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Toxicology testing is performed in clinical settings, forensic settings, and for controlling doping. Drug screening is a toxicology test to determine if drugs are present in biological samples. The most common specimen type for drug testing is urine, as drugs and/or their metabolites are often more concentrated in the urine, extending the detection window of drugs. The dilute-and-shoot method is a simple procedure used in toxicology testing, where a sample is diluted before being directly injected into the liquid chromatography-mass spectrometry (LC-MS) system. This method is easy, quick, and cost-saving, and can be used for protein-poor liquid specimens such as urine. Thus, it is reasonable and attractive for busy toxicology laboratories to combine the dilute-and-shoot method with high-resolution hyphenated-MS for urine drug screening. This method has several disadvantages, including a suboptimal detection capability for certain analytes, as well as interference from co-eluting matrix components called matrix effects, in which co-eluting matrix molecules alter the ionization efficiency of the analyte molecules at the ionization source in LC-MS, altering (mostly reducing) the analyte detection capability. The matrix effect testing is essential for the validation of LC-MS-based assays. A reasonable approach to addressing these undesirable effects would be to minimize these components. The most straightforward approach is to reduce the amounts of matrix components by using a higher dilution of the specimen and a lower volume for specimen injection. Optimization of the chromatographic separation is another reasonable approach for reducing co-eluting matrix components with the analyte.
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1 INTRODUCTION
Toxicology testing plays a pivotal role in clinical, forensic, and doping control purposes. Clinical toxicology testing is performed to evaluate possible overdose cases and child abuse cases in the emergency department, and compliance monitoring of prescribed medicines in the pain and opioid clinics. Forensic toxicology testing is used for crime investigations related to illicit drugs and DUI assessments. Doping control testing is used to detect performance-enhancing drugs in the athletes’ biospecimens (Maurer, 1999; 2018).
Biological specimens used for toxicology testing include urine, blood (serum/plasma), saliva, hair, meconium, umbilical cord, and aqueous humor (Maurer, 2004; Liu et al., 2018; Tamama, 2021). Among them, urine is the most used specimen type for drug screening because drugs and/or their metabolites are often more concentrated, prolonging the detection window of the drugs. Urine specimens can be obtained in a non-invasive manner but not under supervision (Maurer, 2004; Liu et al., 2018; Tamama, 2021). Saliva is also utilized for toxicology testing. It can be collected on-site non-invasively under supervision (Allen et al., 2005). Blood (serum/plasma) is best suited for quantitative toxicology testing when the drug levels are correlated with the degree of intoxication (e.g., ethanol).
Drug screening is a toxicology test to evaluate the presence of drugs in biological specimens. It consists of immune-based and mass spectrometry (MS)-based testing (Liu et al., 2018; Tamama, 2021). Immune-based drug screening is conducted as an initial quick test. It is often offered as a test panel to cover the major drug classes. MS-based drug testing is performed using hyphenated-MS, which combines a mass spectrometer with a chromatograph in the instrument (Maurer, 2018; 2020; Tanna et al., 2020; Maurer, 2021). In hyphenated-MS techniques, analytes in the specimen are first separated in the chromatograph, and each chromatography-separated fraction is further interrogated by mass spectrometry. Thus, the analyte identification is made by using both retention time in the chromatogram and mass spectra of the analyte.
Sample pretreatment steps are critical for hyphenated-MS-based analysis (Wells, 2023). This is especially true for urine specimens because of the complexity of the urine matrix. The levels of the matrix components are highly variable, reflecting the body’s hydration status. The urine composition is also influenced by exposomes, such as diets and environmental contaminants/pollutants, in addition to medications (Bouatra et al., 2013; González-Domínguez et al., 2020). Extraction, enzymatic hydrolysis, and chemical derivatization are typical sample pretreatment procedures (Table 1), but they are labor-intensive and time-consuming. In contrast, the dilute-and-shoot method is an easy and simple sample pretreatment procedure, and thus it is attractive to laboratorians.
TABLE 1 | Sample pretreatments for hyphenated mass spectrometry-based analyses.
[image: Table 1]The dilute-and-shoot method is a simple procedure comprised of a sample dilution before direct injection or "shooting” of the specimen into the LC-MS system. This procedure is easy, quick, and cost-saving. This simple procedure also helps increase lab productivity and thus is ideal for high-throughput testing in busy laboratories. The dilute-and-shoot method is utilized for the protein-poor liquid specimens such as urine, saliva for both targeted quantitative drug testing as well as multi-drug screening using LC-MS (Allen et al., 2005; Deventer et al., 2014; Greer et al., 2021), but it cannot be used for GC-MS, which requires the reconstitution of the extracted analytes in a volatile solvent. The most common specimen type processed with the dilute-and-shoot method in toxicology testing is urine. The dilution process is obviously non-selective, causing no analyte loss, and every analyte is retained within the specimen. Thus, the dilute-and-shoot method can allow for the most comprehensive multiclass analyte drug screening (Greer et al., 2021).
2 HYPHENATED-MS
Among hyphenated-MS techniques, gas chromatography-mass spectrometry (GC-MS) has been regarded as a gold standard technique for drug testing (Maurer, 1992); however, analytes need to be extracted and dissolved in a volatile solvent in order to be delivered to GC in the gaseous phase (Liu et al., 2018; Tamama, 2021; Maciel et al., 2022). Thus, GC-MS cannot be used for the dilute-and-shoot approach.
Instead, analytes in aqueous conditions can be analyzed using liquid chromatography-mass spectrometry (LC-MS), which can analyze hydrophilic metabolites after phase I/II metabolism as well, even without chemical derivatization (Grebe and Singh, 2011; Peters, 2011; Tamama, 2021). Thus, LC-MS is the hyphenated-MS technique useable for the dilute-and-shoot approach. In LC-MS, a soft ionization technique, either electrospray ionization (ESI) or atmospheric pressure chemical ionization (APCI), is used to ionize the analytes with no or minimal ion fragmentation either by adduct formation (e.g., protonation) or charge separation (e.g., deprotonation), generating precursor ions (Thomson, 1998; Cech and Enke, 2001; Grebe and Singh, 2011).
Tandem quadrupole-MS is the most popular MS used in LC-MS as LC-MS/MS, in which the first quadrupole can be used as a mass filter (MS1), the second quadrupole can be used as a collision cell to generate ion fragments, and the third quadrupole can be used as another mass filter (MS2) (Grebe and Singh, 2011; Zhang et al., 2016). The strength of LC-MS/MS lies in the single reaction monitoring (SRM)/multiple reaction monitoring (MRM) mode analysis, which maximizes the detection capability of the preselected target analytes by monitoring the predetermined ion transition of these analytes (Figure 1A). The SRM/MRM mode analysis can be used for drug screening of multiple preselected targets as well as quantitation of the target analytes with appropriate calibrators (Maurer, 2010).
[image: Figure 1]FIGURE 1 | Major data acquisition modes of tandem (hybrid) quadrupole mass spectrometry. (A) In the single reaction monitoring (SRM)/multiple reaction monitoring (MRM) mode, a preselected ion transition is monitored. MS1 selects a precursor ion for production of product ions in the collision cell filled with the collision gas, then MS2 selects a product ion (in SRM) or product ions (in MRM). This acquisition mode is mainly used in tandem-quadrupole-MS/MS, but it is also useable in hybrid quadrupole-time of flight high-resolution mass spectrometry. (B) In the MSE mode of hybrid quadrupole-time of flight high-resolution mass spectrometry, both low and high collision energies are applied to the collision cell via rapid energy switching, scanning both precursor ions (with low collision energy) and product ions (with high collision energy) simultaneously and non-selectively. This acquisition mode is not useable in tandem-quadrupole-MS/MS.
High-resolution MS, such as time-of-flight-MS (Tof-MS) or Orbitrap-MS, is another class of MS that has gained popularity in toxicology testing. The strength of high-resolution MS lies in its capability to deduce the molecular formula of the analytes by determining the exact mass of the analytes to four decimal places and with a quadrupole-MS as MS1 in hybrid-MS to scan both precursor and product ions at the same time (e.g., MSE, SWATH) (Bateman et al., 2007; Gillet et al., 2012; Chindarkar et al., 2014; Whitman and Lynch, 2019; Tamama, 2021), enabling non-target data acquisition of both precursor and product ions (Figure 1B). With the retention time information for the LC-MS system used for data acquisition, this technique can theoretically identify any compounds listed in the MS library in the drug screening (Wang et al., 2019).
Both types of hyphenated-MS techniques (tandem quadrupole-MS and high-resolution MS) are used for the dilute-and-shoot method, but detection of the analytes in low levels might be challenging because the dilute-and-shoot method does not involve any analyte enrichment steps. With a priori knowledge of the analytes and proper SRM/MRM setting, tandem quadrupole-MS can maximize the analyte detection capabilities in the targeted analysis qualitatively and quantitatively. Thus, the combination of the dilute-and-shoot method and tandem quadrupole-MS is reasonable. On the other hand, combining the dilute-and-shoot method and non-targeted data acquisition with high-resolution MS allows for the most comprehensive drug screening because every analyte in the specimen is applied to the MS instrument. Even though multiple preselected drugs and their metabolites can be analyzed using tandem quadrupole-MS with SRM/MRM mode, the analyte coverage cannot be as comprehensive as that by non-targeted data acquisition with high-resolution MS.
3 DRAWBACKS OF THE DILUTE-AND-SHOOT METHOD
There are several drawbacks known for the dilute-and-shoot method. Obviously, diluted specimens contain more matrix components than post-LLE/SPE extracts; in other words, diluted specimens are dirtier than post-LLE/SPE extracts. Thus, the dilute-and-shoot method will contaminate inside the LC-MS instrument (e.g., protein buildup in the LC part and ionization source) more than post-LLE/SPE extracts, causing service disruption because of erratic test results and/or more frequent downtime, unless adequate maintenance work is given to the instrument (Wells, 2023).
Another drawback is the sub-optimal detection capability of certain analytes because it does not include any analyte enrichment steps. The levels of the analyte molecules are lowered along with those of matrix components through the dilution procedure. Thus, only the analyte molecules in high levels and/or with high ionization efficiency are analyzable by LC-MS after the dilute-and-shoot method (Kiontke et al., 2016).
Other drawbacks are related to the matrix components in the diluted specimen, which can be co-eluting, causing both false-positive and false-negative identification of the drugs and their metabolites in several mechanisms. Suppose a matrix molecule with a similar structure and molecular weight is co-eluting with the drug of interest. In that case, the matrix molecule might be misidentified as the drug by LC-MS, unless these two compounds are separated chromatographically and/or the difference in ion fragmentation patterns is evaluated. It is reasonable to assume that diluted specimens are more likely to contain isobaric matrix molecules than post-LLE/SPE extracts because matrix components are not removed through the dilution procedure. Similarly, diluted specimens are more prone to interference secondary to in-source fragmentation and matrix effects in LC-MS-based assays.
4 MATRIX EFFECTS
Co-eluting matrix molecules are also known to alter the ionization efficiency of the analyte molecules in the soft ionization process at the ionization source of LC-MS (Bonfiglio et al., 1999; Annesley, 2003; Mei et al., 2003; Taylor, 2005; Peters and Remane, 2012; Panuwet et al., 2016). Matrix effects cause both ion suppression and enhancement, but ion suppression can diminish the peak response of the analytes and it is more problematic. Unlike the post-LLE/SLE extracts, diluted specimens contain matrix molecules in variable levels. Thus, matrix effects can be even more significant with the dilute-and-shoot method.
The major underlying mechanism of the matrix effects includes i) the competition between the analyte and co-eluted matrix component molecules for charges at the ionization source and ii) decreased formation of charged droplets due to increased surface tension and viscosity of the formed droplets, but other mechanisms are also involved in the matrix effects. (Taylor, 2005; Peters and Remane, 2012).
The matrix effect testing is essential for the validation of any LC–MS-based assays by demonstrating the consistency and reliability of any LC-MS-based assays, as suggested in the laboratory guidance (Viswanathan et al., 2007; Booth et al., 2015; Lynch, 2016). It includes the post-column infusion and post-extraction addition. In the post-column infusion, analytes of interest are continuously introduced into the LC eluent through a T-tube between LC and MS parts while a sample matrix without the analyte of interest is loaded to the LC. The effects of the matrix components on the peak response of the analytes will be monitored throughout the chromatographic run. In the post-extraction addition, the MS response of the analyte of interest in the pure solvent will be compared with its response in the sample extract (or diluted sample for the dilute-and-shoot method) (Taylor, 2005; Peters and Remane, 2012).
The matrix effect is quantitatively expressed by the matrix factor (MF), which is the ratio of analyte peak responses in the presence or absence of matrix components. The MF of 1 indicates no matrix effect in the assay, whereas the MF below 1 indicates the presence of a matrix effect in the tested specimen. An LC–MS-based assay without matrix effect is ideal, but that is not the case for diluted urine specimens. Indeed, the MF is highly variable for the diluted urine specimens because of its high variability in the matrix components and their concentrations among specimens. If available, a stable-isotope-labeled (SIL) analog of the analyte of interest can be used as the internal standard (IS) to calculate the IS normalized MF, which is the ratio of the MF of the analyte to that of SIL-IS. Because the SIL-IS exhibits similar matrix effects to matching analytes, the IS normalized MF with the SIL-IS should be close to 1 (Peters and Remane, 2012; Zhou et al., 2017).
5 FACTORS AFFECTING THE DILUTE-AND-SHOOT METHOD IN TOXICOLOGY TESTING
There are several parameters you can modify in the dilute-and-shoot procedures for test optimization.
5.1 Dilution factor
The matrix effects should be inversely correlated with the dilution factor. In one study, the matrix effects are minimized below 10% for 32 drugs of abuse and doping using 50- or 100-fold dilution for human urine specimens, but significant matrix effects (>20%) are still present for all drugs with a 10-fold dilution (Moreno-González et al., 2017). Higher dilutions also eliminate the matrix effects of the mouse plasma specimens. In this study, the matrix effect is minimized using a 100-fold dilution for perhexilline, but not using 50-fold or 20-fold dilutions (Esposito et al., 2016). In contrast, the dilute-and-shoot method with a 5-fold dilution of human urine specimens has significant matrix effects (−12%–87%) for the major abused drugs and their metabolites in clinical comprehensive urine drug screening (Chindarkar et al., 2014). Another study about the dilute-and-shoot method with a 10-fold dilution of human urine specimens also reveals significant matrix effects (−75%–87%) for antipsychotics and their metabolites (Feng et al., 2020). Nevertheless, the limit of quantitation (LOQ) falls between 5 and 25 ng/mL, adequately low to cover the urinary concentrations of these analytes in the patients taking these medications.
Clearly, the higher the dilution is, the less the matrix effect is. However, the dilution step also lowers the absolute concentrations of the analytes in the diluted specimen, making the analyte detection more difficult. Matrix effects for the target analytes can be monitored using SIL-analogs. Thus, the right balance between the dilution and acceptable matrix effects must be sought to attain the satisfactory limit of detection (LOD) and LOQ of the target analytes.
5.2 Dilution solvent
Dilution solvent is another variable of the dilute-and-shoot method. Most studies using the dilute-and-shoot method do not address the differences among various diluents. Still, the compatibilities of the diluent with the mobile phase in LC and analytes in the specimen are prerequisites.
Besides, the diluent composition can cause impact on the quality of the assay. In one study of salivary opioids using the dilute-and-shoot method, the diluent with low organic solvent (20% methanol in water) leads to better analyte separation with sharp analyte peaks. In contrast, the diluent with high organic solvent (80% methanol in water) leads to poor analyte separation with broad analyte peaks because the opioids taken from the autosampler first undergo partial desorption from the stationary phase of the reversed-phase column due to the high methanol content in the diluent, then quickly get readsorbed on the stationary phase after the adequate mixture of the diluent with surrounding aqueous mobile phase, especially with small tubing (Enders and McIntire, 2015).
5.3 Target analytes
Matrix effects differ tremendously among analytes in the dilute-and-shoot method. For example, the dilute-and-shoot method (5-fold dilution) of human urine specimens applied on RPLC-qTof has significant matrix effects for some drugs and metabolites (hydromorphone 57%, morphine 50%, norfentanyl (55%), noroxycodone 66%, oxymorphone 62%), but not others (buprenorphine −12%, diazepam −7%, EDDP 7%) (Chindarkar et al., 2014). Similarly, the dilute-and-shoot method with 10-fold dilution for human urine specimens applied has significant matrix effects for some drugs and metabolites (morphine 59.1%, morphine-3-glucuronide 64.3%, oxymorphone 44.2%), but not others (buprenorphine 4.9%, diazepam 8.9%, EDDP -9.9%) in another independent study (Dahlin et al., 2019).
The authors of these studies used reversed-phase LC (RPLC) with the polar mobile phase and nonpolar stationary phase (C18 group), the most common LC type used in the LC-MS-based bioassays (Hage, 2023). Polar analytes tend to elute first along with the polar unretained matrix components. Thus, polar analytes are more prone to the matrix effect in the RPLC-MS and separation of polar analytes may not be optimal for RPLC with the polar mobile phase (Müller et al., 2002). Consistently, the compounds with significant matrix effects tend to be eluting earlier than the ones with minimal matrix effects (Dahlin et al., 2019).
5.4 Analytical technique
Optimal chromatographic separation of the analytes and matrix components is crucial for the dilute-and-shoot method, which can be vulnerable to matrix effects. Utilization of another chromatographic technique might be helpful for certain target analytes. For example, hydrophilic interaction-liquid chromatography (HILIC)-MS, a variant of normal phase LC-MS with a polar stationary phase and an aqueous mobile phase, provides better retention and separation of polar analytes in the column (Hsieh, 2008; Cubbon et al., 2010). In the systematic evaluation of matrix effects of urine specimens for doping control, more compounds are subject to matrix effects (both ion suppression and signal enhancement) in hydrophilic interaction chromatography (HILIC) (79% of the evaluated drugs) than RPLC (36% of the evaluated drugs), because polar matrix components are better retained by HILIC than RPLC (Periat et al., 2016). But there are some compounds with matrix effects only by RPLC, but not by HILIC; for example, the matrix effects of clobenzorex and fenproporex are 91% and 98% by RPLC, but only 3% and 6% respectively by HILIC.
Another technique to minimize the matrix effects is nanospray-ESI-MS, which is used in conjunction with nanoflow-LC. Nanospray-ESI generates significantly smaller charged droplets than conventional ESI, leading to higher analyte detection capability with more tolerance to contaminated salts through more efficient ionization processes with shortened desolvation processes (Juraschek et al., 1999; Karas et al., 2000). High-resolution MS equipped with nanospray-ESI provides optimal drug detection power using the dilute-and-shoot method with 50-fold dilutions in urine drug screening. In these reports, LOQs are 5 ng/mL or lower for drugs of abuse or doping drugs with negligible matrix effects (Moreno-González et al., 2017; Alcántara-Durán et al., 2018).
6 CONCLUSION
The dilute-and-shoot approach is a very simple sample pretreatment. Unlike automatable immune-based drug screening testing, MS-based toxicology testing involves laborious sample pretreatments, prolonging the turnaround time of the tests. This is a significant impediment to the clinical toxicology situation, where clinical decision-making often hinges on the results of clinical toxicology testing. Furthermore, the caseload of clinical toxicology specimens has increased dramatically in the era of the opioid crisis and polysubstance abuse (Compton et al., 2021). There is no doubt that it appeals to busy toxicology laboratories.
Several drawbacks are known to this approach; however, these can be manageable, especially for targeted drug testing. Most of the drawbacks of the dilute-and-shoot method are attributed to the co-eluting matrix components. Thus, minimization of the co-eluting matrix components would be a reasonable approach to tackle these undesired effects caused by the co-eluting matrix components. The most straightforward approach is to minimize the amounts of matrix components by using a higher dilution of the specimen and a lower volume for specimen injection, but these measures will further lower the detection capability of the analytes. Optimization of the chromatographic separation is another reasonable approach. Laboratory personnel should be aware of the limitations of this method and use alternative methods when necessary.
AUTHOR CONTRIBUTIONS
KT: Conceptualization, Funding acquisition, Project administration, Resources, Visualization, Writing–original draft, Writing–review and editing, Investigation, Supervision.
FUNDING
The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This study was financially supported by the University of Pittsburgh Clinical and Translational Science Institute (CTSI) and the Department of Pathology University of Pittsburgh School of Medicine.
ACKNOWLEDGMENTS
The author thanks Todd Rates for his technical support in the Clinical Toxicology Laboratory, UPMC.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Alcántara-Durán, J., Moreno-González, D., Beneito-Cambra, M., and García-Reyes, J. F. (2018). Dilute-and-shoot coupled to nanoflow liquid chromatography high resolution mass spectrometry for the determination of drugs of abuse and sport drugs in human urine. Talanta 182, 218–224. doi:10.1016/j.talanta.2018.01.081
 Allen, K. R., Azad, R., Field, H. P., and Blake, D. K. (2005). Replacement of immunoassay by LC tandem mass spectrometry for the routine measurement of drugs of abuse in oral fluid. Ann. Clin. Biochem. 42, 277–284. doi:10.1258/0004563054255632
 Annesley, T. M. (2003). Ion suppression in mass spectrometry. Clin. Chem. 49, 1041–1044. doi:10.1373/49.7.1041
 Bateman, K. P., Castro-Perez, J., Wrona, M., Shockcor, J. P., Yu, K., Oballa, R., et al. (2007). MSE with mass defect filtering for in vitro and in vivo metabolite identification. Rapid Commun. Mass Spectrom. 21, 1485–1496. doi:10.1002/rcm.2996
 Bonfiglio, R., King, R. C., Olah, T. V., and Merkle, K. (1999). The effects of sample preparation methods on the variability of the electrospray ionization response for model drug compounds. Rapid Commun. Mass Spectrom. 13, 1175–1185. doi:10.1002/(sici)1097-0231(19990630)13:12<1175::aid-rcm639>3.0.co;2-0
 Booth, B., Arnold, M. E., Desilva, B., Amaravadi, L., Dudal, S., Fluhler, E., et al. (2015). Workshop report: crystal City V--quantitative bioanalytical method validation and implementation: the 2013 revised FDA guidance. Aaps J. 17, 277–288. doi:10.1208/s12248-014-9696-2
 Bouatra, S., Aziat, F., Mandal, R., Guo, A. C., Wilson, M. R., Knox, C., et al. (2013). The human urine metabolome. PLoS One 8, e73076. doi:10.1371/journal.pone.0073076
 Cech, N. B., and Enke, C. G. (2001). Practical implications of some recent studies in electrospray ionization fundamentals. Mass Spectrom. Rev. 20, 362–387. doi:10.1002/mas.10008
 Chindarkar, N. S., Wakefield, M. R., Stone, J. A., and Fitzgerald, R. L. (2014). Liquid chromatography high-resolution TOF analysis: investigation of MSE for broad-spectrum drug screening. Clin. Chem. 60, 1115–1125. doi:10.1373/clinchem.2014.222976
 Compton, W. M., Valentino, R. J., and Dupont, R. L. (2021). Polysubstance use in the U.S. opioid crisis. Mol. Psychiatry 26, 41–50. doi:10.1038/s41380-020-00949-3
 Cubbon, S., Antonio, C., Wilson, J., and Thomas-Oates, J. (2010). Metabolomic applications of HILIC-LC-MS. Mass Spectrom. Rev. 29, 671–684. doi:10.1002/mas.20252
 Dahlin, J. L., Palte, M. J., Lamacchia, J., and Petrides, A. K. (2019). A rapid dilute-and-shoot UPLC-MS/MS assay to simultaneously measure 37 drugs and related metabolites in human urine for use in clinical pain management. J. Appl. Lab. Med. 3, 974–992. doi:10.1373/jalm.2018.027342
 Deventer, K., Pozo, O. J., Verstraete, A. G., and Van Eenoo, P. (2014). Dilute-and-shoot-liquid chromatography-mass spectrometry for urine analysis in doping control and analytical toxicology. Trends Anal. Chem. 55, 1–13. doi:10.1016/j.trac.2013.10.012
 Enders, J. R., and Mcintire, G. L. (2015). A dilute-and-shoot LC-MS method for quantitating opioids in oral fluid. J. Anal. Toxicol. 39, 662–667. doi:10.1093/jat/bkv087
 Esposito, S., Bracacel, E., Nibbio, M., Speziale, R., Orsatti, L., Veneziano, M., et al. (2016). Use of 'dilute-and-shoot' liquid chromatography-high resolution mass spectrometry in preclinical research: application to a DMPK study of perhexiline in mouse plasma. J. Pharm. Biomed. Anal. 118, 70–80. doi:10.1016/j.jpba.2015.10.004
 Feng, S., Enders, J. R., Cummings, O. T., Strickland, E. C., Mcintire, T., and Mcintire, G. (2020). A dilute and shoot LC-MS/MS method for antipsychotics in urine. J. Anal. Toxicol. 44, 331–338. doi:10.1093/jat/bkz098
 Gillet, L. C., Navarro, P., Tate, S., Rost, H., Selevsek, N., Reiter, L., et al. (2012). Targeted data extraction of the MS/MS spectra generated by data-independent acquisition: a new concept for consistent and accurate proteome analysis. Mol. Cell Proteomics 11, O111.016717, O111.016717. doi:10.1074/mcp.o111.016717
 González-Domínguez, R., Jáuregui, O., Queipo-Ortuño, M. I., and Andrés-Lacueva, C. (2020). Characterization of the human exposome by a comprehensive and quantitative large-scale multianalyte metabolomics platform. Anal. Chem. 92, 13767–13775. doi:10.1021/acs.analchem.0c02008
 Grebe, S. K., and Singh, R. J. (2011). LC-MS/MS in the clinical laboratory - where to from here?Clin. Biochem. Rev. 32, 5–31.
 Greer, B., Chevallier, O., Quinn, B., Botana, L. M., and Elliott, C. T. (2021). Redefining dilute and shoot: the evolution of the technique and its application in the analysis of foods and biological matrices by liquid chromatography mass spectrometry. Trends Anal. Chem. 141, 116284. doi:10.1016/j.trac.2021.116284
 Hage, D. S. (2023). Chromatography in Tietz textbook of laboratory medicine ed . 7th Edn, Editor N. Rifai (Amsterdam, Netherland: Elsevier). 
 Hsieh, Y. (2008). Potential of HILIC-MS in quantitative bioanalysis of drugs and drug metabolites. J. Sep. Sci. 31, 1481–1491. doi:10.1002/jssc.200700451
 Juraschek, R., Dülcks, T., and Karas, M. (1999). Nanoelectrospray--more than just a minimized-flow electrospray ionization source. J. Am. Soc. Mass Spectrom. 10, 300–308. doi:10.1016/s1044-0305(98)00157-3
 Karas, M., Bahr, U., and Dülcks, T. (2000). Nano-electrospray ionization mass spectrometry: addressing analytical problems beyond routine. Fresenius J. Anal. Chem. 366, 669–676. doi:10.1007/s002160051561
 Kiontke, A., Oliveira-Birkmeier, A., Opitz, A., and Birkemeyer, C. (2016). Electrospray ionization efficiency is dependent on different molecular descriptors with respect to solvent pH and instrumental configuration. PLoS One 11, e0167502. doi:10.1371/journal.pone.0167502
 Liu, L., Wheeler, S. E., Venkataramanan, R., Rymer, J. A., Pizon, A. F., Lynch, M. J., et al. (2018). Newly emerging drugs of abuse and their detection methods: an ACLPS critical review. Am. J. Clin. Pathol. 149, 105–116. doi:10.1093/ajcp/aqx138
 Lynch, K. L. (2016). CLSI C62-A: a new standard for clinical mass spectrometry. Clin. Chem. 62, 24–29. doi:10.1373/clinchem.2015.238626
 Maciel, E. V. S., Pereira Dos Santos, N. G., Vargas Medina, D. A., and Lanças, F. M. (2022). Electron ionization mass spectrometry: quo vadis?Electrophoresis 43, 1587–1600. doi:10.1002/elps.202100392
 Maurer, H. H. (1992). Systematic toxicological analysis of drugs and their metabolites by gas chromatography-mass spectrometry. J. Chromatogr. 580, 3–41. doi:10.1016/0378-4347(92)80526-v
 Maurer, H. H. (1999). Systematic toxicological analysis procedures for acidic drugs and/or metabolites relevant to clinical and forensic toxicology and/or doping control. J. Chromatogr. B Biomed. Sci. Appl. 733, 3–25. doi:10.1016/s0378-4347(99)00266-2
 Maurer, H. H. (2004). Position of chromatographic techniques in screening for detection of drugs or poisons in clinical and forensic toxicology and/or doping control. Clin. Chem. Lab. Med. 42, 1310–1324. doi:10.1515/cclm.2004.250
 Maurer, H. H. (2010). Perspectives of liquid chromatography coupled to low- and high-resolution mass spectrometry for screening, identification, and quantification of drugs in clinical and forensic toxicology. Ther. Drug Monit. 32, 324–327. doi:10.1097/ftd.0b013e3181dca295
 Maurer, H. H. (2018). Mass spectrometry for research and application in therapeutic drug monitoring or clinical and forensic toxicology. Ther. Drug Monit. 40, 389–393. doi:10.1097/ftd.0000000000000525
 Maurer, H. H. (2020). Pitfalls in drug testing by hyphenated low- and high-resolution mass spectrometry. Drug Test. Anal. 12, 172–179. doi:10.1002/dta.2744
 Maurer, H. H. (2021). Hyphenated high-resolution mass spectrometry-the "all-in-one" device in analytical toxicology?Anal. Bioanal. Chem. 413, 2303–2309. doi:10.1007/s00216-020-03064-y
 Mei, H., Hsieh, Y., Nardo, C., Xu, X., Wang, S., Ng, K., et al. (2003). Investigation of matrix effects in bioanalytical high-performance liquid chromatography/tandem mass spectrometric assays: application to drug discovery. Rapid Commun. Mass Spectrom. 17, 97–103. doi:10.1002/rcm.876
 Moreno-González, D., Alcántara-Durán, J., Gilbert-López, B., García-Reyes, J. F., and Molina-Díaz, A. (2017). Matrix-effect free quantitative liquid chromatography mass spectrometry analysis in complex matrices using nanoflow liquid chromatography with integrated emitter tip and high dilution factors. J. Chromatogr. A 1519, 110–120. doi:10.1016/j.chroma.2017.09.006
 Müller, C., Schäfer, P., Störtzel, M., Vogt, S., and Weinmann, W. (2002). Ion suppression effects in liquid chromatography-electrospray-ionisation transport-region collision induced dissociation mass spectrometry with different serum extraction methods for systematic toxicological analysis with mass spectra libraries. J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 773, 47–52. doi:10.1016/s1570-0232(02)00142-3
 Panuwet, P., Hunter, R. E., D'souza, P. E., Chen, X., Radford, S. A., Cohen, J. R., et al. (2016). Biological matrix effects in quantitative tandem mass spectrometry-based analytical methods: advancing biomonitoring. Crit. Rev. Anal. Chem. 46, 93–105. doi:10.1080/10408347.2014.980775
 Periat, A., Kohler, I., Thomas, A., Nicoli, R., Boccard, J., Veuthey, J. L., et al. (2016). Systematic evaluation of matrix effects in hydrophilic interaction chromatography versus reversed phase liquid chromatography coupled to mass spectrometry. J. Chromatogr. A 1439, 42–53. doi:10.1016/j.chroma.2015.09.035
 Peters, F. T. (2011). Recent advances of liquid chromatography-(tandem) mass spectrometry in clinical and forensic toxicology. Clin. Biochem. 44, 54–65. doi:10.1016/j.clinbiochem.2010.08.008
 Peters, F. T., and Remane, D. (2012). Aspects of matrix effects in applications of liquid chromatography-mass spectrometry to forensic and clinical toxicology--a review. Anal. Bioanal. Chem. 403, 2155–2172. doi:10.1007/s00216-012-6035-2
 Tamama, K. (2021). Advances in drugs of abuse testing. Clin. Chim. Acta 514, 40–47. doi:10.1016/j.cca.2020.12.010
 Tanna, S., Ogwu, J., and Lawson, G. (2020). Hyphenated mass spectrometry techniques for assessing medication adherence: advantages, challenges, clinical applications and future perspectives. Clin. Chem. Lab. Med. 58, 643–663. doi:10.1515/cclm-2019-0820
 Taylor, P. J. (2005). Matrix effects: the Achilles heel of quantitative high-performance liquid chromatography-electrospray-tandem mass spectrometry. Clin. Biochem. 38, 328–334. doi:10.1016/j.clinbiochem.2004.11.007
 Thomson, B. A. (1998). Atmospheric pressure ionization and liquid chromatography/mass spectrometry—together at last. J. Am. Soc. Mass Spectrom. 9, 187–193. doi:10.1016/s1044-0305(97)00285-7
 Viswanathan, C. T., Bansal, S., Booth, B., Destefano, A. J., Rose, M. J., Sailstad, J., et al. (2007). Quantitative bioanalytical methods validation and implementation: best practices for chromatographic and ligand binding assays. Pharm. Res. 24, 1962–1973. doi:10.1007/s11095-007-9291-7
 Wang, R., Yin, Y., and Zhu, Z. J. (2019). Advancing untargeted metabolomics using data-independent acquisition mass spectrometry technology. Anal. Bioanal. Chem. 411, 4349–4357. doi:10.1007/s00216-019-01709-1
 Wells, D. A. (2023). Sample preparation for mass spectrometry applications in Tietz textbook of laboratory medicine ed . 7th Edn, Editor N. Rifai (Amsterdam, Netherland: Elsevier). 
 Whitman, J. D., and Lynch, K. L. (2019). Optimization and comparison of information-dependent acquisition (IDA) to sequential window acquisition of all theoretical fragment ion spectra (SWATH) for high-resolution mass spectrometry in clinical toxicology. Clin. Chem. 65, 862–870. doi:10.1373/clinchem.2018.300756
 Zhang, Y. V., Wei, B., Zhu, Y., Zhang, Y., and Bluth, M. H. (2016). Liquid chromatography-tandem mass spectrometry: an emerging technology in the toxicology laboratory. Clin. Lab. Med. 36, 635–661. doi:10.1016/j.cll.2016.07.001
 Zhou, W., Yang, S., and Wang, P. G. (2017). Matrix effects and application of matrix effect factor. Bioanalysis 9, 1839–1844. doi:10.4155/bio-2017-0214
Conflict of interest: The author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Tamama. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/xhtml/nav.xhtml
Contents

		Cover

		Dilute and shoot approach for toxicology testing		1 Introduction

		2 Hyphenated-MS

		3 Drawbacks of the dilute-and-shoot method

		4 Matrix effects

		5 Factors affecting the dilute-and-shoot method in toxicology testing		5.1 Dilution factor

		5.2 Dilution solvent

		5.3 Target analytes

		5.4 Analytical technique





		6 Conclusion

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Chemistry






OPS/images/fchem-11-1278313-g001.gif





OPS/images/fchem-11-1278313-t001.jpg
Enzymatic hydrolysis.
@ It converts conjugated metabolites (e.g. hydromorphone-3-glucuronide) into unconjugated (free) metabolites (c.g. hydromorphone) by removing hydrophilic conjugates
with an enzymatic treatment (¢.g. glucuronidase).

@ It facilitates the downstream extraction efficiency and permits the quantitation of total metabolites (unconjugated + conjugated).

Chemical derivatization.
It derivatizes the analytes through introduction of a specific functional group to the analytes.

© For GC-MS, it is used to mask the polarity of OH or NH groups in the analyte molecules using a derivatizing agent (e.g bis(trimethylsily)-trifluoroacetamide (BSTFA) and
1% trimethylchlorosilane (TMCS)) to improve the volatility of the analytes.

Extraction.
© It separates the analytes of interest from the sample matrix.
® Liquid-liquid extraction (LLE)
o It extracts the analytes using a water-immiscible organic solvent (e.g, methylene chloride) through sclective partition of the analytes into the organic solvent.
o After adding the organic solvent to the pH-adjusted specimen, the organic solvent layer is separated, evaporated, and reconstituted in another solvent.
o Non-ionized analytes with a small molecular size are best extracted by LLE.
® Solid phase extraction (SPE)
o It selectively captures the analytes with a stationary phase in the column.
o After rinsing steps, the captured analytes will be released from the column into the eluant.
oIt is more selective than LLE, depending on the chemical nature of the stationary phase.
© Dilution (Dilute-and-shoot method)
o Simple specimen dilution is used in lieu of extraction.
oIt is useable for the protein-poor liquid specimens (eg. urine, saliva).
o Itis casy, quick and cost-saving.

o It is suitable for the high-throughput testing in the busy laboratories.
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