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Featured Application: The coffee processing industry is nowadays confronted with urgent chal-
lenges associated with the implementation of profitable and environmentally safe technological
solutions for managing plant waste matter. Therefore, this sector of the food industry is cooperat-
ing with scientific communities to explore the possibility of using coffee by-products, especially
spent coffee grounds, which can be considered as a valuable natural alternative to plant material
with plentiful quantities of various components with antioxidant activity. However, additional
investigations are needed to evaluate the potential for using spent coffee grounds in different
forms as an ingredient of newly designed food products with functional properties or as a com-
ponent of biodegradable packaging materials used in the agri-food processing system. These
applications are in accordance with EU policies regarding the circular economy and sustainabil-
ity of the food industry.

Abstract: The main goal of this research was to model and optimize the extraction process of bioactive
compounds from spent coffee grounds (SCG). This study utilized response surface methodology
(RSM) to determine the significance of the effects of independently tested extraction process conditions
and their interactions. The quality of the SCG extracts was evaluated by performing the following
determinations: total polyphenols content (TPC), ABTS and FRAP assays, browning index (BI), and
caffeine and chlorogenic acids contents by high-performance liquid chromatography. The resultant
optimal extraction conditions, which maximized recovery of antioxidant bioactive compounds, were
65% hydroethanolic solution (v/v) in a solvent-matrix ratio of 51 mL/g CS, followed by ultrasound-
assisted extraction carried out for 30 min at 60 °C. The SCG extract obtained by this extraction variant
had values for TPC, ABTS, FRAP and BI of approximately 38 mg GAE (gallic acid equivalent) per
g d.m. SCG, 73 mg Trolox/g d.m. SCG, 81 umol Fe (II)/g d.m. SCG, and 0.22, respectively. The
sample was also characterized by a high content of caffeine (5 mg/g d.m. SCG) and chlorogenic acids
(8 mg/g d.m. SCG). Based on the obtained results, SCG may be recognized as a coffee by-product
that has abundant components with antioxidant activity and broad possible applications in agri-food
processing fields.

Keywords: coffee by-products; polyphenols; antioxidant activity; caffeine; chlorogenic acids;
browning index

1. Introduction

Coffee is of the world’s most popular beverages and functional food commodities [1,2].
Spent coffee grounds (SCG) are a solid waste generated during the brewing of ground
coffee beans and industrial processes such as instant coffee production [3]. SCG generation
is estimated at around 650 kg of per ton of green coffee, and around 2 kg of wet SCG per kg
of soluble coffee [4]. Considering the constant increase in global coffee consumption [5] and
annual global coffee production reaching around 10 million tonnes [6], substantial amounts
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of waste SCG (around six million tonnes) are generated annually around the world [7].
Such high amounts of SCG waste may pose a great hazard to the environment if disposed
of incorrectly [8].

The growing amounts of wastes generated in food processing and pollution of the
environment led to the creation of the circular economy concept (CEC) [9]. CEC proposes a
closed-loop of material flows and focuses on several paths for extending agro-industrial
product life cycles and recycling plant waste materials, thus minimizing the environmental
impact [10].

SCG waste is abundant in many valuable compounds, including phenolics, alkaloids
(e.g., caffeine) and melanoidins, which are only partially extracted from crushed coffee
beans during the brewing process [11]. These compounds are thought to be valuable due
to a variety of bioactive effects, mainly antioxidant properties, and have substantial health
benefits. Additionally, these compounds are valued ingredients in the functional food
sector for enhancing the organoleptic properties of many plant-based foods or extending
shelf-life when used as natural preservatives [12,13].

Many studies in recent years have concentrated on the extraction of bioactive com-
pounds from spent coffee grounds, and the isolation of antioxidant components with
biological activity from coffee by-products constantly attracts attention in scientific commu-
nities around the world [14-19]. Extractions can be performed by many varied methods.
These techniques are divided into conventional (e.g., liquid-liquid, solid-liquid extraction)
and non-conventional extraction techniques [20,21]. Traditional solid-liquid extraction
techniques utilize a solid matrix and the extracting power of various solvents (pure sol-
vents, mixtures, aqueous solutions), and they remain a commonly employed method for
recovery of antioxidant compounds in the food industry. The major difficulties of conven-
tional methods are the long extraction times, requirements for costly high-purity solvents,
evaporation of the large amounts of extractant, low extraction selectivity, and thermal
degradation of thermolabile compounds. To overcome these limitations of conventional
extraction techniques, certain innovative non-conventional extraction techniques, such as
ultrasound-assisted extraction, have been developed. Ultrasound-assisted extraction is
based on a special type of soundwave which passes through the solution and generates cav-
itation [22,23]. The final yield of the extraction process is dependent on a number of factors,
such as the solvent to matrix ratio, organic solvent concentration, length of the extraction
process, procedure temperature and many more [24]. Conventionally, the effectiveness
of the process can be optimized by conducting numerous experiments, which ultimately
requires more time and financial costs [25]. To overcome these constraints, multivariate
statistical optimization techniques such as factorial design or response surface methodology
were introduced [26]. These techniques allow researchers to determine the optimal levels of
process variables that maximize the effect levels and minimize the number of experimental
runs needed [27].

For these reasons, the main objective of this study was to optimize the SCG extraction
process for maximization of antioxidant activity and bioactive compound recovery by
means of response surface methodology. Our research demonstrates a novel approach
to the optimization of the extraction process of bioactive compounds from spent coffee
grounds by varying a significant number of parameters using a two-stage experiment,
whereas traditionally, most investigations exploit only one step of the response surface
methodology. In the first stage of the extraction optimization, the significance of the factors
influencing the isolation of bioactive components from spent coffee grounds was assessed,
and then statistically non-significant independent process variables were excluded by
utilizing a randomized half-fraction factorial design. The initial stage of the extraction
optimization evaluated the impact of different types of solvents and process parameters to
obtain extracts with high antioxidant activity due to their significant content of phenolic
compounds. Based on the optimal extraction conditions selected in the first stage of the
extraction optimization, a central composite design was used for further development of
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the ultrasound-assisted extraction to maximize the content of bioactive compounds isolated
from spent coffee grounds, as well as the antioxidant activity.

2. Materials and Analytical Methods
2.1. Materials

A dried spent coffee grounds (SCG) blend was utilized as the research material.
The SCG blend was prepared by combining the spent coffee grounds generated after
coffee beverage preparation in local commercial establishments serving coffee. The SCG
blend sample collection strategy was based on the sampling scheme for unpacked batches
reported in the PN-ISO 3534-2:2010 standard [28]. In brief, basic SCG samples were
collected six times every 3 days from local cafeterias to obtain general SCG blend samples.
Every daily SCG batch was dried at 103 °C until a constant weight was reached. The SCG
moisture content was determined in accordance with the analytical procedure described
in the PN-ISO 11294:2002 standard [29]. Subsequently, the SCG blends were combined to
produce a representative laboratory SCG blend sample. The laboratory SCG blend was
kept in closed containers in the dark at room temperature until further analysis.

2.2. Preparation of SCG Extracts

In all of the verified variants of the extraction procedures, the preparation of SCG
extracts was performed in accordance with the experimental extraction optimization design
scheme. Briefly, the appropriate measured volume of solvent was added to one gram of
dried sample of SCG blend in a Schott bottle. The extraction process was conducted at
60 °C for the desired time (Table 1). A laboratory shaker Elpin Plus type 357 (Lubawa,
Poland) together with a water bath or laboratory Emmi-D60 ultrasonic heater bath (Salach,
Germany) was used. After extraction, the sample was centrifuged (2500 g, 20 min, 4 °C).
The collected supernatant was filtered through filter paper (Munktell, grade 389). The SCG
extracts were kept at 2-8 °C in the dark until further analysis. The volume of the SCG
extract obtained after each extraction variant was measured and used for calculations.

Table 1. Experimental design used in the first step of the extraction optimization. The process
variables are presented as real and (coded) values.

Organic Solvent Extraction SMR Ultrasound Solvent
Run Concentration Time Assistance Type
A B C D E
1 60 (—) 30 () 40 (+) Yes (—) Ethanol (—)
2 60 (—) 90 (+) 10 (—-) No (+) Methanol (+)
3 100 (+) 30 () 10 (—) Yes (—) Ethanol (—)
4 100 (+) 90 (+) 10 (-) No (+) Ethanol (-)
5 60 (—) 30 (—) 10 () Yes (—) Methanol (+)
6 80 (0) 60 (0) 25 (0) Yes (—) Ethanol (—)
7 100 (+) 30 (—) 40 (+) Yes (—) Methanol (+)
8 100 (+) 90 (+) 10 (—) Yes (—) Methanol (+)
9 100 (+) 90 (+) 40 (+) Yes (—) Ethanol (—)
10 60 (—) 30 (—) 40 (+) No (+) Methanol (+)
11 100 (+) 30 (—) 40 (+) No (+) Ethanol (—)
12 60 (—) 90 (+) 10 (—) Yes (—) Ethanol (—)
13 80 (0) 60 (0) 25 (0) Yes (—) Methanol (+)
14 60 (—) 90 (+) 40 (+) No (+) Ethanol (—)
15 80 (0) 60 (0) 25 (0) No (+) Methanol (+)
16 100 (+) 90 (+) 40 (+) No (+) Methanol (+)
17 60 (—) 30 () 10 (-) No (+) Ethanol (—)
18 80 (0) 60 (0) 25 (0) No (+) Ethanol (—)
19 60 (—) 90 (+) 40 (+) Yes (—) Methanol (+)
20 100 (+) 30 (—) 10 () No (+) Methanol (+)
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2.3. Statistical Approach in the Experimental Design of Extraction Optimization

Optimization of the extraction process was performed as a two-step experiment. In
the first step, the effects of different conditions on the extraction process were assessed.
The influence of organic solvent concentration (% organic solvent in water solution (v/v)),
extraction time, solvent-matrix ratio (SMR), ultrasound assistance, and solvent type on
antioxidant activity and total phenolics content (TPC) was evaluated using a randomized
half-fraction factorial design (2°1) with four central points. The statistical model included
aliases defined as follows: organic solvent concentration (A), extraction time (B), SMR (C),
ultrasound assistance (D), and solvent type (E). The extraction factors and their levels used
in the experiment are presented in Table 1. The quality assessment of the model was based
on the coefficient of determination (R?). Central points were used to evaluate the curvature
of the model-testing adequacy of the first-order model.

According to the most desirable parameters found in the first stage, the second stage
of the experiment was constructed to optimize the extraction process further. The influence
of organic solvent concentration and SMR on antioxidant activity measured by means of
ABTS and FRAP assays, TPC, caffeine and chlorogenic acids content, and browning index
(BI) was estimated with the use of a randomized 2-factor central composite design. Table 2
summarizes values of the parameters included in the second stage of the experiment.

Table 2. Experimental design used in the second step of the extraction optimization. The process
variables are presented as real and (coded) values.

Organic Solvent Concentration SMR
Run
A B
1 80.00 (1) 20.00 (—1)
2 60.00 (0) 40.00 (0)
3 40.00 (—1) 20.00 (—1)
4 60.00 (0) 40.00 (0)
5 60.00 (0) 40.00 (0)
6 60.00 (0) 11.71 (—1.414)
7 60.00 (0) 40.00 (0)
8 80.00 (1) 60.00 (1)
9 60.00 (0) 68.28 (1.414)
10 40.00 (—1) 60.00 (1)
11 31.71 (—1.414) 40.00 (0)
12 88.28 (1.414) 40.00 (0)
13 60.00 (0) 40.00 (0)

All of the extraction runs and analyses were performed in triplicate, and the results
are reported as means =+ standard deviation. The experimental models were simplified
by the reduction of statistically non-significant terms. Statistical analyses were performed
using Minitab 21 software. The statistical significance of the operational extraction process
variables was determined at the significance level of « = 0.05. The predictability of the
developed models was verified to ensure model adequacy for approximation to the real
values by means of statistical parameters, including different types of R? (the coefficient of
determination), the model p-value, and the lack-of-fit test.

2.4. Analytical Methods
2.4.1. Total Polyphenols Content (TPC) Determination

The determination of TPC in the SCG extracts was performed by colorimetric mea-
surements with the Folin-Ciocalteu reagent, with modifications [30]. A 50 puL sample of the
filtered SCG extract was diluted to 3.2 mL with distilled water and vortexed thoroughly.
After that, 200 pL of Folin—Ciocalteu reagent (Chempur (Poland)) and 600 pL 20% (w/v)
sodium carbonate solution were added to the SCG extract sample, and the obtained so-
lution was mixed again. The solution was then placed in darkness and maintained at
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room temperature for 2 h. The absorbance of the examined SCG solutions was measured
at 765 nm using a Shimadzu UV-1280 spectrophotometer (Kyoto, Japan). The gallic acid
standard solutions were used to plot an external calibration curve, and the TPC results
were expressed as mg of gallic acid equivalent per gram of spent coffee grounds dry matter
(mg GAE/g SCG d.m.).

2.4.2. Antioxidant Activity Analysis by ABTS Assay

The ABTS assay was performed according to the analytical method presented by
Re et al. [31] with slight modifications. Initially, the ABTS working solution was prepared
by mixing 2.4 mM of potassium persulfate with 7.5 mM of ABTS. Subsequently, these
reagents were allowed to react with each other in the dark at room temperature for 12 h.
PBS bulffer solution of pH 7.4 was used to dilute the ABTS working solution in order to
reach its absorbance at the level of 0.7 &= 0.02 at 734 nm. In the next step, the reaction
between 40 uL of SCG extract and 4 mL of the resulting ABTS solution was conducted for
6 min in darkness. After the desired duration time of the reaction, the absorbance of the
tested solution was registered at 734 nm. The Trolox in PBS buffer standard solutions were
used for calibration. The ABTS assay results are presented as mg of Trolox per gram of
spent coffee grounds dry matter (mg Trolox/g SCG d.m.).

2.4.3. Antioxidant Activity Analysis by FRAP Assay

The FRAP assay was performed based on the slightly modified procedure reported
by Benzie and Strain [32]. The working solution of FRAP reagent was prepared by mixing
10 mM TPTZ (2,4,6-tris (1-pyridyl)-5-triazine) solution in 40 mM HCl with a 20 mM FeCl3
solution and 0.3 M acetate buffer (pH 3.6) in appropriate proportions 1:1:10 (v/v/v). The
appropriately diluted SCG extract sample was mixed with the working solution of FRAP
reagent. Subsequently, the incubation of the obtained mixture was conducted at 37 °C
for 30 min. After incubation, the absorbance was measured at 593 nm using a Shimadzu
UV-1280 spectrophotometer (Kyoto, Japan). Distilled water was used as a blank sample.
The aqueous solutions of ferrous sulfate (FeSO4-7H;0O) were used to plot the standard
curve. The FRAP results were expressed as umol of ferrous equivalent per gram of spent
coffee grounds dry matter (umol Fe(II)/g SCG d.m.).

2.4.4. High-Performance Liquid Chromatographic (HPLC) Analysis of Caffeine and
Chlorogenic Acids

The determination of the caffeine and chlorogenic acids content in the SCG extracts
was performed according to the analytical procedure reported by Gtowacka et al. [33]. Chro-
matographic analysis was carried out using a HPLC apparatus with a Dionex (Germering,
Germany) pump P580, a DG 1210 degasser, an automatic injector ASI-100, a spectropho-
tometric detector UVD 170S and a column oven. The analytes separation was performed
using a Supelco Discovery C18 analytical column (4.6 mm i.d. x 250 mm, 5-um particle
size) at ambient temperature. As the mobile phase, 0.3% (v/v) aqueous acetic acid solution
(eluent A) and methanol of HPLC purity grade (eluent B) were used. The solvent gradient
was as follows: 0 min, 20% B; 15-24 min, 50% B; and 27-29 min, 20% B. The flow rate
of the mobile phase was 0.8 mL/min. The peaks of tested analytes present in the SCG
extracts were identified based on their retention time by comparison with those of the
analyte standards. Caffeine and chlorogenic acids were detected at 276 nm and 325 nm,
respectively. The external standard curves were plotted for caffeine and chlorogenic acid
(3-CQA). Chromeleon v.6.11 software (Dionex, Germering, Germany) was used for the data
acquisition and processing.

2.4.5. Spectrophotometric Measurements of Browning Index (BI)

The BI measurements of SCG extracts were based on the procedure described by
Bravo et al. [34]. The SCG extract (50 uL) was thoroughly mixed with 2 mL of distilled
water. The Bl values were determined based on the absorbance of the sample registered at
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420 nm using a Shimadzu UV-1280 spectrophotometer (Kyoto, Japan) against the blank
control sample, which was prepared by the same method, but without the addition of the
SCG extract.

3. Results and Discussion
3.1. Determination of the Significant Factors Affecting the Extraction Process

The optimization of the process of bioactive compound extraction from spent coffee
grounds (SCG) was performed in two stages. In the primary stage, the influence of several
extraction parameters, namely, organic solvent concentration, solvent to matrix ratio,
extraction time, ultrasound assistance and solvent type, on antioxidant activity and total
phenolics content was evaluated. The results obtained in each of the runs are presented in
Table 3. Ethanol, methanol and their hydroalcoholic mixtures were used at this stage. These
solvents should ensure high levels of bioactive compound recovery from a plant-based
matrix [35]. The highest level (above 100 mg Trolox/g SCG d.m.) of antioxidant activity was
observed for the hydromethanolic extract in run 10. On the other hand, the hydroethanolic
extract obtained in run 1 had the highest total phenolic content.

Table 3. Results of the verified RSM responses in the first stage of the extraction optimization
experimental design and the ABTS and TPC assay values for analyzed variants of spent coffee
grounds extracts.

Solvent Extraction Ultrasound Solvent
. . SMR .
Run Concentration Time Assistance Type ABTS TPC
A B C D E
1 60 (—) 30 (—) 40 (+) Yes (—) Ethanol (—) 70.02 + 4.85 39.34 + 2.69
2 60 (—) 90 (+) 10 (—) No (+) Methanol (+) 47.80 +3.21 17.28 +1.18
3 100 (+) 30 (—) 10 (-) Yes (—) Ethanol (—) 25.97 +£1.82 20.94 + 1.63
4 100 (+) 90 (+) 10 (—) No (+) Ethanol (—) 35.71 £ 2.45 13.54 4 0.99
5 60 (—) 30 (—) 10 (—) Yes (—) Methanol (+) 35.15 +2.51 18.72 £ 1.27
6 80 (0) 60 (0) 25 (0) Yes (—) Ethanol (—) 37.15+£2.42 23.58 + 1.52
7 100 (+) 30 (—) 40 (+) Yes (—) Methanol (+) 68.45 + 4.79 31.35 +2.18
8 100 (+) 90 (+) 10 (—) Yes (—) Methanol (+) 21.80 + 1.45 16.26 +1.18
9 100 (+) 90 (+) 40 (+) Yes (—) Ethanol (—) 62.37 +4.28 30.13 + 2.06
10 60 (—) 30 (—) 40 (+) No (+) Methanol (+) 101.99 £5.95  28.03 4+ 2.02
11 100 (+) 30 (—) 40 (+) No (+) Ethanol (—) 66.15 = 4.52 2235+ 1.74
12 60 (—) 90 (+) 10 (—) Yes (—) Ethanol (—) 34.01 £+ 2.38 25.10 + 1.25
13 80 (0) 60 (0) 25 (0) Yes (—) Methanol (+) 55.83 + 3.23 2771 +1.84
14 60 (—) 90 (+) 40 (+) No (+) Ethanol (—) 97.16 £+ 6.52 33.07 + 2.09
15 80 (0) 60 (0) 25 (0) No (+) Methanol (+) 35.88 + 2.41 17.81 £1.17
16 100 (+) 90 (+) 40 (+) No (+) Methanol (+) 68.68 + 4.63 29.37 +£1.91
17 60 (—) 30 (—) 10 (—) No (+) Ethanol (—) 41.70 +=2.82 15.35 +£0.92
18 80 (0) 60 (0) 25 (0) No (+) Ethanol (—) 79.01 + 5.55 25.69 + 1.80
19 60 (—) 90 (+) 40 (+) Yes (—) Methanol (+) 57.56 + 3.67 34.73 +2.25
20 100 (+) 30 (—) 10 (—) No (+) Methanol (+) 34.38 +2.41 12.70 £+ 0.99

Pareto charts are a type of bar chart for monitoring the effects of the used operational
extraction variables. This chart allows researchers to verify the significance of each tested
extraction process variable and to monitor the influence on the used response analysis.
Each bar represents the standardized effect of the examined term. The bars passing the
vertical line are statistically significant at a 95% confidence level. It can be observed from
Figure 1 that the extraction process of antioxidant bioactive compounds was affected by
organic solvent concentration, SMR and the application of ultrasound. The remaining
variables, namely, extraction time and solvent type, proved to be non-significant and were
eliminated from the model.
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(a) ABTS (b) TPC
Pareto Chart of the Standardized Effects Pareto Chart of the Standardized Effects
esponse is ABTS; a = 0.05 response is TPC; a = 0.05
Term Term
C C
D D
A A

0 1 2 3 4 5 6 7 8 0 2 4 6 8 10
Standardized Effect Standardized Effect

Figure 1. Pareto charts for the effects of organic solvent concentration (A), SMR (C), ultrasound
assistance (D) on the antioxidant activity (a) and extraction of total phenolic compounds (b) after
non-significant terms elimination.

Interestingly, for both ABTS and TPC, SMR proved to be the most crucial factor. Thus,
finding the best solvent-matrix ratio is critical for optimization of the extraction process.
The extracted compound recovery yield depends on the polarity of the solvent. During the
extraction process, the solvent interacts with the matrix cells, causing the release of bioactive
compounds. With the increase in the solvent to matrix ratio, the hydroxyl groups react
with the phenolics and hydrophilic compounds, which negatively affects the extraction
yield and leads to solvent wastage [36].

The extraction type has been shown to play a crucial role in the isolation process of
most food components with bioactive potential. Techniques known as green technologies
decrease the use of organic solvents and simultaneously reduce the risks associated with
the toxicity of solvents and solvent residues in the extracts. According to the literature, an
ultrasound-assisted extraction should be considered as a preferable method in the process
of polyphenols extraction [37]. This technology is known for its simplicity and lower costs
compared with other conventional extraction techniques [38]. The high-frequency waves
promote cavitation, resulting in cell wall breakage and solvent diffusion [39]. Ultrasound-
assisted extraction has advantages over other techniques, including the shorter residence
time of sample particles in the solvent, the lower amounts of solvents needed, and higher
yields [40].

The solvent type was found to be statistically non-significant considering ABTS and
TPC levels in the SCG extracts. Methanol contains a smaller aliphatic fragment than ethanol,
which should allow an easier solubilization of natural products with intermediate polarity.
However, methanol is a highly toxic alcohol and must be completely removed from the
extract. On the other hand, high molecular phenolics are preferably solubilized in ethanol,
which is non-toxic and considered as GRAS (generally recognized as safe) [41]. For these
reasons, ethanol and its hydroalcoholic mixtures were chosen as solvents in the second
stage of the extraction optimization.

The adequacy and predictive efficiency of the model have to be verified with the
adequate statistical expressions such as the coefficient of determination (R?), adjusted R?
and predicted R? [26]. It is apparent from Table 4, that both the ABTS and TPC models
present a very good fit to the data obtained, which was confirmed by the high values of
R? (>0.8). In addition, the adjusted R? levels were in very close proximity to R?, which
indicates that non-significant variables were not included in the final model. The predicted
R? for both the ABTS and TPC models were within 20% of the adjusted R?, indicating that
the models are not overfitted.
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Table 4. Summary of first-stage extraction optimization models. Coded units as follows: A—organic
solvent concentration (%), C—SMR (mL/g SCG d.m.), and D—ultrasound assistance.

ABTS TPC
Regression equation ABTS=4640-032x A+132x C+701 xD TPC=21.60—-0.11x A+045xC—2.63 xD
Model p-value 7.1 x 1070 1.5 x 1077
R? 80.23% 87.84%
R? (adjusted) 76.53% 85.56%
R? (predicted) 72.04% 81.44%
Fitted value
(A:60; C:40; D:Yes) 72.94 3575
Based on the acquired models, multiple response prediction for antioxidant activity
(ABTS) and total phenolics content (TPC) was carried out. According to the analysis,
the optimal conditions for maximizing the ABTS and TPC in SCG extracts were as fol-
lows: organic solvent concentration—60%, SMR—40 mL/g SCG d.m., and application of
ultrasound assistance.
3.2. Optimization of the Extraction Process Parameters
For selection of the optimal extraction conditions that maximize the bioactive com-
pound recovery yield and the level of the antioxidant activity, a central composite response
surface design was used. As was evident in the first-stage results, the SMR and organic
solvent concentration were considered as continuous factors with an extended range in
comparison with the first step of the extraction optimization. The ultrasound-assisted
extraction time was set to 30 min. Additionally, the range of analysis was extended to
include the ABTS assay, FRAP assay, TPC determination, caffeine content, chlorogenic
acids (3-CQA) content and browning index (BI). The results obtained in all of the runs are
presented in Table 5.
Table 5. Results of the RSM responses used in the second stage of the extraction optimization
experimental design. ABTS, FRAP and TPC assays, BI values and caffeine and chlorogenic acids
(3-CQA) contents for tested variants of ethanolic spent coffee grounds extracts.
Solvent
. SMR
Run Concentration ABTS FRAP TPC Caffeine 3-CQA BI
A B
1 80.00 (1) 20.00 (—1) 4374 +£219 7474+374 24.07+121 3.01+0.16 299=+0.17 0.24=+0.01
2 60.00 (0) 40.00 (0) 7085346 78.02+3.87 3815+175 499+£019 699+033 021+£0.01
3 40.00 (—1) 20.00 (—1) 3787 +1.88 55.804+281 1890+095 1.564+0.12 2.01+0.12 0.08=+0.01
4 60.00 (0) 40.00 (0) 7506 £3.52 71.30+352 3495+172 472+£021 742+£035 022+£0.02
5 60.00 (0) 40.00 (0) 7154 £3.68 67.64 £337 3321+156 421+£022 752+£038 0.18+£0.01
6 60.00 (0) 1171 (—1.414) 27.14+£201 5342+264 1683+£083 086+0.09 228+011 0.17+0.01
7 60.00 (0) 40.00 (0) 7292 £3.62 7592+379 29.17+144 435+£013 778+£041 0.19=£0.02
8 80.00 (1) 60.00 (1) 62.85£3.16 91.58+451 31.70+£158 573+£021 542+£024 022=£0.02
9 60.00 (0) 68.28 (1.414) 60.77 +3.15 83.81 £4.01 3715+184 252+£020 5924026 0.21=£0.01
10 40.00 (-1) 60.00 (1) 5424 +£273 6958 +£351 26.64+133 421+023 3.87+023 0.17=+0.01
11 31.71 (—1.414) 40.00 (0) 4847 £2.62 6327 =314 1991+1.03 394+£028 3.14=£017 0.15£0.02
12 88.28 (1.414) 40.00 (0) 5319 +£257 7478 +3.76 2814+141 502+£021 564+£025 025+0.03
13 60.00 (0) 40.00 (0) 7387 £352 6833+£339 3354+172 411+£009 785£039 0.20=£0.02

Table 6 shows statistical information on the mathematical models obtained in the
second stage of the extraction optimization. These models show changes in responses in
individual analyses depending on the ethanol concentration and SMR. All the models were
simplified by elimination of statistically non-significant terms. The lowest coefficient of
determination (0.83) was found in the response model of TPC.
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Table 6. Summary of the models of the second stage of the extraction optimization. Coded units as
follows: A—organic solvent concentration (%), B—SMR (mL/g SCG d.m.).

REEEEEfse Model Simplified Fitted Equation R2 pl\-/l\;’a(}flle L;C_l‘(;aolfl;git
{:Slzz}s; é{fi{‘rﬁi ~105.29 +3.26 x A +329 x B+0.03 x A2 — 0.03 x B? 98.24% 47 x 1077 0.1386
};I;j:; Linear 31.54+0.36 x A +0.46 x B 83.08% 14 x 1074 0.4908
aTSI;Sy CI;fj tuced —43.6+1.62 x A +0.97 x B— 0.01 x A2 — 0.01 x B? 89.08% 65 x 1074 0.7185
flf‘lgi‘g)e Quadratic ~ —1027+0.34 x A+0.29 x B— 0,003 x A2 —0.003 x B> —0.001 x A x B 95.69% 12 x 1074 0.1433
&%88 (?fjcﬁ‘;eti —20.18 +0.56 X A +0.43 x B — 0.004 x A2 —0.005 x B2 97.09% 3.5 x 107 0.1907
( Ab‘zfm) E{‘;Zrdvl‘g;}; ~0.13+0.005 x A +0.005 x B — 69 x 105 x A x B 87.57% 2.0 x 104 0.3521

The obtained regression models were visualized by the response surface plots and
their corresponding contour plots (Figure 2), which provide a better understanding in the
behavior of the response at various levels of the extraction process variables.

The evaluation of the SCG extract antioxidant activity was performed using the
ABTS and FRAP assays, which involve a mechanism reaction based on the transfer of
a single electron, namely SET. These assays determine the capacity of the antioxidant
compounds to transfer an electron and cause the reduction of free radicals or metallic ions,
respectively [42].

In regard to the ABTS assay, the effects of all linear (A, B) and quadratic (A2, B?) terms
were found to be statistically significant. According to the optimization results, maximum
ABTS levels (74.96 mg Trolox/g SCG d.m.) should be obtained with 62% hydroethanolic
solvent solution and 47 mL/g SCG d.m. Glowacka et al. [33] obtained similar results with
the use of 60% hydromethanolic solvent solution and 40 mL/g SCG d.m. extracts. In
contrast, the ABTS levels achieved were higher in comparison to those reported by Bravo
et al. [43]. The discrepancies between the results outlined in the present research and those
described in the related literature could be due to the use of different SCG matrices, types
of solvent or types of extraction method.

Considering the FRAP assay, only the effects of linear terms (A, B) were observed to be
statistically significant. Based on the optimization findings, the FRAP assay achieved the
maximum value of 94.5 umol Fe(Il) /g SCG d.m. with 88% ethanol and 68 mL/g SCG d.m. It
is apparent in the FRAP assay contour plot that the antioxidant activity of the SCG extracts
was not negatively influenced either by the organic solvent concentration or by SMR. These
findings match those observed in the work carried out by Mussatto et al. [44]. These re-
searchers used the conventional solid-liquid extraction of antioxidant phenolic compounds
from SCG using methanol as a solvent at different concentrations and determined the
antioxidant activity in the range from 0.040 to 0.102 mM Fe(Il) /g SCG. The results of their
central composite design for extraction technique optimization are in accordance with the
FRAP assay results presented in the current study. It is also interesting to note that in most
cases, the antioxidant activity of SCG extracts measured by the FRAP assay reached higher
values compared with the ABTS assay results. Likewise, Ballesteros et al. [45] observed
discrepancies between the FRAP assay and DPPH assay results of antioxidant activity
of coffee silverskin extracts. A possible explanation for these findings may be that the
antioxidant activity procedures are based on different reaction mechanisms, antioxidants,
target sample types and reaction conditions. In general, the FRAP assay is considered to be
a SET-based non-radical method, but some authors have speculated that the FRAP assay
has a low relationship with the radical quenching process and indicate the poor correlation
with other commonly applied antioxidant activity measurements. For this reason, it is rec-
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Figure 2. The surface response plots and their matching contour plots showing the ABTS radical scav-
enging assay (a), FRAP assay (b), the total polyphenols content (TPC) assay (c), caffeine content (d),
and chlorogenic acid 3—CQA content (e), the spectrophotometric determination of (BI) browning
index (f).

Regarding the TPC content of extracts, the effects of all the linear (A, B), as well
as quadratic (A%, B?) terms were statistically significant. Maximization of TPC levels
(36.38 mg GAE/g SCG d.m.) could be obtained with 65% ethanol aqueous solution and
56 mL/g SCG d.m. extracts. The total phenolics content levels in the tested SCG extracts were
higher than those reported in other articles. The model proposed by Chatzimitakos et al. [19]
suggested a maximum predicted value for TPC of 19.85 mg GAE/g SCG d.m. with the
extraction parameters of 50% hydroethanolic solution, 35 mL/g SCG d.m., and extraction
without the use of ultrasound assistance for 120 min at 65 °C, which is approx. 1.8 times
lower than in this study. According to Bravo et al. [34], who used a Soxhlet extraction
system for 6 min at 90 °C, the TPC in SCG ranged between 1.36 and 24.60 mg GAE/g SCG
d.m. depending on the coffee species (Arabica, Robusta) and coffee preparation method
(filter, espresso, plunger, mocha). As can be seen from these results, the differences in the
amount of phenolic compounds could be attributed to the species and geographical origin
of the coffee beans, the parameters applied during the roasting process and the extraction
process conditions.

Concerning the caffeine content in the extracts, the effects of all examined param-
eters (A, B) and their interactions (AB), as well as both quadratic terms (A2, B?), were
observed to be statistically significant. The maximum predicted value of caffeine content
was 5.4 mg/g SCG d.m., which should be achieved with 54% hydroalcoholic solvent solu-
tion and 44.3 mL/g SCG d.m. The model introduced by Chatzimitakos et al. [19] showed
the maximum predicted content of caffeine in SCG reached 6.14 mg/g SCG d.m. These
results also accord with those of Andrade et al. [46], who evaluated the quality of SCG from
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beans of different geographical origins (1.94-3.91 mg caffeine/g SCG d.m.). The caffeine
content in SCG presented in this study is comparable with the caffeine content in guarana
seeds as described by Carciochi et al. [47]. Generally, the increase in ethanol concentration
in the aqueous solvent solutions above a critical threshold results in significant decreases in
the extraction yield of caffeine due to the hydrophilic nature of caffeine [48].

With regard to the chlorogenic acid content, the effects of all linear (A, B) and quadratic
terms (A2, B%) were observed to be statistically significant. The optimization revealed that
the maximum yield of chlorogenic acids (7.8 mg 3-CQA /g SCG d.m.) could be obtained
with an ethanol solvent concentration of 64% and 46 mL/g SCG d.m. These results are in
agreement with data collected by Panusa et al. [49], who proposed an environmentally safe
procedure for isolation of bioactive compounds from spent coffee grounds.

The antioxidant activity of coffee and its by-products, especially spent coffee grounds,
is known to be substantially affected by the roasting process, as well as coffee beverage
preparation techniques [50]. The different phenolic compounds, including chlorogenic
acids, originally identified in coffee beans are partially degraded during the roasting
process [51]. Despite this, the antioxidant activity of coffee and its by-products can be
maintained by the formation of new antioxidant constituents called melanoidins [52].
Melanoidins are known as water-soluble, nitrogen-containing macromolecular browning
compounds, which are responsible for the brownish color and unique aroma properties
of roasted coffee beans. It has also been reported in the literature that diverse biological
activities, namely, antioxidant, antimicrobial, anticarcinogenic, anti-inflammatory, antihy-
pertensive, and antiglycative activities, have been attributed to these compounds [53]. For
these reasons, it is important to estimate the content of the final Maillard reaction chemical
products. Therefore, the browning index is recognized to be a straightforward indicator
of the content of browning compounds generated via the caramelisation and Maillard
reactions [54]. Our findings demonstrated that for the browning index levels, both linear
(A, B) terms and their interactions (A x B) were statistically important. The optimization
results showed maximum BI levels of 0.29 that could be achieved with an 88% organic
solvent concentration and 11 mL/g SCG d.m. Additionally, the current study found that
increasing both the SMR and the concentration of the organic solvent promotes a greater
level of absorbance, resulting in greater amounts of melanoidins in the SCG extracts. The
previously cited scientific investigation observed that the brown color can be directly associ-
ated with the concentration of Maillard reaction products. Notwithstanding this fact, in our
experiment, we have not calculated the melanoidin content but have just concentrated on
the brown color of SCG extracts as an indirect estimator of the amount of the final Maillard
reaction products, which contain chromophore groups with a typical maximum absorption
at 420 nm in their macromolecular structure. It is encouraging to compare our browning
index results, which reached an absorbance of approximately 0.2, with the results reported
by Del Pino-Garcia et al. [52], who investigated the influence of the roasting degree on the
antioxidant activity and genoprotective effect of instant coffee samples. Furthermore, our
browning index values are consistent with those of Bravo et al. [34] who evaluated the
quality of spent coffee grounds obtained from the most commonly used coffee beverage
preparation methods. It can, therefore, be assumed that the analyzed spent coffee grounds
are an abundant plant source of melanoidins.

The optimal conditions for the extraction yield of antioxidant bioactive compounds
were determined based on the combination of predictor values that jointly optimized
the fitted response. The tested SCG extracts showed the best results in terms of tested
analytical responses with an organic solvent concentration of 64.9%, and an SMR of
50.6 mL/g SCG d.m.

In order to check the predictability and adequacy of the developed models, validation
tests were performed. SCG extracts were newly prepared under the aforementioned
optimal conditions. The results predicted by the models and the actual values of the
validation tests are shown in Table 7. It was observed that the deviations between the
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actual and approximated values were within £5%. The low level of deviations proved the
mathematical models’ viability in the examined range.

Table 7. Verification of the developed mathematical models of the used RSM responses: comparison
of the approximated values predicted by the statistical approach based on fitted equations and the
real values of the validation analyses.

Used RSM Response Approximated Value Real Value Deviation (%)
ABTS (mg Trolox/g SCG d.m.) 74.49 73.04 —-1.9%
FRAP (umol Fe(Il)/g SCG d.m.) 78.00 80.76 3.5%
TPC (mg GAE/g SCG d.m.) 36.13 37.88 4.8%
Caffeine (mg/g SCG d.m.) 4.86 4.82 —0.8%
3-CQA (mg/g SCG d.m.) 7.69 7.86 2.2%
BI (Absygyg) 0.21 0.22 4.8%

Optimal extraction conditions
Organic solvent concentration: 64.9%
SMR: 50.6 mL/g SCG d.m.

4. Conclusions

Spent coffee grounds (SCG) are recognized as the most common form of coffee waste
throughout the globe and are generated in notable amounts after coffee beverage prepa-
ration in commercial coffee establishments. Therefore, this investigation addresses the
tremendous problem of coffee waste accumulation if it is inappropriately discharged into
the environment. Our research demonstrates that multivariate statistical methods, includ-
ing response surface methodology, can be applied effectively for modelling and optimizing
the process of extracting antioxidant bioactive compounds from spent coffee grounds.
This mathematical and statistical approach allows researchers to select the most crucial
factors influencing the extraction process. The approach can also monitor the significance
of the effect of each extraction process variable and their interactions with the chromato-
graphic and spectrophotometric techniques used to evaluate responses. Additionally, the
implementation of surface response methodology can determine the SCG extracts with the
maximum recovery of antioxidant bioactive compounds whilst minimizing the required
experiments and financial support. Our findings provide not only deeper insights into the
influence of extraction parameters on the physiochemical and antioxidant properties of
spent coffee grounds extracts, but also confront the urgent problem of finding an efficient
and environmentally safe method for utilizing spent coffee grounds. The extraction yield of
antioxidant bioactive compounds from spent coffee grounds depends significantly on the
concentration of the organic solvent and the ratio of the solvent volume to the SCG solid
matrix. Based on the experimental data, the ultrasound-assisted extraction technique, with
65% hydroethanolic solution (v/v) and a solvent-matrix ratio of 51 mL/g SCG for 30 min
at 60 °C, proved to be an effective alternative technique for the extraction of bioactive
compounds with high antioxidant activity. The SCG ethanolic extract produced with the
most favourable variant of the extraction process was characterised by a high concentration
of total phenolics (approx. 38 mg GAE/g SCG d.m.), caffeine (approx. 5 mg/g SCG d.m.)
and chlorogenic acids (approx. 8 mg/g SCG d.m.). It also had a high antioxidant activity
according to both antioxidant assays (approx. 73 mg Trolox/g SCG d.m. and 81 pg Fe(Il)/g
SCG d.m.). In conclusion, the obtained results clearly demonstrate that spent coffee grounds
sourced from commercial coffee establishments should be considered as a substantial coffee
by-product abundant in antioxidant bioactive compounds with the potential for innovative
applications in the pharmaceutical and agro-industrial food processing areas. In addition,
we recommend further research to investigate the application of spent coffee grounds in
different forms as an innovative ingredient of functional food products or biodegradable
packaging materials utilized in the agri-food processing chain.
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