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 Parameters for Ultra-Performance Liquid Chromatographic/Tandem Mass Spectrometric Analysis of Selected Androgens versus Estrogens in Aqueous Matrices Stacie L. Rice* and Robert C. Hale Department of Environmental and Aquatic Animal Health, Virginia Institute of Marine Science, P.O. Box 1346, Gloucester Point, Virginia 23062 This study is a response to the relative lack of literature concerning androgenic versus estrogenic hormones in environmental matrices. Methods of solid-phase extraction (SPE) and ultra-performance liquid chromatography/ (electrospray ionization) tandem mass spectrometry (UPLC/(ESI)MS2) were developed in parallel for detection of four natural androgens and four commonly studied estrogens, three natural and one synthetic, in aqueous matrices. Instrumental parameters were optimized and compared between hormone classes, with application to spiked deionized water, pond water, and wastewater. Differences in behavior of the hormone classes were explained by the lesser electron delocalization and polarity of the androgens versus estrogens, with testosterone behaving intermediately. In general, androgens required a stronger UPLC mobile phase with a slower flow rate and ESI of the opposite polarity with modifier addition (0.9 mM ammonium acetate). Instrumental detection limits of androsterone, epiandrosterone, and dehydroepiandrosterone were 1-2 orders of magnitude greater than those of testosterone and the estrogens, but androgens were more recalcitrant to dispersal during extract storage. Manageable matrix interference was encountered in pond water samples. That introduced in treated wastewater was evident as coeluting peaks and skewed compound recoveries. Ion suppression of the estrogen surrogate and enhancement of the androgen were observed. The analytical rapidity afforded by UPLC proved beneficial in the analysis of simple matrices but should be considered secondary to enhanced resolution in complex environmental samples. Contamination of natural water bodies via influx of treated wastewater from surrounding population centers is widely reported.1-8 Contributions from agricultural facilities and industrial * To whom correspondence should be addressed. E-mail: [email protected]. Phone: 804-684-7424. Fax: 804-684-7186. (1) Salste, L.; Leskinen, P.; Virta, M.; Kronberg, L. Sci. Total Environ. 2007, 378, 343–351. (2) Koh, Y. K. K.; Chiu, T. Y.; Boobis, A.; Cartmell, E.; Lester, J. N.; Scrimshaw, M. D. J. Chromatogr., A 2007, 1173, 81–87.
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 holding ponds have also been documented.9,10 Microconstituents of concern include natural and synthetic hormones, both female (i.e., estrogens) and male (i.e., androgens), regularly excreted by humans and farm animals. Studies considering hormones as pollutants date to the early 1990s, during which Purdom et al.11 demonstrated a connection between exposure to treated wastewater and enhanced feminization of trout and carp, naming steroidal estrogens as a potential cause. It was not until 8 years later that Thomas et al.8 claimed the first publication linking androgenic activity to an effluent. Consequently, the bulk of hormone contaminant literature encompasses estrogens, with androgen research lagging in depth and quantity. Searching the electronic databases Web of Science and CSA Illumina, and that of the American Chemical Society, reveals 4.4-4.9 times the number of references associated with “estrogens AND environmental” versus “androgens AND environmental” published over the past 20 years. This research imbalance may be due to the visible, publicly alarming feminization of male aquatic life in the wild, such as that reported by fishermen and investigated by Purdom at al.,11 and more recently by the U.S. Geological Survey.12 In vivo endocrine disruption of females has also been observed, however. For instance, Jenkins et al.13 reported the development of masculine anal fin morphometrics in all female mosquitofish collected in a (3) Farre´, M.; Kuster, M.; Brix, R.; Rubio, F.; Alda, M. L. d.; Barcelo´, D. J. Chromatogr., A 2007, 1160, 166–175. (4) Zuehlke, S.; Duennbier, U.; Herberer, T. J. Sep. Sci. 2005, 28, 52–58. (5) Kawaguchi, M.; Ishii, Y.; Sakui, N.; Okanouchi, N.; Ito, R.; Inoue, K.; Saito, K.; Nakazawa, H. J. Chromatogr., A 2004, 1049, 1–8. (6) Hohenblum, P.; Gans, O.; Moche, W.; Scharf, S.; Lorbeer, G. Sci. Total Environ. 2004, 333, 185–193. (7) Yamamoto, A.; Kakutani, N.; Yamamoto, K.; Kamiura, T.; Miyakoda, H. Environ. Sci. Technol. 2006, 40, 4132–4137. (8) Thomas, K. V.; Hurst, M. R.; Matthiessen, P.; McHugh, M.; Smith, A.; Waldock, M. J. Environ. Toxicol. Chem. 2002, 21, 1456–1461. (9) Durhan, E. J.; Lambright, C. S.; Makynen, E. A.; Lazorchak, J.; Hartig, P. C.; Wilson, V. S.; Gray, L. E.; Ankley, G. T. Environ. Health Perspect. 2006, 114, 65–68. (10) Jenkins, R. L.; Wilson, E. M.; Angus, R. A.; Howell, W. M.; Kirk, M. Toxicol. Sci. 2003, 73, 53–59. (11) Purdom, C. E.; Hardiman, P. A.; Bye, V. J.; Eno, N. C.; Tyler, C. R.; Sumpter, J. P. Chem. Ecol. 1994, 8, 275–285. (12) Fahrenthold, D. A. The Washington Post, 2008. http://www.washingtonpost. com/wp-dyn/content/article/2008/02/07/AR2008020702112.html (accessed Feb 2008). (13) Jenkins, R.; Angus, R. A.; McNatt, H.; Howell, W. M.; Kemppainen, J. A.; Kirk, M.; Wilson, E. M. Environ. Toxicol. Chem. 2001, 20, 1325–1331. 10.1021/ac900134m CCC: $40.75  2009 American Chemical Society Published on Web 07/22/2009
 
 river contaminated with 40 ng/L of the testosterone precursor androstenedione. Laboratory exposures further document endocrine disruption by both hormone classes. Nash et al.14 counted twice as many nonviable eggs from zebrafish raised in 0.5 ng/L 17R-ethynylestradiol (EE2, a synthetic contraceptive) or 5 ng/L 17β-estradiol (E2, the major natural estrogen) versus control tanks, with reductions attributed to consequent malformation of male testes. In an androgen exposure study, female fathead minnows exhibited an inverse relationship between egg production and concentrations of 17R-trenbolone (a metabolite of the growth promoter trenbolone acetate) across 3-100 ng/L, with development of male physical features at the larger doses.15 The hormone levels used in such exposures have been reported in waste sources and environmental waters.2,4,6,9 Coincident with the 1994 publication, Purdom et al.11 had no viable analytical method for identifying individual estrogens in environmental samples. Although a number of assays and instrumental techniques have been applied since that time,1,6,8,16-18 high-performance liquid chromatography coupled to single or tandem mass spectrometry (HPLC/MS or HPLC/MS2) is currently the most popular in associated literature, with electrospray ionization (ESI) routinely applied in mass spectrometry.1-4,10,16,19-23 Ultra-performance liquid chromatography (UPLC) is an emerging technology which utilizes smaller stationary phase particles (1.7 µm diameter vs 4-5 µm) and injection volumes (e10-20 µL vs 20-100 µL) than HPLC and is advertised for its brief run times (100%, respectively, indicates that a single extraction method can be equally applied to both classes of compounds. Average recoveries of the surrogate standards E1-d4 and T-d3 were 79% and 66%. These labeled standards may, therefore, serve as general indicators of extraction success but should not be used for quantitative correction of all hormone concentrations, as their recoveries differ greatly from those of some of the compounds in the hormone classes they represent. Yamamoto et al.7 achieved recoveries of 90-109% for the same list of unlabeled analytes. They spiked 2 L of river water with 20 or 50 ng of each hormone, extracted through ENVI-CARB SPE cartridges at 20 mL/min, and eluted with dichloromethane/ methanol (80:20 v/v). Extracts were further purified using florisil, transferred to acetonitrile/methanol (1:1 v/v), and analyzed using HPLC/MS2, with no mention of concentrating the extracts to complete dryness at any point in the procedure. The spike recoveries performed here utilized greater spiking masses (200 or 2000 ng), a different solid phase (C18), and an alternative elution regime (acetonitrile/methanol 90/10). A purification step was not incorporated, and extracts were taken to dryness prior to final reconstitution for instrumental analysis. Zuehlke 6722
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 et al.,4 however, achieved recoveries comparable to Yamamoto et al.7 using 1 ng spikes, C18 SPE with elution in methanol, and final recovery without a florisil step. They also took extracts to complete dryness prior to HPLC/MS2 analysis but used a mechanical shaker for recovery of the dried residue. Hormone recoveries observed in the current study may thus suffer from incomplete dissolution of dried residue, with resultant, nonsystematic losses to sample containers. Alternatively or coincidentally, the large spiking masses may have exceeded solidphase capacity. Extract Stability. Percentage RSDs between recoveries at 1 and 25 or 27 days were considered significant if they exceeded the bounds on instrument repeatability, as above. Following storage, E1, E1-d4, and EE2 were significantly depleted, whereas the apparent recoveries of T-d3 and EA were enhanced. Losses in estrogen recoveries ranged from 11% to 54% during the study period. Androgens recoveries were decreased by as much as 8% and increased up to 39%, as depicted in Figure 4. Note that the analyzed extracts were concentrated from only one of the two 5 mL acetonitrile aliquots used to elute the SPE cartridge and thus did not contain the total recovered masses. All further samples were analyzed for estrogens immediately following sample preparation, and for androgens within the next 3 days. Determination of estrogen dispersal mechanisms was beyond the scope of this paper. Photodegradation of has been reported by Zhang et al.,18 and although samples were stored in a dark refrigerator, they were held in clear vials and exposed to light during instrumental setup and running. Interestingly, during this study, detection was attempted using a photodiode array detector. The estrogens and T were readily observed at 280 and 244 nm, respectively, whereas the remaining androgens were not conducive to UV analysis. This can be explained by the aromatic ring
 
 inherent to estrogen molecular structures and the conjugated system in T acting as chromophores. Given the lack of such structural components in A, EA, and DHEA, photodegradation would indeed be a less important mechanism for the male hormones. There is then a question as to why the recoveries of the surrogate T-d3 and those of additional androgens appeared to increase during storage. Possibilities include the degradation of the internal standard or other analytes; however, there was no striking decrease in the area of the internal standard after storage, and the net decrease in androgen recovery did not balance the gain. An alternative explanation could be the formation of ion enhancing, modifier-like compounds during storage. Analysis of Surface Water. None of the analytes were found at detectable levels in the pond water. Samples were artificially spiked to investigate matrix effects on hormone recoveries and MRM chromatographs. Recoveries did not differ significantly across duplicate DI water and pond water spike recoveries, except for E3, T, and EA, for which average apparent recoveries were reduced by 57%, 32%, and 50% in natural samples (Figure 3). Estrogen chromatographs appeared largely unaffected by natural matrix components, with only slight elevation of the E2 and E3 baselines. Interference was more visible and problematic for the androgens, with gross distortion of the internal standard baseline rendering the signal irresolvable and necessitating the use of external calibration. The baselines of A, EA, and DHEA were also elevated. Matrix interference in MRM analyses signifies the presence of extraneous compounds coeluting with the target analytes. This problem can be addressed by incorporating additional purification steps into the sample preparation, enhancing signal resolution via extended chromatography, or using alternative ionization techniques for MS(/MS) analyses. In this study, an improved UPLC method proved effective in handling matrix inference of the androgens by surface water components. In comparison to the more successful estrogen method, the initial mobile phase for the androgens had 20% more acetonitrile, the stronger solvent, eluting a larger slug of compounds from the column within the first 2 min, during which time the internal standard was also eluted. Several additional methods were thus tested in which the starting percentage of acetonitrile was reduced and the overall gradient range was extended. The chosen modified program totaled 9 min, with 40:60 v/v acetonitrile/water at 325 µL/min for the first 2 min, followed by a ramp to 65:35 v/v and 375 µL/min by 5 min, re-equilibration to 40:60 by 6 min, and to 325 µL/min by 7 min, and held for 2 additional min. Altered retention times are included in Table 1. The mobile phase gradient is depicted in Figure 2C, along with a total ion chromatogram. The new method resulted in improved resolution of the internal standard and overall enhancement of androgen signal intensities. This demonstrates analysis of surface waters for hormone contaminants using extraction and concentration without additional purification prior to instrumental analysis. This approach has also been reported by Zuehlke et al.,4 Gross et al.,30 and Vanderford et al.25 Analysis of Wastewater. Wastewater proved a greater analytical challenge than pond water, with interference of both estrogen and androgen analyses. Internal standard MRM signals were
 
 reduced in intensity, distorted in shape, and submerged within expanses of unresolved complex mixtures. The E2-d3 peak areas were randomly reduced by 1-2 orders of magnitude in comparison to those in calibration standards spiked with equal masses. Those of OH-T-d3 were reduced by an order of magnitude. Such observations indicate ion suppression and that method DLs were greater than IDLs. Due to interference with the internal standard signals, external calibration was used for estimating recoveries of the surrogates. Comparisons of spiked masses with those quantified in the samples indicated recoveries of 4.8-22% E1-d4 and 34-118% T-d3. These results are depicted in Figure 3, along with the recoveries from DI and pond water for comparison. Laboratory blanks contained no detectable hormone concentrations. Estrogen analyses generally exhibited high reproducibility across all matrices, with significantly reduced recoveries in effluent samples. Considering the repeated observation of decreased internal standard peak areas, effluent divergences were largely a result of ion suppression by extraneous matrix components rather than losses during sample preparation. Koh et al.2 and Gomes et al.22 have also reported large reductions in estrogen recoveries upon analysis of C18 SP-extracted WWTP samples using HPLC/ (ESI-)MS2. A literature survey did not reveal studies prior to this which report on matrix effects in androgen analyses. Figure 3 depicts reduced consistency in duplicate samples coupled with generally increased surrogate recoveries. The latter suggests ion enhancement, in contrast to suppression of the internal standard. The internal and surrogate may be affected differently due to chemical structure, with the doubly hydroxylated internal behaving more similar to the estrogens. This limited sample set indicates that estrogens and androgens may be subject to opposing matrix effects in the UPLC/(ESI)MS2 analysis of WWTP effluent samples. If so, both classes are subject to coelution with extraneous compounds. Those extraneous compounds entering the MS2 with the estrogens tend to reduce ionization success of the target analytes, either by scavenging ionization voltage or inhibiting ionization of the molecules, thereby reducing the proportion of target analytes which travel through the quadrupoles to the detector, whereas those extraneous compounds that elute with the androgens may be encouraging ionization, similar to the action of a modifier. The observed matrix interference can be addressed in several ways. First, prolonged chromatographic elution may separate analytes and interfering agents in time. Farre´ et al.,3 for instance, successfully utilized UPLC with a 5/95-95/5% acetonitrile/water gradient in the analysis of diverse aqueous matrices for estrogens. Second, sample preparation methods can be extended to include silica, florisil, or aminopropyl purification.3,4,7,19 Lastly, alternative MS(/MS) ionization techniques may suffer less interference. Such techniques, to date, have rarely been published for environmental hormone analyses. Additional measures were not taken for this study, as the main objective was to compare and contrast estrogen and androgen behavior in instrumental and environmental analyses. Within the tested WWTP samples, signals corresponding to several target hormones were consistently observed, but with peak areas less than those of the lowest calibration standard. Peaks Analytical Chemistry, Vol. 81, No. 16, August 15, 2009
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 believed to correspond to EE2 were found in all effluent extracts, those for E2 in both WWTP2 duplicates, for DHEA in all samples except one duplicate of WWTP1, and for A in both WWTP3 extracts and one each from the other two sites.
 
 times are viable. In contrast, complex environmental samples are more prone to matrix interference over rapid analyses, and slowing the elution to promote resolution may be a more astute use of the technology.
 
 CONCLUSIONS Androgens present challenges not encountered in estrogen analyses of purified and environmental samples using UPLC/ (ESI)MS2 technology. Testosterone is an exception in some cases, due to the presence of a conjugated double bond system in its molecular structure. Isotopically labeled testosterone may thus not be the best choice of surrogate standard for analysis of various other natural androgens. Use of UPLC technology should focus on either its superior resolution capability or its potential for significantly reduced analytical run times. In a UPLC system having a column of equal length to that in an HPLC system, the smaller particle diameter of the former results in a greater number of theoretical plates and reduced plate height. A lower height is mathematically associated with narrower peaks or longer retention times. Reduced peak widths improve resolution if retention times are unchanged. If the span of retention times is reduced, then resolution may not be enhanced. In application to relatively clean samples, short run
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