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Abstract: The chemical contamination in fruit and vegetables represents a challenging analytical
issue, with tomatoes deserving to be investigated as they are fundamental components of the
Mediterranean diet. Polychlorinated biphenyls (PCBs), polycyclic aromatic hydrocarbons (PAHs)
and nitro-PAHs contamination is of serious concern, due to particulate deposition and to uptake from
contaminated soils and water. However, time-consuming, non-simultaneous and/or non-eco-friendly
extraction procedures are typically used to investigate organic contamination in tomatoes, with nitro-
PAHs that have not yet been studied. Based on these premises, this work reports the development
of a QuEChERS-based approach, coupled with gas chromatography/mass spectrometry, for the
simultaneous determination of 16 PAHs, 14 PCBs and 4 nitro-PAHs in three tomato cultivars. The
effect of dichloromethane, cyclohexane and acetone, as well as of four clean-up phases were studied
through the advanced combination of full factorial experimental design and multiple response
optimization approaches. The final protocol, based on cyclohexane extraction followed by a double
purification step with primary secondary amine and octadecyl silica and a sulfuric acid oxidation, led
to 60–120% recoveries (RSD% < 15%). Good repeatability (inter-day precision <15%) and negligible
matrix effect (<16%) were confirmed and the protocol was applied to the analysis of real tomato
samples purchased in a local market.

Keywords: tomatoes; food contamination; organic micropollutants; PAH; PCB; nitro-PAH; CG-MS;
experimental design; multiple response optimization; QuEChERS

1. Introduction

Food contamination is a priority global safety issue, which poses a serious threat
to human health. Indeed, the production and the access to safe and non-contaminated
food by all people, in particular the poor and people in vulnerable situations, has been
included within the Global Goals of United Nations, Task 2.1 [1]. The Food and Agriculture
Organization of the United Nations (FAO), in partnership with several other Agencies,
estimated that about 2.37 billion people in the world did not have access to safe food in
2020 [2], with an increase of almost 320 million people in just one year, prompted by the
COVID-19 pandemic emergency.

Food unsafety can occur in terms of biological (when living organisms are present [3]),
physical (when a physical object is present [4]) and chemical contamination [5], with a
single action potentially introducing more than one type of contamination to food.

The European Food Safety Authority (EFSA) defines chemical contamination as the
presence in food or feed of undesired substances [6]. Since the production and distribution
of food is a multistep system (from the field to the plate), such compounds may be present
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in food as a result of several stages of its production, processing and transport, such as
pesticide-based farming practices [7], packaging [8], transport or storage [9]. They might
also result from the manipulation during food cooking, with several toxic compounds
specifically formed after heating processes (e.g., acrylamide, nitrosamines, chloropropanols,
polycyclic aromatic hydrocarbons) [10], and from environmental sources [11].

Among the several food classes subjected to chemical contamination, fruit and veg-
etable are one of the most studied, in particular, due to their high diet consumption (FAO
recommends a daily intake of fruits and vegetables for an adult of at least 400 g per
day [12]), and, hence, representing one of most likely vehicles of toxic compounds to hu-
man beings. Indeed, many studies have demonstrated that industrial activities [13], dense
traffic flows [14], as well as the reuse of treated wastewater for irrigation are only some of
the contamination sources of food crops [15]. In this regard, wastewater reuse for irrigation,
which showed a rapid growth especially due to water scarcity, should be performed under
a strict control, with several studies assessing the chemical and biological impact of this
practice [16,17].

Among chemical pollutants of environmental concern that could contaminate fruits
and vegetables, polychlorinated biphenyls (PCBs), polycyclic aromatic hydrocarbons
(PAHs) and their nitro-derivatives (nitro-PAHs) are of serious concern. The sources of
PAHs are mainly from the incomplete combustion process of organic matter, by diagenesis
and biosynthesis, while PCBs are present in heat transfer fluids, hydraulic lubricants, di-
electric fluids and as plasticizers [18]. PAHs and PCBs are recalcitrant, with some of the
congeners being also mutagenic and carcinogenic [19,20]. Nitro-PAHs are derivatives of
PAHs with nitro-moiteies (-NO2) on the aromatic ring generated through photochemical
reactions, and their toxic effects are more pronounced than those of their parent [21]. They
can be produced by gasoline-powered vehicles, combustion chambers of diesel engines
and coal burning power plants [22]. In plants and their relative crops, PAHs, PCBs and
nitro-PAHs are present mainly due to deposition of airborne particulates and uptake from
contaminated soils and water. Due to their lipophilicity, nitro-PAHs are bioaccumulated in
organisms and propagate along the food chain [23].

For the above-described impacts, a great effort has been dedicated to the optimization
of analytical strategies for the extraction and quantitation of microorganic contaminants in
food matrices, including highly consumed fruit and vegetables. In this regard, specific sam-
ple protocols able to remove the matrix interferences and/or to concentrate the pollutants
from food considered as the main component of the Mediterranean diet, i.e., olives and
strawberries [17,24,25], were proposed by our research group.

Among the most consumed fruits and vegetables, tomatoes also deserve to be inves-
tigated as they are fundamental components of the Mediterranean diet, are available all
year round, have an affordable price and have various benefits also in terms of cancer
prevention [26,27]. In this regard, it should be remarked that the European tomato produc-
tion represents 13% of global world production [28]. Although the organic contamination
in tomatoes has been previously studied, most research papers are focused on pesticides
contamination [29,30] and only a few investigate PAHs and PCBs content [31–35]. However,
most of these latter studies rely on extraction procedures that are time-consuming and have
a high environmental impact, as they use, for example, high volumes of organic solvents for
extraction [32] or require many steps for sample preparation and processing that can lead
to analyte losses [33]. In addition, to the best of our knowledge, nitro-PAH contamination
in tomatoes has not yet been studied.

On these premises, the aim of this work was the optimization, validation and applica-
tion of an easy, quick and robust protocol (QuEChERS), more compliant to green chemistry
principles, for the determination of 16 PAHs, 14 PCBs, including six dioxin-like congeners,
and (for the first time) four nitro-PAHs in tomatoes. The optimization of the extraction
procedure, through the choice of extraction solvents and clean-up phases, obtained through
chemometrics techniques, i.e., experimental design and multiple response optimization, has
allowed the analysis of the target pollutants by means of gas chromatographic-mass spectro-
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metric analysis at µg/kg levels. After validation, the protocol developed was successfully
applied to three tomato cultivars for the evaluation of their possible PAH, nitro-PAH and
PCB contamination.

2. Materials and Methods
2.1. Reagents and Standard Solutions

For the QuEChERS procedure, organic solvents (dichloromethane, cyclohexane, ace-
tone) as well as salting out and drying agents (sodium chloride and magnesium sulfate)
were from Sigma Aldrich-Merck (Darmstadt, Germany), while the dispersive solid phase
extraction (d-SPE) sorbents tested were purchased as follows: primary secondary amine
bulk sorbent (PSA) and Endcapped C18 from Agilent Technologies (Santa Clara, CA, USA),
Z-sep and Florisil (Sigma Aldrich-Merck, Darmstadt, Germany). Sulfuric acid 95–97%
purity was purchased from Honeywell (Offenbach, Germany). Salts (Sigma Aldrich-Merck,
Darmstadt, Germany).

Ultrapure water (18.2 MΩ cm resistivity at 25 ◦C) was produced by an Elix-Milli Q
Academic system (Millipore-Merck, Vimodrone, Italy).

An amount of 16 PAHs stock solution (100 mg/L in toluene), from the priority Envi-
ronmental Protection Agency (EPA) list, and 14 PCBs stock solution (500 mg/L standards
in dichloromethane), chosen according to the results of the main environmental monitoring
campaigns, were purchased from Sigma Aldrich-Merck and LGC Standards (Milan, Italy),
respectively. The nitro-PAHs stock solutions (100 mg/L) were obtained from AccuStandard
(New Haven, CT, USA).

The following isotope labelled compounds for PAHs and nitro-PAHs (5 mg/L) and
for PCBs (2 mg/L), purchased from Wellington Laboratories (Guelph, ON, Canada) and
AccuStandard, were used as internal standards and surrogate compounds to build calibra-
tion curves and to calculate extraction yields: benzo[a]anthracene-d12 (BaA-d12), chrisene-
d12 (Chr-d12), benzo[b]fluoranthene-d12 (BbFl-d12), benzo[k]fluoranthene-d12 (BkFl-d12),
benzo[a]pyrene-d12 (BaP-d12), indeno [1,2,3-cd]pyrene-d12 (Ind-d12), dibenzo[a,h]anthracene-
d14 (DBA-d14), benzo[g,h,i]perylene-d12 (BP-d12) and 1-nitropyrene-d9. The 13C12-PCB surro-
gate solution included the following congeners: 13C12-PCB28, 13C12-PCB52, 13C12-PCB118,
13C12-PCB153, and 13C12-PCB180.

Anthracene-d10 (PAHs and nitro-PAHs) and 13C12-PCB70 (PCBs) were used as inter-
nal standards.

The list of target PAHs, PCBs and nitro-PAHs, internal standards and labelled surro-
gates, is summarized in Table 1, with their molecular weight (MW), octanol/water partition
coefficient (logP) and their typical mass spectrometry m/z values (see Section 2.2).

2.2. Instrumentation and Softwares

PAHs, nitro-PAHs and PCBs extracted from tomatoes, as detailed in the following
paragraphs, were analyzed by gas chromatography/mass spectrometry (GC–MS). In detail,
an Agilent 6980 GC coupled with an Agilent 5973N MS detector and an Agilent 7683
autosampler were used, controlled by Agilent ChemStation software (8.8 version).

Chromatographic conditions are extensively described in previous works from the
same authors [17,18]. The complete separation of the 16 PAHs, 4 nitro-PAHs and 14 PCBs
was obtained within 52 min.

MiniTab 18.0 was used as the chemometric software tools.

2.3. Tomato Samples and Pre-Treatment

The extraction protocol was developed and validated using tomato samples of “Rio
Grande” cultivar, chosen as model fruit, and then applied also to “Beefsteak” and “Vine”
cultivars. All the tomato species were purchased in a local market.

Fruits were preliminarily cut into slices and dried in an oven for 48 h at 60 ◦C, in
order to avoid target compounds’ degradation. Once dried, they were finely ground with a
mortar to obtain a homogeneous sample and stored at −10 ◦C until extraction.
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Table 1. List of internal standards, target analytes and their labelled isotopes (surrogates), together
with their relative molecular weight (MW), tyipical mass/charge values (m/z) and octanol/water
partition coefficient (logP). PCB dioxin-like are marked (*).

Analyte MW m/z a LogP b Surrogate MW m/z a

Naphthalene (Naph) 128 128 2.963
Acenaphthene (AcPY) 152 152 3.329

Acenaphthylene (AcPh) 154 152 3.526
Fluorene (Flu) 166 166 3.739

Phenanthrene (Phe) 178 178 3.952
Anthracene (Ant) 178 178 3.952

Fluoranthene (Flth) 202 202 4.284
Pyrene (Pyr) 202 202 4.284

Benzo[a]anthracene (BaA) 228 228 4.942 BaA-d12 240 240
Chrysene (Chr) 228 228 4.942 Chr-d12 240 240

Benzo[b]fluoranthene (BbFl) 252 252 5.273 BbFl-d12 264 264
Benzo[k]fluoranthene (BkFl) 252 252 5.273 BkFl-d12 264 264

Benzo[a]pyrene (BaP) 252 252 5.273 BaP-d12 264 264
Indeno [1,2,3-cd]pyrene (Ind) 276 276 5.605 Ind-d12 288 288
Dibenz[a,h]anthracene (DBA) 278 278 5.931 DBA-d14 292 292

Benzo[g,h,i]perylene (BP) 276 276 5.605 BP-d12 288 288
PCB11 223 222 4.829
PCB15 223 222 4.829
PCB28 258 186 5.433 13C12-PCB28 269 268
PCB52 292 292 6.037 13C12-PCB52 304 304
PCB101 326 254 6.641
PCB81 * 292 292 6.037
PCB118 * 326 326 6.641 13C12-PCB118 338 338
PCB123 * 326 326 6.641
PCB138 361 360 7.245
PCB153 361 360 7.245 13C12-PCB153 373 372

PCB167 * 361 360 7.245
PCB180 395 394 7.849 13C12-PCB180 407 406

PCB169 * 361 360 7.245
PCB189 * 395 394 7.849

1-Nitronaphthalene 173 173 2.904
2-Nitrofluorene 211 211 3.679
1-Nitropyrene 247 247 4.224 1-nitropyrene-d9 256 256

6-Nitrobenzo[a]pyrene 297 297 5.440
Anthracene-d10 188 188 3.952

13C12-PCB70 304 304 6.037
a 100 msec dwell time for all the m/z ratios; b Chemicalize online calculator (developed by ChemAxon,
https://chemicalize.com/), last accessed on 12 December 2022, was used for prediction of logP properties
of all the target compounds.

2.4. Analytical Protocol
2.4.1. Optimization of QuEChERS Extraction Parameters

To determine the best extraction solvent, 0.5 g of dried tomato were weighed into a
50 mL centrifuge tube. Additionally, 1 g anhydrous MgSO4 and 0.4 g NaCl. 10 mL
extraction solvent were added, and the tube was shaken in an orbital shaker for 5 min
(300 oscillations per min) and centrifuged for 5 min (1507× g).

Within this study, three organic solvents with different polarity were tested, namely
acetone, dichloromethane and cyclohexane. The absence of co-extracted pigments in the
extract was chosen as qualitative response to determine the best extraction solvent that can
minimize co-extraction of matrix components and hence matrix effect.

Extracts from previous steps were subsequently purified through a clean-up procedure.
In detail, an optimized amount of d-SPE phase was added, together with 1 g anhydrous
MgSO4, and the vial was shaken in an orbital shaker for 5 min (300 oscillations per min)
and centrifuged for 10 min (7871× g).

https://chemicalize.com/
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Four d-SPE sorbents were chosen, namely, primary-secondary amine (PSA), End-
capped C18, Z-sep and Florisil, and tested also in sequential extraction.

A final optimized volume of sulfuric acid was added to 1.5 mL of the purified extract
to oxidize the residual organic contamination. The vial was then shaken for 5 min at
300 oscillations per min and centrifuged for 5 min (1507× g). To determine the most
efficient clean-up conditions, a combination between a full factorial experimental design
(frequently chosen as effective tool in the optimization of analytical protocols [36]) and a
multiple response optimization was used.

2.4.2. Analysis of PAHs, Nitro-PAHs and PCBs and Recovery Evaluation

1 mL extract was spiked with the internal standard solution of PAHs and PCBs prior
to GC-MS analysis, (5 µg/L concentration).

Extraction yields were evaluated spiking the sample with surrogate solutions of
PAHs, nitro-PAHs and PCBs (see Table 1) at 2 µg/L concentration (Csurr). After extraction,
an external standard calibration curve was used to calculate the concentrations and the
apparent extraction recovery, calculated according to the Equation (1) [37]:

Extraction yield =
Cextr

Csurr
(1)

where Cextr is the post-extraction concentration of the surrogate (µg/L).

2.4.3. Protocol Validation

The linearity was evaluated in cyclohexane solvent over 10 concentration levels:
0.15 µg/L and 3.5 µg/L for PAHs; 2.9 µg/L and 67 µg/L for nitro-PAH (6-nytrobenzo[a]
pyrene between 22 µg/L and 500 µg/L); 0.25 µg/L and 6.75 µg/L for PCBs.

Method detection limits (MDLs) and method quantitation limits (MQLs) for the
target compounds were calculated through the response error (RMSE) and the slope of
the calibration curves, as detailed in the following expression: MDL = 3.3 Sy/m, and
MQL = 10 Sy/m, where Sy = response error; m = slope of the calibration [38].

The intra-day and inter-day precision were evaluated using n = 10 and n = 30 determi-
nations for tomatoes spiked with 2 µg/L surrogate standards, on a single day or on three
separate days of analysis.

Matrix effect (ME) was evaluated by comparing the chromatographic area correspond-
ing to the standards spiked into post-extracted blank tomato solutions (Astd,matrix) with
the chromatographic area corresponding to the standards spiked in the extraction mixture
(Astd,solvent), according to the Equation (2):

ME(%) = 100·
Astd,matrix − Astd,solvent

Astd,solvent
(2)

Native contamination in the tomatoes was subtracted performing two non-fortified
blank analyses. Matrix effect was evaluated over three concentration levels, closer to
the MQLs, namely level (1) PAHs: 0.30 µg/L, nitro-PAHs (excluding 6-N-BaP): 6 µg/L,
6-N-BaP: 45 µg/L, PCBs: 0.50 µg/L; level (2) PAHs: 0.46 µg/L, nitro-PAHs (excluding 6-N-
BaP): 8.5 µg/L, 6-N-BaP: 62 µg/L, PCBs: 0.9 µg/L; level (3) PAHs: 0.62 µg/L, nitro-PAHs
(excluding 6-N-BaP): 12 µg/L, 6-N-BaP: 90 µg/L and PCBs: 1 µg/L.

2.4.4. Optimized Protocol

The whole analytical protocol developed for the extraction and the analysis of PAHs,
nitro-PAHs and PCBs (see Section 3.1) is summarized in Figure 1.
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3. Results and Discussion
3.1. Optimization of Extraction Protocol

The analysis of organic xenobiotic in fruits and vegetables is often challenging, due to
their complex matrix that is rich in interfering components such as essential oils, waxes,
carotenoids and chlorophylls, thus typically requiring time-consuming and expensive
protocols [39]. Hence, in this work a QuEChERS approach was chosen to extract the
16 PAHs, 4 nitro-PAHs and 14 PCBs from tomatoes due to its typical advantages, such as
simplicity, low amount of organic solvent required and low time consumed [40].

The optimization strategy followed: (1) a first identification of the best extraction
solvent (Section 3.1.1); (2) a subsequent optimization of the extract purification conditions
(d-SPE sorbents, oxidizing agents, etc.) in order to obtain the highest extraction recoveries
with the lowest co-extracted interferences from the matrix (Section 3.1.2).

3.1.1. Choice of Extraction Solvent

The characteristic red pigmentation of tomato fruit should be ascribed to carotenoids,
in particular lycopene and β-carotene, and, to a lesser extent, to chlorophyll [41], potentially
interfering with the subsequent GC-MS analysis if co-extracted with the pollutants of
interest. Concerning lycopene and β-carotene, both are characterized by a strong non-polar
nature (logP = 11.9 and 11.1, respectively), differently from target PAH, nitro-PAHs and
PCBs that are characterized by a lower non-polar character (logP included within 2.96 and
7.85, Table 1).

In order to take advantage of the above-mentioned polarity differences, three ex-
traction solvents (affine to target compounds and fully compatible with the HP-5MS GC
column), from strongly nonpolar to medium polarity, were tested, trying to minimize the
pigment’s coextraction. The solvents tested were cyclohexane (polarity index P’ = 0.2),
dichloromethane (P’ = 3.1) and acetone (P’ = 5.1) [42] and the color intensity of the extracted
solutions was chosen as a qualitative response variable.

Results showed that for all the tested extraction solvents, part of carotenoids are co-
extracted, with the highest concentration in dichloromethane (dark red color), followed
by acetone and cyclohexane (soft yellow), as represented in Figure S1 of Supplementary
Materials. Despite lycopene and β-carotene are nonpolar compounds, thus supposing
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a stronger affinity with cyclohexane (having the lower P’ value), the darker coloration
obtained for dichloromethane should be addressed to their higher solubility in this latter
organic solvent, as reported by previous studies [43,44].

Similar co-extracted interferences were visually observed for acetone and cyclohexane,
despite their different polarity. Since for acetone, none of the subsequently tested d-SPE
phases was shown to be effective in the removal of carotenoids, cyclohexane was chosen as
the extraction solvent for the further optimization steps.

3.1.2. Optimization of Purification Conditions of Extract

To ensure an accurate quantification of analytes, clean-up steps are necessary to
remove interfering compounds and to avoid matrix effect, before injecting the extract.
As mentioned in the Materials and Method section, within this work, we evaluated the
effect of several d-SPE sorbents to optimize the removal of interferents, while reducing the
adsorption (and the loss) of target PAHs, nitro-PAHs and PCBs and, hence, enhancing the
analytes’ recovery.

Taking into account the composition of tomatoes [45], four different phases were evalu-
ated: PSA (enhanced affinity towards sugars [24] and pigments, including carotenoids [46]);
C18 (enhanced affinity for fats and waxes [46]); Z-Sep (affinity towards natural pigments [47]);
and Florisil, due to its polar behaviour and affinity towards selected pigments [48]. Even
if graphitized carbon black, another frequently used d-SPE sorbent, is recognized to be
effective in pigments abatement [47], it was not considered due to its high affinity to planar
compounds such as PAHs and nitro-PAHs [49], thus promoting their undesired removal
from the samples.

Preliminary visual tests on pigments abatement showed that both Z-sep and Florisil
sorbents did not provide any improvement in decoloring, probably due to the high hy-
drophobicity of coextracted lycopene and β-carotene that resulted in a low affinity of
the two quite polar adsorbents. Instead, C18 and PSA were shown to be effective in the
reducing of the color in the extracts when performing two clean-up steps in sequence.
Additionally, in order to boost the oxidation of residual co-extracted organic compounds
not completely removed by d-SPE phase and, hence, to obtain a final colorless extract, the
effect of the addition of sulfuric acid to the extract was tested.

Experimental Design

On these premises, to optimize clean-up conditions, a chemometric approach based
on experimental design was followed. For each of the 14 surrogates, a full factorial design
was chosen, thus estimating constant, linear terms and interactions between the different
variables, as indicated by the following model reported in Equation (3):

Y = a0 + a1·X1 + a2·X2 + a3·X3 + a12·X1·X2 + a13·X1·X3 + a23·X2·X3 (3)

In this study, the extraction yield of each surrogate was considered as the response
variable (Y), ai are the coefficient of the linear term, aij are the coefficients of the interactions.
The following three factors were studied at two levels (23): (i) volume, in µL, of sulfuric
acid (X1), (ii) amount, in mg, of PSA (X2) and (iii) amount, in mg, of C18 (X3). The a123
interaction is not taken into account since no replicates were used to calculate the model,
with a consequent loss of one degree of freedom [50].

Coded variables and levels together with the whole experimental design matrix
are summarized in Table 2, while the extraction recovery percentages recorded for each
surrogate are reported in Table 3.

Data show that the obtained extraction recoveries vary in a wide range, being included
within 16 and 274%. In particular, it could be clearly observed that the highest enhancing
matrix effect (with average apparent recovery higher than 150%) is present where both PSA
and C18 are used in low amounts (experiments 1 and 2). Conversely, when both the d-SPE
phases are present at the highest level (experiments 7 and 8), average extraction recoveries
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do not exceed 100% values, thus suggesting the efficacy of both d-SPE clean-up phases in
matrix removal when used at higher amounts.

Table 2. Experimental design matrix with coded variables and real factor levels.

Experiment
Coded Variables Factors

X1 X2 X3 H2SO4 (µL) PSA (mg) C18 (mg)

1 − − − 9 10 10
2 + − − 18 10 10
3 − + − 9 150 10
4 + + − 18 150 10
5 − − + 9 10 150
6 + − + 18 10 150
7 − + + 9 150 150
8 + + + 18 150 150

Table 3. Experimental responses (extraction recovery percentages) for PAH, nitro-PAH and PCB
surrogates for each experimental run.

Surrogate/Experimental Run 1 2 3 4 5 6 7 8

BaA-d12 (%) 202 115 121 129 88 66 100 85
Chr-d12 (%) 184 157 104 122 118 105 86 80
BbFl-d12 (%) 235 251 127 131 188 101 102 76
BkFl-d12 (%) 228 274 148 139 282 168 108 122
BaP-d12 (%) 34 50 54 43 32 18 66 16
Ind-d12 (%) 188 189 80 145 129 89 80 64

DBA-d14 (%) 200 258 91 99 138 17 82 16
BP-d12 (%) 93 69 72 81 49 67 60 57

1-Nitropyrene-d9 (%) 178 84 193 196 106 45 60 50
13C12-PCB28 (%) 114 109 98 101 119 97 86 92
13C12-PCB52 (%) 114 120 100 103 113 98 91 95

13C12-PCB118 (%) 128 126 119 116 121 125 105 123
13C12-PCB153 (%) 129 129 111 125 136 118 107 114
13C12-PCB180 (%) 144 184 125 143 151 141 110 129

To better highlight the main and interaction effects within the experimental factors,
a deep investigation through the Yates algorithm was performed [51–53]. For all the
analytes, coefficients aij, resulting from the combination of variables, are at least two orders
of magnitude lower in respect to ai linear terms (data not shown), thus suggesting that
no synergistic effects in the clean-up step of analytes occurred. Hence, they will not be
further discussed. Concerning linear terms (summarized in Table 4), the coefficient of X1
(volume of sulfuric acid) suggests that this parameter most influences the response for all
the surrogates, since the average for the absolute value of all a1 coefficients is equal to 1.62,
being more than three times higher than the average value of a2 coefficients (0.5) and five
times than the average value of a3 coefficients (0.23).

It is interesting to note that for PAH, nitro-PAH and PCB surrogates a univocal correla-
tion between sulfuric acid clean-up (X1) and surrogates’ recovery could not be observed.
Indeed, both negative (higher H2SO4 volumes lead to lower recoveries) and positive (higher
H2SO4 volumes lead higher recoveries) correlations are present.

Concerning PAH and nitro-PAH surrogates, a negative to positive trend of a1 (from
−7.3 to 4.2) could be observed with the increase in congeners molecular weight (Table 4).
We can hypothesize that medium molecular weight PAHs (MW ranging from 240 to 256,
with 4 aromatic rings) undergo a partial degradation by the sulfuric acid used to remove the
residual matrix, resulting in lower extraction recoveries. Conversely, for higher molecular
weight congeners (MW ranging from 264 to 288, with 5 aromatic rings), no degradation is
postulated. For these compounds, sulfuric acid exploited its oxidative function towards
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co-extracted interfering organic species, thus reducing the suppressive matrix effect and,
hence, increasing the extraction yields. However, such observed correlation is not linear,
since low R2 coefficients were obtained (0.2259 and 0.1894 for molecular weight and logP,
respectively). PCB a1 coefficients exhibit a trend similar to PAHs, but they are characterized
by a narrower range of values (from −1.1 to 0.1), meaning that these compounds are less
influenced by sulfuric clean-up in their extraction, in accordance with the results obtained
by Lamoree and co-workers [54].

Table 4. ai coefficients of linear terms retrieved from the 23 full factorial design of each surrogate.

Surrogate MW LogP a1 a2 a3

BaA-d12 240 4.942 −7.3 −0.745 −0.752
Chr-d12 240 4.942 −1.9 −0.642 −0.339

1-nitropyrene-d9 256 4.224 −1.24 −0.095 −0.304
BbFl-d12 264 5.273 −0.3 −1.005 0.004
BkFl-d12 264 5.273 0.09 −1.08 0.52
BaP-d12 264 5.273 1.105 0.3538 0.2258
Ind-d12 288 5.605 1.17 −0.952 0.08

DBA-d14 292 5.931 3.25 −0.925 0.252
BP-d12 288 5.605 4.24 −0.095 −0.304

13C12-PCB28 269 5.433 −1.07 −0.262 0.051
13C12-PCB52 304 6.037 0.07 −0.187 0.018

13C12-PCB118 338 6.641 −0.585 −0.1209 −0.1592
13C12-PCB153 373 7.245 −0.299 −0.2655 0.1009
13C12-PCB180 407 7.849 0.1 −0.236 0.133

The amount of PSA and C18 used for the clean-up was shown to influence the ex-
traction recoveries of congeners to a lesser extent, apart from BbFl-d12, BkFl-d12 and
13C12-PCB52, whose coefficients for PSA term (X2) has a higher weight than for sulfuric
acid (X1) as shown in Table 4. Since the a2 coefficients are negative, possible interactions
between PSA and BbFl, BkFl and PCB52 are hypothesized, thus resulting in their partial
removal from the extract and, hence, in lower recoveries.

For each surrogate, models obtained by the experimental design are reported in Table S1
of Supplementary Materials, together with the relative weight assigned to each variable.

Multiple Response Optimization

Since in this study the optimization procedure involves more than one response
(fourteen responses, one for each surrogate), it is necessary to combine all the previously
obtained models in function of a specific target criterion (e.g., minimized response, max-
imized response or target response), for obtaining the overall optimized values for the
studied system.

In this regard, a multiple response optimization approach was innovatively chosen.
In more detail, models previously fitted for each surrogate through experimental design
were combined, setting the software to extrapolate the optimal X1, X2 and X3 conditions
to reach a recovery as closest as possible to 100% (so called “target response” approach).
The only constraint imposed was that those combinations leading to recoveries higher than
120% should be discarded.

After calculation, the software provided the optimization plot (a graph showing how
the variables affect the predicted responses, as detailed in Figure S2 of the Supplementary
Materials), and the optimal combination of X1, X2 and X3 variables, that leads to the
highest extraction recovery, namely: (i) 9 µL of sulfuric acid (X1), (ii) 150 mg PSA (X2) and
(iii) 150 mg C18 (X3), coinciding with the conditions tested in experiment 7 of the experi-
mental design (see Experimental Design Section). Hence, to evaluate the accuracy of the
statistical model, the extraction yields predicted from the multiple response optimization
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were compared with those obtained in test #7 of the full factorial design, replicated three
times (Figure 2A,B).
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Figure 2. Predicted (green patterned) and experimental (orange) extraction yields of PAHs, nitro-
PAHs (A) and PCBs (B) using the optimized extraction and clean-up conditions.

Results showed that predicted extraction yields ranged from 54% to 120% recoveries
(PAHs and nitro-PAH) and from 88% to 116% (PCBs), while experimental recoveries ranged
from 59% to 111% (PAHs and nitro-PAH) and from 85% to 110% (PCBs). Hence, a very good
agreement between modelled and experimental recoveries was obtained, with deviations
lower than 10% for all the surrogates tested. Additionally, RSD% obtained for experimental
replicates are below 15% for all the surrogates, thus suggesting a good repeatability.

The partial decrease in PAH recoveries observed at the increase in molecular weight
was already assessed elsewhere, when using PSA as clean-up phase [24]. Conversely,
concerning PCBs, the extraction recoveries slightly decrease with the increasing of con-
geners polarity (from 13C12-PCB180 to 13C12-PCB28). This behavior could not tentatively
be ascribed to the clean-up procedure, but rather to the low cyclohexane polarity, which
better promotes the extraction of less polar species.

For the above-mentioned considerations, obtained clean-up conditions of test #7 were
considered as optimal and the whole optimized protocol (Figure 1) was validated, as
described in the following paragraphs.

3.2. Validation of the Analytical Protocol

After optimization, the whole method was validated assessing linearity, method
detection and quantitation limits (MDLs and MQLs), intra-day and inter-day precisions
and matrix effect (ME). Additionally, the evaluation of the main figures of merit (linearity,
MDLs and MQLs, and extraction recoveries) was performed by a second, different operator,
thus confirming the reliability of the proposed protocol.

3.2.1. Linearity

The protocol linearity was confirmed for PAHs in the range 0.05–3.5 µg/L
(0.5–70 µg/kg), for nitro-PAHs in the range 2.9–67 µg/L (60 µg/kg−1.3 mg/kg), for the
6-nitro-Benzo[a]pyrene that is in the range 22–500 µg/L (0.4–10 mg/kg) and for PCBs in
the range 0.3–6.5 µg/L (5–135 µg/kg) with R2 coefficients included within 0.998 and 0.999
for all classes of compounds.

3.2.2. Method Detection and Quantitation Limits

MDLs and MQLs were calculated as described in Section 2.4.3 and are reported in
Table 5. MDL ranged from 0.6 to 2.6 µg/kg for PAHs, from 28 to 40 µg/kg for nitro-
PAHs and between 1.2 and 6.3 µg/kg for PCBs. MQLs for PAHs varied between 1.9 and
8.3 µg/kg, between 84 and 104 µg/kg for nitro-PAHs and between 3.7 and 19.1 µg/kg for
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PBCs. 6-Nitrobenzo[a]pyrene showed MDLs and MQLs about one order of magnitude
higher than those obtained for the other nitro-PAHs.

Table 5. Method detection (MDLs) and quantitation (MQLs) limits for the target PAHs, nitro-PAHs
and PCBs. Concentrations are expressed in µg/kg.

Analyte MDL MQL Analyte MDL MQL

Naph 0.6 1.9 PCB11 3.6 11.0
AcPY 1.4 4.1 PCB15 2.4 7.2
AcPh 1.1 3.2 PCB28 3.9 11.8
Flu 0.7 2.2 PCB52 6.3 19.1
Phe 2.2 6.5 PCB101 1.9 5.7
Ant 0.9 2.7 PCB81 2.8 8.4
Flth 2.0 6.1 PCB118 1.7 5.2
Pyr 0.7 2.2 PCB123 1.2 3.7
BaA 2.7 8.3 PCB138 2.5 7.7
Chr 2.1 6.3 PCB153 1.3 3.8
BbFl 1.7 5.1 PCB167 2.4 7.2
BkFl 1.7 5.2 PCB180 2.4 7.2
BaP 2.4 7.1 PCB169 2.3 6.8
Ind 1.8 5.4 PCB189 1.7 5.3

DBA 2.4 7.2
BP 2.6 8.0

1-Nitronaphthalene 34.4 104
2-Nitrofluorene 39.1 118
1-Nitropyrene 27.9 84

6-Nitrobenzo[a]pyrene 307 931

To the best of our knowledge, no current regulation limits for PAHs, nitro-PAHs and
PCBs in fruits are present. However, MDLs and MQLs here presented are compatible with
average PAHs and PCBs contamination detected in tomatoes in previous studies [33,35].
Concerning nitro-PAHs, due to the innovation of this study, a comparison could not
be performed.

3.2.3. Method Precision

The intra-day and inter-day precision, evaluated over surrogates and expressed as
relative standard deviation (RSD%), was lower than 12% for all the pollutants’ classes. In de-
tail, RSD% intra-days and RSD% inter-days were in the range 6.3% (BbFl-d12)—15.9%
(BP-d12) and 0.1 (BkFl-d12)—7.7% (Chr-d12) for PAHs, respectively; in the range 3.9%
(13C12-PCB153)—6.5% (13C12-PCB118) and 0.2 (13C12-PCB52)—4.3% (13C12-PCB28) for PCBs,
respectively; 11.8 and 2.5% for 1-Nitropyrene-d9, respectively. These data confirm the re-
peatability of the optimized protocol.

3.2.4. Matrix Effect

The presence of any matrix effect (ME) was singularly evaluated over 3 calibration
levels for all the 34 target analytes (see Section 2.4.3). Results showed that only limited
matrix contribution is present (Figure 3), with percentages lower than 20% for all the
analytes at all the concentration tested (13.1% average |ME| for PAHs, 15.9% for nitro-
PAHs and 9.3% for PCBs). Hence, a systematic influence of the matrix within the protocol
developed should be excluded [55].

It should be mentioned that the |ME| for 6-nitrobenzo[a]pyrene exceed 20% for all
calibration levels (about 50%), probably due to its lower sensitivity in the GC-MS analysis
and, therefore, it was not included in Figure 3.

The total-ion-current chromatogram reporting the separation of all the 34 target ana-
lytes in post-extraction solvent is reported in Figure S3 of Supplementary Materials.
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Figure 3. Matrix effect (ME) of the developed QuEChERS method for PAHs (A), PCBs (B) and
nitro-PAHs (C) over three calibration levels (summarized in Section 2.4.3).

3.3. Greennes Position of the Developed Method in the State of the Art

The protocol here presented proposes new advancements over existing literature both
in terms of greenness assessment and analytical performances.

Before comparing the developed protocol with those already available, it should be
recalled that the proposed method is innovative since, to the best of our knowledge, no
previous protocols dealing with the determination of nitro-PAHs in tomatoes were yet
developed. Consequently, the following comparison will be necessarily limited to PAHs
and PCBs analysis.

To assess the protocol greenness, a recent open-source tool called AGREE (Analytical
GREEnness Metric Approach and Software), developed by Pena-Pereira and co-workers,
was innovatively exploited. AGREE calculator is based on the 12 principles of green
analytical chemistry that are converted into a unified 0–1 scale. The final outcome is a
scheme clearly indicating the final score and the performance of the analytical procedure
for each principle, making easier a rapid comparison between evaluated protocols [56].

As represented in Figure 4, the optimized QuECHERS-based approach here developed
(which allows for the simultaneous extraction of 16 PAHs, 4 nitro-PAHs and 14 PCBs,
together with their 14 proper surrogates), is highly encouraging in respect to already
published approaches for the analysis of PAHs and/or PCBs in tomatoes based on gas
chromatographic analysis, with a total greenness assessment score far higher than those of
compared methods (0.51 in respect to an average of 0.33, respectively).

In detail, most improvements should be addressed to scores 2, 4, 7, 8 and 12 (rep-
resented as greener or yellower boxes in the first pictogram) since compared methods
are affected by: (i) higher amount of sample weighted (score 2) [32,33,55]; (ii) higher
number of operational steps required, such as solvent changes and preconcentration
(score 4) [32,55,57]; (iii) higher solvent volumes used and, therefore, higher amount of
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wastes produced (score 7) [32,33,55]; (iv) reduced number of compounds analyzed in
a single run (score 8) [55,57]; use of reagents being more hazardous for the operator
(score 12) [32,33,55,57].
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already published in the literature for the analysis of PAHs and PCBs in tomatoes.

In addition, both extraction recoveries and MQLs of the proposed method are in
the same range or even better than those reported in the above-reported literature, with
quantitation limits even enhanced for more than two orders of magnitude than those
reported in the work of Al Nasir and co-workers [32].

3.4. Real Sample Contamination

The optimized method (Figure 1) has been used for the analysis of PAHs, nitro-PAHs
and PCBs in samples of “Rio Grande”, “Beefsteak” and “Vine” tomatoes purchased at local
markets. Samples were analyzed in triplicate, together with one procedural blank to ex-
clude laboratory contaminations. Additionally, “Beefsteak” and “Vine” samples were spiked
with surrogates and the extraction recoveries were compared with those obtained for
“Rio Grande” cultivar during the optimization steps (see Section Multiple Response Op-
timization Section). Data obtained showed that the apparent recoveries obtained for all
the three tested cultivars perfectly falls in the same range (Table S2 in the Supplementary
Materials), thus confirming the robustness of the proposed protocol. Most of the target
organic contamination is below the detection and quantitation limits for all the cultivar ana-
lyzed, except for Phe in “Rio Grande” (7.3 ± 0.6 µg/Kg) and in “Beefsteak” (6.8 ± 0.4 µg/Kg).
Chromatogram tracks obtained for both cultivars are reported in Figure S4 of Supplemen-
tary Materials.

It should be mentioned that the Regulation (EC) No 1881/2006, devoted to set maxi-
mum levels for certain contaminants in foodstuffs, does not include fruits and vegetables,
with the only exception of dried fruit. However, detected levels are fully in agreement with
previous studies investigating the PAH and PCB contamination in tomatoes [32,33].

4. Conclusions

In this work, an easy and robust analytical procedure based on the QuEChERS ap-
proach followed by gas chromatographic-mass spectrometric analysis was successfully
optimized for the simultaneous analysis of 34 organic micropollutants (16 PAHs, EPA
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priority), 14 PCBs, including 6 dioxin-like congeners, and, for the first time, 4 nitro-PAH)
in tomatoes.

The effect of the polarity of three tested solvents (acetone, cyclohexane and
dichloromethane) towards the co-extraction of matrix interfering compounds, such as
carotenoids and chlorophyll, was investigated, with cyclohexane resulting as the less affine
solvent to interferences. Additionally, the advanced use and combination of powerful
chemometric tools, namely a 23 full factorial experimental design and a multiple response
optimization, was innovatively exploited for the evaluation of the main effects of four
d-SPE phases and sulfuric acid in the clean-up step. An amount of 15 mg of PSA and C18,
respectively, and 9 µL were chosen to be effective in the removal of the residual matrix,
avoiding adsorption and oxidation of target compounds, and thus obtaining final extraction
recoveries in the range of 60–115%.

The method, originally optimized for “Rio Grande” tomato cultivar, was successfully
applied also to the monitoring of the contamination in “Beefsteak” and “Vine” cultivars
bought in a local market, confirming the same optimal extraction performances in both
cultivars. As expected, the pollution impact of target analytes was shown to be negligible,
with concentrations below detection limits for all the compounds, with the only exception
of Phe and Ant, detected at concentration levels similar to other studies.

To the best of our knowledge, the method optimized in this research represents the
first validated analytical approach devoted to nitro-PAHs in this fruit, and it represents
a greener alternative to analogue protocols based on more traditional sample prepara-
tion steps. In addition, the ease (reduced number of procedural steps) and robustness
(RSD% < 16% for intra- and inter-day precision) of the proposed method makes it easily
applicable for PAHs, PCBs and nitro-PAHs contamination routine analysis in tomatoes; for
example, in view of a future scenario of treated water reuse for irrigation.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/separations10030174/s1, Figure S1: Visual results of the extraction
of “Rio Grande” cultivar using cyclohexane (A), acetone (B) and dichloromethane (C) solvents. 0.5 g
sample weight, 10 mL extraction volume and 5 min at 1507× g centrifuge; Figure S2: The optimization
plot retrieved from MiniTab software, after performing the multiple response optimization, where
columns reported the effect of each factor on the responses (rows). The red lines shows the current
factor settings, andthe red numbers at the top represent the level settings of each factor. The blue lines
and numbers shows the responses for the current factor level; Figure S3: Total ion chromatogram
obtained for the 16 PAHs (red line), 14PCBs (green line) and 4 nitro-PAHs (blue line) in post-extraction
solvent using the optimized QuEChERS approach followed by GC-MS. Analysis conditions are
detailed in Material and Method section; Figure S4: Chromatograms obtained after the extraction
and analysis of “Rio Grande” (blue) and “Beefsteak” (green) using the optimized protocol. “Phe”
peak is evidenced by a blue arrow. Protocols details are reported in Material and Method section;
Table S1: Equation models and histogram of coefficients retrieved for each surrogate after the full
factorial design (conditions detailed in Experimental Design Section); Table S2: Extraction recovery
percentages of surrogates from “Rio Grande”, “Beefsteak” and “Vine” cultivars. Extraction conditions
are detailed in Section 2.4.4 of the manuscript.
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