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ABSTRACT: Presently, the potential health risks of neonicotinoid insecticides (neonics) are now receiving much attention, but no
data regarding the exposure of infants to neonics via human breast milk intake have been reported. In this study, a nationwide survey
was conducted during the period of 2017−2019, wherein 97 pooled breast milk samples were collected from 3570 lactating women
of 23 provinces in China. Nationally, acetamiprid-N-desmethyl was the most predominant compound, accounting for 61.2% of the
total amount of neonics, followed by imidacloprid (15.6%). The concentration of the sum of acetamiprid and its metabolite
acetamiprid-N-desmethyl in breast milk was positively correlated with corresponding dietary exposure, while no statistically
significant association between the other neonic levels in breast milk and dietary exposure was found. The cumulative daily intakes of
neonics (9.40−249 ng kg−1 of body weight day−1) were estimated for breastfed infants, indicating a minuscule risk to Chinese infants
from neonic exposure via breastfeeding.
KEYWORDS: neonicotinoid, breast milk, risk assessment, infants, biomonitoring

■ INTRODUCTION

Following the decrease in the use of more traditional, high
mammalian toxicity insecticides (e.g., organophosphates) in
agricultural production, the adoption of nicotine-derived
neonicotinoid insecticides (neonics) has significantly risen
since the introduction of the first neonicotinoid [imidacloprid
(IMI)] to the market in 1991.1 At present, neonics are the most
widely used class of insecticides and comprise approximately
25% of global insecticide usage.2 As a result of their selective
toxicity to insects and broad-spectrum insecticidal effectiveness,
neonics have been applied for pest management on a myriad of
crops worldwide, including corn, grain, and vegetables.3,4

However, only ∼10% of neonics applied to crop seeds are
absorbed, leaving most of them to seep into soil, and therefore,
neonics are widely persistent in soil, with half-lives from 200 to
>1000 days.3 Given their persistence and high migration rate,
neonics are ubiquitously distributed in the environment, and
emerging studies have reported their environmental occurrence
with high detection frequency and at considerable concen-
trations, such as in soils, surface water, crops, non-targeted
pollinators, birds, and mammals.1,3 The environmental
detection of neonics is particularly notable in China, which is
a leading country in the manufacturing and consumption of
neonics.5,6

Neonics are potent neurotoxic insecticides, with lethal
concentrations in insects of approximately 0.8 mg g−1.3,7

Previously, neonics had been considered less toxic to animals
and humans as a result of their low binding affinity with the
mammalian nicotinic acetylcholine receptors (nAChRs) and
their inability to effectively penetrate the blood−brain barrier.8

The binding affinity of neonics with human nAChRs was
estimated to range from the micro- to millimolar level, which
exceeds environmentally relevant concentrations by approx-
imately 2−4 orders of magnitude.3 However, there is growing
evidence from laboratory and ecological field studies suggesting
that neonics have chronic toxic effects on mammals at sublethal
doses, as exemplified by their toxicity on the immune, hepatic,
endocrine, and reproductive systems as well as on growth and
development both in vivo and in vitro.8−10 In a carcinogenicity
study conducted by the United States Environmental Protection
Agency (U.S. EPA), it was reported that dietary administration
of thiamethoxam may increase the risk of liver cancer in mice.11

The sperm fertility and embryonic development of rats have
been shown to be impacted by the oral exposure of neonics as
well.9 Currently, low-dose endocrine effects of neonics have
garnered much attention.12 Promoter-specific CYP19 expres-
sion, which is a key enzyme in estrogen-dependent breast cancer,
has been shown to be partially influenced by thiacloprid and IMI
at the sub-micromolar level.13 Despite low susceptibility to
neonics, limited but emerging studies have proven that chronic
exposure may cause adverse effects on human health. For
example, it has been suggested that there is a positive association
between the risk of anencephaly and prenatal IMI exposure in
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human populations.14 However, existing studies regarding
chronic exposures within the human populations are suggestive
yet methodologically weak.15 Hence, more studies are needed to
better evaluate the health risks elicited by long-term exposure of
humans to neonics.
To gain a better understanding of their potential effects on the

human population, numerous studies have revealed potential
exposure pathways to neonics. Structurally, neonics were
designed to be systemic pesticides, of which 60% are used as
seed coatings globally, which are designed to be translocated
into all parts of treated crops, including fruits, flowers, leaves,
and edible rootstock, thus making it difficult to be removed by
washing prior to human consumption. On the other hand, being
highly water-soluble, detectable levels of neonics have been
identified in many surface waters around the world,16,17

highlighting the risk of neonic exposure through food and
water consumption. In our previously published work about
dietary exposure to neonics in the Chinese population, neonic
multi-residues were identified in all 12 studied food categories,
with the highest abundance in vegetables (110 μg kg−1),
followed by fruit (25.2 μg kg−1), beverages and water (1.89 μg
kg−1), and cereals (1.84 μg kg−1).5 However, data regarding
neonic exposure in the human population, most of which are
restricted to urine samples, are sparse. In the Japanese
population, the urinary concentrations of neonics have shown
a marked increase (0.05−12.8 nmol g−1 creatinine) from 1994
to 2011.18 In another biomonitoring study of the Chinese
population, urinary neonics were observed at the nanogram per
milliliter level, of which 98%were clothianidin, dinotefuran, IMI,
and thiamethoxam.6 The same has been observed in other
studies.19,20

Given the increasing ubiquity of neonics, along with their
cumulative effects, which include neurotoxicity, deleterious
impacts on the neurodevelopment of infants are of particular
concern.9 The monitoring of infant food residues is therefore
urgently needed for the comprehensive characterization of
potential risks to infant health. According to a total diet study in
the United States, considerable levels of neonics were detected
frequently (6−31%) in commercial infant foods.21 It has
additionally been widely recommended to increase the
prevalence and duration of breastfeeding based on the benefits
to infant health.22 Therefore, infants are expected to be exposed
to neonics through human breast milk. That being said, to the
best of our knowledge, neonic residues have not beenmonitored
in breast milk in any country. To fill this knowledge gap, in this
study, a nationwide survey was conducted, where 3570 breast
milk samples were collected from a combination of 97 urban and
rural sites within 23 provinces in China. This paper provides an
overview of the distribution profile of neonics and their
metabolites, and the estimated daily intake of neonics was
used to evaluate the postnatal exposure risk to infants. The
association between dietary exposure and neonic residues was
also explored.

■ MATERIALS AND METHODS
Chemicals and Reagents. Neonic standards, including clothiani-

din (CLO), acetamiprid (ACE), nitenpyram (NIT), dinotefuran
(DIN), imidacloprid (IMI), thiamethoxam (THI), thiacloprid
(THIA), imidaclothiz (IMID), and acetamiprid-N-desmethyl (ACE-
DE), were obtained from Dr. Ehrenstorfer (Augsburg, Germany), and
the structures and related physicochemical characteristics of nine
neonics are presented in Figure S1 of the Supporting Information.
Three isotopic internal standards (ISs) (IMI-d4, CLO-d3, and THI-d3)
were purchased from CDN Isotopes (Pointe-Claire, Quebec, Canada);

three ISs (ACE-d3, DIN-d3, and THIA-d4) were purchased from TRC
(North York, Ontario, Canada); and two ISs (NIT-13C3

15N2 and ACE-
DE-13C2

15N) were purchased from Cambridge Isotope Laboratories,
Inc. (Tewksbury, MA, U.S.A.). All high-performance liquid chromatog-
raphy (HPLC)-grade solvents (acetonitrile, methanol, formic acid, and
ammonium formate) used in this study were supplied by Thermo
Fisher Scientific (Fair Lawn, NJ, U.S.A.). Ultrapure water was prepared
using Milli-Q from Millipore (Bedford, MA, U.S.A.).

Sample Collection. As part of the Sixth Chinese Total Diet Study,
the National Breast Milk Monitoring Program was carried out during
the period of 2017−2019, wherein individual breast milk samples were
collected from healthy volunteer donors within 23 Chinese provinces.
These 23 provinces include Heilongjiang, Liaoning, Hebei, Beijing,
Jilin, Shaanxi, Inner Mongolia, Henan, Ningxia, Qinghai, Gansu,
Jiangxi, Fujian, Zhejiang, Shanghai, Jiangsu, Shandong, Hubei, Sichuan,
Guangxi, Hunan, Guangdong, and Guizhou, which cover about 83.3%
of the Chinese population. Geographic locations of these 23 provinces
in China are shown in Figure S2 of the Supporting Information. In this
program, two urban sites and four rural sites were selected for the
provinces with a population of more than 50 million, while for the
provinces with a population of less than 50 million, one urban site and
two rural sites were selected. Among them, 50 urban donors and 30
rural donors were recruited from each urban and rural site, respectively.
Each breast milk donor had lived in her residence for more than 10
years, and all of them were primiparas and non-smokers. The program
was approved by the China National Center for Food Safety Risk
Assessment, and all donors were informed of the purpose of the study
and signed a consent form. When collecting samples, the occupation,
age, and diet of the mother, the birth weight of each infant, and other
relevant information were recorded according to a prepared
questionnaire. The questionnaire showed that there was no evidence
of occupational exposure to pesticides among these donors. Each breast
milk sample (approximately 50 mL) was collected by pump or hand
directly into a polypropylene bottle from each donor within 3−8 weeks
after delivery. A total of 3570 breast milk samples were immediately
frozen, stored at −20 °C, and transported to the laboratory facility
immediately by cold chain transportation. For each collection site, 10
mL of breast milk from each individual sample was pooled to form one
composite sample. In this study, a total of 97 pooled samples from 23
provinces, including 33 urban site composite samples and 64 rural site
composite samples, were employed for neonic determination. All
pooled samples were stored at −80 °C prior to analysis. The detailed
information on each sample is shown in Table S1 of the Supporting
Information.

Sample Preparation and Instrumental Analysis. For sample
preparation, a slightly modified version of a previous analytical method
was used.23 Briefly, an aliquot of pooled milk (8.0 mL) fortified with 1
ng of each IS was measured into a 15 mL centrifuge tube. A total of 4.4
mL of acetonitrile was added to the sample and vortex-mixed to keep
the proportion of acetonitrile/water at 37.5% (v/v). After centrifuga-
tion at 8000 rpm for 5 min, the mixture was subjected to cold-induced
phase separation for 60 min in a −20 °C freezer. Then, the upper
acetonitrile layer was pipetted out and centrifuged at 13 500 rpm for 5
min. Afterward, the supernatant was pipetted out into a sample vial for
liquid chromatography−high-resolution mass spectrometry analysis.
Quantification of neonics in breast milk samples was conducted on a
Dionex Ultimate 3000 RSLC system coupled with a Thermo Q
Orbitrap high-resolution mass spectrometer (HRMS, Bremen,
Germany). The target analytes were chromatographically separated
on an Accucore aQC18 column (150× 2.1 mm, 2.6 μm) at 40 °C using
a column oven. All other details of instrumental conditions were carried
out as described by the previous method.23

Quality Assurance and Quality Control. To evaluate the
background contamination and accuracy and reliability of detection
results, a procedural blank and three quality control (QC) samples
(spiked blank samples at 50, 100, and 500 ng L−1) were included for
each batch of 15 samples analyzed. As expected, all procedural blanks
were lower than the limits of detection (LODs) of all analytes. Method
LODs of neonics in breast milk samples were calculated according to
the suggestion of the Eurachem guide shown in our previous study23
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and are listed in Table 1. In QC samples, the average recoveries of nine
neonics were between 84.7 and 108.4% and the relative standard
deviation ranged from 3.6 to 8.6%. In this study, all of the samples were
analyzed in duplicate, and the coefficient of variation of all target
analytes was less than 20%.
Data Analysis. Statistical analysis was performed with GraphPad

Prism 8 software. Measurements below the LOD were treated as 0. To
assess the associations between different variations, the Pearson
correlation coefficient was used to analyze the data normalized by log
transformation. p < 0.05 (two-tailed) was used as criteria for statistically
significant values. The distribution of neonics in urban and rural areas
was compared by principal component analysis (PCA), which was
carried out by the prcomp function on R studio (3.5.1).

■ RESULTS AND DISCUSSION

Human breast milk has been highly regarded as themost optimal
source of nutrition for infants. Different from infant formulas
comprising indispensable proteins, fats, vitamins, and carbohy-
drates, the antibodies, enzymes, and hormones, which exist
exclusively in breast milk, offer developing infant protection
against infection and disease. However, emerging evidence has
implied the presence of numerous xenobiotics and other
contaminants in breast milk in some instances, raising concerns
about dietary safety for infants.24−26 To gain a comprehensive
understanding of the neonic residues in the breast milk of the
Chinese population, cross-sectional breast milk samples were
collected in 33 urban areas and 64 rural areas from 23 provinces
across China. In the current study, pooled samples (n = 97) from
3570 breast milk samples were used for biomonitoring. Briefly,
30 and 50 individual breast milk samples were collected in each
rural area and urban area, respectively. As a result of the time-
consuming nature of analyzing 3570 samples, individual samples
from the same site were pooled together to make a geo-
graphically representative mixed sample.
Nationwide Profile of Neonics in Breast Milk Collected

in China. Eight neonics (NIT, THI, CLO, IMI, ACE, DIN,
IMID, and THIA) and the metabolite of ACE (ACE-DE) were
included in this biomonitoring study. THIA, IMID, and DIN
were not found in any sample. The detection frequencies, mean
concentrations, and distribution quartiles of the six detected
chemicals are presented in Table 1 and Figure S3 of the
Supporting Information, and detailed data for each neonic
residues in 97 pooled breast milk can be found in Table S2 of the
Supporting Information. Within the samples, ACE-DE was the
most frequently observed compound (100%), followed by IMI,
THI, CLO, and ACE, with detection frequencies ranging from
71.1 to 99.0%; NIT was only detected in 19.6% of the samples,
which is comparable to the detection frequency in human
urine.6,27 The prevalence of these targeted chemicals indicates
that infants are at risk of exposure to neonics through the

consumption of breast milk. Among the six detected
compounds, ACE-DE was the most abundant target chemical
in breast milk, at concentrations ranging from 8.30 to 1479 ng
L−1, with an arithmetic mean value of 161 ± 188 ng L−1. This
indicates that ACE-DE monitoring should be afforded more
attention; as a result of emerging evidence, ACE-DE is
associated with infant health. In comparison to normal-sized
gestational age infants, significantly higher urinary concen-
trations of ACE-DE were recorded in below-normal-sized
gestational age infants, which is generally correlated with
suppressed neurological development.28 Average concentra-
tions of the other chemicals decrease in order from IMI (41.0 ±
24.3 ng L−1), THI (20.3 ± 14.9 ng L−1), ACE (19.1 ± 28.1 ng
L−1), and CLO (13.0 ± 10.9 ng L−1) to NIT (7.77 ± 18.6 ng
L−1). The large standard deviations indicate that there is a
significant variation in the geographical distribution of neonic
residues. As shown in Table S3 of the Supporting Information,
the sum concentrations of six neonicotinoid insecticides/
metabolite (∑neonics) ranged from 64.2 to 1972 ng L−1, with
a mean value of 263 ± 231 ng L−1. Nationally, ACE-DE was the
predominant compound detected in breast milk samples, with a
concentration contribution to∑neonics (61.2%) approximately
8-fold higher than its parent compound ACE (7.26%). In a case-
control study with Japanese volunteers,29 detection frequency
and concentration of ACE-DE in urine were positively
associated with the increased prevalence of neurological
symptoms, which necessitates further biomonitoring studies
because more potential derivatives may be involved.30,31 The
other chemicals were estimated to contribute 15.6% (IMI),
7.72% (THI), 4.94% (CLO), and 2.95% (NIT) to the total
measured neonics. Given the paucity of biomonitoring data of
neonics in breast milk samples, a crosswise comparison to the
residue profile in the same matrix is restricted. However, our
results are commendably consistent with reports pertaining to
the widespread occurrence of neonics in human urine. In a
nationwide survey in China,6 approximately 10-fold higher
urinary neonic residues were observed, including those of THIA
and DIN, which is reasonable given their high hydrophilicity.
Additionally, they reported a noticeably different composition
profile, with CLO, IMI, THI, and ACE accounting for 32, 28, 21,
and 1.8% of∑neonic concentrations, respectively, showing that
the relative proportion of ACE is significantly lower in urine than
that in breast milk. In contrast with urine, breast milk is rich in
lipids and many lipophilic environmental chemicals are
measured in milk.22 However, apparently, the discrepancy
between the proportions of neonics in urine and breast milk may
not be explained merely by the variations in lipophilicity,
because the estimated logD7.4 value of ACE (1.11) calculated by
Chemaxon is comparable to IMI (1.09) and THI (1.07).32

Table 1. Distribution of Neonic Residues (ng L−1) in 97 Pooled Samples from 3570 Human Breast Milk Samples Collected from
23 Provinces in China

DF (%)a LODb average SDc 25thd 50the 75thf range

NIT 19.6 10 7.77 18.6 <LOD <LOD <LOD <LOD−114
THI 96.9 2 20.3 14.9 11.0 16.8 25.4 <LOD−105
CLO 84.5 5 13.0 10.9 6.16 11.4 16.9 <LOD−51.6
IMI 99.0 5 41.0 24.3 28.5 38.7 48.0 <LOD−191
ACE 71.1 2 19.1 28.1 <LOD 14.0 23.6 <LOD−230
ACE-DE 100 5 161 188 69.9 103 173 8.30−1479
∑neonics 263 231 158 200 291 64.2−1972

aDF = detection frequency. bLimits of detection (LODs) of THIA, DIN, and IMID were 1, 20, and 10 ng L−1, respectively. cSD = standard
deviation. d25th = 25% percentile. e50th = 50% percentile. f75th = 75% percentile.
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Instead, we proposed a hypothesis that ACE is prone to form an
interaction with carrier proteins, such as serum albumin and
lactalbumin, which is known to bind with various environmental
chemicals,33,34 eventually leading to enhanced bioaccumulations
of ACE in breast milk. Until now, there was no information
about the binding affinity of neonics to carrier proteins, which
needs further investigation. Additionally, significantly lower
urinary levels of IMI and ACE were observed in females
compared to males, which supports the existence of a distinct
excretion pathway in females, possibly related to lactation.6

Given that ACE is prone to transformation to ACE-DE in the

body, ACE and ACE-DE will be combined in the following
discussion as the total possible infant exposure to ACE.
The correlation among the concentrations of neonics (log-

transformed) detected in the present study was analyzed by a
Pearson correlation coefficient, as displayed in Figure 1.
Statistically poor to fair positive associations (r = 0.298−
0.519; p < 0.05) were found between the detection of THI and
CLO, THI and IMI, THI and ACE, and ACE and IMI. Although
these r values were statistically demonstrable, these associations
among neonics were only a hypothesis and need to be further
studied. It is noteworthy that CLO is a metabolic product of

Figure 1. Pearson correlation between individual neonic concentrations measured in breast milk samples collected from 23 provinces in China. Log-
transformed concentrations in breast milk were used in the analysis. Scatter plots of each pair of log concentrations are presented on the lower left
triangle. Coefficient and p value of Pearson correlation are displayed on the upper right triangle. Significant correlations are highlighted in red. Variable
distribution is displayed along the diagonal.

Figure 2. Geographic distribution profile of multiple neonic residues in 23 provinces of China: (A) total concentration of neonics detected in breast
milk samples from each province and (B) composition profiles of neonics in different provinces of China.
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THI in the environment and the human body,9,15,30

contributing to an exclusively fair positive association between
CLO and THI. This result is consistent with previously reported
biomonitoring date from a urine and diet survey5,6 and implies
that CLO detected in breast milk may not only originate from
direct exposure but also possibly from biotransformation in the
human body. Conversely, no significant correlation (−0.331 < r
< 0.062; 0.166 < p < 0.800) was found between the
concentrations of NIT and any other neonics, which indicates
the existence of distinct sources or transform pathways of NIT.
In support of our results, the solubility in water (590 000 mg L−1

at 20 °C and pH 7) of NIT was found to be more than 1000-fold
higher than that of THI (184 mg L−1), CLO (340 mg L−1), and
IMI (610 mg L−1). Additionally, the half-life of NIT in soil (8
days) is significantly shorter than that of THI (3.4−1000 days),
CLO (148−6931 days), and IMI (100−1250 days).35 For all of
these reasons, NIT may display a special residue pattern in
various matrices, exemplified by the absence of a statistically
significant correlation between the dietary distribution of NIT
and any other neonics.5

Distribution of Neonics in 23 Provinces of China. In
addition to the overall distribution across China, the profiles of
neonic residues in 23 provinces were documented. The sum
concentrations of five neonics shown in Figure 2A and Table S3
of the Supporting Information indicate a significant regional
variability. The province with the most abundant neonic residue
is Zhejiang (592± 689 ng L−1), following byGuangdong (527±
239 ng L−1), Beijing (414 ± 239 ng L−1), and Shanghai (400 ±
222 ng L−1). The province with the lowest concentrations of
neonics is Sichuan (107 ± 47.6 ng L−1), which is 5.5-fold lower
than Zhejiang, following by Hubei (126 ± 30.4 ng L−1) and
Jiangsu (135 ± 65.7 ng L−1). According to PCA, no significant
difference between the neonic profile of urban and rural areas
was observed (Figure S4 of the Supporting Information).
Generally, our results are in line with previous reports that
pesticide consumption decreases from south to north and from
east to west,6 and significant association (r = 0.54; p = 0.008)
was found between ∑neonics in breast milk and the average

pesticide consumption per thousand hectares from 2016 to 2018
reported by the National Bureau of Statistics of China (Figure
S5A and Table S4 of the Supporting Information).36 However,
the ∑neonics in breast milk did not show a statistically
significant correlation with the estimated daily intake (EDI) to
dietary exposure (r = 0.41; p = 0.051) from the Sixth Chinese
Total Diet Study (Figure S5B of the Supporting Information).5

This may be attributed to several factors, such as regional racial
variations and alternative exposure sources (e.g., dust).
Congener profiles of neonics in breast milk are shown in Figure
2B. With regard to the neonic profiles of the 23 provinces, the
composition of neonics from different regions is relatively
constant, with only slight variations. ACE is the most prevalent
neonic in the breast milk from all of the provinces, accounting
for 44.6% (Hubei) to 84.7% (Shanghai) of the total
concentration. IMI is the second most prevalent neonic,
accounting for 8.49% (Guangxi) to 29.3% (Jilin) of the total
concentration. Ratios of the other three neonics were relatively
small, with the proportional range of CLO and THI being 1.36%
(Jilin) to 13.3% (Shannxi) and 2.97% (Guangdong) to 18.0%
(Shandong), respectively. There was no NIT observed in the
breast milk samples from 12 provinces, whereas NIT makes up
19.0% of all of the neonics found in Hubei. Although many
neonics are consistently detected in 23 provinces, our results
imply a certain degree of geographic-specific neonic distribution
in different areas of China, which can be attributed to variations
in agricultural plantation distribution. The consumption of THI
is significantly higher than that of CLO within China as well as
on a global scale,3,37 because higher concentrations of THI have
been detected in fruits, vegetables, and cereal collected
nationwide in China.5,38 However, a reverse distribution was
observed for CLO, in that urinary CLO concentrations are
higher than those of THI,6 which is likely attributed to the
transformation from THI to CLO in the body.9,30 According to
our data, the proportion of CLO in breast milk collected in the
majority of provinces (with the exception of Gansu, Qinghai,
and Guangxi) is higher than that of THI. These results suggest
another explanation for the contradiction between the

Figure 3. Pearson correlation between individual neonic concentrations detected in breast milk and corresponding EDI values (as reported in a
previous total diet study from the same 23 provinces). Log-transformed concentrations in breast milk and EDI values were used for the analysis. Each
black dot indicates one province. The result of NIT is not presented as a result of several missing values.
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consumption and urinary concentrations of these two neonics:
THI (log D7.4 = 1.07) is prone to selective bioaccumulation in
fat-rich tissues or body fluids, such as breast milk, as a result of its
higher lipophilicity compared to CLO (log D7.4 = 0.54).35 This
assumption also applies to IMI (log D7.4 = 1.09), of which the
urinary concentrations were found to be lower than those of
CLO, even though its consumption is much higher.39

Correlations and Source Analysis. Recently, the exposure
routes to neonics have gained growing attention. Studies have
identified diet and drinking water as suspected primary sources
of human exposure to neonics,35,40,41 especially in areas in close
proximity to application sites.42 However, there is no tangible
evidence to substantiate this hypothesis, such as case-control
studies with controlled dietary exposure. A study in Japan
reported no significant relationship between urinary neonic
concentrations and food consumption data. However, these data
were obtained via a self-administered questionnaire, which
admits uncertainty.43 In our previously published total diet
study that was conducted in the same period and location as this
study, dietary exposure to neonic insecticides in the Chinese
population was evaluated. To investigate the association
between neonic concentrations in breast milk and dietary
exposure, Pearson correlation coefficients of the log-trans-
formed concentrations of neonics in breast milk and EDI
through dietary exposure were calculated and are presented in
Figure 3. The statistical results showed that the elevated
concentrations of ACE are fairly correlated with corresponding
EDI through dietary exposure, while no significant association
pertaining to the other neonic levels in breast milk and dietary
exposure was found (0.05 < r < 0.33; 0.13 < p < 0.81). These
results highlight the existence of other potential determinants of
neonic concentrations in breast milk aside from dietary
exposure, such as potential exposure through dust.44 Exposure

routes other than diet deserve further attention in future
research, and modeling studies relating the bioaccumulation of
neonics to neonic exposure should be conducted.

EDI of Neonics through Maternal Breastfeeding.
Biomonitoring of breast milk can not only be used to reveal
prenatal exposures of mothers but also to reveal the chemical
profile transferred to infants as a result of breast milk
consumption. To evaluate potential risks posed to infants by
aggregate neonic exposure through breastfeeding, the relative
potency factor (RPF) approach, which is recommended by the
U.S. EPA, was used in the present study.45 According to this
methodology, an assessment of total neonic exposure was
conducted by summing the potency of individual neonics, which
was standardized to an index chemical (IMI) using eq 1.
Afterward, the EDI was derived by eq 2 as follows:

CIMI ( RPF)i iRPF ∑= × (1)

EDI
IMI CV

bw
RPF=

×
(2)

wherein IMIRPF (ng L−1) is the expression of the toxic
equivalency concentration, Ci (ng L

−1) is the concentration of
individual neonics, RPFi represents the relative potency factor of
corresponding neonics (Table S5 of the Supporting Informa-
tion), CV is the breast milk consumption volume expressed in
liters per day, bw (kg) is the body weight, and EDI is expressed
in nanograms per kilogram of bw per day.5,46 On the basis of
previous studies of the Chinese population,47,48 the average bw
of infants was assumed to be 6 kg, and 0.75 L day−1 was used as
the average breast milk consumption rate.
The results of the neonic exposure data transformed by the

RPF approach are presented in Figure 4 and Table S3 of the
Supporting Information. The individual sample with the highest

Figure 4. (A) Distribution of total neonic residues in China (expressed as IMIRPF) and (B) IMIRPF values of each neonic in 23 provinces displayed
using a heat map. The total EDI value of each province is presented in the right panel. The average EDI value of each neonic is presented in the top
panel.
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IMIRPF (1995 ng L
−1) belongs to a rural area in Lishui, Zhejiang,

which is approximately 26.6-fold higher than the lowest IMIRPF
(75.0 ng L−1) observed in another rural area in Kexian, Guangxi.
The national average IMIRPF of these five neonics decreases in
the order of THI (193 ng L−1), ACE (144 ng L−1), CLO (75.2
ng L−1), IMI (41.0 ng L−1), and NIT (7.80 ng L−1). Although
higher concentrations of neonics were observed in Zhejiang and
Guangdong, the region associated with the heaviest burden of
neonics is Beijing, because samples from Beijing were associated
with a higher proportion of neonics with prominent RPFs (THI
and CLO). Similarly, in accordance with such ranking based on
RPF prominence, the IMIRPF values of Sichuan and Hubei are
associated with the lowest burden of neonics among the 23
provinces. The EDI of neonics for nursing infants through
breastfeeding is presented in Figure 5A and Table S3 of the
Supporting Information. The highest median EDI of neonics
was observed for infants in Beijing (118 ng kg−1 of bw day−1),
followed by infants in Zhejiang (91.6 ng kg−1 of bw day−1),
Guangdong (79.9 ng kg−1 of bw day−1), and Hunan (72.7 ng
kg−1 of bw day−1). In comparison to the EDI levels reported for
adults in the same location (Figure 5B), generally, infants were
shown to be exposed to relatively less neonics than adults, except
for in Heilongjiang (infants, 40.4 ng kg−1 of bw day−1; adults,
26.1 ng kg−1 of bw day−1). In Shanghai, Guangxi, and Hubei, the
EDI values reported for adults were over 10 times higher than
those of infants. The lower daily exposure for infants may be
attributed to the strong hydrophilicity of neonics, because most
of the neonics in mothers will be excreted in their urine, leading
to limited bioaccumulation of neonics in breast milk. According
to a previous report,8 the chronic reference dose (cRfD) of
neonics shows a lower threshold compared to the available
acceptable dietary intake (ADI) proposed by the National Food
Safety Standard of China (GB 2763-2016) (Table S5 of the
Supporting Information). Considering that infants are more
susceptible to external stimuli, the cRfD approach proposed by

the U.S. EPA was used for health risk assessments in the present
study.49 The risk index (RI), which is derived by dividing IMIRPF
by the cRfD of IMI (57 μg kg−1 of bw day−1), is intended to
account for the risk level of non-cancer-related health effects. If
the RI is lower than 1.0, the EDI of aggregate neonics is likely not
associated with chronic adverse effects. In our study, among all
of the 97 subject areas, the determined RI values ranged from 1.6
× 10−4 (Kexian, Guangxi) to 4.4 × 10−3 (Lishui, Zhejiang), with
a national average of 1.0 × 10−3 (Table S3 of the Supporting
Information). The province with the highest cancer risk is
Beijing (RI = 2.1× 10−3), while Sichuan has the lowest risk (RI =
5.1 × 10−4). On the basis of this risk assessment method, our
results therefore suggest minuscule risk to Chinese infants from
neonic exposure via breastfeeding. However, most of the
thresholds of acceptable values used in ADI or cRfD
methodology are derived from animal toxicity studies, and
theoretically, EDI beneath the acceptable values does not
guarantee absolute safety.49 Increasing evidence suggests that
chronic exposure to environmental levels of neonics is
associated with adverse health outcomes, such as impaired
male reproductive activity and adverse neurological symp-
toms.10,15,29 That being said, as more quantitative data from
epidemiologic studies emerge, cRfD values may change in the
future. Furthermore, given the inherent susceptibility of infants
to external stimuli, more strict risk assessment criteria should be
established for the health protection of infants. In a cross-
sectional study in the United States, it was found that formula-
fed infants have increased odds to become exposed to melamine
and cyanuric acid than breastfed infants.26 Although non-breast
milk foods for infants may also be possible alternative sources of
neonic exposure,21 there are insufficient data to draw a
conclusion regarding their potential health risks. Hence, further
studies are needed to elucidate the neonic burden of infants in a
more comprehensive exposure scenario.

Figure 5. (A) Infant EDI values (ng kg−1 of bw day−1) of neonics through breastfeeding in 23 provinces in China and (B) previously reported adult
EDI values (ng kg−1 of bw day−1) of neonics via dietary exposure.5 The total EDI value of each province is presented in the right panel. The average EDI
value of each neonic is presented in the top panel. Values exceeding 100 ng kg−1 of bw day−1 are shown in gray.
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To the best of our knowledge, this is the first investigation of
the occurrence of neonics in breast milk, providing basic
information that can be used in postnatal exposure and risk
analysis for breastfed infants. Additionally, the breast milk
biomonitoring data presented also provide valuable insight into
maternal neonic exposure levels. Overall, this paper has
documented substantial detection of neonics in breast milk
collected from 23 provinces across China, within acceptable
levels. The concentrations of ACE-DE are significantly higher
than the other neonics investigated. Hence, in addition to
precursors, these results also encourage the simultaneous
measurement of neonic metabolites in further studies for risk
assessment in breastfed infants. Moreover, additional exposure
sources, such as indoor dust and infant formula, may cause
increased exposure of infants to neonics. While some studies
have presented evidence that environmental chemicals in breast
milk may decline as a result of elimination during breast
feeding,50 others have shown an inconsistent trend (constant or
increasing). In future biomonitoring studies of neonics in breast
milk, further sample collection factors, such as multi-course
collection and lactation duration, should be taken into careful
consideration to provide comprehensive results.22,24
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