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Abstract

Analysis of biofluids, such as plasma, can be used to investigate occupational pesticide exposure in the agricultural industry. Consid-
ering the chemical complexity and variability of plasma samples, any protocol for pesticide analysis should achieve efficient sample
cleanup to minimize matrix effects and enhance method sensitivity through analyte pre-concentration. In this work, a high-throughput
method was developed for analysis of 79 pesticides, commonly used in agricultural practices, in human plasma, using biocompatible
solid-phase microextraction (SPME) coupled to liquid chromatography—tandem mass spectrometry. An SPME method was developed
using a biocompatible hydrophilic-lipophilic balance/polyacrylonitrile (HLB/PAN) extraction phase and demonstrated negligible
matrix effects. The performance of the developed SPME method was compared to a QUEChERS —Quick, Easy, Cheap, Effective,
Rugged, and Safe— method, the most common sample preparation and cleanup approach for pesticide analysis in complex matrices.
Comparable accuracy and precision were achieved for both methods, with accuracy values within 70-120% and relative standard
deviation < 15%. Overall, the developed SPME and QUEChERS methods extracted 79 out of 82 monitored pesticides in human
plasma. The SPME protocol demonstrated higher sensitivity than the QUEChERS method and a drastic reduction of matrix effects.

Keywords Solid-phase microextraction (SPME) - Hydrophilic/lipophilic balance polyacrylonitrile (HLB/PAN) - Cannabis -
Pesticides - Exposure
Introduction [2]. Despite their numerous benefits for agriculture, pesti-
cides may pose serious health risks to farmers when they

Pesticides are widely used in agricultural production to
prevent or reduce produce losses caused by pests [1]. They
are also used to improve the quality of produce, including
their appearance, which is often significant to consumers
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are directly exposed to pesticides during mixing and appli-
cation, or working on treated fields. Furthermore, pesticide
residues in food and water may also cause indirect health
risks for the general population [3]. It is worth noting that
farmers who directly get in contact with pesticides are
more likely to suffer adverse effects from pesticide expo-
sure than consumers who eat food contaminated with pes-
ticide residues [1, 4]. This is because farmers are exposed
more frequently to higher levels of pesticides through
dermal absorption, ingestion, or inhalation [5]. Reports
indicate that occupational exposure to pesticides can
cause neurological disorders, poisoning, cancer, reproduc-
tive disruptions, respiratory problems, genotoxicity, and
chronic kidney diseases among farm workers [1, 6]. The
Environmental Protection Agency (EPA) has created the
“Worker Protection Standards (WPS)” to protect work-
ers from occupational exposure to agricultural pesticides
[4]. In addition, there has been a great effort to regulate
pesticide usage, under the Federal Insecticide, Fungicide,
and Rodenticide Act (FIFRA) due to the unreasonable risk
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pesticides pose to people [7, 8]. It is critical that farmers
who directly handle pesticides are properly trained and
must wear protective equipment in compliance with gov-
ernment regulations to avoid exposure to harmful chemi-
cals [9]. However, workers who engage in regular activi-
ties on the farm are often not well-trained and thus are at
the greatest risk for pesticide exposure. Long-established
agricultural industries, such as fruit and vegetable farms,
have the experience and technology to minimize pesti-
cide exposure to their workers. However, this is not the
case for new and emerging industries, in particular the
cannabis industry, [9]. As cannabis is still classified as
a schedule 1 substance, regulatory guidance is much dif-
ferent from other agricultural products [9]. As reported
in the Colorado survey of cannabis worker health, a sig-
nificant number of workers experienced irritation to their
skin (n=233, 18%), headaches and dizziness (n=27, 14%),
and eye irritation (n =25, 13%) after exposure to pesti-
cides at the cultivation site [9]. Common pesticides used
for cannabis cultivation are insecticides, acaricides, and
fungicides. It has been noted that the majority of pesticide
contamination occurs via the skin of workers during the
harvesting, drying, trimming, and processing of cannabis
foliage [9, 10]. As cannabis has been recently legalized in
several states, inexperienced farmers are more likely to
be exposed to pesticides since they are less familiar with
pesticide safety equipment and procedures. Nevertheless,
pesticide exposure can also occur during unsafe agricul-
tural practices, especially in unregulated rural areas, due
to a lack of knowledge of proper pesticide storage and
handling [1]. It has been reported that chronic pesticide
exposure in rural areas of China is associated with sui-
cidal ideation, with exposure being exacerbated by the
storage of pesticides in private households [11]. Therefore,
assessing pesticide exposure is crucial for workers’ health
and safety, to correct malpractices in pesticide storage and
application, and prevent further exposure.

Biofluid analysis is a reliable method to determine
whether a subject has been exposed to toxic chemicals [12,
13]. Various biofluids, including blood, saliva, plasma,
and urine, have been used in previous studies to analyze
humans’ exposure to toxic chemicals [14]. In addition to
analyzing biofluids, nail and hair samples have also been
tested to evaluate the effect of long-term exposure to vari-
ous xenobiotics [15]. Blood or plasma tests are the most
reliable way to determine the amount of pesticide within
the body after exposure to pesticides. This is because, as
reported, pesticide exposure in the fields typically occurs
through the skin [9]. As soon as pesticides are absorbed
through the skin, they pass into the bloodstream and circu-
late throughout the body [16]. Therefore, analysis of blood
or plasma can provide useful information regarding pesti-
cide exposure levels. To quantify pesticides in biological
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fluids, liquid or gas chromatography in combination with
mass spectrometry is typically used [17]. Liquid chromatog-
raphy/mass spectrometry (LC-MS) analysis of pesticides at
ultra-trace levels from biofluids can be highly impacted by
matrix effects. Matrix components co-eluting with analytes
can enhance or suppress the analytical response by inter-
fering with the ionization process in the ionization source
[18], which makes quantification challenging [19]. Thus, an
unbiased and comprehensive quantification of pesticides in
biofluids such as plasma requires the development of more
reliable, robust, and efficient analytical methods.

Used sample preparation methods for pesticide anal-
ysis in biofluids are solid-phase extraction (SPE) and
quick, easy, cheap, effective, rugged, and safe (QuECh-
ERS) extraction. Both methods have been extensively
evaluated and validated in the literature and are widely
accepted for biofluid analysis [20, 21]. These methods,
however, can have several disadvantages, including
labor-intense and prolonged workflows. In addition, SPE
typically requires a large volume of organic solvent and
clogging SPE cartridges due to complex matrix from
biofluids can also be a problem [20]. To avoid clogging
SPE cartridges, dilution of the samples and loading low
sample volumes is recommended; however, these strate-
gies may affect method sensitivity and require further pre-
concentration of the extracts [22]. To this end, solid-phase
microextraction (SPME) offers substantial advantages.
With the use of biocompatible SPME extraction phases,
direct immersion SPME (DI-SPME) in biofluids can be
achieved avoiding biofouling of the extraction phase with
matrix constituents [23]. To ensure matrix compatibility of
SPME fibers for LC applications, polyacrylonitrile (PAN)
is frequently used as the sorbent binder of the extraction
phase [23]. Additionally, SPME provides advantages such
as higher throughput, easy automation, and meets the
requirements of green analytical chemistry.

This work provides an alternative and robust method to
quantify pesticides, commonly used in most agricultural
practices, including in the cannabis industry, at ultra-trace
levels in biofluids. This was achieved by developing an
SPME-LC-MS/MS method that can extract and analyze
simultaneously a wide variety of pesticides from human
plasma. The extraction phase chemistry was optimized to
improve extraction coverage of pesticides with a wide range
of log P values and molecular weights. To achieve pesti-
cide quantification at part per trillion levels, plasma matrix
modification was carried out. Additionally, the developed
method was compared with QUEChERS, which is commonly
used to extract pesticides from food and biological samples.
In conducting this comparison, sample throughput, matrix
effects, robust method evaluation (linearity, limit of quantita-
tion (LOQ), accuracy, repeatability), and the environmental
impact caused by the method were taken into consideration.
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Materials and methods
Reagents and standards

The reference standards of Canadian cannabis pesticide mix-
tures (mixture number 1, 2, 3, 4, 5, and 6) were purchased
from Chem Service (West Chester, PA). The physicochemi-
cal properties of the pesticides are listed in Table S1. The 82
pesticides originally selected for this study are the most com-
monly used pesticides during cannabis cultivation. Therefore,
this list represents a comprehensive collection of pesticides
that might be present in plasma after pesticide exposure in
several agricultural practices, including the cannabis indus-
try. The deuterated standards of dimethoate-Dg, carbaryl-D,,
malathion-Dy, fenoxycarb-D5, coumaphos-D,, and pyridaben-
D,; were purchased from Toronto Research Chemicals (North
York, Ontario, Canada). Pooled human plasma preserved in
sodium citrate was purchased from Innovative Research (M1,
USA). HLB/PAN fibers for this study were provided by Milli-
pore Sigma (Bellefonte, PA, USA). Fiber thickness and coating
length were 45 pm and 1.0 cm, respectively. LC-MS grade
methanol (MeOH), acetonitrile (ACN), water, ammonium
formate, and formic acid were obtained from Fisher Scientific
(Waltham, MA, USA). Phosphate-buffered saline (PBS) was
purchased from Sigma-Aldrich (St. Louis, MO, USA).

Instrumentation and data processing

The LC-MS/MS pesticides analysis was performed using
a Perkin Elmer QSight® LX50 binary pump UHPLC,
autosampler, and column compartment (PerkinElmer Inc.,
Waltham, MA, USA) coupled to a triple quadrupole mass
spectrometer Perkin Elmer QSight® 220 (PerkinElmer Inc.
Waltham, MA, USA), operated in both positive and negative
electrospray ionization (ESI) mode. Spectra were acquired in
multiple reaction monitoring (MRM) mode. The optimized
MRM transitions and operating conditions of the mass spec-
trometer for pesticide analysis are summarized in Table S2
and Table S3. Nitrogen gas flow for the ESI source, the lami-
nar flow ion guide, and the collision cell was provided using
a Parker/Balston nitrogen generator system (Parker Hannifin
Corporation, Lancaster, NY, USA).

Chromatographic separation of pesticides was achieved
using a 100 mm X 4.6 mm Raptor C18 column 2.7 pm
(Restek Corporation, Bellefonte, PA, USA), at a flow rate
of 0.8 mL min~! with the column temperature at 30 °C.
The chromatographic conditions optimized for pesticides
are listed in Table S4. The chromatographic run time was
18 min. The gradient was applied with mobile phase A
as 0.1% (v:v) formic acid and 2 mM ammonium formate
in water/MeOH (98:2, v:v) and 0.1% (v:v) formic acid
and 2 mM ammonium formate in MeOH/water (98:2,
v:v) as mobile phase B. Data acquisition and processing

were performed with Simplicity 3Q™ software (version
1.8.2006.12348) (PerkinElmer Inc., Waltham, MA USA).
The SRM transition providing a higher signal intensity and
specificity for each pesticide was selected as a quantifier,
and the second most abundant transition was monitored as
a qualifier. The peak area ratios of the pesticides and IS
were plotted against the known concentration of pesticides
to produce SPME calibration curves.

Standard preparation and solid-phase
microextraction procedure

The concentration of individual pesticides in the stock solu-
tion was 100 ug mL~". The working pesticide solution was
prepared at the concentration of 10 ug mL~! in MeOH and
stored at — 20 °C until use.

Sample preparation for method optimization, SPME
calibration levels, and quality control samples

SPME method optimization was conducted using commer-
cially available pooled human plasma. Ten mL of human
plasma was spiked with 100 pL of pesticide working solu-
tion at 10 pg mL~! to achieve individual pesticide final con-
centration of 100 pug L~". The organic solvent content in the
plasma during spiking was maintained at 1%, to avoid affect-
ing the partition of the analytes between the sample and
the extraction phase. All the spiked plasma samples were
vortexed for 1 min and incubated overnight at 4 °C to allow
binding equilibria between analytes and the plasma to take
place. The plasma was then allowed to equilibrate at room
temperature prior to further handling and extraction.

An SPME calibration curve was obtained by matrix-
matched calibration in human plasma with internal standard
signal correction. All the spiking mixtures were prepared
in MeOH and stored at—20 °C until use. To spike the 10
calibration levels, a series of spiking mixtures in the con-
centration range of 1.5 ng mL~! to 15 ug mL~! were pre-
pared, to spike the same volume of pesticide solution in each
plasma sample. To prepare calibration levels ranging from
0.01 to 100 ng mL~"! of pesticides in human plasma, 15 pL
of the above-mentioned spiking solutions was transferred
in 2.25 mL human plasma. Quality control (QC) levels at
0.025, 0.5, 15, and 70 ng mL™! (accuracy levels) were pre-
pared by spiking 2.25 mL of human plasma with 15 pL of
spiking mixtures in a concentration range of 3.75 ng mL™~!
to 10.5 ug mL~". The deuterated pesticide standard mixtures
were prepared at concentrations (2.4—12 ug mL™") optimized
to ensure adequate sensitivity. Each level of the calibration
curve and QC samples was spiked with 7.5 pL of internal
standard mixture. The final concentration of internal stand-
ards in plasma was in the range of 840 ng mL~". The spiked
plasma samples for each calibration and QC levels were
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diluted with PBS containing 10% ACN and 0.5 mol L™!
(NH,),SO, to achieve a 3:1 (v:v) dilution ratio of plasma:
PBS solution. To obtain three replicates for each calibration
and QC levels, diluted plasma was divided into 3 aliquots
of 667 pL (500 pL of plasma+ 167 uL of PBS solution),
and then each aliquot was placed in an 800 pL plastic vial.

SPME fiber extraction procedure

The pesticides were extracted from the human plasma
samples using HLB/PAN fibers. Prior to extraction, fibers
were preconditioned with a solution 1:1 MeOH:water (v:v)
for 10 min and then rinsed with ultrapure water for 10 s to
remove any organic solvent residue on the extraction phase.
The extraction was performed for 90 min at 1200 rpm at
room temperature (20 °C +2 °C). After extraction, SPME
fibers were rinsed with ultrapure water for 20 s to remove
any loosely attached matrix components from the extrac-
tion phase surface. Then fiber desorption was conducted at
1200 rpm for 60 min in 120 pL of desorption solvent, con-
sisting of a solution of ACN:MeOH:water at the volume
ratio of 2:2:1. Immediately after desorption, the desorption
solutions were stored at — 20 °C until analysis.

QuEChERS extraction procedure for calibration

The QUECHERS calibration levels were prepared following the
same procedure as the SPME calibration levels. Initially, 500
pL of spiked human plasma was diluted with 500 pL of PBS
in an Eppendorf tube. Then the diluted plasma was transferred
into a centrifuge tube containing 1 mL of ACN and 5 mg of
MgSO,:NaOAc salt mixture in a w:w ratio of 4:1. To extract
pesticides into ACN, the centrifuge tube containing diluted
plasma, salts mixture, and ACN was vortexed for 3 min and
then centrifuged at 20 °C and 5000 rpm for 13 min to allow
liquid—solid-phase separation. The supernatant from the cen-
trifuge tube was withdrawn and added into a dispersive SPE
(d-SPE) tube containing C18 particles. Then the d-SPE tube was
vortexed for 3 min and centrifuged at 20 °C and 1300 rpm for
6 min. The supernatant was transferred into an Eppendorf tube
and centrifuged for another 6 min as a precaution to remove any
residual C18 particles from the extract.

Calibration and method validation

The method validation for both SPME and QuEChERS was
conducted in accordance with the Food and Drug Admin-
istration (FDA) guideline for biological samples analysis in
terms of selectivity, a lower limit of quantitation (LLOQ),
linearity, accuracy, and precision [24]. Matrix-matched
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calibration with internal standard correction was used
for both methods. Weighted least-squares method with
a weighting factor of 1/x was used to build up the linear
regression of the calibration curve. QC samples were evalu-
ated to calculate the accuracy and precision at intermediate
concentrations within the linear dynamic range for all the
pesticides. Both intra- and inter-day accuracy and precision
were calculated by testing QC samples at 0.025, 0.5, 15,
and 70 ng mL~" (6 replicates for each concentration) for all
pesticides over 6 days. The bias and precision of accuracy
should be within +15% and < 15%. For each pesticide, the
lowest calibration point achieving accuracy within +20% of
the nominal value and coefficient of variation (CV) <20%
was considered the LLOQs.

Results and discussion
SPME method optimization

This study targeted multi-class pesticides with varied physi-
cal and chemical properties (molecular weight range from
162.20 to 760.02 g mol~", log P range from —0.43 to 6.62),
as listed in Table S1. To ensure optimal extraction for all
the analytes, an extraction phase with sufficient extraction
coverage needs to be selected. To determine which extrac-
tion phase was best suited for pesticide extraction, fibers
with different extraction phases chemistries, including HLB/
PAN, C18/PAN, and (mixed mode) MM/PAN, were evalu-
ated. In Fig. 1., the extraction performance of each extrac-
tion phase is shown for all pesticides, along with their log P
values and retention time. Figure S1 shows further details
on the extraction performance related to each extraction
phase for all pesticides. The type and the amount of ana-
lytes extracted by the SPME fiber depend on the intermo-
lecular interactions between the extraction phase and the
analytes [1]. Based on the results obtained, the C18/PAN
extraction phase extracted pesticides with higher lipophi-
licity due to van der Waals interactions between the C18
chain of the extraction phase and pesticides. Therefore, as
shown in Fig. 1, extracted amounts by C18/PAN exhibit a
positive correlation with log P of the pesticides. Thus, late-
eluting analytes in reversed-phase chromatography using
a C18 column were extracted more efficiently than early-
eluting analytes that were extracted. In contrast, HLB/PAN
provided balanced coverage for pesticides by extracting both
early-eluting hydrophilic and late-eluting hydrophobic pes-
ticides. In fact, HLB/PAN extraction phase is made up of a
co-polymer containing divinylbenzene, which can interact
pesticides via van der Waals and n—x interaction, and hydro-
philic N-vinylpyrrolidinone, which can interact with pesti-
cides via hydrogen bonds and dipole—dipole interactions.
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MM/PAN extraction phase consists of benzenesulfonic acid,
which provides mainly ion exchange interactions and C8
groups that extract via van der Waals interactions. However,
MM/PAN did not outperform HLB/PAN for the extraction of
non-ionized pesticides. The MM/PAN and C18/PAN extrac-
tion phases showed similar extraction for moderately polar
but non-ionized pesticides (Fig. 1). For example, carbaryl
(pKa, 14.77; log P, 2.46), acetamiprid (pKa, 4.16; log P,
1.11), and carbofuran (pKa, 14.76; log P, 2.05) were not
ionized at the pH of the experiment conducted; extraction
from both MM/PAN and C18/PAN showed similar results,
suggesting that these analytes are primarily extracted via
hydrophobic groups of both extraction phases (C8 in MM/
PAN and C18 in C18/PAN). In light of all these observa-
tions, HLB/PAN was considered for further optimization,
as it avoids extraction discrimination between hydrophilic
and hydrophobic analytes.

Once the best extraction phase is selected, desorption
conditions must be tuned to guarantee the quantitative des-
orption of all targeted analytes. Firstly, a suitable desorption
solution was optimized to provide < 1% analytes carryover
left on the extraction phase. Two organic solvents (ACN and
MeOH) were tested as organic modifiers for the aqueous
solutions evaluated as desorption media. Because ACN and
MeOH can establish different intermolecular interactions
with polar and non-polar pesticides, they were selected to
be tested as desorption media [25, 26]. Figure S2 shows
the recovery of pesticides in different desorption solutions,
namely, ACN:MeOH:water (2:2:1, v:v:v), ACN:water (8:2,
v:v), MeOH:water (8:2, v:v), and MeOH:water (1:1, v:v). A
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Fig. 1 Extraction efficiency of pesticides extracted using HLB/PAN,
C18/PAN, and MM/PAN extraction phases from PBS. Extractions
were performed for 90 min, assuming equilibrium is reached for
most of the targeted analytes. The correlations between extraction
efficiency, log P values, and retention time of pesticides are also pre-
sented: (a) early-eluting pesticides, (b) late-eluting pesticides

solution of ACN:MeOH:water at the volume ratio of 2:2:1
was selected as the optimal desorption solution for SPME
since it showed overall higher recovery for all pesticides.
Desorption time was tested from 5 to 180 min. Figure S3
shows the desorption time profile for all the pesticides tested.
Following the first desorption, a second desorption was per-
formed for 180 min to assess fiber carryover. No detectable
analyte carryover was observed. A desorption time of 60 min
was selected for further studies to ensure adequate response
and better reproducibility for all the pesticides while main-
taining the analytes carryover < 1%.

According to the literature, addition of 0.1% formic acid
improves the stability of pesticide solutions due to the pH
reduction [27]. Thus, we tested pesticide stability in the
desorption solutions and assessed their potential degrada-
tion with and without addition of formic acid. Based on the
results obtained (Fig. S4), all pesticides remained stable
up to 3 weeks, both with and without formic acid in the
desorption solution. Moreover, pesticide ESI ionization did
not improve by adding formic acid to desorption solutions.
Therefore, desorption was conducted without formic acid.

Subsequently, using the optimized desorption conditions,
an extraction time profile was conducted from 500 pL of
human plasma for 5-180 min using an agitation speed of
1200 rpm. Figure S5 shows the extraction time profile for all
the tested pesticides. As the results in Fig. S5 show, only 12
pesticides achieved equilibrium by 90 min or earlier. Other
pesticides did not achieve equilibrium within the extraction
time tested. An extraction time of 90 min was selected for
further study due to the acceptable analyte response, even
though it is within pre-equilibrium range for some pesticides.

As analyte equilibrium is not achievable under a feasible
time frame, and pesticide exposure needs to be often moni-
tored at ultra-trace level, further investigation into improving
method sensitivity was required. To achieve this, pesticides
were extracted using dual SPME fibers (simultaneous extrac-
tion of samples with two SPME fibers) and compared with
single-fiber extraction [28]. According to Fig. S6, dual fiber
extraction increased the amount extracted for all pesticides
by a factor of 2. It is advantageous to use two 1-cm fibers
instead of one 2-cm fiber here, since this allows a smaller
amount of desorption solution to be used to fully submerge
the extraction phase. As a result, analyte pre-concentration
is increased.

Matrix modification

Sample matrix modification is often applied for headspace
SPME (HS-SPME) to facilitate the mass transport of free
analytes from the sample to its headspace [29]. However,
in DI-SPME, matrix modifications can be carried out to
dissociate the targeted molecules from binding media and
achieve higher free concentration of analytes in the sample

@ Springer



4428

Godage N. H. etal.

to improve SPME recovery [29]. Common matrix modifica-
tions for plasma analysis reported in the literature include
plasma dilution, salt and organic solvent addition [29]. Fig-
ure 2 illustrates the three steps used in this study to deter-
mine the optimal plasma modification procedure to enhance
the method’s sensitivity. The first step was to evaluate the
different ratios of plasma dilution with PBS buffer. PBS was
selected for diluting the plasma because it has similar pH,
osmolarity, and ionic concentration to human plasma [30].
Therefore, extraction conditions in diluted plasma were sim-
ilar to those in unmodified human plasma. Moreover, plasma
dilution with PBS may help to disrupt protein binding of
analytes, resulting in higher free analyte concentration in the
sample [14]. However, too much dilution can also decrease
the free concentration of analytes; thus, it is critical to find
the appropriate dilution ratio for this type of experiment.
Therefore, plasma was diluted with PBS to volume ratios
of plasma to PBS 3:1, 1:1, and 1:3, and the responses of
analytes extracted from each diluted plasma and pure plasma
were compared (Fig. 3, step 1). The plasma:PBS 3:1 (v:v)
dilution ratio was selected as optimal to achieve acceptable
response for the analytes and was utilized to conduct subse-
quent matrix modification steps involving organic modifiers
and salts.

The second step to matrix modification (Fig. 2, step
2), involved introducing an organic modifier, ACN, to the

/— ---------- ~
1 ‘l plasma :PBS
: H 3:1 (vwv)
: I used for Step 2 and
! i Step 3
1
= :
: plasma : PBS I
! ! N 3:1 (viv) ,' Organic modifier
Plasma diluted ~========== -7 optimization
with PBS at
different ratios %:j
LIJ
Unmodified plasma : PBS
human plasma 111 (v)

L C

lonic strength
plasma : PBS optimization
L 1:3 (vev) ]

|

Fig.2 Schematic representation of matrix modification workflow
comprised of three steps: (1) optimization of human plasma dilution
with PBS; (2) optimization of the amount of organic modifier (ACN)
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diluted plasma to improve pesticide extraction. ACN was
selected as the organic modifier to improve the extraction of
non-polar molecules more strongly bound to plasma com-
ponents. However, direct spiking of ACN into pure plasma
can cause sudden precipitation of both analytes and plasma
proteins [31]. To avoid this effect, ACN was spiked in PBS
at different concentrations, and the plasma was diluted using
the ACN solution in PBS at the optimized dilution ratio
(plasma:PBS, 3:1, v:v). For this experiment, three different
ACN solutions (1%, 10%, 30% - v:v) in PBS were prepared
and used to dilute the plasma samples to a ratio of 3:1 (v:v),
achieving ACN concentrations in diluted plasma of 0.25%,
2.5%, and 7.5%, respectively. Figure 3, step 2, illustrates
the comparison of pesticide responses between plasma with
different concentrations of ACN and plasma without modi-
fication. As indicated by the results (Fig. 3, step 2), adding
10% ACN increased the efficiency of non-polar pesticide
extraction by 40%, whereas it reduced the extraction of polar
pesticides by 21% in comparison to unmodified plasma. To
ensure adequate responses for both polar and non-polar
pesticides, ACN percentage of 10% (2.5% ACN in diluted
plasma) was selected as the optimal condition for further
optimization. The third step of the matrix modification pro-
cess involved optimizing the type and the amount of salts
required to improve the pesticide recovery. Adding salt in
solid form directly into plasma can affect its solubility and

plasma: 1% ACN in PBS
3:1 (vev)

Plasma
diluted using
1%, 10% and

30% ACN

solutions in
10% ACN in PBS PBS

-

30% ACN in PBS

1% ACN in PBS

plasma : 10% ACN in PBS
3:1 (v:v)

o
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3:1(v:v)

5:‘! 0.05 M (NH,),SO, in PBS

3:1(vev)
0.05 mol L (NH,),50, s REs
in PBS diluted using N ettt N
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QH5 I, A1) 0.5 M (NH,),SO, in PBS |
(NH,),SO, 3:1 (vv) i
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1 mol L't (NH,),S0,
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added to the diluted human plasma; (3) optimization of the amount of
salt (NH,),SO,) added to the diluted human plasma
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«Fig. 3 Heat map showing the response of pesticides for three different
steps of plasma modifications: step 1, comparison of the responses
of pesticides when extracted from unmodified plasma and diluted
plasma with PBS at different volume ratios; step 2, comparison of the
responses of pesticides when extracted from unmodified plasma and
diluted plasma containing different amounts of ACN; step 3, com-
parison of the responses of pesticides when extracted from unmodi-
fied plasma and diluted plasma containing different concentrations of
(NH4),S0,

proposed by Matuszewski et al. [34]. For SPME, the method
proposed by Matuszewski et al. was modified as follows: blank
plasma was extracted using HLB/PAN fiber and desorbed into
the optimized desorption solution (ACN:MeOH:water, 2:2:1,
v:v:v). Then, the desorption solution was spiked post-extrac-
tion with the targeted analytes at 100 ng mL~" and subjected
to LC-MS analysis. Pesticide response (peak area) was com-
pared with the peak areas obtained from a neat desorption
solvent mixture spiked at the same concentration level. Matrix
effects (%) were calculated using the following equation:

Matrix effects% = [1 - <

Pesticide peak area in desorption solution spiked post — extraction % 100
Pesticide peak area in neat desorption solution

can increase the viscosity of the plasma. Increasing viscosity
in the plasma sample decreases the efficiency of the mass
transfer of analytes to the extraction phase [32, 33]. To avoid
these complications, salt solutions at different concentra-
tions were prepared in PBS and used to dilute the plasma
according to optimized plasma dilution ratio selected in the
first step.

Firstly, salts of different chemical compositions were
tested for their effect on pesticide extraction from plasma.
The amount of pesticides extracted with and without the
addition of salts was evaluated using 0.25 mol L™! solu-
tions of NaCl, (NH,),SO,, and Na,SO, separately dissolved
in PBS. Figure S7 shows the amount of pesticides extracted
from plasma with and without the addition of salts. The
addition of (NH,),SO, to plasma increased the extraction
of all pesticides. Furthermore, different concentrations of
(NH,),SO, in PBS were used to dilute the plasma to deter-
mine which concentration improves the pesticide extraction.
According to the results shown in Fig. 3, step 3, 0.5 mol L™!
(NH,),SO, enhanced the extraction of early-eluting analytes
(log P 0.3-1.1) by 21-40%. Further increases in salt concen-
tration reduced the amount of pesticides extracted. There-
fore, introducing 0.5 mol L' (NH,),SO, to the plasma com-
pensated for the decrease in extraction efficiency for polar
analytes due to the addition of ACN. In light of the results
obtained for matrix modification experiments, PBS contain-
ing 10% ACN (2.5% in plasma) and 0.5 mol L! (NH,),S0,
was used to dilute the plasma to the ratio of 3:1 (v:v), and
these conditions were selected as optimal for further method
validation.

Matrix effect evaluation for SPME and QUEChERS
Matrix effects were evaluated for both the developed SPME

method and QUEChERS. Matrix effects (%) were calcu-
lated for the QUEChERS method according to the approach

@ Springer

According to the equation, 0% indicates no matrix effects
for analyte response, >0% indicates response enhancement,
and < 0% indicates response suppression. Matrix effects (%)
on pesticides for the SPME method were calculated using both
undiluted plasma and diluted plasma. Matrix effect (%) evalu-
ation with diluted plasma was performed under the optimized
conditions and with dual fiber extraction. For QUEChERS, it
was necessary to dilute human plasma with PBS to a volume
ratio of 1:1 to have sufficient sample volumes for the entire
extraction procedure. Therefore, we only evaluated matrix
effects for the QUEChERS method considering diluted plasma.
Moreover, to also obtain a direct comparison to the QuECh-
ERS method, matrix effects % were also calculated for SPME
when using diluted plasma in ratio of 1:1 (v:v) with PBS. Fig-
ure 4 shows matrix effects (%) of each pesticide as a function
of each pesticide’s retention time for both sample preparation
methods. For SPME, matrix effects for both diluted and undi-
luted plasma were < 5% for most of the analytes. The QUECh-
ERS method displayed matrix effects between 5 and 20%
for most analytes, except bifenthrin (21.9%) and kinoprene
(27.3%). For the QUEChERS method, most pesticides showed
increased response due to matrix enhancement effects.

Method validation comparison of SPME
and QuUEChERS

The optimized SPME and QuEChERS methods were vali-
dated and compared for their ability to accurately quantify
the pesticides targeted in this study in human plasma. SPME
and QUEChERS methods were both capable of quantifying 79
pesticides; spiromesifen, spirodiclofen, and spirotetramat were
not quantified due to their low response. Table 1 displays the
main figures of merit for both SPME and QuEChERS methods,
and pesticides are listed according to their retention time on a
C18 chromatographic column. Additional figures of merit are
reported in Table S5 in Supplementary Information. HLB/PAN
SPME fibers were able to extract 20% of the total pesticides at
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Fig.4 Matrix effects (%) of pesticides versus their retention times for the SPME (undiluted and diluted human plasma) and QuEChERS (diluted

plasma) methods

the lowest concentration level tested (0.01 ug L™"). Conversely,
only 6% of the total pesticides could be extracted by QuECh-
ERS at the same calibration level. As shown in Table S6,
acceptable accuracy and precision were achieved for both the
SPME method and QUEChERS methods. Using SPME, 92%
of pesticides provided accuracy values in the range of 70-120%
and < 25% reproducibility (RSD %). Even though QuUEChERS
method showed higher matrix effects for most of the analytes,
acceptable accuracy for the pesticides was observed at the range
of 70-120%, proving that the correction of analytes’ response
with ISD response was significant to mitigate the influence of
the matrix. To minimize matrix effects on analytes, it was cru-
cial to select internal standards that elute in different regions of
the chromatogram. Matrix effects caused by matrix components
co-eluting with analytes can be corrected by selecting internal
standards with elution times representative of the entire chro-
matographic space. Six isotopically labeled internal standards
were included in the study, and Fig. S8 shows their elution order
across the entire chromatogram. Furthermore, the developed
SPME method showed a broader linear dynamic range com-
pared to QUEChERS for most of the pesticides.

Conclusions
This novel SPME-LC-MS/MS method enables simulta-

neous multi-residue analysis of 79 pesticides in human
plasma at ultra-trace levels. The biocompatible HLB/PAN

extraction phase demonstrated remarkable biocompatibil-
ity in the plasma with negligible or no matrix effect. As
occupational exposure to pesticides can occur at varying
concentration levels, it is critical for any developed method
to quantify pesticides at low concentrations. LOQs for ana-
lytes ranged between 0.01 and 5 ug L~! for the developed
SPME protocol, with the more challenging polar pesticides
efficiently extracted and quantitated from plasma. By con-
trast, the QUEChERS method showed higher matrix effects
for most of the analytes. As a whole, LOQs were higher for
the QUEChERS method; however, the more hydrophobic
pesticides were better extracted with this sample prepara-
tion method. The SPME-LC-MS/MS method was proven
capable of quantification of pesticides in human plasma at
part per trillion levels. This method can be used in the agri-
cultural industry to better monitor pesticide exposure for
workers, especially for emerging sectors such as cannabis
cultivation. Moreover, the developed SPME method pro-
duces less laboratory waste and consumes minimal amount
of organic solvents compared to the QUEChERS method.
A summary of practical aspects (sensitivity, throughput,
matrix effects, solvent consumption, production of labora-
tory waste) of both the developed SPME and the QuECh-
ERS methods is highlighted in Table S7. To meet the grow-
ing demands of regulatory agencies and routine analysis
laboratories, sample throughput and method tunability is
critical. The SPME method proposed can be automated
to extract 96 samples simultaneously with 96 concepts
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Table 1 Figures of merit obtained from the validation of DI-SPME-LC-MS/MS method and the QUEChERS-LC-MS/MS method for analysis
of pesticides from human plasma. This includes selected analytes which elute at the beginning, middle, and end of the chromatogram

Pesticides RT (min) DI-SPME-LC-MS/MS QuEChERS-LC-MS/MS
Linearity (R*) LDR (ugL™") LOQ (ug Weighting Linearity LDR (ug LOQ (ug Weighting
L™ ) L™ L™

Dinotefuran 2.8 0.9925 0.01-100 0.01 1/X 0.9954 1-100 1 1/X
Thiameth- 3.1 0.9971 0.01-100 0.01 1/X 0.9972 0.05-100 0.05 1/X
oxam

Imidacloprid 3.3 0.9998 0.01-100 0.01 17X 0.9946 0.1-100 0.1 17X
Clothianidin 3.3 0.9951 0.1-100 0.1 17X 0.9965 1-100 1 17X
Dimethoate 3.5 0.9978 0.01-100 0.01 17X 0.9978 0.1-100 0.1 17X
Acetamiprid 3.5 0.9968 0.01-100 0.01 17X 0.9983 0.1-100 0.1 17X
Thiacloprid 3.6 0.9974 0.01-100 0.01 17X 0.9974 0.01-100 0.01 17X
Mevinphos 3.7 0.9976 0.01-100 0.01 1/X 0.9975 1-100 1 17X
Aldicarb 39 0.9876 0.01-80 0.01 17X 0.9876 1-80 1 NW
Thiophanate 4.0 0.9941 0.05-80 0.05 17X 0.955 1-100 1 17X
methyl

Pirimicarb 4.0 0.9954 0.05-100 0.05 1/X 0.9955 1-100 1 1/X
Propoxur 42 0.9956 0.01-100 0.01 1/X 0.9921 1-100 1 NW
Carbofuran 4.3 0.9998 0.05-100 0.05 1/X 0.9974 0.1-100 0.1 1/X
Cyan- 44 0.9997 0.05-100 0.05 1/X 0.9961 0.05-100 0.05 1/X
traniliprole

Carbaryl 44 0.9939 0.01-100 0.01 1/X 0.9977 1-100 1 1/X
Imazalil 44 0.9961 0.05-100 0.05 1/X 0.9961 1-100 1 /X
Fensulfothion 5.1 0.9972 0.05-100 0.05 1/X 0.9964 0.1-100 0.1 /X
Chlorant- 52 0.998 0.05-100 0.05 1/X 0.9934 1-100 1 /X
raniliprole

Metalaxyl 5.2 0.9903 0.01-80 0.01 17X 0.9961 1-100 1 17X
Paclobutrazol 5.9 0.9964 0.1-100 0.1 17X 0.9968 1-100 1 17X
Cyprodinil 6.8 0.9955 0.1-100 0.1 17X 0.9975 0.1-100 0.1 17X
Tebuconazole 7.0 0.9955 0.05-100 0.05 17X 0.9954 1-100 1 17X
Diazinon 7.1 0.997 0.01-100 0.01 17X 0.9981 0.1-100 0.1 17X
Coumaphos 7.1 0.9904 0.05-100 0.05 17X 0.9978 0.1-100 0.1 17X
Pyraclos- 7.3 0.9958 0.1-100 0.1 17X 0.9987 0.1-100 0.1 17X
trobin

Clofentezine 7.3 0.9943 0.1-100 0.1 1/X 0.9983 1-100 1 1/X
Propiconazole 7.4 0.997 0.05-100 0.05 1/X 0.9985 1-100 1 1/X
Triflox- 7.7 0.9918 0.1-100 0.1 /X 0.9981 0.05-100 0.05 1/X
ystrobin

Chlorpyrifos 8.9 0.9927 0.01-100 0.01 17X 0.9988 0.05-100 0.05 17X
Hexythiazox 9.0 0.9957 1-100 1 17X 0.9989 0.05-100 0.05 17X
Etoxazole 9.1 0.991 1-100 1 17X 0.9988 0.01-100 0.01 17X
Cypermethrin 9.8 0.893 5-100 5 17X 0.8932 5-100 5 17X
Deltamethrin  10.4 0.9942 1-100 1 17X 0.9979 0.1-100 0.1 17X
Fenpyroxi- 10.6 0.9963 1-100 1 NW 0.9981 0.1-100 0.1 NW
mate
Pyridaben 11.0 0.9928 0.05-100 0.05 17X 0.9981 0.01-100 0.01 17X
Resmethrin 11.1 0.9963 1-100 1 1/X 0.9944 1-100 1 1/X
Permethrin 11.1 0.983 5-100 5 17X 0.9966 1-100 1 17X
Methoprene  11.6 0.9929 1-100 1 1/X 0.9976 1-100 1 /X
Phenothrin 11.6 0.9872 1-100 1 1/X 0.9949 1-100 1 /X
Etofenprox 11.8 0.985 5-100 5 17X 0.9983 0.1-100 0.1 NwW
Bifenthrin 11.8 0.9872 5-80 5 1/X 0.9966 0.1-100 0.1 1/X
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Table 1 (continued)
Pesticides RT (min) DI-SPME-LC-MS/MS QuEChERS-LC-MS/MS
Linearity (R?) LDR (ugL™") LOQ (ug Weighting Linearity LDR (ug LOQ (ug Weighting
L™ (R L™ L™
Kinoprene 12.2 0.9845 5-80 5 /X 0.9936 5-100 5 1/X
NW no weighting
autosamplers compatible to 96 well plates, allowing the 10. Pinkhasova DV, Jameson LE, Conrow KD, Simeone MP, Davis

preparation time per sample to be about 1.7 min. Further-
more, the SPME extraction phase chemistry can be easily
tuned to enhance selectivity for different pesticide classes.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00216-023-04589-8.
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