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Benzola]pyrene and phenanthrene hemoglobin
adducts as biomarkers of longer-term air pollution
exposureTf
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Urinary hydroxylated-polycyclic aromatic hydrocarbons (PAHSs), with half-life less than 2 days, are
established biomarkers of short-term exposure to PAHs, a ubiquitous constituent of air pollution mixture.
In this study, we explore the use of PAHs-hemoglobin adducts as biomarkers of longer-term exposure
to air pollution by leveraging an extant resource of blood samples collected from 235 pregnant women
residing in Rochester, NY. We measured red blood cells for benzolalpyrene-tetrols (BaPT) and
phenanthrene-tetrols (PHET), both of which are hydrolysis products of PAH-hemoglobin adduct. We
utilized previously estimated PM,s and NO, concentrations within the 1 km? grid surrounding each
participant's residence, calculated for up to 20 weeks before the blood collection date. Associations
between PAHs tetrols and cumulative exposures to ambient PM, s or NO, over different time periods
were examined using a linear mixed-effects model with participant-specific random intercepts adjusting
for season, gestation age, maternal age, maternal income level, and pre-pregnancy BMI. We observed
positive associations between PHET concentration and cumulative PM, s exposure over gestational
weeks 12-17, and between BaPT concentration and cumulative PM, 5 exposure over gestational weeks
3-16 prior to sample collection. Each interquartile range (IQR) increase in 14 week PM, s exposure (1.26
ng m~3) was associated with a 9.02% (95% Cl: 0.30%, 17.7%) increase in PHET and a 12.8% (95% ClI:
1.09%, 23.5%) increase in BaPT levels. In contrast, no associations were observed between either
biomarker and cumulative NO, exposures. These findings underscore the potential of PAH-hemoglobin
adducts as longer-term (weeks to 4 months) exposure biomarkers of ambient PM; s.

Polycyclic aromatic hydrocarbons (PAHs) are widespread pollutants with significant health effects. Existing biomarkers for PAH exposure, such as urinary
hydroxylated PAHs, have a short half-life, limiting their effectiveness for assessing longer-term exposure and chronic health risks. Our study addresses this gap
by investigating PAH-hemoglobin adducts as biomarkers for extended exposure to air pollution. We developed a refined method to measure specific PAH-
hemoglobin adducts and applied it to a cohort of pregnant women. Our findings highlight the potential of PAH-hemoglobin adducts to serve as reliable
indicators of longer-term exposure to pollutants. This approach offers valuable insights into chronic exposure risks and could significantly enhance research on

long-term health impacts.
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1. Introduction

Long-term exposure to air pollution has been associated with
the development of chronic health conditions and increased
mortality.*™ Currently, assessment of long-term air pollution
exposure in epidemiologic studies is mainly based on stationary
monitoring and spatial-temporal models that quantify outdoor
concentrations only.>® Feasible methods to assess personal
exposures that account for activity patterns in relation to air
pollution in different micro-environments are still under
development.” Biomonitoring, on the other hand, may capture
an individual's exposure by quantifying an internal dose of air
pollution exposure. We and others have previously shown in
multiple studies that urinary hydroxylated metabolites of poly-
cyclic aromatic hydrocarbons (PAHs) are reliable biomarkers of
short-term exposure to air pollution, due to short half-lives (<2
days) of the urinary metabolites.®"® However, biomarkers that
can reliably capture exposure over several months are not
available.

Benzo[a]pyrene (BaP) has often been used as an indicator
compound for the PAH mixture due to its relative abundance and
toxicity."»"* Previous studies have demonstrated that BaP
concentrations correlate with PM, 5 and NO, levels in various
cities, including Los Angeles and Beijing.”*™* BaP undergoes
enzymatic activation in the human liver, leading to the formation
of BaP diol-epoxides (BPDEs) due to its bay region structure.
These BPDEs can bind to hemoglobin (Hb) and persist in the
human body for the entire lifespan of Hb, approximately 120
days.’ Given their extended lifespan, BaP-hemoglobin adducts
have the potential to serve as biomarkers for evaluating exposure
over several-month periods. Phenanthrene (PHE), a commonly
found three-ring PAH in the environment, shares the same bay
region as BaP. Previous studies have identified phenanthrene-
tetrols (PHET) in urine and plasma samples.”*® The measure-
ment of PAH-tetrols in red blood cells as hydrolysis products of
Hb-PAH adducts, may provide a quantitative method for evalu-
ating longer-term exposure, specifically 3-4 months of exposure,
to PAHs or air pollution in general, given that PAHs are ubiqui-
tous constituents of the air pollution mixture.

Here we present the first study (to the best of our knowledge)
to explore the use of PAHs-hemoglobin adducts as biomarkers of
longer-term air pollution exposure, particularly over a 3 to 4
month period, in residents of a small city of the United States. We
used a high-performance liquid chromatography-tandem mass
spectrometry (HPLC-MS/MS) to measure benzo[a]pyrene-tetrols
(BaPT) and PHET in 574 red blood cells collected from 235
pregnant women in Rochester, NY. We examined the associa-
tions between both biomarkers and weekly cumulative residen-
tial exposure to fine particles (PM, s5) and nitrogen dioxide (NO,)
predicted by high-resolution spatial-temporal models.

2. Method

2.1 Sample collection

The UPSIDE (Understanding Pregnancy Signals and Infant

Development) study was a component of the NIH
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Environmental Influences on Child Health Outcomes (ECHO)
program.*® Blood samples were collected from 326 pregnant
individuals at each trimester visit between December 2015 and
April 2019 in Rochester, a city in western New York. Demo-
graphic and socioeconomic data were gathered through ques-
tionnaires at enrollment and in each trimester. Exclusion
criteria included major endocrine disorders, preterm birth, and
obstetric complications threatening pregnancy. The current
analysis includes 235 participants whose venous blood samples
were collected at least once during pregnancy. Red blood cells,
separated after centrifugation for plasma or serum, were stored
at —80 °C until analysis. All experiments involving human blood
samples were conducted in compliance with the principles of
the Declaration of Helsinki. The study protocol was approved by
the University of Rochester Research Subjects Review Board and
the Duke University Institutional Review Board. Written
informed consent was obtained from all participants before
sample collection.

2.2 PAH-tetrols analytical method

Standard chemicals, r-1,t-2,3,c-4-tetrahydroxy-1,2,3,4-
tetrahydrophenanthrene (PHET), were provided by Dr Hecht's
laboratory at the University of Minnesota; r-7,t-8,9,c-10-tetra-
hydroxy-7,8,9,10-tetrahydrobenzo[a]pyrene (BaPT-I) was
purchased from MRIGlobal (Kansas City, MO, USA); and 1-7,t-
8,c-9,10-tetrahydroxy-7,8,9,10-tetrahydrobenzo[a]pyrene (BaPT-
II) was obtained from Toronto Research Chemicals (Ontario,
CA).

Red blood cells were processed and analyzed for one
metabolite of phenanthrene (PHET) and two metabolites of
benzo[a]pyrene (BaPT-I and BaPT-II). First, hemolysis was con-
ducted by mixing red blood cells with 0.5 mM EDTA solution in
a 4 °C refrigerator for 15 minutes. Second, 10 M NaOH solution
was added to the mixture and incubated at 70 Celsius for 60
minutes. Third, after the mixture was cooled down, 10 M HCI
was added, and the pH of the mixture was adjusted to 8 using
Tris buffer. Fourth, we used ethyl acetate for liquid-liquid
extraction twice; and the upper layer was gathered and dried by
evaporation under nitrogen gas. Final, the resulting residue was
reconstituted in 100 pL of methanol and analyzed using a LC-
MS/MS method as below.

The instrument analysis used the atmospheric-pressure
chemical ionization (APCI) mode. The gradient program and
key instrumental parameters are described in Table S1.f The
mass-to-charge ratio is 211.07-165.07 for PHET and 303.3-257.0
for BaPT. The retention times were 5.08 £ 0.15 minutes for
PHET, 6.70 4+ 0.15 minutes for BaPT-I, and 8.05 + 0.15 minutes
for BaPT-II. The instrumental detection limits, based on of the
lowest point the standard curves, were calculated as 12.5 ng
mL~" for PHET, 0.02 ng mL " for BaPT-1, and 0.04 ng mL™" for
BaPT-II in pure water. During the pretreatment, we concen-
trated the samples fourfold. The method detection limits in red
blood cell samples were 6.25 ng mL " for PHET, 0.05 ng mL "
for BaPT-I, and 0.10 ng mL ™" for BaPT-II. Among 574 samples
analyzed, the detection rates were 83.6% for PHET, 2.60% for
BaPT-I, and 57.6% for BaPT-II, respectively. The total
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concentration of BaP-tetrols (BaPT) was determined by
summing the concentrations of BaP-tetrol-I and BaP-tetrol-II.
For samples below method detection limits (MDL), we used
the area of identifiable peaks to estimate their concentrations
when applicable. If no credential peaks were observed, either
due to high baseline noises or low signals of the target
compound, we used half of the method detection limit (MDL/2).

2.3 Assessment of ambient PM, 5 and NO, concentrations

Through high-resolution spatiotemporal models previously
described to estimate PM, 5 concentrations within 1 km" grids
of the study area,” and using similar procedures to estimate
NO,. Participants’ daily exposures to PM, s and NO, were esti-
mated based on the 1 km? grid containing their residence. Daily
PM, 5 levels were determined by Random Forest models incor-
porating data from the U.S. Environmental Protection Agency's
Air Quality System from 2015 to 2020. These models established
connections between contributors to air pollution and
measurements. Geocoded addresses were then employed to
estimate residential-level PM, 5 concentrations based on these
models. The same methodology was applied to estimate NO,
concentrations.

2.4 Statistical analysis

We evaluated exposure-response relationships between PAH-
tetrols concentrations and air pollutants exposure data using
multivariable linear mixed-effects models with random inter-
cepts at the participant level. In these models, we used weekly
cumulative concentrations of PM,s and NO, to represent
continuous exposure. Concentration of PAH-tetrols was a func-
tion of cumulative average PM, ;s or NO, concentration over
a time window preceding the time of blood sample collection
(i.e., 1-20 weeks) adjusting for covariates. Exposure to different
pollutants (i.e., PM, 5 and NO,) at different time windows (i.e., 1
week, 1-2 weeks, 1-3 weeks, up to 1-20 weeks) was added to
separate models for comparison. We evaluated whether cova-
riates previously associated with both urinary PAH metabolites
and any red blood cell biomarkers in our previous studies were
confounders.”** These covariates included maternal age
(vears), ethnicity (e.g., Hispanic, Non-Hispanic White, African
American), education (high school or less, some college, college
graduate), income (in categories, e.g., <$15 000, $15 000-$20
000, ... >$150 000), smoking status (yes vs. no), body mass index
(BMI, kg m ?), and the season of sample collection (winter,
spring, summer, fall). We have used multivariate models to
examine the associations of these variables and PAH-tetrols. In
addition, we assessed residential proximity to eight potential air
pollution sources (i.e., distance to the airport and railroad yard;
AADT and truck AADT; and the number of gas stations, cross-
ings, and fast-food restaurants within a 1000 meter buffer). The
variables with p-value less than 0.05 were kept in the main
model.

To ensure the robustness of our findings, several sensitivity
analyses were conducted: (a) excluding participants with one or
two missing sample collections; (b) including co-pollutants
(PM, s and NO,) as covariates in the model; (c¢) excluding
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participants who were smoking during pregnancy; (d) excluding
participants who moved to another address during pregnancy,
(e) using hemoglobin level as a model covariate instead of
normalizing PAH-tetrol concentration by it. Statistical signifi-
cance was based on alpha < 0.05. All analyses were conducted
using SAS v.9.4 (© SAS Inc., Cary, N.C.) and R (https://www.r-
project.org).

3. Results

The participants’ mean + standard deviation age and BMI in
early pregnancy were 29.2 + 4.7 years and 28.8 + 7.6 kg m ™2,
respectively. A total of 574 blood samples were collected from
the 235 participants: 190 (33.1%) in early-pregnancy, 178
(31.0%) in mid-pregnancy, and 206 (35.9%) in late-pregnancy.
Among the participants, 143 individuals (60.9%) provided
three samples, 53 (26.6%) contributed two samples, and 39
(16.6%) provided only one sample.

Participants’ mean =+ standard deviation PHET concentra-
tions were 12.9 #+ 9.15 ng mL ™', while their mean =+ standard
deviation BaPT concentrations were 0.218 + 0.161 ng mL ™. The
hemoglobin concentration was 7.88 + 2.45 g dL”" (Table 1).
Normalized by hemoglobin concentration, mean + standard
deviation PHET concentrations were 167 + 110 ng g ' Hb.
There were no differences in PHET levels between early-, mid-,
and late-pregnancy (1st: 175 + 150 ng ¢~ * Hb, 2nd: 166 + 93.5
ng g~ ' Hb; and 3rd: 160 + 72.4 ng g~ ' Hb). In contrast, there
was an increasing trend in BaPT concentrations from the early-
to late-pregnancy (early-pregnancy: 2.27 + 1.82 ng g~ ' Hb, mid-
pregnancy: 3.06 + 2.38 ng ¢~ ' Hb; and late-pregnancy: 3.57 +
2.61 ng g~ ' Hb, p-value < 0.001).

Mean =+ standard deviation cumulative exposures to PM, 5
and NO, over the 20 weeks preceding sample collection were
6.78 +1.12 ug m~> and 10.6 + 4.98 ppb, respectively. There were
no significant differences in PM, s and NO, concentrations
from early-, mid-, and late-pregnancy blood collection dates.
PM, 5 concentrations were 6.90 £ 1.95 g m > overall, with
values of 6.76 4 2.04 pg m~* in early-pregnancy, 6.93 + 1.76 ug
m > in mid-pregnancy, and 7.00 + 2.04 pug m* in late-
pregnancy. NO, concentrations were 10.5 + 5.2 ppb overall,
with values of 10.3 £ 5.0 ppb in early pregnancy, 11.4 + 5.3 ppb
in mid-pregnancy, and 9.9 £ 5.3 ppb in late pregnancy.

In multivariate models, we found that season, gestational
age, pre-pregnancy BMI, education level, and income level may
influence adduct concentrations (Fig. S1t). After controlling for
these covariates, increasing cumulative PM, 5 concentrations
over the 12-17 weeks before the blood sample was collected
were associated with increases in PHET levels (Fig. 1). Similarly,
increasing BaPT levels were associated with increasing cumu-
lative PM, 5 concentrations over the 3-16 weeks before sample
collection. Specifically, each IQR increase in 14 week PM, s
concentration (i.e., 1.63 pg m™*) was associated with an 8.71%
(95% CI: 0.30%, 17.1%) increase in PHET concentration and
a 12.4% (95% CI: 1.14%, 23.6%) increase in BaPT concentra-
tion. Neither PHET nor BaPT showed significant associations
with air pollution sources (Table S37). In different sensitivity
analyses, there were no noticeable changes in the associations

This journal is © The Royal Society of Chemistry 2025
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Table 1 Characteristics of air pollutant exposure and PAH-tetrols biomarker concentrations by trimester®

Trimester 1 (N = 190)

Trimester 2 (N = 178)

Trimester 3 (N = 206) Overall (N = 574)

PHET (ng mL ")
Mean (SD)
Median [min, max|

14.1 (13.3)
11.1 [0.20, 106]

12.2 (6.79)

BaPT (ng mL %)
Mean (SD)
Median [min, max|

0.177 (0.140)
0.129 [0.069, 0.712]

Hemoglobin (g dL ™)
Mean (SD)
Median [min, max|

8.04 (2.06)
7.77 [3.27, 15.1]

7.82 (2.95)

PM, 5
Mean (SD)
Median [min, max]

6.93 (1.76)
6.60 [3.79, 12.6]

6.76 (2.04)

NO,
Mean (SD)
Median [min, max]

11.4 (5.31)
11.2 [1.73, 24.3]

10.3 (5.02)

11.6 [0.02, 32.4]

0.215 (0.148)

0.186 [0.069, 0.697]

7.34 [1.95, 25.1]

6.18 [3.75, 14.0]

10.6 [1.36, 22.6]

12.3 (5.43)
11.3 [0.20, 28.8]

12.9 (9.15)
11.3 [0.02, 106]

0.259 (0.179)
0.232 [0.069, 0.842]

0.218 (0.161)
0.173 [0.069, 0.842]

7.79 (2.31)
7.42 [3.22, 15.4]

7.88 (2.45)
7.55[1.95, 25.1]

7.00 (2.04)
6.84 [3.14, 14.2]

6.90 (1.95)
6.52 [3.14, 14.2]

9.94 (5.29)
10.6 [0.600, 24.9]

10.5 (5.24)
10.8 [0.600, 24.9]

“ PHET - concentration of phenanthrene tetrol. BaPT - concentration of benzo(a)pyrene tetrols. PM, s - concentration of PM, 5 on the day RBC
samples collected. NO, — concentration of NO, on the day RBC samples collected.

between PM, 5 and PHET or BaPT, confirming the robustness of
the main analysis results (Fig. S21). No associations of either
biomarker with NO, exposure were observed (Fig. S31).

4. Discussion

This study was the first to establish a link between PAH-
hemoglobin adducts (BaP and PHE) and exposure to PM, s
over a period of up to 4 months. Our findings provided evidence
that air pollution exposure, even at low levels, contributed to
increased levels of carcinogenic PAHs in the blood of pregnant
women. These results also support the promising use of PAH-
hemoglobin adducts as exposure biomarkers of longer-term
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exposure to ambient and indoor PM, s. This study leveraged
the resource from a cohort of pregnant women. There is no
reason to expect that the findings were specific to pregnant
women.

Numerous studies, including ours, have shown a correlation
between hydroxylated metabolites of PAHs in urine with short-
term PM, s exposure.”?***** Some studies also reported the
detection of BaPT and PHET in urines.”* However, these
investigations have primarily concentrated on short-term
exposure due to the short biological half-life of urinary PAH
metabolites. In contrast, the mean lifespan of red blood cells
(RBCs) ranges around 120 days, with variations between 70 and
140 days.”** Although this study cannot directly reveal
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Fig. 1 Changes of PAH-tetrols concentration with an IQR change of weekly cumulative PM, s exposure (a) phenanthrene-tetrols (PHET)
adjusted by hemoglobin levels; (b) benzo(a)pyrene-tetrols (BaPT) adjusted by hemoglobin levels. Generated using mixed-effects models with
random intercepts of study participants and controlling for age, gestation age, pre-pregnancy body mass index, income groups, education. *

Indicates p < 0.05.
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information on the biological half-life of PAH-hemoglobin
adducts, we found a notable increase in PAH-hemoglobin
adducts in association with cumulated exposure to PM, 5 over
84-119 days (for PHET) or 21-112 days (for BaPT) prior to the
sample collection. These time windows are aligned with the
lifespan of hemoglobin (70-140 days).

The concentrations of BaP-hemoglobin adduct in our study
were comparable to those previously reported. The mean Hb-
BaP adduct level of 42 non-smokers was 0.068 fmol mg™" Hb
and 0.126 fmol mg ™' Hb among 6 nonsmokers, respectively.?”*
In a normal pregnancy, the increase in plasma volume exceeds
the rise in red blood cell mass, resulting in a reduction in
hemoglobin concentration.”” In our study, we observed
a decrease in hemoglobin levels during pregnancy. After
adjusting for hemoglobin concentration, the mean + standard
deviation of BaP adduct levels was 0.093 + 0.071 fmol mg ™" Hb,
consistent with previous findings in non-pregnant populations.

To the best of our knowledge, there has been no published
data on concentrations of PHET in red blood cells. We found
that the average PHET concentration was 58.9 times higher than
that BaPT in red blood cells, which is in the same range as the
fold difference between PHE and BaP in ambient air. For
example, the median annual concentration ratio between
ambient PHE and BaP was 40.0 in Proto from 2004 to 2014 and
74.5 in Hong Kong from 1998 to 2016.>**** This indicates that the
relative abundance of PHET and BaPT in red blood cells were
consistent with the relative abundance of PHE and BaP in the
ambient air.

BaP-hemoglobin adducts have been recognized and studied
for many years mainly for the purpose of studying toxicity
mechanisms.*** It is well-recognized that the metabolic acti-
vation of PAHs is crucial to their carcinogenic effects. Thus,
measuring diols with different toxicities offers new opportuni-
ties to use metabolite ratios to track changes in PAH metabolic
activation.** The epoxide at the 9,10 positions in the bay region
of BaP is more carcinogenic in vivo than the other (Fig. S47).
After hydrolysis, there are two enantiomeric products of each
BaP epoxide. Previous studies have only observed the two BaPT
of these four enantiomers in serum or plasma.?”** Our method
can separate and measure these two observed BaPT, allowing
for a detailed analysis of BaP metabolism. This provides crucial
insights into the metabolic pathways and their implications for
health. Although in the current study, we cannot calculate the
ratio of BaPT due to the low detection rate of BaP-], it is likely
that the BaP-I can be more frequently detected in populations
with high exposures. This warrants further investigations in
individuals occupationally or environmentally exposed to
higher levels of BaP (e.g., people working or living close to coal
and biomass combustion sources, or smoker).2*353¢

Previous studies have shown that PAH metabolites were
linked to ambient air pollutants, such as urinary amino-PAHs
associated with short-term (1-2 days) exposure to NO,.*”* In
this study, we present PAH metabolites in blood as long-term
biomarkers that capture cumulative exposure from multiple
sources, including ambient air, indoor air, diet, and smoking
(or secondhand smoke). While various sources, such as
secondhand smoke and grilled food consumption, could
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contribute to blood BaP levels and may include occasional (non-
steady) exposures,** our study found that ambient PM, 5 had
a significant and measurable impact on BaP-hemoglobin
adduct concentrations. Therefore, regarding long-term expo-
sure, occasional exposure may be less impactful than contin-
uous exposure, even at low-level.

In this same cohort of pregnant women, we found that
urinary 1-hydroxylpyrene (1-OHP) was strongly related to PM, 5
exposure but not to NO,,** consistent with findings for PAH-
tetrols in red blood cells. Furthermore, 1-OHP has been corre-
lated with traffic-related sources, including proximity to
airports, railway yards, and AADT. However, in our analysis,
PHET and BaPT did not show significant associations with
these traffic sources. This difference suggests that PAH metab-
olites may follow different exposure pathways, with dietary
sources playing a larger role in long-term PAH biomarker
accumulation compared to traffic-related air pollution. For
short-term exposure biomarkers, a spot urine was less likely to
capture an acute dietary source of PAHs (e.g., eating grilled food
in the past 1 to 2 days) than a blood sample to capture such as
source in the past months. These findings highlight the need
for further research into long-term biomarkers of environ-
mental pollutants and the role of dietary exposure in PAH
accumulation.

We calculated Spearman correlation coefficients to evaluate
the associations between biomarkers (BaPT and PHET) and
cumulative PM, 5 concentrations over time. The correlations for
PheT with cumulative PM, 5 peaked between weeks 9 and 13,
with coefficients ranging from 0.08 to 0.18, while BaPT exhibi-
ted weaker correlations, ranging from 0.02 to 0.10, mainly
concentrated in weeks 1 to 10 (Fig. S5t). These correlations,
consistent with the association analysis indicate that BaP and
PHE tetrol are linked to longer-term exposure. However, the low
correlation coefficients (<0.2) suggest that ambient PM,
concentrations are not strong predictors of biomarker levels
unless adjusted for other influencing factors.

In the association analysis, PHET shows a significant posi-
tive association with cumulative PM, 5 from weeks 13 to 16,
while BaPT is significantly associated from weeks 3 to 16. This
timing suggests a 4 week shift between the peak periods iden-
tified by correlation coefficients and those observed in the
mixed-effects model, which be attributed to factors such as
gestational stage and seasonal effects, both of which can
influence PAH exposure and biomarker formation. For example,
seasonal patterns in northern cities, particularly winter heating-
related emissions, increase PM, 5 and PAH levels, which may
elevate biomarker concentrations.*” These seasonal pollution
patterns, combined with gestational physiological changes,
could influence the timing of biomarker responses, potentially
contributing to the observed 4 week offset.

It should be noted that our study was conducted in a city
with low air pollution levels among pregnant women. Besides
air pollution, dietary exposure and the gestational physiological
changes of xenobiotic metabolism and red blood cell biology
may also have substantial influence on biomarker levels.
Despite the weak correlation, we provided first evidence to
support the use of BaP and PHE tetrol as potential longer-term

This journal is © The Royal Society of Chemistry 2025
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exposure to air pollution exposure. In settings where people's
PAH exposure is dominated by combustion-generated air
pollution, we would expect that BaPT and PHET had a stronger
predicting power for long-term exposure to air pollution.

Our findings suggest that PAH-hemoglobin adducts can
serve as biomarkers for long-term exposure to ambient PM, 5
under specific conditions: (1) ambient PAH concentrations
must be highly correlated with PM2.5 levels (i.e., combustion
sources are a significant contributor to ambient PM, ;). (2)
Other PAH exposure sources (e.g., indoor combustion, dietary
intake) should either be negligible or remain constant for up to
20 weeks, as captured by the long-term biomarkers. These
conditions appear to have been met by the participants in this
study—pregnant women residing in Rochester, NY.

The detection rate of BaPT in our study was relatively low,
and a large fraction of the data were based on chromatographic
peaks under MDL. Hence, the uncertainty for these below MDL
values was high, which may decrease statistical power. Never-
theless, with a relatively large sample size, we were still able to
detect positive associations between PM, 5 exposure and sum of
the two isomers.

5. Conclusion

This study demonstrates the potential of PAH-hemoglobin
adducts, specifically BaPT and PHET, as biomarkers of longer-
term exposure to air pollution. By leveraging blood samples
from pregnant women and utilizing cumulative estimates of
ambient PM, 5 and NO,, we observed significant associations
between PAH adduct levels and PM, 5 exposure over extended
time periods, particularly during critical weeks of gestation. In
contrast, no associations were found with NO, exposure. These
findings suggest that PAH-hemoglobin adducts may serve as
valuable biomarkers for assessing long-term ambient PM, 5
exposure, complementing urinary hydroxylated-PAHs, which
are established markers of short-term exposure. This research
highlights the utility of PAH-adducts in capturing longer-term
environmental health risks.

Data availability

Data collected from human participants is not available for
public access because they contain information that could
compromise the privacy of research participants. However, the
de-identified datasets generated and/or analyzed during the
current study are available from the authors for external
validation.

Author contribution

Xiangtian Wang: conceptualization, laboratory analysis, data
analysis, writing—original draft preparation. Yihui Ge: labora-
tory analysis, data analysis. Yan Lin: conceptualization, labo-
ratory analysis, data analysis, writing—reviewing and editing.
Emily A. Craig: laboratory analysis. Ruoxue Chen: laboratory
analysis. Richard K. Miller: subject recruitment and sample
collection, writing—reviewing and editing. Emily S. Barrett:

This journal is © The Royal Society of Chemistry 2025

View Article Online

Environmental Science: Processes & Impacts

subject recruitment and sample collection, writing—reviewing
and editing. Sally W. Thurston: data analysis, writing—review-
ing and editing. Thomas G. O'Connor: subject recruitment and
sample collection, writing—reviewing and editing. David Q.
Rich: supervision, fund acquisitions, writing—reviewing and
editing. Junfeng (Jim) Zhang: conceptualization, supervision,
fund acquisitions, writing—reviewing and editing.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The authors thank Dr Hecht's laboratory at the University of
Minnesota for providing the phenanthrene-tetrols used in this
study. This research was supported by grants from the National
Institutes of Health (RO1ES027495, UG3 OD023349, HD083369).

References

1 G. Cesaroni, C. Badaloni, C. Gariazzo, M. Stafoggia, R. Sozzi,
M. Davoli and F. Forastiere, Long-Term Exposure to Urban
Air Pollution and Mortality in a Cohort of More than
a Million Adults in Rome, Environ. Health Perspect., 2013,
121(3), 324-331, DOI: 10.1289/ehp.1205862.

2 G. Hoek, R. M. Krishnan, R. Beelen, A. Peters, B. Ostro,
B. Brunekreef and ]J. D. Kaufman, Long-Term Air Pollution
Exposure and Cardio-Respiratory Mortality: A Review,
Environ. Health, 2013, 12(1), 43, DOI: 10.1186/1476-069X-12-
43.

3 J. Cao, C. Yang, J. Li, R. Chen, B. Chen, D. Gu and H. Kan,
Association between Long-Term Exposure to Outdoor Air
Pollution and Mortality in China: A Cohort Study, J.
Hazard. Mater., 2011, 186(2), 1594-1600, DOI 10.1016/
j.jhazmat.2010.12.036.

4 1. 1. 1. Pope, R. T. Burnett, M. J. Thun, E. E. Calle, D. Krewski,
K. Ito and G. D. Thurston, Lung Cancer, Cardiopulmonary
Mortality, and Long-Term Exposure to Fine Particulate Air
Pollution, JAMA, 2002, 287(9), 1132-1141, DOI 10.1001/
jama.287.9.1132.

5 B. Chen, Y. Song, T. Jiang, Z. Chen, B. Huang and B. Xu, Real-
Time Estimation of Population Exposure to PM2.5 Using
Mobile- and Station-Based Big Data, Int. J. Environ. Res.
Publ. Health, 2018, 15(4), 573, DOIL: 10.3390/ijerph15040573.

6 S. Singla, D. Bansal, A. Misra and G. Raheja, Towards an
Integrated Framework for Air Quality Monitoring and
Exposure Estimation—A Review, Environ. Monit. Assess.,
2018, 190(9), 562, DOI: 10.1007/s10661-018-6940-8.

7 ]J. Wang, W. Du, Y. Lei, Y. Chen, Z. Wang, K. Mao, S. Tao and
B. Pan, Quantifying the Dynamic Characteristics of Indoor
Air Pollution Using Real-Time Sensors: Current Status and
Future Implication, Environ. Int., 2023, 175, 107934, DOI:
10.1016/j.envint.2023.107934.

8 P. Strickland and D. Kang, Urinary 1-Hydroxypyrene and
Other PAH Metabolites as Biomarkers of Exposure to

Environ. Sci.. Processes Impacts, 2025, 27, 146-153 | 151


https://doi.org/10.1289/ehp.1205862
https://doi.org/10.1186/1476-069X-12-43
https://doi.org/10.1186/1476-069X-12-43
https://doi.org/10.1016/j.jhazmat.2010.12.036
https://doi.org/10.1016/j.jhazmat.2010.12.036
https://doi.org/10.1001/jama.287.9.1132
https://doi.org/10.1001/jama.287.9.1132
https://doi.org/10.3390/ijerph15040573
https://doi.org/10.1007/s10661-018-6940-8
https://doi.org/10.1016/j.envint.2023.107934
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4em00551a

Open Access Article. Published on 27 November 2024. Downloaded on 7/30/2025 1:35:28 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Environmental Science: Processes & Impacts

Environmental PAH in Air Particulate Matter, Toxicol. Lett.,
1999, 108(2), 191-199, DOIL: 10.1016/S0378-4274(99)00089-2.

9 T. Chetiyanukornkul, A. Toriba, R. Kizu and K. Hayakawa,
Urinary 2-Hydroxyfluorene and 1-Hydroxypyrene Levels in
Smokers and Nonsmokers in Japan and Thailand,
Polycyclic Aromat. Compd., 2004, 24(4-5), 467-474, DOL:
10.1080/10406630490471483.

10 X. Lu, Y. Lin, X. Qiu, J. Liu, T. Zhu, J. A. Araujo, J. Zhang and
Y. Zhu, Metabolomic Changes after Subacute Exposure to
Polycyclic Aromatic Hydrocarbons: A Natural Experiment
among Healthy Travelers from Los Angeles to Beijing,
Emnviron. Sci. Technol., 2021, 55(8), 5097-5105, DOI:
10.1021/acs.est.0c07627.

11 D. Delistraty, Toxic Equivalency Factor Approach for Risk
Assessment of Polycyclic Aromatic Hydrocarbons, Toxicol.
Environ. Chem., 1997, 64(1-4), 81-108, DOI: 10.1080/
02772249709358542.

12 K. H. Jung, B. Yan, S. N. Chillrud, F. P. Perera, R. Whyatt,
D. Camann, P. L. Kinney and R. L. Miller, Assessment of

Benzo(a)Pyrene-Equivalent Carcinogenicity and
Mutagenicity of Residential Indoor versus Outdoor
Polycyclic Aromatic Hydrocarbons Exposing Young

Children in New York City, Int. J. Environ. Res. Publ. Health,
2010, 7(5), 1889-1900, DOI: 10.3390/ijerph7051889.

13 Y. Lin, X. Shi, X. Qiu, X. Jiang, J. Liu, P. Zhong, Y. Ge,
C.-H. Tseng, J. Zhang, T. Zhu, J. A. Araujo and Y. Zhu,
Reduction in Polycyclic Aromatic Hydrocarbon Exposure in
Beijing Following China’s Clean Air Actions, Sci. Bull,
2024, 69(20), 3283-3290, DOI: 10.1016/j.scib.2024.08.015.

14 Y. Lin, Y. Ma, X. Qiu, R. Li, Y. Fang, J. Wang, Y. Zhu and
D. Hu, Sources, Transformation, and Health Implications
of PAHs and Their Nitrated, Hydroxylated, and Oxygenated
Derivatives in PM2.5 in Beijing, J. Geophys. Res. Atmos.,
2015, 120(14), 7219-7228, DOIL: 10.1002/2015]D023628.

15 A. B. Lobscheid, T. E. McKone and D. A. Vallero, Exploring
Relationships between Outdoor Air Particulate-Associated
Polycyclic Aromatic Hydrocarbon and PM2.5: A Case Study
of Benzo(a)Pyrene in California Metropolitan Regions,
Atmos. Environ., 2007, 41(27), 5659-5672, DOIL 10.1016/
j-atmosenv.2007.02.042.

16 P. L. Skipper and S. R. Tannenbaum, Protein Adducts in the
Molecular  Dosimetry of Chemical Carcinogens,
Carcinogenesis, 1990, 11(4), 507-518, DOIL: 10.1093/carcin/
11.4.507.

17 S. S. Hecht, S. G. Carmella, P. W. Villalta and ]. B. Hochalter,
Analysis of Phenanthrene and Benzo[a]Pyrene Tetraol
Enantiomers in Human Urine: Relevance to the Bay
Region Diol Epoxide Hypothesis of Benzo[a]Pyrene
Carcinogenesis and to Biomarker Studies, Chem. Res.
Toxicol., 2010, 23(5), 900-908, DOI: 10.1021/tx9004538.

18 Y. Zhong, J. Wang, J. Wang, J. Wang, S. G. Carmella,
J. B. Hochalter, D. Rauch, A. Oliver, ]. Jensen,
D. K. Hatsukami, P. Upadhyaya, C. L. Zimmerman and
S. S. Hecht, Metabolism of [D10]Phenanthrene to Tetraols
in Smokers for Potential Lung Cancer Susceptibility
Assessment: Comparison of Oral and Inhalation Routes of

152 | Environ. Sci.. Processes Impacts, 2025, 27, 146-153

View Article Online

Paper

Administration, J. Pharmacol. Exp. Ther., 2011, 338(1), 353-
361, DOI: 10.1124/jpet.111.181719.

19 T. O'Connor, M. Best, J. Brunner, A. A. Ciesla, A. Cunning,
N. Kapula, A. Kautz, L. Khoury, A. Macomber, Y. Meng,
R. K. Miller, H. Murphy, C. M. Salafia, A. Vallejo Sefair,
J. Serrano and E. Barrett, Cohort Profile: Understanding
Pregnancy Signals and Infant Development (UPSIDE): A
Pregnancy Cohort Study on Prenatal Exposure Mechanisms
for Child Health, BMJ Open, 2021, 11(4), e044798, DOL:
10.1136/bmjopen-2020-044798.

20 Y. Ge, Z. Yang, Y. Lin, P. K. Hopke, A. A. Presto, M. Wang,
D. Q. Rich and ]. Zhang, Generating High Spatial
Resolution Exposure Estimates from Sparse Regulatory
Monitoring Data, Atmos. Environ., 2023, 313, 120076, DOI:
10.1016/j.atmosenv.2023.120076.

21 Y. Lin, E. Craig, X. Liu, Y. Ge, J. Brunner, X. Wang, Z. Yang,
P. K. Hopke, R. K. Miller, E. S. Barret, S. W. Thurston,
G. O. Thomas, Q. R. David and ]J. Zhang, Urinary 1-
Hydroxypyrene in Pregnant Women in a Northeastern U.S.
City: Socioeconomic Disparity and Contributions from Air
Pollution Sources, J. Exposure Sci. Environ. Epidemiol., 2024,
34, 407-415, DOI: 10.1038/s41370-023-00555-9.

22 X. Wang, Y. Lin, Y. Ge, E. Craig, X. Liu, R. K. Miller,
S. W. Thurston, J. Brunner, E. S. Barrett, T. G. O'Connor,
D. Q. Rich and J. Zhang, Systemic Oxidative Stress Levels
during the Course of Pregnancy: Associations with
Exposure to Air Pollutants, Environ. Pollut., 2024, 357,
124463, DOI: 10.1016/j.envpol.2024.124463.

23 J. Shi, Y. Zhao, L. Xue, G. Li, S. Wu, S. Wu, S. Wu, X. Guo,
B. Wang and J. Huang, Urinary Metabolites of Polycyclic
Aromatic Hydrocarbons after Short-Term Fine Particulate
Matter Exposure: A Randomized Crossover Trial of Air

Filtration, Environ. Pollut., 2021, 285, 117258, DOI:
10.1016/j.envpol.2021.117258.
24 O. Motorykin, L. Santiago-Delgado, D. Rohlman,

J. E. Schrlau, B. Harper, S. Harris, A. Harding, M. L. Kile
and S. L. Massey Simonich, Metabolism and Excretion
Rates of Parent and Hydroxy-PAHs in Urine Collected after
Consumption of Traditionally Smoked Salmon for Native
American Volunteers, Sci. Total Environ., 2015, 514, 170-
177, DOI: 10.1016/j.scitotenv.2015.01.083.

25 J. B. Hochalter, Y. Zhong, S. Han, S. G. Carmella and
S. S. Hecht, Quantitation of a Minor Enantiomer of
Phenanthrene Tetraol in Human Urine: Correlations with
Levels of Overall Phenanthrene Tetraol, Benzo[a]Pyrene
Tetraol, and 1-Hydroxypyrene, Chem. Res. Toxicol., 2011,
24(2), 262-268, DOIL: 10.1021/tx100391z.

26 R. S. Franco, Measurement of Red Cell Lifespan and Aging,
Transfus. Med. Hemotherapy, 2012, 39(5), 302-307, DOI:
10.1159/000342232.

27 A. D. Ragin, K. E. Crawford, A. A. Etheredge, J. Grainger and
D. G. Patterson Jr, A Gas Chromatography-Isotope Dilution
High-Resolution =~ Mass  Spectrometry = Method  for
Quantification of Isomeric Benzo[a]Pyrene Diol Epoxide
Hemoglobin Adducts in Humans, J. Anal. Toxicol., 2008,
32(9), 728-736, DOI: 10.1093/jat/32.9.728.

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1016/S0378-4274(99)00089-2
https://doi.org/10.1080/10406630490471483
https://doi.org/10.1021/acs.est.0c07627
https://doi.org/10.1080/02772249709358542
https://doi.org/10.1080/02772249709358542
https://doi.org/10.3390/ijerph7051889
https://doi.org/10.1016/j.scib.2024.08.015
https://doi.org/10.1002/2015JD023628
https://doi.org/10.1016/j.atmosenv.2007.02.042
https://doi.org/10.1016/j.atmosenv.2007.02.042
https://doi.org/10.1093/carcin/11.4.507
https://doi.org/10.1093/carcin/11.4.507
https://doi.org/10.1021/tx9004538
https://doi.org/10.1124/jpet.111.181719
https://doi.org/10.1136/bmjopen-2020-044798
https://doi.org/10.1016/j.atmosenv.2023.120076
https://doi.org/10.1038/s41370-023-00555-9
https://doi.org/10.1016/j.envpol.2024.124463
https://doi.org/10.1016/j.envpol.2021.117258
https://doi.org/10.1016/j.scitotenv.2015.01.083
https://doi.org/10.1021/tx100391z
https://doi.org/10.1159/000342232
https://doi.org/10.1093/jat/32.9.728
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4em00551a

Open Access Article. Published on 27 November 2024. Downloaded on 7/30/2025 1:35:28 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

28 G. Scherer, S. Frank, K. Riedel, I. Meger-Kossien and
T. Renner, Biomonitoring of Exposure to Polycyclic
Aromatic Hydrocarbons of Nonoccupationally Exposed
Persons1, Cancer Epidemiol. Biomarkers Prev., 2000, 9(4),
373-380.

29 P. Soma-Pillay, N.-P. Catherine, H. Tolppanen, A. Mebazaa,
H. Tolppanen and A. Mebazaa, Physiological Changes in
Pregnancy, Cardiovasc. J. South Afr., 2016, 27(2), 89-94,
DOI: 10.5830/CVJA-2016-021.

30 M. Albuquerque, M. Coutinho and C. Borrego, Long-Term
Monitoring and Seasonal Analysis of Polycyclic Aromatic
Hydrocarbons (PAHs) Measured over a Decade in the
Ambient Air of Porto, Portugal, Sci. Total Environ., 2016,
543, 439-448, DOL: 10.1016/j.scitotenv.2015.11.064.

31 K. Liao and J. Z. Yu, Abundance and Sources of Benzo[a]
Pyrene and Other PAHs in Ambient Air in Hong Kong: A
Review of  20-Year = Measurements  (1997-2016),
Chemosphere, 2020, 259, 127518, DOI: 10.1016/
j-chemosphere.2020.127518.

32 H. U. Kifferlein, B. Marczynski, T. Mensing and T. Briining,
Albumin and Hemoglobin Adducts of Benzo[a]Pyrene in
Humans-Analytical Methods, Exposure Assessment, and
Recommendations for Future Directions, Crit. Rev. Toxicol.,
2010, 40(2), 126-150, DOI: 10.3109/10408440903283633.

33 R. Pastorelli, M. Guanci, A. Cerri, C. Minoia, P. Carrer,
E. Negri, R. Fanelli and L. Airoldi, Benzo(a)Pyrene
Diolepoxide-Haemoglobin and Albumin Adducts at Low
Levels of Benzo(a)Pyrene Exposure, Biomarkers, 2000, 5(4),
245-251, DOI: 10.1080/135475000413791.

34 M. L. Vermillion Maier, L. K. Siddens, J. M. Pennington,
S. L. Uesugi, K. A. Anderson, L. G. Tidwell, S. C. Tilton,
T. J. Ognibene, K. W. Turteltaub, J. N. Smith and
D. E. Williams, Benzo[a]Pyrene (BaP) Metabolites
Predominant in Human Plasma Following Escalating Oral
Micro-Dosing with [14C]-BaP, Environ. Int., 2022, 159,
107045, DOI: 10.1016/j.envint.2021.107045.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Environmental Science: Processes & Impacts

35 R. Pastorelli, J. Restano, M. Guanci, M. Maramonte,
C. Magagnotti, R. Allevi, D. Lauri, R. Fanelli and L. Airoldi,
Hemoglobin Adducts of Benzo[a]Pyrene Diolepoxide in
Newspaper Vendors: Association with Traffic Exhaust,
Carcinogenesis, 1996, 17(11), 2389-2394, DOI: 10.1093/
carcin/17.11.2389.

36 O. Blondin and C. Viau, Benzo(a)Pyrene-Blood Protein
Adducts in Wild Woodchucks Used as Biological Sentinels
of Environmental Polycyclic Aromatic Hydrocarbons
Contamination, Arch. Environ. Contam. Toxicol., 1992,
23(3), 310-315, DOI: 10.1007/BF00216239.

37 J. Gong, T. Zhu, H. Kipen, D. Q. Rich, W. Huang, W.-T. Lin,
M. Hu and ]. Zhang, (Jim). Urinary Polycyclic Aromatic
Hydrocarbon Metabolites as Biomarkers of Exposure to
Traffic-Emitted Pollutants, Environ. Int., 2015, 85, 104-110,
DOI: 10.1016/j.envint.2015.09.003.

38 L. He, Y. Lin, D. Day, Y. Teng, X. Wang, X. L. Liu, E. Yan,
J. Gong, J. Qin, X. Wang, J. Xiang, J. Mo, Y. Zhang and
J. J. Zhang, Nitrated Polycyclic Aromatic Hydrocarbons and
Arachidonic Acid Metabolisms Relevant to Cardiovascular
Pathophysiology: Findings from a Panel Study in Healthy
Adults, Environ. Sci. Technol., 2021, 55(6), 3867-3875, DOI:
10.1021/acs.est.0c08150.

39 F. P. Perera, D. Tang, V. Rauh, Y. H. Tu, W. Y. Tsai,
M. Becker, J. L. Stein, ]J. King, G. D. Priore and
S. A. Lederman, Relationship between Polycyclic Aromatic
Hydrocarbon-DNA  Adducts, Environmental Tobacco
Smoke, and Child Development in the World Trade Center
Cohort, Environ. Health Perspect., 2007, 115(10), 1497-1502,
DOL: 10.1289/ehp.10144.

40 R. F. Narvaez, L. Hoepner, S. N. Chillrud, B. Yan,
R. Garfinkel, R. Whyatt, D. Camann, F. P. Perera,
P. L. Kinney and R. L. Miller, Spatial and Temporal Trends
of Polycyclic Aromatic Hydrocarbons and Other Traffic-
Related Airborne Pollutants in New York City, Environ. Sci.
Technol., 2008, 42(19), 7330-7335, DOI: 10.1021/es801273h.

Environ. Sci.. Processes Impacts, 2025, 27, 146-153 | 153


https://doi.org/10.5830/CVJA-2016-021
https://doi.org/10.1016/j.scitotenv.2015.11.064
https://doi.org/10.1016/j.chemosphere.2020.127518
https://doi.org/10.1016/j.chemosphere.2020.127518
https://doi.org/10.3109/10408440903283633
https://doi.org/10.1080/135475000413791
https://doi.org/10.1016/j.envint.2021.107045
https://doi.org/10.1093/carcin/17.11.2389
https://doi.org/10.1093/carcin/17.11.2389
https://doi.org/10.1007/BF00216239
https://doi.org/10.1016/j.envint.2015.09.003
https://doi.org/10.1021/acs.est.0c08150
https://doi.org/10.1289/ehp.10144
https://doi.org/10.1021/es801273h
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4em00551a

	Benzo[a]pyrene and phenanthrene hemoglobin adducts as biomarkers of longer-term air pollution exposureElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4em00551a
	Benzo[a]pyrene and phenanthrene hemoglobin adducts as biomarkers of longer-term air pollution exposureElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4em00551a
	Benzo[a]pyrene and phenanthrene hemoglobin adducts as biomarkers of longer-term air pollution exposureElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4em00551a
	Benzo[a]pyrene and phenanthrene hemoglobin adducts as biomarkers of longer-term air pollution exposureElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4em00551a
	Benzo[a]pyrene and phenanthrene hemoglobin adducts as biomarkers of longer-term air pollution exposureElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4em00551a
	Benzo[a]pyrene and phenanthrene hemoglobin adducts as biomarkers of longer-term air pollution exposureElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4em00551a
	Benzo[a]pyrene and phenanthrene hemoglobin adducts as biomarkers of longer-term air pollution exposureElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4em00551a

	Benzo[a]pyrene and phenanthrene hemoglobin adducts as biomarkers of longer-term air pollution exposureElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4em00551a
	Benzo[a]pyrene and phenanthrene hemoglobin adducts as biomarkers of longer-term air pollution exposureElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4em00551a
	Benzo[a]pyrene and phenanthrene hemoglobin adducts as biomarkers of longer-term air pollution exposureElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4em00551a
	Benzo[a]pyrene and phenanthrene hemoglobin adducts as biomarkers of longer-term air pollution exposureElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4em00551a
	Benzo[a]pyrene and phenanthrene hemoglobin adducts as biomarkers of longer-term air pollution exposureElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4em00551a
	Benzo[a]pyrene and phenanthrene hemoglobin adducts as biomarkers of longer-term air pollution exposureElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4em00551a
	Benzo[a]pyrene and phenanthrene hemoglobin adducts as biomarkers of longer-term air pollution exposureElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4em00551a


