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In this study, the air-assisted liquid-liquid
microextraction (AALLME) and the
S - dispersive liquid-liquid microextraction

\ TT (DLLME) techniques were compared in

B J determining six  mono-hydroxylated

I j s S, IS polycyclic aromatic hydrocarbons (OH-
¥ ~ = I PAHs) in human urine samples by gas
- chromatography coupled to mass

e spectrometry (GC-MS). The parameters

E Y ... ‘ (type and volume of extraction and

* eonme mmm dispersive solvent, extraction cycles,

S urne vam. (5 urine 5L sample pH, and ionic strength) that
influence the extraction efficiency in the

proposed procedures were investigated and optimized. After optimization, both methods were compared
in terms of extraction efficiency. Although both AALLME (16-83%) and DLLME (15-92%) provided
comparable extraction efficiencies, AALLME outperformed DLLME in determining four in six OH-HPAs. In
addition, the technique used less organic solvent as it dismissed the dispersive solvent. Therefore, the
developed AALLME method was chosen to analyze figures of merit, showing adequate linearity (r> > 0.99)
ranging from 0.72-1.92 (LOQ) to 20 ng mL"'. LODs ranging from 0.24 to 0.69 ng mL" were obtained.
Precision (3.1 to 14.9%) and accuracy (7.8 to 13.3%) were assessed at three concentration levels (3.0, 9.0
and 15.0 ng mL™"). The new method was applied to 20 human urine samples, randomly collected from
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healthy Brazilian adults, to confirm its applicability. Finally, the proposed and validated AALLME method
was considered simple, fast, and convenient, making it a straightforward strategy for large-scale
biomonitoring studies.

Keywords: microextraction, OH-PAHSs, urinary biomarkers, GC-MS, human biomonitoring

INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHs) are omnipresent contaminants with a high potential to impact
human health." Because these compounds may have carcinogenic, mutagenic, and teratogenic effects
public concerns of their widespread presence have emerged recently.??

Human exposure to PAHs is frequently monitored by determining its urinary metabolites, mainly excreted
as hydroxylated-PAHs (OH-PAHSs) glucuronide conjugates.'® A sample preparation technique is essential
to isolate and concentrate target compounds from urine, enhancing the detectability of OH-PAHs present
in low concentrations.*® Conventional sample preparation procedures, such as liquid—liquid extraction
and solid-phase extraction, are predominantly employed for the quantification of OH-PAH concentrations
in urine samples.*% However, these procedures have been replaced with microextraction techniques to
overcome the limitations of classical techniques.”™"®

One microextraction technique frequently used in sample preparation of bioanalytical methods is
dispersive liquid-liquid microextraction. DLLME is a sample preparation procedure involving a water-
insoluble extractive solvent, and a disperser solvent (miscible with both the extractive solvent and the
sample).*"s In DLLME, these two solvents are quickly injected into the sample, causing a rapid turbidity
known as cloud point formation. This phenomenon increases the contact area between the extractive
solvent and the sample, facilitating the partitioning of the analyte into the organic phase. The sample is
then centrifuged to deposit the microdroplets, and the sedimented phase is removed and transferred for
further analysis. However, adding a dispersive solvent may promote the relocation of the analytes into the
aqueous phase, reducing extraction efficiency.'*'617

To overcome this limitation, Farajzadeh and Mogaddam proposed an update of the DLLME technique,
known as air-assisted liquid—liquid microextraction (AALLME).'®"® In this procedure, both the aqueous
and extraction solvents are drawn into a syringe and pushed out repeatedly. This process increases the
surface contact between the sample and the organic layer, accelerating mass transfer, shortening analysis
time, and increasing extraction efficiency. This approach reduces organic solvent consumption, being
suitable for extracting most organic compounds in different matrices, such as urine. The increased surface
contact area contributes to higher extraction efficiency compared to DLLME or vortexing alone, making
AALLME a distinct and more efficient microextraction method.'s.'®

In this study, a new AALLME procedure (using conventional solvents) was developed and compared
with DLLME to determine metabolites of PAHs in human urine (the best strategy for human exposure
assessment) by gas chromatography coupled with mass spectrometry (GC-MS). The AALLME-GC-MS
method, characterized by its procedural simplicity and outstanding analytical performance, presents a
highly favorable alternative for the comprehensive monitoring of OH-HPAs across numerous urine samples.
Finally, the proposed approach was applied to determine the OH-HPAs in 20 urine samples from healthy
Brazilians.

MATERIALS AND METHODS
Chemical and Reagents

The analytical standards for six OH-HPAs included 1-hydroxy-naphthalene (1OH-NAP), 2-hydroxy-
naphthalene (20H-NAP), 2-hydroxy-fluorene (20H-FLU), 9-hydroxy-fluorene (90OH-FLU), 9-hydroxy-
phenanthrene (90OH-PHE), and 1-hydroxy-pyrene (10H-PYR). Both the native standards and the
internal standard (IS), 1-hydroxy-naphthalene-d7 (10OH-NAP-d7), were obtained from Toronto Research
Chemicals® (North York, ON, Canada), Accustandard® (New Haven, CT, USA), and Sigma-Aldrich®
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(St Louis, MO, USA). Individual stock solutions were prepared in methanol and stored in amber glass vials
at -20 °C. Working solutions were prepared via serial dilution with acetonitrile and stored in amber glass
vials at 4 °C until analysis. The derivatizing reagent, N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) with
1% trimethylchlorosilane (TMCS), was obtained from Sigma-Aldrich® (St Louis, MO, USA).

The solvents used in extraction procedures, all of HPLC grade, included methanol and chloroform,
which were purchased from JT Baker® (Phillipsburg, NJ, USA), as well as ethanol, acetone, isopropanol,
acetonitrile, dichloromethane, and dichloroethane, obtained from Sigma-Aldrich® (St. Louis, MO, USA).
High-purity deionized water, with a resistivity of 18.2 MQ-cm, was produced using a Milli-Q water purification
system (Millipore RiOs-DITM®, Bedford, MA, USA).

The reagents (analytical grade) employed for the preparation of synthetic urine were obtained from
Sigma-Aldrich®). Due to a lack of OH-HPAs free human urine samples, synthetic urine was used for
optimization and calibration purposes. This strategy has been previously applied for these purposes in the
determination of different contaminants.'*-22 The B-glucuronidase enzyme from Helix pomatia (type H-1) in
a partially purified powder form (=100,000 units/g solid), was obtained from Sigma-Aldrich®.

Sample collection and enzymatic hydrolysis

This study was approved by the Research Ethics Committee of the School of Pharmaceutical Sciences
of Ribeirao Preto, University of Sado Paulo (CAAE: 91124418.2.0000.5403). Twenty urine samples were
collected from eight male and twelve female participants, aged 18 to 35 years. Each participant provided
approximately 50 mL of urine in polypropylene tubes, which were stored at 5 °C until analysis. Participants
were instructed to collect the first urine of the day or with a 4-hour interval between urinations, clean their
genitalia with water and soap, and deliver the samples within 1 hour of collection.

Due to the short half-life of PAHs in the human body, they are quickly excreted in urine primarily as
glucuronide conjugates. Thus, the metabolites (OH-PAHSs) are effective biomarkers for assessing human
exposure to PAHs following a hydrolysis step. It is well-established that PAHs are mainly excreted as
glucuronide conjugates, with only a small fraction excreted in their free form. Consequently, human
urine must undergo an initial hydrolysis step with B-glucuronidase prior to the determination of urinary
concentrations of PAHs." Therefore, before the extraction step, 5 mL of each human urine sample was
transferred into 15 mL conical tubes and spiked with an internal standard solution (10OH-NAP-d7, final
concentration: 20 ng mL"). An amount of 100 pyL of 1.0 mol L' ammonium acetate buffer (pH 5) and
B-glucuronidase (2000 units) was added to the samples (overnight incubation at 37 °C).%

Optimization of the AALLME and DLLME conditions

In this assay, 5 mL of synthetic urine was diluted with 5 mL milli-Q water and spiked with a fixed amount
of six OH-PAH (10H-NAP, 20H-NAP, 90H-FLU, 20H-FLU, 90H-PHE, 10H-PYR) corresponding to a final
concentration of 50 ng mL™". The extraction efficiencies were evaluated by comparison of peak areas.

For the AALME procedure, the influence of the following parameters was univariately optimized
(n=3) to achieve the highest extraction efficiencies: number of extraction cycles (0-10), type (chloroform,
dichloromethane, and 1, 2-dichloroethane) and volume of extraction solvent (100-1000 uL), sample pH
(2-5.5) and ionic strength (no salt addition - 10% NaCl).

For the DLLME technique, the following conditions were univariately (n=3) optimized: type (chloroform,
dichloromethane, and 1,2-dichloroethane) and volume (100-500 pL) of extraction and dispersive solvent
(acetone, acetonitrile, ethanol, isopropanol, and methanol; 200-1000 L), pH (2-5.5) and ionic strength (no
salt addition — 10% NacCl).

In the optimized conditions, both techniques were compared according to their extraction efficiencies.
The sample volume was fixed at 5 mL, and the OH-PAHs concentration at 50 ng mL™". The best sample
preparation procedure was further analyzed regarding analytical figures of merit and applied to a pilot
biomonitoring study.
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Optimized AALLME procedure

For the AALLME, 5 mL of the urine samples (after enzymatic hydrolysis) was diluted to 10 mL with
ultrapure water (15 mL conical tube), and 25 uL of a methanolic solution containing the IS (1-OH-NAP-d7,
final concentration: 20 ng mL™"). pH adjustment and salt addition were not necessary. Subsequently, 300
ML of 1,2-dichloroethane (extraction solvent) was injected into the sample, aspirated, and dispensed into
it to form a cloudy solution. A Hamilton glass syringe with a stainless-steel needle (1.6 mm of internal
diameter) was used. After performing 3 aspiration-dispersion cycles, the mixture was vortex-mixed for 60
seconds and centrifuged for 5 min at 20 °C (2500 x g). The AALLME apparatus was cleaned with methanol
and washed with ultra-pure water before extraction to prevent sample contamination. The sedimented
phase (160 uL) was transferred to a 2 mL Eppendorf tube using a micropipette, evaporated to dryness,
and redissolved with 100 pL of a mixture of derivatizing reagent (BSTFA — 1% TMCS) with acetonitrile
(25:75 viv). After vortexing for 30 seconds, the mixture was transferred to an amber vial and adequately
sealed with a crimping tool. Then the analyte’s derivations were performed at 60 °C for 45 minutes in a
water bath and injected into the GC-MS (2 mL).

Optimized DLLME procedure

In the DLLME procedure, a 5 mL urine sample was diluted with 5 mL of ultrapure water after enzymatic
hydrolysis (15 mL conical tube). 25 pL of IS (1-OH-NAP-d7 in methanol) was added, resulting in a final
concentration of 20 ng mL™" (pH adjustment or salt addition was not necessary). Separately, a mixture of
extraction (300 pL of dichloroethane) and dispersive solvents (500 pL of ethanol) was aspirated using a
syringe and quickly dispensed (in a single movement) at the sample to form the cloud point. The tubes
were vortexed for 45 seconds and centrifuged for 5 minutes at 20 °C (2500 x g). The residue of organic
phase (standardized volume of 160 pL) was transferred to 2.0 mL Eppendorf tubes and evaporated to
dryness in a vacuum concentrator.

Instrumental analysis

HPA metabolites were measured following enzymatic deconjugation of glucuronidated HPAs. This
was succeeded by either AALLME or DLLME microextraction procedures, coupled with electron impact
ionization in gas chromatography-mass spectrometry (GC-MS) after derivatization of the OH-PAHSs to their
trimethylsilylated derivatives, as detailed in the supplementary material.?®

RESULTS AND DISCUSSION
Optimization of the microextraction techniques
Optimization of the AALLME procedure

The evaluation and selection of the extraction solvent selection were based on the following requirements:
low aqueous solubility, ability to be easily dispersed into the aqueous solution during the dispersing stage,
and high extraction efficiency.'® Therefore, the following common classical solvents were investigated:
chloroform, dichloromethane, and 1,2-dichloroethane. Figure 1a shows that C,H,Cl, was the most effective
solvent to extract the analytes, highlighted by the higher peak areas for most analytes. This result might be
explained by the intermediate polarity of 1,2-dichloroethane compared to chloroform and dichloromethane.
Similarly, OH-PAHs might be considered compounds with medium polarity due to a hydrophobic chain
derived from the unmodified PAH and the hydroxyl group provided by phase | metabolism.?425

The volume of the extraction solvent may largely impact the extraction in AALLME. Generally, the lowest
volume of solvent is preferable to ensure the environmentally friendly characteristics of the techniques.
However, the volume should be enough to provide efficient extraction to all analytes and availability for
further chromatographic analysis.>® The results indicate that the extraction efficiency substantially increased
from 200 to 300 uL, and then small increases were obtained for most compounds when 500 pL was used.
For more significant volumes, the peak areas of some analytes decreased, which might be explained by
the excess of the extractor solvent. In this case, the organic solution may alter the polarity of the aqueous
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phase, increasing the analyte’s solubility in the sample. Thus, 300 yL of 1,2-dichloroethane was selected
as the extraction solvent with adequate extraction for most analytes (Figure 1b).

The repeated aspiration/dispersion cycle is the key mechanism in AALLME. Generally, higher extraction
cycles are expected to improve the analyte’s recovery until the extraction equilibrium.®?22¢ To optimize this
step, the extraction cycles were evaluated from 0 to 10. Figure 1c shows that increasing the extraction
cycles from zero to one produced a significant increase in the extraction of all analytes, remaining constant
after three cycles. Although the peak area for the analytes using one and three cycles was similar, three
extraction cycles were selected for the subsequent experiments as they afforded fewer standard deviations
in a short time (approximately 30 s).

Sample pH is also an essential parameter in extraction methods.>27-2 Therefore, the sample pH
solution was evaluated ranging from 2 to 5.5. The extraction efficiency from urine samples at their natural
pH of 5.5 was compared to that of samples acidified to pH 2.0 and pH 4.0. No significant differences in
extraction efficiency of OH-HPA metabolites were observed. It appears that a pH of 5.5 is sufficient to
ensure the neutrality of the studied metabolites (with typical pKa values greater than 9). Therefore, pH
adjustment is unnecessary.?

The salt addition was also evaluated to investigate if the salting-out effect could decrease the solubility
of the analytes (and organic solvents) in the sample solution.’®'"® The experiments were performed in
the range of 0-10% (w/v, sodium chloride). Overall, adding NaCl did not favor the extraction (Figure 1e).
Therefore, further analysis was carried out without controlling ionic strength to minimize the time during the
sample preparation procedure.

199



Braz. J. Anal. Chem. 2025, 12 (48), pp 195-212.

5.5

4x107

3x107+

2x1074

ealy yead

1x1074

Dichloroethane

Chloroform

5%107

4x1074

3x107
2x107+

Baly yead

1x1074

14
>
%
T
e]
H
L
T
&
T
o]
>
a
)
|
b
T
o]
139
N}
o}
|
L
T
o]
>
B
o
<
Z
T
o]
I3V
o
o
<
Z
T
o]
B

8x107

6x107

4x107

ealy yead

2x107

8x107

6x107

4x107

ealy yead

2x107

6x107

4x107

ealy yead

2x107

Figure 1. Optimization of the AALLME parameters to extract six OH-PAHSs in synthetic urine samples: A) extraction solvent

type, B) extraction solvent volume, C) number of extraction cycles, D) sample pH, and E) ionic strength.
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Optimization of the DLLME procedure

Similarly, to the experiments conducted for the AALME optimization, the following solvents were
evaluated as extraction solvents: chloroform, dichloromethane, and 1,2-dichloroethane in volumes ranging
from 100 to 500 pL. Figure 2a illustrates that 1,2-dichloroethane afforded the highest peak areas for most
analytes. This result was similar to those for AALME and might also be explained by the intermediate
polarity of 1,2-dichloroethane.

For the extraction solvent volume, Figure 2b shows that the lowest extraction efficiency was obtained
for 100 L, possibly due to the ineffective partitioning equilibrium of the analytes between the aqueous
phase and the organic phase. For volumes greater than 200 pL, all analytes’ extraction efficiency remained
almost constant, except for 10H-PYR, the less polar compound. These results might also be explained by
an excess of the extractor solvent in the aqueous sample, which can change the polarity of the solution
and favor the portioning equilibrium for more hydrophobic analytes.

Appropriate dispersive solvent selection is essential to ensure adequate extraction efficiency. This
solvent must be miscible with the aqueous phase and with the extraction solvent to favor the extractor
solvent’s dispersion as tiny droplets in the sample (increasing surface area and mass transfer)."” In this
context, the following dispersive solvents were evaluated: acetone, acetonitrile, ethanol, isopropanol, and
methanol. As observed in Figure 2c, ethanol afforded the highest peak area for most compounds.

The volume of the dispersive solvent is also an essential parameter in DLLME. The volume should
be enough to ensure the adequate formation of the cloud point but the small as possible to not alter the
aqueous sample’s polarity.''%17.27 Therefore, 200, 300, 500, 750 e 1000 uL were evaluated as the volume
of the dispersive solvent. The results showed that 200 uL of the dispersive solvent afforded the lowest
extraction efficiency for most compounds (Figure 2d), possibly because of insufficient dispersion of the
extraction solvent in the sample (consequently failing to form an adequate cloud point). The difference
between the largest volumes tested after 500 pyL was insignificant, so this volume was selected for the
dispersive solvent.

Similarly to the AALLME procedure, the addition of NaCl (Figure 2e) and sample acidification (Figure
2f) did not improve the extraction efficiency for most analytes. Therefore, sample pH correction and NaCl
addition modification were not conducted to reduce analysis time and sample handling.
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Figure 2. Optimization of the DLLME parameters to extract six OH-PAHs in synthetic urine samples: A)
extraction solvente type, B) extraction solvent volume, C) dispersive solvent type, D) dispersive solvent
volume E) sample pH, and F) ionic strength.

Comparison between the optimized AALLME and DLLME procedure

In the optimized conditions, both AALLME and DLLME were compared regarding extraction efficiencies
(Table S2). In both techniques, 9OH-FLU, 20H-FLU, 90H-PHE and 10H-PYR were the compounds with
the highest extraction efficiency. Figure 3 illustrates that both techniques showed similar performances for
most analytes, with recovery ratios varying from 16 to 83% and from 15 to 92% for AALLME and DLLME,
respectively. In this context, both techniques showed good performance in extracting more hydrophobic
compounds, such as 90H-PHE (containing 14 carbon atoms) and 10H-PYR (containing 16 carbon atoms)
while poor efficiencies were observed for 1OH-NAP and 20H-NAP (containing 10 carbon atoms). However,
the AALLME procedure outperformed DLLME for extracting four in six compounds, using the same volume
of extractor solvent (300 pL). In addition, the AALLME technique dismisses dispersive solvent, showing
more environmentally friendly characteristics. Therefore, the AALLME technique was selected for validation
in a pilot biomonitoring study.
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Analytical figures of merit of the optimized AALLME procedure

The analytical figures of merit of the proposed procedure were evaluated using synthetic urine samples
that mimic natural composition, and under optimized conditions, the method was assessed with a matrix-
matched calibration curve. Moreover the proposed method was validated by evaluating linearity, limits of
detection and quantification, precision, accuracy, and matrix effect according to the according to the ICH
and EMA guidelines on bioanalytical method validation.?®

Linearity was assessed by a six-concentration (n=3) analytical curve for each OH-PAH plotting the ratio of
the analyte to IS (10H-NAP-d7; 20 ng mL") peak areas obtained from three independent chromatographic
runs. The concentration ranges tested for each analyte were as follows: 10OH-NAP from 1.95 to 20.0 ng
mL-", 20H-NAP from 0.72 to 20.0 ng mL"", 9OH-FLU from 1.75 to 20.0 ng mL"", 20H-FLU from 2.09 to
20.0 ng mL", 9OH-PHE from 1.89 to 20.0 ng mL"", and 10H-PYR from 1.75 to 20.0 ng mL"'. As shown in
Table 1, the optimized AALLME method provided adequate linearity ranging from 0.72-2.09 (LOQ) to 20 ng
mL-" with R? greater than 0.99 for all OH-PAHSs, indicating adequate linearity. Moreover, the linearity was
checked using the F test for lack-of-fit, and a p value of 0.05. The linear model for the relationship between
concentration and response was considered to be appropriate as no significant lack of fit was observed
(Table I).

The limit of detection LOD was defined as the lowest concentration of the analyte in the sample that
could be reliably detected and identified with the method, estimated by the signal/noise ratio (three-fold).
The LOQ was defined as the lowest concentration of analyte that can be determined with acceptable
repeatability and trueness considering the ten-fold signal/noise ratio. The calculated LODs ranged from
0.24 to 0.69.

Precision and accuracy were assessed within-run (six spiked synthetic urine samples for each
concentration on the same day) and between-run (six spiked synthetic urine samples for each
concentration for three consecutive days) at three concentration levels, namely 3.0, 9.0, and 15.0 ng mL"".
The precision results were expressed as the relative standard deviation (RSD%), and the accuracy results
were expressed as the relative error (RE%) using the following formula: (measured value-nominal value)/
nominal value) x 100. Values lower than 15% were established as the acceptance criteria. The accuracy
and precision (Table Il) values were within-run 15% of the variation, which agrees with most validation
guidelines. Accuracy (RE%) varied from -7.8 to 13.3% for the whitin-run test and from -7.8 to 13.4% for
the between-run test. Precision ranged from 3.9 to 14.9% and from 3.1 to 13.1% for the within-run and
between-assay investigation.

Matrix effect (ME) was evaluated at the concentration level of 9.0 ng mL" and expressed as the
normalized matrix factor (NMF). NMF was calculated as the ratio of the analytical response (1S-normalized)
in the presence of the matrix compared to the peak area (also normalized by the IS) of the same analyte
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in an aqueous sample (in the absence of the matrix) multiplied by 100. Values lower than 15% were set
as the acceptance criteria. The NMF values varied from 2.7 to 13.1%, showing no significant matrix effect
(Table I). Selectivity was evaluated by monitoring the analytical signal of a pool of blank urine samples at
the same retention time as the analytes and IS. Acceptance criteria were set as analytical responses less
than 20% of the LOQ for the OH-PAHs and 5% for the IS. The absence of detected peaks attested to the
method selectivity. Figure 4 shows the chromatographic analysis of the OH-PAHs at the LOQ.

Table I. Linear ranges (ng mL™"), linear equations, coefficients of determination, limits of detection
(ng mL-"), and matrix effect for the OH-PAHSs in the AALLME-GC-MS method

ANOVA Lack-of-fit Matrix effect
Analyte Linear Range Linear equation R? = p-Value LOD (NMF)
10H-NAP 1.95-20.00 0.1400x — 0.0621 0.9916 1.36 0.423 0.65 13.1
20H-NAP 0.72 - 20.00 0.1649x + 0.1625 0.9968 2.02 0.236 0.24 2.7
90H-FLU 1.75-20.00 0.1434x + 0.0831 0.9972 0.96 0.185 0.58 7.3
20H-FLU 2.09 - 20.00 0.4015x — 0.1084 0.9944 1.15 0.365 0.69 9.9
90H-PHE 1.89 - 20.00 0.1960x + 0.0690 0.9944 2.22 0.335 0.62 14.4
10H-PYR 1.75-20.00 0.1158x — 0.1828 0.9980 1.74 0.520 0.58 11.8

Coefficients of determination (R?); Limits of detection (LOD); Normalized matrix factor (NMF); Fy,.q = 3.11.

Table II. Accuracy and precision of the AALLME-GC-MS method

) Within-run? Between-run®
B2l (:g Irl::le.c:) F Accuracy Precision Accuracy Precision
CUOE (%) (RSD%)P A (%) (RSD%)P
3.0 3.2 6.7 9.5 3.1 3.3 12.5
10H-NAP 9.0 8.6 -4.4 8.6 8.6 -4.4 8.7
15.0 14.3 -4.7 7.9 14.3 -4.7 9.2
3.0 2.8 -6.7 9.2 29 -3.3 10.7
20H-NAP 9.0 8.8 -2.2 3.9 8.8 -2.2 3.1
15.0 15.2 1.3 5.9 15.0 0 6.7
3.0 29 -3.3 8.2 29 -3.3 8.3
90H-FLU 9.0 8.3 -7.8 5.1 8.3 -7.8 5.5
15.0 15.5 3.3 51 15.4 2.7 7.6
3.0 3.2 6.7 14.9 3.0 0 12.7
20H-FLU 9.0 9.0 0 4.7 9.1 1.1 10.8
15.0 17.0 13.3 4.6 16.5 10 6.7

(continues on next page)
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Table II. Accuracy and precision of the AALLME-GC-MS method (continuation)

) Within-run@ Between-run®

OH-PAHs? (:g Irl::le_% F Accuracy Precision Accuracy Precision
e (%) (RSD%)P e (%) (RSD%)P

3.0 3.3 10 10.7 3.3 10 13.1

90H-PHE 9.0 10.2 13.3 4.8 10.21 13.4 8.5

15.0 15.7 4.7 7.9 16.7 4.7 12.0

3.0 3.3 10 8.7 3.4 13.3 12.7

10H-PYR 9.0 10.0 111 9.2 9.9 10 8.0

15.0 16.7 11.3 9.3 16.2 8 10.9

@Number of replicates = 3; bRelative standard deviation; ®based on three different consecutive days.

100 B
50% _ﬂ%&k 10H-NAP-d7 (IS)
0
087
100 11.07
= a= 9OH-FLU
S a b b= 20H-FLU
5. 1260
€ 100 ;
o
P 50% 9OH-PHE
=
& 40
L 556
e 190 208 c= IOH-NAP
50 i . d- 20H-NAP
0
e 14.\95
A 10H-PYR
50 f
0 | N
| (L Y O IO I I P I N R N S O RO I B s e [ B (|
7 8 0 10 11 12 13 14 15 16
Time (min)

Figure 4. Chromatogram of a synthetic urine sample spiked with the
OH-PAHSs at LOQ level. IS = internal standard.

Comparison between the proposed procedure and previous publications

Compared to other microextraction procedures (Table lll), the proposed AALLME method was fast,
simple, economical, and easy to perform. Consequently, the analysis time was substantially shortened
(about one minute per sample). However, some limitations are highlighted; first, one of the significant
issues of this method was the detectability. In this context, only about 50% of the extractor solvent was
recovered, which may affect extraction efficiency. However, the LODs may also be partially explained by the
limitations regarding the single MS detector. Therefore, chromatographic systems with greater analytical
sensitivity, such as GC-MS/MS or LC-MS/MS might be used to improve detectability. Second, the classical
AALLME procedure requires using organic solvents that are hazardous to humans and the environment,
such as chlorinated compounds. Finally, although the sample preparation procedure is simple, it requires
extensive sample handling, and automatization is still impossible in classical AALLME (Table Il1).

Compared to conventional sample preparation methods, the AALLME technique reduced the organic
solvent consumption, the number of preparation steps, and the total analysis time. Therefore, this approach
might be helpful in several studies to replace traditional techniques.

205



Braz. J. Anal. Chem. 2025, 12 (48), pp 195-212.

Table Ill. Comparison of the proposed AALME-GC-MS method with other microextraction procedures to determine
OH-HPASs in human urine samples

OH-PAHs voﬁlamn:zp(lle) Sampl;str:g:ratlon Sorbent/solvent (nlg-%?_") (nlg;?rfln_*) g:;lxit:ﬁf; Reference
10H-NAP 10 d-SPE/ Polystyrene/ 750 L of 5.3 19 GC-MS 9
20H-NAP DLLME Choline chloride-3,3- 7.2 26
10H-PYR dimethyl butyric acid 36 1
20H-FLU 7.2 24
20H-NAP 5 LPME 200 pL Octanoic acid 0.076 0.25 LC-FD 7
20H-FLU 0.018 0.059
90H-PHE 0.052 0.17
10H-PYR 0.064 0.21
60H-CHRY 0.059 0.19
30H-PHE 0.5 SPME Cc18 0.05 0.10 Direct-MS 12
10H-NAP, 0.05 0.10
20H-FLU 0.05 0.10
10H-PYR 0.05 0.10
60H-CHRY 0.05 0.10
20H-NAP 0.4 In-tube-SPME Zn/Polypyrrole 0.039 0.130 LC-MS/MS 7
30H-PHE nanocomposite 0.040 0.133
10H-PYR 0.050 0.167
10H-NAP 0.8 Automated- MEPS C18 14.9 49.7 GC-MS 13
20H-NAP 11.6 38.7
10H-NAP 14.6 48.6
90H-FLU 10.1 33.6
20H-FLU 10.8 36.0
90H-PHE 39.6 132.2

(continues on next page)
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Table Ill. Comparison of the proposed AALME-GC-MS method with other microextraction procedures to determine
OH-HPASs in human urine samples (continuation)

OH-PAHs Sample Sample preparation LOD LoQ Analytical

volume (mL) method Sl (ngmL")  (ng mL") T Reference
10H-NAP 5 SBSE Polydimethylsiloxane 0.01 0.002 LC-MS/MS 30
20H-NAP 0.01 0.003
20H-FLU 0.01 0.002
30H-FLU 0.01 0.022
10H-PHE 0.01 0.003
20H-PHE 0.01 0.003
30H-PHE 0.01 0.003
40H-PHE 0.01 0.003
90H-PHE 0.01 0.002
10H-PYR 0.01 0.003
90HBaP 0.01 0.001
10H-NAP 5 DLLME Tetrachloroethylene 2 7 GC-MS/MS 10
9OH-FLU (300 uL) 2 7
30H-FLU 1 3
20H-FLU 1 4
9OH-PHE 4 12
10H-PYR 9 29
60H-CHRY 2 7
10H-NAP 5 AALLME 1, 2-dichloroethane 0.65 1.95 GC-MS This work
20H-NAP (300 pL) 0.24 0.72
90H-FLU 0.58 1.75
20H-FLU 0.69 2.09
90H-PHE 0.62 1.89
10H-PYR 0.58 1.75

Dispersive liquid-liquid microextraction (DLLME); Fluorescence detector (FD); Liquid-phase microextraction (LPME); Microextraction by packed Sorbent
(MEPS); Solid-phase extraction (SPE); Solid-phase microextraction (SPME); Stir bar sorptive extraction (SBSE).
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Application of the AALLME-GC-MS method

The proposed AALLME method was successfully applied to determine six OH-PAHSs in the urine of 20
healthy volunteers (Table IV). The observed values agree with other biomonitoring studies reported in the
literature."?33" The differences observed in these ranges might be explained by the degree of exposure
and individual metabolism parameters that affect the active compound’s absorption, distribution, excretion,
and metabolization."

Table IV. Concentrations of OH-HPAs (ng mL™") in human urine of 20 volunteers

Samples 10H-NAP 20H-NAP 9OH-FLU 20H-FLU 9OH-PHE 10H-PYR
(Mean) 3.21 4.20 3.27 1.28 4.70 <LOD
(Min—Max)  087-759  186-7.24  058-858  1.12-143  3.71-559 <LOD

Dr‘;ttz‘(:;)o)” 45 25 25 10 60 0

(Sample — 1) <LOD <LOD <LOD 1.12 5.02 <LOD
(Sample — 2) <LOD <LOD 3.58 <LOD 5.29 <LOD
(Sample — 3) <LOD 1.89 0.58 <LOD <LOD <LOD
(Sample — 4) 1.86 <LOD <LOD <LOD <LOD <LOD
(Sample — 5) <LOD <LOD <LOD <LOD 473 <LOD
(Sample — 6) <LOD <LOD <LOD <LOD 4.72 <LOD
(Sample — 7) <LOD <LOD <LOD <LOD 4.32 <LOD
(Sample — 8) 1.77 <LoD <LOD <LOD <LOD <LOD
(Sample — 9) 3.62 <LOD <LOD 143 3.72 <LOD
(Sample — 10) 4.04 <LOD <LOD <LOD 3.92 <LOD
(Sample — 11) 0.87 <LOD <LOD <LOD 3.71 <LOD
(Sample — 12) <LOD <LOD <LOD <LOD 4.82 <LOD
(Sample — 13) 1.96 3.71 8.58 <LOD 5.17 <LOD
(Sample — 14) 4.82 6.32 2.51 <LOD <LOD <LOD
(Sample — 15) 2.32 186 <LOD <LOD 5.43 <LOD
(Sample — 16) 7.59 7.24 <LOD <LOD <LOD <LOD
(Sample — 17) <LOD <LOD <LOD <LOD 5.59 <LOD
(Sample — 18) <LOD <LOD <LOD <LOD <LOD <LOD
(Sample — 19) <LOD <LOD <LOD <LOD <LOD <LOD
(Sample — 20) <LOD <LOD 1.1 <LOD <LOD <LOD

LOD: limit of detection.

208



Souza, M. C. O.; Souza, J. C. J.; Cruz, J. C.; Rocha, B. A.; Barbosa Jr, F.

CONCLUSIONS

This manuscript showed that both AALLME and DLLME techniques provided similar extraction
efficiencies to determine six mono-hydroxylated PAHs in human urine. Better performances (recoveries
around 90%) were achieved for more hydrophobic compounds (such as 10H-PYR), while more polar
analytes (e.g. TOH-NAP) showed poor recovery ratios (around 15%). However, the ALLME-GC-MS
method was slightly superior in determining four from six PAH metabolites and was further investigated
regarding analytical figures of merit. In addition, the sample preparation was fast and straightforward
and did not require any additional instrumentation to conduct the microextraction procedure. Finally, the
method achieved adequate sensitivity and was applied in a pilot biomonitoring study, showing to be an
attractive alternative for routine analyses.
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SUPPLEMENTARY MATERIAL

Instrumental analysis

The GC-MS analysis was performed using a gas chromatograph coupled to mass spectrometry-ISQ
single quadrupole (Thermo Fisher Scientific®, Waltham, MA, USA). The chromatographic separation of
the OH-PAH was carried out on column FS-CAP SLB-5MS from Sigma-Aldrich® (30 m x 0.25 mm x 0.25
um; 5% diphenyl polysiloxane, 95% dimethyl polysiloxane). The initial temperature of the chromatographic
column oven was 100 °C, maintained for 2 minutes, followed by a heating ramp at 15 °C min' to 210 °C,
with a subsequent increase of 20 °C min' until 280 °C, holding for 4 minutes. The total run time was 17
minutes. Helium was used as carrier gas at 1 mL min-'. The injector temperature was maintained at 280
°C, and the injection volume used was 2 L, performed in splitless mode with valve opening after 1 minute.

The detection system used was a mass spectrometer operated in electron impact ionization mode (EI).
The temperatures of the ionization source and the transfer line to the mass spectrometer were maintained
at 300 °C and 280 °C, respectively. The data were acquired using Full Scan mode and the selective ion
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monitoring (SIM) of each native standard and labelled internal standard (IS). The mass spectrum (m/z) of
SIM of all compounds, besides the other instrumental details, is described in Table S1. Data acquisition
and quantification were performed using the Thermo Xcalibur™ version 2.2 (Thermo Fisher Scientific®)
software.

Table S1. Chromatographic and MS parameters of the OH-PAHs

Analyte Monitored ion (m/z) Retention time (min)
10H-NAP 185 8.9
20H-NAP 216 9.1
20H-FLU 239 12
90H-FLU 254 10.8
90H-PHE 266 12.7
10H-PYR 290 14.5

10H-NAP-d7 223 8.9

Table S2. Extraction efficiencies (%) of AALLME and DLLME method

Technique 10H-NAP 20H-NAP 20H-FLU 90H-FLU 90H-PHE 10H-PYR

DLLME 15.2 21.3 27.5 77.8 87.0 91.6
AALLME 16.4 33.2 34.6 82.9 771 76.5
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Figure S1. Chromatogram of a blank synthetic urine sample spiked with
the internal standard. IS = internal standard.
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