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NNIs include acetamiprid (ACE), clothianidin (CLO), 
dinotefuran (DIN), imidacloprid (IMI), thiacloprid 
(THCP), thiamethoxam (THM) and nitenpyram (NIT) 
(Chi-Hsuan Chang et al. 2018). Compared with con-
ventional insecticides, NNIs possess notable advan-
tages, such as safety, efficacy, and high selectivity, 
allowing them to be extensively utilized in agriculture 
and even in our daily lives (Chen et al. 2020). There 
were 12 kinds of NNIs registered in China as of Sep-
tember 2021; more than 120 countries were reported 
to have NNIs registered, and NNIs accounted for 25% 
of the global insecticide market in 2014 (Bass et al. 
2015).

Introduction
Neonicotinoids (NNIs) are novel pesticides that func-
tion primarily through the selective control of insect 
nervous system nicotinic acetylcholine esterase recep-
tors, thereby disrupting the normal conduction of the 
insect central nervous system and resulting in paraly-
sis and mortality of the pest (Matsuda et al. 2001). 
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Abstract
Neonicotinoid insecticides (NNIs), as a new type of insecticide, are widely used in agriculture and daily life. Because 
of the low volatility of NNIs, few studies have evaluated them in atmospheric particulate matter. In this study, 101 
outdoor PM2.5 samples were collected from the Wuhan urban area from 2019 to 2021, leading to the detection 
of seven NNIs and three of their metabolites. The detection frequencies of all 10 substances were more than 
60%, with DIN (dinotefuran) and IMI (imidacloprid) reaching 100%. DIN (52.4 pg/m3) and IMI (43.0 pg/m3) had 
higher median concentrations than other substances. Concentration distributions of the four substances ACE 
(acetamiprid), DIN, IMI, and 5-OH-IMI (5-Hydro-Imidacloprid) exhibited statistically significant differences (P < 0.05) 
across the four seasons. Concentration levels of ACE, CLO (clothianidin), and IMI were statistically different between 
the three years (P < 0.05). The median concentration of imidacloprid-equivalent total neonicotinoids (IMIeq: 
generated by the relative potency factor method) was 256.1 pg/m3. Finally, the estimated daily intake (EDI) of NNIs 
via respiration was greater in infants and young children than in the rest of the population, suggesting that infants 
and young children were more likely to be exposed to the health effects of airborne residual PM2.5.
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However, excessive use of NNIs has been reported to 
have adverse effects on ecosystems and human health 
(Christen et al. 2016). IMI can cause colony collapse 
syndrome, which reduces the ability of bees to forage 
(Cox-Foster et al. 2007). In addition, NNIs are lethal 
to aquatic and terrestrial invertebrates and poten-
tially dangerous to mammals (Li et al. 2020), including 
humans (Vijver and van den Brink 2014). Environmen-
tal media such as food, water, and air have been exten-
sively contaminated by the overuse of NNIs, suggesting 
that humans could be exposed to NNIs through a vari-
ety of routes, such as ingestion, drinking, and breath-
ing (Han et al. 2018).

China is the largest producer and pesticide consumer 
in the world (Xiao 2003). As the largest sale and appli-
cation amount among NNIs in China, IMI’s annual 
production reached 13,500 tons in 2010 (Shao et al. 
2013). However, the mass production and use of NNIs 
have also brought certain disadvantages. In China, 
pesticides are usually sprayed, which inevitably lead 
to missed targets and released material into the air. It 
is reported that the amount of pesticides lost into the 
air during spraying can reach 30–50% (Coscollà et al. 
2008). Ambient air particulate matter, especially small 
particles, are likely to adsorb toxic and hazardous sub-
stances (Valavanidis et al. 2008). However, it has been 
shown that NNI residues in atmospheric dust account 
for 0.01–0.40% of the actual amount applied (Mon-
tiel-León et al. 2019). While NNIs are present in the 
atmosphere at low concentrations, the environmen-
tal health risks posed should not be underestimated. 
Atmospheric NNIs not only kill insects such as bees 
and butterflies but also impact the respiratory and 
immune systems of humans (Zhang et al. 2019; Zhou 
et al. 2020).

In this study, atmospheric PM2.5 samples were col-
lected from the urban area of Wuhan between 2019 
and 2021. The study focused on analyzing the con-
centration levels and distribution characteristics of 
10 NNIs. Furthermore, the study conducted a pre-
liminary assessment of the respiratory exposure lev-
els and potential health risks associated with these 
NNIs in the study area, considering population expo-
sure parameters. These findings offered valuable data 
to support air quality assessment and the control of 
emerging organic pollutants.

Materials and methods
Standards and reagents
Standards of NNIs, including ACE, CLO, DIN, IMI, 
NIT, THM, FLO (Flonicamid), N-ACE (Acetamiprid-
N-desmethyl), 5-OH-IMI (5-Hydro-Imidacloprid), and 
6-ClNA (6-Chloronicotinic acid), were acquired from 
Aladdin, America. The corresponding isotope labelling 

products were purchased from Anpel Laboratory 
Technologies (Shanghai) Inc. The above standard solu-
tions were stored at -20  °C, shielded from light. Ace-
tonitrile, methanol, n-hexane, and dichloromethane 
(LC‒MS grade) were obtained from Fisher Chemical 
(Thermo Fisher Scientific, Inc., Waltham, MA, USA). 
A 2 mL automatic sampling bottle, cap and PTFE sili-
cone gasket were purchased from Agilent Technology.

Sample collection
Outdoor PM2.5 samples were collected using a 
TH-150  C medium-volume air sampler, with a con-
tinuous sampling duration of 24 h on a 90 mm diam-
eter quartz filter membrane. The sampling flow rate 
was set at 100 L/min. We conducted sampling continu-
ously for a minimum of one week during each of the 
three seasons spanning from 2019 to 2021, resulting in 
the collection of a total of 101 samples. The sampling 
site was located on the rooftop of Building 2, School 
of Public Health, Tongji Medical College (30°35′N, 
114°15′E), approximately 12  m above ground level, 
with no industrial emission sources in the vicinity. 
Before sampling, the sampling filters were precleaned, 
and the instrument’s gas flow rate was calibrated using 
a flow metre. Meteorological data such as atmospheric 
pressure, temperature, and humidity were recorded 
during the sampling process. After sampling, the fil-
ter membranes containing the collected air particulate 
matter were folded, placed in sealed bags and stored at 
-20 °C for subsequent analysis.

Sample preparation
A quarter section of the PM2.5-loaded filter membrane 
was cut and transferred to a glass centrifuge tube. 
Then, 20 µL of a mixed internal standard solution was 
added. Then, 3 mL of dichloromethane/hexane (3/1, 
v/v) was added, followed by ultrasonic extraction at 
room temperature for 30  min. The mixture was then 
centrifuged for 5  min at 3000  rpm. After centrifuga-
tion, the supernatant was transferred to a new glass 
test tube. Subsequently, another 3 mL of dichloro-
methane/hexane was added, followed by a repeat of 
ultrasonic extraction. The second extraction was com-
bined with the first extraction. Next, 3 mL of acetoni-
trile was added to the filter membrane sample, and the 
same ultrasonic extraction process was repeated twice. 
Finally, the total extracted solution from the four 
transfers was dried using a 40  °C water bath nitrogen 
evaporator, after which 200 µL of methanol was added 
for reconstitution. After vortexing at 2500  rpm for 
1 min, 100 µL of the reconstituted solution was filtered 
through a 0.22 μm organic membrane and transferred 
to the injection vials with 200ul cannulae. The result-
ing sample was subjected to LC‒MS/MS analysis.
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Instrumental analysis
Ultra-performance liquid chromatography-tandem 
mass spectrometry (UPLC‒MS/MS, Waters ACQUITY 
UPLC I-Class coupled with Xevo TQS, Waters Corpo-
ration, Milford, MA, USA) was performed in electro-
spray ionization positive mode and multiple reaction 
monitoring (MRM) mode. The MRM transitions and 
collision energies of the target NNIs are presented in 
Table S1. Chromatographic separation was achieved on 
an ACQUITY UPLC BEH C18 column (2.1 × 100 mm, 
1.7  μm). The column temperature was maintained at 
40  °C. The mobile phase consisted of water contain-
ing 0.1% formic acid (mobile phase A) and methanol 
(mobile phase B). Linear gradient elution was carried 
out at a flow rate of 0.3 mL/min. The total program 
time was 10  min, and the injection volume was 5 µL. 
The analyte liquid chromatography elution procedures 
are shown in Table S2.

Quality assurance and quality control
In this study, analytes were quantified using an internal 
standard calibration method. Twelve calibration levels 
(0.1 ng/mL-1000 ng/mL) were used for instrument cal-
ibration. The linearity (r2) of all the calibration curves 
was > 0.990. The limits of detection for the ten ana-
lytes ranged from 0.01 to 0.07 ng/mL. The recoveries 
and relative standard deviations of the spiked samples 
were calculated to assess the accuracy and precision, 
respectively. The results showed that the recoveries of 
the spiked analytes were in the range of 85.96-107.53%, 
and the relative standard deviations of the paral-
lel measurements were less than 15%, which met the 
requirements of quantitative analysis.

Exposure assessment in the populations
Calculation of the relative potency factor (RPF)
The IMI was chosen as a reference NNI due to its 
extensive use and research (C.-H. Chang et al. 2018). 
As shown in the following equation, the RPF method 
was used to normalize each NNI to the IMI and inte-
grate the cumulative exposure and risk of single NNI. 
The following formulae were obtained as follows:

	

IMIeq : imidacloprid− equivalent total neonicotinoids, IMIeq

= IMI (NNIi×RPFi) = CLO× 5.82+IMI× 1

+DIN× 2.85+ACE× 0.80+THM× 9.50.

The calculation of RPF was based on the chronic refer-
ence dose (cRfD) of IMI (C.-H. Chang et al. 2018; Lu et 
al. 2018) as shown in Table S3.

The calculation of estimated daily intake (EDI)
The primary route of entry for hazardous substances 
in atmospheric particulate matter into the human 

body are through inhalation via the respiratory system. 
The estimated daily intake (EDI) is computed based 
on the following formulaic model (U.S. Environmental 
Protection Agency.1992. 2014):

	
EDI(inh.)a=

Ca × IR × RR× ABSa × ET× EF× ED

BW× AT

The equation above represents the estimation model 
for calculating the estimated daily intake (EDI) of each 
target substance (denoted as EDI(inh.)a) via inhala-
tion, expressed in picograms per kilogram of body 
weight per day (pg/kg·day). In the equation, Ca rep-
resents the concentration of the target substance a in 
the air (pg/m3), IR and BW denote the inhalation rate 
(m3/day) and body weight (kg), respectively, RR refers 
to the respiratory retention rate (%), ABSa represents 
the percentage of the target substance a absorbed into 
the bloodstream (%), ET represents the duration of 
exposure (h/day), EF refers to the exposure frequency 
(days/years), and ED denotes the duration of exposure 
(years). AT represents the average exposure time (in 
days). For noncarcinogenic effects, AT corresponds to 
the number of days of exposure in EDI. Other expo-
sure parameters can be found in Table S4.

Statistical analyses
The data analysis was completed with SPSS 26.0 soft-
ware. All figures were created by origin2022. The con-
centration levels less than the detection limit were 
replaced by detection limit/√2. Differences between 
groups were analysed by one-way ANOVA when the 
two sets of data were normally distributed; otherwise, 
the Mann‒Whitney U test was used. Spearman cor-
relation analysis were performed to explore the rela-
tionships between each NNI. P < 0.05 was considered 
statistically significant.

Results and discussion
Overall detection of NNIs in PM2.5 samples from Wuhan
Seven NNIs, namely, CLO, ACE, NIT, DIN, FLO, IMI, 
and THM, as well as three metabolites, 5-OH-IMI, 
N-ACE, and 6-CINA, were analysed in 101 PM2.5 
samples. Table 1 summarized the detection frequency 
(DF), detection range, geometric mean (GM), median 
and mean of these analytes. Among the PM2.5 sam-
ples collected, the detection frequencies of all 10 sub-
stances reached more than 60%. IMI and DIN reached 
100%, followed by 5-OH-IMI (98%), N-ACE (98%), and 
ACE (97%), and 6-CINA had the lowest detection rate 
(64.45%). In terms of the median concentration, DIN 
(52.4 pg/m3) and IMI (43.0 pg/m3) had higher con-
centrations than the other substances. Moreover, the 
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average concentrations of these two were also rela-
tively high, reaching 80 pg/m3 and 70.6 pg/m3.

Overall, a correlation was found between the fre-
quency and concentration of substances identified in 
PM2.5 samples and their levels of production and usage 
in real-world settings. For instance, the high detection 
frequency of IMI (100%) further supported its wide-
spread use (Xu et al. 2021). Additionally, the total pro-
ductivity of ACE is 8000 tons per year in China (Shao 
et al. 2013). Notably, ACE was also detected at a higher 
frequency and concentration in this study. Wang et 
al (Wang et al. 2019) collected dust from three cit-
ies, Taiyuan, Wuhan and Shenzhen. It was found that 
NNIs and their metabolites were widely present in 
dust, with ACE and IMI exhibiting the highest detec-
tion rates. The metabolite of ACE, known as N-ACE, 
was detected in samples almost as frequently (98%) as 
ACE (97%). Furthermore, the median and geometric 
mean of N-ACE were found to be higher than ACE. 
In addition, 5-OH-IMI also exhibited a high detec-
tion frequency and concentration. This suggested that 
NNIs were readily metabolized to specific metabolites 
through biotransformation (demethylation, hydroxyl-
ation, and nitro reduction) (Casida 2011; Taira et al. 
2013). Different metabolic pathways result in different 
metabolites, leading to significant differences in toxic-
ity among NNIs metabolites (Marfo et al. 2015). The 
acute and chronic thresholds of 5-OH-IMI have been 
reported to be significantly greater than IMI (Suchail 
et al. 2004). Therefore, in-depth studies of the metabo-
lites of NNIs are also necessary.

Correlation analysis between the NNIs detected in the 
PM2.5 samples
Spearman correlation analysis of the 10 analytes 
detected in PM2.5 samples indicated positive correla-
tions between CLO and IMI, 5-OH-IMI, and N-ACE 
(P < 0.05), as well as a negative correlation between 
CLO and THM (P < 0.05). ACE showed positive 

associations with NIT, DIN, IMI, THM, N-ACE, and 
6-CINA (P < 0.05). A positive correlation was observed 
between the NIT and DIN (P < 0.01). DIN was posi-
tively associated with 5-OH-IMI and N-ACE (P < 0.05). 
In addition, FLO was positively correlated with IMI, 
5-OH-IMI and N-ACE (P < 0.05). IMI was positively 
correlated with N-ACE (P < 0.001), and 5-OH-IMI was 
positively correlated with N-ACE (P < 0.001) (Fig.  1). 
Most of the 10 analytes were positively correlated, 
suggesting that they might share a common source of 
environmental contamination, and the negative corre-
lations between several substances suggested that they 
may be substitutes for each other in practical applica-
tions. The average concentration of CLO (8.0 pg/m3) 
exceeded that of THM (2.6 pg/m3), and a negative cor-
relation was observed between the two, with a corre-
lation coefficient of 0.2 (P < 0.05). This phenomenon 
may be explained by the fact that, besides the presence 
of CLO itself, THM in the environment has the poten-
tial to undergo transformation into CLO (Simon-Delso 
et al. 2015). We also observed that the correlation 
between IMI and 5-OH-IMI did not reach statistical 
significance, possibly due to the limited sample size 
and the singular environmental medium from which 
the samples were obtained. More comprehensive stud-
ies are needed to explore their correlations in the 
future.

The distribution characteristics of the 10 NNIs in the PM2.5 
samples in different seasons
The collected PM2.5 samples were categorized by sea-
sons to investigate variations in the concentrations 
of NNIs across different seasons. The results of the 
analysis were shown in Figs.  2 and 3, details are in 
Table S6. The 101 PM2.5 samples were categorized into 
spring (n = 27), summer (n = 15), autumn (n = 33), and 
winter (n = 26) according to the time of collection. The 
concentration distributions of ACE, DIN, IMI, THM 
and 5-OH-IMI were statistically significant among the 
four seasons (P < 0.05). Concentration levels of IMI 
and ACE were lower in autumn compared to the other 
seasons (P < 0.05). The distributions of NNIs in the 
four seasons were similar. These compounds primar-
ily consisted of IMI, DIN, 5-OH-IMI, and CLO. IMI 
emerged as the predominant NNI during the summer 
and spring, constituting 71% and 47% of the total com-
position, respectively. DIN, on the other hand, domi-
nated in autumn and winter, accounting for 55% and 
46%, respectively.

In general, the seasons with elevated pesticide appli-
cation are typically spring and summer. Warmer tem-
peratures and higher humidity during these seasons 
promote the proliferation and dissemination of pests. 
Additionally, crop growth peaks during this period, 

Table 1  Concentration (pg/m3) and detection frequencies of 
NNIs in PM.5 samples from 2019 to 2021 in Wuhan
NNIs DF GM Median Average Range
CLO 75.2% 4.4 8.3 8.0 < LOD-24.3
ACE 97.0% 2.7 3.3 5.0 < LOD-110.6
NIT 88.1% 1.7 2.2 10.4 < LOD-267.7
DIN 100.0% 52.4 53.3 80.0 7.8-286.1
FLO 94.1% 2.9 2.8 3.5 < LOD-10.4
IMI 100.0% 43.0 42.8 70.6 5.0-268.9
THM 77.2% 1.3 1.1 2.6 < LOD-20.6
5-OH-IMI 98.0% 11.4 10.6 16.1 < LOD-103.9
N-ACE 98.0% 5.3 5.6 6.2 < LOD-22.8
6-CINA 64.45% 0.4 0.6 2.8 < LOD-85.0
IMIeq / 374.1 256.1 374.1 /
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Fig. 2  The concentration distribution and differential analysis of NNIs across different seasons

 

Fig. 1  Correlation analysis between the 10 NNIs detected in the PM2.5 samples
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heightening vulnerability to pest attacks. Conse-
quently, the NNIs analyzed in our study consistently 
exhibited higher concentrations during the spring and 
summer. However, our findings suggested that there 
were also some NNIs that had higher levels in the win-
ter, such as NIT (3.06 pg/m3) and DIN (81.39 pg/m3). 
We hypothesize that this variation may be attributed 
to the relative atmospheric stability near the surface 
during the fall and winter. During this time, particu-
late matter in the air tends to accumulate, poten-
tially promoting the formation of aerosols containing 
organic compounds and other pollutants, or their 
complete attachment to suspended particulate matter 
in the atmosphere (Achar et al. 2020). In addition, the 
distribution characteristics of NNIs may also be con-
trolled by chemical processes and regional sources. 
NNIs have small molecular weights and strong water 
solubility, which make them highly mobile in various 
environmental media (Dores et al. 2008). NNIs have 
relatively low water solubility because they are polar 
insecticides. Therefore, NNIs are generally found at 
low concentrations in the atmosphere while are more 
abundant in soil and water environments. The water 
solubility of NNIs are also related to temperature (Yi 
et al. 2019). We speculate that when the water solubil-
ity of NNIs decrease, they may more frequently reach 
environmental media other than water, such as the 
atmosphere. Thus, the distribution characteristics of 
NNIs in atmospheric particulate matter vary under 
different seasonal conditions and with changes in tem-
perature. In terms of regional distribution, a study 
of drinking water in eight cities across the country 

showed that CLO, IMI, and THM are the predomi-
nant NNIs in South China, Central China, and South-
west China, while ACE, IMI, and THM are the major 
NNIs in East China and Northeast China. ACE and 
IMI are the most significant NNIs in Northwest China 
and North China (Mahai et al. 2021). Different prov-
inces and regions grow different types of crops, which 
may result in different types and doses of NNIs being 
used. During the widespread application of NNIs, 
only approximately 5% of the active ingredient is 
absorbed by crops, 90% of the active ingredient enters 
the soil, and the remainder is dispersed into water 
and the atmosphere (Giorio et al. 2021; Zhang et al. 
2018). Some NNIs in soil are enriched in soil partly by 
adsorption, partly by desorption into farm water, and 
migrate to rivers, lakes and wetlands through irriga-
tion leakage. In contrast, NNIs in the atmosphere are 
produced mainly by particulate matter formed during 
the sowing of coated seeds and during pesticide spray-
ing. Pesticide spraying, in turn, is related to the type 
of crop grown. According to the website of the China 
Pesticide Information Network, NNIs registered in 
China are mainly used for rice and wheat (National 
Bureau of Statistics of China. 2022), with relatively few 
used for other crops, such as corn, fruit trees, and veg-
etables. As a result, in provinces or regions where rice 
and wheat are predominantly grown, environmental 
media tend to have higher levels of NNIs.

Fig. 3  Distribution of NNIs composition across different seasons
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The concentration levels of the 10 NNIs in the PM2.5 
samples in different years
We categorised the collected PM2.5 samples accord-
ing to time of sampling: 2019 (n = 35), 2020 (n = 27), 
2021 (n = 39). The results are shown in Fig. 4 and Table 
S7. The distribution of concentrations of CLO, ACE, 
IMI and 6-CINA was statistically significant (P < 0.05) 
across the three groups. The results after multiple 
comparisons indicated that IMI concentration lev-
els in 2021 were higher than 2020 and 2019 (P < 0.05), 
and ACE showed the same trend. The concentration 
level of CLO in 2020 are lower than 2019 and 2021 
(P < 0.05). Overall, the concentration levels of most 
NNIs are lower in 2020 than in 2019 and 2021 with 
the exception of DIN. In terms of year distribution, 
the citywide annual average PM2.5 concentrations in 
Wuhan from 2019 to 2021 are 45 µg/m3, 37 µg/m3 and 
40  µg/m3, respectively (Wuhan Ecological Environ-
ment Bureau. 2022). It is conceivable that variations in 
atmospheric PM2.5 mass concentrations across differ-
ent years could have influenced this outcome. Elevated 
levels of PM2.5 are likely to lead to the accumulation 
of greater amounts of NNIs. Furthermore, the outdoor 
concentrations of NNIs are expected to decrease in 
2020 due to reduced time spent by individuals engag-
ing in various daily activities outside their residences.

Inhalation exposure in different populations
Humans can be exposed to NNI through inhalation, 
potentially leading to health risks. Based on the con-
centrations obtaining at the monitoring sites, the 
geometric mean concentrations were used to calcu-
late the EDI for the low-exposure scenario, and the 
95th percentile was used to calculate the EDI for the 
high-exposure scenario. The EDIs for different popula-
tions exposed to NNIs are shown in Table S8. Figure 
5 showed that ACE, CLO, IMI and DIN are the main 
NNIs for population exposure. The daily exposure 
dose per unit body weight to NNIs in the population 
was much greater in the high-exposure scenario than 
in the low-exposure scenario. The daily exposure dose 
per unit body weight for children in both exposure 
scenarios was 1.3 times that of adult residents and 2.8 
times that of adult workers. IMI and DIN had high 
EDIs in both exposure scenarios.

Humans are exposed to NNIs mainly through diet, 
drinking water, soil/dust and respiratory intake. Diet 
and drinking water intake may be the main ways of 
human exposure to NNIs. However, respiratory intake 
is also a route that should not be underestimated. 
NNIs can be sprayed directly on crop surfaces or taken 
up by plants after application and distributed in tissues 
and organs, where pollen can be dispersed into the 
ambient air by windborne vectors or pollinators. A test 
of NNIs in pollen samples collected from 35 hives in 

Fig. 4  The concentration distribution and differential analysis of NNIs across different years
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North America revealed THM in 19 samples, ACE in 
11 samples, and IMI in 10 samples (Mullin et al. 2010). 
NNIs are commonly found in pollen, and airborne pol-
len can be ingested by humans through respiration, 
and once inhaled, it may be adsorbed in the human 
respiratory tract and lungs due to its high water solu-
bility. In Hernandez et al.’s study, respiratory functions 
were measured and compared between 89 pesticide 
sprayers and 25 non-spraying control farmers in south-
eastern Spain. The results suggested a relationship 
between NNIs application and lung dysfunction (lower 
total lung capacity, residual volume and functional 
residual capacity) (Hernández et al. 2008). Therefore, 
research on the risks of human health from respiratory 
exposure should be strengthened. Most of the previ-
ous studies have focused on the effects of the NNIs 
on the respiratory health of occupational populations 
during agricultural activities (Hernández et al. 2008). 
However, in our study, infants and young children, a 
sensitive population, were more susceptible to health 
effects due to NNIs exposure.

Limitations
This study also have several limitations. Firstly, the 
samples were collected exclusively from the outdoor 
atmosphere of the Wuhan urban area, leading to a 
restricted sample size that may not fully represent 
atmospheric NNIs pollution across the entire city. 
Moreover, the study only investigated limited NNIs 
and their metabolites, omitting information on the 
concentrations of other NNIs. Furthermore, focus-
ing on outdoor samples overlooks the potential high 
concentrations of NNIs found in indoor dust samples. 
(Wang et al. 2019). In conclusion, a thorough evalua-
tion of the human health impacts of NNIs necessitates 
a holistic assessment across various environmental 
mediums, with particular emphasis on the analysis of 
drinking water quality.

Conclusion
In this study, we measured the concentrations of NNIs 
in 101 outdoor PM2.5 sources in urban areas of Wuhan 
from 2019 to 2021, analysed their distributions in dif-
ferent seasons, and evaluated the daily exposures of 
the population. Although the volatility of the NNI is 
low, its concentration in the atmosphere is relatively 

Fig. 5  EDI for different age groups exposed to major NNIs
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high. With the widespread use of NNIs, population 
inhalation health risks may increase. In addition, the 
risk of exposure to NNIs is particularly high for sensi-
tive populations such as infants and young children. In 
conclusion, sustained monitoring of the risk of NNIs 
for air is essential.
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