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a b s t r a c t 

Traditional targeted analyses often overlook unknown or emerging contaminants, highlighting the significance of 
nontarget and suspect screening approaches. A novel and high-sensitivity methodology for nontarget analysis of 
organic pollutants in human serum was newly-developed based on gas chromatography coupled with quadrupole 
time-of-flight high-resolution mass spectrometry. The extraction protocol employing an acetonitrile-ethyl acetate 
(9:1, V : V ) mixture significantly improved the extraction efficiency while minimizing matrix effect. A hybridized 
analytical strategy integrating nontarget and suspect screening was developed to achieve comprehensive identi- 
fication and classification of pollutants, employing the National Institute of Standards and Technology (NIST) 20 
library and Agilent Technologies Personal Compound Database and Library (PCDL). This approach successfully 
characterized 273 organic contaminants spanning 12 categories, including polycyclic aromatic hydrocarbons 
(PAHs) and their derivatives, esters, and phenolic compounds in human serum, with a significant increase in 
detection specificity compared to conventional workflows. The methodology used serum samples of the work- 
ers from coking industry, revealing widespread contamination dominated by PAHs and PAH derivatives. Among 
the target analytes, three were identified solely by NIST and six solely by PCDL, indicating the complementary 
benefits of combining these different databases. Notably, this work reported the first confirmed detection of 2- 
naphthalenamine in human serum. This optimized approach demonstrates enhanced sensitivity and reliability in 
serum analysis, advancing biomonitoring capabilities and providing a deep understanding of human exposure to 
environmental pollutants. 
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. Introduction 

In the contemporary era, the ubiquity of environmental contami-
ants has escalated due to industrialization, urbanization, and anthro-
ogenic activities ( He et al., 2025 ; McDonough et al., 2020 ; Xiang et al.,
024 ), leading to widespread exposure to complex mixtures of pollu-
ants, including polycyclic aromatic hydrocarbons (PAHs) ( Deng et al.,
023 ; Jia et al., 2023 ; Zhang et al., 2022 ), pesticides ( Mali et al., 2023 ;
u et al., 2022 ), and other toxic chemicals ( Khan et al., 2022 ). Grow-

ng evidence have linked cumulative exposure to these substances with
dverse health outcomes, driving demand for analytical methods capa-
le of detecting both known and unknown contaminants ( Wang et al.,
021b ). Although traditional targeted analysis method remains valuable
or quantifying predefined compounds, its reliance on prior knowledge
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imits its ability to identify unknown pollutants ( Baduel et al., 2015 ;
íaz et al., 2012 ). This gap underscores the critical role of nontarget

creening in environmental and human exposure studies, enabling com-
rehensive detection of contaminants without requiring a priori infor-
ation about their identities ( Li et al., 2022, 2023 ; Phillips et al., 2024 ;
u et al., 2021 ). 

Recent advances in high-resolution mass spectrometry (HRMS) cou-
led with gas chromatography (GC) have revolutionized nontarget anal-
sis, allowing identification of diverse contaminants in environmental
atrices including air, soil, and water. Unlike suspect screening, which

xamines a predetermined list of potential analytes ( Mohammed Taha
t al., 2022 ), the nontarget analysis can detect unknown contami-
ants without prior knowledge of their identity ( Tang et al., 2023 ;
ang et al., 2022 ). This is particularly relevant to human biomonitor-
ovember 2025 
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ng, where understanding full spectrum of internal exposure requires
ethods that transcend limitations of targeted analyses ( Hallberg et al.,
021 ; Zhu et al., 2024 ). However, despite its success in environmen-
al matrices, the application of nontarget screening in human biological
amples, particularly blood or serum samples remains underdeveloped
ue to technical and methodological challenges ( Plassmann et al., 2018 ;
ang et al., 2021a ). 
The complexity of serum matrices poses significant difficulties on

he nontarget analysis ( Guo et al., 2020 ). Blood contains abundant pro-
eins, lipids, and endogenous metabolites that can interfere with de-
ection of trace environmental pollutants in blood or serum samples
 Wu et al., 2024 ), compromising analytical sensitivity and accuracy.
urthermore, the absence of standardized protocols for serum sample
reparation worsens these challenges, with limited studies successfully
pplying nontarget analysis to human serum samples ( Greco et al., 2023 ;
enner and Reuschenbach, 2023 ). The scarcity of studies on the nontar-
et screening in serum highlights need for optimized methodologies to
uite such complex matrices, facilitating accurate detection and iden-
ification of contaminants at very trace levels. However, HRMS, like
uadrupole time-of-flight (QTOF), offers unparalleled mass accuracy
nd high resolution for differentiating compounds ( Lin et al., 2015 ;
artington et al., 2024 ). Gas chromatography quadrupole time-of-flight
igh-resolution mass spectrometry (GC-QTOF-HRMS), particularly, is
ell-suited for detecting various organics, many of which are biomark-

rs of human exposure ( Zhao et al., 2023 ). By integrating the nontarget
nd suspect screening, this approach enables the identification of un-
nown chemical and cross-reference screening of suspected compounds
gainst established databases ( Pan et al., 2020 ; Tang and Tan, 2018 ). De-
pite these advancements, critical knowledge gaps still persist, and few
tudies have systematically optimized serum-specific protocols, partic-
larly for effective extraction method of these contaminants in serum
ith very low concentration. Given high lipid and protein content in

erum samples, an efficient cleanup procedure is also very essential to
educe matrix effects and enhance analytical sensitivity ( Hajeb et al.,
022 ; Musatadi et al., 2023 ). 

Therefore, this work mainly aims to (1) develop a robust serum pre-
reatment method for comprehensive screening of trace organic contam-
nants, and (2) implement a hybrid nontarget/suspect screening strat-
gy to characterize the organic pollutant profiles in human serum us-
ng GC-QTOF-HRMS. By overcoming limitations of current monitoring
ethods and advancing human exposome, this work seeks to enhance
nderstanding of human exposure to organic pollutants based on our
ewly-developed nontarget method. 

. Materials and methods 

.1. Chemicals and materials 

Chemical standards, including 16 PAHs, 7 methyl-PAHs (MPAHs),
 oxygenated-PAHs (OPAHs), and 18 heterocyclic PAHs (HPAHs) were
urchased from AccuStandard (New Haven, USA). All solvents were of
igh-performance liquid chromatography (HPLC) grade and were ob-
ained from CNW Technologies GmbH (Germany). The detailed infor-
ation on all chemicals and materials used in this study are provided

n the Appendix A Text S1 . 

.2. Serum sampling 

A total of 240 serum samples were collected from workers at a cok-
ng industry for this work to verify the method. The information of all
articipants is given in Appendix A Text S2 . All samples were collected
y medical professionals at a local hospital and were centrifuged within
hree hours of collection, transferred to lyophilized tubes, and stored
t − 80 °C until analysis. Each participant completed a brief question-
aire and was fully informed about the purpose of the study. Ethical
380
pproval for the project was granted by the Ethics Committee of Guang-
ong University of Technology. Pooled samples were obtained by com-
ining individual samples from all coking plant workers for nontarget
nd suspect screening and 47 individual serum samples were selected
or target analysis. 

.3. Sample pre-treatment 

For each sample, 1 mL of serum was spiked with 2.5 ng internal
tandards. Protein precipitation was conducted by adding different sol-
ent, including pure acetonitrile (ACN) and ethyl acetate (EtAc). Fol-
owing vortexing for 30 s, the samples were centrifuged at 4000 r/min
or 10 min at 4 °C. The resulting supernatant was subjected to fur-
her cleanup using either Enhanced Matrix Removal (EMR)-lipid (6 mL,
00 mg) or Florisil (1 g, 6 mL; 60–100 mesh) solid phase extraction
SPE) cartridges. The purified extract was concentrated under a nitro-
en stream, and then reconstituted in 50 μL isooctane. Procedural blanks
fetal bovine serum) were prepared in the same batch as described for
he pooled serum samples. 

.4. Sample analysis 

For the nontarget analysis and suspect screening, an 8890 GC
quipped with two HP-5MS (15 m × 250 μm, 0.25 μm) columns was cou-
led to a 7250 Q-TOF (Agilent Technologies, USA) operated in the elec-
ron ionization (EI) mode. Linear temperature gradients of 50–300 °C
nd 60–310 °C were chosen for separating all major peaks in the analy-
is of the serum extract for the nontarget and suspect screening, respec-
ively. Full scan mass spectrometry (MS) (Agilent Technologies, USA)
ere acquired using the exact masses with the mass ranged from 45 to
50 m / z . The temperature of the transfer line, source, and quad was
80 °C, 280 °C, and 150 °C, respectively, and the electron energy was
0 eV. Detailed information on the instrumental analyses is available in
ppendix A Table S1 . 

Target analysis was also applied for method validation using a
C tandem mass spectrometry system (GC–MS/MS-TQ8040, Shimadzu,
apan) in the EI mode, and a DB-5MS capillary column (30 m × 0.25 mm,
.25 μm) was used for chromatographic separation. The oven temper-
ture was programmed as follows: the initial temperature was set at
0 °C (held for 0.5 min), then raised to 280 °C at 5 °C/min, to 300 °C at
5 °C/min, to 315 °C at 20 °C/min (held for 0.5 min) and finally held for
.5 min at 315 °C. The ion source and interface temperatures were set at
30 °C and 300 °C, respectively. The detailed parameters of GC–MS/MS
re described in Appendix A Table S2 . 

.5. Chemical screening 

For the chemical screening, a dual identification process was ap-
lied. First, the nontarget analysis was conducted by Agilent Unknown
assHunter (B.10.0), using SureMass Deconvolution for feature match-

ng. Each feature’s deconvoluted spectra were compared against the Na-
ional Institute of Standards and Technology (NIST) library, with criteria
f signal-to-noise ratio (S/N) ≥ 3, retention time index (RI) deviation <
 %, matching factor > 70 %, and m/z deviation < 10 ppm. A mixture of
-alkanes was also injected to calculate RI of each feature identified in
erum samples, and the deviation of ± 5 % between library RI and test
I was considered acceptable. Manual blank subtraction was applied,
here compounds were excluded if their intensities were less than three

imes that observed in the procedural blanks. 
Second, the suspect screening was carried out by using Agi-

ent MassHunter Qualitative Analysis (B.10.0), and compounds were
creened using Agilent Personal Compound Database and Library
PCDL), with tools for spectral matching, retention time (RT) align-
ent, and semi-quantitation. Suspect screening combined with the re-

ention time locked (RTL) method makes it easier to compare RT of com-
ounds in real samples with their library RTs, which allows for high cer-
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ainty of identified compounds. The criteria for the screening included
/N ≥ 3, retention time < 0.2 min, matching factor > 75 %, qualified
ragments > 2, and m/z deviation < 5 ppm. In addition, the reference
tandards (listed in Appendix A Table S3 ) were purchased for some of
hese provisionally identified compounds (with a confidence level of 1)
 Schymanski et al., 2014a ) for definitive confirmation. 

. Results and discussion 

.1. Development of the nontarget analytic method 

To address the challenges of analyzing trace organic pollutants in
uman serum, a novel sample preparation protocol combining polarity
ptimized protein precipitation and broad spectrum solid-phase extrac-
ion was developed. The quality control (QC) samples were prepared by
ooling serum from 240 workers from coking industry, with six aliquots
nalyzed to ensure methodological reproducibility ( Fig. 1 ). To optimize
he sample preparation procedure, methods for protein precipitation,
xtraction, and cleanup methods were systematically evaluated. Initial
rotein precipitation trials compared pure ACN and ACN/EtAc mixtures.
hile 100 % ACN yielded detection of 381–493 compounds via GC-
TOF-HRMS, a 9:1 ( V : V ) ACN/EtAc mixture increased detectable com-
ounds by 13 % (497–517 compounds), demonstrating superior recov-
ry of semi-volatile and non-polar species including phthalate esters and
alogenated hydrocarbons. This enhancement of detection was likely
aused by the capacity of EtAc to disrupt hydrophobic protein-lipid-
ontaminant complexes that typically entrap low-polarity analytes dur-
ng conventional ACN precipitation. A previous study also suggested
hat adding EtAc could improve extraction efficiency of polybromi-
ated diphenyl ethers, polychlorinated biphenyls, and PAHs in fish
 Kalachova et al., 2011 ). The possible reason for this is that the opti-
ized solvent mixture reduced the nonspecific binding by weakening

an der Waals interactions between serum proteins and hydrophobic
ollutants, thereby minimizing co-precipitation artifacts that compro-
ise traditional methods. 

For the cleanup procedure, both Captiva EMR-lipid and Florisil
R cartridges were systematically evaluated to compare the polarity-
ig. 1 – Optimization of the extraction and cleanup procedurals for the nontarget
ighlighted. (ACN: acetonitrile; EtAc: ethyl acetate; EMR: Enhanced Matrix Remova
ime-of-flight high-resolution mass spectrometry). 

381
ependent recovery challenges in the nontarget analysis. Firstly, by us-
ng Captiva EMR-lipid cartridges, eluted with ACN/water (4:1, V : V ), 381
ompounds were identified but exhibited limited recovery efficiency
64 % ± 16 %) for spiked standards. Secondly, by using Florisil pr car-
ridges, which were eluted with dichloromethane (DCM)/Hex (1:1, V : V ),
tAc/Hex (1:1, V : V ), and EtAc/DCM (1:1, V : V ), the numbers of iden-
ified compounds were 439, 480, and 493, respectively. Therefore, a
:1 ( V : V ) ACN/EtAc mixture as the protein precipitation solvent and
tAc/DCM (1:1, V : V ) as the elution solvent were combined to compre-
ensively screen organic contaminants in serum. In contrast, precipi-
ating proteins with a 9:1 ( V : V ) ACN/EtAc mixture and eluting Florisil
R cartridges with EtAc/DCM (1:1, V : V ) demonstrated a superior per-
ormance, recovering 517 compounds with significantly high recovery
fficiency (88 % ± 12 %). This enhancement directly correlates with tun-
ble surface chemistry of Florisil, which balances hydrophilic-lipophilic
nteractions to minimize irreversible adsorption of ultra-trace analytes
 Andrade-Eiroa et al., 2016 ). However, the selectivity of EMR-lipid to-
ard aromatic species (16 identified heterocycles) limited its appli-

ability for broad-spectrum analysis, while the moderate polarity of
lorisil enabled efficient elution of both polar and non-polar chemicals.
he optimized Florisil/EtAc-DCM protocol achieved a 13 % improve-
ent in compound detection over conventional ACN-based methods,

stablishing its robustness for trace-level pollutant analysis. This work-
ow ( Fig. 1 ) was ultimately selected for its ability to harmonize matrix
leanup with analyte preservation across a 5-order-of-magnitude polar-
ty range. 

.2. Optimization of chemical screening 

To investigate the presence of both known and previously uniden-
ified contaminants, an initial nontargeted screening was conducted on
erum samples using the optimized workflow ( Fig. 1 ). Total 11,621 chro-
atographic features were produced by SureMass deconvolution in QC

amples, with 6316 candidates retained after blank correction. Nontar-
et screening using the NIST 20 database identified 463 compounds
hat fulfill the screening criteria, leveraging its extensive coverage of
 200,000 chemicals ( Schymanski et al., 2015 ; Weiss et al., 2011 ). How-
 and suspect screening of serum samples, where the optimized protocol was 
l; DCM: dichloromethane; GC-QTOF-HRMS: Gas chromatography quadrupole 
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ver, the analysis based on NIST 20 database could only provide level
 confidence with probable structure identification ( Schymanski et al.,
014b ), resulting in potential false positive in chemical identification.
o address this limitation, the suspect screening using Agilent PCDL
atabase was implemented by combining retention time locking (de-
iation < 0.2 min) and exact mass fragment matching ( Δm / z < 5 ppm
nd qualified fragments > 2) to enhance identification certainty. Itera-
ive filtering was applied to 120 PCDL candidates tentatively identified
hrough retention time alignment, spectral matching scores, qualifying
ragments, and m / z deviation, refining the candidate list to 94, 75, 59
nd 54, respectively. Notably, among 54 high confidence identifications,
6 compounds were overlapped between the nontarget and suspect
creenings, while 8 unique PAHs (i.e., benzo[a]pyrene, 9-fluorenone)
ere exclusively detected through suspect screening. This screening

echnique combining both the nontarget and suspect screenings ad-
resses critical gaps in complex matrix analysis, where the extensive
overage of nontarget screening minimizes library bias ( Dürig et al.,
019 ; Mardal et al., 2019 ), while the validation of suspect screening re-
uces false positives inherent to probabilistic matching ( Moschet et al.,
018 ; Zedda and Zwiener, 2012 ). The introduction of RT alignment in
he suspect screening increased the confidence of identification, while
3 PAHs and PAH derivatives were further confirmed by reference stan-
ards (listed in Appendix A Table S3 ), increased the confidence level
rom Level 2 to Level 1 ( Charbonnet et al., 2022 ). Combining nontarget
creening with suspect screening can enable the extensive identification
f pollutants while improving the accuracy of identification. 

An example of the identified compounds using two different meth-
ds is shown in Fig. 2 , where the nontarget screening achieved near-
erfect deconvolution (component shape quality: 96.8) for a represen-
ative compound (Naphthalene), with spectral matching (match factor:
6.8) and RI alignment confirming structural assignment. A component
ig. 2 – Example of Naphthalene (CAS 91–20–3) detected by nontarget and suspect sc
ample by nontarget screening. (b) Differential plot between deconvoluted spectrum
ragments in a real serum sample by suspect screening. (d) Differential plot between
xp.: experimental; RT: retention time. 

382
hape quality of 96.8 indicates a perfect deconvolution process, which
an be revealed from the coelution diagrams of the five primary de-
onvoluted fragments. An exceptionally high match factor of 96.8 was
bserved between the deconvoluted spectrum and NIST 20 library spec-
rum, with the measured RI well matched with that in NIST library val-
es. Such a high matching result allowed for identification of this com-
ound with high confidence. The suspect screening further enhanced
pecificity through RTL method (deviation < 0.05 min) and superior de-
onvolution (component shape quality: 98.9), enabling trace-level iden-
ification of chemicals ( Fig. 2c and d ). However, the nontarget screening
howed advantages in detecting diverse contaminants, and the suspect
creening provided high confidence identification of chemicals at trace
evels, with frequently evade detection due to matrix suppression. To-
ether, this dual methodology overcomes limitations inherent to single
pproaches, establishing a synergistic framework for both exploratory
iscovery and hypothesis-driven analysis. 

.3. Method performance evaluation and validation 

The optimized workflow enabled comprehensive profiling of serum
ollutants, with 517 compounds initially matched through the com-
ined nontarget and suspect screening. Following exclusion of en-
ogenous long-chain alkanes, alkenes, acids, and esters (limited rele-
ance to exogenous exposure or health risks) ( Hollender et al., 2023 ;
unzelmann et al., 2018 ), the detected 273 contaminants were clas-
ified into 12 priority categories ( Fig. 3 ). PAHs and their derivatives
ominated the profile (20.1 %), heterocyclic compounds (12.8 %), phos-
hates/aromatic esters (11.7 %), and phenols (10.9 %) also constituted
ther major classes, reflecting diverse exposure sources from coking in-
ustrial processes to consumer products. Generally, the coking indus-
ries are known as an important source of PAHs and worker exposure
reening. (a) Co-elution plot of five main deconvoluted fragments in a real serum 

 and NIST 20 library spectrum. (c) Co-elution plot of five main deconvoluted 
 deconvoluted spectrum and PCDL library spectrum. RI: retention time index; 
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Fig. 3 – Profile of compounds detected the serum quality 
control (QC) samples using nontarget and suspect screen- 
ing. 
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o PAHs are well-documented ( Du et al., 2020 ; Fu et al., 2022 ), but
raditional target analyses focusing on 16 prioritized PAHs may under-
stimate the exposure risk to humans. In this study, alongside the 16
rioritized PAHs, PAH derivatives, such as quinoline, carbazole, and
ibenzothiophene, which have been classified as carcinogens by Inter-
ational Agency for Research on Cancer (IARC) ( IARC, 2013 ) but not
aptured by conventional methods, were also identified. The findings
emonstrated the advantage of the nontarget and suspect screening over
raditional target analyses in comprehensive assessment of human ex-
osure to chemicals. 

Furthermore, our results indicate that the established protocol
as sensitive. For example, indole was consistently identified in all
C samples ( n = 6) by both nontarget and suspect screening, yet

he suspect screening achieved higher confidence than nontarget
creening (matching score 99.9 vs . 86.5 for nontarget) due to RTL
ethod and fragment pattern validation ( Appendix A Table S4 ). In

ontrast, diphenylamine was detected exclusively via suspect screening,
ighlighting additional suspect screening enhanced sensitivity for low
oncentration chemicals in serum. Moreover, the matching scores of all
ontaminants identified by both nontarget and suspect screening are
ummarized in Appendix A Table S5 . Notably, the matching scores
f contaminants identified by suspect screening are consistently higher
han those identified by nontarget screening, further validating the high
ertainty of suspect screening. Additionally, the nontarget screening
niquely identified 2-naphthalenamine (2-ANaP) (CAS 91–59–8), and a
igh matching result was obtained for it (Shape quality: 91 and match
actor: 88.5) ( Appendix A Fig. S1 ). To our knowledge, this was the
rst detection of 2-ANaP in human serums. It is worth noting that the

ARC has identified 2-ANaP as Group 1, suggesting its potential car-
inogenicity to humans. Despite its prohibited status in many countries
 IARC, 2012 ), the identification of 2-ANaP indicates a higher capability
f the established protocol in detecting the unlisted or emerging
ontaminants. In addition, among the 273 identified contaminants, 121
re regularly monitored in human biomonitoring programs, including
rioritized PAHs, PAH derivatives, phenols, chlorobenzenes, and esters,
tc. Besides, 13 contaminants were detected for the first time in human
erum through literature retrieval based on the key words of “Human
erum ” and “Contaminant name ”, including 2-ANaP, 2-dibenzofuranol
nd 4,4 ′ -dimethylbiphenyl, though few studies have identified them in
uman urine or environmental samples ( Appendix A Table S6 ). 

To validate the accuracy and repeatability of the analyses, a procedu-
al blank and a spiked matrix were included for every batch of 10 serum
amples, the recoveries of PAHs and their derivatives in spiked matrices
ere 48.2 %− 108 %, with relative standard deviations of 2.9 %− 13.6 %
 Appendix A Table S7 ), indicating that this method has good accuracy
nd reproducibility. After nontarget analysis and suspect screening vali-
ation of the pooled QC samples, the target analysis was further applied
o all individual serum samples ( n = 47) from coking industry to analyze
AHs and their derivatives (i.e. MPAHs, OPAHs, and HPAHs). In total,
4 out of 49 analytes were detected in the target analysis, while 23 of
hem were identified in the nontarget and suspect screening ( Table 1 ).
383
mong those identified analytes, fourteen were identified by both the
ontarget analysis using NIST Library and the suspect screening using
CDL, three were identified by NIST only, and six were identified by
CDL only. These results indicate the complementary benefits of combi-
ation of those different databases. Moreover, the estimated identifica-
ion limits from the nontarget or suspect screening for each compound,
efined as the lowest concentration capable of producing a peak with
n intensity three times that of noise, are shown in Table 1 . The identifi-
ation limits of compounds were consistently higher (1.03–11.4 times)
han the quantification limits for target analysis. Interestingly, the iden-
ification limits were still lower than those reported previously, even
rom target analysis ( Baduel et al., 2015 ; Zhang et al., 2017 ). All these
emonstrate the developed method has high sensitivity for nontarget
nalysis of organic pollutants in human serum. 

.4. Semi-quantitative and quantitative analyses of PAHs and their 

erivatives 

The semi-quantification (mixed samples) of PAHs and their deriva-
ives was performed to assess their prevalence in the serum of coking
lant workers. Total of 10 PAHs, 6 MPAHs, 6 HPAHs, and 1 OPAH
ere identified in serum samples by nontarget and suspect screening
 Appendix A Fig. S2 and Table 1 ). The detection frequencies of PAHs
nd their derivatives were all > 50 %, except for benzo[a]pyrene (BaP)
33.3 %), indicating wide exposure of coking plant workers to PAHs
nd their derivatives. Total concentrations of PAHs ( Σ10 PAHs) in serum
amples ranged from 359 to 3446 ng/g lipid with a mean concentra-
ion of 1859 ng/g lipid, which were higher than those of Σ6 MPAHs
range: 148–996 ng/g lipid; mean: 524 ng/g lipid), Σ6 HPAHs (range:
98–1768 ng/g lipid; mean: 742 ng/g lipid), and Σ1 OPAHs (range: not
etected-41.0 ng/g lipid; mean: 23.9 ng/g lipid). Despite lower concen-
rations than those of unsubstituted PAHs, PAH derivatives are also non-
egligible pollutants in coking sites due to high toxicity ( Krzyszczak and
zech, 2021 ; Peng et al., 2023 ). For individual PAHs, Nap exhibited the
ighest mean concentration (901 ng/g lipid), flowed by phenanthrene
Phe) (366 ng/g lipid) and fluorene (Flu) (296 ng/g lipid). This is dif-
erent from PAH levels in atmospheric samples gathered from the same
oking plant ( Deng et al., 2023 ), which may be attributed to the fact that
ap is primarily distributed in the gaseous phase and thus more easily
bsorbed by human body. For PAH derivatives, the mean concentra-
ions of 1-methylfluorene (1-Mflu) (151 ng/g lipid) and indole (516 ng/g
ipid) were the highest among MPAHs and HPAHs, respectively. 

In addition, the results of nontarget and suspect screening were
ompared with those of targeted analysis ( Appendix A Fig. S2 ).
he mean concentrations of Σ10 PAHs (2593 ng/g lipid, range: 472–
588 ng/g lipid), Σ6 MPAHs (799 ng/g lipid, range: 117–2547 ng/g
ipid), Σ6 HPAHs (1164 ng/g lipid, range: 374–3955 ng/g lipid), and

1 OPAHs (23.0 ng/g lipid, range: n.d.− 71.1 ng/g lipid) determined by
arget analysis were 0.96–1.57 times those determined by nontarget and
uspect screening. Consistent with nontarget and suspect screening, the
ean concentration of NaP (1236 ng/g lipid) was the highest among
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Table 1 – Comparison between target analysis and nontarget analysis, using concentrations of PAHs and their derivatives (ng/g lipid, n = 47) and their identification 
by nontarget and suspect screening ∗ . 

Category Chemical Target analysis Nontarget and suspect screening The rate of 
identification 
limits 
(T/N + S) 

Average 
(ng/g lipid) 

Range 
(ng/g lipid) 

Detection 
rate (%) 

Identification 
limit 
(ng/g lipid) 

Average 
(ng/g lipid) 

Range 
(ng/g lipid) 

Detection 
rate (%) 

Identification 
limit 
(ng/g lipid) Workflow 

PAHs Nap 1236 n.d.− 4750 95.7 2.17 901 n.d.− 1638 83.3 11.6 N + S 5.35 
Acy 131 n.d.− 959 97.9 2.67 107 n.d.− 161 83.3 14.1 N + S 5.28 
Ace 68.2 n.d.− 286 93.6 2.67 32.8 n.d.− 69.8 66.7 30.4 N + S 11.4 
Flu 407 n.d.− 1610 97.9 2.17 296 n.d.− 644 83.3 16.1 N + S 7.42 
Phe 550 9.26− 1490 100 3.00 366 211− 594 100 10.3 N + S 3.43 
Ant 88.7 n.d.− 329 97.9 3.67 48.1 n.d.− 103 83.3 15.7 N + S 4.28 
FluA 34.9 n.d.− 162 87.2 4.33 24.3 n.d.− 43.1 83.3 19.2 N + S 4.43 
Pyr 62.2 n.d.− 434 76.6 1.83 65.1 n.d.− 173 66.7 14.5 N + S 7.92 
Chr 10.5 n.d.− 93.0 36.2 2.67 14.1 n.d.− 37.1 66.7 7.88 N 2.95 
BaP 3.95 n.d.− 31.5 27.7 3.67 4.06 n.d.− 18.7 33.3 3.77 S 1.03 

MPAHs 1,3-DMNap 134 7.90− 576 100 4.50 104 18.4 − 172 100 21.9 N + S 4.87 
1,4-DMNap 64.2 n.d.− 475 83.0 3.83 49.2 n.d.− 121 83.3 17.5 N + S 4.57 
2,7-DMNap 238 n.d.− 1400 93.6 2.67 123 9.03− 273 100 22.2 N + S 8.31 
1,6,7-TMNap 114 n.d.− 493 95.7 4.50 66.4 n.d.− 107 83.3 15.9 N + S 3.53 
1,4,6,7-TMNap 38.2 n.d.− 115 89.4 4.00 29.8 n.d.− 60.3 83.3 16.8 N + S 4.20 
1-Mflu 210 25.7 − 978 100 3.00 151 n.d.− 450 66.7 13.1 S 4.37 
3-Mcholant 23.1 n.d.− 117 97.9 4.67 - - - n.a. n.a. - 

OPAHs 9-Fluorenone 23.0 n.d.− 71.1 85.1 2.17 23.9 n.d.− 41.0 66.7 14.7 S 6.77 
HPAHs QL 26.1 n.d.− 153 85.1 2.67 29.7 n.d.− 60.3 66.7 10.6 S 3.97 

IQL 9.63 n.d.− 40.7 68.1 6.33 - - - n.a. n.a. - 
Indole 768 56.0 − 2810 100 2.00 516 201− 1391 100 19.1 N + S 9.55 
DBF 142 n.d.− 488 93.6 4.17 69.4 n.d.− 122 66.7 12.4 N 2.97 
4-MDBF 157 7.03− 635 100 5.50 95.3 17.9 − 236 100 8.77 S 1.59 
DBT 30.7 n.d.− 96.7 93.6 4.83 - - - n.a. n.a. - 
Acridine 33.5 n.d.− 127 66.0 4.67 - - - n.a. n.a. - 
4-MDBT 64.7 2.89− 261 100 3.17 27.6 n.d.− 78.6 66.7 12.5 S 3.94 
5,6-BQL 29.3 n.d.− 152 85.1 5.83 - - - n.a. n.a. - 
3-MDBT 2.58 n.d.− 64.8 21.3 3.50 - - - n.a. n.a. - 
CBZ 5.05 n.d.− 66.2 38.3 4.00 3.47 n.d.− 8.75 50 4.85 N 1.21 
4,6-DBT 2.05 n.d.− 39.0 23.4 5.17 - - - n.a. n.a. - 
1,8-DMCBZ 5.55 n.d.− 44.6 59.6 4.00 - - - n.a. n.a. - 
3M-CBZ 47.4 n.d.− 145 87.2 3.67 - - - n.a. n.a. - 
2,8-DMDBT 3.91 n.d.− 44.4 29.8 3.17 - - - n.a. n.a. - 
1,4-DMCBZ 1.58 n.d.− 24.8 21.3 3.33 - - - n.a. n.a. - 
7-MB[b]nap[2,3-d]T 4.53 n.d.− 74.0 19.1 4.83 - - - n.a. n.a. - 

T: target analysis; N: confirmed by nontarget screening; S: confirmed by suspect screening; N + S: by both nontarget and suspect screening; n.d.: not detected; n.a.: 
not available. 

∗ Results are not shown when chemicals are not detected in the nontarget and suspect analysis. 
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he 10 PAH isomers in target analysis, followed by Phe (550 ng/g lipid)
nd Flu (407 ng/g lipid), while indole was the most abundant (516 ng/g
ipid) in HPAHs. In contrast, 1-Mflu was the most abundant in MPAHs
n nontarget and suspect screening, whereas 2,7-dimethylnaphthalene
2,7-DMNap) (238 ng/g lipid) showed the highest mean concentration
n target analysis, which may be attributed to the certain uncertainties
f semi-quantification ( Wang et al., 2022 ). Despite that, both 1-Mflu and
,7-DMNap were the major MPAHs in both nontarget/suspect screening
nd target analysis. 

As evidenced by the above results, although the semi-quantitative
oncentrations calculated based on the ratio of the peak areas of the
dentified contaminants to their corresponding surrogate standards have
iscrepancy compared with target analysis, they can basically reflect the
xposure levels and distribution characteristics of PAHs and their deriva-
ives in the serum of coking plant workers. This also further validates
he accuracy of the nontarget and suspect screening method. 

.5. Strengths and limitations 

In this study, by innovatively integrating the nontarget and suspect
creening strategies with complementary NIST and PCDL databases, a
ultidimensional compound identification system was first established,

ffering superior detection specificity to conventional methods. This es-
ablished system not only successfully resolved critical challenge iden-
ifying low-concentration analytes in complex biological matrices, but
384
lso provided major advancements for assessing human exposome to
hemicals, particularly in advancing nontarget analysis of chemicals in
uman serums through methodological innovation and empirical break-
hroughs. By optimizing solvent mixtures and SPE protocols, this new-
eveloped method improved the recovery efficiency compared to con-
entional approaches, meanwhile, minimizing matrix effects. Further-
ore, the integration of nontarget and suspect screening leveraged com-
lementary databases (NIST and PCDL) to mitigate false positives while
dentifying emerging contaminants like 2-ANaP, a compound previously
ndetected in serum despite its regulatory significance. Such high capa-
ilities are important for uncovering unknown exposure pathways, par-
icularly in high-risk populations such as industrial workers exposed to
omplex chemical mixtures. 

Furthermore, the dominance of PAH derivatives in serum samples
rom coking industry workers clearly showed exposure from industrial
missions, highlighting an urgent need for enhanced accurate analytical
ethod for assessing their exposure to PAH derivatives. With the im-
roved identification limits compared to conventional target analyses,
his established method also enhanced the detection of trace organic pol-
utants, thereby supporting early warning systems and management. Its
pplication in serums from coking workers not only validated its robust-
ess but also established a framework for global human biomonitoring
fforts. 

Despite those strengths, there are also some limitations. For exam-
le, the absence of a dependable and precise mass spectrometry library
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ay lead to inaccurate matching of features such as isomers in the NIST
ibrary. Furthermore, the suspect screening library is narrow, which
akes it more difficult to identify compounds without EI spectra in the
atabase. Therefore, accurate and reliable large-scale mass libraries are
eeded to precisely identify unknown pollutants. 

Overall, this methodology filled the gap between environmental con-
amination exposure and human health impacts, empowering policy-
akers to prioritize contaminants based on real-world exposure data

nd advancing paradigm of evidence-based environmental governance.

. Conclusions 

Overall, in this study, a sensitive method was established for nontar-
et analysis and suspect screening of organics in serum. This developed
ethod included a rapid sample pre-treatment, liquid-liquid extraction

teps and SPE cleanup procedures, together with chemical screening
sing both NIST library and PCDL. Total 517 compounds were tenta-
ively identified by using the optimized workflow, including PAHs and
heir derivatives, heterocyclic compounds, phosphates/aromatic esters,
henols, and others. The combination of two libraries enhanced the
ensitivity of the compounds screening of traditional nontarget anal-
sis. This approach was then successfully applied to analyze PAHs and
heir derivatives in the 47 serum samples collected from coking plant
orkers, and the identification limits of some compounds were consis-

ently higher than quantification limits for target analysis. This study
ot only offers valuable references for identifying chemicals in human
erum samples but also brings brand-new perspectives for comprehen-
ively analyzing the toxic contaminants in various industries practically
n the coking industry. 
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