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Abstract:



Chokeberry (Aronia melanocarpa (Michx.) Elliot) is a fruit with exceptionally high levels of phenolic compounds which are accumulated mainly in the peel; hence, the majority remains in the leftovers after juice production. Extraction with the use of carbon dioxide in supercritical conditions was used to isolate phenolic compounds from the pomace. The effect of the process parameters (temperature; pressure; and the addition of ethanol) on the extraction yields and properties of the extracts was investigated. The anthocyanin and total phenolic compound content, as well as the scavenging activity against five selected radicals, were evaluated. The best results were acquired for 35 °C, 10 MPa, and 80% m/m ethanol addition, the yield of phenolic compounds was 1.52 g per 100 g of pomace. The amount of extracted phenolics and the antioxidative attributes of the extracts were highly correlated. The impact of supercritical carbon dioxide density on the amount of recovered compounds was confirmed. The use of supercritical CO2 led to a significant reduction in the volume of organic solvent required for extraction.
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1. Introduction


The chokeberry (Aronia melanocarpa (Michx.) Elliot) is a genus of shrub from the Rosaceae family. The plant is native to North American wetlands, however, it is now cultivated worldwide for decorative purposes as well as for food production. The fruit of the chokeberry is often described as a superfood because of its health-promoting properties, including its hypotensive effect, hepatoprotection, and the inhibition of cancer cell proliferation [1]. These properties are connected to the very high levels of phenolic compounds (1.48–7.85 g per 100 g), with anthocyanins and proanthocyanidins being the most abundant groups [2,3,4].



The majority of the phenols are concentrated in the skin of the fruit; therefore, a significant number of these compounds remains in the pomace after juice production [5,6,7,8]. The possibility of recovering valuable compounds from chokeberry waste products was investigated by a few research teams. The groups led by Mohammadifakhr [9] and Baranowski [10] focused on using organic solvents to retrieve the phenolics from the pomace, while the goal of Nawirska and Kwaśniewska [11] was to obtain a dietary fiber.



The reactive oxygen species (ROS) are a group of highly active molecules generated as a result of internal and external agents. The most prominent ROS are: singlet oxygen (1O2), ozone (O3), hydrogen peroxide (H2O2), hydroxyl radical (•OH), superoxide radical (O2•−), and nitric oxide (NO•). The main sources of ROS in living organisms are ultraviolet radiation, oxidation of xenobiotics, Fenton-like reactions, and “leakage” of electrons from biochemical processes like photosynthesis and the electron transfer chain. The effects of reactive oxygen species on cell metabolism are often described as an oxidative stress and include: damaging DNA and RNA, lipid peroxidation, and oxidation of amino acids in proteins. The oxidative stress is suspected to play a significant role in neurodegenerative diseases (such as Parkinson’s and Alzheimer’s diseases), cardiovascular ailments, and in age-related development of cancer [12]. SFE (Supercritical Fluid Extraction) is an emerging technology of separation that uses substances above their critical points as an alternative to organic solvents. Carbon dioxide is the most prominent amongst various solvents used in this method. Its greatest advantages are: limited toxicity, mild critical conditions, chemical inertia, and low cost [13]. The density of supercritical carbon dioxide is an important factor during SFE processing. The influence of this parameter on the extraction yield has been observed by several research teams [14,15].



The use of supercritical carbon dioxide as an extraction solvent can be advantageous against traditional techniques of extraction. The supercritical fluids are characterized by high diffusion coefficients and low viscosity, thus, rates of the extraction can be improved compared to traditional solvent use. The density of supercritical fluids can be easily modified by the alteration of temperature and pressure. Many properties of supercritical fluids are correlated with their density, so the selectivity of extraction can be achieved by application of the proper process parameters [13].



The techniques based on SFE are commonly used in the food industry. The most noteworthy examples are decaffeination of coffee, removal of alcohol from wine and beer, decreasing the amount of fat in meat, enrichment with lipid-soluble vitamins, and production of spice extracts. The costs of processing are generally higher than in other methods; however, they offer exceptional possibilities of acquiring solvent-free products [16]. The supercritical CO2 is also used as a preservation medium [17] and during the micronization of food [18].



The extraction with supercritical carbon dioxide was used to acquire extracts from over 300 plant species [19]. This technique has already been used to isolate health-promoting compounds from the pomace of a few plants, inter alia, grapes [20], tomatoes [21], olives [22], sour cherries [14], and the guelder-rose [23]. To the best knowledge of the authors, this is the first work to be undertaken on the application of supercritical fluids to process chokeberry fruits or pomace.



The present study is a report on the extraction of phenolic compounds from chokeberry pomace using supercritical CO2. The experiments involved determining the level of phenolic compounds and anthocyanins in the extracts obtained, as well as estimating the scavenging activity against two artificial radicals DPPH• (2,2-diphenyl-1-picrylhydrazyl) and ABTS•+ (2,2’-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)) and three radicals with a physiological significance (hydroxyl radical, superoxide radical, and nitric oxide). The main aims of the study were to maximize the recovery of phenolic compounds in the extracts. The effect of temperature, pressure, and ethanol addition on the yield and antioxidant activity of the extracts was evaluated.




2. Materials and Methods


2.1. Materials


The chokeberry pomace was obtained in a laboratory-scale process using fruit purchased from a local vendor. A commercial pectinolytic enzyme preparation (Rapidase Smart) was used prior to pressing in accordance to the instructions of the producer (0.1 g/kg of pulp; 1 h at ambient temperature). The pomace was cut, split into portions, and kept at −18 °C until further processing.



The standard of cyanidin-3-O-glucoside was bought from Extrasynthese (Genay, France), while the cyanidin-3-O-galactoside and cyanidin-3-O-arabinoside came from Polyphenol Laboratories (Sandnes, Norway). Carbon dioxide of a technical grade was acquired from a local seller. Other reagents were of analytical grade and were acquired from Sigma-Aldrich (Saint Louis, MO, USA).




2.2. Instrumentation


Supercritical Fluid Extraction was accomplished using an SFE Spe-ed 4 apparatus (Applied Separations, Allentown, PA, USA). For the analyses, a Genesys 10UV spectrophotometer (Thermo Electron Corporation, Waltham, MA, USA) and HPLC equipment: 2695 Separation Module and 2995 Photodiode Assay Detector (Waters, Milford, MA, USA) were used.




2.3. Design of Experiment and Data Analysis


The experimental points were selected using an approach proposed by Box and Behnken [24]. Three parameters were investigated during the research: temperature (35, 50, and 65 °C), pressure (7.5, 10.0, and 12.5 MPa), and the addition of ethanol to the pomace (20%, 50%, and 80% m/m; calculated as ratio of ethanol and pomace). The densities of CO2 were computed using equations presented by Ouyang [25]. The tested combinations of parameters, along with the corresponding densities and the normalized values, are presented in Table 1.



Table 1. Composition and activity against selected radicals of the chokeberry extracts obtained under different extraction parameters. Masses refer to the pomace. Abbr.: T = temperature, p = pressure, c = ethyl alcohol addition, ρ = density, Xi = normalized process parameters (in the range from −1 to +1), ACNs = anthocyanins, TPC = total phenolic content, C3G = cyanidin-3-O-glucoside, GA = gallic acid, curc = curcumin, querc = quercetin, sorb = sorbitol.







	
Sample

	
Carbon Dioxide Properties

	
Extract Composition

	
Activity Against




	
T (X1)

	
p (X2)

	
c (X3)

	
ρ (X4)

	
ACNs

	
TPC

	
DPPH•

	
ABTS•+

	
NO•

	
O2•−

	
•OH




	
(°C)

	
(MPa)

	
(% m/m)

	
(kg m−3)

	
(mg C3G per 100 g)

	
(mg GA per 100 g)

	
(µmol Trolox per 100 g)

	
(µmol Trolox per 100 g)

	
(µmol curc per 100 g)

	
(µmol querc per 100 g)

	
(mmol sorb per 100 g)






	
1

	
50 (0)

	
10.0 (0)

	
50 (0)

	
398 (−0.28)

	
410.3

	
711.4

	
1309.2

	
1247.8

	
24.7

	
648.8

	
41.15




	
2

	
50 (0)

	
12.5 (+1)

	
80 (+1)

	
596 (+0.33)

	
749.1

	
1197.7

	
2017.2

	
2007.3

	
20.3

	
848.0

	
49.00




	
3

	
50 (0)

	
12.5 (+1)

	
20 (−1)

	
596 (+0.33)

	
341.3

	
680.1

	
987.1

	
1214.1

	
16.2

	
621.8

	
28.41




	
4

	
50 (0)

	
7.5 (−1)

	
80 (+1)

	
177 (−0.98)

	
324.0

	
545.4

	
-

	
-

	
-

	
-

	
-




	
5

	
50 (0)

	
7.5 (−1)

	
20 (−1)

	
177 (−0.98)

	
116.8

	
187.2

	
459.7

	
411.0

	
13.3

	
249.4

	
16.44




	
6

	
50 (0)

	
10.0 (0)

	
50 (0)

	
398 (−0.28)

	
430.3

	
802.0

	
-

	
-

	
-

	
-

	
-




	
7

	
65 (+1)

	
10.0 (0)

	
80 (+1)

	
266 (−0.70)

	
455.5

	
787.2

	
-

	
-

	
-

	
-

	
-




	
8

	
65 (+1)

	
10.0 (0)

	
20 (−1)

	
266 (−0.70)

	
197.9

	
367.4

	
-

	
-

	
-

	
-

	
-




	
9

	
35 (−1)

	
10.0 (0)

	
80 (+1)

	
766 (+0.86)

	
1002.4

	
1520.7

	
2907.0

	
3384.1

	
29.0

	
1138.4

	
72.24




	
10

	
35 (−1)

	
10.0 (0)

	
20 (−1)

	
766 (+0.86)

	
574.8

	
1002.2

	
-

	
-

	
-

	
-

	
-




	
11

	
50 (0)

	
10.0 (0)

	
50 (0)

	
398 (−0.28)

	
422.4

	
681.4

	
-

	
-

	
-

	
-

	
-




	
12

	
65 (+1)

	
12.5 (+1)

	
50 (0)

	
419 (−0.22)

	
437.5

	
801.4

	
-

	
-

	
-

	
-

	
-




	
13

	
65 (+1)

	
7.5 (−1)

	
50 (0)

	
169 (−1.00)

	
201.6

	
356.4

	
671.0

	
702.4

	
18.7

	
328.4

	
27.28




	
14

	
35 (−1)

	
12.5 (+1)

	
50 (0)

	
812 (+1.00)

	
967.7

	
1429.9

	
-

	
-

	
-

	
-

	
-




	
15

	
35 (−1)

	
7.5 (−1)

	
50 (0)

	
207 (−0.88)

	
406.5

	
641.1

	
-

	
-

	
-

	
-

	
-




	
S

	
full extraction of polyphenols with methanol

	
1812.4

	
3204.4

	
6418.3

	
6877.4

	
54.7

	
2590.7

	
135.77




	
T

	
ethanol extract (ethanol-solid ratio 50% m/m)

	
245.3

	
433.0

	
923.1

	
908.6

	
11.9

	
341.1

	
30.12










Design Expert 9 (Stat-Ease, Minneapolis, MN, USA) and Microsoft Excel 2010 (Microsoft, Redmond, WA, USA) were used to analyze the data obtained.




2.4. Supercritical Fluid Extraction


The pomace (portions of approximately 10 g each) were unfrozen, mixed with ethanol (which, therefore, acted as a co-solvent), and inserted into the extraction vessel (internal volume = 20 mL). The use of ethyl alcohol was required since the polarity of pure carbon dioxide is too low to efficiently remove phenolic compounds from the matrix.



The extraction procedure comprised two phases: static and dynamic. During the static stage the vessel was filled with supercritical CO2 and thermostated for 15 min. This stage was necessary for stabilization of temperature in the extraction vessel and for enabling a good penetration of a solvent comprising ethanol and CO2 into the matrix. The dynamic stage was 1 h long with a constant flow of carbon dioxide of approximately 1.8 g min−1. The vessel was supplied with a pure carbon dioxide, while the efflux contained both CO2 and C2H5OH, thus, composition and polarity of the extractant were changing during the process allowing for the recovery of a wider range of compounds. The total use of carbon dioxide during a single extraction was approximately 120–130 g. After the process, the tubes of the extraction apparatus were flushed with ethyl alcohol to purge any potential residues. The extracts obtained were stored at −18 °C until analyzed.




2.5. Extraction with Organic Solvents


Two methods of acquiring organic solvent-based extracts were employed. The parameters of the first procedure were chosen to ensure comparability with the conditions of the SFE extraction. The goal of the second approach was determination of the total amount of phenolic compounds present in pomace.



2.5.1. Comparison of the Extraction Methods


For the comparative extraction, the portions of pomace (approximately 25 g) were mixed with ethyl alcohol and stirred vigorously to guarantee proper mass transfer. The extraction parameters were: temperature (50 °C), ethanol-solid ratio (50% m/m), and processing time (1 h).




2.5.2. Determination of Amount of Phenolic Compounds in the Pomace


Full recovery of the phenolic compounds present in the pomace was achieved using a protocol described by Francis [26]. The sample was homogenized and extracted with a 1% solution of hydrochloric acid in methanol. The solid remains were reextracted four times and the extracts obtained were connected.





2.6. Chemical Analysis of the Samples


Several factors were chosen for the evaluation of the properties of the obtained extracts. The analysis of composition of extracts included the determination of total phenolic content and anthocyanins (a group of pigments responsible for the intense coloration of chokeberries). The tests employing two artificial radicals (ABTS•+ and DPPH•) were chosen to monitor the antioxidant activity of the extracts because of their widespread use, regardless of the minor connection with biological activity. The assays investigating the scavenging of •OH, O2•−, and NO•, despite their imperfection, gave the results of a much higher in vivo significance.



The total phenolic content (TPC) was determined using a fast spectrophotometric method described by Gao et al. [27]. The reaction mixtures composed of 0.1 mL of sample, 2.0 mL of water, 0.2 mL of Folin-Ciocalteu reagent, and 1.0 mL of sodium carbonate solution (15%) were incubated for 2 h at room temperature. The phenolic content was determined by measuring absorbance at 765 nm. The results were expressed as equivalents of gallic acid.



An HPLC method described by Oszmiański was employed for quantifying the anthocyanins [28]. A Sunfire C18 reversed-phase column, 5 µm, 4.6 × 250 mm (Waters, Milford, MA, USA) was used at 25 °C with an appropriate precolumn. The samples were eluted with 4.5% formic acid in water (A) and acetonitrile (B), with a flow rate of 1.0 mL per min and the following gradient: 0 min—100% A; 7 min—88% A; 15 min—88% A; 21 min—20% A; 26 min—100% A. The anthocyanins were quantified at 520 nm. The concentrations were presented as equivalents of cyanidin-3-O-glucoside.



The scavenging activity against ABTS•+ was measured with a protocol described by Re et al. [29]. The radical cations were generated by preparing a solution composed of 7 mM of ABTS and 2.45 mM of potassium persulfate. After 16 h of incubation in darkness, the solution was diluted with ethyl alcohol to achieve an absorbance of 0.7 at 734 nm. The 25 µL samples were combined with 2.5 mL of ABTS•+ solution and incubated for 6 min. The degradation of green-colored radical cations was measured at 734 nm. Trolox was chosen as a reference antioxidant.



A method described by Yen and Chen was used to determine the activity against DPPH• [30]. The 0.1 mL samples were combined with 2 mL of DPPH• solution (1 mM) and incubated at ambient temperature for 30 min. The degradation of violet-pigmented radicals was evaluated spectrophotometrically at 517 nm. Trolox was chosen as a reference antioxidant.



The hydroxyl radical scavenging activity of extracts was determined using a method by Kunchandy and Rao [31]. The radicals were generated during the Fenton reaction, which was started by mixing equal volumes of solutions of: EDTA (ethylenediaminetetraacetic acid), FeCl3, ascorbic acid (1 mM each), and H2O2 (10 mM). The 400 µL of the mixture was merged with 500 µL of sample and 100 µL of deoxy-2-ribose solution (28 mM). After 1 h of thermostating at 37 °C, 1 mL of trichloroacetic acid and 1 mL of thiobarbituric acid were added and the mixture was incubated at 100 °C for 20 min. After cooling, the amount of oxidized deoxy-2-ribose was measured spectrophotometrically at 532 nm. The results were presented as equivalents of sorbitol.



A method described by Robak and Gryglewski was used to determine the activity against the superoxide radical [32]. The sample (250 µL) was mixed with 250 µL of 0.45 mM NADH (nicotinamide adenine dinucleotide), 250 µL of 0.15 mM nitroblue tetrazolium and 1 mL of phosphate-buffered saline. The chemical reaction was started by adding 250 µL of 0.12 mM phenazine methosulfate. The mixture was thermostated for 5 min at ambient temperature and the absorbance was determined at 560 nm. The scavenging activity was presented as equivalents of quercetin.



The scavenging activity against nitric oxide was determined with a method of Marcocci et al. [33]. The procedure is based on the fact that, in solutions, nitroprusside ions spontaneously release nitric oxide, which is subsequently transformed into nitrite ions by atmospheric oxygen. The particular compounds are able to neutralize NO molecules before they are oxidized to NO2−, hence the scavenging properties of the samples can be expressed as a difference in the amount of nitrites created. During the assay, equal volumes of the extract and 10 mM sodium nitroprusside solution were mixed and thermostated for 2 h at 37 °C. Afterwards, 1 mL of the solution was mixed with 1 mL of Griess’ reagent for nitrites and incubated for one half hour at room temperature. The formation of red-colored azo dye was measured spectrophotometrically at 546 nm. The scavenging activity was expressed as equivalents of coumarin.





3. Results and Discussion


3.1. Effect of Process Conditions on TPC


Phenolic compounds are a very wide and divergent group. Therefore, an accurate evaluation of their content via HPLC methods would be very toilsome. As a result, the most common method of evaluating their content, a spectrophotometric test using Folin-Ciocalteu reagent, was used. The selectivity of this test is low: the presence of thiols, proteins, and some inorganic ions can lead to overestimating the result [34]; however, in the investigated system, the polarity of extraction medium was too low to co-extract significant amounts of such compounds. The results are listed in Table 1.



RSM (Response Surface Methodology) was selected as a mathematical method of optimization [35]. The yield of phenolic compounds was connected with the process parameters using the equation (Equation (1)):


[image: there is no content]



(1)




where: Y = the yield of the extraction, Xi = normalized process parameters (as in Table 1), and ai = model constants.



The values of the model constants obtained during the optimization are presented in Table 2 along with a statistical analysis of their significance. Amongst the process parameters and their combinations, three significantly (at p ≤ 0.05) affected the yield of the extraction: X1, X2, and X3. Broadening the significance level to p ≤ 0.10 revealed that X12 and X1X2 also influenced the outcome of the process.



Table 2. Summary of three-parameter optimization of the extraction process.







	
Model Constant

	
Value

	
Significance (p-Value)






	
a0

	
731.60

	
-




	
a1

	
−285.19

	
0.0007




	
a2

	
297.38

	
0.0006




	
a3

	
226.76

	
0.0011




	
a11

	
171.19

	
0.0587




	
a22

	
−85.59

	
0.1424




	
a33

	
16.59

	
0.7920




	
a12

	
−95.95

	
0.0908




	
a13

	
−24.68

	
0.7144




	
a23

	
39.85

	
0.6036




	
Model F-Value

	
15.229

	
0.0038










An increase in the recovery of phenolic compounds was obtained by minimizing the extraction temperature, and maximizing the addition of ethanol and pressure. The highest yield (1.52 g per 100 g of pomace) was acquired at 35 °C, 10 MPa, and 80% m/m ethanol addition. The calculations showed that better results (1.78 g per 100 g of pomace) would be acquired for 35 °C, 12.5 MPa and 80% m/m of ethyl alcohol (parameter set not tested due to using the Box-Behnken approach). A graphical representation of the results is shown in Figure 1.


Figure 1. Effect of the temperature and pressure of extraction on the yield of phenolic compounds during the Supercritical Fluid Extraction (SFE) of chokeberry pomace (50% m/m addition of ethyl alcohol). Abbr.: GA = gallic acid, TPC = total phenolic content, T = temperature, p = pressure.
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The values of the yield obtained by model computations were comparable with the empirical data. As an illustration, at 35 °C, 10 MPa, and 80% m/m ethanol addition, the computed yield (1.54 g per 100 g) was only about 1% higher than the result of the experiment.



The presented approach allowed good modelling of empirical data, however, it was not able to explain clearly what mechanisms were responsible for the results, for e.g., is the effect of pressure connected with an increase of density? To test the hypothesis about the impact of solvent density, the computations were repeated using the density of CO2 instead of the temperature and pressure.



The yield of phenolic compounds was connected with the process parameters using the equation (Equation (2), symbols as above):


[image: there is no content]



(2)







The values of the model constants acquired and their significance are presented in Table 3. Two of the process parameters were significant: X3 and X4. The model F-value was superior to the one obtained during the first calculation.



Table 3. Summary of two-parameter optimization of the extraction process.







	
Model Constant

	
Value

	
Significance (p-Value)






	
a0

	
882.60

	
-




	
a3

	
232.08

	
<0.0001




	
a4

	
470.51

	
<0.0001




	
a33

	
−70.79

	
0.1645




	
a44

	
55.64

	
0.2467




	
a34

	
43.47

	
0.2897




	
Model F-value

	
84.660

	
<0.0001










An increase in the recovery of phenolic compounds was obtained by maximizing the addition of ethanol and the density of CO2. A graphical representation of the results is shown in Figure 2.


Figure 2. Effect of the addition of ethanol and density of the carbon dioxide on the yield of phenolic compounds during the SFE of chokeberry pomace (50% m/m addition of ethyl alcohol). Abbr.: GA = gallic acid, TPC = total phenolic content, T = temperature, p = pressure.
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The values of the yield obtained by model computations were very close to the empirical findings. The adjustment improved the fit in comparison with the earlier calculations, the F-values of both models (15.229 versus 84.660) confirm the results. The computed yield at 35 °C, 10 MPa, and 80% m/m ethanol addition (density of ca. 766 kg·m3) was the same as the experimental result (1.52 g per 100 g).




3.2. Anthocyanin Content


A quantitative analysis of the anthocyanins in the extracts was carried out using high performance liquid chromatography (Figure 3). The galactoside, glucoside, and arabinoside of cyanidin were identified using certified standards, and cyanidin-3-xyloside by comparing its retention time and quantity to the data in literature [3,28].


Figure 3. Anthocyanin compounds present in the SPE extracts from chokeberry pomace. Abbr.: Cya-3-Gal = cyanidin-3-galactoside, Cya-3-Glu = cyanidin-3-glucoside, Cya-3-Ara = cyanidin-3-arabinoside, Cya-3-Xyl = cyanidin-3-xyloside, t = time.
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Anthocyanins accounted for 50%–67% of the total phenolics in the extracts collected. The ratio of individual anthocyanins was constant for all the samples obtained. A strong correlation was found between the TPC and anthocyanin content (R2 = 0.9788).




3.3. Free Radical Scavenging


Among the methods used to estimate the antioxidative properties in vitro, the most popular are those based on the scavenging of free radicals. The most prevalent are cheap, simple, and fast assays exploiting ABTS•+ and DPPH• radicals; however, the structure of artificial radicals varies from the naturally occurring reactive oxygen species, therefore, the in vivo significance of the results can be disputed [36]. Therefore, the activity against three radicals of major biological significance was also determined. Detailed results are presented in Table 1 while a summary and interpretation of results are shown in Table 4.



Table 4. Potential of the extracts from chokeberry pomace to scavenge selected free radicals. Abbr.: TPC = total phenolic content, GAE = gallic acid equivalents, IC50 = half maximal inhibitory concentration.







	
Parameter

	
DPPH•

	
ABTS•+

	
NO•

	
O2−•

	
OH•






	
reference compound

	
Trolox

	
Trolox

	
curcumin

	
quercetin

	
sorbitol




	
equivalent of 100 g of pomace

	
459.7–2907.0 µmol

	
411.0–3384.1 µmol

	
13.3–29.0 µmol

	
249.4–1138.4 µmol

	
16.44–72.24 mmol




	
equivalent of 1 g of GAE

	
1.87 ± 0.33 mmol

	
1.93 ± 0.23 mmol

	
36.3 ± 21.4 µmol

	
0.92 ± 0.22 mmol

	
58.7 ± 19.5 mmol




	
IC50 of reference compound

	
23.3 µmol/L (5.83 mg/L)

	
10.4 µmol/L (2.60 mg/L)

	
33.0 µmol/L (12.16 mg/L)

	
3.89 µmol/L (1.18 mg/L)

	
27.1 mmol/L (4.94 g/L)




	
GAE for 50% of inhibition

	
12.46 mg/L

	
5.39 mg/L

	
909.09 mg/L

	
1.63 mg/L

	
461.67 mg/L




	
correlation with TPC

	
0.9715

	
0.9490

	
0.6249

	
0.9803

	
0.9248










Extracts from Aronia melanocarpa showed comparable scavenging properties in both assays implementing the use of artificial radicals (ABTS•+ and DPPH•). The activity of phenolics was approximately two times smaller than that exhibited by Trolox. Both tests showed a similar activity range and a high correlation with the concentration of phenolic compounds.



The scavenging capacity of the hydroxyl radical was also well correlated with the phenolic content. However, the results were affected by the properties of this reactive oxygen species; it is excessively reactive and can oxidize the vast majority of organic molecules [37]. All compounds present in the extracts (including non-phenolics) increase the scavenging activity against OH•, however, the concentrations required for efficient protection are not possible to achieve in living cells. Therefore, the only effective method of defense against the hydroxyl radical is by hindering its formation from other reactive oxygen species.



Research on the scavenging activity against the superoxide radical showed that chokeberry extracts are exceptionally good neutralizers of these molecules. A concentration of phenolics as low as 1.6 mg/L (expressed as equivalents of gallic acid) was able to scavenge more than 50% of radicals. This parameter showed the highest correlation with total phenolic content (R2 = 0.9803).



Nitric oxide is a distinguished reactive oxygen species. It shows very limited activity against macromolecules, although it can react with other radicals, which induces the formation of more dangerous molecules, e.g., peroxynitrite (ONOO−) [38]. The phenolic compounds obtained from Aronia melanocarpa turned out to be weak inhibitors of NO•. The correlation between the TPC and activity against nitric oxide was moderate (R2 = 0.6249).




3.4. Comparison of SFE and Solvent Extraction


The phenolic content in chokeberry pomace was 3204 mg GA per 100 g. The recovery of solvent extraction was only 13.5%, while supercritical CO2 modified with ethanol (with the same ethanol-pomace ratio of 0.5) was able to elute 11.1%–44.6% of phenolics. This part of the experiments, with the use of high densities of CO2, gave significantly higher yields than that from solvent extraction. The extracts obtained with both methods exhibited a similar quantity of anthocyanins and radical scavenging activity when converted to 1 g of gallic acid equivalent. The output of solvent extraction could be undoubtedly increased by utilizing greater amounts of solvent; although one of the goals of the project was to reduce the use of these substances.





4. Conclusions


All the parameters tested had a significant effect on the yield of supercritical carbon dioxide extraction. Generally, superior recovery of the phenolic compounds was achieved at a higher pressure, lower temperature, and adding larger quantities of ethyl alcohol. The impact of CO2 density on the efficiency of the extraction, presented in the literature [14,15], was confirmed.



The two-parameter model proved to be appropriate for the description of the process (the F-value of the model was 84.660). The crucial properties of the extracts, anthocyanin content and scavenging of the reactive oxygen species, were highly correlated with the total phenolic content. The use of CO2 will allow for collecting higher amounts of phenolics from the pomace with the same consumption of organic solvents.



The obtained extracts exhibited very high scavenging activity against most of the tested radicals with an exception of nitric oxide. A role of oxidative stress in the process of aging and pathogenesis of many ailments, including atherosclerosis, inflammations, ischemic diseases, and certain tumors, has been postulated [39]. The high content of antioxidant phenolics suggest that use of the extracts as food fortifiers or diet supplements may have a positive effect on the heath of consumers [40]. The results acquired are similar to those found in a previous paper by our team concerning the extraction of sour cherry pomace [14]. In both cases, the influence of the process parameters on the yield was comparable, so these results may suggest that the extraction of other berries using supercritical CO2 would occur in a similar way.
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