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Abstract

:

Exhaled breath condensate (EBC) has attracted substantial interest in the last few years, enabling the assessment of airway inflammation with a non-invasive method. Concentrations of 8-Hydroxydesoxyguanosine (8-OHdG) and 8-isoprostane in EBC have been suggested as candidate biomarkers for lung diseases associated with inflammation and oxidative stress. EBC is a diluted biological matrix and consequently, requires highly sensitive chemical analytic methods (picomolar range) for biomarker quantification. We developed a new liquid chromatography coupled to tandem mass spectrometry method to quantify 8-OHdG and 8-isoprostane in EBC simultaneously. We applied this novel biomarker method in EBC obtained from 10 healthy subjects, 7 asthmatic subjects, and 9 subjects with chronic obstructive pulmonary disease. Both biomarkers were below the limit of detection (LOD) despite the good sensitivity of the chemical analytical method (LOD = 0.5 pg/mL for 8-OHdG; 1 pg/mL for 8-isoprostane). This lack of detection might result from factors affecting EBC collections. These findings are in line with methodological concerns already raised regarding the reliability of EBC collection for quantification of 8-OHdG and 8-isoprostane. Precaution is therefore needed when comparing literature results without considering methodological issues relative to EBC collection and analysis. Loss of analyte during EBC collection procedures still needs to be resolved before using these oxidative stress biomarkers in EBC.
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1. Introduction


Chronic exposure to airborne particles, and in particular fine and ultrafine particles, have been shown to induce oxidative stress [1,2]. Oxidative stress is an imbalance in the production of reactive oxygen species (ROS) and has been suggested as a potential mechanism for inflammation, apoptosis, and genotoxicity, among others, leading to adverse health outcomes [3]. ROS induce cellular release of inflammatory mediators that can result in tissue damage, epigenetic changes, protein alteration, lipid peroxidation, structural DNA damage, remodeling of extracellular matrix, and ultimately, lead to respiratory diseases [4]. Exhaled breath condensate (EBC) has been suggested as a simple and non-invasive sampling procedure, and has been used to diagnose pulmonary pathologies as it directly monitors the airway inflammation and oxidative stress in the lungs (target organ) [5].



EBC contains aerosolized airway epithelial lining fluid and particles trapped from inhaled air. These particles, due to their chemical composition, can locally exert pro-inflammatory effects with the generation of exogenous oxidative stress substances. The EBC also contains endogenous volatile and non-volatile substances released into the lining fluid. Some of these substances have the potential to be used as biomarkers for oxidative stress. Measuring biomarkers in EBC has been proposed as a biomonitoring tool of occupationally exposed workers [6]. Validation is a prerequisite condition for the successful development and use of biomarkers [7].



The intrinsic characteristics of a biomarker (accuracy, sensitivity, and specificity), its analytical precision, and its pathophysiological significance are the most important properties that best validate a biomarker for its use in clinical practice [8]. Oxidative biomarkers are often detected at picomolar concentrations in biological media such as EBC, which warrant very sensitive and selective analytical methods as well as careful sample preparations. In this respect, significant effects of interferences [9] and lack of reproducibility or loss of analyte during EBC collection procedures [10,11,12] are reported in the scientific literature. These major methodological heterogeneities could inhibit the potential clinical use for EBC unless robust analytical methods are used considering all confounding factors and sources of measurement error and bias [5,9].



One of the major physiological mediators to quantify oxidative stress damage in vivo are F2-isoprostanes. They correspond to a class of prostaglandins, resulting mainly from non-enzymatically peroxidation of arachidonic acid in membrane phospholipids [13]. A minor pathway for prostaglandin formation is via a cyclooxygenase pathway from human platelets and monocytes [14]. The most prevalent F2-isoprostane in humans is 8-iso-15(S)-prostaglandin F2α, also known as 8-isoprostane. Due to its stability and specificity for lipid peroxidation, 8-isoprostane is postulated to be a reliable biomarker for lipid peroxidation and represent a quantitative measure of oxidative stress [5,15]. Compared to controls, increased 8-isoprostane concentrations were reported in EBC of patients with both stable and exacerbated chronic obstructive pulmonary disease (COPD) [16], cystic fibrosis [17], and asthma [10,18,19].



Substantial DNA damage in lungs can occur during oxidative stress, with the easiest oxidized base being guanosine [20]. 8-Hydroxy-2′-deoxyguanosine (8-OHdG) is considered the most frequently detected and studied oxidized DNA product [21]. DNA damages are usually repaired via the base excision repair pathway and oxidized DNA products are spontaneously released from cells or due to necrosis and apoptosis, leading to increased levels of circulating cell-free oxidized DNA. The measurement of 8-OHdG in EBC could thus be a non-invasive approach to understand the molecular pathological changes that occur in cells from lungs and respiratory airways.



Two main analytical approaches are available for 8-OHdG and 8-isoprostane analysis in EBC: immunoassay and chemical analytical methods. Immunoassay-based methods are widely used in experimental and clinical research for 8-OHdG and 8-isoprostane measurements due to their simplicity and low cost. However, large discrepancies between labor intensive chemical analytical methods and immunoassays have been observed [22,23]. These discrepancies are related to the cross-reactivity between isoprostane and structurally similar isomers or biological impurities interfering with antibody binding [24,25], thus rendering the immunoassays less specific. Furthermore, the sensitivity and specificity of immunoassay kits vary considerably from one manufacturer to another [26]. Immunoassays are not yet designed and validated for EBC, but could potentially be used if possible matrix effects are formally studied. Most importantly, immunoassays are indirect methods that require validation by reference chemical analytical methods that can unequivocally identify the molecule of interest [27].



Chemical analytical methods such as gas or liquid chromatography with MS detection (GC–MS or LC–MS, respectively) could be used to achieve satisfactory specificity and accuracy. Several authors have successfully validated GC–MS methods for the determination of 8-isoprostane in human EBC [10,11]. However, the method requires an extensive manual sample preparation with a complex two-step derivatization process [11] in order to stabilize the thermally labile chemical functions of 8-isoprostane [28]. Automation of the current analytical process is thus greatly limited [29]. Conversely, LC–MS could be an alternative method as it is performed directly in liquid conditions. Additionally, substantially larger volumes of liquid can be injected into the instrument, improving the sensibility of the analysis.



It is well known that EBC contains large amounts of endogenous matrix components that can lead to a decreased sensitivity and specificity by interference with the MS detection system [30]. Many teams have developed strategies for the selective isolation of 8-isoprostane, using affinity separation [30,31,32]. Nevertheless, extensive sample preparation and high cost associated with such procedure render such approach unsuitable for routine use.



In this study, we propose an alternative protocol for simultaneous quantification of 8-OHdG and 8-isoprostane in EBC using the LC–MS method without an extensive sample preparation. For biomonitoring purposes, high-throughput and cost-effective analysis are needed [33,34]. Such a method could be interesting for screening large worker populations or for monitoring exposures to ROS-producing agents such as particles.




2. Materials and Methods


2.1. Reagents–Chemicals


8-OHdG (≥98%) (2-amino-9-[(2R,4S,5R)-4-hydroxy-5-(hydroxymethyl)oxolan-2-yl]-1,7-dihydropurine-6,8-dione) in a solid form was obtained from Merck (Buchs, St. Gallen, Switzerland). [15N5]-8-OHdG as internal standard (IS) was obtained from Cambridge Isotope Laboratories (Tewksbury, MA, USA). 8-Isoprostane ((5Z,8β,9α,11α,13E,15S)-9,11,15-trihydroxyprosta-5,13-dien-1-oic acid) in a solution ≥ 95%, and its deuterated IS 8-Isoprostane-d4 ((5Z,8β,9α,11α,13E,15S)-9,11,15-trihydroxyprosta-5,13-dien-1-oic-3,3,4,4-d4 acid), were obtained from Cayman Chemical (Ann Arbor, MI, USA). HPLC grade methanol (≥99.9%) was obtained from Merck (Buchs, Switzerland). LC-MS grade solvents; methanol (≥99.95%) and acetonitrile (≥99.9%) were obtained from Carlo Erba Reagents (Chaussée du Vexin, Val de Reuil, France). Butylated hydroxytoluene (BHT) ≥ 99% was obtained from Sigma-Aldrich Produktions GmbH (Steinheim Germany). LC–MS grade acetic acid was obtained from Honeywell (Seelze, Germany). Ultrapure water was produced in our laboratory with a Milli-Q Advantage water purification system (18.2 MΩ.cm at 25 °C, <3 ppb total organic carbon).




2.2. Preparation of Standards


Stock solutions at 1 mg/mL of 8-OHdG and 1 mg/mL 8-isoprostane in H2O/MeOH (8:2) were prepared and stored at −20 °C. A mother stock solution for each analyte (5000 ng/mL) was prepared by diluting 50 µL of the stock solution of 8-OHdG or 8-isoprostane 1 mg/mL with ultrapure water in a volumetric flask of 10 mL. This stock solution was stored at 4 °C. [15N5]-8-OHdG at 500 ng/mL was prepared by diluting 10 µL of [15N5]-8-OHdG 25 µg/mL in a conical glass vial with screw cap containing 490 µL of ultrapure water. 8-isoprostane d4 at 500 ng/mL was prepared by diluting 10 µL of 8-isoprostane d4 100 µg/mL in a glass tube containing 1990 µL of ultrapure water. Final solutions were vortexed and stored at 4 °C. These stock standard solutions can be used at least 3 months without noticeable concentration variation. These different stock solutions were mixed and diluted in ultrapure water to prepare two daily working solutions of 8-OHdG and 8-isoprostane (500 pg/mL each) and an internal standard mix (Mix IS) of [15N5]-8-OHdG and 8-isoprostane d4 (2.5 ng/mL each). Five calibration standards (final concentrations of 0, 15, 50, 100, and 300 pg/mL) were obtained by diluting the working solutions as described in the Supplementary Material, Table S1.




2.3. EBC Samples Preparation


EBC samples used for validation and quality control (QC) were collected from two healthy non-smoking voluntary adult from our laboratory. EBC was collected according to recommendations by the American Thoracic Society/European Respiratory Society Task Force [5]. The EBC collection device (TurboDeccs, Medivac, Parma, Italy) operated at −10 °C and was equipped with a saliva trap [35] and a disposable polypropylene plastic collection system (DECCS 14 ST kit). The volunteers rinsed their mouth with water just before the collection started. Each volunteer sat comfortably, wore a nose-clip, and breathed in through the mouthpiece for 20 min. The collected EBC liquid was transferred into a cryovial (Sarstedt, Nümbrecht, Germany) and stored at −20 °C (for one day for logistical reasons) then transferred to −80 °C until analysis (within 8 months).




2.4. Analytical Procedure


2.4.1. Sample Preparation


A concentration step is necessary due to the low concentrations of these oxidative stress biomarkers in EBC (Section 4). One ml of the standard or EBC sample was introduced in a plastic tube (1.5 mL), followed by 10 µL of BHT 10 mg/mL and 15 µL of Mix IS 2.5 ng/mL. BHT is considered as essential to prevent further ex vivo oxidative formation of 8-isoprostane [36] without impacting the 8-OHdG concentration in EBC [37]. The mixture was then vortexed and put in a concentrator (Speedvac SVC-100H, Savant Instruments Inc., Farmingdale, NY, USA) under vacuum with heat (set at 45 °C) and pressure (range 10–22 mbar). The complete evaporation of the water took 6.5 h. Another concentration step using lyophilization (freeze-drying) (Freezone 1, Labconco, Fort Scott, KS, USA) at 0.06 mbar and <−50 °C at the condenser for 8 h was also tested. With both techniques, the residue was dissolved in 75 µL of water acidified with 0.1% acetic acid (LC-MS grade) (corresponding to a concentration factor of 13.3), vortexed and sonicated for 5 min. The final solution was transferred into a polypropylene vial (300 µL) (Macherey-Nagel AG, Oensingen, Switzerland) before chemical analysis. Standard solutions (concentration of 0, 5, 15, 25, and 50 pg/mL; Supplementary Material, Table S1) were included with each series of samples and followed the same procedure. These standards were used for quantification, whereas the non-concentrated solutions (std 0–300 pg/mL, Section 2.2) were used as a reference. Each sample (50 µL) was injected into the LC–MS system. EBC spiked with both analytes at 5 and 50 pg/mL were prepared and served as quality controls (QC).




2.4.2. Assessment of Type of Sample Concentration Process


Two concentrating methods based either on lyophilization or using vacuum concentration were performed. Experiments consisted of concentrate with five standards solution in water (0–50 pg/mL of each analyte) or five spiked EBC samples (0–50 pg/mL of each analyte) with each technique. Vials of either glass or low-binding plastic used during this concentration step were tested. By plotting the signal obtained for each solution as a function of the concentration, a linear regression characterized by its slope was drawn through these points. We compared these different slopes with the corresponding standard solutions that have not undergone the concentration step.




2.4.3. EBC Material Surface Adsorption and Protein Interferences


Adsorption phenomena on material surfaces have been reported for biomarkers in EBC, particularly for eicosanoids [10,38,39]. We thus used a procedure described by Tufsesson et al. [12] to coat all plastic surfaces with 0.01% Tween 20 (Sigma Aldrich, Burlington, VT, USA) for 30 min. This included all the pieces of the EBC kit (TurboDeccs sample container and tubing). After this treatment, the material was carefully rinsed three times with ultrapure water and then left to dry in an oven at ambient temperature. An EBC collection was then performed on this material by following the same procedure as previously described. An EBC collection was also simulated by placing 2 mL of a 5 pg/mL standard in the collection tube and leaving it in contact with the plastic for 30 min with stirring. The recovery rate compared to what was originally injected was thus assessed. The effect of using glass or plastic containers (low-binding plastic tubes) during the concentration step using lyophilization or Speedvac was also examined.



We tested a centrifugal concentrator system using a membrane of cellulose triacetate with a cut-off of 5000 Dalton (Vivaspin TCA 5kD, Sartorius, VWR, Dietikon, Switzerland) to avoid possible interferences from proteins during the nebulization in the LC–MS system [30,40]. EBC samples was spiked with the two biomarker standards at 15 pg/mL, and centrifuged (Vivaspin at 4000 rpm for 90 min). The filtrate was concentrated to dryness using the vacuum concentrator and the residue dissolved in 0.1% acetic acid as described previously.




2.4.4. Analytical Conditions


The target biomarkers were analyzed with an ultra-high pressure liquid chromatography (LC) system (Dionex Ultimate 3000) equipped with a C18 column (Zorbax Eclipse Plus 2.1 × 100 mm, 1.8 µm, Agilent, Morges, Switzerland) and operated at 50 °C. The injection volume was 50 µL. The solvent gradient (flow rate of 0.25 mL/min) was a combination of eluent A (H2O with 0.1% acetic acid) and eluent B (MeOH/ACN 7:3 with 0.1% acetic acid). The LC was operated with the following program: 100% A for 2 min, decreasing to reach 10% over 8 min, held for 4.5 min, then increased to 100% A in 1 min, and held for 6.5 min. A Triple-Stage Quadrupole MS (TSQ Quantiva Thermo Scientific, Reinach, Switzerland) with electrospray ionization (ESI) was used for detection (instrument parameters shown in Table 1). All data acquisition and processing were accomplished using the Thermo Scientific Chromeleon software.





2.5. Method Validation and Applicability


2.5.1. Method Validation


The optimized method was validated by considering linearity, limit of detection (LOD), limit of quantification (LOQ), intra-day and inter-day precisions, recovery, and matrix effects according to FDA/ICH guidelines [41]. The LOD and LOQ were determined by dividing the error on the origin for the calibration standard by the calibration slope. Different pooled EBC samples were used to determine recovery and repeatability. The calibration curve was determined by plotting the peak area ratio standard/IS as a function of the concentration of the added standard. The final concentration of each oxidative stress marker in EBC was calculated based on the calibration curve obtained with the standard treated identically as for the sample.


    [ Analyte ]  EBC  =   S s p l e − B  A  ×  1  13.33    



(1)




where: [Analyte]EBC: Concentration of the considered marker (8-OHdG or 8-isoprostane) in EBC [pmol/mL]. Ssple: Peak area of the sample/peak area of the IS. A: Slope of the calibration curve (Peak area standard/peak area IS) = f[concentration standard]. B: Ordinate at the origin of the calibration curve. 1/13.33: Concentration factor, corresponding to the ratio between the initial 1 mL EBC and the final 75 µL of the final sample after vacuum concentrator treatment.




2.5.2. Study Population


The suitability of the validated method was assessed using EBC samples from 26 workers from the same workplace. These samples were selected from a study sample of 303 Autonomous Parisian Transportation Administration (RATP) workers. The RATP cohort was stratified based on their spirometry results, distinguishing healthy (n = 10), asthmatics (n = 7), and COPD presenting subjects (n = 9) [34]. Informed consent was obtained from all subjects and the study was approved by the French Personal Protection Committees South-Est II (N°2019-A01652 55) and South-Est IV (N°2020-A03103-36). The demographic characteristics of participants are presented in Table 2.



Investigators were kept blind with respect to the health status, which was only revealed at the statistical analysis stage. The hypothesis tested was that workers with asthma or COPD would present higher concentrations of oxidative stress biomarkers in EBC compared to the healthy workers.



A pulmonologist classified these diseases following the Global Initiative for Obstructive Lung Disease (GOLD) guidelines [42]. A trained occupational physician conducted pulmonary function tests and recorded forced expiratory volume in one second (FEV1) and forced vital capacity (FVC) using a fully-integrated PC-driven spirometer (Easy on-PC System, NDD medical technologies®, Andover, MA, USA) according to the American Thoracic Society (ATS)/European Respiratory Society (ERS) recommendations [43].



FEV1/FVC ratio from three values on a maximum of eight attempts were then calculated and presented as a ratio of the predicted normal value of 0.7. A reversibility test was performed 15 min after administering four puffs of 100µg of salbutamol (Ventolin inhaler 100µg/dose, GLAXO SMITHKLINE, Brentford, UK) for FEV1/FVC ratio below normal range (<0.7). FEV1/FVC ratio of less than 0.7 in presence of the clinical symptoms such as dyspnea, chronic cough or sputum production were diagnosed as COPD. Asthmatics were diagnosed with a positive bronchodilator reversibility in presence of intermittent variable clinical airflow obstruction and/or an allergic background.



Food and drinks consumed within three hours before EBC collection were recorded in a standardized form. None of the participants reported drinking coffee within the hour before EBC collection.





2.6. Statistical Analysis


Descriptive analyses were performed with the built-in statistical functions in Microsoft Excel version 2016, whereas t-test calculations were performed with the R program (R version 4.0.2, 22 June 2020—“Taking off again”). Results are expressed as means ± SD.





3. Results


3.1. 8-OHdG and 8-Isoprostane Analytical Performance


Figure 1a,b give typical chromatograms of 8-isoprostane and 8-OHdG, respectively. These chromatograms were obtained after injection of 50 µL of a low standard level at 5 pg/mL, the lowest EBC quality check sample (5 pg/mL) and concentrated EBC sample collected from a healthy volunteer using the optimized conditions.




3.2. Sample Preparation


3.2.1. Influence of Sample Concentration Process


We tested two concentrating methods based either on lyophilization or by using vacuum concentration. Figure 2 represents the mean slope of the linear regression based on five concentrated solutions for a minimum of two repetitions. We observed that glass containers needed a longer duration (about 9 h) to reach complete dryness compared to low-binding plastic tubes (about 6.5 h).



We observed a significant and systematic decreased slope for 8-OHdG in glass vial (20–35%) and a statistically significant decreased slope (H2O lyoph glass p = 0.022; EBC lyoph glass p = 0.033; EBC lyoph plastic p = 0.041) for 8-isoprostane (35–40%) when the lyophilization was conducted at low pressure (0.06 mbar) compared to the standard without the concentration step. On the contrary, when using the vacuum concentration at a higher pressure (16 mbar), the slope was similar (8-isoprostane) or even significantly higher (8-OHdG) (p = 0.007) to that obtained without the concentration step. Nevertheless, this increase disappeared when the value was corrected with the SI concentration. Based on these results, we selected the vacuum concentration method for our sample preparations.




3.2.2. Effect of Protein Purification


Proteins are present in EBC in relatively high concentrations (typical range 0.76–107.7 µg/mL EBC [44]). We tested a clean-up procedure using a centrifugal concentrator system to remove high molecular weight proteins. This treatment had a strong impact on 8-OHdG with a two-fold decreasing signal (p = 0.001; n = 11) (Figure 3). Such a decrease can be attributed to the strong adsorption of 8-OHdG on the cellulose triacetate membrane [45]. 8-isoprostane, on the contrary, presented an increased signal of about 20% compared to the EBC sample without the concentration step. By washing the membrane with water before the sample treatment, we observed a decreased signal, similar to the one without centrifugation. This result suggests that an interfering compound soluble in water was present on the membrane, artificially increasing the signal of 8-isoprostane when the centrifugal concentrator system was used. Based on these results, we decided not to use such a clean-up procedure.



Matrix effects were evaluated by comparing the slope of the calibration standards with the one obtained with the spiked EBCs at the same concentrations and without IS corrections using an unpaired t-test. No statistically significant difference was observed between the slopes from calibration standard not corrected by IS (5569 ± 684, 627 ± 220 for 8-OHdG and 8-isoprostane, respectively) and the EBC samples (4880 ± 661, 696 ± 1.53) for 8-OHdg and 8-isoprostane, respectively) (unpaired t-test, 8-OHdG p = 0.197; 8-isoprostane p = 0.831, n = 4).




3.2.3. Effect of the Coating on Material Surface


Experiments of Tufvesson [12] showed that coating disposable polypropylene device with the detergent Tween 20 significantly increased the 8-isoprostane recovery. Nevertheless, we did not observe a difference on 8-OHdG and 8-isoprostane concentrations in our experiments comparing coated and not-coated systems (Supplementary Material, Figure S1).





3.3. Method Validation


The characteristics of the method are given in Supplementary Material, Table S2 for 8-OHdG and Supplementary Material, Table S3 for 8-isoprostane. The LOD was 1 pg/mL EBC for 8-isoprostane and 0.5 pg/mL EBC for 8-OHdG. The recovery was between 90–110%. The repeatability for the two biomarkers was smaller than 20% for at the lowest concentration (5 pg/mL) and smaller than 6% for the higher concentration (15 pg/mL). The criteria for linearity were assessed by means of the coefficient of determination (R2), which was always above 0.99 in all analyses.




3.4. Concentrations Measured in EBC Samples


We did not detect 8-OHdG nor 8-isoprostane in EBC obtained from healthy volunteers in our laboratory or from the 26 workers (Supplementary Material, Table S4).





4. Discussion


We developed an LC–ESI–MS/MS analytical method that we thought to be sufficiently sensitive for quantifying low concentrations of 8-OHdG and 8-isoprostane concentrations in EBC. Although the validation steps resulted in an LOD < 1 pg/mL EBC for both oxidative stress biomarkers, they could not be detected in either the samples from healthy or asthmatic and COPD diseased workers.



Based on Table 3 and Table 4, we observed that reported 8-isoprostane concentrations in EBC of healthy volunteers were quite variable and a function of the chemical analytical method used (LC–MS: 1–85 pg/mL EBC; GC–MS: 0.2–7 pg/mL EBC). For 8-OHdG (Table 4), the few reported concentrations in EBC are between 3–360 pg/mL EBC.



4.1. Method Optimization


Our method development was based on [32,46], but we also wanted to simultaneously quantify 8-OHdG and 8-isoprostane for a fast and cost-effective analysis. This is challenging because the polarity and the chemical properties of the two biomarkers are quite different. 8-OHdG is the more polar of the two molecules due to the presence of polar functional groups (amides, hydroxyls, and amine), in contrast with 8-isoprostane, mostly formed by alkane chains. We abandoned a purification procedure to isolate potential interferences because this would further reduce the already low concentrations in either of the two compounds [61].



We decided to concentrate as much as possible on the EBC and considered two viable approaches: either lyophilization or centrifugation in conjunction with either low-binding plastics or glass. The concentrations obtained using lyophilization were much lower (20–40%) compared with the centrifugation approach while the evaporation times were similar, and this demonstrated a possible evaporation of the biomarkers at very low pressures. Consequently, we recommend the centrifugation approach and low-binding plastic materials when concentrating EBC samples to reduce 8-OHdG and 8-isoprostane losses.



We were able to achieve sufficiently low LODs (<1 pg/mL) with this novel method to quantify 8-isoprostane and 8-OHdG according to reported baseline values [22,23]. This LOD was similar to five studies and lower than two studies (Table 3 and Table 4). We therefore expected our healthy and diseased workers to have isoprostane values comprised between LOD at 4 pg/mL and about 60 pg/mL, respectively (Table 3). For 8-OHdG, we expected healthy workers to be below 20 pg/mL and diseased workers around 36 pg/mL (Table 4). As we could not detect both biomarkers in any samples, we believe other factors hinder the quantification of these biomarkers in EBC.




4.2. Possible Reasons for Non-Detection of 8-OHdG and 8-Isoprostane in this Study


Many factors, in addition to sample concentration, can be responsible for the absence of detection and include collection time, storage of the EBC samples, type of EBC collection device and analytical issues. These parameters are considered here.



4.2.1. Storage and Collection Time


To prevent artifactual changes in concentrations of biological markers after sampling, the samples were directly kept at −20 °C on field than transferred to −80 °C at the end of each collection day. Storage temperature of −80 °C is considered to provide the best storage temperature [62]. Because EBC samples could not be rapidly analyzed at the place of collection and laboratories are generally distant from sampling places, storage conditions could influence the analyte levels [63]. If we assume the same decay rate as reported by Syslova for our samples, stored in low-binding plastic tubes for 8 months, our results would have underestimated the concentrations of 8-isoprostane and 8-OHdG up to 14% depending on the amount of EBC obtained from the workers. Similarly, Havet et al. [63] measured exhaled 8-isoprostane concentrations 5–9 years after collection and only 30% of measurements were below the LOD. 8-OHdG is reported to be stable in water for several months at 4 °C [64] and at least two years when stored in acidic conditions such as in urine at −80 °C [65]. Given these results, we conclude that storage time does not represent a major concern for this study.



The EBC collection methodology has been suggested as one of many factors inhibiting satisfactory quantification of 8-isoprostane. Cooling temperature plays a critical role on the biomarker levels in exhaled breath condensate by influencing the condensation process on the device surface [5]. The TurboDECCS device that we are currently using is limited to −10 °C, so compounds could be viably altered if the cooling temperature during collection is insufficient. In one study, Goldoni et al. [66] showed a clear and significant trend toward increasing EBC volumes with decreasing collection temperature (0–> −10 °C), which affect both the concentration and absolute amounts of biomarkers. In the same way, Czebe et al. [67] observed that pH of EBC was influenced by the condensation temperature but not the protein concentration. In contrast, Zamuruyev et al. [68] have shown that the concentration of low-polarity non-volatile compounds (as is the case for 8-OHdG and 8-isoprostane) in EBC were practically independent of the collection temperature (tested between 0 °C and −56 °C).



Several reports [10,12,22,46] also highlighted the possible influence of the condensing surface characteristics upon biomarker results. When sampling EBC, Rosias et al. [69] concluded that potential loss of biomarkers such as 8-isoprostane in the collection system could occur due to adsorption on the inner surface of the collection tubes. Some authors compared glass with a plastic-based collection device [69] or tried to passivate the surface of the condenser with different compounds (Tween-20, bovine serum albumin) [12,24]. Our results did not confirm these results, as we found no significant difference in 8-isoprostane and 8-OHdG concentrations when standards were in contact with Tween-20 treated or non-treated collection systems used with the TurboDeccs refrigeration device. This is consistent with results from Sood et al. [24]. We are thus confident that the undetected levels of 8-isoprostane and 8-OHdG in our EBC samples are not due to adsorption of the analytes on the surface of the used material.




4.2.2. Protein Interferences


A large amount of proteins can be found in EBC from healthy volunteers in a typical range of 0.76–107.7 µg/mL EBC [44]. These proteins are also concentrated in the EBC during the preparation of the samples and might suppress the quantification of the two biomarkers. Therefore, protein extraction might be necessary before the samples can be analyzed. Gonzalez-Reche et al. used an online LC column (LiChrospher® ADS C18) to exclude macromolecules such as proteins (≥17 kDa) [70], but this did not significantly improve the quantification of 8-isoprostane in EBC obtained from healthy volunteers [47]. Ultrafiltration of EBC samples to reduce protein contamination using Vivaspin® as described here, did not improve the LC–MS signal either.




4.2.3. Analytical Issues


All validation steps were performed following FDA/ICH guidelines [41]. Recovery experiments on EBC were performed to assess possible errors and losses in sensitivity arising from ion suppression. Excellent recoveries were obtained for 8-isoprostane (95–104%) and good recoveries were obtained for 8-OHdG (89–98%) as well as repeatability (<20% for lowest concentrations). The matrix effect was negligible when comparing slopes from calibration curves prepared in EBC and the standard sample, demonstrating an absence of potential interferences in the analysis as expected for EBC [70]. We do believe that the matrix effect is not the chemical analytical factor that hinders the detection of 8-OHdG and 8-isoprostane.





4.3. Variability in the Literature


Many other investigators have reported similar methodological problems. In the majority of the studies where 8-isoprostane was quantified in EBC, commercially available immunoassay kits were used. Even using immunoassay measurement, which is known to be prone to artefacts [71], few groups were unable to reliably measure 8-isoprostane concentrations in EBC samples [72,73,74]. Chemical analytical methods based on chromatography coupled to mass spectrometry detection are considered superior because of the enhanced sensitivity and selectivity over immunoassays. Nevertheless, even with such instrumental methods, results for 8-isoprostane and 8-OHdG in EBC are disparate as illustrated in Table 3 and Table 4 for 8-isoprostane and 8-OHdG, respectively.



4.3.1. 8-Isoprostane


Whereas Sanak et al. have successfully validated GC–MS methods for the determination of 8-isoprostane in EBC of healthy people [11], others, such as Carpenters and al. [10], have emphasized associated sensitivity problems. In their study, 30% of the control subjects exhibited 8-isoprostane concentrations below an excellent LOD (0.2 pg/mL). We also noted that GC–MS-based methods give EBC 8-isoprostane concentrations in healthy volunteers to be in the sub-pmol/mL range, and about 10 times lower compared with LC–MS-based methods (Table 3). Using LC–MS-based methods, a high heterogeneity in EBC levels is observed for healthy volunteers as presented in Table 3. Janicka et al. [46] reported 8-isoprostane concentrations in healthy volunteers below the LOD (1 pg/mL) using LC–MS/MS, suggesting that such levels of 8-isoprostane are very low. On the contrary, levels above 80 pg/mL have been reported for healthy volunteers [37].



Inclusion of purification procedures may improve the analytic performance by reducing endogenous contaminants or interferences present in EBC, thereby improving sensitivity. Syslova and colleagues [32] developed a method to separate 8-isoprostane from other isoprostane isomers using an immunosorbent affinity column. They were able to quantify 8-isoprostane in EBC from diseased and healthy subjects. Nevertheless, the reported 8-isoprostane concentrations in the Syslova et al. study for healthy volunteers were much higher compared to other studies (Table 3). Saliva contamination of EBC samples does not appear to be an issue in Syslova et al.’s study, as amylase activity in all samples did not exceed 0.1%. Nevertheless, Laumbach et al. [31] did not detect 8-isoprostane in the majority of their EBC samples, despite strictly adhering to Syslova et al.’s protocol. The same results were observed by Wang et al. [30] who also tried the Syslova et al. procedure and could not reproduce the results. Finally, by adding an online solid-phase extraction before LC–MS/MS, Wang et al. [30] managed to quantify 8-isoprostane in EBC of healthy subjects. Fritscher et al. [49] were able to quantify 8-isoprostane in EBC of healthy and diseases volunteers after adding a liquid–liquid extraction using ethyl acetate before LC–MS/MS analysis, while Gonzalez et al. [47] added an online extraction column (LiChrospher ADS C18 precolumn) but this failed to detect 8-isoprostane in EBC. It is not clear why 8-isoprostane was undetectable in some studies and detectable in the others. Horvath et al. [5] already reported that the measurement of 8-isoprostane was complicated due to the problems of reproducibility of assays by different groups with contradictory results. We did not observe any attenuated signal issues in our QC samples using a simple LC–MS/MS method. Furthermore, Liou [50], Wu [51] and Wang [30] were all part of the same laboratory, so the influence of purification on 8-isoprostane measurement could not be demonstrated. Alternatively, Battaglia et al. [75] found lower recovery rates (60%) of 8-isoprostane when they used an immunoaffinity sorbent. A possible explanation for this discrepancy could be that 8-isoprostane would conjugate with macro-molecules present in the EBC and remain undetectable [76]. The quantity of proteins can differ significantly between subjects [62] and this could explain the considerable variability in results. However, this problem of conjugation has never been reported in the scientific literature except for 8-isoprostane in plasma, where 8-isoprostane is bound to plasma lipids [77] and in urine, where 8-isoprostane is glucuronide conjugated and the amount conjugated vary between 30 and 80% of the total 8-isoprostane levels [76].




4.3.2. 8-OHdG


Regarding 8-OHdG, its presence in EBC is still debatable [60,78], as a limited number of studies have reported concentrations in this matrix (Table 4) [23,55,59]. Only one team managed to quantify 8-OHdG by LC–MS/MS (Syslova and Pelclova being part of the same laboratory), which is considered as the gold standard method. Two other teams have analyzed it by immunoassays [23]. The fact that we failed to find 8-OHdG in any of our samples (<0.5 pg/mL EBC) suggests that this biomarker would be present at very low concentrations in the lung. This is in contradiction with data from the Syslova group [37], who reported concentrations between 12–19 pg/mL. Another hypothesis is that 8-OHdG would be rapidly adducted with lipids such as malondialdehyde present in airway lining fluid and would therefore be impossible to detect without prior separation [79].



Alternatively, 8-OHdG and 8-isoprostane previously reported in high concentrations in EBC may originate from sample contamination with saliva. In a review, Wang et al. [80] report concentrations of 8-OHdG and 8-isoprostane in the ng/mL range in the saliva of healthy volunteers. Among the commercial EBC collection devices, only the ECoScreen and TurboDeccs systems have built-in saliva traps, and these are the ones used by Pelclova and Syslova; but they may not be sufficiently effective [35]. Detecting salivary amylase is a frequently used method [5,32,81] to exclude saliva contamination in EBC. Nevertheless, α-amylase activity in the same way as any enzymatic method may not be sufficiently sensitive to show the presence of saliva in very small quantities [39]. Based on the Wang et al. levels reported in saliva [80], and hypothesizing a contribution of saliva in EBC of only 0.1% based on amylase analysis, 8-isoprostane levels in the range of some pg/mL could be expected. More sensitive or alternate LC–MS methods may be required to confirm saliva contamination [39].



Methods capable of reaching LOD under 0.1 pg/mL could perhaps help in determining 8-isoprostane and 8-OHdG in a reliable way. Presently, only GC–MS methods reach such low detection levels. One additional possibility to reach such low detection limits would be to collect larger EBC sample volumes and concentrate them as much as possible. However, this may not be feasible because it is hardly conceivable to increase the collection time, which normally lasts for 10–20 min [5], particularly for patients suffering from a respiratory pathology. Nevertheless, it is important to point out that even if it would be possible to quantify these two biomarkers by a more efficient method, the values would remain very low. The utility of EBC technique in detecting inflammation for research and clinical purposes may be compromised because it would depend on whether the differences could be found between patients and healthy subjects and whether these values would exceed the inter-individual variation within the two groups. Presently, it is still difficult to control for all variables that might affect 8-isoprostane or 8-OHdG concentrations, and consequently, comparisons of data obtained in different laboratories are difficult. There is a need to standardize the procedure for EBC collection and validate analytical chemical methods. Future directions include inter-laboratory tests with an identical protocol, which are essential to reach a consensus on the reference methods and then the normal-reference values for EBC biomarkers in the general population.





4.4. Recommendations


Considering our results and the literature data, we can make the following recommendations regarding the chemical analysis of 8-OHdG and 8-isoprostane in EBC:




	
Use a sensitive alpha-amylase detection to quantify possible saliva contamination;



	
Pre-concentrate the samples, drastically (by at least a factor of 10), prior to LC-MS analysis;



	
Include a possible purification step prior to analysis;



	
Control the adsorption phenomena on sampling and material surfaces;



	
Have instruments capable of targeting LOD of the order of 0.1 pg/mL to expect to detect both components;



	
Conduct inter-laboratory studies (round-robins);



	
Standardize EBC collection devices for analysis of 8-OHdG and 8-isoprostane.










5. Conclusions


We developed a novel and robust method for simultaneous detection of 8-isoprostane and 8-OHdG in EBC; however, this method could not detect these biomarkers in EBC obtained from human subjects. The present study highlights difficulties in determining both oxidative stress biomarkers in EBC to distinguish health status. We suspect that the lack of detecting these biomarkers in our study is due to methodological issues in particular factors affecting EBC collections. We therefore recommend conducting inter-laboratory studies to standardize the chemical analytical methods as well as EBC collection devices for analysis of 8-OHdG and 8-isoprostane.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/antiox11050830/s1, Table S1: Description of the standard preparation with the corresponding concentrations, Figure S1: Effect of Tween-20 treatment on material surface on the signal (not corrected with IS) of 8-OHdg and 8-isoprostane, Table S2: Main figure of merit of the analytical method for 8-OHdG in EBC, Table S3: Main figure of merit of the analytical method for 8-isoprostane in EBC, Table S4: Results obtained for the calibration, QC, and EBC samples.





Author Contributions


The manuscript was written with contributions from all authors. All authors contributed to the conception and design of the study with I.G.C. coordinating it. M.H., J.-J.S. and G.S. were involved in the data acquisition. M.H., J.-J.S. and N.B.H. were involved in the interpretation of the results. M.H. drafted the manuscript with all authors revising it. All authors have read and agreed to the published version of the manuscript.




Funding


This study was funded by the Swiss National Science Foundation (Grant N° IZ-COZ0_177067) for the Respiratory disease Occupational Biomonitoring Collaborative Project (ROBoCop).




Institutional Review Board Statement


This study follows the Declaration of Helsinki on medical protocol and ethics, and was approved by the French Personal Protection Committees South-Est II (N°2019-A01652 55) and South-Est IV (N°2020-A03103-36), Declaration of conformity to the French National Commission for Computing and Freedoms (CNIL) No. 2220108.




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


All of the data is contained within the article and the Supplementary Materials.




Acknowledgments


We acknowledge the Service and Central Laboratory of Hematology (C. Spertini) (CHUV, Lausanne, Switzerland) for their collaboration in this project. We also acknowledge the contribution of the RATP research team and participants for the EBC samples provided.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Li, N.; Xia, T.; Nel, A.E. The role of oxidative stress in ambient particulate matter-induced lung diseases and its implications in the toxicity of engineered nanoparticles. Free Radic. Biol. Med. 2008, 44, 1689–1699. [Google Scholar] [CrossRef] [PubMed]

	



Sauvain, J.-J.; Hemmendinger, M.; Suárez, G.; Creze, C.; Hopf, N.B.; Jouannique, V.; Debatisse, A.; Pralong, J.A.; Wild, P.; Canu, I.G. Malondialdehyde and anion patterns in exhaled breath condensate among subway workers. Part. Fibre Toxicol. 2022, 19, 16. [Google Scholar] [CrossRef]

	



Karlsson, H.L.; Nilsson, L.; Möller, L. Subway Particles Are More Genotoxic than Street Particles and Induce Oxidative Stress in Cultured Human Lung Cells. Chem. Res. Toxicol. 2005, 18, 19–23. [Google Scholar] [CrossRef] [PubMed]

	



Jaenisch, R.; Bird, A. Epigenetic regulation of gene expression: How the genome integrates intrinsic and environmental signals. Nat. Genet. 2003, 33, 245–254. [Google Scholar] [CrossRef]

	



Horváth, I.; Hunt, J.; Barnes, P.J. Exhaled breath condensate: Methodological recommendations and unresolved questions. Eur. Respir. J. 2005, 26, 523. [Google Scholar] [CrossRef]

	



Fireman, E.; Lerman, Y.; Stark, M.; Pardo, A.; Schwarz, Y.; Van Dyke, M.V.; Elliot, J.; Barkes, B.; Newman, L.; Maier, L. A novel alternative to environmental monitoring to detect workers at risk for beryllium exposure-related health effects. J. Occup. Environ. Hyg. 2014, 11, 809–818. [Google Scholar] [CrossRef]

	



World Health Organization. Biomarkers in Risk Assessment: Validity and Validation. 2001. Available online: http://www.inchemorg/documents/ehc/ehc/ehc222htm (accessed on 8 April 2022).

	



Schulte, P.A.; Hauser, J.E. The use of biomarkers in occupational health research, practice, and policy. Toxicol. Lett. 2012, 213, 91–99. [Google Scholar] [CrossRef]

	



Heffernan, A.L.; Gomez-Ramos, M.J.; Symeonides, C.; Hare, D.J.; Vijayasarathy, S.; Thompson, K.; Mueller, J.F.; Ponsonby, A.L.; Sly, P.D. Harmonizing analytical chemistry and clinical epidemiology for human biomonitoring studies. A case-study of plastic product chemicals in urine. Chemosphere 2020, 238, 124631. [Google Scholar] [CrossRef] [PubMed]

	



Carpenter, C.T.; Price, P.V.; Christman, B.W. Exhaled breath condensate isoprostanes are elevated in patients with acute lung injury or ARDS. Chest 1998, 114, 1653–1659. [Google Scholar] [CrossRef]

	



Sanak, M.; Gielicz, A.; Nagraba, K.; Kaszuba, M.; Kumik, J.; Szczeklik, A. Targeted eicosanoids lipidomics of exhaled breath condensate in healthy subjects. J Chromatogr. B Analyt. Technol. Biomed. Life Sci. 2010, 878, 1796–1800. [Google Scholar] [CrossRef]

	



Tufvesson, E.; Bjermer, L. Methodological improvements for measuring eicosanoids and cytokines in exhaled breath condensate. Respir. Med. 2006, 100, 34–38. [Google Scholar] [CrossRef]

	



Morrow, J.D.; Hill, K.E.; Burk, R.F.; Nammour, T.M.; Badr, K.F.; Roberts, L.J., II. A series of prostaglandin F2-like compounds are produced in vivo in humans by a non-cyclooxygenase, free radical-catalyzed mechanism. Proc. Natl. Acad. Sci. USA 1990, 87, 9383–9387. [Google Scholar] [CrossRef] [PubMed]

	



Basu, S. F2-isoprostanes in human health and diseases: From molecular mechanisms to clinical implications. Antioxid Redox Signal 2008, 10, 1405–1434. [Google Scholar] [CrossRef]

	



Montuschi, P. 15 Exhaled breath condensate: 8-isoprostane and eicosanoids. Eur. Respir. Monogr. 2010, 196, 196–206. [Google Scholar]

	



Montuschi, P.; Collins, J.V.; Ciabattoni, G.; Lazzeri, N.; Corradi, M.; Kharitonov, S.A.; Barnes, P.J. Exhaled 8-isoprostane as an in vivo biomarker of lung oxidative stress in patients with COPD and healthy smokers. Am. J. Respir. Crit. Care Med. 2000, 162, 1175–1177. [Google Scholar] [CrossRef]

	



Montuschi, P.; Kharitonov, S.A.; Ciabattoni, G.; Corradi, M.; van Rensen, L.; Geddes, D.M.; Hodson, M.E.; Barnes, P.J. Exhaled 8-isoprostane as a new non-invasive biomarker of oxidative stress in cystic fibrosis. Thorax 2000, 55, 205–209. [Google Scholar] [CrossRef]

	



Montuschi, P.; Corradi, M.; Ciabattoni, G.; Nightingale, J.; Kharitonov, S.A.; Barnes, P.J. Increased 8-isoprostane, a marker of oxidative stress, in exhaled condensate of asthma patients. Am. J. Respir. Crit. Care Med. 1999, 160, 216–220. [Google Scholar] [CrossRef] [PubMed]

	



Baraldi, E.; Carraro, S.; Alinovi, R.; Pesci, A.; Ghiro, L.; Bodini, A.; Piacentini, G.; Zacchello, F.; Zanconato, S. Cysteinyl leukotrienes and 8-isoprostane in exhaled breath condensate of children with asthma exacerbations. Thorax 2003, 58, 505–509. [Google Scholar] [CrossRef] [PubMed]

	



Shigenaga, M.K.; Gimeno, C.J.; Ames, B.N. Urinary 8-hydroxy-2′-deoxyguanosine as a biological marker of in vivo oxidative DNA damage. Proc. Natl. Acad. Sci. USA 1989, 86, 9697–9701. [Google Scholar] [CrossRef]

	



Wu, L.L.; Chiou, C.C.; Chang, P.Y.; Wu, J.T. Urinary 8-OHdG: A marker of oxidative stress to DNA and a risk factor for cancer, atherosclerosis and diabetics. Clin. Chim. Acta 2004, 339, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Shoman, Y.; Wild, P.; Hemmendinger, M.; Graille, M.; Sauvain, J.J.; Hopf, N.B.; Guseva Canu, I. Reference Ranges of 8-Isoprostane Concentrations in Exhaled Breath Condensate (EBC): A Systematic Review and Meta-Analysis. Int. J. Mol. Sci. 2020, 21, 3822. [Google Scholar] [CrossRef] [PubMed]

	



Hemmendinger, M.; Wild, P.; Shoman, Y.; Graille, M.; Bergamaschi, E.; Hopf, N.; Guseva Canu, I. Reference ranges of oxidative stress biomarkers selected for non-invasive biological surveillance of nanotechnology workers: Study protocol and meta-analysis results for 8-OHdG in exhaled breath condensate. Toxicol. Lett. 2020, 327, 41–47. [Google Scholar] [CrossRef] [PubMed]

	



Sood, A.; Qualls, C.; Seagrave, J.; McDonald, J.; Shohreh, R.; Chiavaroli, A.; Schuyler, M. Effect of allergen inhalation on airway oxidant stress, using exhaled breath condensate 8-isoprostane, in mild asthma. J. Asthma 2013, 50, 449–456. [Google Scholar] [CrossRef]

	



Mickleborough, T.D.; Vaughn, C.L.; Shei, R.-J.; Davis, E.M.; Wilhite, D.P. Marine lipid fraction PCSO-524™ (lyprinol®/omega XL®) of the New Zealand green lipped mussel attenuates hyperpnea-induced bronchoconstriction in asthma. Respir. Med. 2013, 107, 1152–1163. [Google Scholar] [CrossRef] [PubMed]

	



Carraro, S.; Cogo, P.E.; Isak, I.; Simonato, M.; Corradi, M.; Carnielli, V.P.; Baraldi, E. EIA and GC/MS analysis of 8-isoprostane in EBC of children with problematic asthma. Eur. Respir. J. 2010, 35, 1364. [Google Scholar] [CrossRef]

	



Montuschi, P.; Ragazzoni, E.; Valente, S.; Corbo, G.; Mondino, C.; Ciappi, G.; Ciabattoni, G. Validation of 8-isoprostane and prostaglandin E(2) measurements in exhaled breath condensate. Inflamm. Res. 2003, 52, 502–507. [Google Scholar] [CrossRef]

	



Murphy, R.C.; Fiedler, J.; Hevko, J. Analysis of Nonvolatile Lipids by Mass Spectrometry. Chem. Rev. 2001, 101, 479–526. [Google Scholar] [CrossRef]

	



Tsikas, D.; Zoerner, A.A. Analysis of eicosanoids by LC-MS/MS and GC-MS/MS: A historical retrospect and a discussion. J. Chromatogr. B Analyt. Technol. Biomed. Life Sci. 2014, 964, 79–88. [Google Scholar] [CrossRef]

	



Wang, C.J.; Yang, N.H.; Liou, S.H.; Lee, H.L. Fast quantification of the exhaled breath condensate of oxidative stress 8-iso-prostaglandin F2alpha using on-line solid-phase extraction coupled with liquid chromatography/electrospray ionization mass spectrometry. Talanta 2010, 82, 1434–1438. [Google Scholar] [CrossRef]

	



Laumbach, R.J.; Kipen, H.M.; Ko, S.; Kelly-McNeil, K.; Cepeda, C.; Pettit, A.; Ohman-Strickland, P.; Zhang, L.; Zhang, J.; Gong, J.; et al. A controlled trial of acute effects of human exposure to traffic particles on pulmonary oxidative stress and heart rate variability. Part Fibre Toxicol. 2014, 11, 45. [Google Scholar] [CrossRef]

	



Syslová, K.; Kacer, P.; Kuzma, M.; Klusâ ková, P.; Fenclová, Z.; Lebedová, J.; Pelclova, D. Determination of 8-iso-prostaglandin F(2alpha) in exhaled breath condensate using combination of immunoseparation and LC-ESI-MS/MS. J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 2008, 867, 8–14. [Google Scholar] [CrossRef] [PubMed]

	



Guseva Canu, I.; Crézé, C.; Hemmendinger, M.; Ben Rayana, T.; Besançon, S.; Jouannique, V.; Debatisse, A.; Wild, P.; Sauvain, J.J.; Suárez, G.; et al. Particle and metal exposure in Parisian subway: Relationship between exposure biomarkers in air, exhaled breath condensate, and urine. Int. J. Hyg. Environ. Health 2021, 237, 113837. [Google Scholar] [CrossRef]

	



Guseva Canu, I.; Hemmendinger, M.; Sauvain, J.J.; Suarez, G.; Hopf, N.B.; Pralong, J.A.; Ben Rayana, T.; Besançon, S.; Sakthithasan, K.; Jouannique, V.; et al. Respiratory Disease Occupational Biomonitoring Collaborative Project (ROBoCoP): A longitudinal pilot study and implementation research in the Parisian transport company. J. Occup. Med. Toxicol. 2021, 16, 22. [Google Scholar] [CrossRef]

	



Carter, S.R.; Davis, C.S.; Kovacs, E.J. Exhaled breath condensate collection in the mechanically ventilated patient. Respir. Med. 2012, 106, 601–613. [Google Scholar] [CrossRef] [PubMed]

	



Milatovic, D.; Montine, T.J.; Aschner, M. Measurement of isoprostanes as markers of oxidative stress. Methods Mol. Biol. 2011, 758, 195–204. [Google Scholar] [CrossRef] [PubMed]

	



Syslová, K.; Kačer, P.; Kuzma, M.; Pankrácová, A.; Fenclová, Z.; Vlčková, Š.; Lebedová, J.; Pelclová, D. LC-ESI-MS/MS method for oxidative stress multimarker screening in the exhaled breath condensate of asbestosis/silicosis patients. J. Breath Res. 2010, 4, 017104. [Google Scholar] [CrossRef]

	



Peel, A.M.; Crossman-Barnes, C.J.; Tang, J.; Fowler, S.J.; Davies, G.A.; Wilson, A.M.; Loke, Y.K. Biomarkers in adult asthma: A systematic review of 8-isoprostane in exhaled breath condensate. J. Breath Res. 2017, 11, 016011. [Google Scholar] [CrossRef]

	



Cruickshank-Quinn, C.; Armstrong, M.; Powell, R.; Gomez, J.; Elie, M.; Reisdorph, N. Determining the presence of asthma-related molecules and salivary contamination in exhaled breath condensate. Respir. Res. 2017, 18, 57. [Google Scholar] [CrossRef]

	



Stamatakis, K.; PÉRez-Sala, D. Prostanoids with Cyclopentenone Structure as Tools for the Characterization of Electrophilic Lipid–Protein Interactomes. Ann. N. Y. Acad. Sci. 2006, 1091, 548–570. [Google Scholar] [CrossRef]

	



FDA. U.S. Bioanalytical Method Validation Guidance for Industry; United States Food & Drug Administration: Silver Spring, MD, USA, 2018; p. 44.

	



Fabbri, L.M.; Hurd, S.S. Global Strategy for the Diagnosis, Management and Prevention of COPD: 2003 update. Eur. Respir. J. 2003, 22, 1–2. [Google Scholar] [CrossRef]

	



Pellegrino, R.; Viegi, G.; Brusasco, V.; Crapo, R.O.; Burgos, F.; Casaburi, R.; Coates, A.; van der Grinten, C.P.M.; Gustafsson, P.; Hankinson, J.; et al. Interpretative strategies for lung function tests. Eur. Respir. J. 2005, 26, 948. [Google Scholar] [CrossRef]

	



Scheideler, L.; Manke, H.G.; Schwulera, U.; Inacker, O.; Hämmerle, H. Detection of nonvolatile macromolecules in breath. A possible diagnostic tool? Am. Rev. Respir. Dis. 1993, 148, 778–784. [Google Scholar] [CrossRef] [PubMed]

	



Meng, X.; Liu, Q.; Ding, Y. Paper-based solid-phase microextraction for analysis of 8-hydroxy-2′-deoxyguanosine in urine sample by CE-LIF. Electrophoresis 2017, 38, 494–500. [Google Scholar] [CrossRef] [PubMed]

	



Janicka, M.; Kubica, P.; Kot-Wasik, A.; Kot, J.; Namieśnik, J. Sensitive determination of isoprostanes in exhaled breath condensate samples with use of liquid chromatography-tandem mass spectrometry. J. Chromatogr. B Analyt. Technol. Biomed. Life Sci. 2012, 893–894, 144–149. [Google Scholar] [CrossRef] [PubMed]

	



Gonzalez-Reche, L.; Schaefer, D.; Göen, T.; Kraus, T. Validity Assessment for the Results of Three Inflammatory Markers in Exhaled Breath Condensate: A Pilot Study. Chromatographia 2012, 70, 1387–1392. [Google Scholar] [CrossRef]

	



Sanak, M.; Gielicz, A.; Bochenek, G.; Kaszuba, M.; Niżankowska-Mogilnicka, E.; Szczeklik, A. Targeted eicosanoid lipidomics of exhaled breath condensate provide a distinct pattern in the aspirin-intolerant asthma phenotype. J. Allergy Clin. Immunol. 2011, 127, 1141–1147.e1142. [Google Scholar] [CrossRef] [PubMed]

	



Fritscher, L.G.; Post, M.; Rodrigues, M.T.; Silverman, F.; Balter, M.; Chapman, K.R.; Zamel, N. Profile of eicosanoids in breath condensate in asthma and COPD. J. Breath Res. 2012, 6, 026001. [Google Scholar] [CrossRef]

	



Liou, S.-H.; Wu, W.-T.; Liao, H.-Y.; Chen, C.-Y.; Tsai, C.-Y.; Jung, W.-T.; Lee, H.-L. Global DNA methylation and oxidative stress biomarkers in workers exposed to metal oxide nanoparticles. J. Hazard. Mater. 2017, 331, 329–335. [Google Scholar] [CrossRef]

	



Wu, W.-T.; Jung, W.-T.; Lee, H.-L. Lipid peroxidation metabolites associated with biomarkers of inflammation and oxidation stress in workers handling carbon nanotubes and metal oxide nanoparticles. Nanotoxicology 2021, 15, 577–587. [Google Scholar] [CrossRef]

	



Santini, G.; Mores, N.; Shohreh, R.; Valente, S.; Dabrowska, M.; Trové, A.; Zini, G.; Cattani, P.; Fuso, L.; Mautone, A.; et al. Exhaled and non-exhaled non-invasive markers for assessment of respiratory inflammation in patients with stable COPD and healthy smokers. J. Breath Res. 2016, 10, 017102. [Google Scholar] [CrossRef]

	



Lucidi, V.; Ciabattoni, G.; Bella, S.; Barnes, P.J.; Montuschi, P. Exhaled 8-isoprostane and prostaglandin E2 in patients with stable and unstable cystic fibrosis. This work was performed at the Catholic University of the Sacred Heart, Rome, Italy, and Ospedale Pediatrico Bambino Gesù, Rome, Italy. This work was funded by the Catholic University of the Sacred Heart. Free Radic. Biol. Med. 2008, 45, 913–919. [Google Scholar] [CrossRef] [PubMed]

	



Mastalerz, L.; Sanak, M.; Kumik, J.; Gawlewicz-Mroczka, A.; Celejewska-Wójcik, N.; Ćmiel, A.; Szczeklik, A. Exhaled Eicosanoids following Bronchial Aspirin Challenge in Asthma Patients with and without Aspirin Hypersensitivity: The Pilot Study. J. Allergy 2012, 2012, 696792. [Google Scholar] [CrossRef] [PubMed]

	



Fireman Klein, E.; Adir, Y.; Krencel, A.; Peri, R.; Vasserman, B.; Fireman, E.; Kessel, A. Ultrafine particles in airways: A novel marker of COPD exacerbation risk and inflammatory status. Int. J. Chron. Obstruct. Pulmon. Dis. 2019, 14, 557–564. [Google Scholar] [CrossRef] [PubMed]

	



Pelclova, D.; Ždímal, V.; Fenclova, Z.; Vlckova, S.; Schwarz, J.; Pusman, J.; Zíková, N.; Syslová, K.; Kuzma, M.; Navrátil, T.; et al. Markers of oxidative stress are elevated in workers exposed to nanoparticles. In Proceedings of the 4th International Conference on Nanocon, Brno, Czech Republic, 23–25 October 2012. [Google Scholar]

	



Pelclova, D.; Zdimal, V.; Kacer, P.; Vlckova, S.; Fenclova, Z.; Navratil, T.; Komarc, M.; Schwarz, J.; Zikova, N.; Makes, O.; et al. Markers of nucleic acids and proteins oxidation among office workers exposed to air pollutants including (nano)TiO2 particles. Neuro Endocrinol. Lett. 2016, 37, 13–16. [Google Scholar] [PubMed]

	



Pelclova, D.; Navratil, T.; Vlckova, S.; Fenclova, Z.; Pelcl, T.; Kacerova, T.; Kacer, P. Exhaled breath condensate biomarkers reflect systemic changes in patients with chronic dioxin intoxication. Mon. Für Chem.-Chem. Mon. 2018, 149, 1579–1586. [Google Scholar] [CrossRef]

	



Doruk, S.; Ozyurt, H.; Inonu, H.; Erkorkmaz, U.; Saylan, O.; Seyfikli, Z. Oxidative status in the lungs associated with tobacco smoke exposure. Clin. Chem. Lab. Med. CCLM 2011, 49, 2007–2012. [Google Scholar] [CrossRef] [PubMed]

	



Graczyk, H.; Lewinski, N.; Zhao, J.; Sauvain, J.J.; Suarez, G.; Wild, P.; Danuser, B.; Riediker, M. Increase in oxidative stress levels following welding fume inhalation: A controlled human exposure study. Part Fibre Toxicol. 2016, 13, 31. [Google Scholar] [CrossRef]

	



Sambiagio, N.; Sauvain, J.-J.; Berthet, A.; Auer, R.; Schoeni, A.; Hopf, N.B. Rapid Liquid Chromatography-Tandem Mass Spectrometry Analysis of Two Urinary Oxidative Stress Biomarkers: 8-oxodG and 8-isoprostane. Antioxidants 2020, 10, 38. [Google Scholar] [CrossRef]

	



Horváth, I.; Barnes, P.J.; Loukides, S.; Sterk, P.J.; Högman, M.; Olin, A.C.; Amann, A.; Antus, B.; Baraldi, E.; Bikov, A.; et al. A European Respiratory Society technical standard: Exhaled biomarkers in lung disease. Eur. Respir. J. 2017, 49, 1600965. [Google Scholar] [CrossRef]

	



Havet, A.; Zerimech, F.; Sanchez, M.; Siroux, V.; Le Moual, N.; Brunekreef, B.; Stempfelet, M.; Künzli, N.; Jacquemin, B.; Matran, R.; et al. Outdoor air pollution, exhaled 8-isoprostane and current asthma in adults: The EGEA study. Eur. Respir. J. 2018, 51, 1702036. [Google Scholar] [CrossRef]

	



Arnett, S.D.; Osbourn, D.M.; Moore, K.D.; Vandaveer, S.S.; Lunte, C.E. Determination of 8-oxoguanine and 8-hydroxy-2′-deoxyguanosine in the rat cerebral cortex using microdialysis sampling and capillary electrophoresis with electrochemical detection. J. Chromatogr. B Analyt. Technol. Biomed. Life Sci. 2005, 827, 16–25. [Google Scholar] [CrossRef] [PubMed]

	



Matsumoto, Y.; Ogawa, Y.; Yoshida, R.; Shimamori, A.; Kasai, H.; Ohta, H. The stability of the oxidative stress marker, urinary 8-hydroxy-2′- deoxyguanosine (8-OHdG), when stored at room temperature. J. Occup. Health 2008, 50, 366–372. [Google Scholar] [CrossRef] [PubMed]

	



Goldoni, M.; Caglieri, A.; Andreoli, R.; Poli, D.; Manini, P.; Vettori, M.V.; Corradi, M.; Mutti, A. Influence of condensation temperature on selected exhaled breath parameters. BMC Pulm. Med. 2005, 5, 10. [Google Scholar] [CrossRef] [PubMed]

	



Czebe, K.; Barta, I.; Antus, B.; Valyon, M.; Horváth, I.; Kullmann, T. Influence of condensing equipment and temperature on exhaled breath condensate pH, total protein and leukotriene concentrations. Respir. Med. 2008, 102, 720–725. [Google Scholar] [CrossRef]

	



Zamuruyev, K.O.; Borras, E.; Pettit, D.R.; Aksenov, A.A.; Simmons, J.D.; Weimer, B.C.; Schivo, M.; Kenyon, N.J.; Delplanque, J.P.; Davis, C.E. Effect of temperature control on the metabolite content in exhaled breath condensate. Anal. Chim. Acta 2018, 1006, 49–60. [Google Scholar] [CrossRef]

	



Rosias, P.P.; Robroeks, C.M.; Niemarkt, H.J.; Kester, A.D.; Vernooy, J.H.; Suykerbuyk, J.; Teunissen, J.; Heynens, J.; Hendriks, H.J.; Jöbsis, Q.; et al. Breath condenser coatings affect measurement of biomarkers in exhaled breath condensate. Eur. Respir. J. 2006, 28, 1036. [Google Scholar] [CrossRef]

	



Gonzalez-Reche, L.M.; Musiol, A.K.; Müller-Lux, A.; Kraus, T.; Göen, T. Method optimization and validation for the simultaneous determination of arachidonic acid metabolites in exhaled breath condensate by liquid chromatography-electrospray ionization tandem mass spectrometry. J. Occup. Med. Toxicol. 2006, 1, 5. [Google Scholar] [CrossRef]

	



Il’yasova, D.; Morrow, J.D.; Ivanova, A.; Wagenknecht, L.E. Epidemiological marker for oxidant status: Comparison of the ELISA and the gas chromatography/mass spectrometry assay for urine 2,3-dinor-5,6-dihydro-15-F2t-isoprostane. Ann. Epidemiol. 2004, 14, 793–797. [Google Scholar] [CrossRef]

	



Simpson, J.L.; Wood, L.G.; Gibson, P.G. Inflammatory mediators in exhaled breath, induced sputum and saliva. Clin. Exp. Allergy 2005, 35, 1180–1185. [Google Scholar] [CrossRef]

	



Van Hoydonck, P.G.; Wuyts, W.A.; Vanaudenaerde, B.M.; Schouten, E.G.; Dupont, L.J.; Temme, E.H. Quantitative analysis of 8-isoprostane and hydrogen peroxide in exhaled breath condensate. Eur. Respir. J. 2004, 23, 189–192. [Google Scholar] [CrossRef]

	



Komakula, S.; Khatri, S.; Mermis, J.; Savill, S.; Haque, S.; Rojas, M.; Brown, L.; Teague, G.W.; Holguin, F. Body mass index is associated with reduced exhaled nitric oxide and higher exhaled 8-isoprostanes in asthmatics. Respir. Res. 2007, 8, 32. [Google Scholar] [CrossRef] [PubMed]

	



Battaglia, S.; den Hertog, H.; Timmers, M.C.; Lazeroms, S.P.; Vignola, A.M.; Rabe, K.F.; Bellia, V.; Hiemstra, P.S.; Sterk, P.J. Small airways function and molecular markers in exhaled air in mild asthma. Thorax 2005, 60, 639–644. [Google Scholar] [CrossRef] [PubMed]

	



Holder, C.; Adams, A.; McGahee, E.; Xia, B.; Blount, B.C.; Wang, L. High-Throughput and Sensitive Analysis of Free and Total 8-Isoprostane in Urine with Isotope-Dilution Liquid Chromatography-Tandem Mass Spectrometry. ACS Omega 2020, 5, 10919–10926. [Google Scholar] [CrossRef] [PubMed]

	



Yan, Z.; Mas, E.; Mori, T.A.; Croft, K.D.; Barden, A.E. A significant proportion of F2-isoprostanes in human urine are excreted as glucuronide conjugates. Anal. Biochem. 2010, 403, 126–128. [Google Scholar] [CrossRef] [PubMed]

	



Dodig, S.; Cepelak, I. Exhaled breath condensate--from an analytical point of view. Biochem. Med. 2013, 23, 281–295. [Google Scholar] [CrossRef]

	



Jomova, K.; Valko, M. Advances in metal-induced oxidative stress and human disease. Toxicology 2011, 283, 65–87. [Google Scholar] [CrossRef]

	



Wang, J.; Schipper, H.M.; Velly, A.M.; Mohit, S.; Gornitsky, M. Salivary biomarkers of oxidative stress: A critical review. Free Radic. Biol. Med. 2015, 85, 95–104. [Google Scholar] [CrossRef]

	



Effros, R.M.; Hoagland, K.W.; Bosbous, M.; Castillo, D.; Foss, B.; Dunning, M.; Gare, M.; Lin, W.; Sun, F. Dilution of respiratory solutes in exhaled condensates. Am. J. Respir. Crit. Care Med. 2002, 165, 663–669. [Google Scholar] [CrossRef]








[image: Antioxidants 11 00830 g001a 550][image: Antioxidants 11 00830 g001b 550] 





Figure 1. (a,b) Partial chromatogram of a standard injection at 5 pg/mL (left), of the lowest quality check (spiked EBC at 5 pg/mL, middle) and of a typical EBC sample (right), with retention times (RT) for 8-isoprostane and 8-OHdG, respectively. The units of the y-axis are in arbitrary units, counts per second. (a,b) are chromatograms obtained from the same healthy volunteer. 
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Figure 2. Slope signal (not corrected with IS) of the calibrations (minimum of 5 levels) obtained with water and EBC after lyophilization (lyoph) or vacuum concentration, in comparison with standard solutions without any concentration step for the biomarker (a) 8-OHdG and (b) 8-isoprostane, respectively. Error bars correspond to a minimum of two independent repetitions. au= Arbitrary unit; lyoph = lyophilization; standard = non-concentrated standard; H2O lyoph = concentrated standard. * Statistically significant difference (p < 0.05) compared to the standard without the concentration. 
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Figure 3. Effect of using the centrifugal concentrator system on the signal of both analytes in EBC. Bars correspond to standard deviation of three independent repetitions. CCS = centrifugal concentrator system. 
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Table 1. MS transitions and instrumental conditions for 8-OHdG and 8-isoprostane analysis. The vaporizer temperature was 350 °C with the ion transfer tube set at 390 °C. The argon gas pressure was set at 1.5 mTorr.
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	Compounds
	Polarity
	Mass Transitions (m/z)
	Spray

Voltage (V)
	Collision

Energy (V)
	RF Lens (V)





	8-OHdG
	positive
	284 → 140
	3700
	28.8
	37



	
	
	284 → 168
	
	10
	37



	
	
	284 → 243
	
	10.2
	37



	[15N5]-8-OHdG
	positive
	289 → 173
	3700
	10
	40



	8-isoprostane
	negative
	353 → 193
	3400
	25
	80



	
	
	353 → 291
	
	20
	80



	
	
	353 → 309
	
	20
	80



	8-isoprostane-d4
	negative
	357 → 197
	3400
	25
	78







Mass transitions in bold are quantification transitions, others are confirmation transitions.
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Table 2. Summary of participant demographics (n = 26).
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	Healthy
	Asthmatic
	COPD





	Number of subjects (male/female)
	10 (6/4)
	7 (3/4)
	9 (6/3)



	Age mean years ± SD (range)
	51 ± 5.2 (44–60)
	47 ± 5.2 (40–57)
	54 ± 5.8 (41–60)



	BMI mean kg/m2 ± SD (range)
	25 ± 3.7 (20–32)
	25 ± 2.4 (22–28)
	24 ± 4.9 (19–34)



	FEV1/FVC1 ratio
	0.771 ± 0.04 (0.713–0.825)
	0.665 ± 0.04 (0.597–0.697)
	0.611 ± 0.06 (0.501–0.675)



	Smokers (%)
	30%
	28%
	66%







SD = standard deviation; BMI = body mass index; COPD = chronic obstructive pulmonary disease; FEV1 = forced expiratory volume in one second; FVC = forced vital capacity.
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Table 3. Reported concentrations of 8-isoprostane in EBC in literature by validated RIA, GC–MS, and LC–MS methods.
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	Reference
	Year
	Study Group
	Analytical Method
	Collection Apparatus
	Concentration of EBC
	Lod
	Basal Concentration





	Janicka [46]
	2012
	healthy individuals
	LC–MS/MS
	TurboDeccs
	lyophilized
	1 pg/mL
	not detectable



	Gonzalez [47]
	2009
	healthy individuals
	LC–MS/MS
	Ecoscreen
	-
	5 pg/mL
	not detectable



	Laumbach [31]
	2014
	healthy individuals
	affinity sorbant + LC–MS/MS
	Ecoscreen
	drying under nitrogen
	2.5 pg/mL
	not detectable



	Carpenter [10]
	1998
	healthy individuals
	GC–MS
	Teflon-lined tubing (Tygon)
	-
	0.02 pg/mL *
	detectable in 3 of 10 control subjects (30%)7 ± 4 pg/mL e



	Sanak [11]
	2010
	healthy individuals
	GC–MS
	Ecoscreen
	drying under nitrogen
	-
	0.19 (0.14–0.29) pg/mL a



	Sanak [48]
	2011
	healthy individuals
	GC–MS
	Ecoscreen
	drying under nitrogen
	-
	0.26 (0.2–0.47) pg/mL a



	Fritscher [49]
	2012
	healthy individuals
	LC–MS/MS
	RTube
	drying under nitrogen
	0.05–0.1 pg
	0.9 (0.2–1.7) pg/mL d



	Syslova [37]
	2010
	healthy individuals
	LC–MS/MS
	Ecoscreen
	lyophilized
	8 pg/mL
	86.7 (65.8–105.8) pg/mL a



	Liou [50]
	2017
	healthy individuals
	affinity sorbant + LC–MS/MS
	Ecoscreen
	drying under nitrogen
	1 pg/mL
	3.14 (2.07) pg/mL c



	Wu [51]
	2021
	healthy individuals
	affinity sorbant + LC–MS/MS
	Ecoscreen
	drying under nitrogen
	1 pg/mL
	3.930 (3.655) pg/mL c



	Wang [30]
	2010
	healthy individuals
	affinity sorbant + LC–MS/MS
	Ecoscreen
	drying under nitrogen
	1 pg/mL
	4.44 ± 2.01 pg/mL b



	Syslova [32]
	2008
	healthy individuals
	affinity sorbant + LC–MS/MS
	Ecoscreen
	drying under nitrogen
	1 pg/mL
	36 (20–55) pg/mL b



	Santini [52]
	2016
	healthy ex-smokers
	RIA
	Ecoscreen
	-
	2 pg/mL
	8 (6.0–8.8) pg/mL e



	Montuschi [16]
	2000
	healthy individuals
	RIA
	Ecoscreen
	-
	4 pg/mL
	10.8 ± 0.8 pg/mL b



	Lucidi [53]
	2008
	healthy individuals
	RIA
	Ecoscreen
	-
	10 pg/mL
	15.5 (11.5–17.0) pg/mL d



	Wu [51]
	2021
	exposed people to carbon nanotubes
	affinity sorbant + LC–MS/MS
	Ecoscreen
	drying under nitrogen
	1 pg/mL
	5.920 (9.040) pg/mL c



	Liou [50]
	2017
	exposed people to metal oxidenanoparticles
	affinity sorbant + LC–MS/MS
	Ecoscreen
	drying under nitrogen
	1 pg/mL
	7.13 (8.21) pg/mL c



	Syslova [32]
	2008
	exposed people to asbestos
	affinity sorbant + LC–MS/MS
	Ecoscreen
	drying under nitrogen
	1 pg/mL
	60 (50–70) pg/mL b



	Santini [52]
	2016
	smokers
	RIA
	Ecoscreen
	-
	2 pg/mL
	11.2 (6.4–18.8) pg/mL e



	Janicka [46]
	2012
	smokers
	LC–MS/MS
	TurboDeccs
	lyophilized
	1 pg/mL
	13–35 pg/mL



	Carpenter [10]
	1998
	patients with ALI/ARDS
	GC–MS
	Teflon-lined tubing (Tygon)
	-
	0.02 pg/mL *
	detectable in 14 of 22 study patients (64%)87 ± 28 pg/mL e



	Mastalerz [54]
	2011
	asthma patients
	GC–MS
	Ecoscreen
	drying under nitrogen
	-
	0.25 ± 0.12 pg/mL b



	Sanak [48]
	2011
	asthma patients
	GC–MS
	Ecoscreen
	drying under nitrogen
	-
	0.32 (0.15–0.3) pg/mL a



	Corraro [26]
	2010
	asthma patients
	GC–MS
	TurboDeccs
	drying under nitrogen
	3.9 pg/mL
	68 (10.3) pg/mL e



	Santini [52]
	2016
	COPD patients
	RIA
	Ecoscreen
	-
	2 pg/mL
	17.8 (8.8–31.2) pg/mL e







ALI = and acute lung injury, ARDS = acute respiratory distress syndrome, RIA = radioimmunoassays. a Values are presented as medians (25th–75th percentiles); b Values are presented as mean (±SD); c Values are presented as medians (IQR); d Values are presented as median (range); e Values are presented as mean (±SEM); * LOD obtained from a publication of [30].
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Table 4. Reported EBC concentrations of 8-OHdG in the literature by validated ELISA and LC–MS methods.
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	Reference
	Year
	Study Group
	Analytical Method Approach
	Collection Apparatus
	Concentration of Ebc
	Lod
	Basal Concentration





	Fireman [55]
	2019
	healthy individuals
	ELISA kit
	TurboDeccs
	-
	-
	3 pg/mL



	Pelclova [56]
	2012
	healthy individuals
	LC–MS/MS
	EcoScreen
	-
	7 pg/mL
	10 (9.0–11.0) pg/mL c



	Pelclova [57]
	2016
	healthy individuals
	LC–MS/MS
	EcoScreen
	-
	7 pg/mL
	13 (11.5–14.5) pg/mL c



	Syslova [37]
	2010
	healthy individuals
	LC–MS/MS
	EcoScreen
	-
	7 pg/mL
	14.8 (12.8–19.9) pg/mL a



	Pelclova [58]
	2018
	healthy individuals
	LC–MS/MS
	EcoScreen
	-
	7 pg/mL
	18 (15.0–21.0) pg/mL c



	Doruk [59]
	2011
	healthy individuals
	ELISA kit
	EcoScreen
	-
	41 pg/mL
	360 ± 90 pg/mL b



	Graczyk [60]
	2017
	exposed welders
	ELISA kit
	R-tube
	
	-
	not detectable



	Doruk [59]
	2011
	smokers
	ELISA kit
	EcoScreen
	-
	41 pg/mL
	520 ± 150 pg/mL b



	Doruk [59]
	2011
	passive smokers
	ELISA kit
	EcoScreen
	-
	41 pg/mL
	310 ± 100 pg/mL b



	Fireman [55]
	2019
	COPD patients
	ELISA kit
	TurboDeccs
	-
	-
	36 pg/ml



	Syslova [37]
	2010
	silica- or asbestos-disorders due to occupational exposure patients
	LC–ESI–MS/MS
	EcoScreen
	-
	7 pg/mL
	46.5 (39.4–49.9) pg/mL a







a Values are presented as medians (25th–75th percentiles); b Values are presented as mean (±SD); c Values are presented as median (range).



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
052 002 059 029 om_.n oﬁ_v L om.o ow.o 052 002 059 029
1 N 1 N N N N 1 N ] 1 1 1 1 1 " 1 1 L 1 L 1 " 1 1 " .
|
T — uOoo.o [F 0200 - L — WOoo.o
L zo0's 230G [ 220G
- €201 FE20'L .lnvo.—
F£2g'L €1 [ gogy
€202 €902 mncoa
F£9G'Z FeagZ mm-ma
-£20'c 220 ”.ncoAn
- eage L eage Fesge
m FE20Y , , €90y mnood
_ _ [ pS/TZ=2aIV 78'9=1Y H _ PSP Hl!
_ - X 697 EC=e91Y .78 9=1Y [
L80ET=0e3lV.789=1Y _. swnbo. L sunoe Sunoo |
-.-:.C TPO & SE TOUT C_E
L 120'S - 190V
. F120'S
- 1909
- 2901 L 1208
-Z20'L
2901
L zagL
s 54
FZeg’)
F 2L S
m -290T m £l
N F299°)L =720z
Sjunoa Sjunod Sjuno2 .
- Ze8'L - T4 T4
[000%s = vor WM.W _8,9; = Uo| - _Mo OvL=Uo| 2501-
uiw uiw - uiw
L0200 F0200
F 10T
L Z20'L FZ30')
- 120'¢ -Z2202 FZ20C
- Z30'C FZ0'E
- 120'%
L Z30'd 220t
- 120°S - Z20'S FZ20'S
m m - 2209 2209
- 1209 . _.500
sonbo I swnoo || 9T/E=Pa1V {78'9=1Y swnoa |}
—

J233un|oA Dg3

“_ 78hE=ealy 78°9=1Y

(Jw/3dg) %93yd AyjenD 1s9mo1

(Jw/3dg) pJepuels

n'e

ne

€41 :z/w
piepuels |eusajul

orT : z/w
uonewsyuo)

89T : z/w
uonediauend

8pHO-8

(b)





nav.xhtml


  antioxidants-11-00830


  
    		
      antioxidants-11-00830
    


  




  





media/file5.jpg
P
J*j'j

S &L
& & &
Ly

#
&

g H
(®durne) sdors:

' e
f(f
f{‘ Q&Q&f

&

&
& &

s
f«‘

(6drurne) odors.

®)

@





media/file1.jpg
nnnnnnnnnnn





media/file7.jpg
o

Ratio signal +CCS /-CCS
°
&

0.0

Biomarker of
oxidative stress






media/file3.png
ulw uiw ulw
oo_‘v— oo_,mr oo.‘Nr oo.A: oo_.v_‘ oo_‘m_‘ oo..NF oo..: oo_.vr oo_‘mv oo..Nv oo..:
- 0900 Losoo Fos00
- 252 F2egZ Feesz
w 20 T F2a0s
E 296, fovez Frog 2
- £9g'L [ cagy -
Fese FeagL Leses
H. €202 Feaoz evoz
feoee — eocz
f eos'e Feas Feasz
Tk - Fees'z
L, pee0e Eesoe Fesoe
£L006 31V -8LCT=1Y m — .
mes 6€96 831V .8L7T=1Y @ Fesce 9/€6831V.8LCT=1Y @ e
e s sjunoo |b SjUnod
M, uw ww T
F 29571
L 2301 2907
- 22052 -
z20t
- zosse [ 202
m z20'9
S —— T To———
i - ~| [T m
16062 = Uo| i -~ ] iy e z95°€ sjunod mw‘o
- - 1e0 | [£606Z = uol : —— 2206
s , 26062 woo| [B06z=w01 il
‘ [ 220t ulw Ui
[ 2002 20 22057
- 290€ 2202 zesLe
m Bladd - 2900
= :
— L m
$uNod MM E sunod sjunod o
‘60€ = - 20 e
LS 1e0s-|  [FZ60€ = Uol 190G _vw.mom = uoj mum,.os
Uty I 0200 u 0200 uw
L zog1 5560 z30'1
5T 952 20T
L) . O O
- zegE et m z90€
SjUn0od Sjunod __ _ _ vT16=031V 6L'TT=1Y sjuno2

Jaa1un|oA Hg3

- I_ Y9vT=ea1v 6L TT=1Y _
(Jw/8ds) 399yd Ajljenp 1samon

(Jw/8dg) piepuels

n'e

n‘e

n‘e

n‘e

L6T :Z/w
piepueis |eusalui

162 :z/w
Z uonewyuo)

60€ : Z/w
T uonew.Jyuo)

€61 :Z/w
uonesynuenp

INV1ISOYdOSI-8 _

(a)





media/file0.png





media/file8.png
Ratio signal +CCS /-CCS

55538

0.0

Biomarker of
oXxidative stress
B 8-OHdG
 8-isoprostane

&






media/file6.png
*

|]

ill

800
00
00

200

0

6
4

(Bd/qwrne) edojg

O_

5 @

(Bd/qwrne) adojs

6000+





media/file2.jpg
TITT

TIioT

ounonoss urads) o e samon (B pepuess [

®





