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• Four p-NEOs and one m-NEO were
widely detected in maternal‑neonate
samples.

• N-dm-ACE was the predominant NEO in
all kinds of samples.

• N-dm-ACE (− 30 %) and THM (30 %)
had the highest annual changes in breast
milk.

• The increasing trend of THM in level
and contribution to EDI should be of
concern.

• The neonatal prenatal period may be a
more critical window of NEO exposure.
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A B S T R A C T

Although the potential effects of neonicotinoids (NEOs) in early life have received considerable attention, data on
the exposure of mothers and infants to NEOs are scarce. In this study, four parent NEOs and one metabolite were
widely detected in paired maternal serum (MS), umbilical cord serum (UCS) and breast milk (BM) samples, with
median total NEO concentrations (ΣNEOs) of 113, 160 and 69 ng/L, respectively. Decreasing trends were
observed for N-desmethyl-acetamiprid (30 %/year), acetamiprid (22 %/year) and ΣNEOs (15 %/year) in breast
milk between 2014 and 2022, whereas increasing trends were seen for clothianidin (17 %/year) and thiame-
thoxam (30 %/year). N-desmethyl-acetamiprid was the predominant compound in all matrices. However, the
contributions of N-desmethyl-acetamiprid (35 %) and thiamethoxam (36 %) in breast milk were similar in 2022.
Moreover, thiamethoxam has become the predominant contributor to the estimated daily intake of ΣNEOs since
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2018, with the highest contribution of 71 % in 2022, suggesting the effects of NEOs continue to evolve and more
attention should be paid to the new NEOs. Notably, the correlations and ratios of NEOs between paired UCS and
MS were more significant and higher than those between paired BM and MS, respectively, indicating that NEO
exposure was largely affected by the prenatal period.

1. Introduction

The introduction of neonicotinoids (NEOs) began in the early 1990s
as replacements for conventional, long-established pesticide classes,
such as chlorinated hydrocarbons, organophosphates, pyrethroids and
carbamates (Jeschke and Nauen, 2008; Jeschke et al., 2011). The market
share of NEOs grew to >25 % of total global pesticide sales by 2014
(Bass et al., 2015). As potent agonists of nicotinic acetylcholine re-
ceptors, they act selectively on insects' central nervous systems, causing
paralysis and death (Jeschke and Nauen, 2008). However, many in vitro
and in vivo experiments have shown that NEOs may have toxic effects in
mammals, including hepatotoxicity (Arfat et al., 2014; Toor et al.,
2013), neurotoxicity (Lonare et al., 2014; Ozdemir et al., 2014),
reproductive toxicology and genetic toxicity (Kapoor et al., 2011; Gal-
dikova et al., 2015; Kataria et al., 2016). Therefore, adverse effects of
NEOs are of increasing public health concern.

In recent years, NEOs and their metabolites have been unequivocally
detected in various human samples. Urine is the most frequently used
matrix for analyses of NEOs and their metabolites. Based on urine
samples, human exposure to NEOs was shown to be linked to an
increased prevalence of neurological symptoms, such as postural finger
tremor, recent memory loss and fever (Marfo et al., 2015). In another
study, calculation of the estimated daily intake (EDI) of NEOs from urine
and indoor dust measurements suggested that young females were more
exposed to NEOs than young males (Zhang et al., 2021). Ueyama et al.
investigated changes in NEO levels in urine samples from Japanese
women between 1994 and 2011, and found that detection rates of uri-
nary NEOs increased significantly during the period, suggesting higher
exposure to NEOs over time (Ueyama et al., 2015).

The effects of NEO exposure on vulnerable populations are of
particular concern. Data has shown that pregnant women in Japan are
likely to be exposed to NEOs in their daily lives (Anai et al., 2021).
Moreover, multiple NEOs have been detected in cerebrospinal fluid,
plasma and urine samples from children (Laubscher et al., 2022). Boe-
kelheide et al. has suggested that early-life pollutant exposure could
increase susceptibility to diseases over a person's lifetime (Boekelheide
et al., 2012). According to two mother–fetus population studies (Car-
michael et al., 2014; Yang et al., 2014), maternal exposure to NEOs may
be associated with birth defects in infants. For example, Ichikawa et al.
observed higher urinary N-desmethyl-acetamiprid (N-dm-ACE) detec-
tion rates and levels in early gestational age infants than in normal
gestational age infants, but no correlation was found between N-dm-ACE
levels and infant physique indexes (Ichikawa et al., 2019). Dórea sug-
gested that exposure to neurotoxicants in breast milk could correlate to
lasting influences of predelivery exposure (Dorea, 2021). Considering
the potentially harmful effects of early-life exposure to NEOs, it is crucial
to evaluate levels of NEO exposure in fetuses or neonates through
placental transfer and breastfeeding. However, data characterizing NEO
transfer across the placenta and excretion into breast milk are so far
limited.

In the present study, concentrations of parent NEOs (p-NEOs) and
their metabolites (m-NEOs) in paired maternal serum, umbilical cord
serum and breast milk samples, as well as breast milk samples from 2014
to 2022, were determined. The aims of this study were to investigate
exposure to NEOs (including p-NEOs and m-NEOs) in infants through
the placenta and breast milk and analyze temporal trends in exposure to
NEOs in infants from breastfeeding between 2014 and 2022 in China.

2. Materials and methods

2.1. Chemicals and reagents

Seven native analytical standards (dinotefuran [DIN], N-dm-ACE,
acetamiprid [ACE], clothianidin [CLO], imidacloprid [IMI], thiame-
thoxam [THM] and thiacloprid [THD]) and six internal standards (DIN-
d3, ACE-d3, CLO-d3, IMI-d4, THM-d3 and THD-d4) were purchased from
Sigma-Aldrich (St. Louis, MO, USA) with purity >97 %. The remaining
two metabolites of IMI, olefin-imidacloprid (Of-IMI) and 5-hydroxy-imi-
dacloprid (5-OH-IMI), were obtained from First Standard (Tianjin,
China) with purity >98 %. Because labeled standards of m-NEOs are not
commercially available, ACE-d3 and IMI-d4 were used as internal stan-
dards for the analysis of N-dm-ACE and two IMI metabolites, respec-
tively. β-glucuronidase/arylsulfatase (30 U/mL and 60 U/mL,
respectively) was used as hydrolase and purchased from Roche Di-
agnostics GmbH (Mannheim, Germany). Formic acid (purity >98 %)
was bought from Anpel Technologies (Shanghai, China), acetonitrile
and methanol (LC-MS grade) were purchased from Merck (Darmstadt,
Germany) and ultrapure water (18.2MΩ cm) was prepared using a Milli-
Q system (Millipore Corp., Bedford, USA).

2.2. Sample collection

Thirty-two paired maternal serum, umbilical cord serum and breast
milk samples were collected from pregnant womenwho gave birth at the
Nanfang Hospital of Southern Medical University in 2022. These preg-
nant women did not experience any pregnancy complications during
pregnancy and delivered at 39–41 weeks of gestation, reducing the
possibility of interference from other disease factors on the distribution
of NEOs in the body. Other breast milk samples from 2014 to 2020 were
obtained from the Guangzhou Donor Milk Bank of the Guangzhou
Women and Children's Medical Center. Due to limited storage condi-
tions, only five breast milk samples per year were included from 2014 to
2018, whereas 25 samples per year were included for 2019 and 2022. At
the time of recruitment, participating pregnant and lactating women
were informed of the goals and requirements of the study and asked to
sign a consent form. A physical health report was obtained for each
participant certifying that they were free of infectious and genetic dis-
eases. A detailed questionnaire, which included general demographic
parameters, was completed by each participant. Demographic infor-
mation on the participants is listed in the Supporting Information,
Table S1. The day before delivery, venous blood samples were drawn
from the mother and collected in 5 mL vacutainer anticoagulant-free
serum tubes. Immediately after childbirth, umbilical cord blood sam-
ples were taken from the umbilical cord vein and collected in 5 mL
vacutainer anticoagulant-free serum tubes. The serum was isolated by
centrifugation at 3000 rpm for 10 min within 3 h of collection and then
transferred to a 2 mL Eppendorf tube. Breast milk samples were
collected 3–4 weeks after delivery. All samples were stored in the cold
kept at − 18 ◦C during transportation and at − 80 ◦C until analysis.
Ethical approval for the study was granted by the Medical Ethics com-
mittee of NanFang Hospital of Southern Medical University (NFEC-
2017-055).

2.3. Sample preparation

An automated magnetic solid phase extraction (mSPE) system
(Suzhou Agile Biotech Co., Ltd., Suzhou, China, Fig. S1) was used to
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extract NEOs in serum and breast milk samples. Application of mSPE to
extract trace organic compounds from human biomatrices has been
described previously by Huang et al. (2024). Prior to analysis, 200 μL of
breast milk or serum sample was spiked with 5 μL β-glucuronidase
enzyme and hydrolyzed at 37 ◦C in an incubator shaking for 12 h. After
diluted with 600 μL of ultrapure water containing 2 % formic acid, the
mixture was then added to the hole positions of rows 3 and 9. Next, each
sample was spiked with 100 pg of each labeled internal standard solu-
tion in MeOH. A magnetic HLB sorbent (30–50 μm, Agile Bio, Suzhou,
China) was selected as the extraction and purification material due to
the broad-spectrum application of HLB packing. The sorbent beads were
activated and equilibrated with 800 μL of MeOH and 600 μL of ultrapure
water for 2 min, respectively. Subsequently, the magnetic HLB sorbent
was transferred into the sample hole position and allowed to extract the
target compounds for 2 min, before being magnetically separated and
washed with 600 μL of ultrapure water for 2 min. Target NEOs were
eluted with 600 μL of acetonitrile for 2 min. The above steps were
repeated automatically to ensure that the magnetic SPE materials were
fully transferred. Afterwards, the eluate was magnetically separated
from the sorbent and then evaporated using a vacuum centrifugal
concentrator (25 ◦C, 1400 r/min, Ji Aim, Beijing, China). The residues
were reconstructed with 100 μL of ultrapure water containing 25 %
acetonitrile for liquid chromatography coupled to tandem mass spec-
trometry (LC-MS/MS) analysis.

2.4. Instrument analysis

Separation of the nine target chemicals was achieved using an
ExionLC™ system (the UHPLC system) with a Poroshell 120 EC-C18
column (100 mm × 4.6 mm, 2.7 μm; Agilent Technologies, Santa
Clara, CA, USA). The injection volume was 10 μL and the flow rate of the
mobile phase was set at 0.35 mL/min. Solvent A (0.01 % formic acid in
water) and solvent B (acetonitrile) were used as the mobile phase. The
gradient elution program began with 5 % solvent B held for 2 min, then
increased to 99 % solvent B within 6 min and held for 2 min, finally
returned to the initial mobile phase conditions and equilibrated for 4.5
min before the next run. An API 6500 triple quadrupole tandem mass
spectrometry system (QTRAP LC-MS/MS System, Sciex, Washington DC,
WA, USA) was operated in positive ion mode to identify and quantify the
target chemicals. The source temperature was set at 500 ◦C, and the ion
spray voltage was set at 5500 V. Further details of the mass transitions
and multiple reaction monitoring (MRM) parameters are provided in
Table S2.

2.5. Estimation of daily NEO intake and risk assessment

To evaluate potential risks posed to infants, a relative potency factor
(RPF) approach was applied to integrate the cumulative exposure of
NEOs and their metabolites present in the same breast milk sample into
an imidacloprid-equivalent total NEO value (IMIeq, ng/L) using Eq. (1).
For N-dm-ACE, 5-OH-IMI and Of-IMI, the same RPF value of their cor-
responding parent NEOs was used in the IMIeq calculation (Mahai et al.,
2022; USEPA, 2010).

IMIeq =
∑

RPFk ×Ck

wherein RPFk represents the relative potency factor of corresponding
NEOs and Ck (ng L− 1) represents the concentration of individual NEOs.

Subsequently, EDI was calculated from Eq. (2):

EDI =
IMIeq × CV

bw
(2)

where CV represents the breast milk consumption volume, assumed to
be 0.75 L day− 1, bw represents the body weight, assumed to be 6 kg, and
EDI is expressed in ng kg− 1 of bw day− 1 (Chen et al., 2020). Finally, the
risk index (RI) (Chen et al., 2020), which can be used to assess the risk
level of non-cancer-related health effects, was calculated from Eq. (3):

RI =
IMIeq
cRfDIMI

(3)

where cRfDIMI represents the chronic reference dose of IMI expressed in
0.057 ng kg− 1 of bw day− 1, which was appropriate for infants who are
more susceptible to external stimuli (Chen et al., 2020). An RI value of
<1.0 indicated that EDI of the sum of all NEOs was likely not associated
with chronic adverse effects.

2.6. Quality assurance and quality control (QA/QC)

Instrumental QC was checked by regular injection of solvent blanks
and standard solutions for every batch of ten field samples. The instru-
mental QC values were 100 ± 20 % of the nominal values, indicating
low batch-analysis variability. For method QC, a set of QC samples was
evaluated using procedural blanks and spiked matrices. The recoveries
of NEOs in spiked matrix samples (including blank bovine milk and fetal
bovine serum samples) were 74.6–117 %. The limit of detection (LOD)
of target compounds in breast milk and serum ranged from 0.6 to 10.0
ng/L and 0.6–20.0 ng/L, respectively, whereas the limit of quantitation
(LOQ) ranged from 2.0 to 30.0 ng/L and 2.0–60.0 ng/L, respectively.
The calibration curves were linear in concentration range of 0.01–50.0
ng/mL, with correlation coefficients (R2) >0.996 for all target analytes.
The concentrations of the analytes in the field samples were not recovery
corrected. None of the analytes were detected in the procedural blanks.

2.7. Statistical analysis

Statistical analysis was performed with SPSS (Version 13.0). If the
concentration of an analyte was below LOD, it was set to LOD divided by
the square root of 2. If the concentration was above LOD but below LOQ,
it was replaced by 1/2 LOQ when the detection frequency (DF) was
higher than 50 %; and 1/4 LOQ was used when the DF was lower than
50 %. Statistical differences in concentrations between different
matrices were assessed by the KruskalWallis H-test. Due to the abnormal
distribution of NEO concentrations according to the Kolmogorov-
Smirnov test, Spearman's correlation coefficients were used to analyze
correlations of NEOs between matrices. Temporal trends in NEOs in
breast milk samples were explored by linear regression (the concentra-
tions of target compounds were ln-transformed to achieve normality). A
p-value <0.05 was assumed to indicate statistical significance.

3. Results and discussion

Six p-NEOs (ACE, CLO, IMI, THM, THD and DIN) and three m-NEOs
(N-dm-ACE, 5-OH-IMI and Of-IMI) were analyzed in all samples. How-
ever, the concentrations of THD, DIN, Of-IMI and 5-OH-IMI were < LOD

in all samples. Therefore, only results for the remaining five compounds
(ACE, CLO, IMI, THM and N-dm-ACE) are presented and discussed

= 2.9×CDIN +5.8×CCLO + 14.2×CTHD +1.0×CIMI +9.5×CTHM+0.8×CACE+0.8×CN− dm− ACE+1.0×C5− OH− IMI +1.0×COf − IMI (1)
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below.

3.1. Concentrations and profiles of NEOs in paired maternal serum, cord
serum and breast milk samples

The concentrations and DFs of the target compounds in paired
maternal serum, umbilical cord serum and breast milk samples collected
in 2022 are presented in Table 1. N-dm-ACE was the most frequently
observed compound (100 %) in the three matrices. Although ACE was
detected in all the maternal serum and umbilical cord serum samples,
47 % and 66 % of them, respectively, had concentrations< LOQ and the
DF of ACE was only 38 % in breast milk samples. These trace concen-
trations and low DF of ACE in human body may be possibly due to the
rapid elimination of ACE in the human body. A previous human in vivo
experiment suggested that ACE could be rapidly metabolized to N-dm-
ACE after oral administration, with a half-life of 1.65 days for urinary
excretion (Harada et al., 2016). The DFs of the other compounds ranged
from 56 % to 84 %. The ubiquitous detection of p-NEOs and N-dm-ACE
in umbilical cord serum and breast milk samples indicated that the ne-
onates had been subjected to prenatal and postnatal exposure to NEOs.

The total concentration of NEOs (ΣNEOs, including p-NEOs and m-
NEOs) in umbilical cord serum samples ranged from 43.2 to 649 ng/L
with a median of 160 ng/L, significantly higher than the equivalent
values in maternal serum samples (range: 27.2–527 ng/L, median: 113
ng/L) and breast milk samples (range: 12.9–868 ng/L, median: 69.0 ng/
mL) (p < 0.05) (Table 1). The composition profiles of NEOs were similar
in maternal serum and umbilical cord serum samples but different in
breast milk samples (Fig. 1). N-dm-ACE was the predominant target
compound in the maternal serum and umbilical cord serum samples,

accounting for 62 % and 53 % of the ΣNEOs concentration, respectively,
followed by THM (17 % and 20 %, respectively) and CLO (13 % and 17
%, respectively). In contrast, N-dm-ACE and THM were the dominant
compounds in breast milk samples, accounting for 35 % and 36 % of the
ΣNEOs concentration, respectively. N-dm-ACE concentrations in breast
milk samples ranged from 4.23 to 573 ng/L with a median of 23.3 ng/L,
significantly lower than the equivalent values in maternal serum sam-
ples (range: 11.0–391 ng/L, median: 47.9 ng/L) and umbilical cord
serum samples (range: 11.9–520 ng/L, median: 60.7 ng/L) (p < 0.01).
However, there was no significant difference in the concentration of N-
dm-ACE between maternal serum and umbilical cord serum samples.
This may be attributed to differences in the microenvironment of
different matrices, as there are more proteins in the blood that have a
strong affinity for N-dm-ACE (Han et al., 2003). THM concentrations in
breast milk samples ranged from < LOD–268 ng/L with a median of
21.5 ng/L, which was higher than the equivalent values in maternal
serum samples (range: 11.0–391 ng/L, median: 10.4 ng/L) (p > 0.05)
but lower than that in umbilical cord serum samples (range: < LOD–186
ng/L, median: 26.7 ng/L) (p > 0.05). This suggests a difference in the
distribution of N-dm-ACE and THM in serum and breast milk. Moreover,
the concentrations of other compounds were not significantly different
between the three matrices, with the exception that the concentrations
of CLO in umbilical cord serum samples (range: < LOD to 144 ng/L,
median: 28.4 ng/L) were significantly higher than those in maternal
serum samples (range: < LOD to 79.9 ng/mL, median: 15.9 ng/mL) (p <
0.01).

Owing to the limited availability of biomonitoring data on NEOs in
maternal serum, umbilical cord serum and breast milk samples, com-
parison to residue profiles in the same matrices was difficult. In a

Table 1
Concentrations of NEOs in paired maternal serum samples (ng/L), umbilical cord serum samples (ng/L) and breast milk samples (ng/L).

Maternal serum (n = 32) Umbilical cord serum (n = 32) Breast milk (n = 32)

Range Mean Median DFa Range Mean Median DF Range Mean Median DF

N-dm-ACE 11.0–391 88.1 47.9 100 % 11.9–520 98.5 60.7 100 % 4.23–573 48.7 23.3 100 %
ACE 2.50–15.4 4.62 4.55 100 % 2.50–12.9 4.00 2.50 100 % < LOD–33.9 2.23 < LOD 38 %
CLO < LOD–79.9 18.1 15.9 75 % < LOD–144 30.9 28.4 81 % < LOD–109 24.1 13.2 75 %
IMI < LOD–87.6 9.94 5.04 66 % < LOD–88.8 13.3 6.16 78 % < LOD–93.3 14.5 6.94 84 %
THM < LOD–111 22.4 10.4 56 % < LOD–186 37.6 26.7 63 % < LOD–268 50.3 21.5 56 %
ΣNEOs 27.2–527 143 113 100 % 43.2–649 184 160 100 % 12.9–868 140 69.0 100 %

a Compounds with concentrations > LOD were considered as detected.

Fig. 1. Composition profiles of NEOs in paired maternal serum, umbilical cord serum and breast milk samples collected in 2022.

K. Huang et al.
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nationwide biomonitoring study conducted in China (Chen et al., 2020),
N-dm-ACE was also found to be the most frequently detected NEO (100
%) and the predominant NEO in breast milk samples, with a mean
concentration three times higher (161 ng/L) than that reported in this
study (48.7 ng/L). However, the contribution of other compounds (in
descending order IMI > THM > ACE > CLO) was different from that
reported in this study. This difference may have been due to variations in
the geographical distribution of NEOs or differences in the timescale of
breast milk collection (Chen et al., 2020; Zhu et al., 2006). Additionally,
N-dm-ACE was found to be the most abundant NEO in serum samples
from a Chinese elderly population, accounting for 33 %–44 % of the
ΣNEOs concentration, consistent with the results of the current study
(Zhang et al., 2022b). However, the DFs of six p-NEOs and three m-NEOs
in the elderly population serum samples were >88 % and their con-
centrations were 1–2 orders of magnitude higher than those in maternal
serum and umbilical cord serum samples in the current study.
Conversely, in a study of general residents in Wuxi City, Eastern China,
the DFs of NEOs in serum samples (< 30 %) were much lower than those
in this study (Chen et al., 2021). N-dm-ACE was also shown to be the
predominant NEO in urine samples from Chinese children and the
general population (Wang et al., 2020a,b), and cerebrospinal fluid of
patients aged 1 month to 89 years old (Laubscher et al., 2022; Li et al.,
2022b). As the parent compound of N-dm-ACE, ACE has been shown to
have hepatotoxic (Karaca et al., 2019), reproductive toxic and
endocrine-disrupting potential in several in vivo studies (Arican et al.,
2020; Halawa et al., 2021). A prevalence case-control study demon-
strated that human urinary N-dm-ACE was associated with some typical
neurological symptoms (Marfo et al., 2015). Therefore, N-dm-ACE
monitoring should receive more attention at an early stage of life
through maternal serum, cord serum and breast milk biomonitoring. A
recent report found that IMI was the most abundant NEO in paired
maternal serum and umbilical cord serum samples; this is in contrast
with the current study, which showed 2–3 orders of magnitude lower
median concentrations of IMI in maternal serum and umbilical cord
serum (Zhang et al., 2022a). This may be attributed to differences in the
composition of pesticides used at different times. Unfortunately, only
limited data are available on the annual use of different pesticides in
China. Additionally, the variation in results between studies may be due
to the different equipment and analytical methods used. Although
several laboratories have provided analytical data for NEOs in the
human body, efforts to evaluate data quality and inter-laboratory data
comparability are warranted.

3.2. Temporal trends of NEOs in breast milk

Concentrations and DFs of NEOs in breast milk samples from 2014 to
2022 are summarized in Table S3. N-dm-ACE was the most frequently
detected compound (100 %) each year, followed by IMI and ACE, with
fluctuations in DF between 60% and 100% for IMI, and 38% and 100%
for ACE over time. DFs of CLO were lower than 40 % before 2018.
Moreover, the concentrations of THM were < LOD in breast milk sam-
ples until 2018. The increasing variety of these compounds detected in

breast milk over time raises concerns about the risk of exposure to
multiple NEOs through breast milk feeding for infants.

Although concentrations of the target compounds showed irregular
variations over time (Table S3), linear regression was applied to eval-
uate the temporal trends after ln-transformation of the concentrations
(Table 2). All the observed trends were highly significant (p < 0.01),
except for IMI (p = 0.33). Decreasing trends were observed for N-dm-
ACE, ACE and ΣNEOs between 2014 and 2022, with annual changes in
concentration of 30 %, 22 % and 15 %, respectively. In contrast,
increasing trends were seen for CLO and THM, with annual changes in
concentration of 17 % and 30 %, respectively. This shows that N-dm-
ACE and THM had the highest annual changes in concentration but in
opposite directions.

As presented in Fig. 2, N-dm-ACE was the dominant NEO in breast
milk samples. It accounted for 68–93 % of the ΣNEOs concentration
between 2014 and 2018, with one to two orders of magnitude higher
concentrations compared to the other detected compounds. The highest
concentration of N-dm-ACE in breast milk samples was observed in
2014, with a mean value of 525 ± 679 ng/L. By 2022, the contribution
of N-dm-ACE had decreased to 35 %, with the concentration decreasing
to 48.7 ± 97.8 ng/L. Although the exact time when ACE started to be
used in China is unclear, the overwhelming dominance of its metabolite
in breast milk samples indicates widespread exposure of Chinese infants
over the past decade. Furthermore, NEOs in breast milk became more
diverse after 2018. THM appeared as a new contributor of NEOs in
breast milk samples from 2018, with a mean value of 36.1 ± 29.6 ng/L.
The contributions of THM increased from 7.2 % in 2019 to 36 % in 2022,
with concentrations increasing from 21.7 ± 39.2 ng/L in 2019 to 49.7 ±

69.5 ng/L in 2022. Notably, the contributions and concentrations of N-
dm-ACE and THM were comparable in 2022. This may reflect the fact
that older NEOs were gradually replaced by newer ones during this
period, and 2017 was the turning point for this replacement. More re-
searches on the temporal Trends of NEOs in human body as well as in the
environment matrices are need to verified the replacement of the use of
the old NEOs to the new ones.

As shown in Fig. S2, the EDI of ΣNEOs was also calculated for
exclusively breastfed infant younger than 6 months. No significant
temporal trend (p = 0.44) was observed in the EDI of ΣNEOs through
breastfeeding (Table 2), but the contribution of individual NEOs
changed dramatically (Fig. S3). N-dm-ACE was the largest contributor,
accounting for 88 %, 71 %, 67 % and 59 % of the EDI of ΣNEOs in 2014,
2015, 2016 and 2017, respectively. However, the contribution of N-dm-
ACE to the EDI of ΣNEOs decreased from 34 % in 2019 to 5.9 % in 2022,
whereas the contribution of THM increased from 39 % in 2019 to 71 %
in 2022. Therefore, THM has replaced N-dm-ACE as the predominant
contributor to the EDI of ΣNEOs since 2018. CLO also contributed >20
% of the EDI of ΣNEOs between 2018 and 2022. Although a decreasing
trend was found in the concentrations of ΣNEOs between 2019 and 2022
(Table S2), the EDI of ΣNEOs between 2019 and 2022 increased (Fig. S3)
because breast milk samples between 2019 and 2022 contained a higher
proportion of THM and CLO with high RPFs. Furthermore, the trend in
RI (used to estimate the risk of non-cancer-related health effects) was
consistent with that of EDI (Fig. S2). The RI value was <1.0 for each
year, suggesting that the EDI of NEOs was not associated with chronic
adverse effects. Even so, the increasing contribution of THM to the EDI
(or RI) of ΣNEOs is of concern.

THM and CLO are second-generation NEO insecticides widely used
against a multitude of insect pests (Li et al., 2022a). They have been
commonly found in food and environment matrices (Basley and Goul-
son, 2018; Li et al., 2018; Lu et al., 2018). THM (51 %) was shown to
have a higher DF in fruits and vegetables than ACE (43 %) and CLO (19
%) in a China study (Lu et al., 2018). Moreover, CLO is a metabolite of
THM and the metabolism of THM starts in the liver, which could cause
hepatoxicity and hepatocarcinogenic effects in mammals (Green et al.,
2005). Metabolites of THM have even been found in the brains of mice
administered 20 mg/kg of THM (Ford and Casida, 2006). Rodrigues

Table 2
Analysis of temporal trends by linear regression.

All breast milk samples

Compound β 95 CI (%) p R2

N-dm-ACE − 30 − 38, − 21 <0.01 0.31
ACE − 22 − 34, − 10 <0.01 0.12
CLO 17 5.0, 29 <0.01 0.07
IMI − 6.4 − 19, 6.5 0.33 0.01
THM 30 17, 44 <0.01 0.15
ΣNEOs − 15 − 23, − 7.8 <0.01 0.14
EDI 3.5 − 5.4, 12 0.44 0.01

Annual change (β, % per year) in concentrations (ln-transformed) of NEOs in
breast milk samples from 2014 to 2022.
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et al. reported that THM may act on central nicotinic acetylcholine re-
ceptors of rats, altering cholinergic transmission and affecting anxiety
behavior, acetylcholinesterase levels and high-affinity choline uptake
(Rodrigues et al., 2010). In addition to the selective stimulation of THM
and CLO on the central nervous systems of pests (Rodrigues et al., 2010),
their effects on the human nervous system are of increasing concern.
Therefore, the effects of THM and CLO in breast milk on the neuro-
development of infants should be urgently investigated.

3.3. Associations of NEOs between paired matrices

As presented in Table 3, moderate to strong significant positive
correlations were found in the concentrations of N-dm-ACE (r= 0.862, p
< 0.01), CLO (r= 0.623, p< 0.01), IMI (r= 0.579, p< 0.01) and THM (r
= 0.458, p < 0.01) between maternal serum samples and umbilical cord
serum samples, suggesting that both p-NEOs and N-dm-ACE can cross
the placental barrier and transfer from mother to fetus. However,
moderate significant positive correlations were only found in the con-
centrations of N-dm-ACE (r = 0.627, p < 0.01) and THM (r = 0.527, p <
0.01) between maternal serum samples and breast milk samples, and in
the concentration of N-dm-ACE (r = 0.646, p < 0.01) between umbilical
cord serum samples and breast milk samples, suggesting enrichment
mechanism of NEOs in breast milk and serum samples are different. This
may be attributed to different sampling dates for breast milk, maternal
serum, and umbilical cord serum. It has been reported that compounds
present in the mother are likely redistributed during lactation (Ettinger
et al., 2004). Indeed, in early stages of lactation, concentrations of lipids

and proteins in colostrum are variable, which may affect the distribution
of maternal compounds in breast milk (Jakobsson et al., 2012). Pedersen
et al. observed that the concentrations of pesticides in breast milk
samples collected on day 249 were approximately 2–20 times higher
than those collected on day 42 (Pedersen et al., 2021). Therefore,
collection of time-paired maternal serum and breast milk samples at
different stages of lactation is necessary for further research on the dy-
namic exposure risk for breast-fed infants.

3.4. Partitioning between paired matrices

Partitioning ratios of the target compounds between umbilical cord

Fig. 2. Composition profiles of NEOs in breast milk samples between 2014 and 2022.

Table 3
Correlations of NEOs among paired maternal serum, umbilical cord serum and
breast milk samples.

Maternal serum vs.
Umbilical cord serum

Maternal serum vs.
Breast milk

Umbilical cord serum
vs. Breast milk

N-dm-
ACE 0.862** 0.627** 0.646**

ACE 0.175 0.026 − 0.137
CLO 0.623** 0.047 0.143
IMI 0.579** 0.266 0.260
THM 0.458** 0.527** 0.332

** p < 0.01.

Fig. 3. Concentration ratios of NEOs (a) between umbilical cord serum and
maternal serum samples (UCS/MS), and (b) between breast milk and maternal
serum samples (BM/MS). n represents the number of paired samples that had
concentrations > LOD in both matrices.
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serum and maternal serum (UCS/MS ratios) as well as between breast
milk and maternal serum (BM/MS ratios) were also calculated from the
analyte concentrations. As presented in Fig. 3, the median UCS/MS ra-
tios of N-dm-ACE, ACE, CLO, IMI and THM were 1.32, 1.00, 1.80, 1.44
and 1.96, respectively, suggesting that these compounds were capable of
transplacental transfer, in agreement with the results of the correlation
analysis. Similar UCS/MS ratios of NEOs were recently reported by
Zhang et al. (Zhang et al., 2022a, 2022b), indicating that NEOs may pass
through the human placenta unimpeded. However, in the present study,
the median BM/MS ratios of N-dm-ACE, ACE, CLO, IMI and THM were
0.44, 0.30, 1.19, 1.15 and 1.58, respectively, indicating that the
enrichment capacity of CLO, IMI and THM in breast milk was stronger
than that of N-dm-ACE and ACE, which may be due to the different
structures of the nitroguanidine-type (CLO, IMI and THM) and
cyanoamidine-type (N-dm-ACE and ACE) compounds. It has been re-
ported that serum proteins (such as albumin) have a substantial binding
capacity for some type of compounds (Han et al., 2003). Our results
suggest that N-dm-ACE may be more likely to bind protein in blood than
CLO, IMI and THM due to their different chemical structures, resulting
in less free N-dm-ACE in blood to transfer to breast milk, although
further research is needed to clarify this mechanism. Moreover, the
metabolism and excretion rates of these compounds could also affect
their behavior in human body. Further research is needed to clarify this
mechanism. Compared to BM/MS ratios, the higher UCS/MS ratios
suggest that the neonates' prenatal exposure to NEOs in uterowas higher
than their postnatal exposure through breast milk. In other words, the
prenatal period might be a more critical window of NEO exposure.

Additionally, the median ratios of N-dm-ACE/ACE concentrations in
maternal serum (10.9), umbilical cord serum (19.6) and breast milk
(26.5) were > 1 (Fig. S4a). This result is consistent with a previous
study, which reported a median ratio of 46.9 for N-dm-ACE/ACE con-
centrations in urine samples (Xu et al., 2021). These findings suggest
that N-dm-ACE is the main form of ACE enriched in or excreted from the
human body. CLO may also be enriched in the human body as a parent
compound and metabolite of THM (Casida, 2011). However, the median
ratios of CLO/THM concentrations in maternal serum (0.59), umbilical
cord serum (0.65) and breast milk (0.52) were < 1 (Fig. S4b), indicating
that CLO was not the major metabolite of THM. This may be because the
mothers were exposed to less CLO than THM or most of the CLO was
excreted through urine (Xu et al., 2021). Moderate significant positive
correlations were found between CLO and THM in maternal serum (r =
0.526, p < 0.01), umbilical cord serum (r = 0.380, p < 0.05) and breast
milk (r = 0.470, p < 0.01), suggesting multiple sources of CLO accu-
mulation in these matrices.

3.5. Limitations of this study

To the best of our knowledge, this is the first investigation of the
occurrence of NEOs in paired maternal serum, umbilical cord serum and
breast milk samples, as well as of historical changes in NEO levels in
breast milk. However, several limitations should be considered when
interpreting the study findings. First, the breast milk samples were
collected after the maternal and umbilical cord serum samples, which
may have affected the chemical distribution between the matrices.
Moreover, due to variations in the distribution of compounds in breast
milk at different stages of lactation (Jakobsson et al., 2012; Pedersen
et al., 2021), one sampling of breast milk was unlikely to represent
exposure levels throughout lactation for infants. Nevertheless, all the
breast milk samples used in this study were collected at the same stage of
lactation to reduce uncertainty in the findings. Finally, the sample size
was relatively small and confined to a small geographic region, limiting
the statistical power and study precision. Therefore, a larger sample size
covering multiple stages of lactation and a series of time-pairedmaternal
serum and breast milk samples are needed for future studies to under-
stand the temporal change in NEOs as well as extent and mechanism of
transfer of NEOs from mother to infant.

4. Conclusions

In summary, the results of this study found decreasing trends in
concentration for N-dm-ACE, ACE and ΣNEOs, and increasing trends for
CLO and THM in breast milk samples, indicating the prevalence of NEOs
continue to evolve and more attention should be paid to the exposure of
vulnerable populations to new NEOs. Moreover, the results also sug-
gested that NEOs can be transferred from mother to neonate through
both the placenta and breast milk, and the transplacental transfer of
NEOs was more important than breast milk transfer. Therefore,
increasing exposure to new generation NEOs and the high efficiency of
transplacental transfer suggest the use of NEOs should be regulated and
strict limits should be placed on NEO residues in crops to safeguard the
health of vulnerable populations, though the RI values for breast milk
samples indicated no associated chronic adverse effects at present.
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