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Executive Summary
Diesel exhaust is a large source of outdoor air pollution in urban area, while smoking is an
important contributor to indoor air pollution in our daily life. Exposure to these complex mixtures
may lead to many adverse health effects such as cardiovascular diseases, respiratory diseases,
and even several types of cancer. Especially, polycyclic aromatic hydrocarbons (PAHs) and nitrated
polycyclic aromatic hydrocarbons (nitro-PAHs) are byproducts of incomplete combustion and are
generated from diesel combustion process and from tobacco smoking. Amino-PAHs are
metabolites of nitro-PAHs and have been suggested as traffic-related exposure biomarkers.
The first and largest aim for this Master’s Project was to learn analytical chemistry methods
to measure different biomarkers in human specimens. Human urine and red blood cell samples
used in this study were collected by National Cancer Institute (NCI), and the study population
contained diesel engine testing workers and age-matched non-testing workers. Firstly, cotinine
and five types of amino-PAHs were measured as biomarkers of smoking and diesel exhaust
exposure, respectively, in both types of samples. While biomarkers in urine samples are
commonly used to reflect the levels of exposure, PAH-hemoglobin adducts in red blood cells
samples are able to examine the biologically effective dose of PAHs exposure. Then, as a proven
mechanism for many air pollution associated health effects, oxidative stress was measured using
urinary malondialdehyde (MDA), a well-established biomarker of lipid peroxidation by reactive
oxygen species.
The second aim for this project was to examine the relationship among different biomarkers.
Especially, I focused on the relationship between nitro-PAHs exposure and oxidative stress, and
the relationship between tobacco smoke exposure and oxidative stress.
The first section in this report provides brief introductions to all target chemicals (biomarkers)
and the reason for choosing these chemicals in this study. For instance, certain amino-PAHs are
biomarkers of diesel exhaust exposure; cotinine is a biomarker of tobacco smoking exposure; and
levels of MDA reflect the status of oxidative stress in human body. Furthermore, information on
study population was introduced, including the numbers of urine and red blood cell samples, and
a brief summary on available demographic information.
The second section contains detailed methods of all chemicals analysis conducted in this
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project, including what chemicals and instruments were used in the analysis, how to prepare
solutions and standards for the analysis, instrumental settings, how to treat samples and how to
measure biomarkers in samples.
The result section is divided into two parts. The first part only presents results derived from
experiments, in which the results for all chemicals were introduced and summarized. Then,
statistical results were reported in the second part, in which difference of each type of biomarkers
within different demographic groups were tested by Mann-Whitney U test, while Spearman’s
Correlation test was used to examine the correlation among different biomarkers.
Finally, the results were discussed in the fourth section, in which I found more significant
correlations between amino-PAHs and MDA, while less evidence suggested the relationship
between tobacco smoke and oxidative stress. In this section, I also discussed the different
exposure and effect levels among different demographic groups, and provided possible reason
for the observation. Furthermore, the disparity of results in different specimens was discussed.
Finally, I provided my personal thoughts about the project.
Here are some key findings in the repot:
1. Evidence on the correlation between amino-PAHs and MDA was found, but a causal
relationship cannot be simply inferred.
2. Non-diesel engine workers had higher MDA levers than diesel engine testers; but the
reasons need yet to be determined.
3. The difference in detectability of compounds in different human specimens may be due
to biological activities (e.g., absorption, metabolism, and partition among different
organs) in human body after exposure.
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1. Introduction
Diesel exhaust is a large source of air pollutants in urban atmosphere because of the usage of
diesel fuels during transportation and industrial production in modern society. Due to the large
population exposed to diesel exhaust through either ambient air or occupational exposure, the
health effects of diesel exhaust exposure have been widely concerned. Furthermore,
International Agency for Research on Cancer (IARC) has defined diesel exhaust as Group 1
carcinogen, as there is sufficient evidence showing that diesel exhaust exposure can cause lung
cancer and may increase the risk of getting bladder cancer (IARC, 2012). As a complex mixture,
diesel exhaust contains not only gaseous chemicals such as CO2 and NOx (i.e., NO and NO2), but
also particulate matters. The mixture as a whole or these individual components can lead to
respiratory and cardiovascular diseases (Laumbach, 2009). Especially, polycyclic aromatic
hydrocarbons (PAHs) and nitrated polycyclic aromatic hydrocarbons (nitro-PAHs) are by-products
of incomplete combustion. As a result, for diesel engine workers, or housewives burning coals to
cook in their houses, they will experience relatively high level of PAHs exposure in their daily life.
PAHs are a class of organic compounds with multiple aromatic rings and formed by only
carbon and hydrogen atoms (Rhead and Hardy, 2003), while nitro-PAHs are nitrate derivatives of
PAHs. Previous studies have shown evidence that both PAHs and nitro-PAHs have high potential
of mutagenic (Atkinson and Arey, 1994) and carcinogenic (IARC, 1989; IARC, 2008) toxicities.
Nitro-PAHs are considered to be the marker of diesel exhaust exposure because of their much
higher concentration in diesel exhaust particles (Zwirner-Baier and Neumann, 1999). Seidel et al.
(2002) studied occupational exposure of mining workers and measured the concentrations of
PAHs and nitro-arenes in their urine sample. The study found an increased concentration of PAH
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metabolites associated with diesel exhaust exposure. In addition, Nitro-PAHs are not only directly
emitted from the incomplete combustion of diesel fuels, but also produced by the photochemical
reactions between gas-phase PAHs and hydroxyl (OH) or nitrite (NO3) radicals (Arey et al., 1986).
After entering human body, nitro-PAHs will be metabolized in lung, during which amino-PAHs are
generated. Furthermore, amino-PAHs may be a better biomarker for diesel exhaust because of its
highly fluorescent characteristic (Sigvardson & Birks, 1984). For example, 1-amino-pyrene is a
common biomarker of diesel exhaust exposure since it is a major metabolite of 1-nitro-pyrene, a
predominant nitro-PAHs in diesel exhaust (Arey et al., 1986). Some studies have reported that
higher urinary 1-amino-pyrene concentrations were found in people exposed to short-term diesel
exhaust (Laumbach et a., 2009; Neophytou et al., 2014), while Seidel et al. (2002) indicated that
the body burdens of 1-amino-pyrene in occupational population are higher than the reference.
Gong et al. (2015) studied traffic-related PAHs exposure and chose to use 1-amino-naphthalene,
2-amino-naphthalene and 1-hydroxy-pyrene as biomarkers in their study. In this project, 5 types
of amino-PAHs, including 1-amino-pyrene, 2-amino-fluorene, 1-amino-naphthalene, 2-aminonaphthalene and 9-amino-phenanthrene will be measured as indicators of PAHs-related exposure.
Also, these different amino-PAHs may help to identify potential sources of PAHs exposure.
PAH-related DNA and protein adducts have been associated with PAHs exposures (Pastorelli
et al., 1999). Moreover, the level of PAH-DNA and PAH-protein adducts may reflect the biologically
effective dose for PAHs exposure. Many epidemiological studies reported evidence between the
association between PAH-DNA adduct formation and increased cancer risk (Pratt et al., 2011). In
this project, amino-PAHs were tested in red blood cell samples to examine internal or biologically
effective dose of PAHs exposure.
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Tobacco smoke is one of the leading causes of cancer and cancer-related death. Smoking has
also been linked to other harmful health effects such as cardiovascular diseases and respiratory
diseases. There are hundreds of harmful chemicals identified in tobacco smoke, and it is reported
that at least 69 chemicals in tobacco smoke are potential carcinogens (US DHHS, 2004; US DHHS,
2010; US DHHS, 2014; NTP, 2014). Not only active smoking, but also second hand smoking will
lead to harmful health effects, including cancer. In 2014, US Department of Health and Human
Services reported that second-hand smoking leads to about 7,300 lung cancer deaths in the U.S.
every year (US DHHS, 2014). As another potential source of PAHs exposure, smoking status is an
important confounder in discussing the effects caused by diesel exhaust exposure.
Cotinine, a predominant metabolite of nicotine, is a good indicator for smoking exposure for
two reasons. Firstly, the primary route of nicotine exposure is inhalation of tobacco smoke from
either active smoking or second-hand smoking. Secondly, cotinine have longer half-life in human
body, which make it a better biomarker for us to measure (Haufroid et al., 1998).
Oxidative stress is the over-production of reactive oxygen species (ROS) which causes
imbalance in human cells. Oxidative stress is proven to be a mechanism for many air pollution
associated diseases, such as respiratory diseases, cardiovascular diseases, and even several types
of cancers (Gong et al., 2013; Klaunig et al., 2010). Malondialdehyde (MDA) is a product formed
during polyunsaturated fatty acids peroxidation. The level of MDA reflects the oxidative status in
human cells, and therefore is a common biomarker to measure the level of oxidative stress (Gawel
et al., 2004). Also, previous research has found higher concentrations of MDA in the plasma of
smoking population than in the non-smoking population (Nielsen et al., 1997).
In this study, biomarkers in 130 urine samples and 117 red blood cell samples were tested. All
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the samples were collected by National Cancer Institute (NCI). I received all the samples after any
identifiable information was removed. I was provided with sample IDs that were used to link urine
samples and blood samples from the same individuals. Since little subject-related information
were available to me, it’s hard to determine the exposure sources and pathways. However, NCI
provided me some subject-related information such as smoking status and whether they were
directly exposed to diesel exhaust. Since there were some pool samples in urine samples with no
link to specific subjects, and demographic information were not available for the quality control
samples, information was available for only 109 subjects (Table 1)
Table 1. Summary of demographic information in study population
Diesel Engine Worker
Non-diesel Engine Worker
Sum

Smoker
34
35
69

Non-current Smoker
20
20
40

Sum
54
55
109

Since these subjects may include not only diesel engine workers, but also other non-diesel
engine workers in diesel industry, the major sources of their PAHs exposure include the
occupational exposure of diesel exhaust, inhalation of tobacco smoke (either active smoke or
second hand smoke), and inhalation of PAHs during cooking activities. Although the smoking
status information have already been collected by NCI, the level of cotinine in urine samples were
still measured in this project to further affirm the truth, and avoid the risk of misstatement in the
self-reported survey. Also, the collected smoking status did not include information about how
heavy dis the subjects smoke. Therefore, the level of cotinine can help us quantify the level of
tobacco smoke exposure. Moreover, five types of amino-PAHs in urine samples and hemoglobin
adducts were measured in this project. Also, free and total MDA in urine samples were measured
to assess the levels of oxidative stress in the study population. Urinary creatinine levels were
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measured to adjust for the urine dilution among different subjects. Therefore, instead of the
initial measured concentration, all reported results were values after adjustment.
The first and largest aim for this Master’s Project is to learn the analytical chemistry methods
of measuring different biomarkers in urine and blood samples. The second aim is to examine the
relationship among different biomarkers. Especially, the relationship between amino-PAHs and
MDA, and the relationship between cotinine and MDA. My hypothesis was that the biomarkers
are positively correlated.

2. Method
After receiving all urine samples and blood samples from NCI, they were stored at -20℃ in a
refrigerator. Samples were brought back to room temperature and melted only right before use.
2.1. Urinary Creatinine Analysis
The method of urinary creatinine measurement was modified from the method provided by
Creatinine (urinary) Colorimetric Assay Kit (Cayman Chemical, item No. 500701).
2.1.1. Instrumentation
Creatinine Sodium Borate (item No. 10008477) and Creatinine Surfactant (item No.
1008478) were brought from Cayman Chemical. Creatinine color reagent with 1.2% picric acid,
which was also listed on the method, is not available in our lab and I used creatinine color
reagent which contains 1.3% picric acid (Sigma Chemical) instead. In sample dilution and
standard preparation steps, HPLC-grade water (Fisher Chemical, Fisher scientific Inc.) were used.
1M sodium hydroxide (NaOH) and creatinine standard solution (20mg/dl creatinine) were
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prepared in the lab, and the steps would be mentioned later. Then, the Costar 96-Well Solid
Plate with lid (Corning Inc.) was used for sample analysis.
The FlUOstar OPTIMA microplate reader (BMG LABTECH, Ortenberg, Germany) was used in
colorimetric analysis, and the matched software OPTIMA (version 2.20R2) was used for data
collection.
2.1.2. Solution preparation
(A) 1M NaOH solution:
1M and 10M sodium hydroxide (1M & 10M NaOH) would be used in several different
experiments in this project. As a result, 10M NaOH was firstly prepared, and diluted for 1M NaOH
later. Since the molar mass of NaOH is 39.997 g/mol, I weighed 399.97g pure NaOH (SigmaAldrich) and put them in a 1 L beaker. Then, the beaker was filled with 1 L HPLC-grade water, and
the mixture were stirred by magnetic mixer to make NaOH fully dissolved. Also, due to the large
amount of heat generating during this process, the 10M NaOH solution were cooled down to
room temperature before further dilution. Then, the prepared 10M NaOH was diluted 10 times
with HPLC-grade water to obtain a 1M NaOH solution. NaOH is stable at room temperature and
will be used in other experiments. Therefore, 10M and 1M NaOH solution were prepared prior to
all experiments.
(B) Creatinine standard solution (20mg/dl)
For easier calculation and preparation, a 10 mg/ml creatinine solution was prepared at first,
during which creatinine would be weighed and the amount of water would be calculated based
on the weight of creatinine. In this case, I weighed 7.7 mg pure creatinine (Sigma-Aldrich) in a
1.5 ml centrifuge tube. Then, the creatinine was dissolved with 0.77 ml HPLC-grade water to
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make 10 mg/ml Creatinine solution. The mixture was fully mixed by Analog Vortex Mixer (VWR
International LLC, Radnor, PA, USA), and then diluted 50 times with HPLC-grade water (Fisher
Chemical) for a creatinine standard solution (20 mg/dl). The creatinine standard solution (20
mg/dl) was prepared freshly before analysis.
(C) Alkaline Picrate Solution
Alkaline picrate solution acted as color reagent in creatinine analysis. In the analysis, each well
on the microplate needed 150μl of alkaline picrate solution. Therefore, the total volume of
alkaline picrate solution was calculated based on the number of wells being assayed. In this
experiment, 130 urine samples and 8 standards would be tested in duplicate. Therefore, 276 wells
(three 92-well microplates) would be used, and at least 41.4 ml of alkaline picrate solution were
needed. On the original assay method, a total volume of alkaline picrate solution prepared for
one plate was 21.6 ml by mixing up all solutions based on the following recipe: 2 ml of creatinine
sodium borate (Cayman Chemical), 6 ml of creatinine surfactant (Cayman Chemical), 10 ml of
creatinine color reagent (Sigma Chemical), and 3.6 ml of 1M NaOH (prepared in lab). For easier
calculation, I prepared my own alkaline picrate solution by multiplying the use of all solutions in
the recipe by 2.5 times. That is, 5 ml of creatinine sodium borate, 15 ml of creatinine surfactant,
25 ml of creatinine color reagent, and 9 ml of 1M NaOH. The total volume of final alkaline picrate
solution is 54 ml. Similar as creatinine standard solution, alkaline picrate solution was mixed
freshly before use.
2.1.3. Sample preparation
Urine samples were brought to room temperature and melted before use. Then, all samples
were diluted 20 times with HPLC-grade water in 1.5 ml centrifuge tubes. In this case, 50μl of
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original samples were taken and mixed with 950 μl HPLC-grade water (Fisher Chemical).
2.1.4. Standards preparation
Standards were prepared in 1.5 ml centrifuge tubes by mixing up different amounts of
creatinine standard solution and HPLC-grade water. The amounts of creatinine standard solution
(20mg/dl) and HPLC-grade water are shown in Table 2.
Table 2. Preparation Methods of Standard Curve for Creatinine
Tube

Creatinine Standard (μl)

HPLC-grade Water (μl)

A
B
C
D
E
F
G
H

0
5
10
15
20
25
30
37.5

50
45
40
35
30
25
20
12.5

Final concentration
(mg/dl creatinine)
0
2
4
6
8
10
12
15

2.1.5. Sample analysis
Prior to adding standards and samples to microplates, the microplate reader (BMG LABTECH)
was turned on and stabilized for at least half an hour before sample analysis. Then, 15 μl of
standards and diluted samples were added to microplate, and all samples were measured in
duplicate. After all samples were added, 150 μl of alkaline picrate solution were added to the
wells using an 8-channel pipette (Eppendorf). Then, the microplates were covered with lid, and
the incubation lasted for 10 minutes. During the incubation, I slight shook the microplates by
hand for better reaction. After incubation, lids were removed, and microplates were put into the
FlUOstar OPTIMA microplate reader (BMG LABTECH). Absorbance of mixtures were measured at
490-500 nm, and the absorbance readings were exported from OPTIMA software to MS Excel.
The concentration of creatinine in diluted samples were calculated based on the linear regression
of the standard curve (shown in Figure 1). Then, the original concentrations were calculated by
multiplying the diluted concentration by 20. The unit of concentration was then converted from
mg/dl to mg/ml.
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Figure 1．Standard curve of creatinine concentration

2.2. Urinary MDA Analysis
The measurement of urinary MDA used the chromatographic property of MDA-TBA adducts.
Therefore, a HPLC-system with fluorescence detector would be used to measure the
concentration of MDA in urine samples. Also, both free and total MDA in urine samples were
measured in this study.
Some solutions (e.g., mobile phase and TBA solution) were prepared several days prior to the
actual measurement. Also, due to the space limits of the heating machine (only 64 holes), only
about 25-27 samples could be measured for free and total MDA at a time. Therefore, the 130
urine samples were separated into 5 sets in the analysis.
2.2.1. Instrumentation
The instruments used in MDA analysis include a Digital Heatblock (VWR International LLC,
Radnor, PA, USA), Analog Vortex Mixer (VWR International LLC, Radnor, PA, USA), and a HPLC-FL
system made up by Waters 2695 Separations Module and Waters 2475 Multi λ fluorescence
detector (Waters Corp. Milford, MA, USA). Nova-Pak C18, 60 Å, 4 µm, 3.9*150 mm Column from
Waters Corp. was used as HPLC column in the analysis. Also, results of MDA analysis were all
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collected by the Empower 3 Software developed by Waters Crop.
2.2.2. Solution preparation
(A) HPLC mobile phase
Due to the relative large sample size, 4L mobile phase was made at a time to make sure that
the mobile phase was enough for the whole assay. Firstly, 2.2 L HPLC-grade water (Fisher Chemical)
were added to a 4 L glass bottle. Then, 27.2 g KH2PO4 were weighed and put into the glass bottle.
The solution was stirred by magnetic mixer until KH2PO4 was fully dissolved. Then, additional 0.2
L HPLC-grade water and 1.6L HPLC-grade Methanol (Fisher Chemical) were added into the bottle.
After the solution was well mixed, about 9.6 ml 10M NaOH were added to adjust the pH of the
solution to 6.8. Finally, the mobile phase solution was filtered by a 0.22 μm filter before injection.
(B) Phosphoric Acid (440mM)
The 440mM phosphoric acid solution was diluted from the 85% phosphoric acid solution
(Aldrich Chemistry), during which 29.7 ml of stock solution were transferred into a 1 L volumetric
flask and filled to 1 L with HPLC-grade water (Fisher Chemical).
(C) Thiobarbituric Acid (TBA) solution
The volume of TBA solution was calculated by the number of samples being analyzed. Since
150 μl of TBA solution would be added in each sample and 5 sets of standards would be made, at
least 45ml of TBA solution were needed for the whole assay.
To prepare the TBA solution, 0.3 g pure TBA (Sigma-Aldrich) were weighed and dissolved with
50 ml HPLC-grade water (Fisher Scientific Inc.). However, the solubility of TBA is relatively low,
and the solution was stirred for at least four hours until TBA were fully dissolved. Since TBA
solution can be stable at room temperature for only a week, I prepared the TBA solution twice on
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two consecutive Monday and conducted the measurement on the following Wednesday and
Friday.
(D) MDA standard solution
The stock solution for MDA in lab was a 4 M solution. At first, the stock solution (4M) was
diluted 10 times with 0.1M HCl in a 1.8 ml auto-sampler vial to a TEP-0 (40mM) solution. The TEP0 solution was vortexed and stayed overnight in refrigerator (4℃) to make sure it was fully mixed
before any further dilution. Since TEP-0 solution can be stable at 4℃ for a month, TEP-0 solution
is made after the preparation of TBA solution on the first Monday.
On days of conducting MDA analysis, the following standard solutions were diluted with 0.1M
HCl step by step. TEP-0 (40mM) solution was diluted 10 times with 0.1 M HCl to make a TEP-1
(4mM) solution, and then TEP-1 (4mM) was diluted 100 times to TEP-2 (40μM). In the first set of
MDA assay, TEP-3(4μM) solution was directly diluted from TEP-2 (40μM). However, in the rest
sets of measurements, TEP-2 (40μM) was firstly diluted 5 times for an 8μM MDA solution(TEP2.5), and then TEP-2.5 solution was further diluted 2 times with 0.1M HCl to make the TEP-3(4μM)
solution. TEP-2.5 was used in the additional point in new standard curve, while TEP-3 is used in
the points of original standard curve.
2.2.3. Standards preparation
Free MDA and total MDA analysis shared a standard curve. The method for standard curve
preparation are shown in Table 3. The original standard curve for the first set of MDA analysis
contains std1 to std7 (without std0). However, during the first set of samples were analyzed, the
level of one free MDA sample was found out of the range of the original curve. Therefore, an
additional point at the highest concentration (Std0) was added in the rest sets of analyses.
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Table 3. Standard curve for MDA analysis
Standard ID

Standard Solutions

UPLC-grade H2O

Final Concentration (nM)

Std0(Added)

150 µl of TEP-2.5

0

8000

Std1

150 µl of TEP-3

0

4000

Std2

75 µl of TEP-3

75 µl

2000

Std3

37.5 µl of TEP-3

112.5 µl

1000

Std4

15 µl of TEP-3

135

400

Std5

7.6 µl of TEP-3

142.4 µl

200

Std6

3.8 µl of TEP-3

146.2 µl

100

Std7

0

150

0

Figure 2 shows a comparison on standard curves before(left) and after(right) modification.
As shown in the plots, the new standard curve was still in linear relationship after adding the
additional point, with R-square value > 0.999. Therefore, it is feasible to add an additional point
at higher concentration.
2.2.4. HPLC system settings
Since the HPLC-system have not been used for a while, all priming steps were taken to make
sure it was stable enough for the analysis. Since it took about an hour to prime the system, the
HPLC-FL system was turned on prior to the sample treatment steps. To prime the system, dry
prime, wet prime, purge injector, equilibrate, and condition column under the “Direct Functions”
menu were performed one by one. During the analysis, the composition of mobile phase was set
to 100% and the flow rate was 0.8ml/min. The inject volume of each sample was 20μl. In the
fluorescence analysis, excitation wavelength and emission wavelength were set to 532nm and
553nm, respectively. Before injection of actual urine samples, several injections of HPLC-grade
water were run to make the system stable.
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2.2.5. Sample analysis
The hydrolysis step was only for the measurement of total MDA, since adducted form of MDA
should be hydrolyzed to mobile form. In the preparation of total MDA samples, 20µl urine sample
and 65µl 1M NaOH were added in 1.8 ml auto-sampler vials. The mixtures were heated and
incubated on a digital heatblock (VWR) at 60℃ for 30 min. After the 30-minutes reaction, 65µl
1M HCl were added to stop the reaction. Since only 20µl of each urine sample were used in
hydrolysis and final volume of 150µl were tested, the urine samples were diluted for 7.5 times in
total MDA measurement.
For standards and free MDA samples, there were no any further pretreatment steps. 150μl of
each standards or samples were added to the vials. In the first set of MDA assay, only std1-7 were
used as standard curve, and in the rest sets of measurements, all standards(std0-7) were used.
After the hydrolysis for total MDA samples and sample preparation for standards and free
MDA samples, 750µl phosphoric acid and 150 µl TBA solution were added into each vial. The vials
were put on the heater at 80℃ for an hour of incubation. Finally, all vials were cooled down to
room temperature before injection.
The method of MDA measurement was set in Empower 3 Software, an additional vial of pure
HPLC-grade water (Fisher Chemical) was set up for the first three injection to stabilize the system.
Then, all standards and samples were run. Especially, std 2, std4, and std4 were set up for
triplicate injection.
After finishing each set of sample analysis, the area of each samples was drawn manually in
the Empower 3 Software as mentioned in Section 2.2.4. Then, the retention time and area of each
samples were copied to MS Excel. The areas of prepared standards were used in making standard
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curve (Figure 2). The concentration of free and diluted total MDA were calculated based on the
linear regression on the standard curve, and the original concentrations of total MDA samples
were calculated by multiplying the diluted concentration by 7.5.

Figure 2. Standard curves of MDA analysis, before (left) and after (right) adding additional point

2.3. Urinary Cotinine and amino-PAHs Analysis
In the measurement of amino-PAHs, five types of amino-PAHs were selected, which included
1-aminonaphthalene, 2-aminonaphthalene, 2-aminofluorene, 9-aminophenenthrene, and 1aminopyrene. Cotinine levels in urine samples were measured together with amino-PAHs. In
addition, 2D7 1-Aminonaphthalene were added as internal standard to all samples.
2.3.1. Instrumentation
Instruments used during samples pretreatment processes included the Allegra X-30
Centrifuge (Beckham Coulter), a shaker (Fisher Scientific Inc.), and an Analog Vortex Mixer(VWR).
The HPLC-MS/MS system using for sample measurement was made up by an Accela Open
Autosampler, an Accela 1250 pump, and a TSQ Quantum Access MAX triple quadrupole mass
spectrometer (Thermo Fisher Scientific Inc., San Jose, CA, USA). The Xcalibur Software (version
2.0, Thermo Scientific) was used to collect the results. Phenomenex Luna 3 µm, C18 100 Å,
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50x2.00 mm Column was used to separate different amino-PAHs and cotinine in the analysis.
2.3.2. Solution preparation
(A) Mobile phase
Two mobile phases were used in the measurement of amino-PAHs. Mobile phase A contains
0.1% formic acid in HPLC-grade water, while mobile phase B is made up of 0.1% formic acid in
Acetonitrile.
(B) EDTA solution (pH 7.5)
To prepare the solution, 29.47 mg EDTA (Sigma) was weighed and transferred into a 1 L beaker.
About 950ml HPLC-grade water was added into the beaker and the solution is fully mixed. Then,
the pH of the solution was adjusted to 7.5 by 0.1M NaOH. Finally, the solution was transferred
into a 1 L volumetric flask and fill to 1 L with HPLC-grade water (Fisher Chemical).
2.3.3. Standards preparation
Table 4. Standard curve for urinary amino-PAHs and cotinine measurement
Standard ID

Standard Solutions

UPLC-grade water (μl)

Internal standard (μl)

Blank
0
1
2
3
4
5
6
7
8
9
10
11

0
0
1ng/ml × 20μl
1ng/ml × 40μl
10ng/ml × 10μl
10ng/ml × 20μl
10ng/ml × 40μl
100ng/ml × 10μl
100ng/ml × 20μl
100ng/ml × 40μl
1000ng/ml × 10μl
1000ng/ml × 20μl
1000ng/ml × 40μl

200
200
180
160
190
180
160
190
180
160
190
180
160

0
20
20
20
20
20
20
20
20
20
20
20
20

Standard concentration
(ng/ml)
0
0
0.02
0.04
0.1
0.2
0.4
1
2
4
10
20
40

All pure standards used in this measurement were brought from Sigma-Aldrich. The stock
solutions of standards were prepared in methanol at the concentration of 1000ng/ml, 100ng/ml,
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10ng/ml, and 1ng/ml, while the concentration of internal standard was 100ng/ml in methanol.
The method for preparing the standard curve is shown in Table 4.
2.3.4. Sample treatment
All urine samples were brought to room temperature and melted before use. Then, 2 ml of
urine samples were transferred to 10 ml glass tubes, and the urine samples were hydrolyzed by
adding 20μl of β-Glucuronidase from Helix pomatia (Sigma-Aldrich) and 2 ml of 0.1M sodium
acetate buffer and incubated at 37 ℃ overnight. After the overnight incubation, 25 µl of Internal
standards (100 ng/ml 1-AN d7, Sigma-Aldrich), 25 µl of 10M NaOH, and 5 ml of ethyl acetate were
added into each tube. All samples were fully mixed by shaking for an hour (Fisher Scientific Inc.),
and then centrifuged at 4000 rpm for 10 minutes by Allegra X-30 Centrifuge (Beckham Coulter).
The supernatant for each sample was transferred to a 13*100 mm tube, and evaporated with
pure nitrogen gas. The dried residues in tubes were re-dissolved by acetonitrile-H2O solution
(ratio: 1/4), and all tubes were vortexed by an Analog Vortex Mixer(VWR) to make sure the
compounds were fully dissolved. Finally, all samples were transferred into auto-sampler vials and
injected into the system.
2.3.5. LC-MS/MS settings
During the measurement, LC-MS/MS was set to H-ESI positive mode. The spray voltage was
4000V, and vaporizer temperature and capillary temperature were set to 300℃ and 350℃,
respectively. Then, sheath gas pressure and aux gas pressure were set to 40 and 10, respectively.
The injection volume of each sample was 20 μl, and the gradient of mobile phases were shown
in Table 5. Figure 3 showed the standards curves for measured compounds in urine samples.
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Table 5. Gradient of mobile phase for urinary amino-PAHs analysis
No. of gradient
0
1
2
3
4
5

Time
0
1
6
8
8.1
15

Mobile phase A (%)
80
80
10
10
80
80

Mobile phase B (%)
20
20
90
90
20
20

Flow rate (μl/min)
200
200
200
200
200
200

Figure 3. Standard curves for amino-PAHs and cotinine in urine
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2.4. Measurement of PAH-Hemoglobin Adducts and Cotinine in Red Blood Cell Samples
The method of amino-PAHs and cotinine in RBC samples was similar with the steps in urine
samples measurement, with slightly different in standard preparation and sample treatment
methods. Therefore, only the different steps were mentioned.
2.4.1. Standard preparation
The standard curve for PAH-hemoglobin adducts analysis was slightly modified from the
previous methods for urine samples, with additional 100mg of pure human hemoglobin(SigmaAldrich) were added to each standard.
2.4.2. Sample treatment
Red blood cell samples were melted, and 1 ml samples was transferred to 10 ml glass
centrifuge tube. Then, 5 ml of EDTA solution were added and the tubes were vortexed until they
were fully mixed. The tubes were then put on ice and incubated for 15 minutes. All samples were
put in Allegra X-30 Centrifuge (Beckman Coulter) and centrifuge at 4000 rpm for 10 minutes after
the incubation. The supernatant were transferred to new tubes and 25 ml acetone were added
to each of the new tube. The mixtures were fully mixed and then incubated at -20℃ in
refrigerator for an hour. After incubation, the mixtures were centrifuged at the same setting as
above and the supernatants were collected again. The extraction step was repeated for 3 times
and the final precipitates were dried by natural air overnight in fume hood. The dried precipitates
were ground into powder, and weighed. Weights of powders are recorded, and used in the
adjustment of red blood cell samples.
The weighed powders were then transferred into 10 ml glass tubes, 3 ml NaOH were added
into each tube to dissolve the powder, and the mixtures were incubated at 70℃ for an hour. After
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the incubation, 25 µl of internal standard (100 ng/ml 1-AN d7), and 5 ml of ethyl acetate were
added into each tube. In addition, saturate NaCl solution were added into the mixtures based on
the weights of powders. That was, for every 1 mg of dried RBC powder, 1 ml NaCl will be added.
Then, the same shaking, centrifuge, nitrogen gas blowing, and re-dissolve steps as in the urine
sample treatment method were conducted before final injection.

3. Results
3.1. Experimental Results
3.1.1. Biomarker in Urine samples
(A) Amino-PAHs and Cotinine
Table 6 shows the summary of limit of detection(LOD) and detection rate for all measured
compounds in urine samples. Among all amino-PAHs and cotinine that have been measured, only
three types (2-aminofluorene, 1-aminonaphthalene, and cotinine) of them have detection rates
greater than 60%. Therefore, only these three compounds were included in statistical analysis.
Histograms in Figure 4 show the distribution of 2-aminofluorene, 1-aminonaphthalene, and
cotinine in study population after they were adjusted by creatinine level in corresponding urine
samples. In the histograms, the concentrations of samples under detection limit were substituted
by half of the LOD (i.e., LOD/2) of their corresponding compounds. Also, the concentrations of
compounds were adjusted by the creatinine level in their corresponding urine samples. The
substitute values were only used in generating summary statistics and were not used in following
statistical testing.
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Table 6. Summary of urinary amino-PAHs and Cotinine results

LOD(ng/ml)
Detection Rate (%)

1-aminopyrene

9-aminophenanthrene

2-aminofluorene

1-aminonaphthalene

2-aminonaphthalene

Cotinine

0.02
46.15

0.05
37.69

0.05
66.15

0.02
80.77

0.02
56.92

0.02
93.08

Figure 4. Concentration of adjusted 1-aminonaphthalene, 2-aminofluorene and cotinine in study
population

As shown in Figure 4, all biomarkers measured in urine samples showed large interpersonal
difference among the whole study population. Especially, cotinine, as the biomarker of smoking,
was extremely low in about half of the study population, which may indicate the non-smoker
population. Based on the previous collected information, smoker and non-current smoker were
separated into two group (Figure 5). However, there were two subjects reporting that they were
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never smoker but high levels of cotinine were found in their urine samples. The original cotinine
concentration of these two samples were 327.4 ng/ml and 1111.3 ng/ml, while the adjusted
concentrations were 5811 and 1050 ng cotinine/mg creatinine, respectively. Based on the cutoff values between smoker and non-smoker suggested by other previous research (Table 7),
these two subjects should be active smoker. Therefore, they were merged into smoker group in
further analysis.

Figure 5. Urinary cotinine level in different smoking population

Table 7. Cut-off values between smoker and non-smoker
Study population
1369
998
327

Age
Middle-aged
adult
adult

601
11629

adult
adult

Cut-off value(ng/ml)
50
200
550 for passive and active smoker
50 for non-smoker and passive smoker
31.5
164

sources
Riboli et al., 1990
Rickett et al., 2005
Zielinska-Danch, 2007
Goniewicz et al., 2011
Kim & Jung, 2013

(B) MDA
The detection rates for total and free MDA were both 100%. The distribution of free and total
MDA in the study population were shown in Figure 6. Shapiro-Wilk test was conducted for both
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types of MDA, and none of them were found normally distributed.

Figure 6. Adjusted concentrations for free and total MDA in study population

3.1.2. Biomarkers in hemoglobin adducts

Figure 7. Adjusted concentrations for 1-aminopyrene, 2-aminonaphthalene, and 9-aminophenanthrene
in RBC
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Within 130 urine samples, 117 of them have corresponding red blood cell (RBC) samples. All
RBC samples were analyzed for cotinine and five types of amino-PAHs. However, cotinine, 1aminonaphthlene and 2-aminofluorene, which were three compounds with highest detection
rates in urine samples, were nearly undetectable in hemoglobin. In contrast, the other three types
of amino-PAHs (i.e., 1-aminopyrene, 2-aminonaphthalene, 9-aminophenanthrene) had greater
than 60% of detection rate. Therefore, only these three compounds were reported, and included
in statistical test. The distribution of these three types of amino-PAHs were shown in Figure 7.

3.2. Statistical results
Basic data screening and statistical analysis were conducted with available data. Only data
above detection limit were used in statistical test. In particular, two questions were mined using
these data: What is the relationship between tobacco smoke exposure and oxidative stress? What
is the relationship between PAHs exposure and oxidative stress? To illustrate these two questions,
correlation between biomarkers were tested. Based on collected information all subjects could
be divided into smoker (S) or non-current smoker (nS), and diesel engine worker (D) or non-diesel
engine worker (nD). However, smoking might be a potential source of PAHs exposure, and be a
confounder in the relationship between amino-PAHs and MDA. Therefore, all subjects were
further divided into four subgroups, which included diesel engine workers who were current
smokers (D+S), diesel engine workers who were not smoking (D+nS), non-diesel engine workers
who were smoking (nD+S), and non-diesel engine workers who were not current smokers (nD+nS).
Since all results were not normally distributed, non-parametric tests were used to analyze
the results. Mann-Whitney U test was used to test the difference between different groups, and
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Spearman’s Correlation test was used to examine the correlation among different biomarkers.
3.2.1. Differences among groups
(A) MDA
The levels of free and total MDA were highly correlated (Spearman’s Correlation p-value =
2.71e-21 < 0.05, rho = 0.711) in the whole study population. The correlations were even greater
in some specific population, such as diesel engine worker (D) group, non-current smoker (nS)
group, and people who were diesel worker and smoker (D+nS).
The levels of free and total MDA in different subgroups were shown in Figure 8, and the
differences among subgroups were tested by Mann-Whitney U test. The levels of free and total
MDA were significantly higher in D+S subgroup than in the D+nS subgroup (p-values were 0.08
and 0.01, respectively), although the difference in free MDA was only significant at 0.1 level. The
difference among total MDA is more significant. Interestingly, the level of total MDA in non-diesel
engine worker was significantly higher than total MDA level in diesel engine worker population,
and the largest difference occurred between the nD+nS and D+nS subgroup (p<0.01).

Figure 8. Levels of free and total MDA in different population
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(B) Biomarkers in urine samples
In either diesel engine or non-diesel engine worker population, the cotinine level in smoker
subgroups (D+S and nD+S) were significantly higher than their corresponding non-smoker
subgroup (D+nS and nD+nS, respectively). There were no significant differences among smoker
or non-smoker in different occupation, which indicated that the smoking patterns of subjects in
both occupations were similar.

Figure 9. Levels of cotinine, 1-aminonaphthalene, and 2-aminofluorene in different populations

As mentioned above, there were only two types of amino-PAHs (i.e., 1-aminonaphthalene
and 2-aminofluorene) had greater than 60% of detection rates and only these two compounds
were reported and analyzed in the results. If only occupational status was considered, 129

aminonaphthalene was significantly higher in non-diesel engine worker (nD) group than in diesel
engine worker (D) group (p=0.04). However, when the subjects were separated into four
subgroups, there were no differences among groups anymore. In contrast to 1-aminonaphthalene,
no difference on 2-aminofluorene was found among two different occupations, while significant
higher levels were found in smoker for total population and non-diesel engine worker population.
The level of 2-aminofluorene in nD+nS subgroup was lowest among all subgroups.
(C) Biomarkers in RBC samples

Figure 10. Level of 1-aminopyrene, 2-aminonaphthalene, and 9-aminophenanthrene in different groups

The three types of amino-PAHs in hemoglobin adducts shared similar patterns. Based on
the results of Mann-Whitney U test, the levels of amino-PAHs in nD+nS subgroup were
30

significant lower than the levels of amino-PAHs in other subgroups, although 2aminonaphthalene was only significant at 0.1 level, the p-values for the other two amino-PAHs
were all lower than 0.05. Unlike the results of urinary amino-PAHs, the levels of PAHhemoglobin adducts in smoker (S) population are relatively higher than the levels in non-current
smoker (nS) population.
3.2.2. Correlation between amino-PAHs and MDA
Two types of amino-PAHs in urine samples were examined in the Spearman’s correlation test
with both types of MDA. 1-aminonaphthalene is positively correlated with both total and free
MDA in total population (p-values<0.01) and almost all subgroups (mostly p-values<0.01, some
p-values<0.05, and only one p-value<0.1). As the only exception, there was no correlation
between 1-aminonaphthalene and free MDA in nD+nS subgroup. However, since the sample size
of this subgroup was the smallest, and it might be too small for us to find the actual correlation.
The patterns of 2-aminofluorene were slightly different. Correlations between 2-aminofluorene
and free MDA were found in diesel engine worker population and D+S subgroup, while no
correlation with total MDA was found in all groups.
When it comes to amino-PAHs in hemoglobin adducts, stronger correlations were found
between amino-PAHs and free MDA, in which significantly negative correlation was found in noncurrent smoker (nS) group and nD+nS subgroup for 9-aminophenanthrene (both p-values <0.05),
positive correlations were found in smoker (S) group, nD+S and D+S subgroups (p-values = 0.008,
0.04 and 0.08, respectively) for 1-aminopyrene. Also, 2-aminonaphthalene was positively
correlated with free MDA at 0.1 level in smoker(S) group and nD+S subgroup, but no correlations
were found between 2-aminonaphthalene and total MDA in all populations. For relationship
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between PAH-hemoglobin adducts and total MDA, positive relationship between 1-aminopyrene
and total MDA was only found in D+nS subgroup, while 9-aminophenanthrene was negatively
correlated with total MDA in non-current smoker(nS) population. However, no correlations were
found in the subgroups for 9-aminophenanthrene.
3.2.3. Correlation between Cotinine and MDA
Spearman correlation tests were conducted for the total population and different subgroups,
but nearly no correlations were found between cotinine and two types of MDA. The only
correlation was found between cotinine and total MDA in diesel engine worker group (D).
In addition, correlations between cotinine and amino-PAHs were tested to examine the
relationship between them. Cotinine was positively correlated with both types of urinary aminoPAHs, in total population and smoker population (Table 8). However, no correlations were found
in non-current smoker population. Moreover, the Spearman’s correlation tests showed no
correlations between cotinine and amino-PAHs in RBC samples.
Table 8. Summary of correlations between cotinine and urinary amino-PAHs
1-aminonaphthlene
2-aminofluorene

Total population
p=0.004, rho=0.288
p=0.005, rho=0.308

Smoker (S) group
p=0.023, rho=0.294
p=0.001, rho=0.435

3.2.4. Correlation within amino-PAHs
The correlation between different types of amino-PAHs examined within the same specimen
and across the specimens. For amino-PAHs in urine samples, positive correlation between urinary
1-aminonaphthalene and 2-aminofluorene was found only in the smoker population at 0.1 level
(p=0.064, rho = 0.279), and no other correlations were found. In contrast, the different types of
amino-PAHs in red blood cell samples were highly correlated with each other, with p-values all
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lower than 10-10, and the correlation coefficients were greater than 0.70. However, no
correlations between amino-PAHs in urine samples and red blood cell samples were found.

4. Discussion
Results from this study provided evidence for the relationship between nitro-PAHs exposure
and oxidative stress, showing that an amino-PAH compound was somehow correlated with at
least one type of MDA in some populations. Especially, the correlations between urinary aminoPAHs and MDA were more significant. However, we cannot simply conclude that nitro-PAHs
exposure causes oxidative stress in human body, because there are many other factors that had
not been considered in this project.
I hypothesized the levels of amino-PAHs would be higher in diesel engine worker group.
However, significantly higher levels of amino-PAHs in urine samples from non-diesel engine
workers were found in the results of urinary amino-PAHs measurement. One possible reason for
this observation is that the diesel engine workers were protected by equipment during their work
due to their specific occupation. Non-diesel engine workers were expected to have no direct
exposure to diesel exhaust and therefore they did not have any protection. However, these nondiesel engine workers may be exposed to high background levels of diesel exhaust, since they
were working in diesel industry. If they were exposed to high levels of air pollution with no
protection like diesel engine worker had, these non-diesel engine workers may have had higher
level of oxidative stress. However, this speculation needs to be further confirmed.
As described in the results, there were nearly no significant correlations found between
cotinine and both types of MDA. However, there were still some evidence showing that tobacco
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smoking may contribute to oxidative stress in human body. On one hand, in diesel worker
population, MDA concentrations in the smokers (Figure 8, D+S subgroups) were significantly
higher than in the non-smokers (Figure 8, D+nS subgroups), which indicates the trend that
smoking may lead to relatively higher levels of oxidative stress. On the other hand, tobacco smoke
is a potential source of PAHs exposure, and we are more confident about the association between
PAHs exposure and oxidative stress. However, there are still many other factors that may cause
oxidative stress, and available information in this study are far not enough. For example, the
lifestyles and dietary habits of these subjects may have large interpersonal difference, and both
of which could have contributed to different levels of oxidative stress. Therefore, further studies
targeting at the effects of different factors on oxidative stress are needed.
As mentioned above, there is a large disparity between urine and blood sample. For instance,
compounds with highest detection rates in urine samples were 1-aminonaphthalene, 2aminofluorene, and cotinine, while the other three of measured amino-PAHs (i.e., 1-aminopyrene,
2-aminonaphthalene, 9-aminophenanthrene) were more detectable in RBC samples. The
difference in detectability of compounds in urine vs. blood samples may be due to biological
activities in human body after exposure. However, no studies have examined adsorption,
distribution, metabolism, and excretion of nitro-PAHs in humans to understand the relative
distributions of these compounds in different biological compartments. Therefore, researchers
are encouraged to study detailed pharmacokinetics and pharmacodynamics of inhaled nitro-PAHs
in humans.
It is hard to determine which specimen is better since the number of samples are limited, and
there were some hardly detectable compounds in both specimens. There is no doubt that urine
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samples are much less invasive to collect than blood samples. Also, collection of blood samples is
more technically involving, and more trainings and technicians are needed to collect blood
samples. However, the method of collecting urine samples is also important. In this study, there
were no information about when and how these urine samples were collected -- were they
collected as “spot” samples at a time or the mixtures of urine for a whole day? If they were spot
samples, were they collected at the first spot in the morning or any random spot in a day? All
these questions were very important in data illustration and specimen comparison. In future
study, it will be better to either collect all urines in a day, or collect the first “spot” in the morning.
Also, the collection of urine samples should be consistent among the whole population, and
people with special cases should be recorded.
My time management skill was improved during handling multiple tasks in this project. For
example, during the MDA analysis, TBA and mobile phase solutions could be prepared earlier to
save time the days conducting actual analysis. Also, the HPLC system could be primed during the
incubation of samples. Sometimes, unexpected situations might happen, and I became more and
more confident to deal with them. At first, I planned to measure the hemoglobin protein levels in
red blood cell samples, and a small amount (about 5mg) of each dried red blood power sample
was left for the analysis. Several different solvents were tried based on the previous standard
operating procedures, but some samples remained un-dissolved. Although the protein levels
have been measured (which I did not mention in the method and result), the levels were not
accurate enough to use in the adjustment. Therefore, the weighed dried red blood cell powders
were used in final adjustment.
Through this Master’s Project, I learned various analytical methods for the measurement of
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different biomarkers, as well as why these biomarkers were important. All these biomarkers
helped us study the potential relationship between exposure and human health effects. However,
causality between exposure and health outcomes cannot be simply concluded, and there are
much longer ways to go. For example, large-scale case control studies, epidemiological studies,
and even clinical studies are needed to make final conclusions. Since our lab only planned to do
samples analysis in the NCI’s study, we lacked data to test any further hypotheses. However, it is
still a great experience to have the chance and get involved in such an important study.
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