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Evaluation of Colombian Coffee Waste to Produce
Antioxidant Extracts
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During coffee production, several types of waste such as pulp, mucilage,
husk, parchment, coffee silver skin, and spent coffee grounds are
generated. The amount of coffee waste and their environmental issues
require effective valorization. Those wastes can be used as a source of
bioactive compounds. In this work, solid-liquid extraction was used to
obtain different solutions, and their phenolic contents, antioxidant
capacities, fatty acid profiles, and antimicrobial activities were evaluated.
Characterization of the waste materials showed that the highest yield
(18.8%) was obtained for spent-coffee grounds. The highest total phenolic
contents, caffeine and epicatechin, was observed for coffee pulp extract.
Catechin was only observed for parchment. The lipid fraction in the coffee
by-products extracts indicated that the spent coffee ground had a higher
amount of total lipids, followed by the pulp, and finally the parchment. The
most predominant fatty acids in all the extracts were palmitic, stearic,
linoleic, oleic, arachidic, and behenic. However, parchment and coffee
pulp extracts exhibited an inhibition halo against E. coli bacteria growth.
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INTRODUCTION

Coffee is a commodity produced by developing countries and consumed
overwhelmingly all over the world. Its commercial importance has significantly grown
during the last years, due to the consumption as beverage, being the second most
commercialized product in the world, only preceded by petroleum (Murthy et al. 2012).
There are three primary coffee growing regions — Central and South America, Africa and
the Middle East, and Southeast Asia. However, coffee crops are widely grown throughout
the tropical region and coffee is produced in at least 70 countries located along the
equatorial zone. Colombia is among the globally largest coffee producers, preceded by
Vietnam and Brazil (Ocampo and Alvarez 2017). These three countries together produce
more than the whole three producing regions. Coffee crops are mainly produced by
smallholder farmers and around 125 million people worldwide depend on coffee for their
livelihoods.

Coffee beans go through a typical series of manual steps during production. During
these steps, several residues are produced. The supplementary Fig. S1 (see Appendix)
shows the coffee production process when the coffee by-products as husk, silverskin, spent
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coffee ground, pulp, and mucilage are obtained. The coffee cherry is composed of the bean
(54%), silverskin (1.2%), parchment (6.1%), mucilage (6-8%), pulp (29%), and peel (12%)
(Rodrigues da Silva et al. 2022). Of all the components, the bean is the only part of the
coffee cherry used in the production of the coffee drink, and the other constituents are
discarded. In most cases, the by-products are left in piles to rot. At the end of beverage
production, spent coffee grounds (SCG) are also produced. Those wastes are produced at
the end of the coffee supply chain (Hoseini et al. 2021). These diverse residues together
are known as coffee by-products, and they are used as fertilizer in agricultural crops and
animal consumption (dos Santos et al. 2021). These residues have also been used to
produce biodiesel, used in the cosmetics industry (Kamil et al. 2019), and to produce filters
(Ramos 2010).

Regarding dry matter, the coffee pulp (CP) has a similar composition to coffee
parchment since these by-products are generated from the same part of a coffee cherry.
However, the CP contains a significantly higher amount of moisture. CP has been used for
the manufacturing of composite materials (Jaisan and Punbusayakul 2016). Coffee
parchment is one of the least studied coffee by-products. The amount of CP by-products is
around 20% of the residues from the coffee production (Benitez et al. 2019). Regarding
the dry process, the parchment is extracted simultaneously with the pulp and the coffee
peel, but in the wet process this by-product is obtained after the drying and hulling steps,
and the parchment is separated from other by-products.

The biological activity of coffee is generated by its nutritional composition. Coffee
has phenolic acids, alkaloids, flavonoids, xanthones, methylxanthines, and diterpenes (Wu
et al. 2022). These bioactive compounds provide antioxidant, anti-inflammatory,
antimicrobial, anti-cellulite, and emulsifying properties (Hall et al. 2022; Rodriguez da
Silva et al. 2022). The CP contains an important value of macronutrients such as
carbohydrates (35 to 85%), fiber (30.8%), proteins (5 to 11%), and minerals (3 to 11%)
(Khochapong et al. 2021). In addition, CP has chlorogenic acid, tannins, cyanidins, caffeic
acid, and ferulic acid, among others (Rodriguez et al. 2014). Those active compounds
provide antimicrobial properties against the biological activity of bacteria such as
Staphylococcus aureus, Enterococcus faecalis, Bacillus subtilis, Pseudomonas
aeruginosa, and Escherichia coli (Duangjai et al. 2016). The coffee parchment (P) is a
material made of cellulose (40 to 49%), hemicellulose (25 to 32%), lignin (33 to 35%), and
ash (0.5 to 1%) (Mirdn et al. 2019). It also has traces of different biocompounds such as
quercetin, tannins, caffeine, p-coumaric acid, synaptic acid, and mangiferin (Andrade et al.
2012) that provide antidiabetic, antiviral, and neuroprotective functions (Gemechu et al.
2020). In the case of SCG, there is a wide variety of compounds with physiological activity
such as gallic, chlorogenic, vanillic, caffeic, ferulic, and synaptic acid (Abbasi-Parizad et
al. 2021), and provide antioxidant, antiallergenic, and antimicrobial properties (Al-Dhabi
etal. 2017).

The coffee bean also contains a wide variety of fatty acids. It is known that the
amount of total lipids in the bean can be up to 17% in dry weight. The lipids have free
diterpenes, steroid esters, free sterols, tocopherol, phospholipids, and triglycerides. The
latter is the predominant group (Silva et al. 2020). The extraction of fatty material from
the coffee bean and its residues have a prominent potential, since important concentrations
of fatty acids such as lauric (C12:0), myristic (C14:0), palmitic (C16:0 ), palmitoleic
(C16:1), stearic (C18:0), oleic (C18:1), linoleic (C18:2), linolenic (C18:3), arachidonic
(C20:0), behenic (C22:0) , lignoceric (C24:0), and nervonic (C24:1) have been reported by
other authors (Uddin et al. 2019; Coelho et al. 2020; Vidal et al. 2022).

Arango et al. (2023). “Coffee wastes extracts,” BioResources 18(3), 5703-5723. 5704



PEER-REVIEWED ARTICLE b | oresources.com

Different authors have carried out studies on extracts obtained from coffee wastes.
Benitez et al. (2019), obtained extracts from parchment and studied its phenolic content as
an antioxidant product. Rebollo et al. (2019) analyzed the aqueous extract effect on the
reduction of adipogenesis, due to the action of phenolic compounds in the decrease of lipid
accumulation. Magoni et al. (2018) obtained an aqueous extract from coffee pulp rich in
derivatives of quinic acid and procyanidins. The extract has high biological activity and
affects the release of immunoregulatory cytokines. It also provides immune and
inflammatory response of the organism. Ethanolic and methanolic extracts of spent coffee
grounds have also been studied. Juan et al. (2020) found a variety of active compounds in
extracts of hydroalcoholic mixtures of SCG. The main compound was chlorogenic acid,
followed by gallic acid, vanillic acid, vanillin, 3-4-dihydroxycinnamic acid,
hydroxybenzoic acid, caffeic acid, ferulic acid, p-coumaric acid, protocatechuic acid, and
syringic acid. The variation in the content of polyphenols present in coffee by-products can
be attributed to different factors, such as the variety of coffee beans, the extraction method,
the solvents or binary mixtures used, and the solvent biomass ratio, among others.

From the literature review, the authors concluded that several researchers are trying
to generate added-value products from coffee waste by using them as raw materials to
develop novel products. Due to the chemical composition of coffee by-products, the aim
of this work was to obtain and characterize extracts from different Colombian coffee by-
products such as parchment, spent coffee ground, and pulp.

EXPERIMENTAL

Sourcing of Raw Materials

Coffee pulp (CP) was obtained from a farm located at VVereda La linda (coordinates
6.61839 - 75.83252) in the municipality of Jardin, Antioquia, Colombia. The pulp was
obtained by using a mechanical depulping machine. After extraction, the pulp was
collected and stored at 5 °C. The pulp was dried by convection drying at 40 °C for 30 h
using air flowing at a velocity of 1 m s™*. The parchment (P) was obtained from green coffee
in a collection plant from the same municipality. The green coffee beans were sun-dried in
the field. The removal of the parchment was done using a mechanical dehuller machine.
Spent Coffee Grounds (SCG) were obtained directly after brewing using a commercial
coffee machine and, pouring water at 90 °C. The SCG was dried using the same conditions
used for the pulp, but the drying time was done for 48 h. The particle size of Spent-Coffee
grounds (SCG) was 250 um. The particle size of Coffee Pulp (CP) and Parchment (P) was
between 420 and 595 pum. The moisture content of CP, P, and SCG after drying was
9.641+0.048, 7.462+0.071 and, 2.835%£0.079 (% dry weight, d.w.) respectively.

All solvents were reagent and HPLC-grade. They were purchased from Sigma
Chemical Co. (St. Louis, Missouri, USA).

Characterization of Raw Materials

The raw materials were analyzed using several techniques. The infrared analysis
(FTIR) was performed on an infrared spectrometer (Advantage IR-Tracer 1000 Shimadzu,
Kyoto, Japan). The pulp and parchment samples were analyzed using ATR. SCG were
analyzed using DRIFT and samples were mixed in a KBr matrix using a 1:20 ratio. The
tests were carried out using a wavelength between 4000 and 500 cm™ with a resolution of
0.5cm™
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Thermogravimetry (TGA) analyses were performed simultaneously using a
simultaneous TGA/DSC (SDT-Q600, TA Instruments, New Castle, Delaware, USA). The
changes in mass of the samples were evaluated. For this purpose, the samples were heat
treated from room temperature to 800 °C, using a heating ramp of 10 °C per min and a
controlled nitrogen atmosphere. After 40 min at 800 °C, the atmosphere was changed to
air and an isotherm at the same temperature was evaluated for 15 min.

Images of the samples were obtained by Field Emission Scanning Electron
Microscopy FE/SEM (7100F, JEOL, Akishima, Tokio, Japan). The chemical composition
was also evaluated by a coupled Energy Dispersive Spectrometry detector.

Lignocellulosic Characterization

The amount of lignocellulosic materials of the coffee waste (P, CP, and SCG) was
evaluated by an acid-insoluble extraction of Klason lignin based on the TAPPI 222 om-02
standard (2011). Acid hydrolysis was carried out with sulfuric acid H2SO4 at 72% (w/w)
at 30 °C. Later, the solution was taken at 110 °C for 1 h. The obtained hydrolyzate was
filtered, and the remaining material was dried at 105 °C for 5 h. The remnant liquid was
used to determine acid-soluble lignin. The sample was evaluated at 205 nm in a
spectrophotometer (Genesys 10S UV-VIS, Thermo Scientific, Waltham, MA, USA).

Holocellulose was determined based on modified ASTM D1104-56 standard
(1985). The extractives-free biomass was acid hydrolyzed with sodium chlorite and glacial
acetic acid in a shaker water bath (LSB-015S, LabTech, Hopkinton, Massachusetts, USA)
at 80 °C and 60 rpm for 1 h. After that, the hydrolyzed sample was filtered and dried at 105
°C for 5 h. Cellulose was extracted from the holocellulosic material.

Extraction of Biocompounds

Solid-liquid extraction was done using ethanol as extractive solvent (1:20 w:v). The
solution was put in an ultrasonic bath using a frequency of 40 KHz. After that, the solution
was stirred at 200 rpm at room temperature (25 °C) for 4 h. Finally, the solution was
filtered using a 180 microns filter. The solution with the extract was concentrated by
rotovaporation at 50 °C, 40 mbar at 80 rpm for 2 h. The extracts were stored in a freezer at
-30 °C until its characterization (Dong et al. 2021). Supplementary material Fig. S2 shows
a scheme of the extraction of biocompounds.

Characterization of extracts
Total phenolic content (TPC)

The total phenolic content was evaluated using the modified Folin-Ciocalteu
spectrophotometric method (Oktaviani et al. 2020). The samples were evaluated in
triplicate and expressed as TPC in mg of gallic acid equivalent per 100 mg of dry weight
of the sample

Antioxidant capacity

The antioxidant capacity was evaluated by two different methods. In both
methods, the sample produces an inhibition of the free radicals DPPH (2,2-diphenyl-2-
picrylhydrazyl radical scavenging) (Guija et al. 2015) and ABTS (2,20-Azinobis (3-
ethylbenzithiazoline-6-sulfonic acid)) (Torres et al. 2020). Both spectrophotometric
methods were analyzed in triplicate on a spectrophotometer (Genesys 10S UV-VIS,
Thermo Scientific, Waltham, Massachusetts, USA). The results were reported as pmol of
Trolox equivalent per gram of dried extract.
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HPLC analysis

Samples were analyzed with High-Performance Liquid Chromatograph (HPLC)
equipment (Prominence LC-20AT, Shimadzu, Kyoto, Japan) equipped with a diode array
detector (PDA, SPD 20AT). The separation was performed on an Agilent Zorbax Eclipse
Plus C-18 column (5 p, 150 x 4.6 mm) and a Zorbax NH2 4-Pack pre-column (5 p, 12.5 x
4.6 mm). Chlorogenic acid and caffeine were evaluated. Acidified water to 1% acetic acid
(A) and acetonitrile to 1% acetic acid (B) were used as mobile phases, following a gradient
of 10% B (0.2 min), 10 to 20% B (5.3 min), 20 to 25% B (2.7 min), 25 to 27% B (2 min),
27 to 30% B (2 min), 30 to 40% B (3 min), 40 to 60% B (2 min), 60 to 30% B (2 min), 30
to 0% B (1 min), and 0% B (2 min) at a flow of 0.9 mL/min for 22 minutes (Sualeh et al.
2020). The oven temperature was 30 °C, and 15 pL were injected for each sample. The
reading was done at 280 nm. Two mobile phases were used for (-)-epicatechin and (+)-
catechin, solvent A (1 % w. acetic acid) and solvent B (acetonitrile, 1% w. acetic
acid), following a gradient of 0% B (5.3 min), 0 to 90% B (8.7 min), 90 to 70% B (3 min),
70 to 30% B (2 min), 30 to 0% B (2 min) and 0% B (4 min) at a flow rate of 1.3 mL/min
for 25 minutes. The oven temperature was 40 °C, and 10 puL were injected for each sample.
The concentration of flavonoids was determined by their absorbance at 280 nm.

Fatty acids

The extraction of fatty acids from the samples was carried out following the
methodology described by Folch et al. (1957) with some variations. Specifically,
dichloromethane was used instead of chloroform. The fatty acids in form of methyl ester
or FAME’s (Fatty Acids Methyl Esters) were obtained following the methodology
described by Villarreal et al. (2012). The FAME’s were extracted with 2 mL of hexane.
The extracts were injected into a Gas Chromatography—Mass Spectrometrer (GC-MS)
(QP2010, Shimadzu, Kyoto, Japan) using a DB-WAX column (30 mx 0.250 mm x 0.25
pm, Agilent J&W) and helium was selected as carrier gas at a rate of 1.21 mL/min and
dichloromethane as solvent. A heating ramp was set up starting at 100 °C for 4 min. After
that, the temperature increased up to 193 °C at a rate of 3 °C per min. After that, another
increment was programmed up to 240 °C for 10 min at 1.5 °C/min, for a total time of 76
min. The injection volume was 1.0 pL with an injector temperature of 225 °C and a Split
of 3:1. The equilibrium time of the system was 3 min and the data scan began after 4 min
(Inhamuns et al. 2009). The qualitative identification of the fatty acids was carried out by
comparing the retention times of the characteristic peaks generated by 37 standards of
methyl esters contained in the FAME Mix Supelco 37 (Sigma, St. Louis, USA).

Evaluation of Antimicrobial Activity

The antibacterial activity of the coffee wastes extracts was determined by the
Kirby-Bauer method (Shehata et al. 2021). This method was carried out following the
procedure described below, using the bacterial strain Escherichia coli (ATCC 25922) as a
Gram-negative bacterial model. The bacterial strain was grown in BHI (Brain Heart
Infusion) growth broth for 24 hours in an incubator at 37 °C and 80% relative humidity.
Then, in Petri dishes of 6 cm in diameter, 7 mL of selective agar for the bacteria was added
and it was allowed to solidify. Subsequently, the bacteria were distributed on the surface
of the agar. Finally, 10 uL of each of the extracts that were tested was placed in the center
of the Petri dish.
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RESULTS AND DISCUSSION

Extraction of Biocompounds

Figure 1 shows images of the pulp, parchment, and spent coffee grounds in the
stereomicroscope (inserts in the SEM images) and the SEM. The micrographs of coffee
pulp and parchment showed irregular edges, with sheet-like shape. SPG has a fibrillar
morphology typical of lignocellulosic materials. The chemical composition measured
using EDS analysis is shown in the same figure. Elements such as C, Ca, K, Cl and Mg
were found in the sample. The amount of minerals in coffee wastes and its variability
depend on the type of agronomic practices, soil type, altitude, and climatic conditions. The
high carbon content is associated with the lignocellulosic materials. In pulp and parchment,
the presence of minerals indicates that those residues can be used for soil fertilization. The
EDS technique does not measure other light elements such as hydrogen. Minerals such as
potassium, magnesium, and calcium have been found mainly in green coffee beans by other
authors (Deshpande et al. 2019).

Coffee beans have a high amount of crude fiber composed of lignin, hemicellulose,
cellulose, as well as poly-, oligo-, and monosaccharides (Massaya et al. 2019).
Lignocellulosic contents, ash content, and chemical composition of coffee pulp and
parchment were obtained (Table 1). In this work, the analysis was not performed on spent
coffee grounds, but different authors (Franca et al. 2009; Zarrinbakhsh et al. 2016) have
reported amounts of lignin between 17.6 and 26.0%, cellulose from 7 to 23%,
hemicellulose from 19.4 up to 42%, and ash levels between 1.0 and 2.2%. Around 50% of
SCG dry mass is composed of polysaccharides, the most relevant are cellulose and
hemicellulose, which are comprised of galactose, arabinose, and mannose (McNutt and He
2019).

Table 1. Extractives, Lignin, Cellulose, Hemicellulose and Ashes of Coffee Pulp
and Parchment

%(d.w.) Coffee Pulp (CP) Parchment (P) Spent Coffee Ground
(SCG)*
Water soluble extractives 48.46 + 2.37 7.87 £0.80 -
Soluble lignin 0.06 £ 0.01 0.02 £ 0.01 -

Klason lignin 21.22 +2.65 17.66 +1.02 17.6 - 26
Cellulose 58.93 £ 1.97 22.70£0.81 7-23
Hemicellulose 5.29 +1.65 4.20+0.79 19.4-42

Ashes 0.48 +0.26 7.95+0.02 1.0-22

" Typical values from literature (Franca et al. 2009; Zarrinbakhsh et al. 2016)

Cellulose values of P and CP were similar to those obtained by Oliveira and Franca
(2015) and Murthy et al. (2012). On the contrary, the hemicellulose contents (5.29 +
1.65%) were lower than reported by Londofio et al. (2020) being around 28.7 % for coffee
pulp. Lignin and ashes content were higher by 17.5% and 37.5% respectively. The
difference could be related to the variety used during the analyses, geographic location and
production parameters. The lignocellulosic material contained in those coffee by-products
make them a potential source to be used to as fillers for polymer composites, fertilizers,
compost, bioethanol, and also for the extractions of antioxidant compounds (Hejna et al.
2021).
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Fig. 1. SEM-EDS analysis of the (a) coffee pulp, (b) parchment, and (c) spent-coffee grounds

Extracts Composition

The CP, SCG, and P extracts contained a total polyphenols content (TPC) of 12.628
+ 0.474, 5.737 + 0.345, and 2.515 * 0.545 mg GAE/g d.w., respectively. Bondam et al.
(2022) reported similar results and found a higher TPC in CP ethanolic extracts compared
to P and SCG. The TPC values were lower than those reported by different authors in P
extracts from 2.84 mg GAE/g d.w. to 5 mg GAE/g d.w. (Aguilera et al. 2019; Mir6n et al.
2019) and from 16 mg GAE/g d.w. to 31.03 mg GAE/g d.w. in SCG extracts (Hogan et al.
2010; Mussatto et al. 2011; Sette et al. 2020). However, the CP extracts presented a greater
content of total polyphenols compared to those reported by Heeger et al. (2017) in an
aqueous extraction. In that work, the authors measured polyphenol concentrations between
4.85 and 9.17 mg GAE/g d.w. The variation in the content of polyphenols present in coffee
by-products can be attributed to different factors, such as the variety of coffee beans, the
extraction method, the solvents or binary mixtures used, and the solvent biomass ratio,
among others.

Polyphenols in coffee by-products can be classified into several class: flavonols,
anthocyanins, hydroxycinanic acids, and flavan-3-ols (Bastian et al. 2006). These
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compounds are important in coffee and its by-products because of their antioxidant, anti-
inflammatory, and antimicrobial effects, among others (Farah and de P. Lima 2019). The
antioxidant capacity analyzed by the DPPH* radical method in the CP, P, and SCG
ethanolic extracts is consistent with the content of total polyphenols, because of the direct
relationship between functional compounds and their antioxidant effect (LIczbinski and
Bukowska 2022). The analysis carried out by ABTS*", showed that the SCG extract had a
lower antioxidant capacity. This result may be related to a higher concentration of caffeine
found in the parchment extract (Ramon et al. 2019). The polyphenols antioxidant capacity
is attributed to the phenolic ring variations because of its arrangement of —-OH groups
(Khochapong et al. 2021).

The antioxidant capacity relative to ABTS®" was greater than the values reported
by the DPPH*® method. This behavior may be based on the reaction mechanism of each
radical. The ABTS*®" radical naturally has an affinity with hydrophilic and lipophilic
compounds, while the DPPH?* acts in an organic medium (Kuskoski et al. 2005). Caffeine
is a central nervous system stimulant, and it is one of the most substances consumed in the
world (Murthy and Madhava 2012). Is known to have a greater hydrophilic than lipophilic
antioxidant power (Chu et al. 2012). This property reported in the literature agrees with the
results for antioxidant capacity obtained in this study because there was a higher
concentration of caffeine in all extracts.

The behavior related to caffeine content and antioxidant capacity of P and SCG
seems contradictory. The authors do not have an experimental explanation for this
behavior, but a plausible hypothesis is that, because of the total lipid content in the SCG, a
rapid oxidation of Polyunsaturated Fatty Acids (PUFAS) is generated. This reaction can be
slowed down with the presence of a hydrophilic antioxidant, such as caffeine. If caffeine
was used in this reaction, its availability to react with the ABTS radical could have been
reduced. Therefore, the results of DPPH could have increased by making the lipophilic
antioxidants available, since they do not participate in the lipid oxidation reaction (Bahja
et al. 2022).

The chromatographic profile of each extract evaluated by HPLC at a wavelength of
280 nm is shown in Supplementary material Fig. S3. The method was effective, generating
a correct separation and resolution of the peaks. The peaks of interest were identified by
their retention time and UV-vis spectrum in the extracts and standards used. The retention
time of chlorogenic acid, caffeine, (+)-catechin, and (-)-epicatechin was 8.85 min, 9.33
min, 11.31 min, and 11.59 min, respectively. The amount of these flavonoids and phenolic
acids present in the coffee by-products extracts are also shown (Table 2). In all extracts,
caffeine was the most predominant compound. The highest concentration of caffeine
(85.219 mg/g d.w.) was found in the CP extract, followed by P (24.478 mg/g d.w.), and
ultimately the SCG extract (12.520 mg/g d.w.). The lower value in the SCG was expected
since it has gone through a solubility caffeine process to obtain the beverage. The values
detected in the different extracts are comparable with those reported by other authors
(Heeger et al. 2017; Manasa et al. 2021), who used different extraction techniques such as
Soxhlet and supercritical fluid technology.
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Table 2. Coffee Waste Extracts Characterization

Total Chlorogenic
Phenolic | ABTS* DPPH®* aci%i Caffeine | Catechin | Epicatechin
Coffee Waste|,, .- Contents
%Yield
Extracts umol eq- | umol eq-
mg GAE/g Trolox/g | Trolox/100 g mg/100 g |mg/100 g| mg/100g mg/g
2515+ | 9.686 + 0.110 £
Parchment | 1.50 0.545 1.052 0.002 7.047 24.478 194 1.155
12.628+ | 46.281+| 0.700
Pulp 5.77 0474 3 450 0.001 nd 85.219 nd 3.458
Spent coffee 5.737 + | 0.0005 + 0.300 +
grounds | 1888 | 0345 | 0.0001 0.000 nd 12.520 nd 0.831

The chlorogenic acid found in the parchment extract (7.07 mg/100 g d.w.) was
lower than the value reported by Iriondo et al. (2019), who used conventional methods of
maceration and shaking with ethanol and water to obtain chlorogenic acid between 4.5 and
68.2 mg/100 g d.w. These variations can be attributed to the differences between each
variety of coffee used in the different studies. The flavonoids evaluated were (+)-catechin,
and (-)-epicatechin. The (+)-catechin content in parchment extracts was 19.4 mg/100 g of
dry extract. That value is lower than the result obtained by Vallamkandu et al. (2021), who
reported 24.43 mg/100 g from ethanolic extracts using compression systems. The (-)-
epicatechin amount found in SCG extract (0.831 mg/g) was also lower compared to those
reported by Abdullah et al. (2017) in extracts obtained by ultrasound (0.3 mg/g). However,
regarding the parchment extract (1,155 mg/g), the (-)-epicatechin was comparable to those
obtained by Andrade et al. (2012) using supercritical fluids extraction technology (1.4 to
2.1 mg/g). The amount of polyphenolic contained in SCG was affected by the brewing
process. Since SCG are hydrophobic, it is possible to obtain a significant content of
bioactive compounds in the coffee beverage. Polyphenolic compounds have antioxidant
properties, and they are recognized for their preventive action against damage caused by
oxidative stress.

The final contents of bioactive substances such as caffeine in coffee drinks depend
on different parameters as temperature, time, process, pressure, coffee grounds variety,
among others. In a traditional brewing process with water and a commercial coffee
machine, around 7.908 and 0.139 g/L of caffeine content (Olechno et al. 2021) can be
found. It is well known that caffeine increases its solubility with the temperature, is
moderately soluble at 20 °C, and reaches its peak at 100 °C (Prankerd 2007). In this case,
the SCG was collected after brewing commercial coffee in a coffee maker commonly used
in Latin-America, called greca. The coffee maker consists of three chambers, one for the
water, another for the ground coffee and finally, a chamber for coffee beverage. When the
greca is heated up properly, pressure builds within the small lower water tank, forcing
water through the ground coffee to produce rich, flavorful coffee. Therefore, some soluble
materials such as caffeine are expected to be removed during the process.
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Fig. 2. Chromatogram’s lipid profile of coffee wastes extracts
Table 3. Lipid Profile Extracts
%Total Lipids 0.65 025 | 154
Peak Extract
Numb 9 [
umber YoFatty acids cp P SCG
1 Myristic acid C14.0 0.94 0.98 nd
2 Pentadecanoic acid C15:0 0.31 0.23 nd
3 Palmitic acid C16:0 41.87 38.85 42.72
4 Palmitoleic acid Cil6:1 1.49 0.60 nd
5 Heptadecanoic acid C17:0 0.94 nd nd
6 Stearic acid C18:.0 10.23 9.10 8.11
7 Oleic acid C18:1 Cis-9 3.99 7.35 7.57
8 Vaccenic acid C18:1 Trans-11 1.32 0.74 nd
9 Linoleic acid C18:2 Cis-9, 12 19.24 28.67 36.89
10 Linolenic acid C18:3Cis-9, 12, 15 nd nd 1.26
11 Arachidic acid C20:0 4.07 7.26 2.78
12 Behenic acid C22:.0 0.58 4.21 0.66
Total Saturated Acid (SFA) 58.94 60.63 54.27
Total Monounsaturated Acids (MUFA) 5.48 7.95 7.57
Total Polyunsaturated Acids (PUFA) 19.24 28.67 38.15
Total Trans Acids (TFA) 1.32 0.74 nd
nd, no detectable
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The Fatty Acid Methyl Esters (FAME's) found in the extracts (Table 3) and the
chromatographic spectra (Fig. 2) are also shown. Each analyte was compared with the
retention time of reference standards, and its mass spectrum was found in the NIST (2014)
Database using GCMS solution software version 4.45. The lipid fraction in the coffee by-
products extracts indicated the SCG had a higher amount of total lipids, followed by the
pulp, and finally the parchment. The most predominant fatty acids in all the extracts were
palmitic, stearic, linoleic, oleic, arachidic, and behenic. Only the pulp and parchment
extracts had myristic, pentadecanoic, palmitoleic, and vaccenic acid. The SCG extract had
the higher yield (18.9%) compared to P (5.77%) and CP (1.50%) extracts. These results
can be attributed to a higher lipid fraction concentration in SCG extract. Quah et al. (2019)
reported similar values by supercritical fluid and pressurized fluids technologies on SCG
extracts. Linoleic (44.6 to 45.8%), palmitic (29.7 to 33.04%), oleic (8.43 to 8.89%), and
stearic (7.69 to 8.60%) acids were found. The total saturated acids (SFA) found in the
extracts were from 54.3 to 60.6%, polyunsaturated acids (PUFA) were between 19.2 and
38.2%, and monounsaturated acids (MUFA) were from 5.48 to 7.95%. The SFA were
higher than those obtained by Uddin et al. (2019) (37.6%) in SCG oil for biodiesel. On the
contrary, MUFA had lower levels (33.6%).

Supplementary material Fig. S4 shows the FTIR spectra for the three coffee
residue extracts. The spectrum of coffee by-products extracts showed broad peaks at 3350
cm* and 3400 cm™, and another at 3030 cm™ for SCG extract. They can be attributed to
the presence of carboxylic acid with dimer of OH. The O-H stretching absorbances could
be related to the presence of hydroxyl compounds. The spectrum shows the coincidence of
the bands generated by the vibrations of the functional groups of the fatty acids present in
all the extracts. It is possible to observe the stretching of the carbonyl functional group
(C=0) peaks in fatty acids to a length of 1732 cm™, as well as the stretching and bending
vibration at 2920 and 2850 cm™ between the bonds of groups carboxyl (CH2) of the fatty
acids alkyl chains (Sherazi et al. 2009; Alara and Abdurahman 2019).

Antibacterial Activity

Figure 3 shows the results of antibacterial tests. In Fig. 3(a) the positive control
(ampicillin, 200 pg/L) and the blank made for the experiment with ethanol are shown. The
ampicillin had a halo with a diameter of 12.05 + 0.38 mm, indicating its antimicrobial
activity. Figure 3 (b) shows the absence of inhibitory halo formation by SCG extract. On
the other hand, P and CP extracts had a halo of 9.33 + 0.58 mm and 7.67 + 0.58 mm
respectively. The antibacterial effect could be related to the presence of caffeine in the
coffee pulp, as well as the chlorogenic acid in parchment extract.

According to different authors, caffeine has a major antioxidant effect among the
bioactive compounds in coffee (Iriondo et al. 2016; Kieu et al. 2020). Phenolic acids,
tannins, hydroxycinnamic acids, and malic acids have been reported as responsible of
antimicrobial activity (Monente et al. 2015). The gram-negative bacteria cell membrane is
composed of phospholipids, which makes it resistant to external attacks. Nevertheless, the
phenolic compound on coffee by-products extracts may have caused a rupture of the
membrane modifying its permeability due to a variety of hydrogen bonging interactions
(Duangjai et al. 2016). This mechanism generates several membrane damages and can lead
to the death of bacterial cells (Castaldo et al. 2020). Authors have reported the inhibitory
effect of coffee by-products extracts on gram-positive and gram-negative bacteria such as
as E. coli, S. aureus, P. aeruginosa (Monente et al. 2015), S. epidermis (Runti et al. 2015),
S. mutans (Almeida et al. 2012), E. aerogenes, and P. mirabillis (Almeida et al. 2006).
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() (d)

Fig. 3. Antimicrobial activity of (a) positive control, (b) SCG, (c) CP, and (d) P extracts against
the growth of E.coli

CONCLUSIONS

In this work, extracts from several coffee production by-products (pulp, parchment,
and spent-coffee grounds) were obtained. The extracts were characterized to identify the
physical-chemical properties of added-value products from coffee supply chain. The
extracts were evaluated using antibacterial tests. From the results, the following
conclusions were obtained:

1. The characterization of raw materials used in this work, i.e., coffee pulp (CP),
parchment (P), and spent coffee grounds (SCG), showed that the highest extraction
yield (18.8%) was obtained for SPG.

2. The highest total phenolic contents, caffeine, and epicatechin was observed for CP.
Catechin was only observed for parchment (P).

3. The lipid fraction in the coffee by-products extracts indicated the SCG had a higher
amount of total lipids, followed by the pulp, and finally the parchment. The most
predominant fatty acids in all the extracts were palmitic, stearic, linoleic, oleic,
arachidic, and behenic. Only the pulp and parchment extracts had muyristic,
pentadecanoic, palmitoleic, and vaccenic acids.

4. Spent-coffee grounds (SCG) showed a negative effect on the E. coli growth. On the
other hand, P and CP extracts had a halo of 9.33 + 0.58 mm and 7.67 = 0.58 mm
respectively. The antibacterial effect was related to the caffeine present in the coffee
pulp, and chlorogenic acid in parchment extract.
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Fig. S1. Post-harvest coffee processing
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Fig. S2. Scheme for the extraction of bioactive compounds from coffee wastes
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Fig. S3. High-Performance Liquid Chromatography spectra of coffee wastes extracts
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Fig. S4. Infrared analysis (FTIR) of coffee wastes extracts
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