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Abstract

Garlic (Allium sativum L.), a member of the Alliaceae family, has been widely
used in cuisine and traditional medicine since ancient times. Black garlic is
produced by fermentation of fresh garlic under controlled conditions for a
certain period at high temperature (60-90°C) and high humidity (70-90%).
According to the Turkish Statistical Institute (TURKSTAT) data, Kastamonu
and Gaziantep garlic varieties are the most cultivated garlic varieties in our
country. Changes in protein, sugar content, antioxidant capacity (DPPH
and ABTS methods), total phenolic content, 5-hydroxymethylfurfural (HMF)
content, and organosulfur compound profiles were investigated in samples
taken from Kastamonu and Gaziantep fresh garlic at 7, 14, 21, and 28 days
of black garlic production under 65°C temperature and 70% humidity
conditions. With these analyses, the differences between black garlic and
fresh garlic and the changes in black garlic during the production process
were revealed in detail. It was determined that the amount of total phenolic
content and antioxidant capacities increased in the black garlic production
processes of both regions compared to fresh garlic. While sucrose was
fresh garlic’s dominant sugar, fructose was black garlic’s dominant sugar.
Among the organosulfur compounds, allicin was dominant in fresh garlic
and SAC in black garlic. It was determined that SAC was formed after the
enzymatic conversion of y-glutamyl-S-alk(en)yl-L-cysteine and y-glutamyl
and the temperature and fermentation time used in black garlic production
increased the formation of SAC. The protein content ranging between 5.8%-
7.3% in fresh garlic was 13.1-14.2% in black garlic. Fresh and black garlic
from the Gaziantep region was determined to have higher total phenolic
content, antioxidant capacity, and organosulfur compound contents.
Keywords: Black garlic, Antioxidant capacity, HMF, Organosulfur
compounds

INTRODUCTION

Garlic (Allium sativum L.), a member of the Lilliaceae family, is considered to
be the most important vegetable produced in this family after onion (Kim et
al., 2004, Hamma, 2013). According to FAO data, garlic constitutes 2.4% of the
1.14 billion tons of vegetables produced in the world in 58.3 million hectares in
2020. Worldwide, 28 million tons of garlic are produced on 1.6 million hectares
(FAOSTAT, 2020). Garlic is a vegetable grown in many regions of our country and
can adapt well to the environmental conditions of our country. According to
TURKSTAT data, more than 136 thousand tons of garlic were produced in our
country in 2020. Kastamonu province ranks first with 23 thousand tons of dry
garlic production.

Garlic and its products are widely consumed due to their unique taste and rich
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nutritional value (Condurso et al., 2019; Tao et al., 2016; Zhang et al., 2016; Huang et al., 2015). This versatile ingredient
has been a staple in global cuisine for millennia, valued not only as a food item but also for its medicinal properties
(Moutia et al., 2018). Garlic contains organosulfur compounds such as allicin, alliin, and ajoene, as well as antioxidant-
rich phenolic compounds such as catechin, epicatechin, resveratrol, coumaric, chlorogenic acid, carbohydrates
(sucrose, glucose), minerals, amino acids, and vitamins such as vitamin A, B1, B2, niacin, and C (Raghu et al., 2012).

The health effects of garlic are attributed to its bioactive compounds, particularly organosulfur compounds that
cause bitterness and a pungent odour. Studies have shown that garlic consumption has potential benefits against
chronic diseases such as cancer and diabetes (Oyawoye et al., 2022; Queiroz et al., 2009). The characteristic odor of
garlic makes it not widely preferred in the food industry despite its potential health benefits. Many people hesitate
to consume garlic because of its odor. Black garlic has been developed as an attractive alternative for consumers
who want to enjoy the health benefits of garlic. Black garlic has a milder odor and a more pleasant texture. Black
garlic is produced by heat treatment of fresh garlic under controlled temperature (60-90 °C) and high humidity (50-
95%) without any extra processing or additives (Zhang, et al. 2016). Many reactions occur during the production of
black garlic. Depending on these reactions, carbohydrates, organosulfur compounds, amino acids, polyphenols and
other antioxidant compounds in fresh garlic undergo significant changes. As a result of this change, studies have
determined that the bioactivity of black garlic is higher than fresh garlic (Kim et al., 2011; Qiu et al., 2020). Various
changes occur during the fermentation stages in black garlic production. The most important of these changes is the
increase in the amount of S-allyl cysteine (SAC) compound as a result of the fermentation process (Haber et al., 1996;
Atanasova-Goranova et al.,, 1997). During the heat treatment of garlic, the Maillard reaction changes the nutrient
content, color, texture, and flavor of garlic (Yuan et al., 2016).

This study aims to investigate the biochemical composition, antioxidant capacity, HMF, and sugar content of fresh
garlic grown in the Gaziantep and Kastamonu regions of Turkiye during black garlic production. For this purpose,
samples were taken on different days of the fermentation process, evaluations were made and changes in protein
and sugar content, antioxidant capacity (DPPH and ABTS methods), total phenolic matter content, HMF content, and
organosulfur compound profiles were determined.

MATERIALS AND METHODS
Material

Kastamonu fresh garlic samples were obtained from a local market in Taskdpri city of Kastamonu province and
Gaziantep fresh garlic samples from the Araban city of Gaziantep province. The specimens were then subjected
to a controlled process of black garlic production, which involved exposure to specific temperature and humidity
conditions. During the production of black garlic, fresh garlic samples were subjected to temperatures of 65 °C,
humidity levels of 70%, and kept in a humidity chamber (HCP105, Memmert GmbH + CO, KG, Germany) for 28 days.

Chemicals

Methanol, sodium hydroxide, ethanol, acetonitrile, Folin—Ciocalteu reagent, and formic acid were purchased from
Merck (Darmstadt, Germany). 1,1-diphenyl-2-picrylhydrazyl (DPPH), 2,2"-azino-bis (3-ethylbenzothiazoline-6-sulfonic
acid) (ABTS), potassium persulfate, Folin-Ciocalteu phenol reagent, sodium carbonate, Gallic acid were purchased from
Sigma-Aldrich (St. Louis, MO, ABD). Sucrose, glucose, and fructose were procured from Merck Company (Darmstadt,
Germany). Deionized water was utilized in HPLC to prepare the mobile phases. Standard solutions and other sensitive
solutions were prepared daily.

Protein determination
Crude protein content was determined by the Kjeldahl method AOAC (1997).
Sugar determination

For sugar analyses, 2 g of sample was taken, and 20 ml of water was added and extracted with a magnetic stirrer
for 30 minutes. At the end of this time, the extract obtained was centrifuged (Hettich Universal 320R) at 5500 rpm
at 4°C and the upper clear part was removed and filtered through 0.45 um filters (Lee and Coates, 2000). The filtrate
obtained was injected into the Shimadzu Prominence-l HPLC device and the sugar amounts in the samples were
determined. Aminex HPX-87H (300 x 7.8 mm) (Bio-Rad, California, USA) column and 5 mM sulphuric acid solution were
carrier phases. The sugar concentrations were determined in the samples by an external standard method using RID
(Refractive Index Detector). For this purpose, calibration solutions were prepared from sucrose, glucose, and fructose
standards at 5 different concentrations, and sugar amounts were calculated according to the calibration curve.
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Determination of antioxidant capacity

Two different methods (DPPH and ABTS) were applied to assess the antioxidant capacity of garlic samples. The
ability to suppress free radicals was assessed in a UV-Vis (Agilent Cary 60) spectrophotometer at 515 nm using DPPH
(2,2-Diphenyl-1-picrylhydrazyl) (Brand-Williams et al., 1995; Kelebek et al., 2009). The ABTS assay was carried out
by the method given by Saafi et al. (2009). By combining it with 2.45 mM potassium bisulfate and leaving it in the
dark for 12-16 hours, a 7 mM solution of ABTS (2,2"-azino-bis [3-ethylbenzthiazoline-6-sulfonic acid]) was created.
The solution was diluted with sodium acetate (pH 4.5) buffer to an absorbance of 0.70 0.01 at 734 nm using a UV-
Vis spectrophotometer. The extract was then combined with 2.98 mL of the prepared buffer and incubated in the dark
for 20 minutes at room temperature. The absorbance at 734 nm was then measured with a UV-Vis spectrophotometer
(Agilent-Cary 60). The Trolox calibration curve was utilized to calculate antioxidant activity, and the results were
expressed as mol Trolox per 100 g.

Total Phenolic Compounds (TPC) Analysis

TPC analysis was performed using the Folin-Ciocalteu reagent method, as described by Singleton and Rossi (1965).
A spectrophotometer cuvette was filled with 200 L of the extract/standard solution and 1.5 mL of Folin-Ciocalteu
reagent (1:10). After five minutes, 1.5 mL of 6% sodium carbonate solution was added to the tubes, which were then
stored in the dark for 90 minutes at room temperature. A UV-Vis spectrophotometer was used to detect absorbance
at 765 nm. We generated a 500 ppm gallic acid solution for the calibration curve and reported the results in mg/100 g.

Determination of HMF content

Hydroxymethylfurfural (HMF) levels in fresh and black garlic samples were determined using the method published
by Kelebek et al. 2016. In brief, 0.4 g of the substance was mixed with 5 ml of distilled water. The mixture was then
concentrated to 10 mL using 100 L of Carrez 1 and 100 L of Carrez 2. The resulting blend was ultrasonically treated
for 30 minutes in a water bath before centrifuging at 5500 rpm at 4 °C. The filtrate was directly fed into an Agilent
6430 Triple Quadruple mass spectrometer equipped with high-performance liquid chromatography (LC-DAD-ESI-MS/
MS) on a Phenomenex Luna C18 column (250 4.6 mm, 5 m) (Torrance, California, USA). A positive ion electrospray
ionization (G1948 B) source is used in the spectrometer (Agilent 6430 LC-MS/MS). The detected ions for the HMF
complex were m/z 109 and m/z 127. For quantification, the signal response of an ion with a m/z of 109 was observed.
Chromatograms at 285 nm detection wavelength were used to collect data (Kelebek et al. 2016).

Analysis of organosulfur compounds

The extraction of the samples was prepared according to the method of Zhu et al. (2016) with modifications. Agilent
6460 triple quadrupole mass spectrometer (Agilent Technologies, Santa Clara, CA, USA) connected to an Agilent
1260 LC with a Diode Array Detector was used to identify organosulfur compounds. Organosulfur compounds were
determined by LC-DAD-ESI-MS/MS using a Phenomenex Luna C18 column (250 x 4.6 mm, 5 um) (Torrance, California,
USA) in positive mode.

Statistical analysis

Statistical analysis was performed by One-Way ANOVA using SPSS 22.0 (version 22, SPSS Inc., Chicago, IL, USA).
Duncan’s test measured differences in the content levels of the results and means with p-values less than 0.05 were
indicated to be statistically significant.

RESULTS AND DISCUSSION
Protein content

The protein contents of fresh garlic grown in the Gaziantep and Kastamonu regions and black garlic produced from
this garlic on the 7th, 14th, 21st, and 28th days are given in Table 1. While the amount of protein in Gaziantep and
Kastamonu fresh garlic was 5.76% and 7.33%, respectively, it was determined that there was a 2-fold increase in the
amount of protein until the 21st day in the black garlic production process, and a decrease was observed after the
21st day. Nassur et al. (2017) reported the protein content of fresh garlic as 10.62% and the protein content of black
garlicas 11.75% in their study. Liu et al. (2018) found that the protein content of fresh garlic was 5.32% and the protein
content of black garlic was 10.26%.
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Table 1. General composition of garlic

Protein (%) Sucrose (g/kg) Glucose (g/kg) Fructose (g/kg) Total sugar(g/kg) HMF (g/ kg)

Gaziantep fresh garlic 5.86+0.67 3.43+0.19" 2.81+0.27 1.35+0.01 7.60+0.07 Nd
G7 834+0.11° 35374023 7.72+0.04° 32.38+0.04° 75.48+0.22° 0.09+0.01"
G4 8.27+021°  34.92+0.02° 9.74+0.03' 68.98+0.07' 113.6620.07' 0.14+0.01°
G21 12.59+0.66°  22.85+0.10°  16.78+0.02"  168.45+0.12° 208.09+1.25" 0.63+0.03°
G28 9.85+0.54°  17.49+0.01°  21.92+001°  219.34+0.10° 258.76+0.01° 0.86+0.01°
Kastamonu fresh garlic ~ 7.33+0.32°  6.18+0.01° 3.29+0.03' 2.29+0.56 11.7620.58' Nd
K7 9.28+0.48° 24562008  4.16+0.06" 19.65+0.07" 48.38+0.09" 0.10£0.01"
K14 10.034030°  35.03+0.02°  12.79+0.05° 95.31+0.02° 143.14+0.05° 0.19+0.01°
K21 13.10£0.06°  24.07+0.01° 19.43+0.01° 189.50+0.01° 233.02+0.01° 0.65+0.02°
K28 9.87+0.13°  3.58+0.01' 27.44+0.10°  272.86%0.30° 303.89+0.20° 0.95+0.01°

“"Different exponential letters in the same column indicate a significant difference between the samples (p<0.05).
Nd: Not detected. G7; Black garlic produced from Gaziantep fresh garlic in 7 days, G14; Black garlic produced from
Gaziantep fresh garlic in 14 days, G21; Black garlic produced from Gaziantep fresh garlic in 21 days, G28; Black garlic
produced from Gaziantep fresh garlic in 28 days, K7; Black garlic produced from Kastamonu fresh garlic in 7 days, K14;
Black garlic produced from Kastamonu fresh garlic in 14 days, K21; Black garlic produced from Kastamonu fresh garlic
in 21 days, K28; Black garlic produced from Kastamonu fresh garlic in 28 days.

Sugar content

Carbohydrates constitute 26-30% of fresh garlicand contain 23% fructans. Fructans are a group of oligopolysaccharides
consisting of fructose units linked by 3-2,1 bond and constitute 70-80% of the dry matter of garlic (Huang et al,,
2011; Li et al,, 2017). Fructans are hydrolyzed to fructose and glucose by heat treatment applied during black garlic
production. Thus, black garlic becomes sweeter and the texture softens (Hofmann et al., 2000; Yuan et al., 2016).
The sucrose, glucose, and fructose compounds in fresh garlic from the Gaziantep and Kastamonu regions and black
garlic produced from these regions were determined and presented in Table 1. Analysis revealed that sucrose was
the predominant sugar in fresh garlic, followed by glucose and fructose. Additionally, it was observed that the levels
of sucrose, glucose, and fructose increased with the fermentation period in the black garlic production process,
with fructose becoming the dominant sugar after 14 days. Casas et al. (2017) determined the highest increase in
fructose (from 0.38 to 44.73 g/100 g/100 g DW) and glucose (from 0.21 to 2.51 g/100 g DW) in black garlic using high-
performance liquid chromatography (HPLC). Choi et al. (2008) examined the physicochemical properties of black
garlic and determined the fructose, arabinose, glucose, and sucrose compounds of fresh garlic as 63.9 mg/100 g, 51.1
mg/100 g, 91.6 mg/100 g, and 76.3 mg/100 g, respectively. In black garlic, fructose (63.9 mg/100 g), arabinose (114.5
mg/100 g), glucose (181.7 mg/100 g), and sucrose compounds were identified.
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Figure 1. Chromatogram of the sugar determined in garlic (1; Sucrose, 2; Glucose, 3; Fructose)
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HMF amount

The amount of HMF was determined during the production process of black garlic, and the data obtained are
presented in Table 1. LC-MS/MS was employed for identification, with the study conducted in positive ion mode
based on 127>109 multiple reaction monitoring (MRM) transitions. Notably, HMIF was not detected in fresh garlic.

During the production process of black garlic derived from garlic cultivated in the Gaziantep and Kastamonu regions,
the HMF content was found to range between 0.09 and 0.86 g/kg in Gaziantep black garlic and 0.10 and 0.95 g/kg in
Kastamonu garlic. Notably, in some studies, the maximum HMF content in black garlic at the end of the production
process has been reported to be approximately 5 g/kg (Zhang et al., 2016).
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Figure 2. Chromatogram and spectrum obtained for HMF analyses in positive mode
Antioxidant capacity and total phenolic content

The antioxidant capacity of fresh garlic grown in Gaziantep and Kastamonu regions and black garlic produced from
this garlic were determined by two different methods, DPPH and ABTS, on the 7th, 14th, 21st, and 28th days (Table
2) and a statistically significant difference was observed (p<0.05). The antioxidant capacity potential of fresh garlic
grown in Gaziantep and Kastamonu regions was determined as 53.69 pmol Trolox /100 g and 56.85 pmol Trolox/100
g by the DPPH method and 188.14 pmol Trolox /100 g and 109.55 pmol Trolox /100 g by ABTS method, respectively. It
was determined that antioxidant capacity increased in the black garlic production process depending on the increase
in production time. It was determined that the antioxidant capacity of black garlic produced from fresh garlic grown in
the Gaziantep region was higher than that of black garlic produced from fresh garlic grown in the Kastamonu region.

The prominent feature of black garlic is its potent antioxidant activity. Studies show that black garlic can effectively
scavenge DPPH, ABTS, hydroxyl, nitrite, and superoxide anion radicals (Jeong et al.,, 2016; Kim, Nam, et al., 2012;
Lee et al., 2009; Zhang et al.,, 2016). Black garlic plays a similar regulatory role in lipid peroxidation and superoxide
dismutase activity, with its effect on reducing free radical production (Bae et al., 2014; Kim, Nam, et al,, 2012; Sato,
Kohno, Hamano et al., 2006). In particular, antioxidant activity increases during the processing of black garlic. This
increase is due to the formation of new antioxidant compounds such as S-allyl cysteine (SAC), polyphenols, carboline
derivatives, melanoidins, Amadori and Heyns compounds along with increases in the amounts of compounds such as
HMF and pyruvate (Qiu et al., 2020). This reinforces the unique antioxidant properties of black garlic.

Phenolic compounds are aromatic or aliphatic compounds characterized by at least one aromatic ring to which one
or more hydroxyl (OH) groups are attached. The anti-inflammatory, anti-aging, antiproliferative, and antioxidant
properties of phenolic compounds have been established in various studies (Rahman et al., 2021). The total phenolic
content of fresh garlic grown in the Gaziantep and Kastamonu regions was 65.12 mg GAE/100 g and 19.59 mg
GAE/100 g, respectively. It was determined that the amount of total phenolic matter increased with the increase
in the production period of black garlic produced from fresh garlic grown in both regions. In previous studies, it
was reported that black garlic had higher total polyphenol content than fresh garlic. Total polyphenol content was
reported to be 7-11 times higher than fresh garlic, and total phenolic acid content increased 4 to 8 times (Casas et al.,
2017).
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Table 2. Antioxidant activity and total phenolic content results

DPPH ABTS TPC
(nmol Trolox /100 g) (umol Trolox /100 g) (mg GAE /100 g)
Gaziantep fresh garlic 53.66+4.06" 188.14+9.98" 65.12+1.719
G7 620+4.49° 1081.85+39.47" 165.43+1.03¢°
G14 1292.38+41.31¢ 2177.77+6.66¢ 331.66+4.19¢
G21 2598.57+28.53¢ 3770.74+93.07¢ 586.81+1.52°
G28 2929.52+42.24° 4350+70.61° 618.03+13.64°
Kastamonu fresh garlic 56.85+2.66" 109.55+0.86' 19.59+0.93"
K7 548.09+£10.729 841.48+11.189 92.69+1.01°
K14 1013.33£14.30° 1655.92+16.32¢ 211.51+£2.02¢
K21 2631.42+29.51¢ 3838.88+4.80° 590.75+2.14°
K28 2782.85+10.78° 3970.74+10.01° 624.24+9.58°

““Different exponential letters in the same column indicate a significant difference between the samples (p<0.05). G7;
Black garlic produced from Gaziantep fresh garlic in 7 days, G14; Black garlic produced from Gaziantep fresh garlic in
14 days, G21; Black garlic produced from Gaziantep fresh garlic in 21 days, G28; Black garlic produced from Gaziantep
fresh garlic in 28 days, K7; Black garlic produced from Kastamonu fresh garlic in 7 days, K14; Black garlic produced
from Kastamonu fresh garlic in 14 days, K21; Black garlic produced from Kastamonu fresh garlic in 21 days, K28; Black
garlic produced from Kastamonu fresh garlic in 28 days.

Table 3. Retention time and mass spectral properties of organosulfur compounds in garlic

Organosulfur compound Retention time (min) Abbreviation Mainion Fragmention

(3R,5S)-5-methyl-1,4-thiazane-3-carboxylic acid 5,72 Cycloalliin 178.23 88.08,91.04
(4)-S-allyl-I-cysteine sulfoxide 6,32 Alliin 178.15 88-74
(4)-S-(trans-1-propenyl)-I-cysteine sulfoxide 6,57 Isoalliin 178.2 88.00, 160.10
(+)-S-allil-I-sistein 10,64 SAC 162.1 145.1,73.1
y-I-glutamil-S-allil-I-sistein 17,38 GSAC 291.2 162,2,144,8
y-I-glutamil-S-(trans-1-propenil)- |-sistein 20,5 GSPC 291.2 201,1
y-I-glutamil-phenylalanine 24,83 YGPA 2953 178.0, 88.0
Allicin 55,3 Allicin 163.2 73.2,41.1
Table 4. Organosulfur compound contents of garlic (mg/qg)
Sazlanten G7 G14 G21 Gzg  Kastamonu K7 K14 K21 K28
fresh garlic fresh garlic
(+)-S-allil-l-sistein ~ 38.3120.01" 175.35£2.01° 198.33+0.01° 215.98+0.87° 166.81£0.43° 57.28+0.64° 185.95+0.71° 220.67+0.95 112.80+047° 173.3020.75°
(3R,5S)-5-methyl- . p B} .
1,4-thiazane-3- 12.83+021° 34333024  27.90+0.68° 23.74+0.01 Nd 16.09+0.01°  42.60+0.01"  10.43+0.02 Nd Nd
carboxylic acid
e G 503£0.02° 39.05+0.72° 42.59+0.31° 26.235:+0.40° Nd 3.432001" 24224001 Nd Nd Nd
cysteine sulfoxide
(+)-S-(trans- | .
1-propenyl)-I- 6.73+0.01°  23.56+0.26° 32.35+0.01° Nd Nd 401+0.01°  7.29+0.01° Nd Nd Nd
cysteine sulfoxide
:’_'S'{S%L‘:;am"'s'a”"' 4.40:001°  7.62+0.01° Nd Nd Nd 0.98+0.01°  5.47+001° Nd Nd Nd
y-I-glutamil-S- . | . . |
(trans-1-propenil)- 194.10£0.10° 25.95+0.10° 17.85+0.01" 45.80+0.27° 29.57+0.01 75.06+0.98° 96.14+0.01° 52.28+0.01 Nd 32.30+0.01°
|-sistein
v-hglutamil- 9.64+0.01°  6.20+0.10° Nd Nd Nd 9.40+001°  8.28+0.01° Nd Nd Nd
phenylalanine
Allicin 30042£001°  2.16+0.01°  147+001° 0624001  032£001" 116344021° 2.02+001°  1.142001°  045:001°  0.24+0.01'

*"Different exponential letters in the same column indicate a significant difference between the samples (p<0.05).
Nd: Not detected. G7; Black garlic produced from Gaziantep fresh garlic in 7 days, G14; Black garlic produced from
Gaziantep fresh garlic in 14 days, G21; Black garlic produced from Gaziantep fresh garlic in 21 days, G28; Black garlic
produced from Gaziantep fresh garlic in 28 days, K7; Black garlic produced from Kastamonu fresh garlic in 7 days, K14;
Black garlic produced from Kastamonu fresh garlic in 14 days, K21; Black garlic produced from Kastamonu fresh garlic
in 21 days, K28; Black garlic produced from Kastamonu fresh garlic in 28 days.
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CONCLUSION

This study investigated the changes in the black garlic production processes of Kastamonu and Gaziantep garlic,
which are Turkey’s most produced garlic varieties. Within the scope of the study, samples were taken on the 7th, 14th,
21st,and 28th days of the black garlic production process at 65°C temperature and 70% humidity, and various analyses
were performed. According to the results obtained, it was determined that total phenolic substances and antioxidant
potentials increased in black garlic production processes of both regions compared to fresh garlic. In addition, it was
observed that sucrose was the predominant protein in fresh garlic, while fructose was the predominant protein in
black garlic. Regarding protein content, the ratios range from 5.8% to 7.3% in fresh garlic and were found to be around
13.1% to 14.2% in black garlic. As a result, it was determined that fresh and black garlic from the Gaziantep region
had higher phenolic matter, antioxidant capacity, and sulfur compound contents. This study provides an important
contribution to understanding the changes in the production processes of fresh garlic and the bioactive properties of
black garlic obtained from garlic grown in the Kastamonu and Gaziantep regions.
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