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Abstract

An automated microextraction by packed sorbent followed by liquid chromatography—tandem mass spectrometry (MEPS-
LC-MS/MS) method was developed for the determination of four endocrine disruptors—parabens, benzophenones, and
synthetic phenolic antioxidants—in wastewater samples. The method utilizes a lab-made repackable MEPS device and
a multi-syringe robotic platform that provides flexibility to test small quantities (2 mg) of multiple extraction phases and
enables high-throughput capabilities for efficient method development. The overall performance of the MEPS procedure,
including the investigation of influencing variables and the optimization of operational parameters for the robotic platform,
was comprehensively studied through univariate and multivariate experiments. Under optimized conditions, the target
analytes were effectively extracted from a small sample volume of 1.5 mL, with competitive detectability and analytical
confidence. The limits of detection ranged from 0.15 to 0.30 ng L™, and the intra-day and inter-day relative standard devia-
tions were between 3 and 21%. The method’s applicability was successfully demonstrated by determining methylparaben,
propylparaben, butylated hydroxyanisole, and oxybenzone in wastewater samples collected from the Sdo Carlos (SP, Brazil)
river. Overall, the developed method proved to be a fast, sensitive, reliable, and environmentally friendly analytical tool for

water quality monitoring.

Keywords Automated sample preparation - Microextraction by packed sorbent - Liquid chromatography - Mass

spectrometry - Organic pollutants - Wastewater analysis

Introduction

Endocrine disruptors are a group of chemical compounds
that can disrupt the normal functioning of the endocrine
system by mimicking or antagonizing hormone properties
[1, 2]. These compounds include various organic substances,
such as parabens, benzophenones, and which are commonly
found in consumer products like food, personal care items,
cosmetics, pharmaceuticals, and sunscreens [3]. Conse-
quently, endocrine disruptors can contaminate water sources
through processes such as wastewater discharge, runoff, and
leaching, and their prevalence in the environment has given
rise to significant public concerns regarding the potential
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risks they pose to human and animal health, as well as the
ecological balance.

The determination of endocrine disruptors (EDs) is of
utmost importance in monitoring the quality of water and
facilitating the development of remediation processes [4].
However, EDs, like other pollutants, are typically found in
trace concentrations within water samples. Consequently,
their sensitive analysis necessitates the use of efficient ana-
lytical tools capable of high sample throughput while ensur-
ing reliable analytical confidence [5]. In this regard, the con-
tinued development of rapid, sensitive, and efficient sample
preparation strategies for the accurate determination of EDs
in water samples remains both relevant and necessary [6].

Nowadays, accurate detection of trace pollutants in water
samples is efficiently achieved thanks to modern advance-
ments in liquid chromatography—tandem mass spectrometry
(LC-MS/MS). LC-MS/MS is a highly influential technique
capable of providing enhanced sensitivity and specificity.
However, conducting water quality surveillance via LC-MS/
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MS still presents significant challenges due to the presence
of numerous interfering compounds that can compromise
sensitivity and selectivity, leading to inadequate limits of
detection (LODs) and quantification (LOQs) [7]. There-
fore, despite the remarkable instrumental advancements,
it remains crucial to develop efficient sample preparation
methods capable of selectively extracting and pre-concen-
trating the target analytes, to achieve the requisite detectabil-
ity and uphold the robustness of LC-MS/MS instruments.

EDs encompass a diverse range of compound families,
exhibiting significant variations in molecular structures
and physicochemical properties. So, selecting a technique
or developing a new sample preparation method for the
determination of EDs can depend on the specific class of
compounds under analysis. Solid-phase extraction (SPE) has
been widely utilized as an efficient technique for the extrac-
tion and preconcentration of EDs and various organic pollut-
ants from water samples [8]. While SPE has shown remark-
able recovery and enrichment factors, conventional methods
employing this technique require the use of substantial
amounts of toxic solvents and involve drying and resus-
pension stages. These characteristics render the methods
unsustainable, labor-intensive, costly, and time-consuming
[9]. To overcome these drawbacks, modern miniaturized ver-
sions of SPE have emerged as a beneficial alternative. These
advanced techniques deliver comparable SPE performance
while reducing reagent and sample consumption, minimiz-
ing waste generation, lowering costs, increasing sample
throughput, and simplifying implementation and automa-
tion [10]. Consequently, contemporary methods employing
miniaturized sorbent-based techniques for microextraction
of EDs have gained prominence. Notable examples of such
techniques include solid-phase microextraction (SPME),
stir sorptive bar extraction (SBSE), and microextraction by
packed sorbent (MEPS) [11-16].

Among the various miniaturized formats of SPE, MEPS
emerges as a straightforward and highly efficient technique
[8]. MEPS has demonstrated success across diverse matrices
and applications, encompassing environmental surveillance
as well as pharmaceutical and clinical analysis [17], forensic
analysis, drugs of abuse [18-21], food composition [22-24],
and metabolomics [25]. Introduced nearly two decades ago,
MEPS has continuously evolved and is now available in a
wide range of formats and extraction devices [26]. When
coupled with gas chromatography, MEPS can be easily auto-
mated at-line using suitable autosampler instruments [27].
On the other hand, when used in conjunction with liquid
chromatography, MEPS is typically performed in an offline
and non-automated manner, which can be tedious and prone
to errors due to the multiple draw/eject cycles required in
each stage [28].

While several commercial solutions for semi- or fully
automated MEPS are currently available, their high cost
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and limited accessibility pose challenges for many labora-
tories [29]. Consequently, researchers have actively pursued
strategies to automate MEPS and increase its affordabil-
ity. For instance, Serenjeh et al. successfully developed a
semi-automated setup for MEPS, specifically focusing on
the extraction of volatile polycyclic aromatic hydrocarbons
in soil [30]. Our research group has also made significant
contributions in this field by developing a Cartesian robot
capable of complete automation and online coupling to
high-performance liquid chromatography (HPLC) for vari-
ous microextraction techniques, including MEPS [31-34].
Moreover, our team has designed a dedicated multi-syringe
autosampler specifically tailored to enable the development
of high-throughput MEPS methods. This innovative autosa-
mpler has demonstrated excellent performance and versatil-
ity, for example, in the MEPS of cannabinoids from human
urine [35].

On the other hand, the commercial versions of MEPS face
limitations due to the non-repackable nature of barrel insert
and needle (BIN) devices, as well as the limited availability
of extraction phases [36, 37]. So, the development of alterna-
tive MEPS devices that allows the exploitation of alternative
or lab-made sorbents at reduced cost and with a high degree
of reusability also becomes pertinent to make the technique
more affordable and accessible. For example, our research
group has introduced repackable MEPS devices, adaptable
to gastight syringes [38], and cheaper versions in propylene
Luer Slip syringes [39], allowing the exploration of diverse
lab-made innovative sorbents.

In this study, we demonstrate the association of an eas-
ily repackable lab-made MEPS device with the Arduino-
controlled multi-syringe lab-made robot as an alternative
method for the development of sensitive, reliable, and high-
throughput MEPS methods for environmental surveillance.
To illustrate its effectiveness, we selected methylparaben
(MeP), propylparaben (PrP), butylated hydroxyanisole
(BHA), and oxybenzone (Oxi) as model compounds rep-
resenting endocrine disruptors from the families of para-
bens, benzophenones, and synthetic phenolic antioxidants. A
MEPS-UHPLC-MS/MS method was developed to determine
these compounds in wastewater samples, demonstrating to
be a competitive, fast, and sustainable analytical tool for
environmental analysis.

Material and methods

Standards and reagents

MeP, PrP, BHA, and Oxi were procured from Sigma-Aldrich
(St. Louis, MO, USA). The standard stock solutions were

prepared by dissolving the analytes (1 mg mL~") in methanol
and stored in amber bottles at —20 °C. Working solutions
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were freshly prepared on a daily basis. For detailed informa-
tion on the physicochemical characteristics and compound
structures, please refer to Table S1, which is available in the
supplementary material.

Methanol and acetonitrile of chromatographic analy-
sis grade were obtained from Tedia (Fairfield, OH, USA).
Ammonium hydroxide (MS grade, 98%) was obtained from
Fluka (Buchs, Switzerland), and ammonium acetate was pur-
chased from J.T. Baker (Phillipsburg, NJ, USA), both used
as a buffer in the aqueous mobile phase. Ultrapure water was
generated using a Milli-Q purification system (Millipore,
USA). Formic acid (98%) was obtained from Fluka (Darm-
stadt, Germany).

For the development of the MEPS method, several com-
mercial extraction phases were evaluated, including Strata-
X (33 pum particle size, from Phenomenex), Strata C18-E
(55 pum particle size, from Phenomenex), Oasis MAX
(30 um particle size, from Waters), and BAKERBOND spe
Amino (40 um particle size, from Phenomenex).

Samples

Lab-made wastewater samples were prepared following the
procedure described by Gomes et al. [40]. These samples
were spiked with the compounds and used to create con-
trolled samples for method development and subsequent ana-
lytical validation. As for the real sample, water was collected
from Rio Monjolinho in Sao Carlos (SP, Brazil), a creek
that receives both treated and untreated sewage discharges.
The collected water was filtered through a 0.22-um cellulose
membrane and stored in amber flasks at—20 °C.

Automated MEPS

The extraction procedure using MEPS was carried out with
a Hamilton 500 pL gastight syringe (Nevada, USA) with
a removable needle. A modified ferrule nut was inserted
between the needle and the syringe, which housed a lab-
made repackable MEPS device. This extraction microde-
vice (Fig. 1a) consists of three PTFE detachable parts (base,
body, and lid) and two stainless steel screens of 10-um
porosity (patent BR1020130254517) [41]. This repackable
microcartridge can accommodate approximately 2.0 mg of
any desired sorbent phase, commercial or lab-synthesized.
Once the microdevice is sealed with the sorbent phase
inside, the syringe can be integrated in a programmable
robotic apparatus.

The automated MEPS procedures were performed using
a lab-made multi-syringe autosampler (patent pending
BR1020180046080), which consists of a Cartesian robot
built of aluminum parts (Fig. 1b). The prototype had a hori-
zontal rack platform with six syringes trails, and each trail
could hold eight different containers to use for solvents or
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Fig.1 Instrumental setup for the performance of robot-assisted
MEPS. a Schematic representation of the lab-made replaceable
MEPS device. b Schematic representation of the lab-made multi-
syringe robot

samples. Linear actuators and stepper motors were employed
for spatial positioning. The commanding electronic circuit
contains an Arduino® Mega 2560 microcontroller board,
which controls the eight stepper motors: one for each
syringe, plus one motor for the horizontal platform, and
another to move the array of syringe drivers. The prototype
was controlled via USB from a personal computer, utilizing
pre-programmed instructions written in the Arduino Inte-
grated Development Environment (IDE) [31, 35].

Optimization of the automated MEPS procedure

Univariate and multivariate analyses were performed to
thoroughly assess the influence of key parameters on the
performance of MEPS.

The selection of the MEPS sorbent was carried out
through a univariate comparison of extraction performance
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using Strata-X, Strata C18-E, Oasis MAX, and Amino.
Repackable MEPS devices were filled with approximately
2.0 mg of each sorbent, and extractions of lab-made waste-
water samples fortified with 200 ug L~! of each analyte were
performed in triplicate to assess the relative extraction effi-
ciency of the tested sorbents. The MEPS protocol used for
evaluating the sorbent phases is provided in Table S2.

Subsequently, a 2% fractional factorial experimental
design was employed to identify the steps of the automated
MEPS procedure that significantly influenced the extraction
of EDs (Tables S3-S6). The volumes of each step were main-
tained at a constant 500 uL., while the number of draw/eject
cycles was varied between 3 (—) and 20 (+). To determine
the optimal conditions (volumes and number of cycles) for
the most influential step (sampling), a central composite
design was conducted over an experimental range of 100
(- \/ 2) to 500 (\/ 2) microliters for volume and 2 (— \/ 2)
to 20 (\/ 2) for the number of cycles. The complete experi-
mental design is presented in Table S7, and the data obtained
from these analyses were processed using Statistica 13 soft-
ware (StatSoft Inc., Tulsa, USA, 2013).

HPLC-UV-Vis method

The development of the MEPS method was conducted
using HPLC-UV-Vis. This encompassed the selection
of the sorbent phase, determination of the most influ-
ential step in MEPS, and subsequent optimization. The
HPLC-UV-Vis consisted of a Shimadzu (Kyoto, Japan)
LC system consisting of a CBM-20A communication bus
module, SIL-20AC autosampler, DGU-20AS degasser,
two LC 20-AD pumps, CTO-20A column oven, and SPD-
20A UV-Vis detector set to monitor at wavelengths of
250 nm and 290 nm. The mobile phases selected were
water and acetonitrile, both containing 0.1% formic acid.
The flow rate was set to 0.250 mL min~!. Initially, an iso-
cratic elution with 12% acetonitrile was programmed for
5 min. From 5 to 15 min, gradient elution was performed
by linearly increasing the acetonitrile content from 12 to
90%. Finally, in the subsequent 5 min, a linear change was
made to return the organic modifier to 12%.

UHPLC-MS/MS method

The analytical validation of the method and the analysis
of the real sample were carried out using a UPLC Acquity
Waters coupled to a triple quadrupole XEVO TQ-MS sys-
tem. Chromatographic separation was achieved using a
Kinetex EVO C18 analytical column (150 mm x 2.1 mm,
5 um) from Phenomenex (Torrance, CA, USA), which was
maintained at a temperature of 40 °C. Water with acetate
buffer (25 mM ammonium acetate +25 mM ammonium
hydroxide) and acetonitrile were used as mobile phases A
and B, respectively, at a flow rate of 0.25 mL min~". Initially,
an isocratic elution was programmed with 10% of acetoni-
trile for 2 min. Gradient elution was then performed from 2
to 3 min, with a linear increase in acetonitrile content from
10 to 90%. From 3 to 6 min, an isocratic elution was kept
with 90% of acetonitrile, then changing linearly to 10% of
organic modifier in 1 min, and finally kept in 10% of acetoni-
trile for 5 min (7 to 12 min) for conditioning of the analytical
column.

For MS/MS detection, the operation and data acquisi-
tion were performed using Waters MassLynx 4.1 software
(Milford. MA, USA). The optimal parameters for ED detec-
tion were selected by direct infusion of aqueous solutions.
The analysis was carried out using the multiple reaction
monitoring (MRM) acquisition mode, with negative elec-
trospray ionization (ESI —) employed. Monitored transitions
and selected operational parameters are shown in Table 1.
Nitrogen was used as a desolvation gas at a temperature of
400 °C and a flow rate of 800 L h™'. The source temperature
was set to 150 °C.

Method validation

The developed method was validated using the matrix-
matching calibration approach and lab-made wastewater
samples. Method selectivity was ensured through MS/MS
detection, where precursor ions and two transitions provided
at least four identification points (IPs) for each of the inves-
tigated analytes [41]. The calibration curves were generated
in triplicate by utilizing six levels of concentration. To deter-
mine the LODs and LOQs, a series of successively diluted

Table 1 UHPLC-MS/MS

for th . ¢ Analyte Retention  Precursor Production (m/z) Dwell time (s) Cone energy (eV) Collision
parameters for the detection o time (min) ion (m/z) energy
EDs
(eV)
MeP 3.48 151 92%/136 0.065 30/30 15/15
PrP 3.65 179 92%/136 0.065 30/30 20/15
BHA 3.82 179 164%/149 0.065 20/20 15/20
Oxi 3.97 227 211%/167 0.065 30/30 20/30

dquantification ion
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samples were prepared and injected until reaching the lowest
concentrations that yielded a signal three times and ten times
higher than the noise, respectively. Precision was assessed
under both inter- and intra-day conditions at two concen-
tration levels, with a sample size of n =6, employing the
LC-MS/MS method.

The matrix effect (ME), total process efficiency (PE),
and recovery (RE) were studied following the approach
outlined by Matuszewski et al. [42]. In this case, the ME
was calculated as (B/A)x 100, PE as (C/A)x 100, and RE as
(C/B)x 100. Here, A represents the analytical response for
the direct injection of a standard solution of the analytes at
a concentration equivalent to 100% MEPS efficiency. B rep-
resents the analytical response for the injection of extracts
obtained after MEPS of spiked matrix samples (1.0 ng L™1).
C represents the analytical response for the injection of a
solution prepared by spiking an extract obtained by MEPS
of blank matrix samples at a concentration equivalent to
100% MEPS efficiency.

Results and discussion
Development of the MEPS method

MEPS has been widely utilized as a sample preparation
technique for the determination of EDs. For instance, Sil-
vera et al. recently presented a method for analyzing 16
EDs (such as parabens, benzophenones, bisphenols, and
triclocarban) in human urine using commercial MEPS
syringes with C18 as the extraction phase [42]. Similarly,
Matin et al. investigated the effectiveness of a montmoril-
lonite-reinforced polystyrene nanocomposite coated onto
cellulose filter paper as an extraction sorbent in MEPS for
the layered extraction of fluoxetine from environmental
water and wastewater samples [43]. In both studies, the
development of the MEPS method involved assessing the
extraction phase, determining the necessary MEPS stages
(conditioning, sampling, washing, drying, elution, and
clean-up), and defining the volumes and number of draw/
eject cycles to be employed in each stage. This rational
workflow closely aligns with the approach we have adopted
for the development of our MEPS method.

Selection of the extraction phase

As previously mentioned, EDs comprise a wide range of
compound families with diverse molecular structures and
properties. Therefore, the selection of an appropriate sorbent
for extracting these compounds depends on the specific com-
pound family under investigation. Currently, active research

is focused on synthesizing and evaluating new extraction
sorbents to develop advanced strategies for detecting EDs
in water samples.

One notable trend in this field is the emergence of
magnetic solid-phase extractions (MSPE), which employ
magnetic sorbents like porous carbons [44, 45], graphene
[46], covalent organic frameworks (MOFs) [47], chitosan
[48], and histamine [49], among others. Additionally,
other sorbent-based microextraction methods are being
explored, including the use of coated devices with molecu-
larly imprinted polymers [50] and packed bed-based tech-
niques like sorptive stir bar microextraction with packed
membranes. Some examples of these techniques include
the use of cyclodextrin-based sorbents in stir bar sorptive
extraction with packed fibers [51] and the use of some
commercial phases such as divinylbenzene grafted polyvi-
nylpyrrolidone (DVB @PVP) in SPE [52] and C18 in SPE
[53] and MEPS [54].

In this study, to assess the performance of a proposed
automated setup, utilizing a repackable MEPS device
for the determination of EDs in wastewater samples was
assessed. The commercial sorbents Strata-X, C18, Oasis
Max, and aminopropyl silica were evaluated. 2.0 mg of
each extraction phase was packed in the MEPS device, and
extractions were performed as described in the “Optimiza-
tion of the automated MEPS procedure” section. Subse-
quently, the obtained extracts underwent analysis using
HPLC-UV-Vis, and the resulting chromatographic areas
for each compound were plotted in Fig. 2a.

To investigate the statistical significance of the chroma-
tographic areas obtained with each tested sorbent, a two-
way analysis of variance (ANOVA) test was conducted
(Table S8). In all cases, the calculated F values exceeded
the critical F value, and the corresponding p-values were
below the pre-determined significance level (a=0.05).
These findings indicate the presence of statistically sig-
nificant differences in the recovery of each analyte with
each extraction phase and the extraction efficiency of the
different analytes by each sorbent.

Further analysis of the ANOVA results was performed
using a Tukey test (Table S9). The test revealed that, with
an honestly significant difference observed in the chroma-
tographic area of 1268.3, all the chromatographic areas
exhibited statistically significant differences, except for
the extractions of MeP with the amino and C18 phases,
BHA with Strata-X and C18, and Oxi with amino and
Oasis Max.

Among the tested sorbent phases, Strata-X consist-
ently demonstrated higher chromatographic areas for all
the tested analytes and exhibited suitable precision with
a relative standard deviation (RSD) below 10%. Conse-
quently, Strata-X was selected for the subsequent stages
of the extraction method development.

@ Springer



6170 Bocelli M. D. et al.
Fig.2 Selection of the best 120
MEPS conditions. a Selection S 100 < [
of the extraction phase; normal s 80 ‘1 1 L
probability plot of the effects R} Bl
for the 22 factorial experimental .“>’ 60 i
design for b methylparaben; =B 40
¢ propylparaben; d butylated ~ 20 I T
hydroxyanisole; and e response —
surface for oxybenzone 0 ;
Strata X C18 Oasis Max Amino
a m MeP m PrP BHA Oxi
3 3
2 K5 2 v @
g1 g gl 7
2o/ o/
N ! 10 20 30 40 50 60 70 N ? 10 20 30 40 50 60 70
D e 2
-3 | Lo 3
b Relative effect contribution (%) c Relative effect contribution (%)
3 3
V3 V3
2 L] 2
: vz W2 ‘
g I : g 1 V134y ©
S0 L4 S0 8 ° V45
S0 4 S
Nop @ 100 200 30 5060 Gy 10 20 30 40
L ]
2 ¢ D e
-3
d Relative effect contribution (%) -3 Relative effect contribution (%)

Determination of the most influential MEPS steps

The MEPS process involves several stages, including sorbent
conditioning, sampling, washing, drying, desorption, and
clean-up cartridge. To assess the impact of each stage on the
process’s efficiency, a 262 fractional factorial experimental
design was utilized (see Table S3-S6).

The influence of each MEPS stage was evaluated by
constructing normal probability plots, which plotted the Z
value against the standardized percentage effect. The effects
were calculated by determining the difference between the
responses obtained at the high and low levels for each vari-
able, including their interactions. The percentage contribu-
tion of each variable’s effect was calculated by summing
the squared effects and their contribution to the total sum.
These calculated effects are associated with equal areas of a
Gaussian curve. In a normal probability plot (Z value vs. %
standardized effect), smaller effects tend to cluster around
zero, while statistically significant effects deviate from zero.

To determine the magnitude of each MEPS stage’s
impact on the chromatographic peak area, probability plots
(Fig. 2b—e) were analyzed. Although other MEPS steps,
such as water conditioning (v2), exhibited a relatively sig-
nificant effect on the extraction performance of oxyben-
zone, the sampling (v3) stage emerged as the most influ-
ential. It accounted for approximately 60% of the increase
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in chromatographic area for MeP, PrP, and BHA and over
30% for Oxi. Consequently, we optimized the sampling stage
using a multivariate experimental design.

Fine-tuning of the sampling step

To optimize the MEPS procedure and develop a fast and
efficient method, the sampling step was meticulously refined
using a surface response methodology. The conditioning,
clean-up, elution, and washing steps were maintained at a
lower level of 100 pL and three draw/eject cycles. A cen-
tral composite design was employed, with the sample vol-
ume and the number of draw/eject cycles as the variables
of interest. The experimental range for the sample volume
was set between 100 and 500 L., while the number of cycles
ranged from 2 to 20. Figure 3 displays the surface responses
obtained from the conducted experiments, and the ANOVA
tables for the resulting models can be found in the supple-
mentary information (Tables S10-S13).

The models derived from the experiments included six
coefficients: an independent term, two linear coefficients for
the number of cycles and volume, two square coefficients for
these variables, and two coefficient products representing
the interaction between the variables. However, not all coef-
ficients were statistically significant (p <0.05). Neverthe-
less, with a probability higher than 95%, none of the models
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exhibited a significant lack of fit. These results indicate that
the obtained models effectively represent the experimental
data and provide reliable predictability of the analytical
responses, to obtain the experimental conditions capable of
providing the maximum chromatographic area.

The highest analytical responses for all analytes were
observed when passing 500-pL aliquots of the sample
through the packed bed approximately 10 to 16 times. Based
on these findings, the optimal conditions for the sampling
stage were determined as a sample volume of 500 pL and
14 draw/eject cycles. Implementing these conditions in the
MEPS procedure ensures a more effective and improved
sampling step, resulting in better outcomes for all analytes.

Finally, the MEPS procedure was developed, which
comprised seven steps: conditioning the extraction phase

with organic solvent (methanol), conditioning the extraction
phase with aqueous solvent (water), aspirating the sample
(wastewater), washing the extraction phase (water), dry-
ing (air), eluting the analytes (acetonitrile), and cleaning
the extraction phase (methanol). The specific volume and
number of cycles for each step were determined and are pre-
sented in Table 2.

Analytical performance of the MEPS-LC-MS/MS
method

Under the selected experimental conditions, the analyti-

cal performance of the proposed automated MEPS method
was evaluated by considering some figures of merit. These
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Table 2 Description of the developed MEPS procedure

Step Cycles  Volume Volume
cycle (uL)  vial (mL)

Conditioning sorbent (methanol) 3 100 1.5
Conditioning sorbent (water) 3 100 1.5
Sampling (sample) 14 500 1.5
Washing (water) 3 100 1.5
Drying (air) 3 100 -
Eluting (acetonitrile) 20 100 0.1
Sorbent cleaning (methanol) 10 100 1.5

include selectivity, LOD, LOQ, linearity, linearity range,
precision, and enrichment factors (Table 3).

The selectivity of the developed method was success-
fully achieved through the utilization of MS/MS detection.
Confident identification of the analytes was accomplished
by obtaining a minimum of four identification points (IPs),
encompassing known retention times from standard injec-
tions, precursor ions, and two transitions [41]. To ensure
accurate quantification of the analytes with the necessary
selectivity, black lab-made wastewater samples were sub-
jected to extraction and analysis. No endogenous or exog-
enous interferences at the same retention time as the analytes
were observed in any extracted ion chromatogram for every
monitored MS/MS transition. This confirmation of selectiv-
ity for both quantification and confirmation ion transitions
across all analytes guarantees the suitability of the chro-
matographic separation and the method's MS/MS detection
selectivity for accurate quantification.

The LODs and LOQs were determined experimentally
through a series of successive injections using consecutively
diluted solutions. As a result, LODs and LOQs were estab-
lished as the minimum concentrations capable of generating
signal-to-noise ratios greater than 3 and 10, respectively,
for the two monitored transitions of each analyte. The cor-
responding values can be found in Table 3.

This experimental determination ensures that each ana-
lyte can be detected with signal-to-noise ratios higher than 3
for both monitored transitions. Additionally, at the reported
LOQ (which corresponds to the first point on the calibration

curve), analytes not only can be identified with a signal-to-
noise ratio higher than 10 for both transitions, but they could
also be quantified with the appropriate level of precision,
as indicated by the relative standard deviation (RSD). The
obtained LOQs are in agreement with the criteria established
for the regulatory agencies for determining EDs in wastewa-
ter samples, which depend on the ED compound range in the
pg-ng L™! order [55].

Matrix-matched calibration curves were established using
MEPS of spiked lab-made synthetic wastewater samples,
followed by UHPLC-MS/MS analysis (Table 3). The con-
centration range of the calibration curves spanned from the
LOQ of each analyte to 5.0 ng/mL, and the experiments
were performed in triplicate. The obtained linear correla-
tions demonstrated acceptable relationships across the stud-
ied concentration range, with coefficients of determination
(?) ranging from 0.9807 to 0.9863.

Although the obtained 7* values explained only slightly
over 98% of the data variability, residue analysis revealed
that the proposed regression models could predict concentra-
tion values with an error below 20%. Supplementary infor-
mation (Figure S1) presents the plots of relative residues
(%). For MeP, PrP, and BHA, a 1/x? weighted calibration was
employed to minimize the absolute sum of residues (). %RE)
and ensure the heteroscedasticity of the data. Conversely,
no improvement in residue behavior was observed for Oxi
with the application of weighting, rendering a weighted cali-
bration unnecessary for this analyte. Notably, relative resi-
dues remained below 20% for all cases, indicating a highly
acceptable level of accuracy in predicting sample concentra-
tions within the investigated concentration range.

An unusual relationship between the intercept and slope
values was observed in the calibration curve for oxybenzone.
Various factors, including instrument-specific effects, matrix
interferences, and experimental limitations, could contrib-
ute to this phenomenon. While there is limited literature
explaining this fact, some of these factors can significantly
impact the extraction and mass spectrometry detection of
oxybenzone. For instance, during the development of an
SPE method for determining household chemicals using GC
and LC-MS/MS, Threnholm et al. reported that although
oxybenzone was easily extracted from reagent water during

Table 3 Parameters obtained

from the qualification of the Analyte  Linear Slope (ngL™!)  Intercept R? LOD (ngL™") Intra-day  Inter-
developed analytical method raPlge (ng RSD (%) day
Lh RSD
(%)
MeP 0.3-5.0 3656.3 728.7 0.9889 0.15 60 3* 11 10°
PrP 0.15-5.0 7897.4 930.1 0.9869  0.05 7 90 100 PP
BHA 0.6-5.0 3711.7 457.8 0.9827 0.3 200 21 17° 17°
Oxi 0.6-5.0 391.8 625.7 0.9807 0.3 17 9¢  15°  21°

a=0.5ngL™), b=1.3 (ngL™"), and c=4 (ng L")
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method development, it exhibited poor recoveries in matrix
spikes, which limited the analysis to qualitative observa-
tions [56]. The authors attributed the low recovery to the pH
effect, noting that oxybenzone displayed improved recover-
ies at pH levels below 7 but poor recoveries at pH levels
above 7. In their study, the pH of the reagent water ranged
from 5.0 to 6.5, while the surface water and wastewater efflu-
ent had pH values ranging from 7.3 to 8.1, respectively. Sim-
ilarly, although not providing a specific explanation, Chen
et al., in their work on developing a method for screening
chlorinated transformation products of aromatic pharma-
ceuticals and personal care products, reported the inability
to detect oxybenzone using high-resolution mass spectrom-
etry (HRMS) in spiked natural organic matter water samples
[57]. These studies highlight the challenges associated with
the detection and quantification of oxybenzone, particularly
in complex matrices, and suggest that factors such as pH and
the presence of organic matter can have a significant impact
on its analysis.

Despite the atypical relationship between the intercept
and slope values, the reliability and accuracy of the oxy-
benzone calibration model can be supported by considering
other analytical parameters. Analysis of variance (ANOVA)
confirmed the statistical significance of the regression for
oxybenzone. The calculated F value of 815.13 for Oxi sig-
nificantly exceeds the tabulated F value at a 0.05 probability
level with 1 and 16 degrees of freedom (0.0041), indicating a
highly significant regression. The ANOVA table for the oxy-
benzone linear regression can be found in the supplementary
information (Table S14). Furthermore, as previously men-
tioned, the calibration curves were obtained in triplicate,
resulting in relative standard deviation (RSD) values below
20% for all concentration levels and analytes. Additionally,
the relative residues for the oxybenzone calibration curve
were consistently below 20% across all concentration levels,
further indicating the accuracy of the calibration model.

Precision was evaluated by calculating the intra- and
inter-day relative standard deviations (% RSD) based on sex-
tuplicate experiments at two concentrations for each analyte,
as presented in Table 3. The intra-day RSD values ranged
from 3.0 to 21.0%, while the inter-day RSD values ranged
from 7.0 to 21.0%. These results demonstrate the method’s
capability to accurately quantify the target analytes within
the linear range studied.

In the field of analytical methods employing mass spec-
trometry, matrix effects play a crucial role in influencing
the performance of sample preparation and the efficiency
of analyte ionization in the ESI source. To assess these
effects accurately, we employed the methodology proposed
by Matuszewski et al. to determine the matrix effect (ME),
extraction recovery (ER), and process efficiency (PE), as
described in the “Optimization of the automated MEPS pro-
cedure” section [58].

The RE provides an estimate of the influence of matrix
constituents on MEPS performance which ranges from 60 to
76%. These values indicate that certain matrix constituents
can be adsorbed during the extraction phase, impeding the
uptake of analytes. Similarly, the PE values ranged from 47
to 75%, suggesting a significant decrease in analyte ioniza-
tion due to the presence of matrix constituents. Furthermore,
the ME, which represents the combined effects of matrix
constituents on both extraction performance and ionization
efficiency, varied from 79 to 112% (Table 4). These RE, PE,
and ME values offer an estimation of the impact of matrix
constituents on method performance and emphasize the
importance of employing matrix-matched calibration when
developing methods for the treatment and analysis of com-
plex samples.

Although notable effects of matrix constituents were
observed during both the MEPS and ESI processes, these
effects do not hinder the applicability of the robot-assisted
MEPS setup. This is evidenced by the determination of
LODs, LOQs, and other performance parameters using the
matrix-matched approach, which ensures that matrix effects
are considered during their estimation.

Comparison with recently previously reported
methods

Table 5 presents a comparison between the method pro-
posed in this study and the recently reported sorbent-based
methods for the determination of EDs in water samples. The
automated MEPS-LC-MS/MS method demonstrated com-
petitive performance in terms of detectability, feasibility,
and sample throughput. Its automated nature, along with
the efficient utilization of sorbents, samples, and organic
solvents, contributes to its economic and green attributes.
Likewise, the extended reusability of the extraction devices
further enhances its sustainability.

In comparison to conventional manual [53] and auto-
mated SPE [52] methods, the setup proposed in this study
achieves competitive limits of quantification (LOQs) while
consuming significantly lower amounts of sorbent, samples,
and elution solvents. When compared to other miniaturized
techniques such as MEPS [43], SPME [50], and some disper-
sive techniques such as the magnetic effervescence-assisted

Table 4 Calculated matrix effect (ME), total process efficiency (PE),
and recovery (RE)

Analyte ME (%) PE (%) RE (%)
MeP 79+3 47+3 60+6
PrP 67+7 50+4 76+13
BHA 103+ 1 70+2 68 +2
Oxi 112+6 7542 67 +4
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Table 5 Comparisons of the performance of the method reported in this study with recent sorbent-based methods for determining endocrine dis-

ruptors in water sample

Technique Analytes Sorbent (amount) Sample Analysis LOQs (ng/L) Ref
amount
(mL)
MSPE Triclosan, triclocarban, bisphenol Fe304/N-HCSCs (5.0 mg) 10 HPLC-DAD 0.3-1.5 [45]
A, and tetrabromobisphenol A
bis(allyl)ether)
MNER-EM Bisphenols, E3, EE2 NiFe204@COF 5 HPLC-FLD 86-316 [47]
SPME Steroid hormones Estrone-MIP 15 HPLC-UV 690-2600 [50]
SPE Bisphenol A and nonylphenols C18 (1000 mg) 1000 HPLC-FLD 10-21 [53]
Automated SPE  Steroid hormones and BPA DVB@PVP (200 mg) 10 HPLC-MS/MS 0.5-3.0 [52]
MEPS fluoxetine Montmorillonite/OS 1.5 FL 7.0 [43]
Automated MEPS MeP, PrP, BHA, Oxi Strata-X (2.0 mg) 1.5 UHPLC-MS/MS 0.3-0.6 This study

sorbent-based extraction (MNER-ME) [47], the MEPS-
LC-MS method reported in this study demonstrates LOQs
up to ten times lower. Additionally, it offers the advantages
of automation and high-throughput capabilities provided by
the robot, allowing for the simultaneous preparation of up
to six samples. Some other magnetic dispersive extraction,
such as the one using a Fe;O,/N-HCSCs sorbent [45], are
also highly efficient and fast techniques capable of providing
comparable LOQs with small amounts of sorbent and sam-
ples. However, the reusability of the sorbents can be limited,
and for example, in the case of the Fe;0,/N-HCSCs sorb-
ent, it was limited to only 12 times. In contrast, our method
utilizing a single packed device with 2.0 mg of extraction
phase achieved more than 100 reuses without appreciable
loss in its extraction capabilities.

Application of the developed method to the analysis
of real wastewater sample

To demonstrate the applicability of the proposed setup in
analyzing real samples, we collected a flask of running
water from Rio Monjolinho in Sdo Carlos, SP. Four extrac-
tions were performed, yielding the following concentra-
tions: MeP: 0.58 +0.07 ng L~ PrP: 1.7+0.06 ng L~ Oxi:
5.1+0.6 ng L™!; and BHA was not detected in the sample.

Conclusion

The utilization of an automated MEPS method for sample
treatment has demonstrated its efficiency in determining
some organic pollutants in environmental samples. Addition-
ally, the application of factorial design proved to be practical
in selecting the optimal extraction phase and parameters for
sample treatment, resulting in enhanced extraction efficiency.
Both the automated system and the MEPS device utilizing
a commercial syringe offer excellent alternatives that can be

@ Springer

implemented in the laboratory to meet the demands associ-
ated with the development of new analytical methods. The
multi-syringe capability of the MEPS device offers the pos-
sibility of treating six samples simultaneously, enabling high-
throughput characteristics to the developed method. Further-
more, the utilization of a microextraction technique makes
it an excellent environmentally friendly option. Finally, the
incorporation of MS/MS detection yielded exceptional LODs
and LOQs even when using a reduced amount of sample.
Consequently, the proposed approach represents an advan-
tageous strategy for monitoring some organic pollutants as
MeP, PrP, BHA, and Oxi in wastewater samples.
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