrobial, and antithrombotic prop-
erties but also antihyperglycemic, anti-carcinogenic, anti-obesity, and
anti-diabetic effects. All these biological properties are closely linked
to their antioxidant capacities because, thanks to their chemical
structure, they can work through a ROS elimination mechanism

(Perron & Brumaghim, 2009). The main important classes of phenolic
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compounds are phenolic acids and flavonoids and among these, there
are further subclasses (Quideau et al., 2011). Phenolics are pre-
dominantly present in nature as bound forms, often combined with
sugars, organic acids, and esters. There are some instances where
phenolics occur as aglycones (Parus, 2012). Flavonoids, instead, are
present in plants in two distinct forms: free aglycones and bound
forms as O- and C-glycosides—and are classified into different sub-
classes based on their chemical structure, such as flavanones, flava-
nols, flavones, isoflavones, flavonols, and anthocyanins (Falcone
Ferreyra et al., 2012; Quideau et al., 2011). Coffee is a rich source of
bioactive molecules as phenolic compounds, but the main ingredients
are caffeine, chlorogenic acids (comprising different groups of com-
pounds and related isomers such as caffeoylquinic acids, fer-
uloylquinic acids, p-coumaroylquinic acids, among others), caffeic
acid, coumaric acid, protocatechuic acid, ferulic acid, vanillic acid,
gallic acid, vanillin, flavonoids (such as kaempferol, quercetin, cate-
chin, epicatechin, and others), and these compounds are still present
in coffee by-products (Llczbinski & Bukowska, 2022). The large
quantities of these residues generated in industrial activities make
this matrix a substrate with a high potential to serve as raw materials
to obtain bioactive compounds. Generally, it was seen that phenolic
compounds in spent coffee represent approximately 16-19 mg gallic
acid equivalents (GAE)/g SCG, instead in CS are about 13 mg GAE/g
(Ballesteros et al., 2014; Mussatto et al., 2011).

The processes that the two matrices undergo negatively influ-
ence the content of bioactive compounds, in fact, the roasting degree,
the procedure and conditions used for coffee brewing (as the water
temperature or coffee/water ratio and the time that coffee is in
contact with water) could change the concentration of these com-
pounds in spent coffee. Moreover, the high temperature applied to
CS during roasting can lead to the degradation of these compounds
(Murthy & Naidu, 2012). In the meantime, also the amount of alkaloid
is high in the by-products derived from coffee, in fact the level of
caffeine in SCG varies from 3.59 to 5.20 mg/g (Bravo et al., 2012) and
in CS range from 8.3 to 13.7 mg/g (Napolitano et al., 2007). These
levels are also high when compared to coffee (from 10.7 to 15.64 mg/
g) a drink considered very rich in caffeine (Bravo et al., 2012). A total
of 43 compounds are reported in Table 2 between alkaloids and
polyphenols belonging to different classes, namely alkaloids (5 com-
pounds), phenolic acids (25 compounds), flavonoids (11 compounds),

xanthone (1 compound), and secoiridoids (1 compound).

4.1 | Alkaloids

Coffee beans contain two types of alkaloids, caffeine and trigonelline,
as major components. Caffeine, 3,7-dihydro-1,3,7-trimethyl-1H-pu-
rine-2,6-dione, belongs to methylxanthine-class and it is synthesized
from xanthosine. It is one of the few alkaloids legal throughout the
world despite it is a psychoactive and central nervous system stim-
ulant in fact it is a widely used as psychotropic drug and seems to
have a positive effect on long-term memory reducing the risk of

neurodegenerative diseases such as Alzheimer's disease and

Parkinson's disease (Boppana et al, 2022). Another important
molecule belonging to the alkaloids family is trigonelline (Saud &
Salamatullah, 2021), which will be discussed in detail in Section 4.1.2.

4.1.1 | Alkaloids composition of SCG

In SCG the content of caffeine varies from 400 to 54,440.2 ug/g of
dry weight extract (dw). The lower levels of caffeine were detected in
freeze-dried samples by Lopez-Barrera et al. (2016) using a Soxhlet
extraction with petroleum ether for 6 h. Instead, the highest level
found in the literature was reported by Zengin et al. (2020), which
compared 5 different extraction methods and selected EtOH/H20
70% as the best one. Quinine, another alkaloid isolated for the first
time from the bark of cinchona tree and known as a potent anti-
malarial agent (Jones et al., 2015), was found in SCG only by Zengin
et al. (2020) and the higher concentration of 3.65 ug/g of dw was
obtained using EtOH/H,O 70% as extraction solvent. Within all the
chosen articles, only caffeine and quinine were reported as the al-

kaloids present in SCG.

4.1.2 | Alkaloids composition of CS

Caffeine was found in CS with values like those reported in spent
coffee. Considering all the articles found, caffeine concentrations
range from 845.5 to 41,877.13 ug/g of silver skin extracts, obtained
respectively by Angeloni, Scortichini, et al. (2020) and by Zengin
et al. (2020). The polar solvent, EEOH/H,O 70% combined with UAE,
was the most efficient extraction method for caffeine at low pres-
sure. Moreover, CS extract has other and different alkaloids than
spent coffee extract such as trigonelline, theobromine, and theoph-
ylline. Trigonelline, which is present in CS extract in a concentration
of 23.7 pg/g, is a pyridine alkaloid compound and a methylation
product of vitamin B3 (niacin) (Zhou et al., 2012). This alkaloid has
been shown to provide evidence of therapeutic effects, such as the
enhancement of distinct neuron function and memory in mice with
Alzheimer's disease. Additionally, it has been found to mitigate
oxidative stress and inflammation in the brain, as well as improve
blood glucose levels and lipid metabolism in animals with metabolic
disorders (Bevilacqua et al., 2023). Theobromine and theophylline are
present in CS extract in concentrations of 23,700 and 300 ug/g,
respectively. These alkaloids were quantified by UHPLC-Q-Orbitrap
(Castaldo et al., 2020). Furthermore, Nzekoue et al. (2020a, 2020b)
and Zengin et al. (2020) found quinine in low concentration (from
0.61 to 0.93 pg/g) by the HPLC-MS/MS method.

4.2 | Polyphenols

Most abundant phenolic compounds are mainly found in coffee beans
and consequently in coffee by-products are the chlorogenic acids
(CGAs) (Esquivel & Jiménez, 2012). These CGAs are water-soluble
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esters formed between quinic acid and one or two moieties of caffeic
acid, a trans-cinnamic acid. The phenolic acid in CS has a broad range
of biological effects, such as being hypoglycemic, hepatoprotective,
antiviral, antibacterial, anticarcinogenic, and anti-inflammatory, most
of which stem from its potent antioxidant properties
(Mussatto, 2015).

421 | Polyphenols composition of SCG

Mono caffeoylquinic acids (3-CQA, 5-CQA) and Di caffeoylquinic
acids (1,5-diCQA, 3,4-diCQA, 3,5-diCQA, 4,5-diCQA) represent the
most abundant phenolic acids in SCG and the content goes from 3.9
to 5600 pg/g for 3-CQA, from 338.1 to 10,613.6 pg/g for 5-CQA and
from 147.9 to 1194.62 pg/g for 3,5-diCQA. Instead, few authors
have quantified 1,5-diCQA, 3,4-diCQA, and 4,5-diCQA with values
respectively of 23 pg/g, 70 pg/g, and 110 pg/g. The most used sol-
vent for these compounds is a mixture of EtOH/H,O and the most
efficient is Soxhlet extraction with petroleum ether for 6 h.
However today the growing attention to sustainability has led to
the extraction of SCG with new solvents: natural deep eutectic sol-
vents (NADEs), a green and nontoxic alternative to hydroalcoholic
extraction methods increasingly used especially for the recovery of
bioactive compounds for food and/or nutraceuticals ingredients
(Garcia-Roldan et al, 2023). These authors quantified 3-CQA
(131.34 pg/g of SCG) but also gallic (154.73 pg/g of SCG) and caf-
feic acid (63.17 pg/g of SCG) and obtained similar values with respect
to other authors. In fact, according to many authors, gallic acid is one
of the most present compounds in coffee and in SCG after chloro-
genic acids (2.31-2500 pg/g). In summary, the analysis of SCG re-
veals its remarkable richness also in a wide array of phenolic
compounds as: p-coumaric acid, caffeic acid, vanillic acid, ferulic acid,

quercetin, catechin, and other minor constituents.

422 | Polyphenols composition of CS

Among phenolic acids, CQAs are the most abundant polyphenolic
compounds primarily found in silverskin: 5-CQA (from 985.7 to
26,346 pg/g), 4-CQA (from 849 to 9099 ug/g), and 3-CQA (from
128.51 to 8202 pg/g). In silver skin, only two diCQAs were quanti-
fied: 3,5-diCQA (from 41.48 to 1400 ug/g) and 3,4-diCQA (50 pg/g)
acid. Like SCG, one of the most used solvent extractions is the
mixture of EtOH/H,O (Angeloni, Scortichini, et al., 2020; Nzekoue
et al., 2020a, 2020b; Zengin et al., 2020) but it is reported also the
use of hot water (Bresciani et al., 2014; Castaldo et al., 2020; Mesias
et al., 2014) to obtain a good level of these molecules. Unlike SCG,
some authors (Bresciani et al., 2014; Castaldo et al., 2020), studying
CS, have reported the presence of 3-p-coumaroylquinic (from 24 to
4300 pg/g), 5-p-coumaroylquinic (from 57 to 2670 pg/g) and 3-
feruloylquinic acid (from 212 to 1510 pg/g). Besides chlorogenic

acid, other phenolic compounds including flavonoids, ferulic acid,

Q_f -WI LEY—I—

quinic acid, gallic acid, p-hydroxybenzoic acid and other constituents,
have also been found in CS.

4.3 | Other bioactive compounds of SCG and CS

A xanthone of a Gentian plant (Mustafa et al., 2015) namely iso-
gentisin was found in all by-products of coffee studied in this review.
The molecule was detected in small quantities: 0.07-2.54 pg/g in
SCG and 0.50-1.36 pg/g in CS. The secoiridoid amarogentin was
instead detected in small quantities only in SCG by Angeloni, Scor-
tichini, et al., 2020 (0.02 ug/g). Isogentisin and amarogentin are not
major or well-known components of coffee; however, trace amounts
of these compounds have been reported in coffee by-products due to

the complex chemical composition of coffee beans.

5 | CONCLUSIONS

This work provided a comprehensive characterization of the
chemical profile of two coffee by-products being SCG and CS. In
addition, a focused study of the valorization of main nutrients, being
carbohydrates, dietary fibers, lipids and bioactive compounds and
the most common extraction methods to obtain them from SCG and
CS, was conducted. The present research work has helped to
expand the knowledge of coffee by-products with the hope that
further innovative applications of SCG and CS can be developed. In
terms of a more sustainable economy, the reuse of coffee by-
products could lead to a decrease in waste released into the envi-
ronment. The variety of compounds present in coffee by-products
could be valuable for different kinds of industrial applications,
fostering a greener and economically circular viable utilization of
this food waste. In conclusion, the optimization of extraction
methods and the yield improvement for the discussed compounds
from SCG and CS can encourage the reuse of these waste matrices
at industrial level.
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