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Abstract

:

Black garlic is produced as a result of the so-called “fermentation processes” of whole heads or cloves kept under controlled conditions of temperature and humidity for several weeks. During this long-term heat treatment, garlic undergoes enzymatic and non-enzymatic browning reactions, which greatly change its taste, aroma, physicochemical, organoleptic and bioactive properties. Black garlic is most often produced in the form of cloves, and recently also in the form of paste and powder. This work focused on the comparison of functional properties of black garlic, such as volatile compounds, taste profile, total polyphenols content, antioxidant activity, color (CIE L*, a*, b*), water activity (aw), pH, soluble solids content (°Brix) and moisture content, depending on the form of its occurrence: cloves, spreading paste and powder. After long-term heat treatment, garlic was characterized by a higher content of dry matter and water-soluble solids, respectively at about 22% and 24% for spreading paste and 166% and 44% for powder. The conducted research showed significant differences in the bioactive properties of the tested garlic samples, with the lowest content of polyphenols and antioxidant properties in fresh, unprocessed garlic (6.05 ± 0.07 mg GAE/1 g d.m. and 232.95 ± 4.06 µM TEAC/1 g d.m., respectively), while in garlic subjected to long-term heat treatment, the total polyphenols content and antioxidant potential were two times higher than in the unprocessed garlic. The polyphenol content and antioxidant properties were the highest in the spread garlic (respectively, 15.16 ± 0.08 mg GAE/1 g d.m. and 638.46 ± 3.37 µM TEAC/1 g d.m.) and the lowest in the powdered samples (respectively, 11.02 ± 0.51 mg GAE/1 g d.m. and 541.71 ± 5.22 µM TEAC/1 g d.m.). Obtained black garlic samples gain completely different sensory characteristics determined using instrumental methods. In black garlic and its preparations, the intensity of unpleasant taste and aroma is reduced as a result of the appearance of metabolites during the long-term heat treatment, which in turn determined the specific, delicate sweet–sour taste and pleasant aroma, completely unrelated to the aroma of the unprocessed product. Taking into account the obtained results, it can be stated that black garlic, in the form of cloves, paste and powder, exhibits completely different properties than white garlic.
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1. Introduction


Garlic (Allium sativum L.) is a plant with a high content of various bioactive compounds (including sulfur compounds—alliin, polyphenolic compounds, minerals—manganese, selenium, calcium, B vitamins and vitamin C), and therefore for centuries it has been considered a medicine for many diseases [1]. Garlic, due to its diaphoretic, expectorant, antispasmodic, bacteriostatic and antiviral properties, is commonly used in the treatment of bronchial and upper respiratory tract inflammation, abdominal pain, recurrent infections and influenza [2]. Its antibacterial, antiviral, antidiabetic, anticancer, hypotensive, hypolipidemic, antiatherosclerotic, cardioprotective and antioxidant properties are also widely documented and widely known to consumers [3,4,5,6,7,8].



The main compounds responsible for the health-promoting properties of garlic are sulfur-containing compounds, such as S-allyl-l-cysteine sulfoxide (alliin) and γ-glutamyl-S-allyl-l-cysteine, which under the influence of the allinase enzyme are hydrolyzed to sulfides, disulfides and trisulfides, diallyl and ajoenes and other organosulfur metabolites such as S-allylcysteine [1,3,4,9,10]. These compounds, apart from showing health-promoting properties, are also responsible for the characteristic, distinctive, sharp taste and smell of garlic, which are unacceptable to some consumers [11,12]. Therefore, technologists and food producers are looking for solutions to meet the expectations of consumers related to the supply of garlic with high bioactive properties, which is also characterized by a neutral taste and smell. A product with such properties is the so-called “black garlic” formed during the prolonged heating of garlic under certain temperature and humidity conditions [13,14,15].



Black garlic is produced as a result of the so-called “fermentation processes” of whole heads or cloves kept under controlled conditions of temperature (60–90 °C) and humidity (70–90%) for a period of several weeks (usually 30–90 days). This process takes place without the participation of microorganisms (bacteria and fungi) and without the addition of preservatives, but only under the influence of enzymes naturally occurring in the raw material, as a result of natural reactions and biochemical transformations of compounds present in the raw material [16,17,18]. During this long-term heat treatment, garlic undergoes enzymatic and non-enzymatic browning reactions, such as oxidation, caramelization and Maillard reactions, which greatly change the physicochemical, organoleptic and bioactive properties of garlic [19,20,21]. Moreover, as a result of fermentation processes, unstable organosulfur compounds present in raw garlic (mainly allicin responsible for the sharp and unpleasant taste and smell of fresh garlic) are transformed into stable, water-soluble, odorless compounds, the most important of which are S-allylcysteine, S-allyl-mercapto cysteine and other organosulfur ingredients, 5-hydroxymethylfurfural, alkaloids and polyphenols (including phenolic acids and flavonoids), which show very high antioxidant activity [21,22,23,24,25,26]. For this reason, black garlic has many times higher antioxidant potential than raw garlic; thus, fermentation improves the bioactive profile of raw garlic [27,28,29,30]. In addition, the content of reducing sugars and organic acids significantly increases during the ageing process of black garlic, which also changes the taste of black garlic to sweet and sour, which is much more acceptable to consumers [23,31,32]. All these mentioned compounds possess a strong correlation with biological and pharmacological properties such as antioxidant, anti-inflammatory, anti-cancer, anti-allergic, anti-allergic, hypolipidemic, neuroprotective and hepatoprotective activities [13,26,33,34]. The functional properties of “black garlic”, especially the content of bioactive compounds such as polyphenols, and the antioxidant activity are widely described in the recent literature [26,35,36]. Most of the available studies compare the functional properties of “black garlic” with unprocessed “white” cloves due to the fact that black garlic is most often produced in the form of cloves [14,15,16,17,18,19,20,28,29,30,31,32,33,34,35,36].



Recently, many products obtained from black garlic have appeared on the food market, including black garlic in the form of a paste or powder. Black garlic produced in these forms greatly facilitates its use by consumers, both in terms of the possibility of its longer storage (paste heat-fixed by pasteurization, powder with a very low aw), as well as its use during the preparation of meals.



The research carried out by our team [31,32] confirmed the high bioactive properties of black garlic, which were found to be much higher compared to traditional white garlic. Previous manuscripts have focused on comparing the main physicochemical parameters of black garlic with white garlic, such as moisture, extract, sugar, pH and bioactive properties, i.e., polyphenol content and antioxidant potential. This work is a continuation of the above-mentioned research; however, in this work, the research was conducted on black garlic paste and powder, which have recently been introduced to the market.



The first objective of this research was to determine dry matter, moisture content, pH, soluble solids content (°Brix), total polyphenols content and antioxidant activity. The second objective was to determine volatile compounds, taste profile and color measurement depending on the form of the occurrence of garlic: cloves, spreading paste and powder.




2. Materials and Methods


2.1. Materials


The research was carried out in 2021 on garlic (Allium sativum L.), cultivar “Harnaś”, grown in an ecological cultivation system (farm located in the Warmińsko-Mazurskie Voivodeship, Lubawa, Poland, 53°38′39.2″ N 19°50′48.6″ E).



The fresh material was cleaned and stored in a refrigerator at 10 °C and 85% relative air humidity for 24 h. One part of the fresh, unprocessed white (WG) garlic was used for physicochemical tests, while the rest was used for the production of black garlic (BG). Black garlic was produced by the thermal treatment of whole garlic bulbs in climate chamber (Humidity Chamber HCP70, Memmert GmbH & Co., KG, Schwabach, Germany) at 70 °C temperature and with 80% relative humidity for 45 days, as previously described [31,32].



The flow diagram of the study is presented in Figure 1.



The black garlic was peeled, the cloves were separated, and all material obtained in this way was divided into three parts (BG-C, BG-P, BG-S). Garlic in the form of cloves (BG-C) was stored in a glass vessel under refrigeration conditions (10 °C and 85% relative air humidity) until physicochemical tests were carried out. To prepare the black garlic powder (BG-P), the cloves were ground, homogenized for 1 min (10,000 rpm), (IKA T18 Basic ULTRA-TURRAX®, IKA® Poland Ltd., Warsaw, Poland), placed in in plastic containers, frozen in liquid nitrogen and freeze-dried (Alpha 1-4 LSC, Martin Christ GmbH, Osterodeam Harz, Germany) at a chamber pressure of 10 Pa, a drying chamber temperature of −50 °C and a shelf of 21 °C for 72 h. The freeze-dried black garlic macerate was ground in a laboratory knife mill (Grindomix GM 200, Retsch GmbH, Haan, Germany), packed into sterile plastic containers and stored in a −20 °C freezer until analysis. The black garlic spread (BG-S) was prepared by the fragmentation and homogenization for 1 min (5000 rpm) (IKA T18 Basic ULTRA-TURRAX®, IKA® Poland Ltd., Warsaw, Poland) of black garlic cloves. The macerate prepared in this way was placed in a dark glass jar and then pasteurized (at 70 ± 2 °C temperature for 15 ± 2 min).



In the research material obtained in this way, i.e., in cloves of fresh, white (WG) and black (BG-C) garlic, in powder (BG-P) and spread (BG-S) of black garlic (Figure 2), the dry matter and moisture content, water activity (aw), pH, soluble solids content (°Brix), total polyphenols content, antioxidant activity, identification of volatile compounds, taste profile and instrumental color measurement were determined.




2.2. Methods


2.2.1. Dry Matter and Moisture Content, Water Activity, pH, Soluble Solids Content (°Brix)


To determine the dry matter content in the samples of white and black garlic, the gravimetric method was used in accordance with the AOAC method [37]. Weighed weighing vessels were filled with garlic samples, reweighed again and dried in a laboratory drier (SUP 200W, Wamed, Warsaw, Poland) at 105 °C. After 72 h, the samples were cooled to 21 °C and weighed. The dry matter and moisture content was calculated from the difference in weight, and the results were expressed as a percentage (%). Water activity (aw) was measured using an AquaLab Water Activity Meter with a temperature stabilizer (Decagon Devices. Inc., Pullman, WA, USA). In all garlic samples, in a 1:5 homogenate/powder mixture with deionized water, the pH was measured potentiometrically using a pH meter (Elmetron CP-511, Elmetron G.P., Zabrze, Poland) at room temperature (20 °C). The content of soluble solids (°Brix) was measured with an Abbe refractometer (ORT-1, Kern & Sohn GmbH, Balingren-Frommern, Germany) at room temperature (20 °C) and expressed as a percentage (%). Dry matter and moisture content, water activity (aw), pH and soluble solids content (°Brix) were determined in three independent replications for each garlic samples.




2.2.2. Total Polyphenols Content and Antioxidant Activity


Total polyphenols content and antioxidant activity were determined in 80% methanol extracts (Sigma-Aldrich, Poznań, Poland). To sterile 50 mL Falcone tubes, on an analytical balance (AS 220/X, Radwag, Radom, Poland) 1.0 g of the tested samples was weighed (with an accuracy of 0.001 g), 30 mL of 80% methanol solution was added and vortexed (Wizard Advanced IR Vortex Mixer, VELP Scientifica Srl, Usmate, Italy) for 60 s (2000 rpm) and incubated in a shaking incubator (IKA KS 4000i Control, IKA® Poland Ltd., Warsaw, Poland) for 60 min (40 °C, 200 rpm). After incubation, the samples were vortexed again (60 s, 2000 rpm) and centrifuged (MPW-380 R, MPW Med. Instruments, Poland, Warsaw) for 15 min (3 °C, 10,000 rpm). In the obtained clear supernatants, the total content of polyphenols and antioxidant activity were determined.



The total polyphenols content was determined by the colorimetric spectrophotometric method using Folin–Ciocalteu reagent (Sig-Ma-Aldrich, Poznań, Poland) according to the modified method of Singleton and Rossi (1965) [38]. The amounts of extracts (determined in a predetermined dilution scheme) were transferred to 50 mL volumetric flasks; then, 2.5 mL of Folin–Ciocalteu reagent and 5.0 mL of 20% sodium carbonate (Sigma-Aldrich, Poznań, Poland) were added, made up to the mark with distilled water and incubated for 60 min at room temperature (20 °C) protected from the light. After incubation, the absorbance was measured at a wavelength λ = 750 nm with a spectrophotometer (UV/Vis UV-6100A, Metash Instruments Co., Ltd., Shanghai, China). After taking into account the applied dilution schemes, based on the calibration curve (y = 2.231 + 0.1315, R2 = 0.9995) for the standard substance, i.e., gallic acid (Sigma-Aldrich, Poznań, Poland), the results of total polyphenolic content were calculated and expressed as mg GAE (Gallic Acid Equivalents)—i.e., mg gallic acid per 1 g of dry matter (mg GAE/g d.m.).



Antioxidant activity was determined by the colorimetric spectrophotometric method using ABTS+• (2,2′-azino-bis (3-ethylbenzothiazoline-6-sulphonic) acid) (Sigma-Aldrich, Poznań, Poland) radical cation assay according to modified method of Re et al. (1999) [39]. The amounts (0.5–1.5 mL) of extracts (determined in a predetermined dilution scheme) were transferred into 10 mL glass test tubes; then, 3.0 mL of ABTS+• radical cations in PBS solution (Phosphate Buffer Solution, Sigma-Aldrich, Poznań, Poland) was added and incubated for 6 min at room temperature (20 °C). After incubation, the absorbance was measured at a wavelength λ = 734 nm with a spectrophotometer (UV/Vis UV-6100A, Metash Instruments Co., Ltd., Shanghai, China). After taking into account the applied dilution schemes, based on the calibration curve (y = –5.7012 + 0.7039, R2 = 0.9998) for the standard substance, i.e., Trolox (Sigma-Aldrich, Poznań, Poland), the results of antioxidant activity were calculated and expressed as a µmols TEAC (Trolox Equivalent Antioxidant Capacity)—i.e., μM TEAC per 1 g of dry matter (μM TEAC/1 g d.m.).



The determinations of total polyphenolic content ant antioxidant activity were performed in six independent replications for each garlic sample.




2.2.3. Volatile Compounds


Volatile compounds were identified using the Heracles Neo Ultrafast Gas Chromatograph (HS-GC) (Alpha M.O.S., Toulouse, France). The instrument consists of a robotic autosampler system and two capillary chromatographic columns of various polarities—MXT-5 (non-polar; 10 m × 18 µm, Restek) and MXT-1701 (slightly polar; 10 m × 18 µm, Restek)—connected to two flame ionization detectors (FIDs). One gram of sample (with an accuracy up to 0.001 g) was placed in a 20 mL headspace vial and capped with a teflon faced silicon rubber cap. Each sample was incubated for 20 min at 40 °C, while the agitation speed was maintained at the level of 500 rpm. After incubation, the headspace was collected in a syringe; the injection volume on the GC was 1.0 mL, the injection speed was 125 mL/s, and the injector temperature was 200 °C. The temperatures of the injector and the detector (FID1 and FID2) were, respectively, 200 and 260 °C. The injection on e-nose was carried out on three replicates. The method was calibrated using an alkane solution (C6 to C16) in order to convert the retention time in Kovats indices and to identify the volatile compounds using the AroChemBase database. The AlphaSoft v16.0 software was used to process the data.




2.2.4. Taste Profile


The taste profiles of the fresh and processed garlic were measured using an Astree electronic tongue (Alpha MOS, Toulouse, France). The e-tongue is composed of an automatic sampler, seven potentiometric chemical sensors (sensor set #7: AHS, SCS, ANS, CPS, NMS, CTS, PKS), a reference electrode of Ag/AgCl and a data acquisition system. The potentiometric difference between each sensitive electrode and the Ag/AgCl reference electrode in the equilibrium state was recorded as a response signal. The electronic tongue sensor was preconditioned and calibrated using a 0.01 mol/L hydrochloric acid solution. The diagnostic started when the calibration passed. For the diagnostic, a 0.01 mol/L hydrochloric acid solution, MSG and sodium chloride were used to judge the sensitivity and discernment of the electronic tongue sensors. The sourness, saltiness and umami of the samples were measured using 0.1 M HCl, 0.1 M NaCl and 0.1 M MSG as reference materials for the electronic tongue sensor, respectively. The samples (0.5 g) were dissolved in 50 mL deionized water. Then, the samples were incubated in a shaking incubator (IKA KS 4000i Control, IKA® Poland Ltd., Warsaw, Poland) for 60 min (20 °C, 200 rpm). After that, the samples were centrifuged in a centrifuge (MPW-380 R, MPW Med. Instruments, Warsaw, Poland) for 15 min (2 °C, 10,000 rpm). The obtained supernatant was transferred into the electronic tongue sample beaker. Ten replicate measurements were conducted for each sample, and five points after stabilization were used for further data processing. The signal of each electrode was recorded each second, and the detection time was set to 120 s to ensure the sensors acquired enough taste information for each sample. Afterward, the sensors were rinsed in ultrapure water for 10 s to reach a stable state and prepared for the detection of the next sample. The detection sensors used in this analysis included CTS (for salty taste), NMS (for umami), AHS (for sourness), ANS (for sweetness), SCS (for bitterness), as well as PKS and CPS (both for general purpose) [40].




2.2.5. Instrumental Color Measurement


The colors of white (WG) and black garlic (BG) were instrumentally measured by computer image analysis using a Visual Analyzer 400 color analyzer (Alpha M.O.S., Toulouse, France). For this purpose, the tested garlic (homogenate/powder) samples were placed in pots in the measuring chamber, under controlled upper and lower lighting conditions (in order to avoid the shadow effect). Photos of the samples were taken with a Fujifilm lens (Fujifilm, Tokyo, Japan) with a diameter of 16 mm and a focal length of 0.1 m. Measurements were made in CIE Lab systems (L-brightness, + a-red, − a-green, + b-yellow, − b-blue), and the values of the L*, a* and b* parameters were calculated as weighted averages, taking into account the frequency of occurrence of individual color codes. Measurements and photos were taken in three independent replications for each garlic sample.




2.2.6. Statistical Analysis


The data are presented as the mean ± standard deviation (SD) of three to six independent replications and analyzed by one-way ANOVA using Duncan’s multiple range test and the statistical program Statistica 13.0 (Tibco Software Inc., Palo Alto, California, USA). Differences were considered statistically significant at p < 0.05 for all assays.



Principal component analysis (PCA) was used to assess the similarities and differences between the tested parameters of the garlic samples that were evaluated according to a covariance matrix. The AlphaSoft v16.0 software was used to process the data and obtain a PCA chart.






3. Results and Discussion


The physicochemical characterizations of fresh, white and black garlic are shown in Table 1. Concerning the results from the conducted research, all garlic samples significantly (p < 0.05) differed in terms of dry matter and moisture content, water activity and pH. Significant differences were also found in the content of soluble solids (°Brix). The lowest dry matter content (37.1 ± 0.13%) with the highest moisture content (62.86 ± 0.13%) was found in fresh, white, unprocessed garlic (WG) samples, which was confirmed by other authors’ research showing the water content in fresh garlic to be at the level of 57–65% [13,17,18,31,32,41]. The average dry matter content in the tested samples of black garlic was significantly higher and depended on the treatment of black garlic used during the production of its various products. Among the various black garlic products, the highest dry matter content was found in powder (BG-P), significantly lower in black garlic in the form of cloves (BG-C), and the lowest content was found in black garlic paste (BG-S). The results obtained in this study are in line with the literature data, in which the authors found a varied dry matter content (30–65%) in garlic cloves, depending, e.g., on the conditions of the garlic aging process such as temperature, relative humidity and the time of heat treatment of the garlic [13,17,18,31,32,41]. Tahir et al. (2022) [36] showed a significant reduction in moisture content in black garlic samples, similar to Sunanta et al. (2021) [25], showing a decrease in the moisture content of fresh garlic samples from about 72% to about 56% in black garlic, which is consistent with our research. The available literature lacks information on the comparison of these parameters in clove, powder and black garlic spreading paste. Black garlic’s moisture content is an important factor affecting its texture and consistency properties. A water content at the level of 35–40% results in a reduction of flexibility, and a value lower than 35% leads to excessively high hardness and dryness of the product. According to the literature, a product containing about 40–50% water is characterized by adequate flexibility, softness and firmness [13,17].



Fresh garlic’s (WG) water activity averaged 0.98, which is consistent with the results obtained by other authors (0.97–0.98) [16,31,32,41]. Long-term heat treatment leading to the production of black garlic (BG-C) decreased this parameter (0.94). Other authors also found water activity (aw) at a level similar (0.91 to 0.98) to the results of the research in this study [31,32,42]. The water activity of black garlic, remaining at a fairly high level, is a result of the specific conditions under which black garlic is produced. The high humidity maintained during the black garlic production process makes it difficult to drain water, but it is necessary for the proper course of this process [29,41]. With a high moisture content, a high aw cannot be a determinant of the microbiological safety of the final product, and in order to improve it, it is recommended to dry black garlic to an aw below 0.85 [42]. The produced black garlic was subjected to further processing. Black garlic powder (BG-P) was characterized by several times lower water activity (0.20), while garlic spreading paste (BG-S) was additionally pasteurized, which probably improved its microbiological properties. According to the literature, pasteurization, as a fairly mild method of heat treatment of food (below 100 °C), leads to the reduction or elimination of both pathogenic and non-pathogenic microorganisms in food, especially that with a high water content [43].



During the production of black garlic, the pH of the product decreased significantly (Table 1). According to the conducted research, the pH of fresh, unprocessed garlic (WG) was 6.37 ± 0.04, which is in line with the results of other authors showing a pH in the range of 5.99–6.52 [18,25,26]. Long-term heat treatment, resulting in the formation of black garlic, significantly (p < 0.05) decreased this parameter (on average to 3.80 ± 0.27 for the tested black garlic products). Other authors also showed this tendency [18,19,20,31,32]. Sunanta et al. (2021) [25] obtained results similar to ours, showing a significant decrease in pH for fresh unprocessed garlic (6.46) to about 3.79–4.44 in black garlic (depending on the time of heat treatment). In addition, Tahir et al. (2022) [36] found a significant decrease in pH from about 6.01 for fresh to 4.09 for black garlic during the aging process. The lowering of the pH during the aging process of black garlic depends on the conditions of its course. Lower pH is obtained in a product fermented over a longer period of time [42] or at a higher temperature [41,42]. According to the literature, the low pH in black garlic is a result of the Maillard reactions occurring during the aging process, leading to an increase in the synthesis of organic acids such as formic, succinic, 3-hydroxypropionic or pyroglutamic acid due to the oxidation of aldehyde groups in aldoses [20,44], or the degradation of hexose increasing the acetic acid content [45].



In the garlic samples tested in the study, the content of soluble solids (°Brix) was significantly (p < 0.05) the lowest in unprocessed, fresh garlic (WG) (35.88 ± 1.35%), and the applied process of long-term heat treatment resulted in a significant increase of this parameter for all black garlic products, averaging at a value of 47.78 ± 3.15%. The obtained results are consistent with the studies of other authors [18,28,31,42]. Among the tested black garlic products, the highest value for °Brix was found in BG-P powder (51.74 ± 0.48%). As reported in the literature, the increase in the content of soluble solids depends on the time and temperature of the garlic aging process, as well as on the way the material is fermented (in the form of head/cloves) [28] and finally on the variety of garlic and its condition as a crop (conventional/ecological cultivation) [31,32,42]. According to the literature, the increase in soluble solids content in black garlic is mainly attributed to the processes of hydrolytic degradation of polysaccharides to oligosaccharides and monosaccharides [27,46], accompanied by an approximately 80% increase in the content of reducing sugars determining the characteristic sweet taste of black garlic [46,47,48].



Chemical processes occurring during the long-term heat treatment of garlic, leading to the production of its black counterpart, are primarily Maillard reactions [19,20], chemical oxidation of phenols [49] or changes in the metabolism of organosulfur compounds in garlic [50], leading to the production of compounds originally absent from white garlic, as well as an increase in the content of bioactive components present in fresh, unprocessed garlic, such as polyphenolic compounds. Therefore, in this study, the total polyphenols content and the antioxidant activity of white (fresh) and black garlic as well as products of its processing (powder, spreading paste) were investigated, and the obtained results are presented in Figure 3.



The conducted research showed significant differences in the content of total polyphenolic compounds in the tested garlic samples, with the significantly lowest (p < 0.05) content of these components being found in fresh, unprocessed white garlic (WG), where it was 6.05 ± 0.07 mg GAE/1 g d.m., while in garlic subjected to long-term (45 days) heat treatment (70 °C) (BG), the total value of total polyphenols was on average 13.09 ± 1.81 mg GAE/1 g d.m. and was two times higher than in the WG. The obtained results are confirmed by the studies of other authors, who found a two-tenth increase in the content of these components as a result of garlic fermentation processes [14,15,18,31,32,38,42,51,52]. According to Sunanta et al. (2021) [25], the content of total polyphenols and flavonoids is higher the longer the heat treatment process continues. The authors showed a several-fold increase in the content of total polyphenols and an almost four-fold increase in the content of flavonoids in black garlic compared to fresh garlic. Similarly, Nakagawa et al. (2020) [21] found a several-fold increase in the content of phenolic components, at the same time showing a significant differentiation in the dynamics of the process of their synthesis. While in the initial phase of the aging process (0–7 days), the increase in the content of polyphenols was relatively small, and the synthesis was significantly higher with the lengthening of the aging process, reaching the maximum values on the 28th day of heat treatment. The authors explain this process by the probable polymerization of polyphenols and the decomposition of macromolecules during long-term heat treatment of garlic in high temperature and humidity conditions. According to the literature, the differences in the growth dynamics of the content and profile of polyphenolic compounds result from the conditions used during the aging of garlic. The content of these components varies depending on the temperature [42,51,52], which probably results from their easier release from esterified and glycosylated complex structures under the influence of high temperature [51,53] or time and high relative humidity [42,51,52], which in turn generates an increase in these components as a result of the later phases of the browning reaction [54].



The literature lacks data on the total polyphenolic content in various products obtained from black garlic. According to our research (Figure 3a), black garlic in the form of cloves (BG-C) contained two times more (13.08 ± 0.13 mg GAE/1 g d.m.) polyphenols than WG. The powder produced from it had a significantly lower content (11.02 ± 0.51 mg GAE/1 g d.m.). Interestingly, the spreading paste made from cloves of black garlic had significantly (p < 0.05) the highest content of total polyphenols among all tested black garlic products (15.16 ± 0.08 mgvGAE/1 g d.m.), which was probably due to the pasteurization (70 °C) used during its production and high macerate moisture (54.60 ± 0.99%), creating conditions for the further course of the garlic aging process.



Apart from changes in the content of polyphenolic compounds, their profile also changes during the production of black garlic. According to the literature, the content of phenolic acids may increase even eight-fold, among which derivatives of hydroxycinnamic acid dominate [31,32,51], which is attributed to the high stability of these compounds compared to other phenolic structures [51,55,56,57]. The profile of flavonoid compounds is also changing, the amount of which may increase by about four [51] or five times [52]; however, due to the very large variety of their chemical structure and thermal stability [57], the share of individual flavonoids varies widely at different stages of the garlic aging process, depending on the thermal conditions and the production time of black garlic [51,52,57].



Black garlic is known primarily for its antioxidant properties, which are determined by the increasing content of phenolic components during the aging process, as well as changes in the content and profile of sulfur-organic compounds [13,20,41,52]. Therefore, the study investigated the antioxidant activity of fresh, unprocessed garlic (WG), black garlic (BG-C) obtained after 45 days of heat treatment at 70 °C and 80% relative humidity and the products of its processing—i.e., powder (BG-P) and spreading paste (BG-S), (Figure 3b).



All garlic samples were characterized by a high ability to deactivate synthetic cation radicals ABTS+• (on average 500.50 ± 165.28 µM TEAC/1 g d.m.), and there were statistically significant (p < 0.05) differences in this parameter between the tested samples. White, unprocessed garlic (WG) was characterized by over two times lower antioxidant potential (232.95 ± 4.06 µM TEAC/1 g d.m.) than black garlic (on average, all black garlic products showed activity at the level of approximately 589.68 ± 42.05 µM TEAC/1 g d.m.). The results are similar to these obtained by other authors [18,31,32,41], which show a several-fold (2–9) increase in the antioxidant capacity of garlic during long-term heat treatment, leading to the production of black garlic, depending on the time and thermal conditions of the aging process [16,17,19,30,41,42] or the type of aged garlic (heads/cloves) [41,42]. Some authors show even several dozen times higher antioxidant activity of black garlic compared to white garlic [13,48]. However, the literature lacks comparative data for various black garlic processing products. According to our research, among the analyzed black garlic products, the highest antioxidant activity (similarly to the total content of polyphenols) was found in black garlic spreading paste (BG-S), where the value of this parameter reached an average of 638.46 ± 3.37 µM TEAC/1 g d.m. (Figure 3b).



According to the literature, the key compounds shaping the high antioxidant potential of black garlic include, among others, various polyphenolic or organosulfur compounds, both those that are present in fresh, unprocessed garlic and those that arise during its processing [13,41]. Already during the pre-treatment of garlic and during its grinding (slicing, grinding, biting the clove), odorless sulfur compounds such as alliin (S-allyl-l-cysteine sulfoxide, SAC) and γ-glutamyl-S-allyl-cysteine (GSAC), are metabolized under the influence of the enzyme released then—alliinase—to strongly aromatic, irritating substances that determine the specific sharp taste of garlic, such as allicin (diallyl thiosulfonate) and its diallyl sulfide derivatives, such as DAS (diallyl sulfides), DADS (diallyl disulfides), DTS (diallyl trisulfides) and others [12,58].



According to the literature, during the long-term heat treatment of garlic, during its aging, the content of alliin and allicin metabolites, such as DAS, DADS, DTS or SAC, may increase several times (6–7 times), which increases the antioxidant activity of black garlic [13,48]. The temperature-dependent γ-glutamyl transpeptidase (γ-GTP) from γ-glutamyl-S-allylcysteine (GSAC) in raw unprocessed garlic produces S-allyl-cysteine [11,12,52,59], a substance with strong antioxidant properties. According to the recently published studies by Liu et al. (2022) [50], the thermal stability of γ-glutamyl-S-allylcysteine (GSAC) is much higher than that of S-allyl-l-cysteine (SAC), and its content during the fermentation processes of black garlic (in conditions of high temperature and humidity) can increase by over 20% [50]. In addition, the antioxidant activity of black garlic significantly increases during the aging process as a result of the Maillard reactions taking place at that time (with different intensities depending on temperature and humidity conditions) [18,19,20,27]. In turn, the share, profile and mutual proportions of the Maillard reaction products determine not only the antioxidant properties of black garlic, but also its specific taste and smell [60,61,62].



Therefore, in this study, we focus on the identification of volatile compounds contained in fresh, unprocessed white garlic (WG) (responsible for its specific, pungent taste and aroma) and in black garlic (BG) and its processed products, in which the unpleasant taste and the aroma are lowered and improved as a result of the metabolites appearing during the long-term heat treatment of garlic, which in turn determine the specific, delicate sweet and sour taste and pleasant aroma [60,61].



Table 2 shows the main volatile compounds detected in all garlic samples, while Figure 4 shows the relative areas of peaks of the main volatile compounds indemnified in the headspace of the garlic samples. Based on chromatograms, the 43 compounds were detected in WG, 25 in BG-C, 24 in BG-P and 23 in BG-S. Fresh garlic contain 13 sulfur compounds, while in black garlic 10 compounds were found, and in paste and powder, 8 compounds were detected. Similarly, Ma et al. (2021) [63] showed that the total sulfide content tended to decrease during the aging process, possibly due to the strong volatility of sulfur compounds. The dominant compounds in fresh garlic cloves were sulfur compounds and ketones followed by aldehydes. According to the literature, similar compounds were detected in fresh garlic samples in several studies [63,64,65]. With aging, the number of sulfur compounds decreased; thus, the relative area (%) of detected peaks decreased. Some of the sulfur volatiles in fresh garlic, such as 1-pentanehiol, dimethyl sulfoxide, 3-mercapto-3-methylbutyl formate and 1-decanethiol, were not detected in black garlic.



However, with the aging process, multiple compounds could be detected in black garlic samples, including carbon disulfide, 2-methyl-2-propanethiol, 2-methylothio-ethanol, 2-furanmethanol, 2-octanone, alfa-pinene, 2,3,-dimethyl-pyrazine, 4-hydroxy-5-methyl-3-furanone and 5-methylfurfural.These substances may contribute to the roast, burnt, caramelized, green, fruity aroma of black garlic. Five-methylfurfural is a furfural derivative, which confirmed that the Maillard reaction took place during the aging of black garlic. Flavor compounds, such as pyrroles, thiophenes, furans and pyrazines, are formed through the generation of various volatile compounds in this process [66]. The fresh garlic cloves contained smaller amounts of green grass, floral and fruity aroma substances, and with the aging process, substances such as methyl acetate, 2-octanone, 1-hydroxy-2-propanone and (E,E) 2,4-decadienal improved the smell of the black garlic. Figure 5 shows the aromatic profile in a PCA plot based on the VOCs in the samples. The electronic taste sensor reactivity values of the tested samples are shown in Figure 5. Additionally, to the best of our knowledge, the taste profile of the garlic and black garlic was for the first time analyzed on an electronic tongue, which is a novelty of the current work.



Sourness (AHS) increased after the fermentation process (1.90–7.30), and the values between black garlic samples were similar between groups. In the case of umami (NMS), taste was enhanced after thermal process and increased from 1.90 (WG) to 7.00–7.40 in BG and BG-P, respectively. According to the results obtained by Park and Kim (2022) [67], lyophilized chives (Allium), which contain free amino acids, may enhance the umami taste in the product. The saltiness (CTS) decreased after the fermentation process, from 9.30 to 6.80 (BG-S), 5.50 (BG-P) and 5.20 (BG-C). The fresh garlic showed a strong bitter taste (SCS), and with a thermal process, the bitter taste strongly decreased, which may be due to the decrease of the total sulfide compounds, which tended to decrease during the thermal process. As previously reported, BG products in taste are very mild with sweet and sour tones, and fructooligosaccharides contribute to the sweet taste of black garlic [18,27].



The taste profiles (fingerprints) were obtained using a PCA based on the reactivity of all the sensors, which was derived from the e-tongue analysis results of the individual samples. The analysis results are shown in Figure 6. A total contribution rate of over 97% suggested the feasibility of the method. The variance contribution rate of PC1 was 99.50%, and PC2 was 0.26%. The classification of the groups showed that samples WG and BG were classified correctly. According to the PCA chart, the results from the e-tongue were able to completely distinguish the flavor of fresh and processes garlic cloves. Therefore, the black garlic samples (BG-C, BG-S, BG-P) shown on the x-axis had quite similar taste profiles. However, the BG-C and BG-P showed slightly different taste profiles from BG-S. The samples of WG cloves were positive along the y-axis and negative along the x-axis, indicating a greater diversity from BG samples. Therefore, an electronic tongue can also be used to distinguish white garlic and black garlic samples. The results based on the e-tongue measurement were significantly correlated with the human sensory evaluation scores, indicating that the e-tongue can be utilized to characterize the flavor of garlic products or other food types.



According to the results from the research, the chemical processes occurring during the long-term heat treatment of garlic as well as its further processing (production of black garlic powder or spreading paste) significantly changed the physicochemical and bioactive properties (such as the content of polyphenols, antioxidant potential) or the content of the volatile compounds. They changed the aroma and taste profile of the products produced in this way, which gained completely different organoleptic or sensory properties and characteristics. The caramelization, enzymatic and non-enzymatic browning reactions taking place during the aging of garlic and the products formed as a result of the Maillard reaction also significantly changed the color parameters of processed garlic [19,20,68].



Therefore, in this study, an instrumental measurement of the color of unprocessed white garlic (WG) and black garlic (BG) and the products of its further processing, i.e., powder (BG-P) and spreading paste (BG-S), was performed, and the obtained results are presented in Table 3 and Figure 7.



Significant (p < 0.05) differences were found in all color parameters in the L* a* b* color space between white unprocessed garlic (WG) and various black garlic products (BG) (Table 3). Large differences were noted in the case of the L* parameter, describing the lightness. White garlic (WG) was over 3.3 times brighter (85.94 ± 0.26) than black garlic (average for all black garlic products: 25.44 ± 0.35), which confirms the caramelization or Maillard reactions during the fermentation of black garlic leading to the production of browning products in black garlic, changing the color of the product to dark brown or even black. The obtained results are similar to the results of other authors [13,16,28,31,32,42,52]. Additionally, differences in the lightness of the black garlic products were found. The L* parameter in the garlic clove (BG-C) and spreading paste (BG-S) samples were at a similar level (25.66 ± 0.15), while the garlic powder (BG-P) had the lowest lightness (25.00 ± 0.01) and therefore the darkest color, which would indicate a greater intensity of browning.



Significant differences were also found in the a* color parameter related to the red tone. The value of this parameter in unprocessed white garlic (WG) was on average 3.11 ± 0.11, while as a result of the long-term fermentation processes of garlic, it was significantly reduced to 2.15 ± 0.05 for garlic in the form of cloves (BC-C) and spreading paste (BC-S), which did not differ in this parameter. Interestingly, the black garlic powder (BG-P) had the significantly highest (p < 0.05) value of the a* parameter among all analyzed samples (4.71 ± 0.02), which proves the greatest red shift in the case of this product. For the b* color parameter, describing shades of yellow, the significantly highest value was found in white garlic (WG) (53.77 ± 1.67), while the samples of black garlic showed an almost four times lower intensity of this color (average 13.94 ± 4.13). Furthermore, in the case of shades of yellow, the different products obtained from black garlic showed significant differences.



Black garlic in the form of cloves (BG-C) and black garlic spreading paste (BG-S) did not differ significantly in terms of yellow color saturation (average 11.18 ± 0.03), and similarly to the parameter a*; however, they differed significantly from the black garlic powder (BG-P), which showed the greatest color shift towards the yellow color (19.45 ± 0.08). No comparative data were found in the literature for various black garlic products—i.e., clove, powder and spreading paste. Figure 7 above shows a detailed analysis of the color of unprocessed white (WG) and black (BG) garlic and its processing products by an instrumental method (“electronic eye”).



According to the results from our research, the differences in the color parameters in the L* a* b* system in the tested garlic samples indicate a significant influence of both the long-term heat treatment processes and the further processing of black garlic (powder/spreading paste), resulting in the production of products with very different properties, including organoleptic ones. In the literature, the changes in the color of black garlic are explained by the Maillard reactions occurring during long-term heat treatment of garlic, generating dark-colored substances, such as melanoids, formed from sugars and amino acids at various stages of these chemical reactions [27,69,70]. The conditions of the long-term heat treatment of this product have an impact on the intensity and dynamics of the color change of black garlic. According to the literature, time and temperature [16,42,48] positively correlate with the intensity of browning black garlic, in contrast to relative humidity, where the relationship is opposite, slowing the Maillard reaction rate and thus the intensity of browning garlic [41].




4. Conclusions


In our work, the multidimensional pattern of the chemical processes occurring during long-term heat treatment of garlic as well as its further processing (production of black garlic powder or spreading paste) was analyzed and significantly changed the physicochemical and bioactive properties as well as the content of the volatile compounds and the taste profile of white garlic. After long-term heat treatment, garlic was characterized by a higher content of dry matter and water-soluble solids, and the highest values were found in the powdered garlic. The polyphenol content and antioxidant properties were the highest in the spread garlic and the lowest in the powdered samples. Obtained black garlic samples gained completely different sensory characteristics determined using instrumental methods. In black garlic and its preparations, the intensity of the unpleasant taste and aroma was reduced as a result of the appearance of metabolites during the long-term heat treatment, which in turn determined the specific, delicate sweet–sour taste and pleasant aroma, completely unrelated to the aroma of the unprocessed product. The conducted research showed significant differences in the bioactive properties of the tested garlic samples, with the lowest content of polyphenols and antioxidant properties in fresh, unprocessed garlic, while in garlic subjected to long-term heat treatment, the total polyphenolic content and antioxidant potential was two times higher than in the unprocessed one. The spread samples had a higher content of polyphenols and the highest antioxidant capacity.



Taking the above into account, it can be stated that black garlic, both in the form of cloves, paste and powder, exhibits completely different properties than white garlic. The paste is characterized by the highest content of polyphenols and the highest antioxidant properties, while the powder has the highest level of soluble solid. All the black garlic samples showed a similar flavor and aroma profile, with the clove and powder samples being the most closely related.
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Figure 1. The flow diagram showing the methodology followed in the study. 
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Figure 2. Plant material used in the research: (a) WG—white garlic, (b) BG-C—black garlic cloves, (c) BG-S—black garlic spread and (d) BG-S—black garlic spread. 
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Figure 3. Total polyphenols content (a) and antioxidant activity (b) in white garlic and black garlic products. Values are means ± standard deviation (n = 6). Different letters in bars (a–d) are significantly different (p < 0.05). WG—white garlic; BG-C—black garlic cloves; BG-P—black garlic powder; BG-S—black garlic spread. 
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Figure 4. Relative area of peaks (%) for the MTX-G column of the main volatile compounds identified in the headspace of garlic samples. WG—white garlic (a), BG-C—black garlic cloves (b), BG-P—black garlic powder (c), BG-S—black garlic spread (d). Means (n = 3) with different small letters (a–c) in the same chemistry family group are significantly different (p < 0.05). S—sulfur compounds, E—ester, K—ketone, A—aldehyde, Al.—alcohol, Oth.—other compounds. 
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Figure 5. Radar map of e-tongue data for fresh and black garlic. WG—white garlic, BG-C—black garlic cloves, BG-P—black garlic powder, BG-S—black garlic spreading paste. 
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Figure 6. PCA plot of the similarities and differences in the taste and profile of volatile compounds identified in the garlic samples: (a) e-tongue, (b) e-nose. WG—white garlic, BG-C—black garlic cloves, BG-P—black garlic powder, BG-S—black garlic spread. 
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Figure 7. Detailed color analysis of white garlic and black garlic products using the instrumental method (“electronic eye”). (a) WG—white garlic, (b) BG-C—black garlic cloves, (c) BG-P—black garlic powder, (d) BG-S—black garlic spread. 
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Table 1. Physicochemical characterization of white garlic and black garlic products.
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	Sample
	WG
	BG-C
	BG-P
	BG-S





	Dry matter (%)
	37.14 ± 0.13 a
	56.96 ± 0.42 c
	98.84 ± 0.06 d
	45.40 ± 0.99 b



	Moisture (%)
	62.86 ± 0.13 d
	43.03 ± 0.42 b
	1.16 ± 0.06 a
	54.60 ± 0.99 c



	Water activity (aw)
	0.98 ± 0.00 d
	0.94 ± 0.00 c
	0.20 ± 0.00 a
	0.93 ± 0.00 b



	pH
	6.37 ± 0.04 d
	3.94 ± 0.05 b
	3.45 ± 0.04 a
	4.02 ± 0.01 c



	°Brix (%)
	35.88 ± 1.35 a
	46.95 ± 0.10 c
	51.74 ± 0.48 d
	44.66 ± 0.32 b







Values are means ± standard deviation (n = 3). Different letters (a–d) in the same line are significantly different (p < 0.05). WG—white garlic; BG-C—black garlic cloves; BG-P—black garlic powder; BG-S—black garlic spread.
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Table 2. Characterization of the main volatile compounds identified in the headspace of fresh garlic, black garlic, black garlic powder and paste.
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	Chem. Family *
	KI MXT-5 a
	KI MXT-1701 b
	Possible Matched Compounds
	Sensory Descriptors **
	WG
	BG-C
	BG-P
	BG-S





	E
	383
	314
	Methyl formate
	Fruity
	x
	x
	x
	x



	Oth.
	419
	471
	Trimethylamine
	Ammoniacal, fruity, pungent
	x
	x
	x
	x



	S
	446
	488
	Methanethiol
	Garlic, sulfurous, cabbage
	x
	x
	x
	



	S
	457
	455
	Ethanethiol
	Garlic, sulfurous,
	x
	x
	x
	x



	E
	464
	551
	Ethyl chloride
	Ethereal
	x
	
	
	



	S
	482
	536
	Dimethyl sulfide
	Sulfurous, gaseous, cabbage
	
	
	
	x



	Ald.
	492
	577
	Propanal
	Earthy, ethereal, nutty
	x
	
	
	x



	Oth.
	525
	636
	2-methylo-propanal
	Floral, fresh, fruity, spicy,
	x
	
	
	



	S
	542
	600
	Carbon disulfide
	Sulfurous, burnt
	
	x
	
	x



	E
	557
	605
	Methyl acetate
	Fruity, sweet
	
	x
	x
	x



	Al.
	558
	657
	1-propanol
	Fruity, musty, alcoholic
	x
	
	
	



	S
	585
	610
	2-methyl-2-propanethiol
	Alcoholic, bitter, unpleasant
	
	x
	
	



	K
	586
	690
	Butane-2-3-dione
	Strong, pungent, fruity
	x
	
	
	



	Al.
	613
	722
	2-methyl-1-propanol
	Unpleasant, alcoholic, bitter
	
	
	
	x



	K
	639
	843
	1-hydroxy-2-propanone
	Caramelized, sweet
	
	x
	
	



	Oth.
	640
	704
	1-butanamine
	Ammoniacal
	x
	
	
	



	Al.
	665
	812
	Pent-1-en-3-ol
	Burnt, green, grassy, butter
	
	x
	
	



	Al.
	669
	795
	2-butanol
	Harsh, fermented, alcoholic
	
	
	x
	x



	K
	702
	782
	2,3-pentanedione
	Pungent, oily, fruity
	x
	
	
	



	K
	712
	828
	Acetoin
	Sweet, woody, butter
	x
	x
	
	x



	Oth.
	714
	748
	2-ethyl furan
	Burnt, acidic, sweet
	
	
	x
	x



	Oth.
	765
	975
	2-methylo-propanoic acid
	Sharp, acidic, fatty,
	x
	x
	x
	x



	Al.
	800
	896
	2-hexanol
	Fruity, fatty
	x
	x
	
	x



	E
	804
	849
	Ethyl butyrate
	Caramelized, fruity
	
	
	
	x



	S
	818
	866
	3-methyl-2-butene-1-thiol
	Onion, smokey, sulfurous
	x
	x
	x
	



	S
	822
	879
	1-pentanehiol
	Garlic, strong, sulfutous
	x
	
	
	



	S
	843
	992
	2-methylothio-ethanol
	Sulfurous
	
	x
	x
	x



	S
	850
	1071
	Dimethyl sulfoxide
	Sharp, green, fruity
	x
	
	
	



	S
	869
	930
	2-methyl-3-furanthiol
	Onion, spicy, sulfurous
	x
	x
	x
	x



	S
	879
	1023
	2-furanmethanol
	Bread, caramelized, fermented
	
	x
	x
	



	E
	881
	948
	Isoamyl acetate
	Pleasant, fresh, fruity, apple
	x
	
	
	



	K
	889
	981
	2-heptanone
	Gaseous, musty, spicy, soapy
	x
	
	
	



	E
	895
	956
	Propyl butanoate
	Fruity
	x
	
	x
	



	Ald.
	922
	931
	Alfa-pinene
	Harsh, aromatic
	
	x
	x
	x



	Oth.
	931
	1012
	2,3,-dimethyl-pyrazine
	Green, butter, caramelized
	
	x
	x
	x



	S
	955
	1032
	Dimethyl trisulfide
	Onion, aliaceous, sulfurous
	x
	x
	x
	x



	S
	979
	1100
	Ethyl (methylthio)-acetate
	Fruity, green, sulfurous
	x
	
	x
	



	K
	991
	1081
	2-octanone
	Gaseous, floral, fatty, earthy
	
	x
	x
	x



	S
	1018
	1121
	3-mercapto-3-methylbutyl formate
	Onion, sulfurous, green
	x
	
	
	



	E
	1029
	1089
	Heptyl mercaptan
	Onion
	x
	
	
	



	Ald.
	1044
	1189
	2-octenal
	Burnt, sour
	
	
	x
	



	Oth.
	1060
	1287
	4-hydroxy-5-methyl-3-furanone
	Caramelized, balsamic
	
	x
	x
	



	K
	1099
	1191
	Nonane-2-one
	Fatty, soapy
	x
	x
	x
	x



	Oth.
	1119
	1207
	N-nonanal
	Green, gaseous, floral, fruity
	x
	
	
	



	S
	1169
	1268
	5-methyl furfural
	Burnt,
	
	x
	x
	x



	Oth.
	1195
	1397
	2,6-dimethoxy phenol
	Woody, smoky
	x
	
	
	



	E
	1211
	1282
	Heptyl propionate
	Floral
	x
	
	x
	



	Al.
	1227
	1352
	Nerol
	Sweet, floral
	x
	
	
	



	E
	1249
	1252
	Phenylethyl acetate
	Apple, floral, sweet, fruity
	x
	
	
	



	Ald.
	1251
	1397
	Neral
	Sharp, strong, sweet, green
	
	
	
	x



	K
	1312
	1452
	(E,E) 2,4-decadienal
	Fried, fatty, green, oily
	
	x
	
	



	Oth.
	1321
	1315
	Tridecane
	Citrus, fruity,
	x
	
	
	



	S
	1336
	1397
	1-decanethiol
	
	x
	
	
	



	Oth.
	1349
	1564
	Gamma-nonalactone
	Fruity, strong, sweet, oily
	x
	
	
	



	Ald.
	1363
	1472
	(E)-2-undecenal
	Fatty, fresh, green, citrus
	x
	
	
	



	E
	1380
	1445
	(Z)-3-hexenyl hexanoate
	Grassy, green,
	x
	
	
	



	S
	1438
	1610
	2-difurfuryl sulfide
	Earthy
	x
	
	
	



	Oth.
	1449
	1724
	(E)-Cinnamic acid
	Floral, woody, sweet
	x
	
	
	



	E
	1470
	1635
	Ethyl cinnamate
	Balsamic, spicy, floral
	x
	x
	
	



	S
	1525
	1653
	Bis(2-methyl-3-furanyl)disulfide
	Onion
	x
	x
	x
	







S—sulfur compounds, E—ester, K—ketone, A—aldehyde, Al.—alcohol, Oth.—other compounds. *—Chem. Family—Chemical compounds Family; **—Sensory Destriptors—The sensory descriptions for the listed compounds are taken from AroChemBase; a Kovats index for non-polar column; b Kovats index for slightly polar column.
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Table 3. Color parameters in L*a*b* space obtained using the instrumental method (“electronic eye”) in white garlic and black garlic products.
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	Sample
	WG
	BG-C
	BG-P
	BG-S





	L* (lightness)
	85.94 ± 0.26 b
	25.79 ± 0.03 b
	25.00 ± 0.01 a
	25.53 ± 0.04 b



	a* (redness)
	3.11 ± 0.11 b
	2.17 ± 0.05 a
	4.71 ± 0.02 c
	2.14 ± 0.06 a



	b* (yellowness)
	53.77 ± 1.67 c
	11.21 ± 0.01 a
	19.45 ± 0.08 b
	11.15 ± 0.01 a







Values are means ± standard deviation (n = 3). Different letters (a–c) in the same line are significantly different (p < 0.05). WG—white garlic; BG-C—black garlic cloves; BG-P—black garlic powder; BG-S—black garlic spread.
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