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Abstract: Raw coffee beans are seen as valuable sources of bioactive compounds, such as alkaloids
and chlorogenic acids. In this study, an efficient and eco-friendly method for the simultaneous
extraction of caffeine, trigonelline, and chlorogenic acids from raw beans of two coffee species
was developed, using green solvents and an unconventional method of extraction (assisted by
ultrafast rotary disintegrator/homogenizer (UT-AE)). The experimental extraction conditions were
optimized according to a completely randomized design (CRD), considering the following variables:
solvent type (four deep eutectic solvents (DESs), water, and aqueous choline chloride solution
(50 wt.%); temperature (25, 45, and 65 °C); and extraction technique (solid-liquid extraction with
agitated heating and assisted by ultrafast rotary disintegrator/homogenizer). The extract obtained
with choline chloride solution (50 wt.%) exhibited high total phenolic compounds and the highest
antioxidant capacity. An analysis using high-performance liquid chromatography with a diode array
detector (HPLC-DAD) indicated the presence of chlorogenic acids, caffeine, and trigonelline in all
the extracts, in different amounts. The results obtained by the analysis of phenolic compounds and
HPLC indicated that the aqueous solution of choline chloride (50% wt.%) was the most suitable
solvent for the extraction of chlorogenic acids, while the water-based extracts showed high values
of caffeine and trigonelline. DESs, in turn, seems to promote a protective effect on the antioxidant
activity of biomolecules.

Keywords: green solvents; choline chloride; alkaloids; chlorogenic acids; Coffea arabica; extraction;
ultrafast rotary disintegrator/homogenizer

1. Introduction

Coffee is currently ranked as the second highest commodity traded internationally,
after petroleum [1]. Although the main marketing route of coffee beans is beverage pro-
duction, there is growing interest in the bioactive compounds in raw coffee beans [2].
The two most valuable coffee varieties are Coffea arabica and Coffea canephora, which are
highly valued due to their economic and commercial importance. These species exhibit
distinct chemical compositions, especially concerning the contents of alkaloids (caffeine
and trigonelline) and chlorogenic acids [3].

Caffeine is a heat-stable methylxanthine that causes stimulation of the central nervous
system, and it is widely consumed as a psychoactive substance [4,5]. In addition to
caffeine, another alkaloid found in raw coffee beans is trigonelline [6,7]. During the
roasting process, this alkaloid changes to volatile compounds (methylpyridinium and
nicotinic acid), contributing to the aroma fraction of the coffee [8]. Trigonelline also plays
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an outstanding role in the central nervous system, exhibiting anti-migraine, antibacterial,
antiviral, and antitumor activities [6].

Epidemiological studies have indicated that among the beverages commonly con-
sumed, coffee has exceptional antioxidant activity, which is associated with the high content
of chlorogenic acids in its composition [9,10]. The outstanding properties of chlorogenic
acids include hepato-protective, anti-inflammatory, antiviral, antimicrobial, anti-diabetic,
and anti-hypertensive activities [1,11].

As previously described, chlorogenic acids and alkaloids have a range of beneficial
activities for human health. However, to employ these bioactive compounds efficiently and
widely, the application of suitable extraction methods and compatible solvents is required.
Conventional organic solvents (e.g., methanol, ethanol, acetone, and chloroform) are known
to produce toxic residual compounds and to decrease the extract quality. Therefore, the
replacement of these solvents for green, biodegradable, low toxic, and biocompatible
alternatives is necessary [12,13].

For this purpose, DESs have been extensively applied in the extraction of bioactive
compounds from several matrices. The main advantages of these solvents are nontoxicity
(or low toxicity), simple preparation, low cost, and the capability to tune their physical-
chemical properties [14]. The solvent designer ability of a DES is related to the selection of
its forming compounds, since DESs are mixtures composed of a hydrogen bond acceptor
(HBA), such as a quaternary ammonium salt, complexed by hydrogen bonds with a
hydrogen bond donor (HBD), such as an amide, amine, alcohol, or carboxylic acid [15].

Extraction assisted by the ultrafast rotary disintegrator /homogenizer (UT-AE) method
has been demonstrated to be a promising alternative for the extraction of bioactive com-
pounds from natural matrices, enabling a substantial decrease in extraction time, solvent
consumption, and energy expenditure [16]. Therefore, the employment of green designer
solvents such as the DESs in unconventional extraction methods (e.g., UT-AE) makes it
possible to increase the extraction efficiency (EE) and to potentialize the applications of
plant-based extracts since the process acquires an eco-friendly status [17].

In view of the beneficial physiological effects associated with the bioactive compounds
present in raw coffee beans, the aim of this study was to develop a biocompatible and
efficient method for the simultaneous extraction of trigonelline, caffeine, and chlorogenic
acids present in raw C. arabica and C. canephora beans. Thus, a range of choline chloride-
based DESs were evaluated combined with the UT-AE method. In addition, an aqueous
choline chloride solution and pure water were also applied as solvents. The extraction con-
ditions were optimized by means of a completely randomized experimental design (CRD).
The extraction performance was evaluated based on the total phenolic compounds (TPC),
antioxidant activity (2,8-diphenyl-1-picrylhydrazyl (DPPH); ferric reduction antioxidant
power (FRAP); and levels of caffeine, trigonelline, and chlorogenic acid high-performance
liquid chromatography analysis (HPLC).

2. Materials and Methods
2.1. Coffee Samples

The samples of raw Coffea arabica beans were obtained from a local coffee shop (Café do
Mercado) in Curitiba (Parand State, Brazil). Raw Coffea canephora beans were acquired from
the Cooxupé Cooperative, located in the Guaxupé Municipality, in Minas Gerais, Brazil.
The coffee beans were authenticated by the Cooxupé cooperative (Cidade de Guaxupé,
MG, Brazil). Only coffee cherries ripened were collected.

The raw beans were previously immersed in liquid nitrogen. Subsequently, each
sample was ground in a knife mill (MR 320, Requipal, Curitiba, Brazil), sieved using a 20-
mesh screen, and vacuum-packed in the absence of light for 30 days. The physical-chemical
characterization of the raw coffee beans was performed using a standard procedure (IAL,
2008; AOAC, 2005). The detailed experimental procedures and the results of the physical-
chemical characterizations are available in the Supplementary Material, cf. Figure S1.
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2.2. Chemicals

The preparation of the DESs was based on the following compounds: choline chlo-
ride (purity > 98%), purchased from Inlab (Sao Paulo, Brazil); glycerol (purity > 99%),
lactic acid (purity >98%), acetic acid, and 1.2-propanediol (purity > 99%), obtained from
Sigma-Aldrich (Sao Paulo, Brazil); and xylose (purity > 98%), obtained from Dinamica
(Indaiatuba, Brazil).

The chemicals used in the analytical procedures and for the standard solutions were as
follows: Folin-Ciocalteu reagent, quercetin (purity > 99%), 2,4,6-tris(2-pyridyl)-s-triazine
(purity > 98%), trolox (purity > 97%), 2,2-diphenyl-1-picryl-hydrazyl, ferric chloride (purity
> 97%), gallic acid (purity > 98%), aluminum chloride (purity > 99%), potassium acetate
(purity > 99%), all obtained from Sigma-Aldrich (Sao Paulo, Brazil); sodium carbonate
(purity > 99%), purchased from Nuclear; ethanol (purity > 99.5%), purchased from Panreac
(Barcelona, Spain); anhydrous sodium acetate (purity > 99%), obtained from Dindmica
(Indaiatuba, Brazil); and monobasic sodium phosphate (purity > 98%), obtained from
Neon (Sao Paulo, Brazil).

2.3. DES Preparation

Preparation of the DESs employed the heating method proposed by Dai et al. (2013), [18]
where the HBA and HBD were weighed and mixed, according to a pre-established molar
ratio. Then, the mixture was subjected to heating, with continuous stirring, in a Dubnoff
bath (Ethik Technology), until the formation of a homogeneous and transparent liquid.
For alcohols or lactic acid as HBD, the bath temperature was set at 50 °C, while for a
sugar-based DES, the temperature was 70 °C. The molecular structures of the HBA and
HBD used in the composition of the DESs, as well as the logarithmic n-octanol/water
partition coefficients (log K(ow)) of each compound, can be seen in Figure 1. The HBA:
HBD molar ratios were 1:2 for choline chloride with lactic acid (CCLA), 1,2-propanediol
(CCP), or glycerol (CCGY), and 2:1 for choline chloride with xylose (CCXY).

Hydrogen bond aceptor Hydrogen bond donor
(HBA) (HBD)
1,2 — Propanediol Lactic Acid
CHe OH CH I
3
Cholinium Chloride ) OH I

CH3

CHs

Xylose Glycerol

: ) Log K(ow) =—0.75 Log K(ow) =—0.59
HO._—N-CHs Cl +

O.__~OH

Log K(ow) =—0.33 OH
S / Ho\“’[‘/\r"’OH HO\)\/OH

OH
Log K(ow) =—1.45 Log K(ow) =—1.88

Figure 1. Molecular structures of the HBA and HBD used in the composition of the DES, together
with the logarithmic n-octanol/water partition coefficients (log Kgw))-

2.4. Optimization of Extraction Conditions by Experimental Design

A CRD was applied to optimize the solid-liquid extraction (SLE) of the bioactive
compounds from C. arabica raw coffee beans. Thus, the CRD considered three variables:
extraction method (conventional magnetic stirring, i.e., MS-AE and UT-AE), solvent (DES,
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water, and an aqueous solution of choline chloride 50 wt.% [19]), and temperature (25, 45,
and 65 °C). Thereby, 36 treatments were performed in duplicate, totaling 72 assays.

Subsequently, for the SLE of C. canephora bioactive compounds, the conditions that
showed the lowest yields for C. arabica were excluded from the CRD. Therefore, the ex-
traction temperatures evaluated were 45 °C and 65 °C, and the DES-based solvents CCXY
and CCGY were excluded from the CRD. The extraction techniques remained the same
(i.e., MS-AE and UT-AE). In addition, two replicates of the central point in the experiments
were added, totaling 32 assays.

The EE of the bioactive compounds from both raw coffee beans was evaluated through
TPC, antioxidant activity (DPPH and FRAP), and HPLC analysis. Moreover, to investigate
the interactions among the three CRD variables, the response surface methodology (RSM)
was applied.

2.5. Solid-Liguid Extraction (SLE)

MS-AE was performed for 60 min, under constant stirring, in glass-lined cells con-
nected to a circulating water bath with temperature control. The sample/solvent ratio
used was 1:20 m/v. In the UT-AE (Ultra—Turrax® Model T25, IKA, Staufen, Germany), the
samples were submitted to intense agitation (13,000 rpm) for 10 min while connected to a cir-
culating water bath with temperature control. The UT-AE was carried out through the same
conditions as the MS-AE concerning the sample preparation and the solid /liquid ratio.

2.6. Evaluation of Raw Coffee Bean Extracts

For all the analyses (TPC, antioxidant activities, and HPLC), the extracts were cen-
trifuged at 1200 rpm for 15 min (Heraeus Fresco 21, Thermo Scientific, Waltham, MA, USA).
The suspensions were collected and stored until the time of analysis. For the HPLC analysis,
the suspension was filtered through 0.22 pum filters.

2.7. TPC and Chemical Antioxidant Activity of the Extracts

The concentration of TPC in the raw coffee bean-based extracts was measured using
the Folin—Ciocalteu method proposed by Singleton and co-workers [20]. The DPPH (2,8-
diphenyl-1-picrylhydrazyl) method and the ferric reduction antioxidant power (FRAP)
assay were employed to evaluate the antioxidant activity. Therefore, the DPPH analyses
were performed according to the method by Brand-Williams and co-workers [21], which is
based on the capture of the organic radical; the FRAP assay was performed as proposed by
Benzie and Strain [22], with some modifications.

Further details about the described assays are available in Figure S1 (Supplementary
Material). All the analyses were performed in triplicate, and the results were expressed as
mean =+ standard deviation.

2.8. Extract Composition Profiles Determined by High-Performance Liquid Chromatography (HPLC)

The identification and quantification of caffeine, trigonelline, and chlorogenic acids
were performed by liquid chromatography with a diode array detector (HPLC-DAD, model
Dionex UltiMate 3000, Thermo Scientific, Germany,). For both analysis, an ACE 5 C18
column (250 mm x 4.6 mm i.d; 2.6 pm) kept at 25 °C was used.

The determination of caffeine and trigonelline employed the methodology proposed by
Toci et al. [23], with some modifications. The chromatographic conditions were as follows:
injection volume of 100 uL, the mobile phase was methanol (phase A) and ultrapure water
(phase B) at a flow rate of 1.0 mL.min-1, the elution program was from 5% of A (3 min) to
15% A (3 min) to 25% A (3 min) to 35% A (3 min) to 40% A (3 min). The DAD detector was
programmed for acquisition from 200 to 700 nm, and the quantification was performed at
wavelengths of 272 and 265 nm for caffeine and trigonelline, respectively.

The determination of chlorogenic acids employed the methodology proposed by Trugo
and Macrae [24] with some modifications. The chromatographic conditions were as follows:
injection volume of 100 pL, the mobile phase was 0.01 M trisodium citrate buffer solution
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with pH adjusted to 2.5 (phase A) and methanol (phase B) at a flow rate of 1.0 mL.min!,
the elution program was from 100% A (19 min) to 80% A (10 min.) to 60% A to 100% A
(5 min). The DAD detector was programmed for acquisition from 200 to 700 nm. The
quantification was performed at a wavelength of 360 nm, as shown in Figure S2.

Quantification of chlorogenic acid isomers was achieved by comparing the peak areas
of the components of interest with a calibration curve obtained using 5-CQA as an external
standard. Each isomer could be quantified individually according to the molar extinction
coefficients () reported in the literature, using Equation (1) [24]. The following groups of
chlorogenic acids isomers were quantified: three caffeoylquinic acid isomers with caffeoyl
groups in positions 3, 4, and 5; three dicaffeoylquinic acid isomers with caffeoyl groups in
positions 3, 4-, 3, 5-, and 4, 5; and a feruloylquinic acid isomer:

_RFxslxMrzxA

C
&y X Mr1

)

where RF is the response factor established for 5-CQA, ¢; is the molar absorptivity of
5-CQA (1.95), &, is the molar absorptivity of the isomer in question, Mrq is the relative
molecular mass of 5-CQA (354.32 ug/mL), Mr, is the relative molecular mass of the isomer
in question, and A is the area for the target isomer.

2.9. Statistical Analysis

Statistical analyses were performed using the Statistica v. 10.0 software (StatSoft, Tulsa,
OK, USA). The hypothesis of normality was assessed using the Shapiro-Wilk test (p > 0.05),
followed by homoscedasticity determination using the Bartlett test. Subsequently, com-
parison of the means was performed using one-way ANOVA and the Tukey post hoc test
(p > 0.05).

3. Results and Discussion
3.1. Optimization of Extraction Conditions by Experimental Design

The SLE can be affected by multiple parameters, independently or interactively, such
as temperature, time, solvent, and the extraction technique choice. However, in addition
to promoting high levels of extraction of the target compounds, it is required that the SLE
can maintain the bioactive compounds’ functionalities. Hence, a CRD was employed to
maximize the EE and to preserve the bioactive compounds’ activities in the raw coffee bean
extracts. Thereby, the CRD made it possible to evaluate the influence of the parameters
(temperature, solvent, and technique) in the extraction performance and also afforded
a better understanding of the interactions between the independent variables and the
composition of the extracts. The results of both raw coffee bean extracts in terms of TPC
and antioxidant activity (DPPH and FRAP) are available in Tables 1 and 2.

Table 1. TPC and antioxidant activities (DPPH and FRAP) obtained for the conventional (MS-AE)
and unconventional (UT-AE) extraction methods from Coffea arabica.

Explanatory Variables TPC DPPH FRAP

Solvent T(O Technique (mgGAEg™ 1) * (mgtrontox g1 * (Mgirontox ™1 *
Water 223+ 58db 36.5 4+ 4.5 ¢ 517+ 1.1
ChCl1 50% wt. 36.4+29 49.6 +3.6b2 63.9 +4.4b2
CCLA MS-AE 228+ 0.6 263+ 0.6 442463
CCP 181+12¢ 32243.1f 4524+ 69
CCGY 20.8+5.9¢ 2714 3.3he 428445
CCXY 12.2 + 0.6 8P 29.7 +1.18¢ 312445

25

Water 33.9 4+ 0.6bP 448+ 16 70.6 4 2.4 bP
ChCl150 wt.% 36.3+1.22 53.6 + 1.7 99.3 + 222
CCLA UT.AE 255+ 1.8 42 +24¢ 59.7 £ 5.2
CCP 308 +22¢ 39 +2¢ed 66.4 4+ 6.2 P
CCGY 289 +2.7 371421 55.4 4 0.9 <

CCXY 2294451 317 +0.1f 351405¢
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Table 1. Cont.

Explanatory Variables TPC DPPH FRAP
Solvent T(CQ) Technique (mgGAE g™1) (Mrotiox 1) * (Mgirottox g1 *
Water 315+51% 394 + 6.7bb 54.6 + 3.9bb
ChCl1 50 wt.% 457 +6.3ba 615+27% 68.6 + 0.9 b2
CCLA MS-AE 253 £2.3¢ 343 £020P 66.4 £ 0452
CCP 25.9 4+ 2.6 34.6 +2.2bb 62.3 4+ 6.7ba
CCGY 29.1+1.3¢ 353 + 6.8bP 432459
CCXY 24.0+ 28" 25.7+1.1% 465 +5.9bb
45
Water 393+ 02 477 +£49bb 77.5 4+ 1.5bP
ChCl1 50 wt.% 475+ 1.3 624+ 172 102 £ 5
CCLA UT-AE 362429 383 +08% 717 £08%
CCcP 343+ 0.7 445+ 6.8bb 65.2 4+ 1.5bP
CCGY 30.5 4+ 1.7 de 441 + 640 61.3 + 4.6bP
CCXY 26.1 + 0.4 30.69 + 0.04 be 54.3 + 6.9 bc
Water 40.3 4+ 6.7bP 59.7 4 6.8 bP 87.9 4+ 6.2bP
ChCl1 50 wt.% 546+ 1.4 75.4 + 223 1121 +2.7f
CCLA MS-AE 2244219 352 +4.74d 69.9 £24
CCP 275+ 2.3bc 471 4+ 0.5dc 87.1+ 6.6bP
CCGY 23.6 4+ 0.9 dc 37.1+0.8dd 65.6+ 7.9
CCXY 17.3 + 0.3 241 +3.6° 53+ 4c
Water 65 36.94 + 0.04 P 39.6 + 5.4 dc 76 + 6P
ChCl150 wt.% 465 +22ba 56.3 + 0.8 ba 90.1 432
CCLA UT-AE 27.6+1.1 436 +04 9 68.6 £22®
CCP 374+ 63 499+ 13 60.1+ 5.7
CCGY 277 £29db 498 + 04 722 +5.10bb
CCXY 293+ 1.8 284 +23¢d 50.4 +1.1¢

* Values obtained from three repetitions + standard deviation (SD). Different superscript letters in the same
column indicate a significant difference (ANOVA and Tukey’s test, p < 0.05), where the first letter corresponds to
comparison between the techniques (conventional and unconventional) at the same temperature, and the second
letter corresponds to comparison between the solvents using the same technique and temperature. ChCl 50 wt.%,
50% by weight aqueous solution of choline chloride; CCP, 1.2-propanediol-choline chloride solvent; CCLA, lactic
acid-choline chloride solvent; CCGY, glycerol-choline chloride solvent; CCXY, xylose-choline chloride solvent.

Table 2. TPC and antioxidant activities (DPPH and FRAP) obtained for the conventional (MS-AE)
and unconventional (UT-AE) extraction methods from Coffea canephora.

Explanatory Variables TPC DPPH FRAP
Solvent T(€Q) Technique (mgGAE g~1) * (Mirotox 871 * (MGirotox 871 *
Water 497 +£2.19 71.7 + 0.1 b2 1049 + 02
ChCl150 wt.% MS-AE 58.1+1.3b 72142402 1154 +2.1ba
CCLA 31.1 £2.68 44.99 4 0.05 ¢ 55.9 + 2.4 &
CCP 228 +22hd 31+4fc 483 +1.2hd
45
Water 524+12¢P 71.8+1.1Pb 98.5 4+ 3.7db
ChCl1 50 wt.% UTAE 62,1 +0.43 732 +0.2ba 128.7 £2.13
CCLA 36.2 4+ 0.4 ¢ 51.2 + 0.4 dc 69.7 +2.81d
CCP 324+3.11M 58.9 4+ 0.2 ¢d 5254 0.2¢
Water 61.4 4+ 0.5 75.5 4+ 093 106.9 + 0.5 4P
ChCl150 wt.% MS-AE 57.7 £ 024 724+ 16 11814 0.6 <
CCLA 34.6 + 3.3 8¢ 547 +0.9fc 68.5+2.1hd
CCpP 33.1+0.78 488 +1.58d 94.6 + 04 ¢
65
Water 624 +040bb 73.7 +2.7ba 122.6 + 3.1 bb
ChCl1 50 wt.% UT-AE 68.9 + 0.9 2 732 +0.2ba 1426 £1.12
CCLA 478 £ 1.4°¢ 59.3 4+ 0.4 9b 77.7 + 2.8 84
CCP 431+14fd 58.1 + 0.2 ¢ 79.2 + 0.2 f

* Values are derived from three repetitions + standard deviation (SD). Different superscript letters for the same
column reflect a significant difference according to ANOVA and Tukey’s test (p < 0.05), where the first letter
indicates a comparison between the techniques (MS-AE and UT-AE) at the same temperature, and the second
letter indicates A comparison between solvents under the same technique and temperature. ChCl 50% wt.%, 50%
by weight aqueous solution of choline chloride; CCP, 1.2-propanediol-collinium chloride solvent; CCLA, lactic
acid-choline chloride solvent.
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3.2. TPC Content

According to Table 1, the optimal extraction condition of TPC from raw C. arabica
beans was at 65 °C through the MS-AE technique and with the aqueous solution of ChCl
50 wt.% as the solvent. Ueda and co-workers [19] previously described the 50 wt.% aqueous
solution of choline chloride as the potential extraction media for bioactive compounds. For
raw C. canephora bean extraction (Table 2), the optimized SLE condition was achieved at
the same temperature with the UT-AE technique and using the same solvent. In addition,
the CRD results of TPC extraction from both raw coffee bean samples are demonstrated in
Figure 2a,b.

Conventional method Unconventional method
(MS-AE) (UT-AE)

Total phenolic compounds (TPC)

(;:8avo 3w) DAL

N

(;3-Avo 3w) DdL
(,3gvo Bw) DAL

AAAAV
5
S

Figure 2. 3D surface plots of TPC content (mg GAE g_l) from (a) Coffea arabica and (b) Coffea canephora,
as a function of temperature (°C), solvent, and extraction technique.

As depicted in Figure 2ab, the CRD results from both raw coffee bean samples
showed that the three variables evaluated significantly affected the SLE, especially the
solvent choice (p < 0.05). Concerning the interactions between the three variables (Table S52),
for C. arabica, only the interaction between the choice of the solvent and the extraction
technique was statistically significant. For the SLE of C. canephora bioactive compounds
(Figure 2b), the interactions between temperature and solvent and between temperature
and technique showed the existence of a significant dependence between the variables
in terms of TPC content. More details about the ANOVA results are provided in the
Supplementary Material, cf. Tables 52 and S3.

Concerning the extraction techniques, for the SLE of the C. arabica species, the UT-AE
boosted the EE for most the extracts, except for the solvent aqueous solution of ChCl
50 wt.% and water (Table 1). For the TPC extraction of C. canephora species (Table 2), the
SLE was positively affected by the UT-AE technique considering all the obtained extracts.
This result could be related to the high-speed shearing homogenization promoted by the
ultrafast rotary disintegrator /homogenizer equipment, which contributed to enhance the
mass transfer process. In addition, the SLE efficiency and selectivity were strongly affected
by the samples particle size [24]. Thus, the UT-AE technique can simultaneously break
the matrix cell walls and extract the bioactive compounds from a wide range of plant
materials [16,25]. Moreover, the UT-AE technique reduces the extraction time, which is
beneficial for the process since long extraction periods can lead to the degradation of
valuable bioactive compounds.

Related to the temperature influence in the SLE, the TPC content increased with an
increase in temperature. This positive effect occurred due to a reduction in the solvent
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viscosity, which favored the mass transfer process and the solubility of the bioactive
compounds available in the raw coffee bean samples to the solvent [26-29]. In addition,
the temperature impact in the SLE was more evident in the DES-based extracts, which
presented an elevated viscosity.

For both raw coffee bean species, the aqueous solution of ChCl 50 wt.% promoted the
highest total polyphenolic content. Furthermore, the maximum TPC values for C. arabica
(Table 1) were 46.5 4 2.2 and 54.6 + 1.4 mg GAE g, and for C. canephora (Table 2) they
were 68.9 £ 0.9 and 57.7 + 0.2 mg GAE. g~!, with UT-AE and the MS-AE techniques,
respectively. For the SLE carried out with water as a solvent, the TPC values for C. arabica
(Table 1) were 36.94 4+ 0.04 and 40.3 + 6.7 mg GAE g~!, and for C. canephora (Table 2)
they were 62.4 + 0.4 and 61.4 + 0.5 mg GAE g~!, with UT-AE and the MS-AE techniques,
respectively. Thus, these results indicated that in most cases the presence of choline chloride
boosted the extraction of polyphenols from the raw coffee beans samples.

As reported by Oliveira and co-workers [30], green solvents such as aqueous solutions
of choline chloride presented the ability to increase the solubility of some compounds.
According to the authors, the solubility of curcumin and gallic acid, which are bioactive
compounds, are positively affected by the presence of an additive. Additionally, gallic acid
is a phenolic acid that is widely found in natural matrices, which belongs to the same group
of the majority of the bioactive compounds available in raw coffee beans samples, such as
the chlorogenic acids [1]. Therefore, it can be assumed that the presence of choline chloride
in the SLE enhances the EE of phenolic compounds from C. arabica and C. canephora.

Concerning the DES-based extractions, a substantial variance in the TPC values was
observed. For the SLE of C. arabica bioactive compounds, the CCP-based DES provided
the maximum EE of TPC, displaying the yields of 37.4 + 6.3 mg GAE g~! with the UT-AE
technique. Furthermore, the raw coffee bean extracts obtained with the CCXY-based DES
and employing the MS-AE technique showed limited capacity to extract the bioactive com-
pounds according to the TPC assay, displaying a maximum yield of 17.3 + 0.3 mg GAE g~ .
This outcome could be explained by the high viscosity of xylose which reduces the EE.
Sugar-based DESs are particularly known for their high viscosity, which occurs due to the
large number of hydroxyl groups available in the sugar molecules that boost the formation
of hydrogen bonds with the HBA [14,18].

For the SLE of C. canephora bioactive compounds, the CCLA-based DES was capable
of enhancing the EE, reaching a maximum value of 47.8 + 1.4 mg GAE. g~! through
the UT-AE technique. This finding can be correlated to the high solute-solvent affinity
between the polyphenols in the raw coffee bean samples and the CCLA. In sequence, the 1,2-
propanediol-based DES was able to reach a maximum TPC value of 43.1 & 1.4 mg GAE. g~!
under the application of the UT-AE technique.

As regards previous works involving the extraction of bioactive compounds from raw
coffee bean species, Cheong et al. [31] obtained a maximum TPC value of 53.76 mg GAE. g !
from the SLE of raw C. arabica beans with a ternary mixture (acetone-methanol-water) as the
solvent and under the Soxhlet extraction method. In contrast to the authors’ findings, this
work demonstrated the promising potential of employing biocompatible, green, and design
solvents, such as an aqueous solution of choline chloride 50 wt.% and the DESs in the SLE,
since they can provide equal or a higher yield of TPC. He¢imovi¢ et al. [32] investigated
the extraction of C. Canephora bioactive compounds employing water as the solvent and
the conventional stirring method at 100 °C. As a result, the authors obtained lower TPC
content than the present work, reaching a maximum value of 42.37 mg GAE. g~ L.

3.3. Chlorogenic Acids, Caffeine, and Trigonelline Contents

The bioactive compounds (chlorogenic acids, caffeine, and trigonelline) that were
identified in the raw C. arabica and C. canephora bean extracts are listed in Tables 3 and 4.
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Table 3. Contents of CGAs, caffeine, and trigonelline obtained using the conventional (MS-AE) and unconventional (UT-AE) methods of extraction. The results are

expressed on a dry mass basis (mg lOOg_l) from Coffea arabica.

Explanatory Variables Chlorogenic Acids (mg 100g—1)
T(Q)

Alkaloids (g 100g-1)

Solvent Technique 4.5diCQA 3.5diCQA 3.4diCQA 5-FQA 4-CQA 5-CQA 3-CQA TOTAL CGA Caffeine Trigonelline
Water 112+0014 4.59 +0.01 ™ 1.01£0.02% 31.1+02F 36.5 4+ 0.4 1733 £ 0.4 189+ 150 27737 £0.08" 12377 4+004% 11041+ 0.09*
ChCl1 50 wt.% 209 +0.17 2468 £ 008  1691+£004C  4416+0.07%® 81.4+0.1b0 306.8 + 0202 472 4+0.1% 541.34 +£0.02 " 1134+ 02 66.7 +2.8°
CCLA MS-AE 18.24 + 0.06 25.41 + 0.03 da 12.6 + 0.1 hd 27.56 4 0.05 hd 33.7 £0.71d 21244 0.78 20.57 + 0.01 & 350.3+ 09" 61.8 £0.2h 283+17¢
CCP 19.48 +£0.02" 2514+ 0.01% 13.04 £ 0.02 8¢ 23.51 4+ 0.06 40.140.9he 203.3 4 1.1 he 20.01 + 0.05 & 345.6 + 0.2 f 55.73 4+ 0.09 id 144 + 0244
CCGY 18.9 £ 0.1k 2214028 451401 652402 471+08% 2077 £05M  29.01+£003%  33887+0028¢ 3749 +0.027 31.45 £ 0.08
CCXY - - - - - - - - - -
25
Water 6.98 & 0.02 15.44 + 0.03 he 7.52 4 0.01he 45.45 4+ 0.04 < 67.79 4 0.04 < 3001+ 1.1 36.93+0.03% 41321 4 0.03 9 127.4 £ 042 11243 4+ 0.01 %@
ChCl 50 wt.% 31154+ 0.01%  41.89 4+ 0.01 % 2391 +0.02P2  54.18 +0.01P2 90.4 + 0.3 384.5+0.8% 49.94 4 0.08 2 675.92 4 0.01 % 113.4 + 0.5 71.6 £29bb
CCLA UT-AE 23.75 £ 0.07 90 33.1+0.1% 16.76 + 0.03 < 36.63 + 0.03 4914119 268.1 4 0.2 ¢ 27.27 + 0.06 45417 +0.01 < 94.2 +0.4 9 279 +0.6
ccp ) 18.58 + 0.01 id 23.41 £ 0.04 fd 13.24 + 0.02 84 23.52 4 0.02 ¥f 39.1+ 03 200.62 +0.08f  22.19 £ 0.08 339.91 £ 0.01 84 83.9 + 0.1 259 + 0.5
CCGY 18.81 + 0.03 d 23.73 4 0.06 14 14.42 +0.01 14 25.58+ 0.05 i 4394 0458° 210.7 + 0.3 & 20.6 4 3.28f 357.17 4+ 0.03 ¢ 723+ 03" 28.17 4 0.09 <
CCXY 2243 +0.04 & 29.1 £0.1 15.61 + 0.08 9¢ 29.1+0.184 489 +0.7¢d 249.7 +0.9 fd 26.5+0.11d 419.7 £1.7 9 64.14+0.38f 28.8+ 1.5«
Water 7.91 +0.02 18.09 + 0.03 ' 8.79 4 0.04 If 48.96 + 0.04 < 751402 287.6 £ 1.6 % 39.4+ 03 503.8 + 0.2 <0 142.06 + 0.09 131.3 + 0.9
ChCl 50 wt.% 27.14 + 0.09 b2 34,6402 21.96 + 0.06 > 54.140.1% 953+ 0.3 370.7 £ 1.6 b2 54.1 4 0.1 657.78 + 0.02 2 135.8 £ 0.1 80.4 + 0.2
CCLA MSAE 17.76 +£0.018¢ 2492 £0.018 12,55+ 0.05 & 28.54 4 0.02 i 39.340.17d 210.7 +0.21¢ 21.82 4 0.03 kd 355.58 + 0.01 )¢ 70.4 +0.2¢d 451+ 05
ccp 21.86 & 0.07 26.71 £ 0.07 15.64 + 0.06 < 28.01 + 0.05 4 529 +02f 229.1 + 0.4 he 25.84 + 0.06 400.05 4 0.05 he 105.2 + 0.1 9¢ 57.1 4039
CCGY 20.57 £ 0.02 e 26.85 & 0.01 14.42 +0.01 f 27.17 £ 0.02 5 44.35 4 0.09 ' 225.6 +0.21d 24.83 4+ 0.011¢ 3839 £ 0.61d 66.7 & 0.41¢ 25.1+0.51
CCXY 5 16324001 2172 +0.02" 1152 +0.01"  21.26 £ 0.01k 335+ 26K 186.7 & 0.3 K 20.57 4 0.01 e 311.2 + 0.3 K 46.81 +0.02 K 122+ 114
Water 3.29 +0.017¢ 10.95 + 0.03 J¢ 3.74 4 0.017¢ 4251 4 0.05 58.2 4 0.1 259.2 4+ 0.4 fd 31.01+£0.03%  477.31+0.019%  132.14 4 0.09 b® 118.4 £ 0.5
ChCl 50 wt% 36.61 £ 0.03% 4997 +0.07° 2614 +0.08% 56.5 + 0.8 2 91.77 4 0.05 b 4153+ 1.2 51.8 4 0.1 727.8 + 0.2 147.7 £ 0.7ba 117.6 £1.3%
CCLA UT-AE 20230011 28424009 144540021 342940045 453 £ 14N 2504 +£048  2655+005M  419.7 40018 973 +058 278 0.7
CcCP 23.14 + 0.06 4¢ 31.5+0.19d 16.42 £ 0.019  33.66 + 0.06 8° 51.5 4 0.5 84 273.8 + 0.4 29.21 + 0.03 fd 459.1 + 0.1 98.13 =+ 0.06 f 344 + 028
CCGY 23.80 £ 0.03 d¢ 30.04 + 0.07 d¢ 16.49 + 0.04 9 31.48 + 0.07 M 49.59 £ 0.06 261.1+ 0.6 27.93 £ 0.02 8¢ 4409 +0.8 81.1+02°% 30.2 £ 0.9 d
CCXY 26.07 + 0.03 < 331401 18.58 4 0.05 < 36.1 £0.3¢ 61.6 £ 039 300.6 = 0.2 34.26 + 0.09 b 5113 £3.3 < 87.21 £ 0.07 ¢4 38.1+0.8%
Water 25.57 4 0.04 d¢ 404 +0.1 9 21.44 4 0.04 % 78.76 + 0.03 2 123.94 4 0.06 38214+ 1.6 36.93 4 0.03 811.9 + 0.2 b 202.1+ 0.1 201.1 + 0.3
ChCl 50 wt.% 34.01 + 0.05 b2 434402 27.19 + 0.06 b 62.1+0.1°¢ 109.7 £ 0.3 bb 422.4 + 0.7 b2 62.05 & 0.04 2 760.76 & 0.01 < 145.9 + 0.6 PP 70.9 + 3.4 db
CCLA MS-AE 182+ 0.1he 25.14 4 0.01 i 12.76 & 0.01 ' 30.01 £ 0.027¢ 39.3 041 219.4 4 0.4¢ 227 +£0.1% 367.87 + 0.01 )¢ 73.5 4 0.4 8 31.6 £ 0.3
CCP - 34.59 + 0.06 PP 437 £0.1 24.21 4 0.04 42.05 4 0.06 61.1+03f 365.8 £ 1.7 4 35.05 & 0.06 < 606.43 4 0.01 9 68.51 + 0.06 M4 2254097
CCGY 19.79 £ 0.058¢ 26854 0.048  13.0440.04M 2722 4 0.04 ke 42840174 2243 4 0.5 23.76 4+ 0.02 id 378.5 4 0.6 66.14+0.1% 2414 0.61d
CCXY 6 16.57 + 0.07 if 22.06 + 0.07 i 11.62 + 0.05 f 21.56 + 0.04 f 344+ 01K 185.7 + 0.4 K 19.37 4+ 0.01 ¥ 3112 + 0.6 49.19 4 0.08 ¥f 18.1 4097
Water 10.98 + 0.01f 19.07 £ 0.01 ke 3.74 4+ 0.017 46.1+£0.1% 74.1 + 0290 293.4 + 0.5 39.39 & 0.05 486.13 %+ 0.06 f 128.6 £ 03 114.1 £ 0.8
ChCl 50 wt.% 41.78 + 0.08 2 57.7 4 0.1 % 30.55 + 0.06 2 65.1 +£0.1b 106.6 & 0.3 @ 460.1 + 1.7 60.01 + 0.03 b2 821.14 4 0.01 @ 132.1 £ 0.7ba 84.1+3.6®
CCLA UT.AE 23.14 4 0.01 f 32.62+0.028 1655+ 0.018  36.81 4 0.018 4914011 275.8 4 0.3 he 28.6 4 0.184 462.41 + 0.01 he 97.9 4 0.5 d¢ 4054 0.3 1
ccp 25.23 £ 0.01 d¢ 33.91 +0.02 f 17.51 +0.03 33.48 +0.01 50.9 + 0.6 he 285.56 =+ 0.09 i 29.2 +0.2fd 4758+ 1.1 &4 85.23 + 0.01 d¢ 33.4 +0.78¢
CCGY 24914002  31.41+0.04hd 17.58 + 0.04 f 34.29 4+ 0.01 he 57.3 4 0.584 27821 + 0.04 8f 27.9 4+ 33he 472.44 + 0.04 8° 60.94 0.5 fe 26.1+0.1°
CCXY 294+ 05 3878 £ 0.01  20.43 + 0.01 39.01 4 0.03 fc 6324+ 05¢ 319.9 + 0.3 < 343 +0.1°¢ 5449 + 3.8 ¢ 86.8 & 0.2 424+ 03¢

p < 0.05, where the first letter indicates comparison between the techniques (conventional and unconventional) at the same temperature and the second letter indicates comparison
between the solvents for the same technique and temperature. ChCl 50 wt.%, 50% by weight aqueous solution of choline chloride; CCP, 1.2-propanediol-choline chloride solvent; CCLA,
lactic acid-choline chloride solvent; CCGY, glycerol-choline chloride solvent; CCXY, xylose-choline chloride solvent. (Note: CCXY has high viscosity at room temperature, so the extracts
obtained with the DES composed by CCXY in the conventional method at 25 °C were highly viscous. Therefore, it was not possible to perform the extraction with this solvent. However,
by using ultrafast rotary disintegrator/homogenizer (unconventional method), the high level of agitation enabled the extraction to be performed).
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Table 4. Contents of CGAs, caffeine, and trigonelline obtained using the conventional (MS-AE) and unconventional (UT-AE) methods of extraction. The results are

expressed on a dry mass basis (mg 100g 1) from Coffea canephora.

Explanatory Variables Chlorogenic Acids (mg 100g-1) Alkaloids
Solvent TCO Technique 4.5diCQA 3.5diCQA 3.4diCQA 5-FQA -CQA 5-CQA 3-CQA TOTAL CGAs Caffeine Trigonelline
Water 36.8 4+ 0.8 422409 242+02¢ 9.4 +0.6 128.09 4 0.42 4 268.1 42,99 117.7 £ 0.6 @ 710.8 £ 0.3 b 214.2 + 0.6 > 413402
ChCl 50 wt.% 4829 +0.06P  46.26 + 0.06 ™ 4814520 129.8 £ 0.2 b2 79.7 + 0.4 °d 4229 4082 107.8 = 0.5 b 882.73 + 0.01 b2 199.1 + 0.3 54.8 4 0.3 %
CCLA MS-AE 31.02 £ 0.08 d¢ 24.97 +0.02 & 28.2 4+ 0.1 63.46 +0.01f 147.5 + 0.2 2122 4+ 0.8 ¢ 51.2 + 0.8 558.48 4 0.09 114.6 £ 0.5 23.51 £ 0.09 ¢
CCP 22.1+03fd 172+ 0.1 8 189 +0.11d 39.2£0.11d 137.8 £ 02 108.2 + 0.7 8¢ 26.624 0.08 84 370.02 + 0.09 ¢4 64.1 + 0.6 84 15.54 =+ 0.04 fd
Water s 3024029 28.7 + 0.4 351413 123.14 0.8 50.6 +£ 0.1 359.4 + 0.6 ° 103.1 £ 0.6 729.57 4 0.09 1171+ 0.4 34.04 + 0.06
ChCl 50 wt.% 56.3 & 0.6 2 49.7 £ 0.3 53.9 + 0.4 % 136.5 + 1.4 % 157.1 4 0.3 % 405.4 4+ 1.1ba 11224+ 0.8 971.23 + 0.03 2 2219 + 0.4 4744060
CCLA UT-AE 359 +£0.1¢ 31.63 4 0.07 % 352401 80.7 + 0.3 ¢ 31.28 + 0.03 & 298.07 4 0.05 ¢ 74.7 4 0.7 dc 586.7 4+ 0.2 ¢ 162.1 + 0.4 90 31.6 £0.19
CCP 2556 +0.02° 2251 +0.04 241 +£21°¢ 51.59 4 0.01 &4 21.61 4 0.02 hd 1722 £ 051 4114011 358.72 + 0.06 &4 1122 +£09fd 24.02 + 0.07 ¢
Water 47014003 4601 £0.09% 4917 +£0.03b 160.1 £ 0.1 % 86.4 + 0.2db 410.1 £ 0.7 < 129.4+ 0.2 bP 923.5 4+ 0.2 < 239.4 + 0.5 % 5224 0.1
ChCl1 50 wt.% 78.7 + 0.6 44.55 £ 0.07 < 489 £ 02" 1221415 40.9 £ 0.4 8¢ 4663 £1.1™ 133.1 4032 934.6 0.3 214.1 £ 0.5 54.35 + 0.03 *
CCLA MS-AE 3676+ 003%  302+0.6% 347407 79+1f 108.73 + 0.04 > 2793+ 07 69.6+£1.6%  63836+0016 1497 +£0.6% 3273+ 006%
ccp 238+ 0484 18.5 4+ 0.3 Md 212 +0.18 444+01M 99.1 £ 02 134.9 0.3 1d 341+088 375.89 + 0.06 719 + 0.2 8¢ 16.97 £ 0.03
Water 65 3494+ 0.3 ¢ 334416 38.7 + 0.3 4¢ 1154+ 049 11.9 £ 0.3"0d 393.1+02% 1047 +£1.6 73314029 1945+ 0.1 3414029
ChCl 50 wt.% 62.1 407 56.8 + 0.1 60.9 £ 0.2 2 148.1 £ 0.9 1184 + 0.4 2 430.9 + 0.7 b 119.3 £ 0.3 996.5 4+ 0.3 2 217.1 + 0.2 b2 439405
CCLA UT-AE 453408 38.67 & 0.06 4© 422402 100.3 £ 0.9 e 70.1 402 326.3 + 0.6 ¢ 80.1 4 0.5 4¢ 702.9 4 0.5 < 168.6 = 0.9 d¢ 35240290
ccrp 3284091 27.48 £ 0.02 8¢ 30.17 £ 0.05 f 68.78 + 0.09 &4 60.32 4 0.04 f 228.4 + 0.9 &4 522 +0.71d 500.2 + 0.5 &4 97.6 + 0.4 1d 334+01%

Values were derived from three repetitions & standard deviation (SD). Different superscript letters for the same column reflect a significant difference according to ANOVA and
Tukey’s test (p < 0.05), where the first letter indicates a comparison between the techniques (conventional and unconventional) under the same temperature, and the second letter
indicates a comparison between the solvents employed under the same technique and temperature. ChCl 50% wt.%, 50% by weight aqueous solution of choline chloride; CCP,
1.2-propanediol-collinium chloride solvent; CCLA, lactic acid-choline chloride solvent.
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3.3.1. Chlorogenic Acids

As demonstrated in Tables 3 and 4, the optimal extraction condition of total CGA
compounds from raw C. arabica and C. canephora beans was at 65 °C, through the UT-AE
technique, and employing the aqueous solution of ChCl 50 wt.% as the solvent. According
to the CRD results (Figure 3a,b), for both raw coffee bean species, the extraction of the

chlorogenic acids (CGAs) was significantly affected by solvent choice and temperature
variation (p < 0.05).
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Figure 3. 3D surface plots of total chlorogenic acids (CGAs) (mg 100g*1) from (a) Coffea arabica and
(b) Coffea canephora as a function of temperature (°C), solvent, and extraction technique.

For the SLE of C. arabica species (Figure 3a), the extraction technique, solvent choice
and temperature rise significantly affected the extraction process (p < 0.05), and all the
interactions among the variables exhibited a substantial impact on the CGAs extraction.
Furthermore, for the SLE of C. canephora bioactive compounds (Figure 3b), an increase
in temperature did not substantially influence the EE of CGAs (p > 0.05). Regarding
the interactions among the variables (temperature, solvent, and technique), there was no
significant dependence between the variables concerning the CGA content obtained through
the extraction process (data available in Supplementary Material, cf. Tables S4 and S5).

The highest yields of total CGA content extracted from C. arabica were achieved
through the UT-AE technique with the aqueous solution of ChCl 50 wt.%, followed by the
SLE carried out with water as the solvent and and following the MS-AE technique. For
the obtention of the CGAs from the C. canephora species (Table 4), the UT-AE technique
improved the SLE of most the raw coffee bean-based extracts, except for the extraction with
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water as the solvent. Overall, these results indicated that UT-AE employment positively
affects the EE of the CGAs in the majority of the raw coffee bean-based extracts.

Regarding the temperature effect on extraction capacity, an increase in temperature
enhanced the total CGA content in both raw coffee bean extracts under the MS-AE and
UT-AE techniques. In addition, as previously observed in the extraction of TPC from C.
arabica and C. canephora, this promising effect of temperature was particularly observed for
the DES-based extracts due to the reduction in their high viscosity. Sato et al. [33] applied
hydrothermal extraction to obtain bioactive compounds (caffeoylquinic acids (CQAs),
phenolics, melanoidin, and caffeine) from raw C. arabica beans. The authors observed the
same positive effect of increased temperature as in the present work.

The CGA extraction from C. arabica and C. canephora species was substantially increased
with the aqueous solution of ChCl 50 wt.% as the solvent, reaching maximum values
with the UT-AE method and at 65 °C. For the C. arabica species, the highest yield of
total CGAs was 821.14 + 0.01 mg 100g !, and for C. canephora, the highest yield was
996.5 4+ 0.3 mg 100g ! (Tables 3 and 4). In addition, this solvent also promoted the highest
extraction capacity of the 5-ACQ isomer in both raw coffee bean samples. Subsequently,
the SLE conducted with water was the second most efficient solvent to extract total CGAs
from both raw coffee bean samples through the MS-AE technique, reaching amounts of
811.9 + 0.2 mg 100g ! and 923.5 + 0.2 mg 100g ! for C. arabica and C. canephora, respectively
(Tables 3 and 4).

It is well-known that the physical-chemical properties of the solvent will affect the
EE of targeted bioactive compounds. Thereby, for both raw coffee bean species, the SLE
conducted with the DES evaluated was capable of extracting the CGAs from the matrices.
However, for the CGA extraction from the C. arabica and C. canephora samples (Tables 3 and 4),
the most suitable DES-based solvents were CCP (606.43 + 0.01 mg 100g~!) and CCLA
(702.9 4 0.5 mg 100g 1), respectively. These results were obtained at 65 °C and through the
MS-AE technique for the C. arabica species and the UT-AE technique for the C. canephora
species. Therefore, the choice of DES-forming compounds (HBA and HBD) plays a crucial
role in the extraction yield.

Concerning C. arabica CGA extraction, the CCXY-based SLE displayed the lowest
extraction capacity as compared with the other DESs through the MS-AE technique at
65 °C (Table 3). This outcome is a consequence of the high viscosity of sugar-based DESs.
As a result, the mass transfer process between the solute and the solvent was negatively
affected. Additionally, as reported by Yoo et al. [14], the DES HBD-forming compound
choice considerably influences the EE of chlorogenic acids from spent coffee grounds. The
authors evaluated DESs composed of choline chloride as the HBA and amines, alcohols,
acids, and sugars as the HBDs. According to their findings, the sugar-based DESs also
promoted the lowest yields, indicating the viscosity influence in the extraction process.

Considering previous research, Syakfanaya et al. [34] employed DESs based on betaine
as the HBA, and sorbitol and urea as the HBDs, in the SLE of caffeine, and CGA from raw
C. canephora beans. Their results showed that the maximum CGA yield was obtained with
the DES composed of betaine/sorbitol (1:2), reaching an amount of 1.35 g 100g~! CGA.
This value is substantially inferior to the results obtained by the present work comparing
the DES evaluated. Therefore, the choline chloride as the HBA proved to be more suitable
than betaine in the extraction of CGAs from raw coffee bean samples.

3.3.2. Alkaloids: Caffeine and Trigonelline

As can be seen in Tables 3 and 4, the alkaloids trigonelline and caffeine were identified
in all the obtained extracts considering both raw coffee bean species. The C. canephora
extracts exhibited the highest caffeine amounts (239.4 + 0.5 mg 100g~!), whereas the
C. arabica extracts displayed the highest trigonelline contents (201.1 & 0.3 mg 100g 1)
through the optimal extraction condition (i.e., MS-AE, at 65 °C, with water as the solvent).
The caffeine and trigonelline quantities in raw coffee beans are essentially influenced by
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several factors such as variety; genetic, environmental and climatic aspects; and postharvest
conditions [35].

The CRD results showed that for the SLE of C. arabica (Figure 4a), all variables analyzed
significantly influenced the caffeine extraction (p < 0.05). For the extraction of caffeine from

C. canephora (Figure 4b), the technique did not considerably impact the SLE (p > 0.05).
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Figure 4. 3D surface plots of caffeine content (mg 100g*1) from (a) Coffea arabica and (b) Coffea
canephora as a function of temperature (°C), solvent, and extraction technique.

For both raw coffee bean species (Figure 4a,b), the solvent choice displayed a superior
impact on the extraction, followed by an increase in temperature. Regarding the interactions
among the variables, the solvent-technique interaction showed a significant dependence
for C. arabica and C. canephora, being the most substantial interaction noticed (data available
in Supplementary Material, cf. Tables S6 and S7).

The CRD results of trigonelline extraction from C. arabica and C. canephora species are
available in Figure 5a,b.

According to Figure 5a, the SLE of trigonelline from C. arabica species was significantly
affected by the solvent choice and temperature (p < 0.05). Related to the interactions
among the variables, the solvent-temperature and the solvent-technique interactions

presented a substantial effect on the trigonelline extraction. For the C. canephora species
(Figure 5b), the SLE of trigonelline was substantially influenced by the solvent choice and
the extraction technique (p < 0.05). Concerning the interactions evaluated in the CRD, the

solvent-temperature interaction promoted a significant effect on SLE (data available in
Supplementary Material, cf. Tables S8 and 59).
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Figure 5. 3D surface plots of trigonelline content (mg 100g_1) from (a) Coffea arabica and (b) Coffea
canephora as a function of temperature (°C), solvent, and extraction technique.

As previously observed for CGA extraction, an increase in temperature also promoted
the enhancement of the EE of caffeine and trigonelline from both raw coffee bean samples.
Nevertheless, caffeine is available in raw C. arabica and C. canephora beans in the coffee
silverskin (i.e., a thin seed skin that covers the green coffee bean) and in the matrix cell
walls. Thus, the caffeine in the silverskin can be easily accessed through low temperatures
due to the high mass transfer, as can be seen in Tables 3 and 4, at 25 °C. However, the
caffeine found in the coffee beans’ cell walls is attached to the CGAs and other compounds,
resulting in the formation of insoluble oligomeric structures. Hence, increased extraction
temperature promoted cell walls breakage, which boosted the extraction of caffeine [36,37].

Concerning solvent choice, since both alkaloids are hydrophilic molecules, the SLE
carried out with water boosted the EE. These results indicate that the choline chloride
presence did not positively affect the extraction process of caffeine and trigonelline. In
addition, as reported by Oliveira et al. [30], the authors noticed the same behavior for
caffeine solubility. Thus, considering that caffeine is a hydrophilic molecule, the presence
of the additive (ChCl) is supposed to compete with caffeine in forming hydrate complexes

with water. Therefore, the caffeine solubility in water is reduced by the additive, as can be
seen in Tables 3 and 4.

For the SLE conducted with DESs, the extraction of caffeine from C. arabica and C.
canephora reached maximum yields with CCLA as the solvent. This result can be associated
with the hydrophobicity of the HBDs employed in the DES preparation and the target
bioactive compound. Therefore, the caffeine logarithm of the octanol/water partition (Log
Kow) is similar to the lactic acid (—0.55 and —0.72, respectively). Overall, this similarity
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between the solute and the DES-forming compound Log Kow indicated that the EE is
enhanced with lactic acid as the HBD. Nevertheless, the HBD choice did not influence the
SLE process of trigonelline. Thus, for C. arabica, similar yields were found with CCLA and
CCXY, while for C. canephora, CCPA and CCP promoted almost the same EE (Tables 3 and 4).
These results indicated that for DES-based SLE, other variables such as the temperature
and extraction technique had a greater influence on the extraction process.

3.4. Antioxidant Activity (DPHH and FRAP)

The antioxidant activities of C. arabica and C. canephora through the DPPH and FRAP
assay are available in Tables 1 and 2. Thus, based on the obtained results, for the antioxidant
activity of C. arabica bioactive compounds, the optimal condition was achieved through
the MS-AE technique, employing the aqueous solution of ChCl 50 wt.% as the solvent and
at 65 °C. In addition, the same temperature provided the greatest capacity to preserve the
bioactive compounds from C. canephora samples. Nevertheless, for C. canephora extraction,
the UT-AE technique made it possible to increase this antioxidant capacity. In relation to
the solvent influence, water and the aqueous solution of ChCl 50 wt.% displayed similar
outcomes.

According to the CRD results, concerning both antioxidant activity assays and for

both raw coffee bean species, the solvent choice was the variable that had more influence
on the SLE (Figures 6 and 7).

Conventional method Unconventional method
(MS-AE) (UT-AE)
Antioxidant activity
(a) DPPH
% S
: :
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Figure 6. 3D surface plots of Coffea arabica antioxidant activity according to (a) DPPH and (b) FRAP
assay (mg Trolox g_l) as a function of temperature (°C), solvent, and extraction technique.
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Figure 7. 3D surface plots of Coffea canephora antioxidant activity according to (a) DPPH and (b) FRAP
assay (mg Trolox g~1) as a function of temperature (°C), solvent, and extraction technique.

Regarding the interactions among the variables through the FRAP assay, none of
the interactions analyzed had a significant role in the C. canephora bioactive compounds
extraction process (Figure 7). However, for the SLE of C. arabica (Figure 6), the temperature—
technique interaction showed significant dependence. With regard to the DPPH assay,
the interactions between solvent and technique, and between temperature and technique
exhibited substantial dependence in the C. canephora extraction process (p < 0.05), and for
C. arabica, the only significant interaction effect was between temperature and technique
(p < 0.05) (data available in Supplementary Material, cf. Tables S10-513).

Overall, the antioxidant activity of the C. arabica and C. canephora extracts is related
to the TPC, total CGAs, and caffeine and trigonelline contents. Thus, temperature rise
was a variable that positively affected all the analyses employed at the optimal extraction
condition, including the antioxidant activity measured by the DPPH and FRAP assays. In
addition, for the C. arabica-based extracts, the extraction technique that boosted the capacity
to preserve the bioactive compounds was the MS-AE. This technique also increased the
TPC, as well as caffeine and trigonelline extraction. In contrast, the most suitable method
that was able to maintain the bioactive compounds from the C. canephora species was the
UT-AE method. This outcome was also noticed for the SLE of TPC and CGAs.

Relate to the extraction processes carried out with DES-based solvents, the capacity
to preserve the bioactive compounds from the C. arabica species was improved with CCP
as the solvent. In addition, according to the FRAP assay (Table 1), this solvent promoted
a similar antioxidant activity as comparing with the SLE conducted with water as the
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solvent at the optimal extraction condition (65 °C and with the MS-AE technique). This
result demonstrated that, even though water and the aqueous solution of ChCl 50 wt.%
as the solvents enabled more efficient extraction of the bioactive compounds from the C.
arabica species, DES-based solvents exhibited a comparable capacity to preserve these target
compounds. Thus, the hydrogen bond formation between DES-forming compounds (HBA
and HBD) decreases the solute mobility and oxygen exposition, reducing the oxidative
reaction [38]. Furthermore, the FRAP assay (Table 2) also showed that the antioxidant
activity of C. canephora extracts was also boosted with CCP as the solvent at the optimal
extraction condition (65 °C and with the UT-AE technique).

4. Conclusions

This work evaluated the effects of different green solvents, temperatures, and extrac-
tion techniques for the recovery and preservation of bioactive compounds present in raw
coffee bean extracts. The solvent designer ability of the DES and aqueous solutions were
evaluated. The use of a choline chloride aqueous solution (50 wt.%) as solvent provided
the highest yields in terms of polyphenols, while the use of water provided the highest
yields in terms of alkaloids. However, the extracts obtained using these solvents had a
lower capacity to maintain the antioxidant activity as compared with the use of DESs.

Three different temperatures (25, 45, and 65 °C) were evaluated, with a higher temper-
ature favoring extraction of the bioactive compounds. Considering the extraction technique,
extractions using the UT-AE technique provided fast and efficient recovery of the biocom-
pounds present in the raw coffee beans. All the parameters were evaluated according to
a CRD optimization procedure. The results demonstrated the remarkable ability of the
designer solvents to extract and preserve the antioxidant activity of bioactive compounds
found in raw coffee beans. In addition, the extracts obtained in the present work, which
were rich in phenolic compounds and alkaloids, could be used as food additives with
antioxidant and psychoactive properties.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/separations9120423/s1, Physicochemical Analyses description;
Table S1. Raw coffee bean (C. arabica and C. canephora) physiochemical composition; Table S2.
Analysis of variance (ANOVA) regarding the content of total phenolic compounds (TPC) of extracts
from Coffea arabica; Table S3. Analysis of variance (ANOVA) regarding the content of total phenolic
compounds (TPC) of extracts from Coffea canephora; Table S4. Analysis of variance (ANOVA) of the
total chlorogenic acids content of Coffea arabica extracts; Table S5. Analysis of variance (ANOVA)
of the total chlorogenic acids content of Coffea canephora extracts; Table S6. Analysis of variance
(ANOVA) of the caffeine content of Coffea arabica extracts; Table S7. Analysis of variance (ANOVA)
of the caffeine content of Coffea canephora extracts; Table S8. Analysis of variance (ANOVA) of
the trigonelline content of Coffea arabica extracts; Table S9. Analysis of variance (ANOVA) of
the trigonelline content of Coffea canephora extracts; Table S10. Analysis of variance (ANOVA)
regarding antioxidant activity by DPPH assay of Coffea arabica extracts; Table S11. Analysis of
variance (ANOVA) regarding antioxidant activity by FRAP assay of Coffea arabica extracts; Table 512.
Analysis of variance (ANOVA) regarding antioxidant activity by DPPH assay of Coffea canephora
extracts; Table S13. Analysis of variance (ANOVA) regarding antioxidant activity by FRAP assay of
Coffea canephora extracts; Figure S1. Evaluation of raw C. arabica and C. canephora bean extracts
potential according to total phenolic compounds (TPC) and antioxidant activity (DPPH and FRAP);
Figure S2. Chlorogenic acid chromatogram from Coffea arabica extract at 360 nm.
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