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Abstract
A high performance liquid chromatographic (HPLC) method with integrated solid phase extraction (SPE) for the determination of 1-hydroxypyrene and 1-; 2-; 3-; 4- and 9-hydroxyphenanthrene in urine was developed and validated. After enzymatic treatment and centrifugation of 500 µl urine, 100 µl of the sample were directly injected into the HPLC-system. Integrated SPE was performed on a selective, copper phthalocyanine modified packing material. Subsequent chromatographic separation was achieved on a pentafluorophenyl (PFP) core-shell column by using a methanol gradient. For quantification, time programmed fluorescence detection (FLD) was used. Matrix-dependent recoveries were between 94.8 % and 102.4 %, repeatability and reproducibility ranged from 2.2 % to 17.9 %, detection limits lay between 2.6 ng/l and 13.6 ng/l urine. A set of 16 samples from normally exposed adults was analyzed using this HPLC-FLD method. Results were comparable with those reported in other studies.
The chromatographic separation of the method was transferred to an ultra high performance liquid chromatography (UHPLC) PFP core-shell column and coupled to a high resolution time of flight mass spectrometer (HR-TOF-MS). The resulting method was used to demonstrate the applicability of LC-HR-TOF-MS for simultaneous target and suspect screening of monohydroxylated polycyclic aromatic hydrocarbons in extracts of urine and particulate matter.

1.
Introduction
Polycyclic aromatic hydrocarbons (PAH), ubiquitous hazardous pollutants, enter the body mainly through inhalation and ingestion. Part of these hydrophobic substances is oxidized and finally excreted in the urine as glucuronide- or sulfate conjugates of monohydroxylated PAH (OH-PAH) (Jacob et al., 2002).
The renal excretion of monohydroxylated-PAH makes them suitable for the use as biomarkers of exposure. In the 1980s, first methods for the determination of 1-hydroxypyrene, a meanwhile highly accepted biomarker of exposure to PAH, were introduced (Jongeneelen et al., 1987; Grimmer et al., 1993). Since then the number of studies covering occupational exposure and environmental exposure as well rose immensely (e.g.: Li et al., 2008; Nilsson et al.; 2013; Polanska et al., 2014; Li et al., 2012; Motorykin et al., 2015a; Lin et al., 2016). Simultaneously, the number of quantifiable OH-PAH increased, and it differs depending on the analytical method applied and the study performed (Lankova et al., 2016; Urbancova et al., 2017, Li et al., 2006; Polanska et al., 2014). Monohydroxylated PAH are not only formed in mammalian organism but they can also be generated by combustion of organic materials and during transformation processes of PAH in ambient air (Avagayan et al., 2016b; Lin et al., 2015; Ma et al., 2016, Keyte et al., 2013). In contrast to the determination of PAH in aerosols, the quantification of OH-PAH is not yet common. Their concentrations on particulate matter are approximately a factor of 2 to 30 lower than the concentrations of the respective parent PAH (Barrado et al., 2012; Barrado et al., 2013; Hayakawa et al., 2016). Compared to PAH, OH-PAH show significantly lower ozone related stabilities. This can be an important issue for the sampling of particulate matter because degradation of OH-PAH as well as artefact formation has to be considered (Miet et al., 2009). Nevertheless, the determination of OH-PAH can provide important information regarding health effects and risk assessment of exposure to particulate matter (Hayakawa et al., 2016). 
For a reliable determination of low concentrations of OH-PAH in complex matrices, sample processing, chromatographic separation and detection must be optimally matched. Conventional sample processing procedures for urine start with the enzymatic hydrolysis of sulfate- and glucuronide-conjugates of the OH-PAH. Subsequent extraction, enrichment and clean-up of the OH-PAH is performed by liquid/liquid extraction with non-polar solvents (Seidel et al., 2008; Li et al., 2006; Lankova et al., 2016) or solid phase extraction (SPE) on different materials (Romanoff et al., 2006; Fan et al., 2012; Chetiyanukornkul et al., 2006; Onyemauwa et al., 2009; Ramsauer et al., 2011; Motorykin et al., 2015b; Liu et al., 2015, Chauhan et al., 2015, Zhou et al., 2016). Typical sample volumes needed for sample processing are in the range between 2 ml and 10 ml of urine before enzymatic hydrolysis. 
Extraction of OH-PAH in particulate matter is achieved with ultrasonic extraction, soxhlet extraction or pressurized solvent extraction using solvents like dichloromethane and methanol. The resulting extracts are evaporated, the residue is dissolved in suitable solvents and either pre-fractionated by SPE or directly analyzed (Hayakawa et al., 2016; Avagyan et al.,2015; Barrado et al., 2012; Barrado et al., 2013; Miet et al, 2009).
Mainly two chromatographic methods and two detection methods are used for separation and quantification of OH-PAH: gas chromatography – mass spectrometry (GC-MS) and high performance liquid chromatography coupled to mass spectrometry or fluorescence detection (LC-MS, HPLC-FLD)(e.g.: Li et al., 2006; Seidel et al., 2008; Motorykin et al., 2015b; Onyemauwa et al., 2009; Lankova et al. 2016; Barrado et al., 2012; Avagyan et al., 2015, Fan et al., 2010). GC-methods are advantageous due to their high resolution power allowing the separation of isomeric OH-PAH. However, a clear demerit of GC-methods is the derivatization procedure which is necessary for OH-PAH prior to analysis. Thus, the number of time-consuming sample processing steps increases involving the risk of a decrease of practicability and reliability. In contrast, HPLC-based methods work well for the analysis of polar compounds but conventional HPLC-systems do not allow the separation of isomeric hydroxyphenanthrenes until now. At least two of the five compounds are co-eluting. In 2016 Lankova and co-workers demonstrated the ultra high performance LC separation of the five isomeric hydroxyphenanthrenes on a PFP column with 1.7 µm particles. Even if a baseline separation was not achieved for all isomers, a reliable integration and quantification was possible (Lankova et al., 2016). 
An HPLC set-up offers the possibility to integrate the solid phase extraction of enzymatically hydrolyzed urine into the system, leading to increased practicability and thus to higher throughput and reliability of the analyses (Bourgogne et al., 2015). In spite of the obvious benefits this principle is rarely applied. Recent examples were presented by Leroyer and her group (2010), by You et al. (2014) and by Wang et al. (2017). Constraints of the methods presented so far are the selection of target OH-PAH (Leroyer et al., 2010,) or the need of expensive state-of-the-art technology (Wang et al., 2017). None of the methods enables the chromatographic separation and thus the quantification of all isomeric hydroxyphenanthrenes. An early HPLC-FLD method with system-integrated sample processing for the determination of 1-hydroxypyrene and three hydroxyphenanthrenes in urine was described by Boos and his group (Boos et al., 1992; Lintelmann et al., 1994). SPE was performed on a laboratory made material consisting of silica particles which were chemically modified with a copper phthalocyanine derivate. The method allowed a fast, selective and highly reliable determination of OH-PAH in small sample volumes of urine after enzymatic hydrolysis. It was optimized, validated and published as a recommended method of the German Research Foundation (Lintelmann et al., 1999). However, the separation of the isomeric compounds 2-, and 3-hydroxyphenanthrene was not possible by applying this set-up. 
The detection methods coupled to HPLC are usually fluorescence and tandem mass spectrometry (MS/MS). Fluorescence detection is sensitive, selective, robust and cost-efficient but tandem mass spectrometry is more selective due to the detection of specific mass losses (transitions). MS/MS methods do not enable a post hoc evaluation of mass spectra or isotopic patterns originating from further, non-targeted analytes. For post hoc analysis and for substance identification as well, high resolution mass spectrometric methods like orbitrap mass spectrometry or time of flight mass spectrometry can be applied. Recently, Avagyan et al. (2017) described a strategy for target and suspect screening of OH-PAH in air particulates using liquid chromatography-orbitrap high resolution mass spectrometry. The coupling between highly efficient chromatographic separation and high resolution mass spectrometry can get an important tool for the investigation of matrices containing OH-PAH.  
With the aim to utilize the advantages of HPLC-integrated SPE and high resolution mass spectrometric detection as well, LC-based methods for the determination or detection of 1-hydroxypyrene and 1-; 2-; 3; 4- and 9-hydroxyphenanthrene were developed in this study. An HPLC-FLD method with integrated SPE on a copper phthalocyanine solid phase material allows the direct injection of enzymatically hydrolyzed urine and the subsequent chromatographic separation of all isomers of hydroxyphenanthrenes on a core shell analytical column within a conventional HPLC system. The amount of urine needed for quantification is below 0.5 ml, and the sensitivity of the method allows the reliable determination of low and high OH-PAH concentrations in urine of individuals exposed to normal, ambient PAH-concentrations. The HPLC-FLD method was validated and successfully applied for the analysis of 16 urine samples from adults. 
The chromatographic separation of the HPLC-FLD method was transferred to a UHPLC-system and coupled to a high resolution time of flight mass spectrometer with folded flight path technology. The LC-HR-TOF-MS method was used to demonstrate the feasibility of target and suspect screening of selected OH-PAH in extracts of urine and particulate matter. 
2. Experimental

2.1. Chemicals and reagents
Acetic acid optima® LC/MS was from Fisher Scientific (Geel, Belgium). Methanol gradient grade, dichloromethane emsure®, and sodium acetate emsure® were obtained from VWR International (Darmstadt, Germany). Water for HPLC was generated by a Milli-Q Ultra Plus Water System, Millipore GmbH (Schwabach, Germany). Acetonitrile for HPLC, LC-MS grade water and LC-MS grade methanol were purchased from Th. Geyer (Renningen, Germany). Beta-Glucuronidase/Arylsulfatase solution (from Helix pomatia) was from Roche Diagnostics (Mannheim, Germany), and SPE-cartridges Bond Elut Focus (60 mg, 3 ml) were from Agilent Technologies (Santa Clara, USA). The colorimetric assay kit used for method comparison of creatinine determination was purchased from Cayman (Ann Arbor, USA). The ESI Tuning Mix G2421-60001 was a product of Agilent Technologies (Santa Clara, USA). Nitrogen for the mass spectrometer and for sample processing was taken from a central gas supply which is provided by a liquid nitrogen tank, or from gas bottles (5.0 purity) (Linde, Germany). 

2.2. Standard substances
1-Hydroxyphenanthrene (1-OH-Phe) and 9-hydroxyphenanthrene (9-OH-Phe) came from Santa Cruz Biotechnology, Inc. (Santa Cruz, USA). 2-Hydroxyphenanthrene (2-OH-Phe), 3-hydroxyphenanthrene (3-OH-Phe), 4-hydroxyphenanthrene (4-OH-Phe) and 1-hydroxypyrene (1-OH-Pyr) were from the PAH research institute Dr. Schmidt (Greifenberg, Germany). Creatinine was purchased from Acros Organics (New Jersey, USA). The purity of all standards was at least 98 %.
Stock solutions of the substances were prepared in methanol at a concentration of approximate 100 µg/ml and stored at -20°C. From these stock solutions single standard solutions were obtained by dilution with methanol. For HPLC-FLD these single standard solutions were combined and further diluted with distilled water or enzymatically treated urine, and sonicated for 30 s. The solutions were put into the autosampler directly before start of the sequence. For LC-MS analyses only methanolic standards were used.

2.3. Urine samples

A set of urine  samples was obtained from excess material of the urine preparation (midstream urine was immediately centrifuged at 2450 gmax for 10 min, aliquoted and stored at -80°C)  within the KORA FF4 study (Kowall et al., 2017). The investigations were carried out in accordance with the Declaration of Helsinki, including written informed consent of all participants. The KORA FF4 study was approved by the ethics committee of the Bavarian Chamber of Physicians, Munich (EC No. 06068). The samples provided were used for the method set-up and comparison of creatinine determination, the validation of the HPLC-FLD method, the LC-HR-TOF-MS analyses and the exemplary HPLC-FLD analysis of real samples.
2.4. Particulate matter
Samples of particulate matter (PM2.5) were collected during a monitoring campaign which was performed between 2006 and 2012 in Munich. Filter samples were obtained using a high-volume sampler HVS (Anderson, USA), that was operated for 24 h at a flow rate of ca. 800 l/min every three days. After sampling the filters were wrapped in aluminum foil and stored in a desiccator at 4 °C until sample processing.
2.5.
Sample processing

2.5.1.
Urine

Urine samples (0.5 ml or 3 ml) were filled into glass vials and mixed with the same volume of sodium acetate buffer (1 M, pH 5.5). For enzymatic hydrolysis of the conjugates 5 µl (for 0.5 ml sample) or 20 µl (for 3 ml sample) of β-glucuronidase/arylsulfatase solution were added and the mixture was incubated for 3 hours at 37°C in an incubator INNOVA 44R from Eppendorf (Hamburg, Germany).
Further steps after enzymatic hydrolysis depended on the analysis method used: For HPLC-FLD with system-integrated sample processing the samples were centrifuged for 10 min at 4000 rpm in a Hettich EBA 20 centrifuge (Hettich, Bäch, Switzerland), and the supernatant was transferred to an autosampler vial. For all sample processing steps glass vessels were used to avoid loss of analytes due to irreversible adsorption to hydrophobic surfaces of plastic materials.
For the LC-HR-TOF-MS detection of OH-PAH in urine a solid phase extraction on Focus cartridges (polymeric sorbent) was performed according to a modified procedure described by Romanoff et al. (2006).  Cartridges were preconditioned with methanol and water (1 ml in each case, ca. 10 ml/min). 4 ml of the enzymatically hydrolyzed urine samples were added to the SPE-cartridge (ca. 1 ml/min) and rinsed with 1 ml water and 3 ml methanol/water, 3:7, v/v (ca. 10 ml/min). The sorbent was dried by drawing a constant flow of nitrogen for 3 min through the column bead. Finally the analytes were eluted with 4 ml dichloromethane (ca. 0.5 ml/min). SPE was carried out on a VisiprepTM 24 vacuum manifold equipped with a KNF Laboport vacuum pump (both from Sigma, St. Louis, USA). The extract was carefully evaporated to dryness in a Barkey vapotherm mobil S from Barkey GmbH (Leopoldshöhe, Germany) under a gentle stream of nitrogen at 40°C. The residue was dissolved in 50 µl methanol and filled into an autosampler vial.

2.5.2.
Creatinine determination 

For the quantification of creatinine, which is necessary to control highly variable urine dilutions in real samples, a fast HPLC- method was developed. On a Phenomenex Luna NH2-column (3 µm, 150 mm x 2 mm I.D. with SecurityGuardTM NH2, 2 mm I.D.; Phenomenex, Aschaffenburg) creatinine was separated from matrix components using acetonitrile/water, 80/20, v/v at 0.55 ml/min and 15°C. Detection and quantification was carried out at 235 nm. To verify identification, UV-spectra were recorded and compared with the standard spectrum regularly. 10 µl of a diluted and vortexed urine sample (1:20 with water, 0.5 min on a vortex from Neolab (Heidelberg, Germany)) were injected. Analysis was carried out on an HP 1100 system from Agilent (St. Clara, USA).

To investigate the performance of this method, a set of 12 urine samples was analyzed applying the HPLC-method described above as well as the colorimetric assay kit for creatinine. For the determination using the assay, samples were treated and photometrically investigated as described in the product manual. A short statistic evaluation resulted in a Spearman’s Rank correlation > 0.92. A Wilcoxon Rank test showed no significant differences between the two data sets. 

2.5.3.
Particulate matter

Samples of particulate matter (PM2.5) were extracted according to a protocol described in detail in a previous publication (Lintelmann et al., 2010). In brief: Filter samples were extracted by accelerated solvent extraction with dichloromethane/methanol (50/50, v/v), and the extract was evaporated. The residue was dissolved in acetonitrile, filtered and used for analyses.
2.6.
Instrumentation
2.6.1.
HPLC-FLD

The HPLC-FLD system used for the determination of OH-PAH with system-integrated sample processing was an Ultimate 3000 (Thermo Fisher Scientific, Dreieich, Germany) instrument, consisting of a dual gradient pump DGP 3600M, an autosampler WPS-3000 TSL analytical, a column compartment TCC-3200 equipped with two ten-port switching valves from Valco, a photo diode array detector PDA 3000 and a fluorescence detector RF 2000. For HPLC-integrated SPE a guard cartridge (5 x 2.1 mm) from MZ Analysentechnik (Mainz, Germany) was depleted, cleaned and filled with solid phase material (copper phthalocyanine modified silica, 25 µm – 40 µm). The material was a gift from Prof. Boos (until 2014: Research group BioSeparation, Institute of Clinical Chemistry, LMU Munich) and can now be obtained from Recipe (Clin Tox® Human Biomonitoring, 1-Hydroxyppyren im Urin; Recipe®, Munich, Germany). The column was put into a cartridge holder (MZ-Analysentechnik, Mainz, Germany) and integrated into the HPLC system via a 10-port switching valve. A Kinetex PFP column (2.6 μm, 100 x 3 mm I.D., with SecurityGuardTM PFP, 2.1.mm I.D.; Phenomenex, Aschaffenburg, Germany) was used for the separation of OH-PAH. An in-line filter with 0.2 µm porosity (IDEX Health & Science LLC, Oak Harbour, USA) was installed in front of the analytical column to avoid irreversible blockages of the analytical column. Time programmed fluorescence detection was applied. Hydroxyphenanthrenes were measured at 249 nm/364 nm (Ex./ Em.) and 1-hydroxypyrene was detected at 343 nm/385 nm (Ex./Em.). The instrumental set-up is shown in Figure 1.
Figure 1

2.6.2.
LC-HR-TOF-MS
The MS-HR-TOF (CitiusTM HRT, Leco Corporation, St. Joseph, USA with folded flight path technology) was equipped with an electrospray interface and coupled to an Agilent 1290 Infinity Binary UHPLC-system from Agilent Technologies (G1316C column oven, G4226A autosampler with thermostat G1330B, and a G4220A binary pump from Agilent Technologies (Waldbronn, Germany)). As analytical column a Kinetex PFP (1.7 μm, 100 x 2.1 mm I.D. with SecurityGuardTM PFP, 2.1.mm I.D.; Phenomenex, Aschaffenburg, Germany) was used.  Instrument control, data acquisition and analysis were performed with ChromaTOF software Version 1.74 (Leco Corporation, St. Joseph, USA). Optimized MS conditions in negative ion mode were as follows: Nitrogen desolvation flow: 7.0 l/min; nitrogen nebulizer pressure: 45 psi; desolvation temperature: 700°C; nozzle temperature: 120°C; spray voltage: -2800 V; nozzle potential: -70 V. Mass range: 100 – 1700 mu at 0.75 spectra/second. 
Mass calibration was achieved by periodic co-infusion of the ESI-L low concentration tuning mix at 5 µl/min at the end of each chromatographic run. Mass accuracies of tuning compounds were in the range of 0.01 – 0.34 ppm and mass resolutions were between 30.000 and 60.000 (mass/full width at half peak height).
2.7.
Chromatographic conditions

Different LC-separation programs for HPLC-FLD and LC-HR-TOF-MS analyses were applied to meet the individual instrumental conditions. The programs are listed in Tables 1 and 2.
Table 1, Table 2
3.
Results and discussion

3.1.
HPLC-FLD
3.1.1.
Analysis cycle
The application of a core shell material with 2.6 µm allows the separation of the isomeric hydroxyphenanthrenes using a conventional HPLC, which still is more widespread in analytical laboratories than state-of-the-art UHPLC-systems. Besides, lower operating pressure and higher tolerable extra-column volumes of core shell columns compared with UHPLC columns, facilitate the integration of SPE-columns into the HPLC-system. For HPLC-integrated SPE copper phthalocyanine modified silica was used. This material selectively adsorbs planar, polyaromatic compounds (ring number ≥ 3) from aqueous solutions. The interactions are reversible and can be interrupted by organic solvents (Boos et al., 1992). The specific mechanism and its integration into the HPLC-system allow a fast, selective and highly reliable determination of OH-PAH in urine. The direct injection of variable volumes of enzymatically treated urine enables the analysis of very low sample volumes (< 0.5) of urine. An analysis cycle for the determination of OH-PAH in urine consists of three steps: 1. Clean-up and enrichment of the target analytes on the HPLC-integrated SPE-column and simultaneous equilibration of the analytical column. 2. On-line connection of SPE-column and analytical column by valve-switching. The OH-PAH are transferred from the SPE-column to the analytical column. 3. Disconnection of the columns by an additional valve switching followed by chromatographic separation and detection of the analytes. At the same time, the SPE-column is cleaned and re-equilibrated for the next analysis cycle.  
The robustness of the extraction cartridge allowed the injection of more than 600 samples without any loss of extraction or clean-up capacities until now.
3.1.2.
Validation 
The validation of the HPLC-FLD method for the determination of five hydroxyphenanthrenes and 1-hydroxypyrene was carried out by investigating and calculating matrix-independent recoveries, matrix-dependent recoveries, repeatability, reproducibility, calibration functions, limit of detection (LOD), and limit of quantification (LOQ) for the biological matrix “urine”.
3.1.2.1.
Recoveries 
For matrix-independent recoveries 5 µl of methanol standards (0.45 pg/µl – 12.06 pg/µl) were analyzed twice by HPLC-FLD without system-integrated SPE (Table 1, HPLC-method I). Subsequently these standards were diluted 1:20 with ultrapure water. 100 µl of these aqueous standards were analyzed twice by HPLC-FLD with system-integrated SPE (Table 1, HPLC-method II). Peak areas of the respective signals were compared. Acceptable recoveries with good coefficients of variation were obtained (cf. Table 3). 
For the matrix-dependent recovery ten urine samples from adult individuals were pooled, enzymatically hydrolyzed and analyzed five times. Aliquots of this urine pool as well as ultrapure water were spiked with different concentrations of the metabolites and analyzed twice in the SPE-integrated mode (Table 1, HPLC-method II, concentration range: 23 ng/l – 603 ng/l in water and enzymatically hydrolyzed urine. For detailed information see Table S1). Peak areas were compared taking into account the mean of the non-spiked urine. The results presented in Table 3 indicate that recoveries were very good with low coefficients of variation.  Only 9-OH-Phe has a coefficient of variation higher than 10 %. Li and co-workers found that 9-OH-Phe shows fluctuating stabilities especially during enzymatic hydrolysis (Li et al, 2006). Therefore we tried to keep all steps of sample storage, sample processing and analysis highly reproducible to minimize degradation effects. Nevertheless the results for this analyte have to be considered with respect to its assumed instability. 
All further HPLC-FLD analyses during the validation process and the investigation of real samples were carried out applying HPLC with integrated SPE, HPLC-method II.
Table 3
3.1.2.2.
Repeatability and reproducibility 
For the examination of method repeatability, the pooled urine sample described above was injected and analyzed five times within one sequence. Additionally, two further urine samples were enzymatically treated and analyzed within one sequence for nine and five times respectively. The reproducibility was investigated combining three urine samples and dividing this pool into five parts. The subsamples were enzymatically hydrolyzed and analyzed on five different days. Coefficients of variation for repeatability and reproducibility are good with values between 1.0 % and 17.9 %.  (Table 4). As expected, 9-OH-Phe shows the highest variation.
Table 4
3.1.2.3.
Linearity, sensitivity, limit of detection and limit of quantification 
A six point calibration was performed by analyzing the aqueous standards twice in every sequence. The standards were freshly prepared for every sequence.  Representative calibration results are shown in table 5. The correlation coefficients generally meet the requirements with values higher than 0.995. The only exception is again 9-hydroxyphenanthrene. The broad linear working ranges in combination with the low limits of detection and quantification (LOD = xblank + 3 * sblank, LOQ = xblank + 10 * sblank; with s = standard deviation of blind values; xblank = concentration of blanks) allow the reliable quantification of low and high metabolite concentrations in urine without additional dilution or enrichment steps. Figure 2 shows a representative chromatogram of a urine sample containing details of a typical analysis cycle. 

Table 5
Figure 2
3.1.3.
Real samples 
The HPLC-FLD method with integrated SPE for the determination of OH-PAH was developed with the goal to analyze small volumes (≤ 0.5 ml, respectively) of 400 urine samples originating from a selected cohort exposed to normal, ambient PAH-levels. Before its routine use, the applicability of the method should be demonstrated by analyzing a set of 16 urine samples. The donors were male and female adults living in the Augsburg area in Bavaria, Germany. Exceptional exposure to PAH (e.g. occupational exposure) was not expected. The set should represent a random sampling of adults living in a semi-urban environment.
Creatinine was determined as described in 2.5.2. and the concentrations were used to calculate the ratio µg OH-PAH/g Creatinine. This step was performed to preserve comparability with published data, and all comparisons were conducted on basis of µg OH-PAH/g Creatinine.

Graphical investigations (boxplot, histogram, Q-Q-plot) as well as a Shapiro-Wilks test showed that a normal distribution was not given for µg/g creatinine but can be achieved for log (µg/g creatinine). Therefore Spearman’s rank correlations for µg/g creatinine and Pearson correlations for log (µg/g creatinine) were calculated. As shown in Tables S2 and S3 (supporting information) the coefficients are very similar. Highest correlations are observed for the hydroxyphenanthrenes among themselves. In contrast to the other hydroxyphenanthrenes, Pearson correlation coefficients for 9-OH-Phe are lower than 0.82, probably due to its instability during enzymatic cleavage. This demonstrates yet again that values for 9-OH-Phe should be considered carefully. High correlations for hydroxyphenanthrenes were also observed by Polanska et al. (2014) who analyzed the urine of non-smoking Polish pregnant women. We also found significant correlations between 1-hydroxypyrene and the hydroxyphenanthrenes, with Pearson correlation coefficients between 0.62 and 0.76. Polanska et al. found lower correlations with coefficients in the range from 0.35 to 0.59. These slightly different findings underline the necessity of studies investigating the validity of 1-OH-Pyr as biomarker of internal PAH burden. 
To set benchmarks for future epidemiological and biomonitoring studies the Centers for Disease Control and Prevention`s National Health and Nutrition Examination Survey (NHANES) measured OH-PAH in urine specimen from almost 3000 participants (Li et al., 2008). The geometric mean calculated for adults (≥ 20 years) are ranging from 0.034 µg/g creatinine for 9-OH-Phe and 0.137 µg/g creatinine for 1-OH-Phe. The geometric means measured in our study are in a similar range (0.033 µg/g creatinine (4-OH-Phen) – 0.214 µg/g creatinine (1-OH-Pyr)) with a tendency to higher values (see Table 6). Li et al. published a table in which concentrations of 1-OH-Pyr in urine collected in various countries were compared. It appears that German adults excreted higher amounts than adults in USA or Korea which supports our findings. In contrast, Polanska et al. (2014) found mean values between 0.17 µg/g creatinine for 4-OH-Phe and 1.50 µg/g creatinine for 1-OH-Phe in urine of Polish pregnant women. The mean values in our study are lower ranging from 0.066 µg/g creatinine for 4-OH-Phe to 0.304 µg/g creatinine for 1-OH-Phe. The group of Urbancova recently analyzed 531 urine samples of newborns and their mothers in the Czech Republic. They documented mean values between 0.098 µg/g creatinine for 3-OH-Phe and 0.540 µg/g creatinine for 1-OH-Phen. These concentrations are also in the same range as those discussed before. Different findings for population groups in different countries are probably caused by influencing factors like ambient PAH-concentrations and nutrition habits. 
All studies mentioned above distinguish between the isomeric hydroxyphenanthrenes, allowing a consideration of their concentration patterns in urine. Considering the concentration patterns of the hydroxyphenanthrenes, the highest (geometric) mean concentrations are found for 1-OH-Phe in all studies. Lowest values are found for 9-OH-Phe or 4-OH-Phe in the studies of Li, Polanska as well as in the presented study (Li et al., 2008, Polanska et al., 2014). The values of 2-OH-Phe and 3-OH-Phe are between them. Urbancova documented another order with 3-OH-PAH having the lowest mean, followed by 2-OH-Phe, 4-OH-Phe, 9-OH-Phe and 1-OH-Phe (Urbancova et al., 2017). The (geometric) mean for 1-OH-Pyr is mostly in the range of the values for 2- or 3-OH-Phe for all studies. It is important to note, that Urbancova et al. investigated adults and newborns. Differences of exposure and metabolism probably influence concentrations and patterns of OH-PAH. 
In all it can be concluded that the concentration levels of the OH-PAH determined in our study are consistent with the concentration levels reported in other studies for European and International populations. Concentration patterns of the target analytes are also very similar. Therefore the results underline the applicability of the HPLC-FLD method with integrated SPE extraction for the reliable determination of 1-hydroxypyrene, 1-; 2-; 3-; 4-, and 9-hydroxyphenanthrene in urine of normally exposed individuals.
Table 6
3.2.
LC-HR-TOF-MS

In addition to the HPLC-FLD method, an LC-HR-TOF-MS (CitiusTM HR-TOF, Leco Corporation, St. Joseph, USA,) method was developed and investigated. To the best of our knowledge the hyphenation between UHPLC and HR-TOF-MS for the analysis of OH-PAH is not yet described, and we expected that this method can essentially contribute to the following issues:
-
Identification of the target OH-PAH in the matrices urine and particulate matter
-
Feasibility of simultaneous target and suspect screening of OH-PAH in extracts of urine and PM2.5.
The mass spectrometer was equipped with a UHPLC-instrument, and an appropriate PFP-column with 1.7 µm-particles was used. Differences between the HPLC-FLD-system and the LC-HR-TOF-MS-system required adjustments of the UHPLC-gradient considering column dimensions and different extra-column conditions (capillary connections, ion source parameters). The mobile phase was added with 0.1 % acetic acid to increase ionization and thus sensitivity for the analytes. All measurements were done in negative ionization mode. Due to the high pressure conditions of UHPLC, a stable and reliable integration of the SPE-column into the LC-HR-TOF-MS-system could not be achieved. The selective, copper phthalocyanine material cannot be used for an SPE procedure using cartridges. Thus, we decided to use an SPE-method for sample processing of urine, described by Romanoff et al. (2006) (see chapter 2.5.1.). 
It rapidly became clear that the LC-HR-TOF-MS method was not sensitive enough to quantify OH-PAH in low volumes of urine samples or in extracts of PM2.5 with low concentrations of OH-PAH. Therefore, this method was not validated, but some key parameters were determined to allow an assessment of its performance concerning the analysis of OH-PAH.

3.2.1.
Linearity, sensitivity and instrument detection limit
For the calculation of calibration curves, standards at four concentration levels from 5 pg/µl to 500 pg/µl of the OH-phenanthrenes and 1-OH-pyrene were analyzed twice. Linearity was good with correlation coefficients > 0.998. With increasing mass resolution the application of signal to noise ratios for the calculation of instrument detection limits loses its validity. The approach using the standard deviation of signals obtained after repeated injections of one standard concentration is more reliable (Vergeynst et al., 2013). For this purpose one standard with a concentration of 5 ng/ml was injected four times. Instrument detection limits between 2.2 pg and 13.3 pg (on column) were calculated. With these detection limits the investigation of real samples (urine volume ≥ 3 ml, highly concentrated PM2.5-extracts) should be possible. Calibration functions were determined applying UHPLC-methods III and IV, instrument detection limit was only determined for UHPLC-method III. More information can be found in table S4. 
3.2.2.
Real samples

Three extracts of pooled urine samples were injected and analyzed by LC-HR-TOF-MS. Hydroxyphenanthrenes and 1-hydroxypyrene were successfully identified by matching retention times, isotopic patterns and accurate masses (mass accuracy threshold < 3 ppm) of standards and detected targets (cf. Tables 7 and 8). Concentrations of OH-PAH were calculated based on the calibration curves of the LC-HR-TOF-MS method. For urine samples, concentrations were approximately between 80 ng/l and 850 ng/l, the OH-PAH concentrations in PM2.5 approximately ranged from 5 pg/m3 to 147 pg/m3. It is to be noted that the values were obtained applying a non-validated method therefore the results have to be considered as semi-quantitative.  But it can be seen that the values are in a similar magnitude as found in other studies (Barrado et al., 2012, Lankova et al., 2016). Representative mass traces are shown in Figure 3.
Figure 3
To investigate the feasibility of simultaneous target and suspect screening using the LC-HR-TOF-MS method, we followed a shortened strategy compared to that published by Avagyan et al. (2017). In this publication the detection and (suspect) identification of different OH-PAH in particulate matter of wood smoke and ambient air is described. The OH-PAH listed in in this work and in Avagyan et al., (2015 and 2016a), were used as starting point to perform a post hoc evaluation of the chromatographic and especially the mass spectrometric data obtained during LC-HR-TOF-MS-analyses of extracts of PM2.5 and urine. Exact masses for the molecular formulae suggested by Avagyan et al. were calculated and used for suspect screening. Elemental composition assignments (mass tolerance 5 ppm), isotopic pattern calculations and mass calculations were done using the ChromaTOF software (version 1.74, Leco Corporation, St. Joseph, USA). Furthermore a manual comparison of isotopic patterns with theoretical isotopic patterns was performed. The PM2.5-samples analyzed were collected in February 2012 in the inner city of Munich, Germany. In winter, the site is dominated by emissions of traffic and heating. Preceding measurements of the PM2.5 extract showed high concentrations of azaarenes (9.6 pg/m3 – 624.0 pg/m3, unpublished, own results) therefore detectable OH-PAH concentrations were expected. Table 7 gives an overview of suspect analytes detected, and related chromatographic and mass spectrometric data. It can be seen that beside the target analytes mentioned above the existence of further OH-PAH, namely hydroxynaphthalenes, hydroxyfluorenone, hydroxyfluorene, hydroxyfluoranthene and hydroxybenzo[a]pyrene - or isomers of these compounds - can be assumed. Compared to the findings of Avagyan and his co-workers (2017) we did not find exact masses or respective isotopic patterns for hydroxyacenaphthylene, dihydroxyanthraquinone, hydroxybenzo[ghi]fluoranthene and hydroxydibenzo[ah]fluorene. For most exact masses two or more peaks with retention times within 1min – 3 min respectively were detected indicating the existence of isomeric compounds (see also Fig. S1).
Table 7
The search parameters used for the PM2.5 extract were also applied for a post hoc evaluation of the data acquired during LC-HR-TOF-MS-analysis of urine extracts.  Compared to the results for PM2.5, significantly less exact masses of OH-PAH were detected. Beside the target analytes, only m/z and isotopic pattern which is characteristic for hydroxynaphthalenes was found. Hydroxyfluorenes were not detected (see Table 8, Figure S2). Explanations for these results can be the low concentrations in combination with an insufficient sensitivity of the HR-TOF-MS on the one side. On the other side the SPE-procedure was not optimized and validated, and losses of low molecular, low hydrophobic analytes are possible. A thorough implementation of the strategy proposed by Avagyan et al. (mass selected collision induced fragmentation, verification with standards) lies far beyond the scope of our work.  Nevertheless the results obtained for extracts of urine and PM2.5 demonstrate the feasibility of simultaneous target and suspect screening of OH-PAH in different matrices using LC-HR-TOF-MS. Moreover they support the existence of various OH-PAH in urban particulate matter, and the approach is very interesting for target analytical applications in complex environmental matrices.
Table 8
4. Conclusions

An HPLC-FLD method for the determination of hydroxyphenanthrenes and 1-hydroxypyprene in small volumes (< 0.5 ml) of urine samples was developed and validated. The method describes for the first time the chromatographic separation of five isomeric hydroxyphenanthrenes coupled to HPLC-system-integrated sample processing. Using a selective material for system-integrated SPE, detection limits between 2.6 ng/l urine and 13.6 ng/l urine were achieved. To demonstrate and check the applicability of the method a set of 16 urine samples was analyzed. Concentration levels and patterns of OH-PAH were similar to those reported in national and international studies. These findings underline the validity of the HPLC-FLD method for the reliable, routine determination of 1-hydroxypyrene, 1-; 2-; 3-; 4-, and 9-hydroxyphenanthrene in urine samples of individuals exposed to low and increased PAH-levels as well. The performance characteristics and the possibility to use a conventional instrumentation, make the method attractive for applications analyzing high sample numbers by using a simple, conventional HPLC-FLD-system.
The successful transfer of the chromatographic separation to an UHPLC-system and its coupling to HR-TOF-MS showed that LC-HR-TOF-MS is a valuable tool for target and suspect screening of different matrices containing OH-PAH. The LC based methods described in this work cover diverse analytical aspects of OH-PAH ranging from low-level quantification in urine over suspect screening to tentative or reliable identification in urine and aerosol samples.
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Figure 1: Instrumental set-up of the HPLC-FLD system with integrated solid phase extraction.
Figure 2:
 HPLC-FLD-chromatogram of a standard solution of OH-PAH (on top) and an enzymatically treated urine sample (at the bottom). 1: 2-OH-Phe, 2: 3-OH-Phe, 3: 1-OH-Phe, 4: 9-OH-Phe, 5: 4-OH-Phe, 6: 1-OH-Pyr. Concentrations of the OH-PAH determined were between 50 ng/l urine and 170 ng/l urine. HPLC-method II was applied.
Figure 3:
 Extracted ion chromatograms of exact masses of hydroxyphenanthrenes and 1-hydroxypyrene in extracts of urine (A) and PM2.5 (B). Identified OH-PAH: 1: 2-OH-Phe, 2: 3-OH-Phe, 3: 1-OH-Phe, 4: 4-OH-Phe, 5: 1-OH-Pyr. Urine extract was analyzed using UHPLC-method III, PM2.5 extract was measured applying UHPLC-method IV.

Table 1:
Time programs for the HPLC-separation of hydroxyphenanthrenes and 1-hydroxypyrene 

	HPLC   
method Ia
	HPLC 
method IIa,b
	HPLC 
method IIc

	Time (min)
	A
	B
	Time

(min)
	A
	B
	Time

(min)
	A
	B

	0
	55
	45
	0
	55
	45
	0
	10
	90

	12
	62
	38
	8
	55
	45
	10
	10
	90

	19
	62
	38
	8.1
	100
	0
	12
	10
	90

	23
	69.5
	30.5
	10.0
	100
	0
	12.1
	100
	0

	34
	90
	10
	10.1
	60
	40
	17
	100
	0

	36
	100
	0
	14.0
	60
	40
	19
	10
	90

	41
	100
	0
	21.7
	62
	62
	62
	10
	90

	42
	55
	45
	28.7
	62
	62
	
	
	

	52
	55
	45
	32.7
	69.5
	30.5
	
	
	

	
	
	
	43.7
	90
	10
	
	
	

	
	
	
	45.0
	100
	0
	
	
	

	
	
	
	50.0
	100
	0
	
	
	

	
	
	
	51.0
	55
	45
	
	
	

	
	
	
	62.0
	55
	45
	
	
	


A: Methanol
B: Water 
a: Gradient for analytical column, flow: 300 µl/min, temperature: 20°C.
b: At program time 10 min the switching valve is switched connecting the SPE-column to the analytical column and allowing transfer of the analytes to the analytical column. At program time 12 min the switching valve is moved back.
Injection volume: 5 µl for HPLC analysis without integrated SPE, 100 µl for HPLC analysis with integrated SPE.
c: Gradient for integrated SPE-column, flow: 400 µl/min, temperature: 20°C

Table 2:
Time programs for the UHPLC-separation of hydroxyphenanthrenes and 1-hydroxypyrene.

	UHPLCa
method III
	UHPLCb
method IV

	Time (min)
	A
	B
	Time
(min)
	A
	B

	0
	55
	45
	0
	55
	45

	12
	62
	38
	12
	62
	38

	19
	62
	38
	13
	62
	38

	24
	90
	10
	14
	90
	10

	30
	90
	10
	16
	90
	10

	32
	100
	0
	17
	100
	0

	34
	55
	45
	18
	100
	0

	40
	55
	45
	19
	55
	45

	
	
	
	22
	55
	45


A: Methanol
B: 0.1 % acetic acid 
a: Flow 150 µl/min
b: Flow 300 µl/min 
Injection volume: 2.5 µl

Table 3:
Matrix-independent and matrix-dependent recoveries for the HPLC-FLD determination of OH-PAH in urine.
	Compound
	Recovery A (%)
(n = 6)
	CV (%)
	Recovery B (%)
(n = 6)
	CV (%)

	2-OH-Phe
	92.4
	4.9
	97.8
	3.3

	3-OH-Phe
	103.6
	6.1
	102.4
	8.1

	1-OH-Phe
	113.0
	4.1
	103.0
	10.5

	9-OH-Phe
	123.3
	7.6
	99.0
	15.1

	4-OH-Phe
	101.6
	8.6
	94.9
	6.9

	1-OH-Pyr
	63.8
	6.0
	102.2
	4.2


A: Recoveries of aqueous standards analyzed with integrated SPE (HPLC-method II) compared to methanol standards analyzed after direct injection, without integrated SPE (HPLC-method I).

B: Recoveries of spiked urine samples compared to aqueous standards. Analyses were performed with integrated SPE (HPLC-method II). OH-PAH concentrations of the pooled, non-spiked sample were between 26.4 ng/l and 169.2 ng/l.

Table 4:
Repeatability, reproducibility, limits of detection and limits of quantification for the HPLC-FLD determination of OH-PAH in urine.

	OH-PAH
	Repeatability

CV (%)
	Reproducibility

CV (%)
	LOD

(ng/l urine)
	LOQ

(ng/l urine)

	
	n = 9
	n = 5
	n = 5
	n = 5
	
	

	2-OH-Phe
	2.9
	4.2
	4.0
	2.2
	3.8
	9.9

	3-OH-Phe
	1.0
	3.4
	1.5
	5.2
	2.6
	6.7

	1-OH-Phe
	2.1
	2.0
	2.4
	5.3
	4.8
	12.3

	9-OH-Phe
	8.8
	n.d.
	7.2
	17.9
	13.6
	34.6

	4-OH-Phe
	2.9
	3.9
	2.4
	5.9
	5.1
	12.9

	1-OH-Pyr
	15.6
	3.3
	2.1
	12.4
	3.3
	8.7


HPLC-method II was applied
n.d.: Not detected in this sample.
Concentrations of OH-PAH in the urine samples were between 26.4 ng/l and 413.5 ng/l.

Table 5:
Calibration curves and linear ranges for the determination of OH-PAH in urine using HPLC-FLD.
	OH-PAH
	Calibration function;

	Correlation coefficient
	Linear range
(ng/l urine)

	2-OH-Phe
	y = 791.2x – 2.27
	0.998
	10 – 637

	3-OH-Phe
	y = 1235.1x – 12.21
	0.995
	7 – 360 

	1-OH-Phe
	y = 558.0x – 8.84
	0.998
	12 – 816

	9-OH-Phe
	y = 179.4x – 5.05
	0.985
	35 – 990

	4-OH-Phe
	y = 588.4x – 2.95
	0.998
	13 – 536

	1-OH-Pyr
	y = 161.9x – 7.71
	0.998
	19 – 1200


HPLC-method II was applied
Table 6:
Descriptive statistics of OH-PAH in urine of 16 individuals (µg/g creatinine).

	
	Mean
	± SD
	Geometric mean
	95th percentile

	2-OH-Phe
	0.162
	0.177
	0.085
	0.464

	3-OH-Phe
	0.293
	0.288
	0.173
	0.767

	1-OH-Phe
	0.304
	0.266
	0.191
	0.744

	9-OH-Phe
	0.090
	0.112
	0.053
	0.275

	4-OH-Phe
	0.066
	0.089
	0.033
	0.249

	1-OH-Pyr
	0.289
	0.242
	0.214
	0.714

	∑-OH-Phe
	0.908
	0.817
	0.574
	2.173


Table 7:
Parameters of target and suspect analytes detected in an extract of PM2.5.

	Chemical formula

[M-H]-
	Exact mass, m/z, (Da)

[M-H]- 
	Accurate mass, m/z (Da)

[M-H]-
	Mass delta m/z (ppm)
	RT (min)
	(Suggested) compound identity

	C10H7O
	143.05024
	143.05027
	-0.21
	3.92
	Hydroxynaphthalene

	C10H7O
	143.05024
	143.05033
	-0.63
	4.54
	Hydroxynaphthalene

	C13H7O2
	195.04515
	195,04528
	-0.67
	5.78
	Hydroxyfluorenone

	C13H7O2
	195.04515
	195,04511
	0.21
	6.31
	Hydroxyfluorenone

	C13H7O2
	195.04515
	195.04523
	-0.41
	8.86
	Hydroxyfluorenone

	C13H9O
	181.06589
	181.06562
	1.49
	7.11
	Hydroxyfluorene

	C13H9O
	181.06589
	181.06564
	1.38
	7.58
	Hydroxyfluorene

	C13H9O
	181.06589
	181.06572
	0.94
	8.40
	Hydroxyfluorene

	C14H9O
	193.06589
	193.06600
	-0.57
	9.39
	2-Hydroxyphenanthrene*

	C14H9O
	193.06589
	193.06583
	0.31
	9.72
	3-Hydroxyphenanthrene*

	C14H9O
	193.06589
	193.06576
	0.67
	10.56
	1-Hydroxyphenanthrene*

	C14H9O
	193.06589
	193.06588
	0.05
	12.35
	4-Hydroxyphenanthrene*

	C16H9O
	217.06589
	217.06570
	0.88
	13.24
	Hydroxyfluoranthene

	C16H9O
	217.06589
	217.06608
	-0.88
	14.24
	Hydroxyfluoranthene

	C16H9O
	217.06589
	217.06582
	0.32
	14.69
	Hydroxyfluoranthene

	C16H9O
	217.06589
	217.06578
	0.51
	15.01
	1-Hydroxypyrene*

	C20H11O
	267.08154
	267.08112
	1.57
	15.77
	Hydroxybenzo[a]pyrene


*: Target analytes, identified by comparing to standard substances.

UHPLC-method III was applied.
Table 8:
Parameters of target and suspect analytes detected in an extract of urine

	Chemical formula

[M-H]-
	Exact mass, m/z 
(Da)

[M-H]-
	Accurate mass, m/z (Da)

[M-H]-
	Mass delta m/z (ppm)
	RT (min)
	(Suggested) compound identity

	C10H7O
	143.05024
	143.05000
	1.68
	7.88
	Hydroxynaphthalene

	C14H9O
	193.06589
	193.06537
	2.70
	15.47
	2-Hydroxyphenanthrene*

	C14H9O
	193.06589
	193.06566
	1.19
	16.00
	3-Hydroxyphenanthrene*

	C14H9O
	193.06589
	193.06570
	0.98
	17.40
	1-Hydroxyphenanthrene*

	C14H9O
	193.06589
	193.06573
	0.83
	18.27
	9-Hydroxyphenanthrene*

	C14H9O
	193.06589
	193.06593
	-0.21
	20.87
	4-Hydroxyphenanthrene*

	C16H9O
	217.06589
	217.06574
	0.69
	24.82
	1-Hydroxypyrene*


*: Target analytes, identified by comparing to standard substances.

UHPLC-method IV was applied.
