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Abstract: This study was conducted with the aim of determining the effects of different black garlic
(BG) levels (1%, 2% and 3%) on quality characteristics of a semi-dry fermented sausage (heat-treated
sucuk). In addition, the effect of cooking time (0, 1 or 3 min at 180 ◦C on a hot plate) on nitrosamine
formation was investigated. Fresh garlic (FG, 1%) was evaluated as the control group. BG (2% and
3%) caused a reduction in the count of lactic acid bacteria while leading to an increase in pH. FG1%
gave the highest number of Micrococcus/Staphylococcus, as well as aw value. The thiobarbituric acid
reactive substance (TBARS) value increased with increasing BG levels. FG (1%) showed the highest
residual nitrite amount (p < 0.05). The scores for color, taste and general acceptability were reduced
by the use of BG (p < 0.05). No significant difference was observed between the garlic treatments in
terms of N-Nitrosodimethylamine (NDMA) and N-Nitrosodiethylamine (NDEA) when no additional
cooking was applied. Cooking time was determined to have no significant effect on NDMA in 3%
BG. The use of BG caused an increase in N-Nitrosopiperidine (NPIP) (p < 0.05). As for PCA, a closer
correlation between NPIP and the groups containing BG was observed, while there was a strong
correlation between NDMA and the FG group cooked for 3 min. The use of BG caused an increase in
NPIP, but affected NDMA and NDEA depending on the cooking time.

Keywords: fermented sausage; black garlic; nitrosamine; N-nitrosodimethylamine; N-nitrosodiethylamine;
N-nitrosopiperidine

1. Introduction

Fermented sausages include dry or semi-dry products such as salami, chorizo, hard
salami, pepperoni, thuringer, summer sausage, Rohwurst, cervelat, sucuk and heat-treated
sucuk. Fermented sausages are considered safe products due to hurdle effects such as pH,
aw, nitrite and redox potential. The aw value in dry fermented sausages is below 0.90, while
it varies between 0.90 and 0.95 in semi-dry fermented sausages [1]. The ingoing nitrite
level is an important factor for product safety. Nitrite is mostly used in rapid-ripened
products, while nitrate is preferred in long-ripened products [2]. However, nitrate must be
converted to nitrite in order to observe the expected effects of this curing agent in processes
using nitrate [3]. Nitrite, which has multifunctional properties (antioxidant, antimicrobial,
development of characteristic flavor and formation of color properties), is also involved in
the formation of nitrosamines [4,5].

Nitrosamines are compounds with carcinogenic, mutagenic and teratogenic properties [4].
N-Nitrosodimethylamine (NDMA) and N-Nitrosodiethylamine (NDEA) are defined by the
International Agency for Research on Cancer (IARC) as probably human carcinogens (Group
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2A). N-Nitrosodibutylamine (NDBA), N-Nitrozopiperidine (NPIP), N-Nitrozopyrrolidine
(NPYR) and N-Nitrosomorpholine (NMOR) are among the possibly (Group 2B) human
carcinogenic compounds [6]. Among these compounds, NDMA, NPIP and NPYR are
commonly found N-nitroso compounds in meat products [7]. The nitrosamine content of
semi-dry and dry fermented sausages such as salami, raw sausage, cervelat, pepperoni,
chorizo, sucuk and heat-treated sucuk can be below the detection limit or reach very high
levels [7–13]. Many studies have been conducted on the use of inhibitors such as ascorbic
acid and plant polyphenols [14–16], reducing ingoing nitrite level [17] and the use of lactic
acid bacteria [18–20], with the aim of reducing the amount of nitrosamine in meat products.
The effect of garlic, which is rich in sulfur compounds, on the formation of nitrosamines
has also been studied, and it was found that it can reduce nitrosamine content due to
allyl sulfide compounds [21,22]. Allicin (diallyl thiosulfate) is biologically the most active
sulfur compound in garlic. Another chemical group that characterizes garlic are phenolic
compounds [23,24]. The amount of these compounds is higher in black garlic [24–26]. Black
garlic is a processed product obtained by long (several weeks) fermentation of fresh garlic
bulbs (Allium sativum L.) at high temperature (60–90 ◦C) and relative humidity (50–95%)
without additional heat treatment or additives [26].

Garlic is included in the formulation of many dry and semi-dry fermented sausage
varieties [2,27–29]. However, due to black garlic’s functional potential, its use in many
foods, including sausages, is growing in popularity [30]. Garlic is also included in the
formulation of heat-treated sucuk, a semi-dry fermented sausage type widely produced
in Türkiye, and is added to the batter at 1% or more. The main processing steps of this
product are fermentation (initial fermentation temperature: 22–24 ◦C), heat treatment (core
temperature of 60–68 ◦C) and drying (moisture: protein < 3.6) [31,32]. Due to consumption
habits, heat-treated sucuk is also consumed by cooking. A previous study reported that
the cooking process resulted in significant increases in the nitrosamine content of heat-
treated sucuk, depending on the degree of cooking applied [16]. Therefore, alternative
applications to prevent nitrosamine formation in heat-treated sucuk are very important.
Black garlic (BG) has an enhanced antioxidant capacity compared with fresh garlic (FG),
and it has many beneficial health effects due to its functional compounds, such as its
antioxidant, antidiabetic and anti-inflammatory activities [25,26]. Based on this trait, it
was hypothesized that BG could prevent nitrosamine formation in heat-treated sucuk. The
effects of BG on nitrosamine formation in fermented sausages have not been studied yet. In
addition, the effect of BG on the quality properties of fermented sausages was not examined.
In this study, the aim was to determine the effects of using FG (1%) and BG at different
levels (1%, 2% and 3%) on the microbiological properties, lipid oxidation, residual nitrite
and sensory characteristics of heat-treated sucuk and the formation of nitrosamines.

2. Materials and Methods
2.1. Material

Meat and fat from the round and chuck parts of three beef carcasses from a local
butcher were used. After removing excess fat, beef meat was cut into small pieces and
stored at −18 ◦C until production. Beef fat was also chopped and stored at −18 ◦C
until production.

Taşköprü garlic was used as fresh garlic (FG). According to the Commission Imple-
menting Regulation (EU) 2021/615, the designation of origin of Taşköprü garlic is protected
and given the Protected Geographical Indication with the specific name “Taşköprü Sarım-
sağı”. It was obtained from the commercial company (Orhan Reis Tarım Ürünleri A.Ş.,
Taşköprü, Kastamonu, Türkiye). Black garlic (BG) was also obtained from the same com-
pany. It has been stated by the company that BG is obtained by the fermentation of fresh
Taşköprü garlic under controlled conditions. The pH and aw values were determined as
6.33 and 0.973 for FG and 4.48 and 0.907 for BG, respectively.

Autochthonous Latilactobacillus sakei S15 and Staphylococcus xylosus GM97 strains [33,34]
were added to the batters as starter cultures at 107 cfu/g and 106 cfu/g, respectively.
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2.2. Heat-Treated Sucuk Production

Heat-treated sucuk was produced with 80% lean beef meat and 20% beef fat. The
ingredients of the heat-treated sucuk formulation were as follows: 20 g/kg of NaCl, 4 g/kg
of sucrose, 7 g/kg of red pepper, 5 g/kg of black pepper, 9 g/kg of cumin, 2.5 g/kg
of allspice and 0.15 g/kg of sodium nitrite. The above-mentioned strains in production
were included in the formulation. Four different batches of heat-treated sucuk were
manufactured: heat-treated sucuk with 1% FG (control batch), heat-treated sucuk with
1% BG, heat-treated sucuk with 2% BG and heat-treated sucuk with 3% BG. For each of
the four treatments, three independent batches of sausages were prepared; thus, a total
of twelve batches of sausage were made. Batches were prepared using a laboratory-type
cutter (MADO Typ MTK 662, Dornhan/Schwarzwald, Germany) to a final particle size of
almost 3 mm. Batches of 200 ± 10 g were stuffed in collagen casings 38 mm in diameter
(Naturin GmbH & Co., Weinheim, Germany) with a filling machine (MADO Typ MTK 591,
Dornhan/Schwarzwald, Germany).

Heat-treated sucuk groups were fermented in an automatic climate unit (Reich, Ther-
moprozestechnik GmbH, Schechingen, Germany) at 24 ± 1 ◦C at 90 ± 2% relative humidity
for 24 h. Following the fermentation, they were subjected to heat treatment in a steam
cooking chamber (Mauting, Valtice, Czechia) to reach an internal temperature of 64 ◦C.
After heat treatment, the treatment groups were dried in an automatic climate unit (Reich,
Thermoprozestechnik GmbH, Schechingen, Germany) for 48 h at 18 ± 1 ◦C and 84% ± 2
relative humidity.

2.3. Cooking Procedure for Heat-Treated Sucuk

The heat-treated sucuk samples were sliced to 0.5 mm thick at the end of the produc-
tion. Cooking was performed on a hot plate. The surface temperature of the plate was
raised to 180 ◦C before cooking and its temperature was controlled by measurement with a
digital thermocouple (Testo 926, Testo, Titisee-Neustadt, Germany). In total, 1 min (0.5 min
per surface) and 3 min (1.5 min per surface) were applied as cooking times. Samples with-
out additional cooking were considered as control (0 min). Each sample was homogenized,
placed in a glass jar and then frozen at −20 ◦C until analysis.

2.4. Analysis

The final products obtained after drying were subjected to microbiological, pH, aw,
TBARS, residual nitrite and sensory analyses. Nitrosamine analysis was performed to both
uncooked and cooked samples. All analyses were replicated twice.

2.4.1. Microbiological Analysis

To determine the number of lactic acid bacteria of the samples, De Man Rogosa Sharpe
Agar (MRS, Merck, Darmstadt, Germany) was used. MRS plates were incubated at 30 ◦C un-
der anaerobic conditions (Anaerocoult A, Merck). The number of Micrococcus/Staphylococcus
was determined using Mannitol Salt Phenol Red Agar (MSA, Merck) after aerobic incuba-
tion at 30 ◦C for 2 days. The number of Enterobacteriaceae was determined using Violet
Red Bile Dextrose Agar (VRBD, Merck). Petri plates were incubated at 30 ◦C for 2 days
under anaerobic conditions (Anaerocoult A, Merck). The results were converted to the
logarithm of the number of colony forming units (log cfu/g) [1].

2.4.2. Physicochemical Analysis

To determine aw, a water activity device (Novasina AG CH-8853, Lachen, Switzerland)
was used and calibrated at 25 ◦C with six different salt solutions before use. aw values were
determined at 25 ◦C [35].

For pH, 10 g of analysis sample was mixed with distilled water (100 mL) and ho-
mogenized (1 min) with ultra turrax (IKA Werk T25, Staufen im Breisgau, Germany). The
pH value of the homogenate was measured with a pH meter (Mettler Toledo, Greifensee,



Foods 2023, 12, 1545 4 of 15

Switzerland). Before using the pH meter, it was calibrated with appropriate buffer solutions
(pH 4.0 and 7.0) [35].

The thiobarbituric acid reactive substances (TBARS) value was determined according
to the method given by Lemon [36]. The result was given as mg MDA/kg.

To determine residual nitrite, 10 g sample was mixed with 50 mL ultrapure water
(50–60 ◦C) and transferred to a 200 mL flask. Then, 50 mL of acetonitrile was added and,
after stirring for a further 15 min, the volume was made up to 200 mL with ultrapure water.
Samples filtered with nitrite-free/nitrate-free filter paper (MN 640 de, Macherey-Nagel)
were passed through a 0.45 µm filter and taken into vials. The residual nitrite content was
determined using high-performance liquid chromatography (HPLC) coupled with a diode
array detector (DAD) (Agilent Technology, Santa Clara, CA, USA). The flow rate in the
system was 2 mL/min. Detecting UV wavelength was 220 nm. The injection volume was
taken to be 100 µL. Results are reported in mg/kg based on the calibration carried out with
the nitrite standard [37].

For the nitrosamine analysis, the 10 g sample was placed in centrifuge tubes and
homogenized after the addition of 0.1 M NaOH solution. Then, methanol was added and
the sample was centrifuged at 10.000 rpm for 10 min at 4 ◦C. Thereafter, the sample was
filtered with glass microfiber (70 mm diameter, Whatman GF Healthcare Life Sciences UK)
and transferred to the ChemElut column (Agilent ChemElut, 20 mL, unbuffered, Santa
Clara, CA, USA) by adding 20% NaCl solution to the extract. Then, dichloromethane
was added and the mixture was concentrated to 1 mL with a Kuderna Danish appara-
tus. The concentrate was evaporated under nitrogen at 40 ◦C and GC/MS was used to
detect nitrosamines. Helium was used as the carrier gas. DB-5MS was used as column
and operated in SIM mode. After the oven temperature was kept at 50 ◦C for 2 min, it
was increased to 100 ◦C at a rate of 3 ◦C/min and held at this temperature for 5 min.
The temperature was then increased to 250 ◦C at a rate of 20 ◦C/min. Nitrosamine mix
(EPA 521 nitrosamine Mix, Supelco, Bellefonte, PA, USA) was used for identification and
nitrosamine amounts (N-Nitrosodimethylamine (NDMA), N-Nitrosodiethylamine (NDEA),
N-Nitrosodibutylamine (NDBA), N-Nitrozopiperidine (NPIP), N-Nitrozopyrrolidine (NPYR),
N-Nitrosomethylethylamine (NMEA) and N-Nitrosodipropylamine (NDPA)) were deter-
mined at µg/kg level [15].

2.4.3. Sensory Analysis

The sensory evaluation of heat-treated sucuk was conducted by 20 panelists. The
selection of panelists was based on the experience of pre-sensory testing, and they were
informed about the sensory analysis process, i.e., they were given information about the
score card and the evaluation procedures.

Each individual panelist was asked to evaluate the sensory attributes of sausage sam-
ples, including color, texture, odor, taste and overall acceptability. A nine-point hedonic
scale (one = strongly dislike, nine = strongly like) was used to score the samples. Eval-
uations were carried out under natural light in a quiet laboratory at room temperature
(22 ± 2 ◦C) [35].

2.4.4. Statistical Analysis

The experimental design was performed according to a randomized complete block
design (three blocks). Microbiological analysis, pH, aw, TBARS, residual nitrite and sensory
evaluation data were analyzed using the general linear model (GLM) ANOVA procedure,
which contained the fixed effect of garlic treatment (FG 1%; BG 1%, 2% or 3%). For
microbiological analysis, pH, aw, TBARS, residual nitrite and sensory evaluation, the
following mathematical model was used:

Yij = µ + bi + gj + eij (1)

Yij is the response variable; µ is the overall mean; bi is the ith block effect; gj is the fixed
effect of garlic treatment; eij is random error.
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Nitrosamine results were also analyzed using the GLM. The model used accounted for
the fixed effects of garlic treatment, cooking time (0 min, 1 min or 3 min) and the interaction
between garlic treatment and cooking time. The production of heat-treated sucuk was
performed in triplicate, and three blocks were evaluated as random effect in the model.
The following mathematical model was used for the nitrosamine analysis:

Yijk = µ + bi + gj + ck + (gc)jk + eijk (2)

Yijk is the response variable; µ is the overall mean; bi is the ith block effect; gj is
the fixed effect of garlic treatment; ck is the kth effect of cooking time; (gc)jk is the jkth
interaction effect of garlic treatment and cooking time; eijk is random error.

When all factors and interactions were significant, Duncan’s multiple range tests
were performed at p < 0.05 level to compare differences between the means. SPSS version
24 statistical software (SPSS Inc., Chicago, IL, USA) was used for all statistical analyses.
Principal component analysis (PCA) was performed to evaluate the relationships between
heat-treated sucuk groups with different garlic content (FG-1%, BG-1%, BG-2% and BG-3%),
cooking times (0, 1 or 3 min) and nitrosamines detected. The Unscrambler software (CAMO
software version 10.1, Norway) was used for PCA analysis. In addition, the relationship
between heat-treated sucuk groups without additional heat treatment and physicochemical
parameters (pH, TBARS, residual nitrite, NPIP, NDMA and NDEA) was also presented
using a heatmap. The heatmap was also applied to the sensory analysis results. A heatmap
graph was plotted using heat mapper [38].

3. Results and Discussion
3.1. Microbiological Counts, pH, aw, TBARS and Residual Nitrite

The overall effect of garlic treatment on the microbiological counts, pH, aw, TBARS
and residual nitrite of heat-treated sucuk are given in Table 1. The use of 2% or 3% level
of black garlic (BG) in heat-treated sausage caused a significant reduction in the number
of lactic acid bacteria (p < 0.05). However, there was no statistically significant difference
between 1% BG and 1% level of fresh garlic (FG) (p > 0.05). In the production of heat-treated
sucuk, FG is an important ingredient in the formulation. According to these results, the use
of 1% BG did not cause any significant differences on the behavior of the technologically
important lactic acid bacteria (p > 0.05). When the BG level was increased to 2% or 3%, a
decrease in the number of lactic acid bacteria by about one logarithmic unit was observed
(p < 0.05). This decline is believed to be due to the partial slowing down of lactic acid
bacteria growth due to antimicrobial compounds in BG during the fermentation stage [30].
Fermentation, heat treatment and drying are the main process steps in heat-treated sucuk
production. It has been noted in previous studies that lactic acid bacteria can show good
growth at the initial fermentation temperature of 22–24 ◦C. During the heat treatment
applied after fermentation, a reduction of up to 5 log units occurs in the number of lactic
acid bacteria, depending on the intensity of the heat treatment (usually 60–68 ◦C). In the
drying phase, there are no significant changes in the count [1,31,39]. Since a heat treatment
program based on an internal temperature of 64 ◦C was applied in the present study, the
number of lactic acid bacteria ranged from 102 to 103 cfu/g.

Another group of microorganisms that are technologically important in fermented
sausages are micrococci and staphylococci. As in lactic acid bacteria, significant reduc-
tions occur during heat treatment in these microorganisms [1,40]. In this present study,
Staphyloccus xylosus GM92 strain was used as a starter culture and added to the batter at a
level of 106 cfu/g. In the final product, the number of Micrococcus/Staphylococcus varied be-
tween 2 and 3 log cfu/g depending on the garlic type and level. As can be seen from Table 1,
the group with 1% BG showed about one log unit lower number than the control group
(FG 1%). The lowest mean number was determined in the group containing 3% BG, but the
mean value of this group was not statistically different from the mean of the 2% BG group
(p > 0.05). It is estimated that the groups with BG show a lower Micrococcus/Staphylococcus
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count than the group with FG, even at the 1% level, due to the stronger antimicrobial
activity of BG [41].

Enterobacteriaceae counts in all groups were below the limit of detection (<2 log CFU/g).
Acidification during fermentation and heat treatment were thought to have a significant
effect on the number of Enterobacteriaceae family members below the detectable limit in
all groups. In fact, similar results were obtained in the studies performed on heat-treated
sucuk [1,31,39].

No significant changes were observed in the pH value of heat-treated sausage at 1%
BG level compared with control (1% FG) (p > 0.05). On the other hand, the pH value was
higher in the presence of 2% BG or 3% BG compared with the control (Table 1). It was
thought that the antimicrobial effect of BG during fermentation slows down the growth
and activity of lactic acid bacteria, especially at 2% and 3% levels, and therefore there is
a smaller decrease in pH value in the 2% and 3% groups. As a matter of fact, as can be
seen from the lactic acid bacteria results, in the presence of 2% or 3% BG, lower lactic acid
bacteria counts were observed in the heat-treated sucuk groups subjected to fermentation,
heat treatment and drying under the same conditions (Table 1).

The highest mean of aw value in the study was determined in the control group (1%
FG). In other groups, the aw value decreased with increasing BG levels (p < 0.05). The aw
values of FG and BG used in the present study were 0.973 and 0.907, respectively. It was
thought that the effect of garlic on the different aw values of heat-treated sucuk groups is
more limited. As a matter of fact, meat fermentation is a very complex system, and pH is
hereby estimated to be an important factor [2].

TBARS value, which is an indicator of lipid oxidation, was found to be below 1 mg
MDA/kg in all heat-treated sucuk groups (except 3% BG). The degree of lipid oxidation is
very limited in this type of fermented sausage, as it has a short production period. Similar
results were also found by Armutçu et al. [31] and Yılmaz Oral and Kaban [1]. In this
present study, the lowest mean of TBARS value was determined in the 1% FG (control)
group. As the BG level increased, the TBARS value increased (p < 0.05). The highest
mean of TBARS value was 1.02 ± 0.005 mg/kg in the 3% BG group. BG, which is richer
in antioxidant substances than FG, increased lipid oxidation in heat-treated sucuk. This
result indicated that some compounds in BG might have a prooxidant effect. During the
fermentation of FG, compounds such as aldehydes, ketones and alcohols are formed as a
result of oxidative and hydrolytic changes in the lipids, especially under high temperatures
(60–90 ◦C) and relative humidity (70–90%). These compounds may play a role in a number
of chemical reactions, including hydrolysis and oxidation with lipids [42,43].

In the sausage groups, the highest mean value in terms of residual nitrite was deter-
mined in the 1% FG (control) group, while lower values were determined in the groups
with BG compared with the control. However, the difference between the means of the
2% BG and 3% BG groups was not statistically significant (p > 0.05) (Table 1). Low pH
plays an important role in the conversion of nitrite to nitric oxide. Low pH resulting from
fermentation increases nitrite depletion [7]. In the present study, 2% and 3% BG levels gave
lower residual nitrite levels, which is thought to be due to the antioxidant compounds in
BG providing reducing conditions for nitric oxide formation in addition to low pH [44]. As
a matter of fact, it has been revealed that BG contains more antioxidants than FG [25,45].
On the other hand, the level of residual nitrite in cured meat products is an important factor
regarding nitrosamine formation [17].
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Table 1. The overall effect of garlic treatment on the microbiological counts, pH, aw, TBARS and
residual nitrite of heat-treated sucuk (mean ± sd).

Treatment Lactic Acid Bacteria
(log cfu/g)

Micrococcus/Staphylococcus
(log cfu/g) pH aw

TBARS
(mg MDA kg−1)

Residual Nitrite
(mg kg−1)

FG (1%) 3.84 ± 0.27 a 3.64 ± 0.16 a 5.14 ± 0.04 b 0.941 ± 0.002 a 0.58 ± 0.005 d 19.93 ± 3.86 a

BG (1%) 3.59 ± 0.55 a 2.67 ± 0.43 b 5.16 ± 0.04 b 0.938 ± 0.002 b 0.71 ± 0.004 c 18.40 ± 3.46 b

BG (2%) 2.75 ± 0.45 b 2.1 ± 0.15 c 5.20 ± 0.04 a 0.935 ± 0.002 c 0.90 ± 0.002 b 17.20 ± 2.67 bc

BG (3%) 2.62 ± 0.24 b 2.0 ± 0.00 c 5.22 ± 0.04 a 0.934 ± 0.002 c 1.02 ± 0.005 a 16.47 ± 3.86 c

Significance ** ** ** ** ** **

FG: fresh garlic; BG: black garlic; **: p < 0.01; sd: standard deviation; a–d: means marked with different letters in
the same column are statistically different (p < 0.05).

3.2. Sensory Characteristics

The results of sensory analyses of heat-treated sucuk samples are shown in Table 2.
According to the sensory panel evaluation, the lowest color score was observed in 1%
FG. The color score also increased with increasing BG levels, but the difference between
2% BG and 3% BG levels was not statistically significant. The addition of BG instead of
FG significantly reduced the taste scores in heat-treated sucuk (p < 0.05). No significant
changes were determined between all groups for texture. The use of 1% BG showed no
significant differences in the odor score compared with 1% FG (p > 0.05). Using 2% BG or
3% BG reduced the odor score (p < 0.05). However, no significant differences were found
between these two groups in terms of odor score (p > 0.05). The general acceptability was
the highest in the group with 1% FG (p < 0.05), and no significant difference was found
between the different levels of BG in terms of general acceptability (p > 0.05). However,
sensory scores were within acceptable limits in all groups. In other words, no value below
7.00 was detected (Table 2).

Table 2. The overall effect of garlic treatment on sensory characteristics of heat-treated sucuk
(mean ± sd).

Treatment
Sensory Parameters

Color Taste Odor Texture General
Acceptability

1% FG 7.52 ± 0.20 c 7.72 ± 0.10 a 7.75 ± 0.17 a 7.38 ± 0.16 a 7.82 ± 0.20 a

1% BG 7.68 ± 0.10 b 7.40 ± 0.20 b 7.58 ± 0.18 a 7.45 ± 0.05 a 7.55 ± 0.20 b

2% BG 7.85 ± 0.09 a 7.20 ± 0.05 b 7.33 ± 0.03 b 7.43 ± 0.10 a 7.43 ± 0.14 b

3% BG 7.98 ± 0.19 a 7.22 ± 0.21 b 7.30 ± 0.05 b 7.38 ± 0.08 a 7.47 ± 0.03 b

Significance ** ** ** ns *
FG: fresh garlic; BG: black garlic; ns: not significant; *: p < 0.05; **: p < 0.01; sd: standard deviation; a–c: means
marked with different letters in the same column are statistically different (p < 0.05).

3.3. Volatile Nitrosamines

N-Nitrosodimethylamine (NDMA), N-Nitrosodiethylamine (NDEA) and N-Nitrozopiperidine
(NPIP) were determined in heat-treated sucuk samples; their limit of detection (LOD)
values were 0.32 µg/L, 0.44 µg/L and 0.32 µg/L, respectively. N-Nitrozopyrrolidine
(NPYR), N-Nitrosomethylethylamine (NMEA), N-Nitrosodipropylamine (NDPA) and N-
Nitrosodibutylamine (NDBA) were not found in any of the samples. The correlation coeffi-
cient (R2) was 0.9999. Recovery (%) was detected as 101.00–104.37 for NDMA, 94.00–101.36
for NDEA and 99.73–100.83 for NPIP. The overall effects of garlic treatment and cooking
time on nitrosamine contents of heat-treated sucuk are given in Table 3.

3.3.1. N-Nitrosodimethylamine (NDMA)

The lowest average NDMA value was determined in the group with 3% BG (Table 3).
On the other hand, cooking temperature and cooking time are important factors in the in-
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crease in NDMA formation. In many previous studies, it has been reported that nitrosamine
content increases with increasing cooking intensity [16,17]. In our study, the mean NDMA
increased as the cooking time increased (Table 3). However, the garlic treatment × cooking
time interaction significantly affected NDMA (p < 0.01) (Table 3). No significant differences
were detected among the groups (FG 1%, BG 1%, BG 2% and BG 3%) in terms of NDMA
in heat-treated sucuk samples when no additional cooking was performed. In the 1 min
cooking process, lower NDMA content was observed in 3% BG than the other groups. A
similar result was also obtained in the cooking time of 3 min (Figure 1). The NDMA amount
increased as the cooking time increased in FG 1%, BG 1% and BG 2%; however, no signifi-
cant differences were obtained in terms of NDMA content between 1 and 3 min in all three
treatments. On the other hand, there were no significant effects of cooking time in 3% BG
(Figure 1). As can be seen from the residual nitrite results, lower residual nitrite amounts
were obtained with increasing BG levels (Table 3) and, therefore, it was thought that the
lower NDMA value at 3% BG was related to the residual nitrite level. Indeed, residual
nitrite is believed to be an important factor in nitrosamine formation [46]. In addition, BG
rich in phenolic compounds and sulfurous compounds is thought to show its antioxidant
effect in 3% BG group depending on the concentration [21,26,45]. Changes in physico-
chemical properties during the production of BG significantly increase the bioactivity of
BG [26]. Under acidic conditions, phenolic compounds react with nitrite more rapidly than
many amino compounds. 1,2- and 1,4-dihydroxyphenols, 1,2,3-trihydroxyphenol and many
naturally occurring polyphenols inhibit the formation of N-nitrozo compounds. However,
N-nitrosation is catalyzed by monodihydroxyphenols and some polyhydroxyphenols. It
is emphasized that this catalytic activity occurs when the concentration of the nitrosating
agent is higher than the phenol concentration [47]. In a previous study, it was reported that
the lack of increase in NDMA level in the ascorbate group at 15 g/kg black pepper level
was probably due to the synergistic effect of both phenolic compounds in black pepper and
ascorbate [16]. Studies have shown that the catalysis or inhibition of nitrosamine formation
by phenolic compounds varies significantly depending on the structure of the compound
and nitrite concentration, pH and reaction conditions [47,48].
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Figure 1. Effect of interaction of garlic treatment × cooking time on N-Nitrosodimethylamine
(NDMA) content of heat-treated sucuk (A, B: Different capital letters indicate significant differ-
ences between groups with garlic for cooking time. a, b: Different small letters indicate significant
differences between cooking time for garlic treatment).

3.3.2. N-Nitrosodiethylamine (NDEA)

It was determined that both garlic treatment and cooking time had a very significant
(p < 0.01) effect on NDEA. In addition, the treatment × cooking time interaction was also
effective on the NDEA content of the heat-treated sucuk groups at the p < 0.01 level (Table 3).
The use of FG (1%) and BG (1%, 2% and 3%) had no significant effects on NDEA content
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in heat-treated sucuk when no additional cooking process (0 min) was applied (Figure 2).
On the other hand, when cooking time was 1 min, the use of BG in heat-treated sucuk
caused a significant decrease in NDEA content compared with FG. However, there were no
significant differences between 1%, 2% and 3% levels of BG. In the 3 min cooking process,
the group with 3% BG gave the lowest NDEA content (Figure 2). In the present study, the
lower NDEA values of the samples containing BG were estimated to be related to both the
residual nitrite level and the antioxidant activity of BG. Nitrosamine formation reactions
are very complex and are highly influenced by factors such as residual nitrite, water activity,
added nitrite level, nitrosation catalysts and inhibitors [15,49]. On the other hand, it was
observed that FG and BG have different effects during cooking. In the presence of FG, there
was an increase in NDEA content due to the increase in cooking time, while there were
no significant effects of cooking time with the presence of 1% BG. While the difference
between 0 min and 3 min was found to be significant at 2% BG, a significant difference
was also found between 0 min and 1 min of cooking at 3% BG (Figure 2). Considering all
these results, it can be said that BG is more effective in preventing NDEA formation during
cooking. This result is probably due to the fact that BG contains different antioxidant
substances [25,42].
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Figure 2. Effect of interaction of garlic treatment × cooking time on N-Nitrosodiethylamine (NDEA)
content of heat-treated sucuk (A–C: Different capital letters indicate significant differences between
groups with garlic for cooking time. a, b: Different small letters indicate significant differences
between cooking time for garlic treatment).

3.3.3. N-Nitrosopiperidine (NPIP)

NPIP is frequently detected in many processed meat products, including fermented
sausages such as salami and cooked sausages, due to the use of black pepper [10]. Piperine
(1-piperol-piperidine) and piperidine, a cyclic secondary amine found in black pepper, play
an important role in NPIP formation [50]. In the present study, the average NPIP value
was determined at the lowest level in the 1% FG group with 1.76 µg/kg. De Mey et al. [8]
determined the NPIP content at 12.3 µg/kg in a product called pepper salami. In another
study, it was reported that the NPIP content increased as the black pepper level in fermented
sausage batter increased [9]. Sallan et al. [16] also reported that the use of black pepper
in sausage increased the amount of NPIP, but high levels of black pepper decreased the
NPIP content due to the antioxidant compounds found in this spice. In the present study,
however, higher NPIP content was obtained in the 1% BG group compared with the 1% FG
group, and NPIP content also increased in the presence of 2% or 3% BG levels (p < 0.01)
(Table 3). In a study investigating the role of cadaverine and piperidine and the effects of
pH, nitrite and ascorbate on NPIP formation in dry fermented sausage, it was reported
that the role of ascorbate as a nitrosamine inhibitor could be seen only in the first step
of manufacturing, and the level of ascorbate or nitrite at the beginning did not affect the
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NPIP in the end product [51]. In parallel with these results, in the present study, the fact
that the NPIP content in heat-treated sucuk did not decrease with increasing BG levels is
thought to be due to the inability of BG to show its inhibitory potential as an antioxidant
or the expected effects in reducing the NPIP content with lower residual nitrite levels. On
the contrary, substances that may contribute to the piperidine cycle required for NPIP
formation may be present in the BG content.

In addition, as can be seen from Table 3, the NPIP content of the groups increased as
the cooking time increased (p < 0.01) (Table 3). It has been determined in other studies that
cooking intensity has a very important effect on NPIP content in sucuk and heat-treated
sucuk [16,17]. In many other studies, it has been reported that the amount of nitrosamine
increases with increasing cooking time [9,10,52–55]. NPIP has an important share among
the determined nitrosamines. At the end of 3 min of cooking, the mean NPIP, NDMA
and NDEA values were 5.61 µg/kg, 1.24 µg/kg and 0.86 µg/kg, respectively. As can be
understood from these results (Table 3), the total nitrosamine content is below the limit
value given for cured meat products in the United States even when cooked for 3 min [56].

Table 3. The overall effects of garlic treatment and cooking time on color value and the nitrosamine
contents of heat-treated sucuk (mean ± sd).

Treatment (T)
Nitrosamines (µg/kg)

NDMA NDEA NPIP

FG (1%) 1.17 ± 0.40 a 1.01 ± 0.32 a 1.76 ± 1.36 c

BG (1%) 1.09 ± 0.38 ab 0.67 ± 0.09 b 3.05 ± 1.87 b

BG (2%) 1.01 ± 0.36 b 0.68 ± 0.11 b 4.36 ± 2.02 a

BG (3%) 0.62 ± 0.17 c 0.64 ± 0.06 b 4.21 ± 2.03 a

Significance ** ** **

Cooking Time (CT)

0 min 0.62 ± 0.19 c 0.61 ± 0.10 c 1.76 ± 1.05 c

1 min 1.05 ± 0.31 b 0.77 ± 0.21 b 2.66 ± 1.12 b

3 min 1.24 ± 0.38 a 0.86 ± 0.29 a 5.61 ± 1.65 a

Significance ** ** **

T × CT ** ** ns
FG: fresh garlic; BG: black garlic; ns: not significant; p > 0.05; **: p < 0.01; sd: standard deviation; a–c: means
marked with different letters in the same column are statistically different (p < 0.05).

3.4. Heatmap

Cluster analysis based on the physicochemical parameters of heat-treated sucuk with
garlic treatment was performed to show the general differences between the groups. To
show the similarities between the heat-treated sucuk samples, a dendrogram was created
using a heatmap clustering algorithm. The X and Y axes represent the physicochemical
parameters and the garlic groups, respectively. The intensity of the yellow and blue colors
were used for higher and lower correlation coefficients, respectively. For the representation
of the heatmap, the average linkage was used for the cluster method and the Pearson
correlation was chosen for the distance measurement.

Figure 4 shows the two main clusters for groups with garlic (FG1, BG1, BG2 and BG3)
and physicochemical parameters such as pH, TBARS, residual nitrite, NPIP, NDMA and
NDEA. The first cluster included groups of BG2 and BG3, and the second cluster included
groups of FG1 and BG1. Groups of BG2 and BG3 correlated negatively with nitrite and
NDEA. Residual nitrite affected the nitrosamine levels [7,49]. As can be seen from Table 1,
both BG2 and BG3 caused an important decrease in residual nitrite compared with FG1. On
the other hand, BG2 and BG3 correlated positively with pH, TBARS and NPIP (Figure 4).
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The NPIP level also increased in these groups. Indeed, a positive correlation between NPIP
and TBARS was also reported by Sallan [5].

Figure 3 illustrates the two main clusters for sensory analysis, in which the parameters
are odor, taste, color, texture, general acceptability (GA) and groups with garlic (FG1, BG1,
BG2 and BG3). FG1 participated in the first cluster, while BG1, BG2 and BG3 were taken as
part of the second cluster, which included BG1 as a subgroup. FG1 positively correlated
with odor, taste and general acceptability, while it negatively correlated with color and
texture. BG1, BG2 and BG3 negatively correlated with taste, while they positively correlated
with color. On the other hand, BG2 and BG3 negatively correlated with odor.
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3.5. Principal Component Analysis (PCA)

PCA was used to evaluate the relationships between factors (garlic treatment and
cooking time) and nitrosamines (Figure 5). The first PC (PC1) was enough to explain 96% of
the variation. The PC2 explained 4% of the total variance. One hundred percent of the total
variance was explained by the first two principal components. A positive correlation with
NPIP and NDMA was determined after 3 min of cooking at both 1% FG and three different
BG ratios, and these groups were on the positive part of PC1. The group containing 2% BG
and cooked for 1 min (BG2%_1) was on the positive part of PC1 and positively correlated
with NDMA and NPIP. In addition, a closer correlation of NPIP with groups containing
BG was observed. As can be seen from Table 3, even %1 BG content caused a significant
increase in NPIP content. In contrast, NDMA was more correlated with the FG group
cooked for 3 min. It was also observed that there was a more positive correlation, especially
with NPIP, after 1 min of cooking at the ratio of 2% BG. NDEA, together with uncooked and
cooked for 1 min samples except for BG2%_1 min, was on the negative part of PC1, and
NDEA was positively correlated with these groups. These results showed that cooking time
was correlated more strongly with NDMA and NPIP. The relationship between cooking
intensity and NDMA or NPIP was also determined in the previous studies on sucuk and
heat-treated sucuk [13,16,17]. However, in the present study, no significant changes were
detected in the presence of BG even after 3 min of cooking (Figure 1).
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4. Conclusions

Although the use of BG at 2% and 3% caused a reduction in the number of lactic acid
bacteria, sufficient acidification of the product was achieved. The use of BG decreased the
number of micrococci and staphylococci. The TBARS value increased as the level of BG
increased; however, no rancid taste was noted in the sensory evaluation. In terms of general
acceptability, FG at 1% received the highest score, while the use of BG increased color
scores. The use of BG decreased the residual nitrite, which was considered an important
result in terms of nitrosamine formation. In the presence of FG1%, BG1% and BG2%, a
cooking time of 1 or 3 min increased the NDMA content, whereas there were no cooking
time-related changes in the presence of 3% BG. In terms of NDEA, 3% BG treatment gave
the lowest value in 3 min of cooking. The use of BG caused an increase in NPIP, and
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particularly 2% BG cooked for 1 min correlated more strongly with NPIP. As a result, it was
concluded that BG has a limited effect on quality characteristics of heat-treated sucuk and
reduces the risk of nitrosamines by inhibiting the formation of NDMA and NDEA, which
are group 2A carcinogenic compounds, during cooking. However, BG causes an increase
in NPIP content.

Author Contributions: Methodology, Z.F.Y.O. and S.S.; validation, G.K.; formal analysis, B.A. and
Z.F.Y.O.; investigation, S.S. and Z.F.Y.O.; writing—original draft preparation, S.S. and Z.F.Y.O.;
writing—review and editing, M.K., G.K. and S.S.; supervision, M.K.; project administration, M.K.;
funding acquisition, M.K. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by Atatürk University Scientific Research Projects (Project
Number: FYL-2022-11450).

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Oral, Z.F.Y.; Kaban, G. Effects of autochthonous strains on volatile compounds and quality properties of heat-treated sucuk. Food

Biosci. 2021, 43, 101140. [CrossRef]
2. Kaya, M.; Kaban, M. Fermente Et Ürünleri. In Gıda Biyoteknolojisi; Aran, N., Ed.; Nobel Yayıncılık: İstanbul, Turkey, 2019;
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