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Abstract

For the first time, a method for the analysis of fifteen polycyclic aromatic hydrocarbons
in agai-based food products (AFPs) was developed using vacuum-assisted sorbent
extraction (VASE) combined with gas chromatography-mass spectrometry (GC-MS).
The method requires no organic solvents and is amenable to full automation. To achieve
optimal analytical extraction conditions, VASE parameters including stirring rate,
extraction time, desorption temperature, desorption time, preheat time, and preheat
temperature were optimized using sequential multivariate optimization. The method was
validated and yielded limits of quantification below 1 pg kg'! for all analytes, with
recoveries ranging from 65% to 112% and good precision (< 11% relative standard
deviation). Additionally, the greenness and practical aspects of the method were
investigated using the Green Analytical Procedure Index (GAPI), eco-scale, and the Blue
Applicability Grade Index (BAGI), respectively. The VASE-GC-MS approach is suitable
for routine analysis and exhibits characteristics of a green analytical method. No PAHs

were detected above the limits of detection in twenty-five samples of AFPs.

Keywords:
chemical contaminants; central composite rotatable design; Derringer and Suich's tool;

food analysis; Placket-Burman design; VASE system

1. INTRODUCTION

Chemical contaminants have come into focus within the scientific community due
to their harmful effects on human health, with food often serving as a source of these
substances[1]. In this context, polycyclic aromatic hydrocarbons (PAHs) stand out as an

important group of carcinogenic molecules and are most frequently detected in foods
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within the chemical contaminants group [2]. PAHs may form in foods by thermal
processing or be derived from environmental sources, such as contaminated water or soil
[2]. In the environment, PAHs can be formed through incomplete combustion of organic
carbonaceous materials or through emission processes from natural and/or anthropogenic
sources [2,3].

PAHs consist of hydrogen and carbon atoms arranged in two or more fused
aromatic (benzene) rings, with light PAHs consisting of up to four rings and heavy PAHs
having five or more rings [2]. Their differences in chemical properties attribute specific
characteristics, with them being mainly classified as semi-volatile molecules [3]. The
International Agency for Research on Cancer (IARC) has classified PAHs into four
groups, namely carcinogenic to humans (group 1), probably carcinogenic to humans
(group 2A), possibly carcinogenic to humans (group 2B), and not classifiable as to its
carcinogenicity to humans (group 3) [4]. With regards to legislation of PAHs in
foodstuffs, the European Food Safety Authority (EFSA) has set maximum levels for
benzo[a]pyrene or for the sum of four PAHs, including benzo[a]pyrene,
benz[a]anthracene, benzo[b]fluoranthene, and chrysene[5]. The most restrictive
concentration in food is 1 pg kg! and is intended for infants and young children [5].
However, for a¢ai-based food products (AFPs) or similar items, there is currently no
regulation available. AFPs are derived from Euterpe oleracea Mart., a Brazilian native
berry popularly known as agai [6,7]. Recently, the AFP market has expanded mainly in
the European and American markets due to its beneficial properties for human health as
well as energy supplement [8]. Thermal processing and anthropogenic sources are
possible pathways through which PAHs may reach ag¢ai. The anthropogenic source is
significant, given that acai is cultivated close to highways [9], and that transportation is

required by trucks until it reaches manufacturing facilities.
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To investigate PAHs in foodstuffs, many studies have developed a variety of
sample preparation techniques, including traditional procedures such as Soxhlet
extraction, solid—liquid extraction (SLE), and solid-phase extraction (SPE), among others
[10]. Additionally, methods that focus on green analytical approaches have been
developed for PAH analysis and include the quick, easy, cheap, effective, rugged, and
safe (QUEChERS) method, dispersive liquid-liquid micro-extraction (DLLME), as well
as other methods [10]. However, these methodologies can present some drawbacks,
mainly due to the use of organic solvents (even in minimal quantities), or the
impracticality of these techniques for routine analysis. From this perspective, vacuum-
assisted sorbent extraction (VASE) is a promising technique that possesses green
analytical characteristics due to the fact that extractions are solvent-free. VASE was first
introduced in 2016 and has emerged as a new trend for vacuum extraction of semi-volatile
and volatile organic compounds [11]. VASE offers practical conditions of analysis due
to its easy-to-operate system that does not require high technical skills to operate. In
addition, this technique works under vacuum in headspace mode (HS) and features a large
volume of sorbents packed in the sorbent pens. These physico-chemical characteristics
allow an exhaustive extraction of a wide range of organic compounds [12]. Thereby,
offering advantages over similar techniques, such as HS-solid-phase microextraction
(SPME) [12]. Additionally, VASE provides satisfactory precision results once analytes
are extracted in their entirety when the system is operated near equilibrium conditions
[12]. Moreover, VASE is particularly selective for compounds amenable to gas
chromatography-mass spectrometry (GC-MS) analysis, such as PAH quantification in
food matrices [10].

This represents the first study investigating any type of chemical contaminants in

food using VASE. Within this context, a practical and eco-friendly approach based on
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this technique was developed and validated in-house for the quantification of 15 PAHs in
AFPs by GC-MS. Additionally, VASE parameters were optimized in an effort to identify

and apply the optimal condition for the extraction of PAHs in AFPs.

2. MATERIAL AND METHODS
2.1. Samples

The commercial samples studied in this work were purchased in Brazil (n = 20)
and the United States (U.S.) (n = 10). AFPs were classified according to their flavors,
including pure ag¢ai (n = 8 from Brazil and n =7 from the U.S.), AFPs with strawberry (n
= 4 from Brazil), AFPs with banana (n = 4 from Brazil), and AFPs with guarana syrup (n
= 4 from Brazil and n = 3 from the U.S.). AFPs were comprised of sorbets (pasty
composition) as reported by manufacturers in the products labels. A representative blank
sample (control sample), composed of AFPs with banana, strawberry, guarana syrup, and
pure agai in a ratio of 1:1:1:1 (w/w/w/w), was used for optimization and in-house
validation procedures. Prior to analysis, the RBS was analyzed by GC-MS to make sure
of the absence of any target analyte. The samples were kept at -20 °C + 1 °C until to be
used for analysis. The samples were acclimatized at room temperature (21 °C + 2 °C)

prior to analysis.

2.2. Standards

Analytical standards (analyte mix of commercial solution) of PAHs including
naphthalene, 1-methyl-naphthalene, 2-methyl-naphthalene, acenaphthylene,
acenaphthene,  fluorene, phenanthrene, anthracene, fluoranthene, pyrene,
benz[a]anthracene, chrysene, benzo[b]fluoranthene, benzo[k]fluoranthene,

benzo[a]pyrene, and chrysene-di» as internal standard (I.S.) were purchased from
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Supelco (Bellefonte, PA, USA). Each analytical standard was diluted in acetonitrile to a
concentration of 2000 pg mL!. A multi-analyte working solution in acetonitrile was

prepared at 50 ug mL!. The standard solutions were kept at —20 °C + 2 °C until use.

2.3. Multivariate optimization

A sequential experimental design was applied, including Plackett—-Burman (PB),
to identify significant factors (independent variables) and the Central Composite
Rotational Design (CCRD) to determine the optimum extraction conditions for each
PAH. Subsequently, Derringer and Suich's tool (D&S) was applied to determine the
optimum extraction conditions for all PAHs. For the optimization experiments, the
sample (10 g) was spiked with the 15 PAHs as well as the 1.S. at a concentration of 0.1
ppm for each analyte.

For PB analysis, some parameters of the VASE system, specifically for the 5600
sorbent pen extraction system (SPES) and of the 5800 sorbent pen desorption unit
(SPDU), were optimized. The variables chosen for this step were: stirring (RPM) and
extraction time (hour), both of the SPES, and desorption temperature (°C), desorption
time (min), preheating time (min), and preheating temperature (°C) operated in the SPDU.
All variables were evaluated at high (+1) and low (—1) levels (Table S1). To avoid
exclusion of any significant variable, a significance level of 10% was established for this
design [13].

The CCRD (p < 0.05) was performed using a 2° factorial design arranged with
high (+1) and low (—1) levels, and axial points (—a and +a) (Table S3). Additionally, three
central points (0) were explored (Table S4). Lastly, D&S was used and the mathematical

models were analytically validated.
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For this optimization, the Protimiza Experimental Design software (Protimiza
Experimental Design, Campinas, Brazil) was used to obtain the data from PB and CCRD,
and Design Expert 6.0 software (Stat-Ease, Minneapolis, USA) was used to run the

Derringer and Suich data.

2.4. Vacuum-assisted sorbent extraction and desorption procedures

The entire extraction procedure was based on the VASE system provided by
Entech Instruments (Simi Valley, CA, USA), including vials, vial caps, sorbent pens, and
lids (Fig. 1 a, 1 b), as well as the SPES (Fig. 1 ¢). PDMS GB + Tenax® model SP-HSP-
PDMST3560 sorbent pens were provided by Entech Instruments and used in the
extraction process. Extractions were carried out in 40 mL glass vials (borosilicate) (San
Leandro, CA, USA) containing 10 g of the sample. The sorbent pens were assembled onto
the vials (Fig. 1 b) and air evacuated to create the vacuum by directly connecting the SP
Micro QT™ to a vacuum pump for 2 min. A vacuum higher than 25 inches of Hg was
maintained within the vial/Pen assembly during the entire extraction period. The
assembled sorbent pens and vials were subsequently placed on a 5600 SPES (Fig. 1 d).

For extraction, the SPES was operated under optimized conditions of 16 hours and
39 min at 70 °C for 100 RPM. To prevent water vapor and/or condensation in the
extraction vial and the sorbent pen after each extraction, the vials were subjected to a
water management step (Fig. 1 e). In this step, the extraction vial and the sorbent pen
were placed in a pre-cooled block (-20 °C £ 2 °C) for 15 min. During the cool-down step,
the cooled block was maintained at a temperature of -2 °C & 1 °C. The sorbent pens were
stored in leak-tight Silonite™-coated isolation sleeves (Fig. 1 f, 1 g) until desorption
(Fig.1 h). After each extraction, the sorbent pen was reconditioned, according to

manufacturer's operating manual, using a sorbent pen thermal conditioner — 3801 SPTC
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(Entech Instrument, Simi Valley, CA, USA) under the following conditions: pre-purge

duration: 10 min; cycles: 1; duration: 60 min; and temperature: 300°C.

2.5. Instrumentation

A 7890B GC system from Agilent Technologies (Santa Clara, CA, USA)
equipped with a 5800 Sorbent Pen Desorption Unit (SPDU) (Figure 1h) from Entech
Instruments (Simi Valley, CA, USA) and interfaced to an Agilent Technologies single
quadrupole mass with electron ionization (EI) source (5977A) (Santa Clara, CA, USA)
was employed for the quantification of PAHs. The SPDU, under optimized conditions,
was set to preheat at 70 °C for 0.50 min. Desorption was performed at 272 °C for 1.30
min. The SPDU bake out was set at 260 °C for 20.30 min, followed by post-bake at 70
°C for 17 min. Parameters of SPDU bake out and post bake were set according to the
VASE system operating guidelines. SPDU was operated in split mode (10:1). A wide-
bore Silonite™-coated pre-column (0.6 m x 1 mm) from Entech Instruments (Simi
Valley, CA, USA) and an Rtx-5MS capillary column (30 m x 0.25 mm x 0.25 pum;
RESTEK, Bellefonte, PA, USA) were used in this analysis. Ultra-high purity helium
(99.999%) was employed as the carrier gas at a constant flow of 1 mL min~!. The oven
temperature program started at 40 °C and was held for 1.0 min; ramped to 130 °C at 25
°C min’!, then to 250 °C at 5 °C min’!, and finally to 300 °C at 10 °C min"!, where it was
held for 5 min. The total run time was 38.60 min. The temperature of the MS transfer
line, the ion source, and the MS quadrupole was set at 280 °C, 230 °C, and 150 °C,
respectively. A solvent delay of 5 min was applied, and data were acquired in the selected
ion monitoring (SIM) mode using the Mass Hunter Workstation software (Agilent
Technologies version B.07.00, Santa Clara, CA, USA). The 5800 SPDU software (Entech

Instruments version 1.3.0.68) was used to operate the SPDU. Analytes retention times,



203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

quantitative and qualitative ions, and relevant chemical information for each analyte are

described in Table 1.

2.6. In-house validation

In order to evaluate the method's performance, the limits of detection (LOD),
limits of quantification (LOQ), linearity, precision (intra- and inter-day), matrix effects,
and recovery were determined. Commission Regulation (EU) No 836/2011 [16] was used
as the analytical validation guideline.

LODs and LOQs were set using a signal-to-noise ratio of 3:1 and 10:1,
respectively. Linearity and matrix effects were determined using curves in water (as a
solvent) and in the sample to obtain the matrix-matched calibration curve. The
concentration levels used in the curves ranged from 0.8 to 100 ug kg!, and analyses were
performed at seven calibration levels (0.8, 16, 33, 50, 67, 84, and 100 pg kg™).

Recovery, precision, and reproducibility were carried out at three different points,
including 0.8, 50, and 100 ug kg''. The results were expressed as a percentage for
recovery and relative standard deviation (%RSD) for intra- and inter-day precision.

Matrix effect was evaluated using slopes of the solvent and matrix curves [6] and

it was expressed according to Equation 1:

matrix slope—solvent slope

Equation 1: % Matrix ef fect = [ ] * 100

solvent slope

2.7.  Practical aspects and green assessment of the analytical method
The validated analytical method was evaluated for both its practical aspects and
green analytical features. The practical aspect was assessed using the metric applied by

the blue applicability grade index (BAGI) [17]. Meanwhile, for the green analytical
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features, both the green analytical procedure index (GAPI) [18] and eco-scale [19] were
employed.

BAGTI utilizes pictograms to evaluate ten main attributes of the method, which can
be depicted as white, light blue, blue, and dark blue. These colors serve as a qualitative
metric for the practicality and applicability of the method parameters, with dark blue and
white being the most and least desirable colors, respectively. Furthermore, each color
represents a score (2.5 for white, 5.0 for light blue, 7.5 for blue, and 10 for dark blue). A
score closer to 10 indicates a more ‘practical’ method.

As for the GAPI, it is a qualitative tool that identifies the weakest and strongest
points in analytical procedures regarding green analytical chemistry attributes. This tool
uses green, orange, and red colors to represent low, medium, and high environmental
impact, respectively. The aforementioned methods complement each other and have been
utilized to assess whether the analytical methodology meets the minimal requirements for
routine analysis with low environmental impact. Lastly, eco-scale was used to assess each
analytical parameter that should comply with ideal green analysis and has a maximum
score of 100. Each non-compliance criterion reduces this score,thereby decreasing the

greenness of the analytical methodology.

3. RESULTS AND DISCUSSIONS
3.1. Multivariate optimization

Many studies have used univariate optimization in an effort to identify the optimal
extraction conditions for PAHs in foodstuffs [20-22]. In the general context of chemical
analysis, especially in the realm of green chemistry, this type of optimization is not
desirable as it increases the number of experiments, and leads to higher consumption of

organic solvents, longer operation times, and larger volumes of waste generated [23,24].

10
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Thus, it is crucial to pursue alternative extraction conditions that maximize analytical
cost-effectiveness. Additionally, univariate optimization has statistical limitations, as it
does not allow evaluation of interactions between variables. This drawback reduces the
capability to obtain optimal extraction data for the target analytes [23]. In such
circumstances, multivariate optimization approach, including PB, DCCR, and D&S,

emerge as a set of tools to overcome these issues [23,24].

3.1.1. Plackett-Burman design

All optimization experiments were performed randomly to avoid any biases and
enhance the internal validity of the experiment. PB design was conducted using 15
experiments (Table S2) to investigate effects of the independent variables on the
determination of PAHs by VASE-GC-MS.

The European Commission set maximum levels only for BaP or for the sum of 4
PAHs, including BaA, Cry, BbF, and BaP [5], which are the largest PAHs investigated
in this work. These compounds also require specific conditions (reported in the PB results
below) for volatilization into sorbent pens when compared with smaller ones. For this
reason, the PB results were evaluated only for these compounds. In this context, the
following variables were found to significantly affect these priority PAHs were:
extraction time, desorption temperature, and desorption time, as shown in Figure 2.

Regarding variable extraction time, it exhibited a significant positive effect on the
extraction of BaP which means that an increase in extraction time is associated with a
better extraction capability of BaP. This PAH possesses the highest molecular weight
among those analyzed in this study. Furthermore, it has the highest hydrophobicity (Log

Kow of 6.13) [25], making it more susceptible to exhibiting a positive correlation with

11
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the extraction time in VASE [12]. A similar result was reported by Oliveira et al. [26] for
high molecular weight compounds evaluated using a PB design and headspace extraction.

Additionally, a significant positive effect was observed for the desorption
temperature of BaP and BAF. As these compounds are the molecules with highest
molecular weight among those analyzed in this work, higher temperatures are required to
desorb them from PEN. In the VASE system, the desorption temperature can reach up to
300° C. A similar result was reported in another study [12] that analyzed UV filters by
VASE coupled to GC-MS where it was observed that the highest peak areas were
achieved for analytes analyzed at higher desorption temperatures [12]. This effect may
occur because the mass-transfer coefficient from the sorbent pen to SPDU increases with
the rise in temperature [27], thereby weakening the affinity between analytes and PEN,
resulting in increased analyte desorption effects [12].

The desorption temperature exhibited a significant positive effect for Cry and
BbF. This experimental effect suggests that higher desorption time can result in improved
peak areas, consequently enhancing the limits of detection. Overall, high molecular
weight analytes may require longer desorption time so that desorption is more exhaustive
[28]. A similar result was reported by Trujillo-Rodriguez, where most of the analytes
provided better analytical performance when longer desorption times were used [12].

Variables that presented significant effects on priority PAHs were selected for
CCRD. In summary, the stirring rate for the 5600 SPES, preheating time and preheating
temperature of the 5800 SPDU did not have significant effect in the extraction of these
PAHs. Therefore, these variables were fixed at 100 RPM, 70 °C, and 0.50 min for stirring,
preheating temperature, and preheating time, respectively. The extraction temperature
was not optimized in any design because previous experiments were carried out at

temperatures lower than 70 °C, and the largest PAHs were not able to be volatilized. Thus,

12
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the extraction temperature was fixed at the maximum working temperature of SPES

(70°C).

3.1.2. Central composite rotatable design (CCRD) and Derringer and Suich's tool
Based on PB data, CCRD was performed (see Table S3). For CCRD, a design
with 14 assays and a central point performed in triplicate was carried out, providing a
total of 17 experiments. The assays and their respective independent variables studied for
the extraction of PAHs in AFPs are presented in Table S4. Additionally, the statistical
model coefficients and p-values obtained from CCRD are provided in Table S5. The
models showed coefficients of determination ranging from 0.8349 to 0.9771, representing
satisfactory relationships between the response and independent variables. PAHs yielded
linear, quadratic, and two-factor interaction models, which can affect the extraction.
Considering the diverse responses, the D&S tool was applied to identify the best
simultaneous global condition for the extraction of all analytes, providing predicted
responses based on the CCRD data. Experimental data should be within the prediction
interval provided by D&S, and if the responses are acceptable, the method can be
validated under the previously proposed condition. For this, the D&S tool proposed the
following optimal condition (levels based on CCRD) to be validated: extraction time in
the 5600 SPES (0.21), desorption temperature (-0.67) and desorption time of the 5800
SPDU (-1.68), which corresponds to 16 hours 39 minutes, 272 °C, and 1.30 min for each
variable, respectively. As observed in Table S6, all experimental values were within the
predicted range, making the proposed condition suitable for the subsequent analytical
validation step. The proposed conditions by D&S showed a desirability for maximizing
extraction of 0.623 out of 1.0. As observed in Figure 3, optimization was finally able to

increase the extraction of PAHs, ranging from 9 to 496%, demonstrating that the design
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employed in the analysis achieved satisfactory efficiency. The percentage values were
based on peak area when comparing results prior and after optimization. The level -1 of

PB design (Table S1) was used to analyze the results before optimization.

3.2. In-house validation and occurrence

The condition identified by multivariate optimization was employed for analytical
validation. Following recommendations of the European Commission (EC)[16], all
flasks/vials used for the analyses were rinsed with acetone and hexane to avoid any risk
of contamination. The method performance characteristics are provided in Table 2.

The LODs and LOQs were determined using a representative blank sample, as
described in Section 2.1. Limits at the parts per billion level were achieved, with the LOD
ranging from 0.003 to 0.30 ug kg'!, and the LOQ ranging from 0.01 to 1.0 pg kg'!. In
addition, the method was developed based on the performance criteria for the analysis of
four PAHs (BaA, Cry, BbF, and BaP) established by the EC [16]. These four PAHs are
considered the most suitable markers for these contaminants in foodstuffs [16]. The
values achieved in this work meet the requirements set by the EC, which establishes LOD
and LOQ values of < 0.30 pg kg™ and < 0.90 pg kg! for these four PAHs [16].

With regard to linearity, a range was developed from 0.80 to 100 pg kg™'. The
obtained recovery results fall within a range of 65-112%, which is considered acceptable
for analytes at concentrations < 1 ug kg™! or for the four PAHs defined by the EC, where
the acceptable range is from -50% to +20% [16,29]. Repeatability (intra-day precision)
and within-laboratory reproducibility (inter-day precision) yielded results ranging from 1
to 8% RSD and from 4 to 11% RSD, respectively. The achieved precision results comply

with those required by the EC, which stipulate that for concentrations < 100 pg kg!, the

14
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result should be as low as possible [30]. Additionally, for the specific four PAHs,
precision must be < 22 RSD% [16].

Matrix effects provided results ranging from 15 to 60%, indicating signal
enhancement [31]. However, this phenomenon was overcome using a matrix-matched
calibration curve, which can compensate for any effect caused by the matrix. Similar to
this work, a positive effect on the PAH signal was observed when analyzing other food
matrices. For instance, results between 21 and 79% were observed for a method applied
to infant formula [32]. For baby food, positive effects ranging from 4.3 to 75.4% were
reported [33]. In a method developed for soft drinks, Caldeirdo et al. observed matrix
effects ranging up to 743.4% [34]. The signal enhancement observed in these works can
be correlated with interferents that may absorb strongly to the column and GC inlet,
thereby blocking active sites [35].

The validated method was applied in the evaluation of 15 PAHs in twenty-five
samples of acai-based products. However, there was no occurrence of these compounds
in any of the studied samples. It was expected that PAHs could be present in the sample,
as agai berries can become contaminated through the sorption of these contaminants from
the soil, air, and water. Additionally, thermal processing methods to which AFPs are

subjected could be a source of contamination with these substances [10].

3.3. Vacuum-assisted sorbent extraction

The VASE system is suitable for a wide range of compounds with respect to
molecular weight. Upon reviewing the literature, a few studies that employed similar
techniques to VASE for the analysis of PAHs, such as HS-SPME or stir bar sorptive
extraction (SBSE), have shown some analytical limitations. For instance, HS-SPME has
drawback in that large PAHs are unable to be volatilized at atmospheric pressure where

diffusion rates are suppressed. Studies that have analyzed PAHs using HS-SPME have
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focused on PAHs with molecular weights up to Pyr (202 g mol!) [36-39]. Thus, these
studies were unable to analyze the four PAHs considered as markers of contamination in
foodstuffs [16]. Even Maleki and coworkers, who utilized vacuum-assisted HS-SPME,
did not analyze PAHs with a molecular weight higher than 202 g mol!. In the case of
SBSE, this technique often requires additional steps involving certain chemicals [40,41].
Additionally, SBSE necessitates further studies to overcome certain disadvantages that
limit its widespread use in chromatography [42].

As observed in Figure S1, the VASE system provided advantages in extracting
compounds with varying boiling points when compared to other techniques featuring
similar characteristics. For the PAHs analyzed in this work, which have molecular
weights ranging from 128 to 252 g mol™!, VASE emerges as technique with superior
features in the extraction of multiple PAHs. The VASE procedure, aligned with the
selected ion monitoring mode used in GC-MS, made it possible to obtain an interferent-

free chromatogram without the need for a clean-up step, as shown in Figure 4.

3.4. Practical aspects and green assessment of the analytical method

Methods today considered for green analytical chemistry, as well as designed for
practical routine analysis, are more sought after and represent a trend in analytical and
food chemistry [43]. For this reason, the VASE system coupled to GC-MS was
investigated for the determination of PAHs in AFPs to assess if it was able to achieve
these characteristics and consequently be classified as a green and practical method. To
compare with the proposed VASE-GC-MS method in this study, the QUEChERS method
— an environmentally friendly procedure commonly used for PAHs analysis — was
selected [44]. It is important to note that the QUEChERS method used for evaluating the

comparison effect in this study is based on that developed by Singh and Agarwal [44].
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Regarding the practicality and applicability of the VASE-GC-MS method, BAGI
tools recommend that the method achieve at least 60 out of 100 points, with scores closer
to 100 indicating excellent method performance. As shown in the center of the asteroid
pictogram (Fig. 5 A), an overall score of 72.5 was obtained, surpassing the recommended
score by this index. In addition, the ten parts (except the central part) of the pictogram
represent specific parameter conditions, including: 1) the type of analysis; 2) the number
of analytes that are simultaneously determined; 3) the analytical technique and required
analytical instrumentation; 4) the number of samples that can be simultaneously treated;
5) sample preparation; 6) the number of samples that can be analyzed per hour; 7) the
type of reagents and materials used in the analytical method; 8) the requirement for
preconcentration; 9) the degree of automation, and 10) the amount of sample.

The only section that showed a white hue (a hue that should be avoided) was due
to the method's ability to analyze only <1 sample per hour. Besides that, this condition
was employed because it was necessary to apply optimized conditions to extract all
analytes with different molecular weights ranging from 128 to 252 g mol!. An option to
improve this drawback could be to focus the study on either low or high molecular weight
PAHs. However, to comply with recognized guidelines, there is a growing necessity to
work with simultaneous detection of multiple compounds over extended times, as ideal
analytical methods require more comprehensive analysis [43].

As shown in Fig. 5 B, the proposed QUEChERS method revealed 4 out of 10 white
sections and a score lower than that reported in the procedure developed in this work.
Furthermore, the VASE-GC-MS method, due to the performance it achieved, can be
classified as a method capable of demonstrating practicality and applicability, making it
attractive for routine analysis. BAGI is a complementary tool to metrics that evaluate the

greenness of the analytical method. In this context, the GAPI tool was applied to
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investigate the green character of VASE-GC-MS, in addition to investigating QUEChERS
[44] as a method of comparison. In summary, GAPI is divided into 5 groups (Fig. 5 C
and 5 D), and each has parameters to be analyzed. Additionally, each parameter receives
a number that indicates the part of the pictogram where it is located. This information is
detailed as: (i) sample handling (collection (1), preservation (2), transport (3), and storage
(4); (i1) type of method (direct or indirect (5)); (iii) sample preparation (scale of extraction
(6), solvents/reagents (7), additional treatments (8)); (iv) reagents and solvents (amount
(9), health hazard (10), and safety hazard (11)); and (v) instrumentation (energy (12),
occupational hazard (13), waste (14), waste treatment (15)). Among these, only one
section of the pictogram dealing with sample handling (collection) and instrumentation
(energy) parameters was identified as red for the VASE-GC-MS procedure (Fig. 5 C). As
reported by Nascimento et al. [24], some parameters, such as collection, become very
challenging to overcome since this analysis must be performed in the laboratory making
it impossible to carry it out on-site, thereby representing lower environmental (green)
impact. Due to the necessity of volatilizing large PAHs over long periods of time into the
PEN, consumption of more electrical energy is necessary, imparting this parameter a red
classification. When investigating the QUEChERS method by GAPI (Fig. 5D), it was
possible to observe that the pictogram did not exhibit any parameters classified as being
of low environmental impact. Furthermore, the analytical eco-scale (see Table 3)
proposed by Gatuszka et al. [19] was employed to assess the analytical parameters that
do not comply with green analysis.

The analytical eco-scale uses penalty points to assess the analytical steps with
chemistry approaches that are not compatible with green processes, such as hazards,
waste, and among others. A total score of 100 points is used for the assessment, and each

penalty is subtracted from the total score. This metric is divided into three categories,
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including a score > 75, score > 50, and score < 50, which indicates excellent green
analysis, acceptable green analysis, and inadequate green analysis, respectively.
According to the results, the method proposed in this study was classified as an excellent
green analysis approach. The penalties addressed for the VASE-GC-MS approach
stemmed from the use of GC-MS (penalty points: 2), energy due to SPES spending more
than >1.5 kWh per sample (penalty points: 2), and for creating waste (only sample)
between 1 to 10 g (penalty points: 3). Under these circumstances, the score obtained in
the analytical eco-scale was 93 points. On the other hand, a lower score was observed for
the QUEChERS approach, mainly for using organic solvent and creating a larger amount
of waste. Thus, a score of 79 points was obtained for this method. From the perspective
of the analytical eco-scale, the method proposed in this work was ratified once again, as
it is an approach that presents an advantage in the analysis of PAHs when compared to

the QUEChERS procedure.

4. CONCLUSIONS

An eco-friendly approach based on VASE was developed for the simultaneous
determination of 15 PAHs by GC-MS. No organic solvent was used to perform the
extraction of analytes for chromatographic analysis. Additionally, no clean-up step was
required to obtain an interferent-free chromatogram. To achieve optimal extraction
conditions, the extraction method was optimized using a sequential multivariate
optimization comprising PB, CCRD, and D&S. The method was validated in-house
following parameters established by the European Commission. The method fulfilled the
requirements for consideration as a green and practical method, which are ideal conditions

for routine analysis. The optimization resulted in a method that meets the requirements
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outlined in the validation guidelines, reaching LOQ values ranging from 0.01 to 0.8 ug
kg!. No PAHs were detected in any samples investigated.

Due to the promising approach presented by the VASE-GC-MS method, it is an
attractive procedure for determining and quantifying PAHs in other types of food
samples. The achieved analytical parameters make this method suitable for PAH analyses

in AFPs, aiming to meet the strictest criteria already established by regulatory agencies.

Acknowledgments

This research was supported by the S3o Paulo Research Foundation (FAPESP) -
grant#2021/11821-1 and grant#2020/10990-1. J.L.A. acknowledges support from the
Chemical Measurement and Imaging Program at the National Science Foundation (Grant

number CHE-2203891).

Reference

[1]  B.Peng, Q. Dong, F. Li, T. Wang, X. Qiu, T. Zhu, A Systematic Review of
Polycyclic Aromatic Hydrocarbon Derivatives: Occurrences, Levels,
Biotransformation, Exposure Biomarkers, and Toxicity, Environ. Sci. Technol.
57 (2023) 15314-15335.
https://doi.org/10.1021/ACS.EST.3C03170/SUPPL_FILE/ES3C03170_SI 001.P
DF.

[2] P.T. Edna Hee, Z. Liang, P. Zhang, Z. Fang, Formation mechanisms, detection
methods and mitigation strategies of acrylamide, polycyclic aromatic
hydrocarbons and heterocyclic amines in food products, Food Control. 158
(2024) 110236. https://doi.org/10.1016/J.FOODCONT.2023.110236.

[3] E. Dybing, P.E. Schwarze, P. Nafstad, K. Victorin, T.M. Penning, Polycyclic

aromatic hydrocarbons in ambient air and cancer, in: K. Straif, A. Cohen, J.

20



501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

[4]

[5]

[6]

[7]

[8]

Samet (Eds.), Air Pollut. Cancer IARC Sci. Publ. No. 161, WHO Press, Geneva,
2013: pp. 75-94. https://publications.iarc.fr/Book-And-Report-Series/larc-
Scientific-Publications/Air-Pollution-And-Cancer-2013.

IARC, Agents Classified by the IARC Monographs, Volumes 1-135 — TARC
Monographs on the Identification of Carcinogenic Hazards to Humans, (2024).
https://monographs.iarc.who.int/agents-classified-by-the-iarc/ (accessed January
15, 2024).

E.C. EC, Commission Regulation (EU) 2023/915 of 25 April 2023 on maximum
levels for certain contaminants in food and repealing Regulation (EC) No
1881/2006, Off. J. Eur. Union. (2023) 103—157. https://eur-lex.europa.eu/legal-
content/en/TXT/?7uri=CELEX%3A32023R0915.

L.E.S. Nascimento, M. Wrona, W. da Silva Oliveira, C. Nerin, H. Teixeira
Godoy, A study on the migration of primary aromatic amines in packaged acai-
based (Euterpe oleracea Mart.) products, Food Packag. Shelf Life. 38 (2023)
101118. https://doi.org/10.1016/J. FPSL.2023.101118.

L.E. Silva Nascimento, W. da Silva Oliveira, N. Mujtaba Abbasi, H. Teixeira
Godoy, J.L. Anderson, Dilute-and-shoot approach combined with in-situ formed
metal-containing ionic liquids for extraction of benzophenone and related
compounds from agai-based food products, J. Chromatogr. A. 1717 (2024)
464686. https://doi.org/10.1016/J.CHROMA.2024.464686.

J.T. da Silveira, A.P.C. da Rosa, M.G. de Morais, F.N. Victoria, J.A.V. Costa, An
integrative review of Acai (Euterpe oleracea and Euterpe precatoria): Traditional
uses, phytochemical composition, market trends, and emerging applications,
Food Res. Int. 173 (2023) 113304.

https://doi.org/10.1016/J.FOODRES.2023.113304.

21



526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

D.A. Neves, W. da S. Oliveira, M.H. Petrarca, M.I. Rodrigues, H.T. Godoy, A
multivariate approach to overcome chlorophyll interferences in the determination
of polycyclic aromatic hydrocarbons in jambu (Acmella olerarea (L.) R.K.
Jansen), J. Food Compos. Anal. 104 (2021) 104189.
https://doi.org/10.1016/J.JFCA.2021.104189.

Y. Zhang, X. Chen, Y. Zhang, Analytical chemistry, formation, mitigation, and
risk assessment of polycyclic aromatic hydrocarbons: From food processing to in
vivo metabolic transformation, Compr. Rev. Food Sci. Food Saf. 20 (2021)
1422-1456. https://doi.org/10.1111/1541-4337.12705.

Entech Instruments, Entech Instruments, 2024. (n.d.).
https://www.entechinst.com/ (accessed February 9, 2024).

M.J. Trujillo-Rodriguez, J.L. Anderson, S.J.B. Dunham, V.L. Noad, D.B. Cardin,
Vacuume-assisted sorbent extraction: An analytical methodology for the
determination of ultraviolet filters in environmental samples, Talanta. 208 (2020)
120390. https://doi.org/10.1016/J. TALANTA.2019.120390.

M.I. Rodrigues, A.F. lemma, Experimental Design and Process Optimization,
CRC Press, 2014.

NIST Chemistry WebBook, Chemical Name Search, (2024).
https://webbook.nist.gov/chemistry/name-ser/ (accessed January 15, 2024).
USEPA, eCFR :: Appendix A to Part 423, Title 40 -- 126 Priority Pollutants,
(2024). https://www.ecfr.gov/current/title-40/chapter-I/subchapter-N/part-
423/appendix-Appendix A to Part 423 (accessed January 15, 2024).

E.C. EC, Commission Regulation (EU) No 836/2011 of 19 August 2011
amending Regulation (EC) No 333/2007 laying down the methods of sampling

and analysis for the official control of the levels of lead, cadmium, mercury,

22



551 inorganic tin, 3-MCPD and benzo(a)pyrene in fo, Off. J. Eur. Union. 70 (2011)
552 31-38.

553  [17] N. Manousi, W. Wojnowski, J. Plotka-Wasylka, V. Samanidou, Blue

554 applicability grade index (BAGI) and software: a new tool for the evaluation of
555 method practicality, Green Chem. 25 (2023) 7598-7604.
556 https://doi.org/10.1039/D3GC02347H.

557 [18] J. Plotka-Wasylka, A new tool for the evaluation of the analytical procedure:
558 Green Analytical Procedure Index, Talanta. 181 (2018) 204-209.

559 https://doi.org/10.1016/J.TALANTA.2018.01.013.

560 [19] A. Galuszka, Z.M. Migaszewski, P. Konieczka, J. Namie$nik, Analytical Eco-
561 Scale for assessing the greenness of analytical procedures, TrAC Trends Anal.
562 Chem. 37 (2012) 61-72. https://doi.org/10.1016/J.TRAC.2012.03.013.

563 [20] M. Jordan-Sinisterra, D.A. Vargas Medina, F.M. Lanc¢as, Microextraction by

564 packed sorbent of polycyclic aromatic hydrocarbons in brewed coffee samples
565 with a new zwitterionic ionic liquid-modified silica sorbent, J. Food Compos.
566 Anal. 114 (2022) 104832. https://doi.org/10.1016/J.JFCA.2022.104832.

567 [21] P.Khanaaekwichaporn, S. Khumngern, S. Poorahong, P. Kanatharana, P.

568 Thavarungkul, C. Thammakhet-Buranachai, One-step electrodeposition of

569 poly(o-phenylenediamine)-Zn composite on plaswood propeller as an extraction
570 device for polycyclic aromatic hydrocarbons in coffee, Food Chem. 421 (2023)
571 136170. https://doi.org/10.1016/J. FOODCHEM.2023.136170.

572 [22] X.Wu, Q. Chu, Q. Ma, H. Chen, X. Dang, X. Liu, Fabrication and application of

573 ZnS5 functionalized copolymer monolithic column for pipette tip micro-solid
574 phase extraction of 4 polycyclic aromatic hydrocarbons in edible oil, Food Chem.
575 413 (2023) 135605. https://doi.org/10.1016/J. FOODCHEM.2023.135605.

23



576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

501

592

593

594

595

596

597

598

599

600

[23]

[24]

[25]

[26]

[27]

[28]

[29]

M.V. Galindo, W. da S. Oliveira, H.T. Godoy, Multivariate optimization of low-
temperature cleanup followed by dispersive solid-phase extraction for detection
of Bisphenol A and benzophenones in infant formula, J. Chromatogr. A. 1635
(2021) 461757. https://doi.org/10.1016/J.CHROMA.2020.461757.

L.E.S. Nascimento, B. Thapa, W. da S. Oliveira, P.R. Rodrigues, H.T. Godoy,
J.L. Anderson, Multivariate optimization for extraction of 2-methylimidazole and
4-methylimidazole from agai-based food products using polymeric ionic liquid-
based sorbent coatings in solid-phase microextraction coupled to gas
chromatography—mass spectrometry, Food Chem. 444 (2024) 138593.
https://doi.org/10.1016/J.FOODCHEM.2024.138593.

P.R. Rodrigues, L.E.S. Nascimento, H.T. Godoy, R.P. Vieira, Improving chitosan
performance in the simultaneous adsorption of multiple polycyclic aromatic
hydrocarbons by oligo(B-pinene) incorporation, Carbohydr. Polym. 302 (2023)
120379. https://doi.org/10.1016/J.CARBPOL.2022.120379.

W. da S. Oliveira, J.O. Monsalve, C. Nerin, M. Padula, H.T. Godoy,
Characterization of odorants from baby bottles by headspace solid phase
microextraction coupled to gas chromatography-olfactometry-mass spectrometry,
Talanta. 207 (2020) 120301. https://doi.org/10.1016/J. TALANTA.2019.120301.
Y. Chen, J. Pawliszyn, Kinetics and the On-Site Application of Standards in A
Solid-Phase Microextration Fiber, Anal. Chem. 76 (2004) 5807-5815.
https://doi.org/10.1021/AC0495081.

J. Pawliszyn, Theory of Solid-Phase Microextraction, in: J. Pawliszyn (Ed.),
Handb. Solid Phase Microextraction, Elsevier, 2012: pp. 13-59.
https://doi.org/10.1016/B978-0-12-416017-0.00002-4.

European Commission, 96/23/EC COMMISSION DECISION of 12 August 2002

24



601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

[30]

[31]

[32]

[33]

[34]

implementing Council Directive 96/23/EC concerning the performance of
analytical methods and the interpretation of results (notified under document
number C(2002) 3044)(Text withEEA relevance) (2002/657/EC), Oft. J. Eur.
Communities. (2002) 8-36. https://doi.org/10.1017/CBO9781107415324.004.
E.C. EC, Commission Decision of 14 August 2002 implementing Council
Directive 96/23/EC concerning the performance of analytical methods and the
interpretation of results (notified under document number C(2002) 3044) (Text
with EEA relevance) (2002/657/EC), Off. J. Eur. Communities. L 221 (2002) 8.
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A02002D0657-
20221128 (accessed August 25, 2023).

F. Raposo, D. Barceld, Challenges and strategies of matrix effects using
chromatography-mass spectrometry: An overview from research versus
regulatory viewpoints, TrAC Trends Anal. Chem. 134 (2021) 116068.
https://doi.org/10.1016/J.TRAC.2020.116068.

M. Henrique Petrarca, E. Vicente, S. Amelia Verdiani Tfouni, Single-run gas
chromatography-mass spectrometry method for the analysis of phthalates,
polycyclic aromatic hydrocarbons, and pesticide residues in infant formula based
on dispersive microextraction techniques, Microchem. J. 197 (2024) 109824.
https://doi.org/10.1016/J.MICROC.2023.109824.

M.H. Petrarca, H.T. Godoy, Gas chromatography—mass spectrometry
determination of polycyclic aromatic hydrocarbons in baby food using
QuEChERS combined with low-density solvent dispersive liquid-liquid
microextraction, Food Chem. 257 (2018) 44-52.
https://doi.org/10.1016/J.FOODCHEM.2018.02.135.

L. Caldeirdo, J.O. Fernandes, M.H. Gonzalez, H.T. Godoy, S.C. Cunha, A novel

25



626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

[35]

[36]

[37]

[38]

[39]

dispersive liquid-liquid microextraction using a low density deep eutectic
solvent-gas chromatography tandem mass spectrometry for the determination of
polycyclic aromatic hydrocarbons in soft drinks, J. Chromatogr. A. 1635 (2021)
461736. https://doi.org/10.1016/J.CHROMA.2020.461736.

K. Mastovska, S.J. Lehotay, M. Anastassiades, Combination of Analyte
Protectants To Overcome Matrix Effects in Routine GC Analysis of Pesticide
Residues in Food Matrixes, Anal. Chem. 77 (2005) 8129-8137.
https://doi.org/10.1021/AC0515576.

L. Xu, W. Hu, J. Zhang, A novel fiber prepared from waste phosphogypsum for
SPME of polycyclic aromatic hydrocarbons by GC-FID, Chem. Pap. 77 (2023)
6947—-6957. https://doi.org/10.1007/s11696-023-02988-w.

S. Zhu, M. My, Y. Gao, Y. Wang, M. Lu, Three-dimensional rose-like zinc oxide
fiber coating for simultaneous extraction of polychlorinated biphenyls and
polycyclic aromatic hydrocarbons by headspace solid phase microextraction, J.
Chromatogr. A. 1711 (2023) 464450.
https://doi.org/10.1016/J.CHROMA.2023.464450.

K. Nouriasl, A. Ghiasvand, A copper-based MOF/COF hybrid as an innovative
fiber coating for SPME sampling of polycyclic aromatic hydrocarbons from
environmental matrices, Talanta Open. 8 (2023) 100262.
https://doi.org/10.1016/J.TALO.2023.100262.

S. Xu, H. Li, H. Wu, L. Xiao, P. Dong, S. Feng, J. Fan, A facile cooling-assisted
solid-phase microextraction device for solvent-free sampling of polycyclic
aromatic hydrocarbons from soil based on matrix solid-phase dispersion
technique, Anal. Chim. Acta. 1115 (2020) 7-15.

https://doi.org/10.1016/J.ACA.2020.04.019.

26



651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

[40]

[41]

[42]

[43]

[44]

M.S. Garcia-Falcon, B. Cancho-Grande, J. Simal-Gandara, Stirring bar sorptive
extraction in the determination of PAHs in drinking waters, Water Res. 38 (2004)
1679-1684. https://doi.org/10.1016/J. WATRES.2003.12.034.

O. Kriiger, G. Christoph, U. Kalbe, W. Berger, Comparison of stir bar sorptive
extraction (SBSE) and liquid-liquid extraction (LLE) for the analysis of
polycyclic aromatic hydrocarbons (PAH) in complex aqueous matrices, Talanta.
85 (2011) 1428-1434. https://doi.org/10.1016/J. TALANTA.2011.06.035.

C.K. Hasan, A. Ghiasvand, T.W. Lewis, P.N. Nesterenko, B. Paull, Recent
advances in stir-bar sorptive extraction: Coatings, technical improvements, and
applications, Anal. Chim. Acta. 1139 (2020) 222-240.
https://doi.org/10.1016/J.ACA.2020.08.021.

W. Alahmad, S.I. Kaya, A. Cetinkaya, P. Varanusupakul, S.A.A. Ozkan, Green
chemistry methods for food analysis: Overview of sample preparation and
determination, Adv. Sample Prep. 5 (2023) 100053.
https://doi.org/10.1016/J.SAMPRE.2023.100053.

L. Singh, T. Agarwal, Comparative analysis of conventional and greener
extraction methods and method validation for analyzing PAHs in cooked chicken
and roasted coffee, Food Chem. 364 (2021) 130440.

https://doi.org/10.1016/J.FOODCHEM.2021.130440.

Figure Captions

Figure 1. Flowchart of the vacuum-assisted sorbent extraction system. Fig 1 a: vial kit;

Fig 1 b: assembled vial; Fig 1 c: sorbent pen extraction system; Fig 1 d: loaded SPES with

samples; Fig 1 e: water management system; Fig 1 f: sorbent pen and sleeves; Fig 1 g

sorbent pen isolation tray; and Fig 1 h: sorbent pen desorption unit.
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Figure 2. Pareto chart of the Plackett-Burman design showing the effects of independent

variables on the four priority PAHs spiked in an a¢ai-based food product.

Figure 3. Comparison of PAH extraction efficiency from agai-based food products prior
and after optimization. The percentages above each bar represent the enhancement in

extraction after optimization for each PAH based on peak areas.

Figure 4. Representative chromatogram for PAHs spiked in a¢ai-based food product and

analyzed by VASE coupled to GC-MS.

Figure 5. Results obtained from the blue applicability grade index (BAGI) (Fig. 5 A and
5B) and green analytical procedure index (GAPI) (Fig. 5 C and 5 D) applied for the
extraction of PAHs from food matrices. Fig. 5 A and Fig. 5 C represent data obtained
from this method, while Fig. 5 B and Fig. 5 D represent data obtained from the

QuEChERS method developed by Singh and Agarwal [44].
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693  Table 1. Analytes and their abbreviations, chemical structures, toxicity, USEPA classification, molecular weight (MW), and GC-MS parameters

694  of 15 polycyclic aromatic hydrocarbons (PAHs).

1 Naphthalene Nap 6.712 i_ B Yes 128.1705 1281,2 1927,
2 I-methyl-naphthalene 1-MN 8.001 o - No 142.1971 1421 ’1 154 I,
3 2-methyl-naphthalene 2-MN 8.242 - No 142.1971 1421 ’1 154 I,
4 Acenaphthylene Acy 10.354 - Yes 152.1919 152%61 S1,
5 Acenaphthene Ace  10.943 3 Yes 1542078 1 D%
6 Fluorene Fle 12,681 3 Yes 1662185 1% 19>
7 Phenanthrene Phe 16408 3 Yes 1782202 7% 176
8 Anthracene Ant 16.587 2B Yes 178.2292 1781’71976’
9 Fluoranthene Fla 21611 3 Yes 2022506 0% 20
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695

696

697

698

10

11

12

13

14

15

Pyrene

Benz[a]anthracene

Chrysene

Benzo[b]fluoranthene

Benzo[k]fluoranthene

Benzo[a]pyrene

Pyr

BaA

BbF

BkF

BaP

22.558

28.131

28.306

32.135

32.209

33.010

2B

2B

2B

2B

Yes

Yes

Yes

Yes

Yes

Yes

202.2506

228.2879

228.2879

252.3093

252.3093

252.3093

202, 203,
200

228, 226,
229

228, 226,
229

252,253,
250

252,253,
250

252,253,
250

4 NIST Chemistry WebBook [14].

b Toxicity based on the International Agency for Research on Cancer (IARC) [4]. group 1: carcinogenic to humans; group 2B: possibly carcinogenic

to humans; and group 3: not classifiable as to its carcinogenicity to humans.

¢ priority PAHs for United States Environmental Protection Agency (USEPA) [15].
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699 ¢ Selected ion monitoring (SIM); ions used for quantification in bold.
700

701 Table 2. Method performance characteristics obtained by VASE coupled to GC-MS for determination of PAHs in agai-based food products.

Linearity, R? Precision, RSD %
LOD LOQ  (range of 0.8 — Recovery (%, n=9) Intra-day, n=9 (Inter-day, = Matrix
PAH (ugkg (ngkg 100 pgkg™) n=9)* effect
h h Matrix- 0.8 50 100 0.8 50 100 (%)

matched curve  pgkg!  pgkg!  pgkg!  pgkg' pgkg!  pgkg!

1 Naphthalene 0.003 0.0l 0.9998 98 104 101 209)  3(10)  2(11) 21
2 1-methyl-naphthalene  0.003  0.01 0.9991 99 97 98 4(5) 2(9)  4(6) 30
3 2-methyl-naphthalene  0.003  0.01 0.9989 110 101 102 1(7) 16  6(7) 28
4 Acenaphthylene 0.02  0.05 0.9987 101 95 97 2(5) 49  2(10) 15
5 Acenaphthene 0.02  0.05 0.9978 87 85 80 39) 509 1(8) 27
6 Fluorene 0.02 0.5 0.9976 81 86 83 6(5 808  3(7) 35
7 Phenanthrene 0.03  0.08 0.9972 80 85 90 48) 609  4(9) 24
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702

703

8

9

10

11

12

13

14

15

Anthracene
Fluoranthene
Pyrene
Benz[a]anthracene
Chrysene
Benzo[b]fluoranthene
Benzo[k]fluoranthene

Benzo[a]pyrene

0.03

0.04

0.04

0.1

0.2

0.3

0.3

0.3

0.08

0.1

0.1

0.3

0.5

0.8

0.8

0.8

0.9981

0.9977

0.9991

0.9931

0.9964

0.9891

0.9871

0.9896

112

89

80

72

79

69

72

65

103

97

82

73

80

75

69

70

97

90

84

72

81

68

75

71

1(7)
5(10)
2 (8)
3 (10)
6(10)
4(5)
5(8)

2(7)

2 (6)
1.(7)
5(7)

4(11)
6 (6)
34
409

1 (8)

2 (8)
6 (9)
1 (6)

4(10)
5(9)
6 (6)
3(7)

2(9)

21

39

45

49

32

65

60

50

LOD: limit of detection; LOQ: limit of quantification; R?: coefficient of determination; RSD: relative standard deviation. * Values expressed

within parentheses correspond to inter-day precision.
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704  Table 3. Analytical eco-scale scores were used to compare the VASE system and
705  QuEChERS methods for the extraction of polycyclic aromatic hydrocarbons from a food

706  matrix.

Penalty Points
Parameters

This method ~ QuUEChERS* [44]

1. Reagents

a. Acetonitrile n/a 4
b. Acetic acid n/a 6
c. Magnesium sulfate n/a 1
d. Sodium acetate n/a 0
e. Primary secondary amine sorbent n/a 0

2. Instruments

a. Energy

i. VASE system 2 n/a
ii. GC-MS 2 n/a

iii. Centrifuge n/a 1

iv. HPLC-FLD n/a 1

b. Occupational hazard 0 3

c. Waste 3 5
Total penalty points X7 X 21
Analytical Eco-Scale score 93 79

707  n/a: not applicable. *Classification of QUEChERS reflects just the method developed by
708  Singh and Agarwal [44].

709
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710

711

712

713

714

715

Figure 1. Flowchart of the vacuum-assisted sorbent extraction system. Fig 1 a: vial kit;
Fig 1 b: assembled vial; Fig 1 c: sorbent pen extraction system; Fig 1 d: loaded SPES with
samples; Fig 1 e: water management system; Fig 1 f: sorbent pen and sleeves; Fig 1 g

sorbent pen isolation tray; and Fig 1 h: sorbent pen desorption unit.
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717

718

719

720

Mean

Extraction time (x2)

Desorption temperature (xs)

Desorption time (xa)

Variable

preheat time (xs)

Stirring (x1)

Curvature

preheat temperature (xs)

0 1 2 3 4 5
Standardized effects (tcaic)

Benzo(a)pyrene

Mean

Desorption time (xa)

Desorption temperature (x3)

Curvature

Variable

Stirring (x1)

preheat time (xs)

Extraction time (xz)

preheat temperature (xs)

0 1 2 3 4 5 6
Standardized effects (tcaic)

Benzo[b]fluoranthene

Variable

Variable

Mean

Desorption time (xa)

Curvature

Extraction time (x2)

preheat temperature (xs)

Stirring (x1)

preheat time (xs)

Desorption temperature (xs)

Mean

Curvature

Extraction time (x2)

preheat temperature (xs)

preheat time (xs)

Desorption time (xa)

Desorption temperature (x3)

Stirring (x1)

0 1 2 3 4 5 6 7 8
Standardized effects (tcaic)

Chrysene

0 1 2 3 4 5 6 7
Standardized effects (tcalc)

Benz[a]anthracene

Figure 2. Pareto chart of the Plackett-Burman design showing the effects of independent

variables on the four priority PAHs spiked in an agai-based food product. Positive or

negative signals into the bar represent positive or negative effects, respectively.
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722 Figure 3. Comparison of PAH extraction efficiency from ag¢ai-based food products prior
723 and after optimization. The percentages above each bar represent the enhancement in
724  extraction after optimization for each PAH based on peak areas.

725
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727  Figure 4. Representative chromatogram for PAHs spiked in ag¢ai-based food product and
728 analyzed by VASE coupled to GC-MS.

729
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730
731

732

733

734

735

736

Figure 5. Results obtained from the blue applicability grade index (BAGI) (Fig. 5 A and
5B) and green analytical procedure index (GAPI) (Fig. 5 C and 5 D) applied for the
extraction of PAHs from food matrices. Fig. 5 A and Fig. 5 C represent data obtained
from this method, while Fig. 5 B and Fig. 5 D represent data obtained from the

QuEChERS method developed by Singh and Agarwal [44].
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