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Kristina Habschied 3,* and Krešimir Mastanjević 3,*
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Abstract: The goal of this study was to determine the concentrations of 16 PAHs (PAH16)
naphthalene—Nap, acenaphthylene—Anl, acenaphthene—Ane, fluorene—Flu, phenanthrene—Phen,
anthracene—Ant, fluoranthene—Flt, pyrene—Pyr, benz[a]anthracene—BaA, chrysene—Chry,
benzo[b]fluoranthene—BbF, benzo[k]fluoranthene—BkF, benzo[a]pyrene—BaP, indeno[1,2,3-cd]pyrene—
InP, dibenz[a,h]anthracene—DahA and benzo[g,h,i]perylene—BghiP) in Slavonska slanina traditionally
smoked bacon over open fire and industrially smoked on a smoke generator with a heated plate. In
the samples of Slavoska slanina smoked in a traditional manner, the presence of 11 out of 16 analyzed
PAHs was determined (Nap, Anl, Ane, Fln, Ant, Phen, Flt, BaA, Pyr, BbF, BkF). In the samples smoked in
industrial conditions, only 2 out of 16 (Nap, Anl) were quantified. In the samples smoked with open fire
(the traditional method), PAH4 (BaA, BaP BbF, Chry) concentations were as follows: 14.84 µg kg−1 in
the middle, 10.60 µg kg−1 on the surface and 17.37 µg kg−1 in the skin, while the PAH4 content in the
samples smoked in industrial conditions were below the level of quantification (<LOQ). The content of
carcinogenic BaP was below the limit of quantification in all investigated samples. These findings support
the fact that traditional smoking may result in a product safe for consumption, as far as the prescribed
legislative recommendations are concerned, but constant monitoring is still needed.

Keywords: Slavonska slanina; smoked dry bacon; PAH; traditional and industrial smoking

1. Introduction

Traditional dry-cured and smoked bacon (Slavonska slanina) is a traditional Croatian
product originally produced in the Eastern region of Croatia called Slavonija. The main
difference between this bacon and other Croatian and European bacons is the application of
cold smoke in the production process and no seasoning (like adding pepper and aromatic
herbs) during salting. The product is rectangular in shape and is made from pork belly
with fat and muscle tissue and skin. It is produced using multiple processes, such as salting
without the addition of spices followed by cold smoking, and lastly drying and ripening
procedures [1].

Compared to hams (or prosciutto) whose technological production process lasts for at
least 12 months [2], the bacon production process is significantly shorter and lasts about
45 days. Due to the shorter production process, and especially the shorter ripening phase,
the final product has a weaker aromatic profile compared to prosciutto.

Meat smoking is one of the oldest methods of the conservation of fresh meat and meat
products. It is defined as a process of adsorption of volatiles originating from burning
wood [3]. In recent years, there has been an increase in the consumption of traditional meat
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products such as sausage, ham and bacon. People recognize the quality and efforts of small,
local producers who strive to achieve the highest possible level of quality in their products.
In addition, Croatian and European labels of origin for agricultural and food products such
as protected designations of origin and protected geographical indications contribute to
consumer confidence in those products [4].

Smoking has a triple effect on meat products: positive effects such as changes in sen-
sory properties (smell and taste) and nutritional quality of meat products and preservative
effect [5]. However, it also has some negative side effects such as absorption of polycyclic
aromatic hydrocarbon (PAH) compounds [6–9].

Currently, a great emphasis is placed on the study of aromatic hydrocarbons with
multiple nuclei, i.e., PAHs that are formed during combustion. Many of these compounds
are carcinogenic, and compounds such as pyrene and benzo[a] pyrene are present in
cigarette smoke, but also in traditionally smoked meat products (sausages, hams and
prosciuttos) [10–15]. Polycyclic aromatic hydrocarbons are a widely spread group of or-
ganic molecules composed of at least 2 or more fused benzene rings that share two common
carbon atoms and they solely consist of carbon and hydrogen [16–19]. Polycyclic aromatic
hydrocarbon molecules originate from two standard sources—natural and anthropogenic
sources. Natural sources of PAH compounds are mainly forest and bush fires, while domes-
tic and industrial combustion processes and exhaust gases from all types of combustion
engines are considered anthropogenic sources [20].

Due to its cancerogenic properties, the European Commission (EU) has adopted Com-
mission Regulation (EC) No 835/2011, defining the maximum levels of benzo[a]pyrene and
few other polycyclic aromatic carbohydrates classified in the PAH4 group
(benzo[a]anthracene—BaA, chrysene—Chry, benzo[b]fluoranthene—BbF and
benzo[a]pyrene—BaP) which can be found in meat and meat products. Maximum levels of
BaP is 2 µg kg−1 and the sum of PAH4 is 12 µg kg−1. Despite the application of good man-
ufacturing practice, some countries including Croatia were unable to produce traditional
meat products according to these criteria and therefore a new regulation was adopted. In
the new Commission Regulation (EC) No 1327/2014, maximum amount of BaP is 5 µg kg−1

and 30 µg kg−1 for PAH4. In this research paper, 16 PAHs (PAH16—naphthalene—
Nap, acenaphthylene—Anl, acenaphthene—Ane, fluorene—Flu, phenanthrene—Phen,
anthracene—Ant, fluoranthene—Flt, pyrene—Pyr, benz[a]anthracene—BaA, chrysene—
Chry, benzo[b]fluoranthene—BbF, benzo[k]fluoranthene—BkF, benzo[a]pyrene—BaP,
indeno[1,2,3-cd]pyrene—InP, dibenz[a,h]anthracene—DahA and benzo[g,h,i]perylene—
BghiP), defined by the U.S. Environmental Protection Agency (EPA), were
analyzed [11–13,21–23].

The subject of this study was traditional dry-cured and smoked products and its aim
was to determine and quantify the types and concentrations of 16 PAHs in the selected
samples of Slavonska slanina.

2. Materials and Methods
2.1. Sample Preparation and Smoking

Fresh pork bellies (weighing cca. 8 kg) were purchased at a local market (from local
producers). After the removal of rib bones, the samples were trimmed in a traditional
manner. In traditional smoking, pre-prepared and chilled pork bellies are first dry-salted
for 21 days and then washed in order to remove the excess salt. Smoke is produced by
burning hard woods—hornbeam, beech and beech sawdust. Smoking was carried out
every other day, for 3–4 h, for a total of 12 days. This means that the bacon was exposed
to smoke for a total of 6 times. The samples were in direct contact with the open fire. The
mass ratio of wood and sawdust used was approximately 50:50. In industrial smoking,
only sawdust in the same proportions was used.

Temperature and humidity were not controlled—they varied depending on natural climate
conditions. The temperature varied between 2.1 and 12.2 ◦C (average temperature = 8.1 ◦C)
and the relative humidity from 63.1 to 95.7% (average humidity was 86.3%).
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Industrial smoking was carried out in an industrial smokehouse (Maurer-Atmos Mid-
dleby GmbH, Reichenau, Germany), where smoke was produced using a smoke generator
with a heated plate using beech sawdust. This resulted in smoke at the temperature of
about 25 ◦C being transported to the chamber, indicating indirect smoking.

Temperature and relative humidity were controlled throughout the production process.
The average temperature was 11.7 ◦C and the average relative humidity was 81.4%. Smok-
ing lasted for 4 days and during this period the bacon was smoked for 12 h (4 × 180 min).

Both smoking procedures are performed in three batches. Sampling was performed
after the smoking procedure (3 samples), as shown in Figure 1. All samples collected for
PAH determination were homogenized and stored in stopper glass bottles, previously
washed with acetone, in a dark place at −30 ◦C. All the analyses were performed in
3 parallels.
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Figure 1. Dry cured smoked bacon Slavonska slanina (cross section) with sampling positions for
PAH determination.

2.2. Determination of Physical-Chemical Properties

Determination of the basic chemical composition (meat proteins, fat, moisture, colla-
gen) of bacon before and after smoking was performed on a Foss Food Scan Meat Analyzer
based on the official AOAC method 2007.04. [24]

In addition to the chemical composition, the pH value in fresh bacon, bacon after
processing but before smoking and bacon after smoking in industrial and traditional condi-
tions was determined. The pH value was determined with a pH/Ion—Bench pH/Ion/mV
meter manufactured by Eutech Instruments Pte Ltd. (Paisley, UK). The measurement was
performed in accordance with the ISO 2917: 1999 standard (HRN ISO 2917, 2000) and
according to the instructions of the pH meter manufacturer.

Water activity (aw) was determined using a HygroLab 3-Multi-channel Humidity and
Water Activity Analyzer (Rotronic, Switzerland), at room temperature of 20 ◦C with a
maximum temperature deviation of ±2 ◦C.

Texture profile analysis (TPA) tests were performed using a TA.XT2i SMS Stable Micro
Systems Texture Analyzer (Stable Microsystems Ltd., Surrey, UK) equipped with a compres-
sion plate P/75. The samples were cut in cubes with dimensions of 1.5 cm × 1.5 cm × 1.5 cm.
The cubes were compressed twice to 60%. During the test the curves were recorded (force-
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time) at a recording speed of 5 mm s−1. Hardness (kg), springiness (mm), cohesiveness, and
chewiness (kg·mm) as a texture profile analysis parameter were determined according to
Bourne et al. 1978 [25]:

Hunter-Lab Mini ScanXE (A60-1010-615 Model Colorimeter, Hunter-Lab, Reston, VA,
USA) was used for determination of L*, a*, and b* values (instrumental color parame-
ters) The instrument was standardized each time with a white and black ceramic plate
(L*0 = 93.01, a*0 = −1.11, and b*0 = 1.30). The L*, values represent lightness, a* represent
greenness (−a*) or redness (+a*), and b* blueness (−b*) or yellowness (+b*). Three deter-
minations for general composition, pH and aw and eight for texture and color parameters
were measured from each sample.

2.3. Procedure for Determination of PAHs Using the GC-MS Method

The procedure for the determination of PAHs was performed as described by Petrović
et al. (2019) [26] with 4 µL of the prepared sample, which was injected into a capillary
column of molten silicon dioxide HP-5 MS with the length of 30 m, an inner diameter of
0.25 mm and a layer thickness of 0.25 µm at the temperature of 280 ◦C and a constant
pressure of 11.36 psi., a constant carrier gas flow of 1.2 mL min−1. Column temperature
program was the following:

- Initial temperature 50 ◦C for 24 s;
- Gradient 25 ◦C min−1 from initial temperature (50 ◦C) to 195 ◦C for 90 s;
- Gradient 8 ◦C min−1 from 195 ◦C to 265 ◦C;
- Maintenance at 315 ◦C for 75 s with 20 ◦C min−1.

The temperature of the detector was 280 ◦C, and the analysis itself was performed
in 3 samples. Determination of the obtained values (represented by peaks) was done on
the basis of retention time and target ions, by the method of external standard and using a
standard solution. The control sample (or blank) and the solvents used in the analysis were
analyzed and no PAH compounds were found in them.

Due to the lipophilicity of the PAH compounds, olive oil was chosen as the matrix
on which the method was validated. Olive oil was also subjected to analysis and it was
found to be free from PAH residues that are the subject of the test. The validation of the
method was carried out in accordance with Commission Regulation (EC) No 333/2007 and
Commission Regulation (EC) No 836/2011.

The linearity of the detectors was tested in the range of 5 to 500 mg kg−1, while
the accuracy of the method was assessed by repeatability, using olive oil enriched with
concentrations of PAHs injected in three copies (50.0 µg kg−1, n = 20).

2.4. Statistical Analysis

The data obtained by the experiment were subjected to the analysis of variance
(ANOVA) and Fisher’s least significant difference (LSD) tests, with significance defined at
p < 0.05. Statistical analysis was carried out using Statistica 12.7 (2015, StatSoft Inc., Tulsa,
OK, USA).

3. Results and Discussion
3.1. Physico-Chemical Properties

The basic chemical composition of fresh pork belly was the following: the average
protein content was 17.75% (S. D. = 0.38), the fat content 21.47% (S. D. = 0.25), the colla-
gen content with a mean value of 2.16% (S. D. = 0.15), and the moisture content 60.38%
(S. D. = 0.41). Physical properties which were analyzed in this paper were pH having a
constant value of 5.59 (S. D. = 0.12) and water activity with the value of 0.98 (S. D. = 0.10).

The physico-chemical properties of Slavonska slanina after smoking are shown in
Table 1. In contrast to raw pork samples, at the end of traditional smoking process, the
average value of protein content was 21.09%, fat 35.74%, collagen 2.16% and moisture was
39.57%. Water activity averaged at 0.92, while pH was the same as in raw material with the
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value of 5.59 (Table 1). In the samples subjected to industrial smoking, the average protein
content was 22.18%, fat 33.09%, moisture 40.74%, collagen 1.83%, while water activity
was 0.92 and pH averaged at 5.58 (Table 1). When determining the color, a statistically
significant (p < 0.05) difference was observed depending on the type of smoking (Table 1),
so the L* value in traditional smoking averaged at 62.37, while in industrial smoking it
was 61.88. The average value of parameter a* in traditional smoking was 8.17, and in
industrial smoking it amounted 8.82, while the average value of parameter b* was 17.80 for
traditional smoking and 17.07 for industrial smoking. Similarly, higher values for redness
(a*) of Petrovska klobasa samples smoked in industrial conditions were recorded compared
to the samples smoked in traditional manner reported by Škaljac et al. 2018 [27]. Moreover,
João Fraqueza et al. 2020 [28] reported higher values for L * and lower values for a* for
Portuguese sausage that was smoked for a longer period of time.

Table 1. Physico-chemical properties of Slavonska slanina.

Traditional Smoking Industrial Smoking

Protein [%] 21.09 b ± 0.04 22.18 a ± 0.02
Fat [%] 35.74 a ± 0.02 33.09 b ± 0.05

Moisture [%] 39.57 b ± 0.05 40.74 a ± 0.01
Collagen [%] 2.16 a ± 0.02 1.83 b ± 0.04

pH 5.59 a ± 0.02 5.58 a ± 0.01
aw 0.92 a ± 0.01 0.92 a ± 0.01
L* 62.37 a ± 0.49 61.88 a ± 1.56
a* 8.17 b ± 0.19 8.82 a ± 0.26
b* 17.80 a ± 0.21 17.07 b ± 0.27

Hardness (kg) 7.91 a ± 0.10 5.81 b ± 0.35
Springiness (mm) 0.57 a ± 0.09 0.74 a ± 0.03

Cohesiveness 0.58 b ± 0.04 0.71 a ± 0.02
Chewiness (kg·mm) 2.61 a ± 0.11 3.05 a ± 0.32

a,b Means (±standard deviation) within rows with different superscripts are significantly different (p < 0.05).

The values obtained by the analysis of the texture profile (Table 1) show that the
greatest statistically significant (p < 0.05) differences occurred in the hardness parameter—
the average value in industrial smoking was 5.81 kg, while in traditional smoking it
was 7.91 kg. Such results are expected because in industrial smoking the conditions are
controlled and the result is a product with uniform properties, which is probably due to a
longer smoking time in the traditional procedure [28].

The mean value of springiness in industrial smoking was 0.74, while in traditional
smoking it was 0.57. The mean value of cohesiveness in industrial smoking was 0.71 in
contrast to the traditional method of smoking in which this value was 0.58, which showed
statistically significant difference (p < 0.05). The compared mean values for chewing
resistance were 3.05 kg for industrial smoking and 2.61 kg for traditional smoking.

3.2. PAH Determination

Only light PAHs (Nap, Anl and Ane) were found in the raw pig bellies and their
concentrations were below the limit of quantification.

This research in traditional dry-cured and smoked bacon has determined the presence
of 11 of the 16 analyzed polycyclic aromatic hydrocarbons (Nap, Anl, Ane, Fln, Ant, Phen,
Flt, BaA, Pyr, BbF, BkF), which are on the EPA list [29] for traditional smoking, and only two
(Nap, Anl) for industrial smoking (Table 2). European Regulation No 1327/2014, which
is directly applicable in the Republic of Croatia for traditionally produced meat products,
prescribes a maximum concentration of benzo(a)pyrene of 5 µg kg−1 and a PAH4 content
of a maximum of 30 µg kg−1.
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Table 2. PAH contents (µg kg−1) in Slavonska slanina.

PAH
Traditional
Smoking—

Middle

Traditional
Smoking—

Surface

Traditional
Smoking—Skin

Industrial
Smoking—

Middle

Industrial
Smoking—

Surface

Industrial
Smoking—

Skin

Nap 157.75 a ± 0.92 79.00 a,b ± 0.75 27.46 b ± 0.64 64.20 b ± 0.56 21.62 b ± 0.64 18.62 b ± 0.35
Anl 325.00 a ± 1.71 179.62 a ± 0.97 179.76 a ± 1.02 16.28 b ± 0.65 <LOQ <LOQ
Ane 4.79 a ± 0.70 <LOQ <LOQ <LOQ <LOQ <LOQ
Fln 157.62 a ± 1.62 86.76 a ± 0.69 142.53 a ± 0.71 <LOQ <LOQ <LOQ
Ant 102.31 a ± 1.13 48.19 a ± 0.48 119.20 a ± 0.77 <LOQ <LOQ <LOQ

Phen 432.88 a ± 3.11 210.38 a ± 0.78 504.17 a ± 1.69 <LOQ <LOQ <LOQ
Flt 42.23 a ± 0.85 20.49 a ± 0.56 50.37 a ± 0.56 <LOQ <LOQ <LOQ

BaA 13.59 a ± 0.33 9.72 a ± 0.63 16.53 a ± 0.84 <LOQ <LOQ <LOQ
Pyr 53.15 a ± 0.64 37.34 a ± 0.77 31.97 a ± 0.88 <LOQ <LOQ <LOQ

Chry <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
BbF 1.25 a ± 0.10 0.89 a ± 0.06 0.84 a ± 0.11 <LOQ <LOQ <LOQ
BkF 3.84 a ± 0.08 3.65 a ± 0.10 3.69 a ± 0.14 <LOQ <LOQ <LOQ
BaP <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ

DahA <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
BghiP <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ

InP <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ

∑PAH4 14.84 a ± 0.25 10.61 a ± 0.69 17.37 a ± 0.74 <LOQ <LOQ <LOQ

∑PAH16 1294.41 a ± 4.65 676.04 a ± 1.33 1076.52 a ± 5.90 80.48 b ± 0.89 21.62 b ± 0.63 18.62 b ± 0.35
a,b Means (±standard deviation) within rows with different superscripts are significantly different (p < 0.05);
LOQ—limit of quantification.

The analysis of PAH content included measuring their content on the surface (the
fleshy side), in the middle and in the skin of the bacon. The analysis of PAH4 content in
traditional dried and smoked bacon smoked in the traditional way revealed the presence
of BaA (13.59 µg kg−1 in the middle, 9.72 µg kg−1 on the surface and 16.53 µg kg−1 in the
skin) and BbF (1.25 µg kg−1 in the middle, 0.89 µg kg−1 on the surface and 0.84 µg kg−1 in
the skin), while Chry and BaP concentrations were below the level of quantification (<LOQ).
Relative high values of BaA as and BbF in the middle of the samples may be related to the
PAH lipophilic nature [30], since they probably migrate from the surface to the middle part
of the product (bacon has a higher fat content in the middle).

The total value of PAH4 when the traditional smoking method is applied amounted to
14.84 µg kg−1 in the middle, 10.61 µg kg−1 on the surface and 17.37 µg kg−1 in the skin of
bacon. Similarly, lower values of PAH4 when industrial smoking of dry sausage is applied
were reported by Škrbić et al., 2014 [31]. Other studies on similar samples reveled lower
PAH4 values for samples smoked in controlled conditions [12,32,33]. In contrast to the
research conducted by Mastanjević et al. (2020) on traditionally smoked ham (Slavonska
šunka), where PAH4 values were elevated in four samples (>30 µg kg−1), this analysis
did not find a non-compliance of domestic smoked bacon samples with the European
Regulation EC No 1327/2014. In bacon smoked in industrial conditions, the concentration
of PAH4 was below the quantification level (<LOQ).

The PAH16 content in the analyzed samples is presented in Table 2. The highest PAH
16 concertation was determined in the middle part of traditionally smoked samples. On
the other hand, Puljić et al., 2019 [34] reported lower values in the inner parts of dry cured
and smoked pig loin Hercegovačka pečenica, which can be caused by the smoking method
and the relatively high fat content in Slavonska slanina. Such results are expected because
of the PAH lipophilic character [35,36]. Other studies on dry smoked sausages showed
a lower PAH content in the middle of the product [37–39], which can be related to the
fact that sausages have casings (barrier between smoke and the meat product). PAH16
content in the middle of the bacon was 1294.41 µg kg−1, 676.04 µg kg−1 on the surface and
1076.52 µg kg−1 in the skin when it was smoked in the traditional way. In the industrial
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smoking of traditional dry-cured and smoked bacon, the PAH16 content was 80.48 µg kg−1

in the middle, 21.62 µg kg−1 on the surface and 18.62 µg kg−1 in the skin of the bacon [24].

4. Conclusions

This investigation showed that traditional smoking of Slavonska slanina may result
in formation of some potentially cancerogenic BaA and BbF (especially in the middle of
the product which is actually consumed). However, the concentrations were below the
currently prescribed 30 µg kg−1. The concentrations up to 30 µg kg−1 of PAH4 are allowed
and defined by the derogation of the Commission Regulation (EC) No 835/2011 and are
applicable only to the traditional meat products. If the Commission Regulation (EC) No
835/2011 was in force, the samples of Slavonska slanina would have the concentrations of
PAH4 above the prescribed level/OR the concentrations would be higher than allowed.
The traditional smoking method can be used, but more controlled conditions must be in
force (time of smoking and the wood temperature combustion). The industrially smoked
samples had <LOQ concentrations of PAH4 and BaP. Different smoking procedures affected
protein, fat and moisture content, color parameters (a* and b*) and texture parameters
(hardness and cohesiveness) of Slavonska slanina, which may be related to a longer smoking
time for traditionally smoked samples.
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1. Kovačević, D. Kemija i Tehnologija Mesa i Ribe; Prehrambeno Tehnološki Fakultet: Osijek, Croatia, 2001.
2. Krvavica, M.; Ðugum, J. Proizvodnja pršuta u svijetu i kod nas. MESO Prvi Hrvatski Časopis Mesu 2006, 8, 355–365. Available
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