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ABSTRACT: Despite being regarded as safer alternatives to legacy
pesticides, current-use pesticides (CUPs) are now identified as emerging
contaminants with growing evidence of their toxicity to wildlife and
humans. In this study, we collected matched samples of indoor dust,
drinking water, and urine from 81 households in Indiana, United States,
and analyzed these samples for 82 CUPs, including 48 insecticides, 25
herbicides, and 9 fungicides. Of these, 47 CUPs were identified across
samples of indoor dust, drinking water, and urine with median total CUP
(∑CUP) concentrations of 18 300 ng/g, 101 ng/L, and 2.93 ng/mL,
respectively. Notably, concentrations of neonicotinoids (NEOs) in indoor
dust were higher than those reported in other studies. Herbicides were the
most abundant CUPs detected in drinking water, constituting 55% of the
∑CUP concentrations. Insecticides were the most abundant CUP group
detected in urine (median total insecticide concentration: 2.30 ng/mL), followed by herbicides (median: 0.409 ng/mL) and
fungicides (median: 0.0531 ng/mL). The highest estimated daily intake (EDI) from drinking water and dust exposure was found for
imidacloprid, with a median value of 1.00 ng/kg of body weight/day. Our results show that indoor dust is a significant exposure
pathway for most insecticides and fungicides, while herbicides are mainly consumed through drinking water. In addition, the toxicity
equivalent factor model, incorporated with data retrieved from the ToxCast database, indicated that imidacloprid poses the greatest
health risk based on its high exposure levels and toxicity. This study underscores the importance of monitoring CUPs in indoor
environments and sheds light on their potential health risks.
KEYWORDS: current-use pesticides, ToxCast, indoor dust, drinking water, urine, risk prioritization

■ INTRODUCTION
Pesticides, including insecticides, herbicides, and fungicides,
are extensively used in agriculture to boost crop yields as well
as in urban settings for landscape maintenance and household
pest control.1 Global pesticide use exceeded 4 million tons in
2019.2 The adverse environmental and human health effects of
pesticides have become a public health concern since the
publication of Rachel Carson’s book Silent Spring.3,4 Due to
their persistence, bioaccumulation, and toxicity, many
pesticides, such as dichlorodiphenyltrichloroethane (DDT),
have been restricted under the Stockholm Convention for
persistent organic pollutants (POPs).5−7 These regulatory
actions have accelerated the shift toward the adoption of their
replacements, current-use pesticides (CUPs), which are
generally marketed as safer alternatives.8

However, a growing body of research shows that CUPs are
emerging environmental contaminants that can be toxic to
wildlife and humans.9 Exposure to certain CUPs has been
associated with various adverse health effects, including
oxidative stress, alterations in DNA methylation, and changes
in thyroid hormone levels.10,11 For example, because of their

endocrine disrupting properties and potential health effects
such as developmental neurotoxicity and carcinogenicity,
pyrethroid pesticides (PYPs) have been added to the list of
priority chemicals for human biomonitoring.12 Moreover,
neonicotinoid pesticides (NEOs) have emerged as commonly
used insecticides, yet their widespread use is alarming because
of the severe toxicity to honeybees and possible adverse effects
on mammalian nervous and reproductive systems.12

People spend most of their time indoors, thus, the indoor
environment is important when considering exposure to
environmental contaminants.13,14 Indoor dust has long been
recognized as a contaminant sink and intake through indoor
dust is an important exposure pathway for many environmental
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pollutants, including CUPs.15−17 In addition to indoor dust,
CUPs have been found in drinking water and water
consumption is considered as a significant exposure route for
certain CUPs, given their higher hydrophilicity compared to
legacy pesticides.18−21 Thus, examining the occurrence of
CUPs in indoor dust and drinking water is important for
characterizing external human exposure.22−24 Moreover,
previous studies have identified various pesticides and their
metabolites in human urine, including organophosphates
(OPs), PYPs, and NEOs,25,26 and provide evidence of the
internal exposure dose of CUPs in humans. Multimedia
exposure assessment is crucial for evaluating exposure
pathways and estimating total exposure. This approach is
particularly effective when environmental and biological
samples are collected simultaneously from study participants.
However, conducting multimedia exposure assessments is
challenging, and studies evaluating CUPs in paired environ-
mental and biological samples remain limited.27

Moreover, one of the main challenges in performing
exposure assessment studies for CUPs lies in the difficulties
of the analysis of CUPs in various matrices. CUPs are a diverse
group of chemicals that includes over 1800 active compounds
characterized by a wide range of physicochemical properties.28

The octanol−water partitioning coefficients of CUPs range
from < −3 to >7, and water solubility values span from 1 μg/L
to 10 g/L.18 These distinct characteristics of various CUPs
significantly affect their detection in various biotic and abiotic
samples.29 Additionally, evaluating the toxicity of such a
diverse group of chemicals is also challenging as conducting
case-by-case toxicity assessments is not feasible.28 The EPA’s
ToxCast database has conducted in vitro toxicity assays for
over 700 end points of 1800 chemicals, including CUPs.30

Recently, this high-throughput toxicity screening data has been
successfully applied to risk assessment and prioritization of
environmental contaminants in dust,31 sediment and
water,32,33 providing an opportunity to evaluate the health
risks posed by CUPs.

In this study, we utilized a multimedia exposure assessment
approach, focusing on assessing the occurrence of CUPs in
indoor dust, drinking water, and in urine. We collected paired
samples of indoor dust, drinking water and urine from 81
participants residing in Indiana, United States, and analyzed
them for 82 CUPs, including 48 insecticides, 25 herbicides,
and 9 fungicides. The objectives of this study were to (1)
characterize the occurrence and distribution pattern of CUPs
in matched environmental and biological matrices collected
from this population, (2) evaluate intakes of CUPs from
indoor dust and drinking water, and (3) assess health risks and
prioritize toxicity of CUPs based on actual exposure dose and
the EPA’s ToxCast model.

■ MATERIALS AND METHODS
Sample Collection and Analysis. A total of 81

participants were recruited in the State of Indiana, United
States, from the Person-to-Person (P2P) Health Interview
Study cohort (https://precisionhealth.iu.edu/get-involved/
person-to-person.html). The study was approved by the
Indiana University Institutional Review Board, and all
participants signed an informed consent form before
participating. Demographic, behavioral, and housing informa-
tion were collected from each participant using questionnaires
administered during sample collection. A summary of
participants’ demographic and housing characteristics (n =

81) is provided in Table S1. Indoor dust, drinking water, and
urine samples were all paired and collected on the same day
(one indoor dust, water, and urine sample per participant; total
n = 243; 3 samples per participant) during August−December
2020. All samples were kept in cooler ice packs before being
delivered to the laboratory at the end of each sampling day.
Samples were stored at −20 °C before analysis.34 Once the
samples were thawed, they were processed as quickly as
possible to minimize sample degradation and loss at room
temperature. The pretreatment methods for processing indoor
dust, drinking water, and urine followed the protocols
established in previous studies with minor modifications.8,35,36

All dust samples were sieved using a 500 μm mesh size sieve.
Approximately 100 mg of the sieved dust was spiked with
surrogate standards and sonicated in 4 mL methanol for 1 h.
The mixture was centrifuged at 3000 rpm for 5 min, the
supernatant was transferred to a clean tube, and the extraction
was repeated twice. The supernatants were combined, and the
resulting extract was concentrated to 500 μL.

Samples of drinking water (300 mL each) were spiked with
surrogate standards and loaded into 50 mL reservoirs coupled
with Strata-X-AW cartridges (6 mL, 150 mg, 30 μm),
preconditioned with 6 mL of methanol and then 6 mL of
water. The columns were washed with 6 mL water and 6 mL
5% methanol in water, then allowed to dry completely under a
vacuum and the targeted analytes were eluted with 6 mL of
methanol (5% formic acid). The extracts were concentrated to
dryness and reconstituted in 200 μL methanol.

Urine samples (1 mL each) were diluted with 1 mL
phosphate buffer (0.1 M, pH 6.0) and then treated with 20 μL
β-glucuronidase/aryl sulfatase enzyme solution [1000 units/
mL in 1 M sodium acetate buffer (pH 5)] at 37 °C for 2 h. The
samples were then fortified with surrogate standards and
loaded onto Strata-X-AW cartridges (3 cm3, 60 mg, 30 μm).
The target analytes were eluted with 5 mL of 5% formic acid in
methanol. The extract was then concentrated to dryness under
a nitrogen gas blow down and reconstituted in 200 μL of
methanol. The urine specific gravity was determined using a
refractometer and urinary CUP concentrations were adjusted
accordingly.

All extracts (indoor dust, water and urine) were filtered
through 0.2 μm nylon syringe filters and spiked with a mixture
of internal standards before instrumental analysis.
Instrumental Analysis. Eighty-two CUPs, including 48

insecticides, 25 herbicides, and 9 fungicides, were included in
this analysis. The complete list of target analytes is provided in
Table S2. An ultraperformance liquid chromatograph coupled
with a triple-quadrupole mass spectrometer (Agilent 1290
Infinity II UPLC−6470 QQQ-MS) in the positive and
negative electrospray ionization (ESI+ and ESI−) mode was
used for the instrumental analysis. Chromatographic separation
was achieved using an Acquity UPLC BEH C18 column (50 ×
2.1 mm, 1.7 μm, Waters) at 40 °C. Mobile phases in negative
mode consisted of 2 mM ammonium acetate in water (A) and
2 mM ammonium acetate in methanol (B), and the gradient
was 10% B for 0.5 min initially, ramped to 40% B at 1 min, and
then increased to 100% B at 17.5 min. For the positive mode,
the mobile phase consisted of 0.1% formic acid in water (A)
and 0.1% formic acid in methanol (B), and the gradient was
10% B for 0.5 min initially, ramped to 40% B at 1 min, and
then increased to 100% B at 17.5 min. The instrument was
equilibrated for 3.5 min after every run. The injection volume
was 5 μL. The nebulizer, gas flow, capillary voltage, sheath gas
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temperature, and sheath gas flow for the negative mode, were
set to 20 psi, 10 L/min, 3000 V, 200 °C, and 10 L/min,
respectively; and were set to 30 psi, 12 L/min, 2500 V, 250 °C,

and 10 L/min, respectively, for the positive mode. Data
acquisition was conducted in a multiple reaction monitoring
(MRM) mode. The optimized MRM transitions, fragmentors,

Table 1. Detection Frequencies (DF, %) and Minimum (Min), Maximum (Max) and Median Concentrations of Current-Use
Pesticides (CUPs) Detected in Indoor Dust (ng/g), Drinking Water (ng/L) and Urine (ng/mL) [Only Concentrations above
the MDLs Are Included in the Analysis]

indoor dust drinking water urinea

group DF min max median DF min max median DF min max median

Insecticides
acetamiprid NEOs 100 2.36 30300 46.1 0 0
clothianidin NEOs 70 ND 263000 151 43 ND 18.8 4.84 0
dinotefuran NEOs 96 ND 336000 1300 11 ND 19.9 5.58 6.2 ND 15.0 2.03
imidacloprid NEOs 100 5.41 833000 1390 75 ND 30.5 6.70 42 ND 26.9 1.91
thiacloprid NEOs 16 ND 24.4 12.8 0 0
thiacloprid-amide NEOs 0 28 ND 7.01 0.811
thiamethoxam NEOs 11 ND 303 51.0 38 ND 4.55 0.748 28 ND 7.41 2.29
NDMA NEOs 14 ND 151 32.0 18 ND 0.142 0.0277 54 ND 6.57 0.161
6-CNA NEOs 91 ND 4230 1110 0 0
diazinon OPs 23 ND 63.8 5.97 4.2 ND 0.541 0.0105 0
ethoprophos OPs 0 25 ND 0.0807 0.0415 59 ND 0.368 0.0228
malathion OPs 28 ND 889000 202 13 ND 2.94 2.74 0
IMPY OPs 98 ND 3000 243 97 ND 463 31.1 32 ND 4.49 0.421
PNP OPs 99 ND 1710 152 90 ND 268 3.49 0
TCPγ OPs 47 ND 23400 365 28 ND 289 57.2 0
fipronil PPs 88 ND 14900 111 0 0
desulfinyl fipronil PPs 44 ND 762 7.58 0 0
fipronil sulfone PPs 98 ND 8080 77.5 0 0
3-PBA PYPs 53 ND 16900 720 0 0
4-F-3-BA PYPs 22 ND 1790 57.0 0 0
fenpropathrin PYPs 27 ND 19600 8020 0 0
carbaryl others 58 ND 409000 149 0 0
∑insecticides 100 70.7 905000 13400 100 1.71 472 45.6 86 ND 27.9 2.30

Herbicides
atrazine triazines 63 ND 266 9.77 76 ND 977 10.5 0
OIET triazines 25 ND 45.2 13.7 79 ND 559 20.3 0
OIAT triazines 0 99 ND 55.2 4.69 0
CIAT triazines 0 81 ND 413 6.66 0
prometon triazines 65 ND 698 7.43 71 ND 37.1 1.87 0
simazine triazines 8.6 ND 102 3.13 56 ND 189 1.45 0
acetochlor α-CAM 14 ND 312 31.4 50 ND 27.6 0.414 28 ND 0.198 0.0279
alachlor α-CAM 46 ND 103 9.44 42 ND 2.67 0.471 91 ND 2.62 0.327
metolachlor α-CAM 81 ND 315 16.7 68 ND 795 6.68 60 ND 0.0438 0.0165
acetochlor OA α-CAM 0 22 ND 46.0 7.42 0
metolachlor OA α-CAM 0 81 ND 301 14.1 0
2,4-D others 98 ND 29500 976 56 ND 495 16.4 0
diuron others 83 ND 18400 70.8 39 ND 11.3 0.265 33 ND 0.339 0.0639
flumetsulam others 0 53 ND 19.6 0.902 0
pendimethalin others 4.9 ND 302 73 0 0
mesotrione others 0 22 ND 8.45 0.361 9.9 ND 1.06 0.637
∑herbicides 100 10.3 30100 1160 100 1.27 2700 51.3 93 ND 2.70 0.409

Fungicides
myclobutanil azole 51 ND 719 7.21 35 ND 3.89 0.599 25 ND 0.0814 0.0223
metconazole azole 0 0 1.2 ND 0.0106 0.0106
propiconazole azole 65 ND 665 24.2 35 ND 1.24 0.157 0
tebuconazole azole 100 1.21 5000 156 61 ND 15.4 2.07 0
azoxystrobin strobilurin 95 ND 2650 114 38 ND 15.0 1.60 16 ND 0.242 0.0212
pyraclostrobin strobilurin 4.9 ND 1110 344 18 ND 0.0901 0.0356 3.7 ND 0.0518 0.0146
boscalid amide 75 ND 3560 325 26 ND 11.2 1.59 12 ND 2.67 1.20
metalaxyl amide 0 44 ND 7.50 0.285 38 ND 0.414 0.0427
carbendazim others 60 ND 5480 234 0 0
∑fungicides 100 4.34 7170 995 75 ND 42.8 2.06 63 ND 2.79 0.0531
∑CUPs 100 85.4 906000 18300 100 3.70 3110 101 95 ND 28.3 2.93

aUrine concentrations were adjusted for specific gravity.
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and collision energies for target analytes, surrogate, and
internal standards are obtained using the MassHunter
Optimizer (Table S4).
Quality Assurance and Control. Procedural blank and

matrix spike samples were analyzed along with each batch of
12 samples. The spike amounts and recoveries for each analyte
are provided in Table S3. The results for procedural blanks,
field blanks, and MDLs are included in Table S5. MDLs
ranged from 0.01 to 2.49 ng/g in indoor dust, from 0.01 to
0.06 ng/L in drinking water, and from 0.01 to 1.75 ng/mL in
urine, respectively. The highest MDL was found for IMPY
across all matrices due to its relatively high procedural blank
contamination. The absolute recoveries for all analytes in
matrix spike samples ranged from 47 to 140%. Recoveries for
surrogate standards ranged from 76 ± 5.3 to 124 ± 2.4% in
indoor dust; 69 ± 1.5 to 78 ± 3.8% in water; and 45 ± 3.6 to
96 ± 3.1% in urine (Table S6). Quantification of the target
analytes and surrogate standards was performed by isotope
dilution of the internal standards using calibration curves with
concentration ranges of 0.1−500 ng/mL. Correlation co-
efficients in linearity tests were all >0.99, and samples with
concentrations exceeding the linearity ranges were diluted to
achieve the levels within the concentration ranges of the
calibration curves. Identification and quantitation of target
analytes were performed on Agilent’s MassHunter Quantitative
Analysis Software (version B.08.00), with a retention time
tolerance of ±0.1 min.
Estimated Daily Intake Calculation. Estimated daily

intake (EDI) was calculated for dust intake (ingestion +
dermal absorption), and drinking water intake using eq 1.23,37

= × × + × ×

× + ×

C Q F C

F C

EDI ( BSA DAS

DWI)/BW

dust dust uptake dust

skin water (1)

Cwater and Cdust are the median concentrations of a CUP
detected in drinking water (ng/L) and indoor dust (ng/g),
respectively, DWI is the daily drinking water intake: 0.028 L/
kg/day, Qdust is the dust ingestion rate: 30 mg/day.38 Fuptake is
the uptake fraction of a CUP through dust ingestion: 0.8
(unitless), BSA is the exposed body surface area: 4615 cm2 and
DAS is the amount of dust that adhered to skin: 0.01 mg/cm2

and Fskin is the fraction of CUP absorbed by the skin: 0.48
(unitless),39 BW is the body weight (kg).
Toxic Equivalency Calculation. The toxic equivalency

(TEQ) model has been successfully adopted to prioritize the
toxicity of different environmental contaminants.31,40 Due to
potential significant interspecies differences, human cell line
assays and reporter constructs from the ToxCast program were
employed in this study to assess the effects of chemical
exposures on toxicity pathways relevant to human diseases.41,42

Since biological activity data are not available for all CUPs
targeted in this study and for each assay, we focused on the 66
assays retrieved from the ToxCast database that included our
CUP analytes to assess their bioactivities. The details of assay
selection are provided in the Supporting Information [ToxCast
assay description (Excel)].

A toxicity potential for each CUP was estimated as a TEQ
value, which was calculated by multiplying the weighted
median EDI of a CUP analyte by its toxic equivalency factor
(TEF). In each assay from the ToxCast dashboard, the
concentration at 50% of maximum activity (AC50) was
extracted. The TEF was calculated on the basis of AC50 in
relation to the most potent positive control that was retrieved

from the EPA iCSS ToxCast Dashboard. Within a specific
assay, CUP with the minimal AC50 was considered as a positive
control, and its TEF was referred to as 1. The TEQ of each
CUP and its share in the total TEQ were then calculated. TEF
and TEQi data were provided in the Supporting Information
[Detailed information on TEF and TEQi (Excel)]. The TEF
and TEQi were determined by using eqs 2 and 3.

=TEF
AC

AC i

50 min

50 (2)

= × ×TEQ (%)
TEF EDI

TEQ
100%i

i i

Total (3)

Initially, 45 of the 47 detected CUPs were included in EDI
calculations, excluding thiacloprid-amide and metconazole,
which were only detected in urine, a matrix not incorporated
into our EDI model based on dust and water exposure.
Subsequently, TEFs were assigned to 33 out of the 45 CUPs
based on their availability in the ToxCast’s data set. Finally,
TEQs were calculated for 22 out of these 33 CUPs, for which
median EDIs were above zero.
Data Analysis. The reported concentrations were blank-

corrected by subtracting the average blank levels from sample
levels. For the descriptive statistics, only levels above MDL
were used. For the correlation analysis, nondetects were
replaced with 1/2 MDL.43 CUP concentrations were in
skewed distribution and therefore were logarithmically trans-
formed for downstream analyses. Correlations between the
concentrations of CUPs detected in more than 50% of the
samples and demographic or housing characteristics were
examined using Spearman correlation coefficients. A Mann−
Whitney test was used for the comparison between the
logarithmically transformed CUP concentrations in indoor
dust from homes with different vacuuming frequencies, as well
as in different drinking water sources. All statistical analyses
were conducted using IBM SPSS Statistics 24 and Sigma Plot
13.

■ RESULTS AND DISCUSSION
Concentrations. Overall, 47 out of the 82 targeted CUPs

were detected across indoor dust, drinking water, and urine
samples (Table 1). The rest of the targeted CUPs (35
compounds) were not detected and are not discussed further.
Indoor Dust. Thirty-seven CUPs were detected in indoor

dust with the ∑CUPs concentrations ranging from 85.4 to
906 000 ng/g (median: 18 300 ng/g). Among the detected
CUPs, 20 were insecticides, 10 were herbicides, and 7 were
fungicides with corresponding median total concentrations of
13 400, 1160, and 995 ng/g, respectively.
Insecticides. The 20 insecticides identified in indoor dust

can be classified into four distinct categories according to their
mode of action,44 including NEOs, OPs, phenyl-pyrazoles
(PPs), and PYPs. The most abundant group found in indoor
dust were NEOs and their degradation products, contributing
more than 70% to the total insecticide concentrations. Most
NEOs, including acetamiprid, clothianidin, dinotefuran, and
imidacloprid, were detected in 70−100% of indoor dust
samples at median concentrations ranging from 46.1 to 1390
ng/g, except for thiacloprid and thiamethoxam, which had
lower detection frequencies (DFs: 16% and 11%, respectively).
Imidacloprid is the most widely used NEO in the United
States,45 which may explain its prevalence in indoor dust
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(median: 1390 ng/g). Interestingly, 6-chloronicotinic acid (6-
CNA), a common NEO degradation product, was detected in
91% of the samples (median: 1110 ng/g), while N-desmethyl-
acetamiprid (NDMA), a transformation product of acetami-
prid, was detected less frequently (14%) and at much lower
concentrations (median: 32.0 ng/g). One possible explanation
could be that 6-CNA can be transformed from 4 common
NEOs (including imidacloprid, acetamiprid, nitenpyram and
thiacloprid) which were all detected at relatively high
concentrations in indoor dust, whereas NDMA can only be
formed from acetamiprid.45

Overall, the median total NEOs concentration in indoor
dust was 4100 ng/g, approximately 3 orders of magnitude
higher than that reported in urban settings.46−48 It has been
shown that NEOs can be released into the air and undergo
long-range atmospheric transport to residential areas after they
have been used in agricultural applications.49,50 This
phenomenon has been reported for the Midwestern region
of the United States, that includes Indiana.51 A study in
Nebraska found elevated NEO concentrations in indoor air
and dust in homes near agricultural fields,52 suggesting that
outdoor use of pesticides on agricultural fields may result in
higher indoor levels in nearby homes. Another explanation for
the high levels of NEOs found in indoor dust could be their
widespread use in domestic pet deworming products.53,54 For
example, a recent study reported high concentrations of
imidacloprid in dog and cat urine (medians: 1.06 and 15.1 ng/
mL, respectively) from pets treated with flea control
products.55,56

Five OPs and their transformation products were detected in
indoor dust, including diazinon, malathion, 2-isopropyl-4-
methyl-6-hydroxypyrimidine (IMPY), p-nitrophenol (PNP),
and 3,5,6-trichloro-2-pyridinol (TCPγ). TCPγ, the primary
degradation product of chlorpyrifos, was the most abundant
OP found in these samples at a median concentration of 365
ng/g. IMPY and PNP were detected in more than 90% of the
samples at median concentrations of 243 and 152 ng/g,
respectively. In contrast, diazinon, the parent compound of
IMPY, was detected in only 24% of the indoor dust samples
with a median concentration of 5.97 ng/g. These diazinon
concentrations were generally lower than those in several
previous studies (ND−63.8 ng/g vs 1−7170 ng/g).57−59 As
the United States Environmental Protection Agency restricted
the use of OPs in residential applications in 2001, the frequent
detection of diazinon, IMPY, PNP, and TCPγ may be related
to agricultural drift from farmlands.60 In contrast, malathion,
the only OP that is used for residential lawn care,57 was
detected only in 13% of the samples, however its maximum
concentrations reached 889 000 ng/g.61 Malathion degrades
rapidly, with approximately 90% of it breaking down within 24
h,62 thus high levels of malathion in indoor dust may indicate
recent application in the vicinity of these homes.

Three PYPs and their degradation products were detected in
27−53% of the samples. Among these, fenpropathrin, 3-
phenoxybenzoic acid (3-PBA), and 4-fluoro-3-phenoxybenzoic
acid (4-F-3-BA) were found at median concentrations of 8020,
720, and 57.0 ng/g, respectively. As PYPs are mainly used in
the U.S. for home pest control,63 the application of these
insecticides can differ significantly in terms of individual
choices. Consequently, PYP concentrations in these indoor
dust samples ranged from nondetectable to several μg/g levels,
and this distribution pattern is similar to what has been
previously found for indoor dust from New Jersey and

Brazil.63,64 In addition, given the restrictions on residential
use of OPs,60 the use of PYPs for indoor pest control in the
United States has increased.65 In fact, PYP concentrations in
indoor dust were over an order of magnitude higher than those
previously found in the United States.66,67

Fipronil, commonly applied for urban pest control and lawn
care,68,69 was frequently detected in indoor dust (DF: 88%)
and had a maximum concentration of 14 900 ng/g. Temper-
ature plays a significant role in determining the environmental
fate of fipronil. In warmer climates, desulfinyl fipronil is the
main photodegradation product of fipronil.70 We found
desulfinyl fipronil in less than half of the indoor dust samples
from Indiana and at relatively low concentrations (DF: 44%;
median: 7.58 ng/g), while another fipronil degradation
product, fipronil sulfone was found in 98% of the indoor
dust samples and at a higher concentration (median 77.5 ng/
g). This disparity was most probably because of the cooler
temperatures in Indiana that affect degradation processes of
fipronil in the environment. A similar finding was reported
from Northern Italy,71 a region with a similar climate to
Indiana.
Herbicides. Herbicides were frequently detected in indoor

dust samples at a median total concentration of 1170 ng/g.
The detection frequencies and concentrations of certain
herbicides in indoor dust were generally lower than those of
insecticides. The most abundant herbicide detected in indoor
dust was 2,4-dichorophenoxyacetic acid (2,4-D), which
constituted more than 85% of the total herbicide concen-
trations. The levels of 2,4-D in indoor dust (median: 976 ng/
g) from Indiana were much higher than those found in Ohio
and North Carolina (156 and 47.5 ng/g, respectively).72 2,4-D
has a short half-life of 1.5 days,73 thus its widespread
occurrence may indicate a recent application in the vicinity
of the sampling area. Residential applications (e.g., gardens and
lawns) of 2,4-D and diuron have been banned in the United
States since 2001.60 Thus, their prevalence in indoor dust
could be indicative of a drift from agricultural applications in
Indiana. Diuron was also frequently detected (DF: 83%) and
measured at a median concentration of 70.8 ng/g. Metolachlor,
prometon and atrazine were detected in 81, 65, and 63% of the
samples, respectively, but at lower concentrations (medians:
16.7, 7.43, and 9.77 ng/g, respectively) compared to 2,4-D and
diuron. Other herbicides were detected in less than half of the
samples.
Fungicides. Azole, strobilurin and amide fungicides were

found in all indoor dust samples at a median total
concentration of 995 ng/g. Boscalid was the most abundant
fungicide detected in indoor dust with a median concentration
at 325 ng/g, followed by carbendazim (median: 234 ng/g),
tebuconazole (156 ng/g), and azoxystrobin (114 ng/g). The
boscalid level in Indiana was comparable to that reported in
Washington.74 The detection frequency of carbendazim was
relatively lower compared to that reported in China, however,
the concentration of carbendazim measured in the current
study was much higher (medians: 234 ng/g vs 35.8 ng/g,
respectively).46 Tebuconazole was ubiquitous in indoor dust
(median: 156 ng/g), which was orders of magnitude higher
than those found in China (0.21−1.44 ng/g) and Washington
(1−2 ng/g).74,75 A higher concentration of azoxystrobin
(median: 114 ng/g) was found in our study than that in
Washington and North Carolina.74,76

Drinking Water. Thirty-three CUPs were detected in
drinking water at a median ∑CUP concentration of 101 ng/L.
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Among these, 11 insecticides, 15 herbicides, and 7 fungicides
were detected at median total concentrations of 45.6, 51.3, and
2.06 ng/L, respectively. About 10% of the drinking water
samples analyzed here had ∑CUP concentrations above 0.5
μg/L, which is the maximum allowable total pesticide
concentration established in the European Union.77

Insecticides. Five NEOs were identified in drinking water
with median concentrations ranging from 0.0277 to 6.70 ng/L
(median total NEOs concentration: 17.9 ng/L), which were
comparable to those reported in other studies.22,78−80 OPs
were more frequently detected compared to NEOs and found
at higher concentrations (median total OP concentration: 99.4
ng/L). IMPY and PNP were detected in more than 90% of the
samples at median concentrations of 31.1 and 3.49 ng/L,
respectively. While several water treatment processes, such as
granular activated carbon filtration, powdered activated carbon
contact, and bacteria degradation, have been shown to be
effective in removing most of the pesticide residues from
drinking water sources,81,82 removal of some OPs has been
reported to be less efficient compared to other pesticides.83,84

Other OPs, including diazinon, ethoprophos, and malathion,
were less frequently detected, whereas PPs and PYPs were not
detected in any of the samples, probably due to their low
solubility.49

Herbicides. Sixteen herbicides were found in drinking
water samples. Herbicides were the predominant group of
CUPs in drinking water samples and contributed 55% to the
∑CUP concentrations (Figure 1). Atrazine and its derivatives
were the predominant herbicides detected in drinking water,
constituting over 50% of the total herbicide concentrations.
This finding aligns with previous studies that have reported
atrazine and its derivatives in drinking water in North
America.85,86 The median concentrations of atrazine, 2-
hydroxyatrazine (OIET), 2-hydroxy-4-isopropylamino-6-
amino-s-triazine (OIAT), and desethyl-atrazine (CIAT),
ranged from 4.69 to 20.3 ng/L. These levels were considerably
higher than those of prometon and simazine, (medians: 1.87
and 1.45 ng/L, respectively). The elevated concentrations of

atrazine and its derivatives can be attributed to their frequent
use as well as their higher persistence compared to other s-
triazine compounds.87 Additionally, the detection frequencies
of atrazine derivatives were higher than those of their parent
compound (79, 99, and 81 vs 76%), a trend also noted in a
previous Iowa study.87 It should be noted that more than 13%
of the drinking water samples had an atrazine level over 100
ng/L, a concentration potentially associated with an increased
risk of small-for-gestational-age birth.88

Five α-CAM (α-chloroacetamide) herbicides, including
acetochlor, metolachlor, alachlor, acetochlor OA, and metola-
chlor OA, were detected in 22−81% of the drinking water
samples. The median total concentration of α-CAM herbicides
was 15.8 ng/L, with a maximum concentration reaching 1050
ng/L. The ubiquitous detection of α-CAM herbicides and their
transformation products has been previously reported in
drinking water samples collected from the Midwestern region
of the United States.89

Fungicides. Seven fungicides across 3 different categories
were detected in drinking water with a median total
concentration of 2.06 ng/L. Tebuconazole was the only
fungicide detected in over half of the samples, while other
compounds were less frequently detected (<44%). These
infrequent detections may be attributed to the effective water
treatment removal, as research has shown that drinking water
treatment plants can efficiently remove various types of
fungicides, achieving removal efficiencies of 86% for
propiconazole, 88% for tebuconazole, and 100% for
azoxystrobin.90

Urine. Nineteen CUPs were detected in urine, with a
median ∑CUP concentration of 2.93 ng/mL, similar to
concentrations reported in previous studies.91−94 The most
abundant pesticides were insecticides with a median total
concentration of 2.30 ng/mL, followed by herbicides (0.409
ng/mL) and fungicides (0.0531 ng/mL). A few NEOs and
their transformation products, including clothianidin, dinote-
furan, imidacloprid, thiacloprid-amide, thiamethoxam and
NDMA, were found in urine with detection frequencies up

Figure 1. Percent contributions (%) of individual CUPs to the total CUP concentrations in indoor dust, drinking water, and urine (calculated
based on median concentrations). Abbreviations: OPs, organophosphates; PYPs, pyrethroid pesticides; PPs, phenylpyrazoles; NEOs,
neonicotinoids; and α-CAM, α-chloroacetamides.
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to 54%. Two OPs, including ethoprophos and IMPY, were also
detected but at relatively lower frequencies. This was different
from the findings in a study from France where OPs were
found in 100% of the analyzed urine samples.95 No PYPs or
PPs were detected in the current study.

Herbicides were detected in 93% of urine samples. Notably,
each herbicide identified in urine samples was also found in
drinking water samples, albeit generally at lower frequencies
and concentrations, with the exception of alachlor. This
herbicide had a significantly higher detection frequency in
urine (91%) compared to drinking water (42%) and indoor
dust (46%). The higher detection frequency of alachlor in
urine suggests possible alternative exposure pathways other
than indoor dust and drinking water through which humans
are exposed to alachlor, such as food consumption.96

Individual fungicides were detected in less than 50% of the
samples. Only a few studies have monitored fungicides in
human samples. One study from North China found that azole
fungicides were detected in human cerebrospinal fluid
samples,36 however, none of these fungicides were found in
urine samples.
Comparison of Distribution Patterns. The distribution

profile of CUPs in environmental and biological samples is
presented in Figure 1. Overall, insecticides contributed 80% to
the ∑CUP concentrations in indoor dust, followed by
herbicides and fungicides (11 and 9%, respectively), similar
to the profile in urine (82, 15, and 3.0% for insecticides,
herbicides and fungicides, respectively). In contrast, herbicides
were the most abundant group in drinking water, contributing
55% of the ∑CUP concentrations, followed by insecticides
(41%) and fungicides (4.0%). The latter pattern corresponds
to the pesticide usage trend in Indiana (data based on the
1995−2015 state census), which is heavily dominated by
herbicides (Figure S1),50 suggesting that agricultural pesticide
use may have an effect on the occurrence of pesticides in
drinking water. However, the application of household
pesticides is likely to have a greater impact on indoor dust,
largely influenced by individual preferences.24,97 This assump-
tion is further supported by a significantly higher variability in
concentrations found in indoor dust compared to water

samples (Figure S2; p = 0.027), with dust pesticide
concentrations ranging from nondetectable to several micro-
grams per gram. Additionally, the differences in CUPs
distribution in indoor dust, water, and urine can be explained
by the inherent physicochemical characteristics of pesticides.
For example, PPs and PYPs comprised up to 19% of the
∑CUP concentrations in indoor dust, while they were not
detected in drinking water at all. This is likely due to the low
water solubility of these compounds (log Koa of ∼10),98 and
their higher binding affinity to dust particles.49,99 In contrast,
the abundance of NEOs in drinking water and urine is likely
related to their higher water solubility compared to other CUP
groups. In addition, correlation analysis of the concentrations
of insecticides, herbicides, and fungicides in indoor dust
revealed a significant association between insecticides and
herbicides (p < 0.05). Similarly, significant correlations were
observed among all three pesticide groups in drinking water (p
< 0.05). These findings suggest that specific groups of
pesticides may share a common source of contamination
within certain environmental matrices.
Effect of Demographic and Housing Characteristics

on CUP Concentrations. Households with frequent vacuum-
ing had significantly lower ∑CUP concentrations in indoor
dust compared to homes that were vacuumed less frequently
(medians: 20 100 vs 13 900 ng/g; p = 0.04; Figure S3),
indicating that more frequent vacuuming may lower indoor
exposure to CUPs. This observation aligns with prior studies
demonstrating that cleaning carpets and windowsills in
farmworker homes reduces OP residues in indoor dust by
∼67%.84

Notably, the ∑CUP concentrations in private well water
were significantly lower than those in municipal water
(medians: 40.6 and 105 ng/L; p = 0.003; Figure S4). These
differences may be related to the local municipal water
infrastructure.100,101 No significant associations were observed
between pesticide concentrations and other demographic
parameters or housing characteristics.
Exposure Assessment and Toxicity Prioritization of

CUPs. EDIs of CUPs via consumption of drinking water,
indoor dust (ingestion + dermal absorption) were evaluated

Figure 2. Estimated daily intakes (EDIs, ng/kg of bw/day) (A) and calculated toxic equivalency quotients (TEQs, unitless) (B), ranked in
descending order. Only CUPs with available ToxCast data are included. Abbreviations: 2,4-D, 2,4-dichorophenoxyacetic acid; metolachlor OA,
metolachlor oxanilic acid; 3-PBA, 3-phenoxybenzoic acid; and TCPγ, 3,5,6-trichloro-2-pyridinol.
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based on the median CUP concentrations in drinking water
and indoor dust (Figure 2A). Overall, our results show that
exposure through dust is more significant for insecticides and
fungicides, while drinking water consumption is more
important for herbicides (Figure 2A). The highest EDI was
found for imidacloprid (1.00 ng/kg of bw/day), followed by
IMPY (0.919 ng/kg of bw/day), dinotefuran (0.806 ng/kg of
bw/day), 6-CNA (0.557 ng/kg of bw/day) and 2,4-D (0.446
ng/kg of bw/day). The EDIs of individual CUPs were below
the tolerable daily intake thresholds established by the U.S.
EPA (Table S7).102

To evaluate the toxicity of the targeted CUPs at the
exposure levels determined here, we used a TEF model to
determine the health risks of these exposures (Figure 2B).31

The TEQ values for insecticides, herbicides, and fungicides
were estimated as 4.56, 2.09, and 2.15, respectively. The TEQ
ranking of insecticides, herbicides, and fungicides was different
from the EDI (Figure S5). It is worth noting that although
intake of fungicides based on water and dust exposure was
lower compared to that of insecticides and herbicides, the
results of the TEQ model demonstrate that fungicide toxicity is
similar to that of herbicides. This funding concurs with the
well-recognized aggravated risk concern of fungicides.103

Among individual CUPs, imidacloprid had the highest TEQ
of 2.97. This TEQ value was a result of two factors: high
exposure levels of imidacloprid and its ability to activate
various adverse outcome pathways (AOPs), including the CYP
(cytochrome P450 proteins), p53, and FASN (fatty acid
synthase) pathways. According to the ToxCast database, the
activation of the CYP pathway is involved in inducing most of
the toxic end points. Multiple studies have shown that
activation of the P450 genetic pathway is associated with an
increased risk of cancer.104,105 The tumor-suppressor gene p53
also plays a role in responses to imidacloprid exposure. As a
critical regulator of DNA replication and cell division,
dysfunction of p53 is known to lead to various cancers.106

Additionally, the FASN pathway, essential for lipid metabolism
and energy supply, has been linked to various malignancies,
such as colorectal cancer.107,108 In fact, evidence on the
carcinogenicity of imidacloprid had been reported in in vitro
and human health studies109,110 Given these findings, there is a
compelling need to explore the health risks posed by
imidacloprid in humans, especially considering the high indoor
exposure.

2,4-D was identified as the second highest risk pesticide with
a TEQ value of 1.49. 2,4-D activates the peroxisome
proliferators-activated receptor γ (PPARγ), p53, and hypoxia
inducible factor 1 (HIF1A) pathways (Figures 2B and 3). It
has been demonstrated that exposure to 2,4-D induces
reproductive toxicity via PPAR activation in mice and disrupts
glucose metabolism by activating PPARβ in HepG2 cells.111,112

Furthermore, exposure to 2,4-D has been associated with
various adverse health outcomes, including cancer, reproduc-
tive toxicity, genotoxicity, and neurotoxicity.113

Dinotefuran was ranked as the third high-risk compound
based on our results. According to the data from the ToxCast
database, dinotefuran is a potent activator of the liver X
receptor (LXR), which plays a crucial role in regulating
systemic cholesterol metabolism.114−116 Studies have shown
that exposure to dinotefuran can disrupt lipid metabolism in
animals, reflecting its capacity to interfere with essential
metabolic processes.117,118 Furthermore, exposure to dinote-
furan has been associated with childhood adiposity.119

Interestingly, the TEQ model demonstrates some incon-
sistencies regarding the evaluation of risks based solely on the
EDIs. For example, based on the EDIs calculated in this study,
risks based on the intake of certain CUPs, such as
tebuconazole, fipronil and boscalid, are minimal (<0.2 ng/kg
of bw/day). However, when considering toxicity pathways
based on the TEF model, it is clear that tebuconazole can
activate several AOs (adverse outcomes), including CYP, p53,
and FASN (Figure 3). In fact, tebuconazole is reported to
cause cognitive disorders, liver toxicity, reproductive toxicity,
and colitis in several animal models.120−123 In addition, fipronil
exposure, as modeled in the TEQ, is linked to the activation of
several pathways (e.g., CYP, ERα, and FXR), potentially
triggering multiple adverse effects. Both in vitro and in vivo
toxicological studies have shown that fipronil exposure could
induce hepatotoxic, nephrotoxic, neurotoxic, and altered
reproductive development and endocrine systems in humans
and animals.124 These findings suggest that the TEQ model
can provide valuable insights into health risks by integrating
real-world exposure scenarios.
Limitations. This study has several limitations. First, a

single spike pretreatment method was employed in the current
study. The implementation of multiconcentration designs for
validating pretreatment methods should be prioritized to
ensure the effective detection of CUPs in future large-scale
biomonitoring projects. Additionally, our study had a small
sample size collected from a limited geographic area.
Geographical factors, seasonal variations, and other exposure
pathways (such as food consumption and inhalation) are
important elements influencing the occurrence patterns of
CUPs.125,126 These factors should be considered in future
research. Furthermore, the limited number of CUPs and their
transformation products included in the ToxCast database
restricted our ability to evaluate health risks for all the CUPs
targeted in this study.

Figure 3. Bioactivity hits for the selected CUPs based on the ToxCast
database. Abbreviations: ABCA11, members of the ATP-binding
cassette subfamily A; CAR, constitutive and rostane receptor; CYP,
cytochrome P450; ERα, estrogen receptor α; FASN, fatty acid
synthase; FXR, farnesoid X receptor; HIF1α, hypoxia inducible factor
1 subunit α; HMGCS2, HMG-CoA synthase 2; HNF4α, human
hepatocyte nuclear factor α; IR1, imidazoline 1 receptor; LXR, liver X
receptor; NaCh, nicotinic acetylcholine receptor; PPARγ, peroxisome
proliferator-activated receptor γ; PXR, pregnane X receptor; SREBP,
sterol regulatory element-binding protein; and VEGFRII, vascular
endothelial growth factor receptor II.
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Environmental Implications. This study reports a
comprehensive multimedia assessment of exposure to CUPs
in an agricultural region of the United States and sheds light on
the potential health risks of these exposures when considering
both exposure levels and toxicity of individual chemicals. Our
study demonstrates that imidacloprid represents the highest
risk due to both high intake through multiple exposure routes
as well as the ability to activate several adverse outcome
pathways. Notably, current regulatory frameworks lack
mitigation strategies for the health risks of imidacloprid, thus
continuous monitoring and toxicity evaluation are crucial for
effective risk management and ensuring public health safety. In
addition, the high levels of NEOs in indoor dust with relatively
lower concentrations found in drinking water indicate that
residential indoor use of NEOs may be an important source of
exposure. The TEQ model demonstrated that risk evaluation
based solely on EDIs can underestimate the health risks of
CUPs. However, the health effects of CUPs with high TEQs,
with data based on the in vitro ToxCast database warrant
further validation through in vivo and epidemiological
studies.127 Moreover, humans are exposed to a cocktail of
environmental contaminants at low doses that may result in
more complex synergistic or antagonistic effects,128 and a more
comprehensive approach involving both mixture effects and
cumulative toxicity evaluations is needed to fully understand
the overall health effects of these pesticides.
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Pálesǒvá, N.; Sheardová, J.; Vlaanderen, J.; Čupr, P. Effects of
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