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Abstract 

Advanced ultra-high-performance liquid chromatography–tandem mass spectrometry 

(UHPLC–MS/MS) methods were developed and optimized for ultra-low-level quantitative 

analysis of analytes in agricultural and biological matrices. The work focused on improving 

chromatographic efficiency, analytical sensitivity, selectivity, and quantitative reliability through 

optimized sample preparation, chromatographic separation, and tandem mass spectrometric 

detection for applications involving veterinary pharmaceuticals and per- and polyfluoroalkyl 

substances (PFAS).  

Foundational chapters established the scientific and analytical importance of monitoring 

trace-level contaminants in agricultural environments. Agricultural matrices, including 

agricultural well water, soil, biosolids, plant tissue, and animal blood, were examined in the context 

of environmental contamination, veterinary pharmacokinetics, food safety, and regulatory 

compliance. Particular emphasis was placed on matrix-specific analytical challenges, including 

PFAS background contamination, analyte sorption, matrix suppression, protein and lipid 

interference, and ultra-low-level detection requirements. Regulatory monitoring frameworks for 

PFAS and veterinary pharmaceutical residues further underscore the growing need for sensitive, 

reproducible analytical methods capable of quantifying these analytes in complex agricultural 

matrices.  

Fundamental principles of UHPLC–MS/MS method development were investigated to 

establish the analytical framework for trace-level quantitative analysis. Chromatographic 

concepts, including chromatographic resolution, band broadening, retention behavior, column 

efficiency, and the van Deemter relationship, were evaluated in relation to modern UHPLC 

systems utilizing sub-2 µm particle technology. Theoretical and applied aspects of electrospray 



  

ionization, tandem mass spectrometry, quadrupole mass analysis, and multiple reaction monitoring 

(MRM) were examined to demonstrate how optimized instrumental conditions improve analytical 

performance. Strategies involving stationary-phase selection, solvent optimization, gradient 

development, solid-phase extraction, derivatization, and isotope dilution calibration were 

investigated as essential components of robust UHPLC–MS/MS workflows for agricultural and 

biological samples.  

Several targeted UHPLC–MS/MS assays were developed and validated for veterinary 

pharmaceutical analysis in animal plasma matrices. A multianalyte method was established for the 

simultaneous quantification of azaperone, trazodone, and gabapentin in porcine plasma. A separate 

UHPLC–MS/MS method was developed for quantifying flunixin in ovine plasma to support 

pharmacokinetic investigations in sheep. An additional multianalyte assay was developed to 

concurrently quantify meloxicam, flunixin, and firocoxib in goat plasma. Sample preparation 

procedures involving protein precipitation and solid-phase extraction were optimized to minimize 

matrix interferences and improve analyte recovery. The developed methods demonstrated strong 

linearity, sensitivity, accuracy, and precision suitable for veterinary pharmacokinetic 

investigations and residue analysis.  

Advanced PFAS analytical workflows were also established, using EPA Method 1633A as 

the primary framework for agricultural well-water analysis in Kansas. UHPLC–MS/MS 

conditions, isotope dilution calibration, contamination-control procedures, and extraction 

workflows were optimized for targeted PFAS analysis at ultra-low concentrations. Analytical 

workflows were developed for PFAS determination in agricultural matrices, including water, soil, 

biosolids, plant tissue, and biological samples; however, the present work focused specifically on 

agricultural well water samples. Advanced chromatographic data evaluation demonstrated the 



  

importance of careful peak integration and post-acquisition review for reliable PFAS 

quantification near reporting thresholds.  

Collectively, the developed UHPLC–MS/MS methodologies provide sensitive, selective, 

and reproducible analytical platforms for ultra-low-level quantitative analysis of pharmaceutical 

compounds and PFAS in agricultural and biological matrices. The findings further demonstrate 

the critical role of advanced chromatographic and tandem mass spectrometric techniques in 

modern agricultural, veterinary, and environmental analytical chemistry. 
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Abstract 

Advanced ultra-high-performance liquid chromatography–tandem mass spectrometry 

(UHPLC–MS/MS) methods were developed and optimized for ultra-low-level quantitative 

analysis of analytes in agricultural and biological matrices. The work focused on improving 

chromatographic efficiency, analytical sensitivity, selectivity, and quantitative reliability through 

optimized sample preparation, chromatographic separation, and tandem mass spectrometric 

detection for applications involving veterinary pharmaceuticals and per- and polyfluoroalkyl 

substances (PFAS).  

Foundational chapters established the scientific and analytical importance of monitoring 

trace-level contaminants in agricultural environments. Agricultural matrices, including 

agricultural well water, soil, biosolids, plant tissue, and animal blood, were examined in the context 

of environmental contamination, veterinary pharmacokinetics, food safety, and regulatory 

compliance. Particular emphasis was placed on matrix-specific analytical challenges, including 

PFAS background contamination, analyte sorption, matrix suppression, protein and lipid 

interference, and ultra-low-level detection requirements. Regulatory monitoring frameworks for 

PFAS and veterinary pharmaceutical residues further underscore the growing need for sensitive, 

reproducible analytical methods capable of quantifying these analytes in complex agricultural 

matrices.  

Fundamental principles of UHPLC–MS/MS method development were investigated to 

establish the analytical framework for trace-level quantitative analysis. Chromatographic 

concepts, including chromatographic resolution, band broadening, retention behavior, column 

efficiency, and the van Deemter relationship, were evaluated in relation to modern UHPLC 

systems utilizing sub-2 µm particle technology. Theoretical and applied aspects of electrospray 



  

ionization, tandem mass spectrometry, quadrupole mass analysis, and multiple reaction monitoring 

(MRM) were examined to demonstrate how optimized instrumental conditions improve analytical 

performance. Strategies involving stationary-phase selection, solvent optimization, gradient 

development, solid-phase extraction, derivatization, and isotope dilution calibration were 

investigated as essential components of robust UHPLC–MS/MS workflows for agricultural and 

biological samples.  

Several targeted UHPLC–MS/MS assays were developed and validated for veterinary 

pharmaceutical analysis in animal plasma matrices. A multianalyte method was established for the 

simultaneous quantification of azaperone, trazodone, and gabapentin in porcine plasma. A separate 

UHPLC–MS/MS method was developed for quantifying flunixin in ovine plasma to support 

pharmacokinetic investigations in sheep. An additional multianalyte assay was developed to 

concurrently quantify meloxicam, flunixin, and firocoxib in goat plasma. Sample preparation 

procedures involving protein precipitation and solid-phase extraction were optimized to minimize 

matrix interferences and improve analyte recovery. The developed methods demonstrated strong 

linearity, sensitivity, accuracy, and precision suitable for veterinary pharmacokinetic 

investigations and residue analysis.  

Advanced PFAS analytical workflows were also established, using EPA Method 1633A as 

the primary framework for agricultural well-water analysis in Kansas. UHPLC–MS/MS 

conditions, isotope dilution calibration, contamination-control procedures, and extraction 

workflows were optimized for targeted PFAS analysis at ultra-low concentrations. Analytical 

workflows were developed for PFAS determination in agricultural matrices, including water, soil, 

biosolids, plant tissue, and biological samples; however, the present work focused specifically on 

agricultural well water samples. Advanced chromatographic data evaluation demonstrated the 



  

importance of careful peak integration and post-acquisition review for reliable PFAS 

quantification near reporting thresholds.  

Collectively, the developed UHPLC–MS/MS methodologies provide sensitive, selective, 

and reproducible analytical platforms for ultra-low-level quantitative analysis of pharmaceutical 

compounds and PFAS in agricultural and biological matrices. The findings further demonstrate 

the critical role of advanced chromatographic and tandem mass spectrometric techniques in 

modern agricultural, veterinary, and environmental analytical chemistry. 
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Chapter 1 - Agricultural Sample Matrices for Monitoring PFAS and 

Veterinary Drug Residues 

 1.1 Abstract 

Per- and polyfluoroalkyl substances (PFAS) and veterinary pharmaceuticals are emerging 

contaminants of concern in agriculture. This chapter reviews sampling and analytical methods for 

detecting PFAS in water, soil, biosolids, plant tissue, and animal blood, as well as veterinary drug 

residues, primarily in animal blood, for pharmacokinetic studies. Standardized sampling protocols 

(e.g., PFAS-free materials and quality-control blanks) are critical for avoiding contamination. 

Analytical quantification relies largely on liquid chromatography–tandem mass spectrometry 

(LC–MS/MS) and high-resolution MS for targeted and non-targeted screening. Matrix-specific 

challenges include strong sorption of PFAS to soil and sludge organics, low analyte concentrations, 

and complex interferences in blood or plant matrices. Regulatory programs globally mandate 

monitoring and the setting of residue limits: for example, US EPA’s Unregulated Contaminant 

Monitoring Rule (UCMR 5) for PFAS in water and proposed PFAS drinking water standards, and 

FDA/CVM and EU regulations establishing maximum residue limits (MRLs) for veterinary drugs 

in food products. Emerging practices such as dried blood spot sampling are enabling more efficient 

pharmacokinetic studies of veterinary drugs. This chapter provides a comprehensive overview of 

methods and considerations for monitoring PFAS and veterinary drug residues in agricultural 

settings, with an emphasis on recent advances, standardized protocols, and regulatory contexts. 

 1.2 Introduction 

PFAS are a diverse class of synthetic organofluorine chemicals valued for their stability 

and surfactant properties. They persist indefinitely in the environment and bioaccumulate, raising 
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concerns about soil and water quality, food safety, and ecosystem health1–3. Agricultural 

environments can be exposed to PFAS through biosolid application, sewage irrigation, 

atmospheric deposition, or industrial sources4,5. These pathways can lead to PFAS in soil and 

plants, with potential entry into the food chain. Veterinary drugs (e.g., antibiotics, antiparasitics, 

anti-inflammatories) are widely used in livestock to prevent or treat disease and to promote 

growth6. Improper use or incomplete metabolism can result in residual drug compounds or 

metabolites in animal tissues and excreta, posing human health risks (e.g., antibiotic resistance, 

allergenicity) and requiring careful monitoring of tissues and fluids6. Table 1.1 lists common 

veterinary drug classes of concern. This chapter focuses on analytical monitoring of PFAS across 

key agricultural sample matrices (water, soil, biosolids, plant tissue, and animal blood) and 

veterinary drugs in animal blood (via pharmacokinetic sampling). We detail appropriate sampling 

strategies, analytical techniques (with emphasis on LC–MS/MS), matrix-specific analytical 

challenges, and relevant monitoring and regulatory programs. 

Table 1.1. Detection methods and sample preparation by matrix type1–5,7–14 

Matrix PFAS Detection 

Methods 

Veterinary Drug 

Detection Methods 

Sample 

Preparation / 

Challenges 

Water LC–MS/MS (EPA 

533/537; SPE–

LC/MS); LC–

HRMS for non-

target screening; 

GC–MS for volatile 

PFAS after 

derivatization 

LC–MS/MS; GC–MS 

for hormones/steroids; 

immunoassays/ELISA 

Filtration (<0.45 

μm); SPE 

concentration of 

large volumes; 

control PFAS 

background; storage 

at 0–6 °C (≤28 

days) 

Soil Solvent extraction 

+ WAX SPE 

cleanup; LC–

MS/MS (~40 

PFAS; EPA 1633) 

Acetonitrile extraction 

(QuEChERS); C18 SPE 

cleanup; LC–MS/MS 

for 

antibiotics/antiparasitics 

Air-dry and grind; 

remove humic 

substances (GCB 

SPE); control 

moisture; variable 

adsorption 

Biosolids Methanol extraction 

+ strong cleanup; 

Extraction similar to 

soils/slurries; LC–

Very high organic 

content; extensive 
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LC–MS/MS (EPA 

1633) 

MS/MS for 

antibacterial and 

anthelmintic classes 

cleanup (SPE); 

matrix suppression 

Plant Tissue QuEChERS-based 

extraction with ion-

exchange salts; 

LC–MS/MS 

targeting PFAS 

homologs 

QuEChERS extraction; 

LC–MS/MS 

multiresidue; 

immunoassays for 

screening 

Homogenize tissue; 

high 

water/sugar/pigment 

content; cleanup 

with C18 or GCB; 

low analyte levels 

Animal Blood Protein 

precipitation (ACN) 

+ ultrafiltration; 

LC–HRMS or LC–

MS/MS (~30–40 

PFAS) 

Protein precipitation or 

SPE; LC–MS/MS 

multiresidue (≥100 

drugs); immunoassay  

High protein/lipid 

content; avoid 

PFAS labware; 

ppb–ppt detection 

1.2.1 Environmental PFAS sampling 

Environmental PFAS sampling is the analytical pillar that characterizes exogenous 

contamination before it is internalized by livestock or transferred to consumers. In agricultural 

settings, the most consequential pathways include contaminated irrigation or drinking water, land 

application of biosolids or sewage sludge, wastewater inputs, and proximity to PFAS handling or 

emission sources. The Agency for Toxic Substances and Disease Registry (ATSDR) explicitly 

identifies wastewater treatment plants, farms where sewage sludge was used as fertilizer, landfills, 

incinerators, airports, and industrial facilities as relevant exposure contexts, and further notes that 

ingestion of food and water is a primary route of PFAS exposure. This makes environmental 

sampling indispensable not only for contamination mapping but also for causal interpretation of 

downstream food-safety findings10,15.  

Within this pillar, water is usually the most responsive sentinel matrix because it captures 

active transport and recent source input, and it is also the most mature matrix from a regulatory-

method standpoint. EPA has validated Methods 533, 537, and 537.1 for drinking water, and these 

methods support both UCMR 5 occurrence monitoring and the implementation of PFAS drinking-
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water regulation. For non-potable and broader environmental matrices, EPA Method 1633A 

extends targeted LC–MS/MS analysis to wastewater, surface water, groundwater, soil, biosolids, 

sediment, landfill leachate, and tissue8–10,15.  

Sampling design for water should therefore emphasize both representativeness and 

contamination control. EPA’s PFAS National Primary Drinking Water Regulations (NPDWR) 

sampling guidance requires a field sample and a companion field reagent blank for each site or 

entry point, and it emphasizes contamination-avoidance measures such as handwashing, use of 

nitrile gloves, and removal of aerators, tubing, or Teflon tape before collection8–10,15.  

Soil and biosolids are an archival matrix for PFAS contamination. They integrate loading 

over longer intervals and are therefore indispensable for identifying source terms, understanding 

persistence, and estimating plant uptake potential. EPA Method 1633A specifies dry-weight 

handling and matrix-specific preparation constraints, including nominal maximum sample masses 

of 5 g dry weight for soil/sediment and 0.5 g dry weight for biosolids, with biosolids processed in 

separate preparation batches from higher-mass solid samples. Method 1633A also notes that 

biosolids are likely to have higher spiked method detection limits (MDLs)s and LLOQs than other 

solids due to smaller sample sizes and greater matrix complexity. In practice, that means biosolids 

are often among the most informative matrices conceptually and among the most difficult matrices 

analytically7,10,15,16.  

Plant tissue is the matrix in which environmental loading becomes biologically relevant to 

feed and food. Recent reviews emphasize that PFAS uptake into plants depends on soil properties, 

PFAS chain length and functionality, and plant physiology, with short-chain PFAS generally 

showing greater shoot accumulation than longer-chain homologs. Analytical targeting of edible 

tissues, roots, and shoots at defined growth stages, therefore links source contamination to 
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agronomic exposure and human dietary relevance. Because plant matrices contain pigments, 

sugars, cuticular waxes, and highly variable water content, they also require more matrix-specific 

cleanup and validation than most water samples7,15,16.  

Analytically, targeted LC–MS/MS remains the backbone of PFAS environmental 

surveillance because it offers sensitivity, selectivity, and regulatory alignment across major 

matrices. EPA Method 1633A explicitly uses isotopically labeled standards and notes that isotope-

dilution calibration can address matrix effects that would otherwise bias measurements. At the 

same time, targeted LC–MS/MS is intrinsically limited to compounds for which standards and 

transitions are available7,15,16. 

1.2.2 Blood residue analysis for veterinary drugs 

Blood residue analysis for veterinary drugs is equally important, as it provides insight into 

systemic exposure following intentional drug administration. Whereas environmental PFAS 

sampling answers where contaminants enter and move through the agroecosystem, blood residue 

analysis answers how a drug is absorbed, distributed, and cleared in the treated animal. In 

regulatory and translational terms, blood measurements support pharmacokinetic interpretation, 

product comparison, dose optimization, and the scientific basis for withdrawal periods and residue 

risk management. This is why blood should not be described merely as a convenient matrix; it is 

the matrix that connects analytical chemistry, pharmacology, and compliance17–21.  

Analytically, LC–MS/MS is the dominant platform for veterinary drug blood assays 

because it supports multiclass quantification at low concentrations in a matrix with substantial 

endogenous interference. The challenge is not simply detection but credible quantification in the 

presence of proteins, phospholipids, salts, hemolysis, lipemia, and anticoagulant-related 

variability22.  
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This point becomes even stronger when one distinguishes general bioanalytical validation 

from veterinary residue-depletion validation. For pharmacokinetic and bioequivalence assays, 

FDA bioanalytical guidance prioritizes lot-to-lot selectivity, low- and high-QC matrix-effect 

testing, carryover control, whole-blood stability where applicable, and incurred-sample reanalysis. 

For residue-depletion methods used to support withdrawal decisions, FDA GFI #208 requires 

validation characteristics, including linearity, accuracy, precision, limit of detection, limit of 

quantitation, selectivity, matrix stability, processed-sample stability, and robustness. It also 

provides concentration-dependent accuracy and precision expectations, and explicitly allows 

standards fortified into the control matrix and processed through extraction20,22. 

1.2 Sampling methods 

Agricultural monitoring requires rigorous sampling protocols customized to each matrix. 

Proper container materials, preservation, and quality control are essential, especially for PFAS, to 

prevent sample contamination1. 

1.2.1 Water 

Surface water (irrigation runoff, ditches) and groundwater (wells) can transport PFAS and 

drugs. Samples should be collected in PFAS-free bottles (e.g., polypropylene, avoiding 

Teflon/PTFE) and kept chilled. Field blanks of PFAS-free water (supplied and verified by the lab) 

must accompany PFAS sampling to check for contamination1. Sampling protocols typically follow 

standardized methods (e.g., EPA Method 537.1/533 for PFAS in drinking water8,9) to avoid PFAS-

containing equipment or reagents strictly. For veterinary drug analysis, preservatives (e.g., sodium 

fluoride, sodium azide) may be added to inhibit microbial degradation, and samples are kept cold 

or frozen to preserve analyte integrity3,7. 



7 

1.2.2 Soil and biosolids  

Soil sampling should capture spatial heterogeneity. Common practice is to collect 

composite cores (e.g., 0–20 cm depth) from multiple points within a field grid. Biosolids (treated 

sewage sludge or manure) sampling typically involves taking representative aliquots from 

stockpiles or in-plant streams. Samples are homogenized, air-dried or frozen, and stored in PFAS-

free containers. Both soil and biosolid samples for PFAS should be wrapped in aluminum foil or 

polypropylene and immediately frozen to limit transformations2,3. Extraction of analytes from 

these solids may require drying and grinding. (Note: some U.S. states, e.g., Michigan, set action 

thresholds for PFOS/PFOA in biosolids and mandate routine quarterly or annual sampling at 

approved facilities14. These programs typically follow non-federally standardized methods 

pending EPA method approval12.) 

1.2.3 Plant tissue  

Edible plants (vegetables, grains, pasture) and forages can accumulate PFAS or drug 

residues. Sampling targets fruits, leaves, roots, or seeds relevant to human or animal consumption. 

Samples should be washed (to remove surface contaminants), chopped or homogenized, and then 

frozen. Care must be taken to avoid contamination from soil or washing water (use PFAS-free 

water for rinsing). For PFAS, plant lipid and water content can affect uptake and extraction. For 

veterinary drugs (e.g., feed additives), plant uptake is generally minor, so plant sampling is less 

common for drug monitoring14. 

1.2.4 Animal blood  

Blood is the matrix of choice for veterinary drug pharmacokinetics and can also reveal 

PFAS exposure in livestock11. Samples are obtained by venipuncture (e.g., jugular vein in 

cattle/sheep, cephalic/saphenous vein in swine) using stainless steel needles (avoid PTFE-coated 
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needles). Whole blood is collected into appropriate vacutainers. For PFAS and drug analysis, 

heparinized tubes are commonly used; EDTA can chelate metals but is generally PFAS-

compatible. Plasma is separated by centrifugation and frozen at –20°C or lower until analysis. To 

minimize animal stress and blood volume, microsampling via dried blood spots (DBS) is 

increasingly used: small drops of blood are spotted onto filter paper and then dried. DBS reduces 

sample handling and improves analyte stability and has shown promise for veterinary PK studies 

of anesthetics and other drugs in cats, horses, etc23. 

 1.3 Analytical techniques 

State-of-the-art analysis of PFAS and veterinary drugs relies on chromatographic 

separation coupled with mass spectrometry. 

1.3.1 Targeted analysis LC–MS/MS 

Liquid chromatography–tandem mass spectrometry is the workhorse for quantifying 

known PFAS and drug residues with high sensitivity and selectivity. PFAS methods typically use 

reverse-phase LC (often with ion-pairing or specialized PFAS columns) and negative-mode 

electrospray MS/MS. For example, EPA Methods 537.1 (drinking water) and 533 (drinking water) 

use weak anion-exchange solid-phase extraction (SPE) followed by LC–MS/MS for 18–25 PFAS3. 

Method 8327 extends to non-potable waters (groundwater, wastewater) for ~24 PFAS. An 

emerging EPA Method 1633 (2024) covers 40 PFAS in water, soil, biosolids, and other media10. 

Instrument parameters (e.g., multiple reaction monitoring transitions) are optimized for each 

analyte. Isotope-dilution is standard: 13C- or 18O-labeled PFAS ISs correct for matrix effects. These 

targeted LC–MS/MS assays achieve detection limits in the low ng/L–ng/mL range in water and 

plasma24,25, and in the low µg/kg (ppb) range in solids2. 
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Veterinary drugs (e.g., antibiotics, anthelmintics, anti-inflammatories) are also usually 

analyzed by LC–MS/MS. Typical sample preparation involves protein precipitation (for plasma), 

solid-phase extraction or QuEChERS (for tissues), then reverse-phase LC–MS/MS. For instance, 

Zhou et al. developed a validated LC–MS/MS method for N-acetylcysteine in chicken plasma, 

using protein precipitation with methanol and an isotopic IS. That method achieved a quantitation 

range of 0.01–4 µg/mL (R²>0.99), with a limit of quantification of 0.01 µg/mL24. Such methods 

routinely attain <0.05 µg/mL sensitivity and good accuracy (within ~10% RSD) in biological 

matrices. Similar LC–MS/MS platforms have been applied to antibiotics, antiparasitics, and 

hormone residues in blood and tissue6,11. 

1.3.2 High-resolution MS and non-targeted screening  

Non-targeted analysis using high-resolution MS (HRMS, e.g., time-of-flight or Orbitrap) 

is increasingly employed to identify unknown or emerging PFAS and drug metabolites. HRMS 

can perform broad screening for fluorinated compounds by exact mass, followed by confirmation 

and quantitation with targeted LC–MS/MS when standards are available. For veterinary drugs, 

HRMS is used for metabolite identification and untargeted profiling of complex samples. Such 

approaches complement targeted methods when novel compounds or metabolites may be 

present11. 

1.3.3 Other approaches (GC, immunoassay, biosensors)  

Some PFAS (e.g., fluorotelomer alcohols or very volatile fluorochemicals) may be 

amenable to GC–MS with derivatization, but most PFAS are analyzed by LC due to their polarity. 

GC–MS can analyze certain veterinary drugs (e.g., steroids, insecticides) after derivatization, 

whereas LC–MS is more commonly used for polar drugs. Immunoassay kits (e.g., ELISA) for 

PFAS (e.g., PFOA/PFOS) are available for screening but often lack sufficient quantitative 
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accuracy and specificity; therefore, positive samples require confirmatory analysis by LC–

MS/MS. Immunoassays for veterinary drugs (e.g., antibiotics) serve as rapid screens in food 

monitoring. Emerging biosensors and ambient MS techniques are under development, but not yet 

widely adopted for routine monitoring6. 

1.3.4 Sample preparation  

Sample cleanup is crucial due to matrix interference. Common PFAS extraction from water 

uses solid-phase extraction (WAX or ion-exchange cartridges) followed by elution and 

concentration. Soil and biosolid PFAS extractions often employ solvent extraction (e.g., methanol 

or methanol + base) with cleanup steps. For example, Pascu et al. used a one-step methanol 

extraction of sludge followed by a ferrite/sodium sulfate cleanup cartridge, achieving MDLs <0.02 

µg/g2. Protein precipitation (using acetonitrile or methanol) is standard for plasma samples to 

remove proteins; for example, Zhang et al. used methanol precipitation followed by dithiothreitol 

(DTT) reduction to overcome thiol interferences in chicken plasma. QuEChERS (salts + dispersive 

SPE) is widely used for multi-residue drug analysis in meat or plant matrices. Matrix-matched 

calibration or isotope dilution is essential to correct for ion suppression24. 

 1.4 Matrix-specific challenges 

Each sample matrix presents unique analytical challenges. 

1.4.1 Water  

PFAS often occur at very low concentrations (ng/L range), requiring large sample volumes 

and very sensitive analysis. Container and field contamination (from sampling gear or airborne 

PFAS) can introduce bias1. Chloride and organic matter in surface or wastewater can co-elute or 

suppress signals. Conversely, trace veterinary drugs in irrigation or surface water (from runoff) 

may degrade or adsorb to suspended particulates, complicating quantitation. Methods must achieve 
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low detection limits; EPA UCMR5 studies report PFAS in many drinking water systems down to 

parts per trillion, so field sampling must ensure integrity and PFAS-free conditions10. 

1.4.2 Soil and biosolids  

These complex solids are heterogeneous and high in organic carbon. PFAS readily adsorb 

to organic matter and clay, and many remain bound in non-extractable fractions2. Long-chain 

PFAS tend to accumulate in sludge and soil, whereas short-chain PFAS are more leachable14. 

Quantifying PFAS in soils thus requires thorough homogenization and often pressurized or 

ultrasonic extraction. Biosolids and manure pose similar issues, plus high levels of humic 

substances and metals that can foul SPE cartridges or suppress MS response. In such matrices, 

blank correction and method validation (recovery experiments) are critical. There are currently no 

EPA-approved “off-the-shelf” methods for PFAS in sludge; laboratories use methods like EPA 

1633 (under development) or ASTM D7979 for sludge and soils12. For veterinary drugs, manure 

and soil can also contain residues (e.g., antibiotic metabolites), but testing soil for drugs is less 

standardized. 

1.4.3 Plant tissue  

Plant matrices contain pigments, fats, and water that can interfere with analysis. Green 

leafy vegetables contain chlorophyll, which can contaminate extracts, requiring cleanup (e.g., C18 

SPE). PFAS uptake in plants is usually low, except for short-chain PFAS, but plant metabolic 

processes are still being studied. The primary challenge is achieving efficient extraction of analytes 

from plant tissue (often via freeze-drying and solvent extraction) while avoiding co-extraction of 

matrix. Veterinary drugs typically partition differently: many remain in edible tissues like meat or 

milk, with minimal accumulation in crops (though low-level uptake from manure-amended soils 

is possible)14. 
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1.4.4 Animal blood  

Blood and plasma are protein-rich and require careful processing. PFAS bind strongly to 

serum proteins, and endogenous lipids and salts can cause ion suppression in MS. Protein 

precipitation removes bulk proteins. Still, some PFAS may partition into the pellet if insufficient 

solvent is used. Residual hemoglobin or anticoagulant salts can also interfere. Vet drugs face 

similar issues: many (like sulfonamides or tetracyclines) bind to plasma proteins, affecting 

extraction. To mitigate these effects, isotope-labeled ISs and matrix-matched calibration are 

essential. The suitability of DBS versus liquid plasma can influence analyte recovery (hematocrit 

effect); careful method validation is required. Sample stability is also a concern: some PFAS can 

transform (precursor breakdown) if samples are not frozen promptly26. 

PFAS contamination of agricultural soils can impair soil structure and productivity. These ‘forever 

chemicals’ introduced by biosolids or wastewater irrigation tend to accumulate in soil and enter 

plant tissues. Matrix complexities (organic matter, particulate load) necessitate robust cleanup for 

PFAS analysis, whereas plant matrices similarly require thorough extraction to detect trace 

residues. Understanding these matrix-specific issues is critical for accurate monitoring and risk 

assessment2,4,14.  
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Figure 1.1. The PFAS flow in the environment and relevant detection capabilities. Published with 

permission4. 

 1.5 Regulatory programs 

1.5.1 PFAS monitoring and regulation 

In response to health concerns, agencies worldwide are establishing PFAS monitoring 

requirements and limits. The U.S. Environmental Protection Agency (EPA) has proposed national 

drinking water standards for six PFAS (including PFOA/PFOS)10. Under the Safe Drinking Water 

Act, has set enforceable Maximum Contaminant Levels (MCLs) for those PFAS. EPA’s 

Unregulated Contaminant Monitoring Rule 5 (UCMR5) is currently collecting data on 29 PFAS 

in drinking water systems nationwide (all community water systems) through 202510, representing 

the most comprehensive PFAS monitoring to date. For soils and biosolids, EPA’s draft Method 

1633 (2024) provides guidance for testing 40 PFAS in wastewater sludge and biosolids, though 
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federal screening requirements for PFAS in agricultural soil are still evolving. Several U.S. states 

have enacted their own rules. For example, New York prohibits land application of biosolids 

containing PFOA or PFOS above 50 μg/kg14, and Michigan’s interim policy restricts biosolids 

with combined PFOS+PFOA above 20 μg/kg12. 

In the European Union, the revised Drinking Water Directive (EU 2020/2184) mandates 

harmonized PFAS monitoring. By January 2026, Member States must meet new limit values: the 

sum of any 20 PFAS ≤0.1 μg/L and total PFAS ≤0.5 μg/L13,27. Member States must systematically 

test tap water for PFAS and report exceedances to the Commission27. Guidance on analytical 

methods (PFAS Total’ and ‘Sum of PFAS’) has been issued to harmonize laboratory practices. 

More broadly, EU Regulation (EU) 2020/741 on water reuse encourages monitoring of PFAS in 

reclaimed water for irrigation. Globally, PFAS are under review for potential classification as 

persistent organic pollutants under the Stockholm Convention (PFOS is listed; others are under 

consideration), and many countries have drinking water advisories. EPA’s PFAS Strategic 

Roadmap (2021–2024) and related rules (e.g., adding PFAS to TRI reporting, TSCA new use 

rules) reflect an aggressive regulatory response10. 

1.5.2 Veterinary drug regulations and monitoring  

Residue monitoring of veterinary drugs is institutionalized in food safety programs. In the 

U.S., the Food and Drug Administration (FDA) and USDA set tolerances (MRLs) for drug residues 

in edible tissues under 21 CFR Part 5566. Any drug use in food-producing animals must respect 

withdrawal times to ensure residues fall below these limits. Approved methods for residue analysis 

are specified under FDA/CVM guidelines. In the EU, Regulation (EU) No. 37/2010 defines MRLs 

for veterinary drugs in animal products, and Implementing Regulation 2021/808 provides criteria 

for method validation in official control. Member States conduct National Residue Control Plans, 
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which involve routine testing of thousands of meat, milk, egg, and honey samples each year. For 

example, EFSA’s 2025 report shows >99.8% of EU samples complied with MRLs, reflecting 

robust controls. In addition, import checks and EU Multi-Residue Monitoring (commonly known 

as National Residue Plans) ensure third-country products meet standards. Surveillance programs 

like the USDA’s Food Safety and Inspection Service (FSIS) and the EU’s RASFF system monitor 

for banned substances and emerging risks. 

Pharmacokinetic considerations are integral to regulation: approval of a veterinary drug 

requires PK studies to establish safe slaughter and milk withdrawal periods. Regulatory guidelines 

(e.g., VICH GLs) outline the validation of bioanalytical methods for plasma or serum. Post-market 

surveillance also monitors drug use and resistance (e.g., NARMS tracks antimicrobial resistance 

in isolates and is linked to drug use). Overall, coordinated programs by regulatory agencies ensure 

that analytical methods and monitoring frameworks keep pace with evolving PFAS and veterinary 

drug challenges28. 

 1.6 Conclusions 

Accurate monitoring of PFAS and veterinary drug residues in agriculture hinges on 

carefully tailored sampling, robust analytical methods, and adherence to regulatory standards. 

Sampling must prevent contamination (especially for PFAS) and capture representative material 

from complex matrices. LC–MS/MS remains the cornerstone technique, offering the sensitivity 

needed for trace analytes in water, soil, biota, and blood2,11. Nonetheless, matrix effects in soils, 

plant tissue, and blood require thorough cleanup and validation24. Recent advances – such as 

simplified extraction protocols for PFAS in sludge and micro-sampling (DBS) for veterinary PK 

– are improving data quality and reducing costs. Regulatory programs continue to tighten controls, 

exemplified by new PFAS drinking water standards and stringent MRL enforcement, driving 
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laboratories to update their methods. Continued interdisciplinary research and standardized 

guidelines will be essential to address persistent analytical challenges and protect agricultural and 

public health in the era of “forever chemicals” and complex veterinary pharmaceuticals2,26. 
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Chapter 2 - Introduction to UHPLC-MS/MS and Analytical Method 

Development for Agricultural Samples 

 2.1 Abstract 

Ultra-high-performance liquid chromatography coupled with tandem mass spectrometry 

(UHPLC–MS/MS) has emerged as a dominant analytical platform for determining trace-level 

contaminants and biomarkers in complex agricultural, biological, and environmental matrices. 

This chapter describes the theoretical basis and practical implementation of UHPLC–MS/MS for 

the analysis of veterinary pharmaceuticals and per- and polyfluoroalkyl substances (PFAS) in 

matrices including plasma, water, soils, biosolids, and tissues. Advances in chromatographic 

stationary phases, high-pressure pumping systems, and electrospray ionization mass spectrometry 

have enabled substantial improvements in separation efficiency, sensitivity, and analytical 

throughput. The principles governing chromatographic performance, including the van Deemter 

and Knox equations and pressure–flow relationships, are discussed in the context of sub-2 µm 

particle technology. Method development strategies are presented, beginning with tandem mass 

spectrometer optimization and progressing through solvent system selection, column chemistry, 

and gradient design. Emphasis is placed on multiple reaction monitoring (MRM) for selective 

quantification, and on derivatization to enhance ionization efficiency and, when necessary, 

chromatographic retention. Robust sample pre-treatment and SPE strategies are detailed for both 

plasma and environmental matrices, highlighting the use of mixed-mode and polymeric sorbents 

for efficient cleanup and pre-concentration. Finally, isotope-dilution calibration and quality control 

procedures are described to ensure analytical accuracy and reproducibility. Together, these 

approaches provide a comprehensive framework for developing reliable UHPLC–MS/MS 

methods to analyze agricultural and environmental contaminants. 
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2.2 Introduction to Ultra-High Performance Liquid Chromatography coupled 

Triple Quadrupole Mass Spectrometry (UHPLC-MS/MS) 

2.2.1 History of UHPLC-MS/MS 

The advances in high-performance liquid chromatography (HPLC) over the past two 

decades have established the technique as a principal analytical platform for profiling and 

quantifying biomarkers in complex biological and environmental matrices. These developments 

have been driven primarily by innovations in stationary phase technology and chromatographic 

instrumentation. Improvements in particle size, morphology, and surface chemistry of stationary 

phases have enabled higher theoretical plate counts, enhanced selectivity, and improved mass 

transfer kinetics3,8,9. The implementation of sub-2 µm particles and hybrid stationary materials has 

significantly increased chromatographic efficiency while maintaining mechanical stability under 

high pressures, expanding method sensitivity and resolution 3,8,9. In parallel, refinements in column 

chemistries, including polar and mixed-mode phases, have broadened the range of analytes that 

can be effectively separated from structurally diverse samples.3,29. 

Instrumental advancements have further contributed to the evolution of liquid 

chromatography. Modern pumping systems now operate at higher pressures with greater flow 

precision, enabling the routine use of smaller particle columns and shorter column lengths without 

compromising resolution 3,8,9. Advances in detector sensitivity, reduced system dead volumes, and 

enhanced temperature control have collectively facilitated faster analysis times and improved peak 

capacity29. As a result, contemporary HPLC systems provide superior separation efficiency, higher 

resolution, and greater reproducibility compared with earlier generations of chromatographic 

platforms29. These technological improvements have increased the robustness and accessibility of 
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validated analytical methods across academic, clinical, pharmaceutical, and regulatory 

laboratories. 

The most significant recent advancement in liquid chromatographic technology is ultra-

high performance liquid chromatography (UHPLC) coupled with tandem mass spectrometry 

(UHPLC–MS/MS). UHPLC (also referred to as ultra-high performance liquid chromatography, 

UHPLC)30 operates with sub-2 µm particles at very high pressures (often > 10,000 psi), resulting 

in enhanced chromatographic performance characterized by narrower peaks, increased sensitivity, 

and reduced solvent consumption compared with conventional HPLC 3,8,9,31. When coupled with 

tandem mass spectrometry, UHPLC platforms provide exceptional selectivity and detection 

capability through MRM, enabling reliable quantification of trace-level analytes in complex 

matrices such as plasma, tissues, soils, and wastewater31. Consequently, UHPLC–MS/MS has 

become the dominant platform for quantitative determination of biomarkers and trace 

contaminants in both academic research and industrial laboratories, supporting applications 

ranging from pharmacokinetic profiling and biomarker discovery to environmental monitoring and 

regulatory compliance29,31. 

2.2.2 Multiple reaction monitoring (MRM) in tandem mass spectrometry 

MRM in tandem mass spectrometry is the most analytically powerful acquisition strategy 

for high-confidence, high-throughput quantification of pre-specified analytes at low abundance in 

complex matrices, because it converts the instrument into a set of explicitly defined, interference-

resistant precursor-to-product transitions, with acquisition parameters engineered to maximize 

signal-to-noise while controlling quantitative error. In formal nomenclature, MRM is the 

application of selected reaction monitoring (SRM) to multiple product ions from one or more 

precursor ions, i.e., monitoring multiple transitions rather than a single reaction channel, and SRM 
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itself is data collected from one or more specific product ions corresponding to selected precursor 

ions across ≥2 stages of MS32,33.  

 In a well-defined MRM method, each target is represented by (at minimum) a quantifier 

transition and one or more qualifier transitions whose co-elution and ion-ratio relationships 

provide orthogonal confirmation, thereby increasing practical selectivity beyond unit-mass 

filtering alone; this operational definition is consistent with community descriptions that MRM 

cycles through transitions over chromatographic time and gains additional selectivity by tracking 

the chromatographic coelution of multiple transitions for the same analyte. Instrumentally, MRM 

is classically implemented on a triple quadrupole (QqQ) where Q1 and Q3 act as static mass filters 

and Q2 functions as the collision cell, yielding chromatographic traces for each transition without 

recording full spectra; the non-scanning, high-duty-cycle nature of this mode is a principal reason 

SRM/MRM is repeatedly described as offering unmatched sensitivity for targeted quantification, 

including reports of order-of-magnitude sensitivity advantages versus full-scan approaches and 

linear response spanning ~five orders of magnitude in a representative targeted workflow32,33. 

 Method setup for MRM therefore centers on (i) transition selection that is both structurally 

diagnostic and minimally interfered, (ii) collision-energy optimization to maximize the intensity 

of characteristic product ions (often tuned per analyte/transition), and (iii) acquisition-timing 

design (cycle time, dwell time, and scheduling) that preserves quantitative peak reconstruction32,33.  

 Practically, dwell time (time spent per transition per cycle) and cycle time (time to iterate 

through the active transition list) are coupled to chromatographic peak width via a “points-per-

peak” constraint. Authoritative vendor guidance explicitly ties optimal cycle time to achieving 

multiple data points across the LC peak while noting that higher dwell time generally improves 

signal-to-noise, especially for low-abundance targets; a complementary quantitative recipe is to 



21 

estimate cycle time from peak width and desired points-per-peak, then apportion dwell time across 

transitions32,33.  

 Scheduled/dynamic MRM is the key scalability mechanism in multiplexed assays: by 

monitoring each transition only within a retention-time window, the number of concurrent 

transitions is reduced, and duty cycle per analyte increases, allowing large transition panels 

(reported up to thousands of scheduled MRMs in vendor implementations) without sacrificing 

precision from excessively short dwell times. Under these design principles, the quantitative 

performance profile that makes MRM “superior” is best summarized by its system-level figures 

of merit: (a) sensitivity, because double mass filtering and long effective dwell time suppress 

chemical noise; (b) selectivity, because the transition discriminates against co-elutes; (c) dynamic 

range, repeatedly demonstrated at multi-order spans in targeted practice; (d) LLOD/LLOQ, 

operationally governed by detection/quantitation-limit concepts used in validation guidance; (e) 

precision and accuracy, typically expressed as %CV/%RSD and recovery/bias under matrix-

representative conditions; and (f) throughput, because QqQ-MRM supports rapid, repeatable 

acquisition suitable for large sample batches32,33.  

2.2.3 Improved chromatographic performance 

Separation performance in chromatography can be defined as the ability of a 

chromatographic separation to produce distinct peaks for different components such that they can 

be distinguished and measured, characterized by the degree of peak separation relative to peak 

width (resolution) and by the number of resolvable components within an elution window (peak 

capacity), under specified conditions and measurement conventions 34–37.  
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In chromatography, column efficiency is described by the height equivalent to a theoretical 

plate, usually called plate height (𝐻) described in Equation 2.1. 

Equation 2.1. Equation for plate height (𝐻) where, 𝐿 is column length and 𝑁 is the number of 

plates.  

𝐻 =  𝐿/𝑁 

Rearranging provides an equation for 𝑁 

Equation 2.2. Rearranging the equation for 𝑁.  

𝑁 =  𝐿/𝐻 

This defines that column efficiency increases as plate height decreases. The number of 

theoretical plates can also be expressed in terms of peak dispersion, which relates retention time 

to peak width (Figure 2.1 & Equation 2.3). 

 

Figure 2.1. A chromatographic peak denoting retention time (𝑡𝑅) and peak width at half peak 

height (𝑊ℎ). Created following the concepts of Skoog et al (2018)38. 
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Equation 2.3. Relationship between the number of plates (𝑁), retention time (𝑡𝑅) and peak width 

at half peak height (𝑊ℎ). 

𝑁 = 5.54 (
𝑡𝑅

𝑊ℎ
)

2

 

The chromatographic resolution (𝑅𝑠) is defined in Figure 2.2 and Equation 2.4. 

 

Figure 2.2. Graphical representation of retention time (𝑡𝑅) and peak width (𝑊). Numbers 1 and 

2 denote the peak numbers, 1 being the earliest peak to be eluted. 

Equation 2.4. Equation for chromatographic resolution (𝑅𝑠) in relation to retention time (𝑡𝑅) and 

peak width (𝑊). Numbers 1 and 2 denote the peak numbers, 1 being the earliest peak to be 

eluted. 

𝑅𝑠 =
2(𝑡𝑅2 − 𝑡𝑅1)

𝑊1 + 𝑊2
 

In chromatographic separations, analytes ideally migrate through the column as narrow, 

discrete zones. In practice, however, these zones undergo band broadening, resulting in Gaussian-

shaped peaks at the detector. This spreading reduces separation quality and limits detection 

sensitivity. Band broadening arises from several physicochemical processes occurring during 

solute transport through the stationary and mobile phases. 
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A resolution value of 𝑅𝑠= 1.5 is generally considered indicative of baseline separation, 

where two peaks are sufficiently separated to allow accurate quantification without mutual 

interference. Values below 1.0 indicate significant overlap, while values greater than 2.0 represent 

excellent separation. 

Chromatographic resolution (𝑅𝑠) describes the degree of separation between two adjacent 

peaks and is fundamentally related to column efficiency, selectivity, and retention behavior. This 

relationship is expressed by the Chromatographic resolution equation (Equation 2.5). 

Equation 2.5. Chromatographic resolution equation where 𝑁 is the number of theoretical plates 

(efficiency), 𝛼 is the selectivity factor, and 𝑘 is the retention factor. 

𝑅𝑠 =
√𝑁

4
⋅

𝛼 − 1

𝛼
⋅

𝑘

1 + 𝑘
 

Column efficiency (𝑁) described in Equation 2.2 reflects how well the column minimizes 

band broadening. Higher efficiency (larger 𝑁) produces narrower peaks and improves resolution 

proportionally to √𝑁. However, increasing efficiency alone yields diminishing returns, meaning 

substantial gains in 𝑁 are required to achieve modest improvements in resolution. 

Selectivity (𝛼), defined as the relative separation between two analytes (Equation 2.6), has 

the most significant impact on resolution. Even small changes in selectivity (e.g., through mobile-

phase composition, pH, or stationary-phase chemistry) can lead to substantial improvements in 𝑅𝑠. 

Because α appears as a ratio term (𝛼 − 1)/𝛼, optimizing selectivity is often the most effective 

strategy for improving separation. 

Equation 2.6. Selectivity (𝛼) where 𝑘2 and 𝑘1 are the retention factors of two analytes (𝑘2> 𝑘1), 

and 𝑡𝑅2 and 𝑡𝑅1 There are their respective retention times. Defined, 𝛼 >1, and larger values 

indicate better peak separation. 

𝛼 =
𝑘2

𝑘1
=

𝑡𝑅2 − 𝑡0

𝑡𝑅1 − 𝑡0
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The retention factor (𝑘) describes how long an analyte is retained relative to the mobile 

phase (Equation 2.7). Resolution improves as 𝑘 increases, but only up to an optimal range 

(typically 𝑘 ≈ 2–10). At very low k values, peaks elute too quickly and overlap, while excessively 

high 𝑘 values increase analysis time without significantly improving resolution due to the 

asymptotic nature of the term 𝑘/(1 + 𝑘). 

Equation 2.7. Retention factor (𝑘) where 𝑡𝑅 is the retention time of the analyte and 𝑡0 is the 

column dead time (void time). A higher 𝑘 value indicates a stronger interaction with the 

stationary phase and longer retention in the column. 

𝑘 =
𝑡𝑅 − 𝑡0

𝑡0
 

The void time (𝑡0), also known as dead time, is the time required for an unretained 

compound to pass through the chromatographic system from injection to detection. It represents 

the elution time of a species that does not interact with the stationary phase and therefore travels 

only with the mobile phase. 

Mathematically, void time is related to the column void volume (𝑉0) and the mobile phase 

flow rate (𝐹) as described in Equation 2.8. 

Equation 2.8. Void time (𝑡0) where 𝑉0 is the volume of mobile phase within the column, and 𝐹 

is the volumetric flow rate. 

𝑡0 =
𝑉0

𝐹
 

Void time is a critical reference parameter in chromatography because it is used to calculate 

the retention factor (𝑘) and selectivity (𝛼). It can be experimentally determined by injecting a non-

retained marker compound such as uracil (in reversed-phase LC) or thiourea. Accurate 

determination of 𝑡0 is essential for reliable interpretation of chromatographic behavior and method 

development. 
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Overall, chromatographic resolution is maximized by balancing these three parameters: 

increasing efficiency through improved column technology, optimizing selectivity via chemical 

conditions, and maintaining retention within an optimal range. Among these, selectivity is 

generally the most powerful variable for achieving baseline separation. 

The classical description of band broadening is captured by the van Deemter equation, first 

introduced by J. J. van Deemter and co-workers34, which relates to plate height (𝐻) to linear 

velocity (𝑢), (Equation 2.9). 

Equation 2.9. van Deemter Equation, where 𝐻 – efficiency expressed as theoretical plate height, 

𝑢 - velocity of mobile phase, 𝑑𝑝 – particle diameter of column material,  𝐷𝑀 – analyte diffusion 

coefficient, 𝜆 – a constant termed tortuosity or obstruction factor, and 𝑘 - retention factor for an 

analyte. 𝐴, 𝐵, and 𝐶 are constants, related to eddy diffusion, longitudinal diffusion, and mass 

transfer of mobile and stationary phases, respectively30. 

𝐻 = 𝐴 +  
𝐵

𝑢
+ 𝐶𝑢 = 2𝜆𝑑𝑝 + 

2𝛾𝐷𝑚

𝑢
+  

𝑓(𝑘)𝑑𝑝
2𝑢 

𝐷𝑀
 

Here, H (height equivalent to a theoretical plate, HETP) is a measure of band dispersion 

per unit column length. The three contributing terms describe distinct dispersion mechanisms: 

• Eddy diffusion (A term): Arises from multiple flow paths through packed particles, 

causing molecules to traverse different distances. This contribution is independent of flow 

velocity and depends strongly on particle size and packing uniformity.  

• Longitudinal diffusion (B/u term): Results from molecular diffusion along the column 

axis. It is most significant at low flow rates, where analytes spend more time in the column.  

• Mass transfer resistance (Cu term): Reflects finite equilibration between stationary and 

mobile phases. At high flow rates, analytes cannot equilibrate between the stationary and 

mobile phases, leading to peak broadening.  
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The combined effect produces an optimal flow velocity at which H is minimized, 

representing maximum efficiency34–38 and according to the findings of van Deemter34, Giddings35, 

and Knox36,37 there is potential for small particles to improve separation performance (Equation 

2.9). Further, efficiency is expressed as a theoretical plate height (𝐻) is proportional to the particle 

size of the column packing material squared (𝑑𝑝
2). 

 

Figure 2.3. van Deemter plot with particle sizes commonly used in HPLC and UHPLC. Published 

with permission30. 

According to the van Deemter plot (Figure 2.3), –theoretical plate height (𝐻) as a function 

of linear velocity (𝑢)– sub 2.0 µm particles (used in UHPLC) show low plate height, which 

corresponds to high efficiency in a large range of linear velocity, compared to higher particle sizes 

used in conventional HPLC. Also, maximum efficiency for smaller particles is achieved at higher 

velocities than for larger particles. This is further attributed to low mass-transfer resistance at 

higher velocities. The use of smaller particles in UHPLC enables better resolution and faster 

analysis times than in HPLC. With the introduction of UHPLC, shorter columns with higher linear 
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velocities are used to analyze samples with fewer analytes, aiming for faster analysis times. In 

comparison, longer columns with near-optimal linear velocities are used for samples with more 

analytes. 

The reduced van Deemter Equation (Equation 2.10) is introduced based on the 

interpretations of Giddings and Knox, where ℎ – reduced plate height and ν – reduced velocity; 

𝑎 and 𝑐 are constants of the Knox equation. 

Equation 2.10. Reduced van Deemter Equation / Knox Equation. 

ℎ =  𝑎ν𝑛  + 𝑏 ν⁄  +  𝑐ν 

The exponent 𝑛 is considered 1/3 in line with conventional glass bead columns, and for a 

good column, 𝑏 will be in the range of 2 – 4, 𝑎 will be around 1, and 𝑐 around 0.1. This equation 

is the most commonly used version in chromatography since it fits with experimental data. 

Reduced plate height and reduced velocity are calculated by equations 2.11 and 2.12, respectively. 

Equation 2.11. Relation between ℎ and 𝐻. 

ℎ =  𝐻 𝑑𝑝⁄  

Equation 2.12. Relation between ν and 𝑢. 

ν =  𝑢𝑑𝑝  𝐷𝑚⁄  

According to Darcy’s law (Equation 2.13), the pressure-drop between the two ends of the 

column (∆𝑃 ) is inversely proportional to the particle size of the column packing material squared 

(𝑑𝑝
2) at the optimal linear velocity. 

Equation 2.13. Darcy’s Law Equation where Φ – flow resistance, 𝜂 – mobile phase viscosity, 𝐿 – 

column length, 𝑢 – mobile phase linear velocity, and 𝑑𝑝
2 - particle size of the column packing 

material squared. 

Δ𝑃 =  Φ
𝜂𝐿𝑢

𝑑𝑝
2
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At higher Δ𝑃 values, the linear velocity of the mobile phase increases inversely 

proportional to the 𝑑𝑝, hence providing the connection between 𝑑𝑝 and operational pressure 

difference (Δ𝑃𝑜𝑝𝑡) in Equation 2.14. This suggests that the cost of higher efficiency is higher-

pressure UHPLC systems36. 

Equation 2.14. Modified Darcy’s relationship at higher Δ𝑃 values. 

Δ𝑃𝑜𝑝𝑡 ∝  
1

𝑑𝑝
3 

For example, comparing a conventional HPLC column with 𝑑𝑝 = 5 𝜇𝑚 to a UHPLC 

column with 𝑑𝑝 = 1.7 𝜇𝑚, the ratio of optimal pressures is expressed in Equation 2.15. 

Equation 2.15. Ratio of the optimal pressure of the conventional HPLC column with 𝑑𝑝 = 5 𝜇𝑚 

to a UHPLC column with 𝑑𝑝 = 1.7 𝜇𝑚 

Δ𝑃opt, UHPLC

Δ𝑃opt, HPLC

= (
𝑑𝑝,HPLC

𝑑𝑝,UHPLC

)

3

 

= (
5

1.7
)

3

≈ 25 

This calculation shows that using 1.7 µm particles requires approximately 25 times the 

pressure of 5 µm particles. Although this significantly increases pressure demand, it enables the 

use of smaller particles, which enhance chromatographic performance by improving column 

efficiency, increasing resolution, and reducing analysis time. Consequently, UHPLC systems are 

engineered to withstand these elevated pressures, enabling the use of sub-2 µm particles that are 

not feasible under conventional HPLC operating conditions. 

2.2.4 Mass Spectrometer coupling to UHPLC 

LC–MS relies on atmospheric-pressure ion sources (ESI, APCI, APPI) that convert eluate 

molecules into gas-phase ions. Each source has unique mechanisms, advantages, and limitations 
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for different analytes and solvents. For example, electrospray ionization (ESI) produces multiply 

charged ions from a charged liquid spray and is ideal for polar biomolecules. In contrast, 

atmospheric pressure chemical ionization (APCI) uses a heated nebulizer and corona discharge for 

less polar, volatile compounds, and atmospheric pressure photoionization (APPI) employs 

vacuum-ultraviolet photons to ionize low-polarity species. UHPLC–MS interfacing poses 

challenges (e.g., high flow rates, nonvolatile buffers, source desolvation) that are mitigated by 

hardware strategies such as flow-splitting, waste-divert valves, and optimized source design30,39–

41. 

2.2.4.1 Ionization Techniques in LC–MS 

Electrospray ionization (ESI) draws LC effluent through a high-voltage capillary (±3–5 

kV), creating a fine spray of charged droplets. Solvent evaporation (aided by nebulizer gas) and 

Coulomb fission reduce droplet size until ions enter the gas phase. ESI is extremely soft: it yields 

primarily [M+H]+ and [M–H]- ions (often multiply charged for large molecules) with minimal 

fragmentation. There is effectively no upper mass limit – proteins and even noncovalent 

complexes can be detected by analyzing multiple-charge envelopes. Ionization efficiency depends 

on solution chemistry: the acidic pH of the mobile phase controls protonation, and the addition of 

formic acid or ammonium salts shifts the equilibria. ESI works best with polar, protic solvents 

(water/methanol/acetonitrile) and is sensitive to matrix suppression (co-eluting salts or 

surfactants). Lower flow rates (sub-mL/min) increase sensitivity, so micro- and nano-ESI sources 

and narrower LC columns (≤2 mm ID) are often used to improve ionization. The strengths of ESI 

are its wide applicability (from small molecules to large biomolecules) and high throughput; its 

weaknesses are susceptibility to matrix effects and poor ionization of hydrophobic analytes30,39–41. 
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Atmospheric pressure chemical ionization (APCI) uses a heated nebulizer (~300–

500 °C) and a corona discharge needle at atmospheric pressure. The LC vapor is seeded with 

reactant ions: solvent molecules are ionized by the corona, then undergo ion–molecule proton 

transfer or charge exchange with analytes. APCI is a gas-phase chemical ionization source: it 

produces mostly singly charged ions [M+H]+ (no multiple charging) and some M+. It is best for 

medium- to low-polarity, moderately volatile compounds (pesticides, lipids, metabolites) and is 

less sensitive to non-volatile buffer components. However, APCI requires that analytes be volatile 

and thermally stable; it typically uses a protic makeup solvent to enable proton transfer. Compared 

to ESI, APCI generally has lower salt suppression but lower sensitivity for high-mass or highly 

polar species. In practice, APCI excels for hydrophobic small molecules (fat-soluble drugs, 

steroids) that ionize poorly by ESI30,39–41. 

Atmospheric pressure photoionization (APPI) replaces the corona with a VUV lamp. 

Aerosolized analytes absorb 10–11 eV photons and become radical cations (M+), which often 

abstract a proton from solvent to form [M+H]+. APPI is highly effective for very nonpolar or 

aromatic compounds (e.g., polycyclic aromatics and hydrocarbons) where ESI/APCI fail. 

Sensitivity for these species can exceed that of APCI. APPI also tolerates high organic content. Its 

limitations are that many polar analytes have higher ionization energies than photon energy, and 

the chemistry is more complex. Dopants (e.g., toluene) are often used to extend APPI’s range. 

Overall, ESI, APCI, and APPI are complementary: ESI covers polar/ionic analytes, APCI covers 

moderately polar neutrals, and APPI covers nonpolar compounds30,39. 

Matrix-assisted laser desorption/ionization (MALDI)  is typically a pulsed ionization 

technique used offline. An analyte co-crystallized with a UV-absorbing matrix is irradiated with a 

laser, leading to rapid desorption and ionization. MALDI produces mainly singly charged [M+H]+ 
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ions with minimal fragmentation. It tolerates salts and large biomolecules well, so it is extensively 

used for proteins, peptides, and polymers. However, MALDI is not a continuous LC–MS source; 

it generally requires fraction collection and spotting (or MALDI imaging) to interface with LC. 

Thus, in the context of LC–MS, MALDI is a special case used mainly for very large molecules in 

proteomics and often requires additional instrumentation30,39. 

Table 2.1. Comparison of Common Ionization Techniques in Mass Spectrometry30,39 

Ionization Principle 

Analyte 

Polarity / 

Size 

Solvent / 

Additives 
Strengths Limitations 

ESI High-voltage 

spray → charged 

droplets → 

evaporative 

fission 

Polar/ionic; 

very large 

(multi-

charged) 

H2O, MeOH, 

ACN; formic 

acid, 

ammonium 

acetate 

Soft, wide 

mass range; 

ideal for 

proteins 

Ion suppression; 

poor for 

nonpolar; 

requires 

conductivity 

APCI Heated spray + 

corona discharge 

→ ion–molecule 

reactions 

Medium/low 

polarity; 

moderate 

size 

Protic/mixed 

solvents; 

requires 

volatility 

Less 

suppression; 

stable; good 

linearity 

Not for 

thermally labile 

macromolecules, 

singly charged 

APPI VUV 

photoionization 

of analyte/dopant 

Low–

moderate 

polarity; 

nonpolar 

compounds 

UV-

transparent 

solvents; 

dopants 

(toluene, 

acetone) 

Sensitive to 

hydrophobic

; low matrix 

effects 

Requires suitable 

IE; complex; 

specialized 

hardware 

MALDI Laser + matrix → 

desorption/ionizat

ion 

Large 

biomolecule

s; salt-

tolerant 

Solid matrix 

(CHCA, DHB) 

Soft, high 

throughput, 

good for 

biopolymers 

Pulsed; singly 

charged; limited 

quantitation 

2.2.4.2 UPLC–MS Interface Challenges and Solutions 

Coupling ultra-performance LC to MS poses practical issues. 
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Flow rate compatibility: UPLC typically delivers 0.2–1.0 mL/min, whereas conventional 

ESI is optimized for ~0.2–0.8 mL/min. Higher flow produces larger droplets and poorer 

desolvation. Mitigation: use flow splitters to send most flow to waste or a secondary detector and 

only a microflow (<10 µL/min) to the MS or use micro/nano-ESI sources with narrower (e.g., 

1 mm or capillary) columns. Modern capillary systems are compatible with ESI30,39. 

Solvent composition and additives: UPLC mobile phases may contain high water or 

volatile organic content, which affects spray formation. Nonvolatile buffers or ion-pairing agents 

(e.g., phosphate, TFA) enhance chromatography but suppress ESI signals. Mitigation: use volatile 

modifiers (formic/acetic acid, ammonium formate) in LC. Employ divert valves to waste during 

column equilibration or initial gradient to avoid salt loading. Post-column makeup flows (e.g., 

adding an organic solvent or an acid) can optimize droplet properties. Liigand et al. 41found that 

90:10 methanol/10 mM formic acid as make-up gave the best average ESI sensitivity, and stronger 

acids helped compounds with low ionization efficiency30,39. 

Desolvation and source design: Efficient evaporation is critical. Use heated capillaries, 

sheath gas (N₂ or air), and optimized sprayer geometry. Some sources allow switchable ESI/APCI 

modes or use heated nebulizers (e.g., “heated ESI”) to improve vaporization. Mitigation: adjust 

source temperature and gas flows. Use APCI for very high-flow cases, as APCI inherently 

vaporizes the spray30,39. 

Backpressure and dead volume: UPLC columns operate at high pressures (up to 10,000 

psi). All tubing and fittings to the MS must be high-pressure-rated to prevent leaks or flow 

pulsations. Any extra volume after the column (tubing, connectors) broadens 

peaks. Mitigation: use zero-dead-volume unions and as-short-as-possible capillaries (microbore 

PEEK/fused silica) to link to the source. Integrated microfluidic interfaces (e.g., Waters ionKey) 
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minimize extra volume. Use appropriate tubing ID (often smaller) to match flow splitting and 

avoid long loops30,39. 

Carryover and contamination: High sensitivity of MS makes it prone to carryover from 

the sample matrix. Mitigation: rigorous washing protocols (rinse the autosampler needle and 

injection port), and flush high-organic solvent runs between batches. Use inline filters or guard 

columns to trap particulates, and divert early eluent away if it contains matrix. If needed, lower 

sample load or use columns with stationary phases that minimize adsorption for troublesome 

analytes30,39. 

ESI-MS/MS is the ideal mass spectrometer (MS) to couple with UHPLC due to its ease of 

configuration and compatibility with flow rates. ESI-MS/MS has the best ionization performance 

in the flow rate range of 50 – 300 µL/min30. A column with an internal diameter of 2.1 mm is the 

ideal choice for the coupling, as it would yield an optimal flow rate near 200 µL/min30,39. 

2.2.4.3 Quadrupole Mass Analyzer 

A quadrupole mass filter consists of four parallel rods with DC (U) and RF (V) voltages 

applied. Opposing rod pairs receive +U/+V and –U/–V, creating a time-varying electric field. Only 

ions with a specific m/z have stable trajectories through this field; others become unstable and 

collide with the rods. The ion motion in the quadrupole obeys the Mathieu differential equation, 

so combinations of U and V lying within the stability region of a given m/z transmit those ions. 

By fixing U and V, one can select a single m/z (SIM mode) or, by simultaneously ramping U and 

V (keeping their ratio constant), the quadrupole “scans” a range of masses (full-scan mode). In 

practice, the RF/DC ratio is tuned so that the desired ion’s stability region is centered. Changing 

the ratio affects resolution: a higher DC/RF ratio yields narrower mass windows (higher resolving 

power) at the cost of lower transmission. In comparison, a lower ratio broadens peaks (higher 
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sensitivity). The mass resolving power is defined as (R = m/Δm) (unit mass resolution means Δm 

≈1 at mid-range). Modern triple-quadrupole instruments use two filtering quadrupoles and a 

collision cell for MS/MS: in SRM/MRM mode, Q1 selects a precursor ion, Q2 fragments it, and 

Q3 selects a product ion. This highly selective mode gives excellent quantitation for known 

analytes. Typical performance specs: mass range ~10–2000+ m/z, unit resolution (~0.7–1.0 Da 

FWHM), scan speeds of hundreds to thousands of Da/s, and linear dynamic range of 104–105. In 

summary, quadrupoles use DC/RF electric fields to filter ions based on their stability. Their 

practical operation involves tuning voltages to achieve the desired resolution and sensitivity, using 

SIM/scan or SRM/MRM modes as needed for quantitative LC–MS40. 

2.2.5 Derivatization of Targeted Analytes in Tandem LC–MS/MS 

Chemical derivatization is widely used in LC–MS/MS to overcome challenges of low 

sensitivity, poor ionization, and inadequate chromatographic behavior for many target analytes. 

By chemically modifying analytes (e.g., adding chromophores, fixed charges, or volatile groups), 

derivatization can enhance ionization efficiency, improve chromatographic retention and 

selectivity, and reduce background interferences. Common derivatization chemistries include 

sulfonylations (e.g., dansyl chloride for amines), carbamate formations (e.g., FMOC-Cl), 

thiocarbamoylations (PITC), silylations (BSTFA, MTBSTFA for alcohols/acids), 

alkylations/methylations (e.g., diazomethane or TMS-diazomethane), Boc protection, acylations 

(e.g., N-hydroxysuccinimidyl or benzoyl chlorides), and “charge tags” (quaternary ammonium or 

phosphonium reagents) that introduce a permanent positive charge. Derivatization greatly alters 

MS/MS fragmentation. New labile bonds and charged moieties produce characteristic fragment 

ions that can aid identification and sensitivity. However, derivatization can complicate spectra 
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(additional isomers, adducts, or loss channels); careful interpretation or stable-isotope internal 

standards may be needed to ensure accurate quantitation42–44. 

Because derivatization changes chemical properties, it has major impacts on 

quantitation and validation. Tagged analytes often exhibit higher ionization efficiency and 

retention shifts, which can reduce matrix suppression and improve signal-to-noise. Internal 

standards should ideally be chemically identical derivatized analogs (often isotopically labeled 

tags) to mimic matrix effects. Isotope-coded derivatization (using heavy tags) is increasingly used 

to normalize any residual variability and to enable multiplexing. Method validation parameters 

(LOD/LLOQ, linearity, accuracy, precision, recovery, stability) are typically improved by 

derivatization. For example, Rebane et al. report that optimized AQC tagging of amino acids 

significantly lowered detection limits and improved accuracy43. In published methods, derivatized 

amino acids often achieve low-µmol/L or ng/mL LLOQs with CVs <5–10%. Vitamin D 

metabolites derivatized with PTAD (a Diels–Alder reagent) reached LLOQs of 1–5 ng/mL, while 

DMABC-derivatized estradiol achieved an ultra-low LLOQ of ~0.24 pg/mL (≈10× improvement 

vs. direct). Typical linear ranges span several orders of magnitude (R² > 0.99), with 

accuracy/precision (90–110% and CV < 15%) comparable to or better than those of underivatized 

methods42,44–46. 

Derivatization is employed when native analytes are difficult to analyze by LC-MS/MS. 

The main goals are to improve sensitivity and signal intensity (by increasing ionization 

efficiency), enhance chromatographic behavior (by increasing hydrophobicity or adding 

chromophores), increase selectivity (by creating unique mass or UV tags), and stabilize labile 

analytes. Qi et al. note that derivatization “significantly expands the applications of LC–MS” by 

improving separation and selectivity, enhancing ionization, and even aiding structural 
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elucidation44. For example, small polar amines or acids often suffer poor retention on reversed-

phase columns and poor ESI response – tagging them with a bulky hydrophobic, UV-active, or 

charged group markedly enhances retention and ionization. Likewise, isomeric compounds may 

be better separated after derivatization. Many reviews emphasize that, for low-abundance trace 

analytes, the performance gains (lower LODs/LLOQs, sharper peaks, and cleaner spectra) often 

outweigh the extra steps. However, derivatization adds complexity: it can introduce by-products, 

require precise control of conditions, and create additional analytical uncertainties. These trade-

offs must be weighed during method development42–46. 

Derivatization changes MS/MS fragmentation in predictable ways. The added group 

introduces new cleavage points and stabilizes charges42–46. Common observations include: 

• Reporter Ions: Many tags fragment to give a diagnostic “reporter” ion. E.g., Fmoc 

derivatives produce a strong ion at m/z 178 (fluorenyl cation). Dansyl tags often yield a 

naphthalene sulfonamide ion (~m/z 170) or a fluorescent cation. 

• Enhanced fragmentation: The heavy tag can induce more fragmentation due to increased 

proton affinity or strain. This can be advantageous (more intense product ions) but 

sometimes yields complex spectra. 

• Shifted MRM transitions: Because the molecular weight increases by the tag mass, MRM 

transitions must be adjusted. For instance, 17β-estradiol (MW 272) derivatized with 

DMAB-Cl (MW 149 tag) gives an [M+H]+ at m/z 420 instead of 272. The most intense 

MRM transition was then 420→166 (loss of the steroid moiety), whereas native estradiol 

would fragment differently. This fixed-charge fragmentation ensures a unique transition. 

• Loss of labile groups: Sometimes, derivatization stabilizes otherwise labile moieties. For 

example, forming methyl esters prevents in-source decarboxylation of free acids. 
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Conversely, some tags may themselves undergo neutral losses (e.g., CID of benzoyl tags 

might lose CO or H2O). 

• Fragmentation pathways: Derivatized amino acids often exhibit expected fragmentation 

(e.g., modified leucine or glycine fragments can be predicted by the tag mass plus residue 

mass). New product ions involving the tag (e.g., Fmoc- or dansyl-related ions) can simplify 

spectra interpretation. Several studies report that different amino acids derivatized with the 

same tag may fragment differently, so each analyte–tag pairing should be characterized. 

Overall, derivatization usually improves the specificity of MS/MS detection by generating 

strong, unique transitions, but it requires the analyst to identify and validate them. It is good 

practice to obtain MS2 spectra of the derivatives to confirm the major fragments before finalizing 

MRM transitions. 

Derivatization can affect quantitation in several ways42–46: 

• Matrix effects: By changing polarity and retention, derivatization can reduce coelution 

with matrix interferents. A more hydrophobic tag can shift an analyte away from ion-

suppressing phospholipids. However, new interferences can arise (from derivatized matrix 

components). Therefore, assessing matrix effects is crucial. In practice, heavy-isotope-

labeled internal standards that are derivatized in parallel are used to correct variability. For 

instance, Rebane et al. emphasize the use of matched derivatized isotopic standards for 

amino acids to achieve accurate quantification. 

• Internal standards: Ideally, the internal standard is an isotopically labeled analyte that 

undergoes the same derivatization. If isotopic analytes aren’t available, one can use analogs 

bearing the tag (e.g., stable-isotope-labeled tag reagents). This compensates for incomplete 

derivatization or variable recovery.  
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• Isotope-coded tags: Some methods use isotope-coded derivatization (e.g., light vs heavy 

dansyl chloride) to multiplex samples or calibrate response factors. This is common in 

metabolomics but less so in targeted quantitative assays. It can correct for sample-prep 

loss: the sample and a spiked, labeled standard are derivatized simultaneously, and their 

ratio is measured. 

• Reaction yield: Incomplete derivatization will bias quantitation (lower response). Thus, 

reaction conditions must be driven to near-completion or the yield must be constant across 

calibration and samples. Analysts often assess derivatization efficiency and incorporate it 

into method validation. The Rinne technique (e.g., AQC) is designed to be essentially 

100% efficient under standard conditions. 

• Stability: Some derivatives may degrade (hydrolyze or lose the tag) over time or in the 

autosampler. Stability tests should be performed. Most common derivatives (dansyls, 

FMOCs) are reasonably stable when stored cool/dark, but labile tags (e.g., some charge 

tags) may require rapid analysis. Storage stability also relates to column compatibility: e.g., 

Dansyl compounds stick to silica after drying47. 

Occasionally, extensive MS and ion-source optimization is required to achieve the desired 

sensitivity and resolution. Derivatization significantly reduces the need for extensive instrumental 

configuration (described in Figure 2.4) in LC-MS/MS 47. 
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Figure 2.4. A: Conventional LC-MS/MS workflow without derivatization, B: LC-MS/MS 

workflow with derivatization. Published under permission 47. 

Overall, derivatization improves dynamic range and LOD by boosting the signal and 

enhancing the sensitivity, selectivity, and efficiency of analytical methods. 

2.2.6 Sample extraction and pre-treatment using Solid Phase Extraction 

SPE has become the go-to choice for sample extraction and pretreatment for UHPLC-

MS/MS analysis of biological matrices due to its fast extraction times, high versatility, and 

selectivity. Also, it provides an easier sample cleanup and pre-concentration process than Liquid–

Liquid Extraction (LLE). Furthermore, it avoids emulsification and uses fewer solvents compared 

to other extraction techniques48. 

In contrast to other extraction techniques, mixed-mode SPE becomes highly selective 

towards specific classes of analytes by incorporating an anion- or cation-exchange moiety within 

the same bed as the reversed-phase column material. This is a very good strategy for cleaning up 

matrices that leverage the packing material's dual functionality, since charged analytes can be 

retained via ion-exchange interactions. In contrast, the matrix can be removed with wash solutions. 

Furthermore, SPE can be used as a high-throughput method with a specially designed positive- or 
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negative-pressure manifold, which allows multiple extractions to be performed simultaneously, 

increasing the number of samples processed to hundreds per day49–51. 

 2.3 UHPLC-MS/MS method development for agricultural samples 

2.3.1 Tandem mass spectrometer optimization 

As the first step of method development, MRM transitions are optimized for individual 

targeted analytes obtained as pure analytical standards. The neat standard is injected into the MS 

by direct infusion.  Depending on the analyte, either the system’s integrated automatic program or 

manual optimization performed by the operator is used to optimize MS tune parameters and 

determine the MRM transitions. Before the optimization begins, the ESI mode (ESI+ or ESI-) 

should be selected based on the target analyte's potential polarities. Ionization in those two modes 

is based on different mechanisms52. 

 

Figure 2.5. Ionization mechanisms for ESI+ and ESI- mode. Published with permission52. 

Depending on the assay requirements, derivatization can be used to change the molecules’ 

potential polarity; hence, ESI+ mode could be used instead of ESI- and vice versa. As an example, 
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derivatization of analytes with a carboxyl group is achieved with 2,4-bis(diethylamino)-6-

hydrazino-1,3,5-triazine (T3) in the presence of 1-ethyl-3-[3-dimethylamino-propyl] carbodiimide 

hydrochloride (EDC) and 1-hydroxybenzotriazole hydrate (HOBT) to change the ESI mode to 

ESI+53. 

 

Figure 2.6. T3 derivatization mechanism in the presence of EDC and HOBT. Published with 

permission53. 

ESI is used for both veterinary drugs and PFAS. Most veterinary compounds (antibiotics, 

analgesics, etc.) ionize well in positive ESI (protonated [M+H]+), so we operate in ESI+ for these. 

In contrast, PFAS (fluoroalkyl acids and sulfonates) are strong acids and are detected in ESI- as 

[M–H] ⁻ ions. The Waters Xevo TQ-Absolute (or XR) triple-quadrupole was used in the present 

work, enabling fast polarity switching as needed. Typical source settings might be ~3.0 kV 

capillary voltage in positive mode and –2.5 kV in negative mode, with source temperature ~100–

150 °C and desolvation temperature ~300–400 °C. We optimize the nebulizer and curtain gas 

flows to maximize spray stability while avoiding suppression of ion signals. In-line mass 

calibration is performed before each run (as recommended in Section 13 of EPA Method 1633). 

2.3.2 Solvent system and column selection 

The steps for creating an inlet program involve starting with isocratic elution and switching 

to a simple gradient to achieve optimal resolution. Then, a complex gradient is designed if further 
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resolution is needed. However, when a complex matrix, such as plasma, is used in the project, a 

simple gradient program will serve as a starting point.  The first step in programming a gradient 

elution is to select a solvent system that optimally separates and elutes all compounds in the 

planned analysis.  

The acetonitrile/water system has greater strength (elution power) than the methanol/water 

system at comparable percentages. Usual optimizations start with acetonitrile/water systems and 

will move to methanol/water systems if further resolution improvements are required. The main 

drawback of the latter is the need for longer gradient times and a slight increase in environmental 

toxicity54. 

Usually, the optimization begins on a C18 column and progresses towards alternative 

specific chemistries, such as phenyl and fluoro-phenyl columns. Sometimes, inlet program 

development starts with a scouting gradient for analytes in complex matrices, such as plasma, and 

then evolves into a more complex gradient as requirements change. 53,55–66. 

The prepared extracts are analyzed by UHPLC coupled to triple-quadrupole MS in MRM 

mode. For chromatographic separation, short UHPLC columns (e.g. Waters Acquity UPLC HSS 

T3 or BEH C18, ~2.1×50 mm) with sub-2 µm particles are used. Mobile phases are typically water 

and methanol (or acetonitrile) with 1–5 mM ammonium acetate and low-level acid (0.01–0.1% 

formic or acetic acid) to improve peak shape and ionization. A rapid gradient allows all analytes 

(across many drug classes and PFAS homologs) to elute within 5–10 min. For PFAS, 2 mM 

ammonium acetate in water (A) and acetonitrile/methanol (B) with a suitable gradient on a UHPLC 

can be used. Use of UHPLC dramatically reduces analysis time and boosts peak capacity, both of 

which are essential when monitoring hundreds of transitions. 
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2.3.3 Development of sample pre-treatment and solid phase extraction strategies 

Accurate analysis of veterinary pharmaceuticals in biological fluids and of PFAS in 

environmental matrices requires rigorous sample clean-up to remove proteins, lipids, salts, and 

other interferents while concentrating the analytes. In blood plasma (rich in proteins and 

phospholipids), a common first step is protein precipitation, typically by adding cold organic 

solvents (e.g., acetonitrile or methanol, often acidified) to crash proteins and centrifuge them out67. 

This step must efficiently separate the protein pellet from the analyte-containing supernatant to 

avoid matrix effects in LC-MS/MS67. For example, Wang et al. describe precipitating plasma with 

acetonitrile/0.1% formic acid, followed by filtration or centrifugation to obtain a clean 

supernatant67. High-throughput labs often implement this in 96-well format (e.g., protein-removal 

filter plates) to process dozens of samples simultaneously68. 

Following precipitation, SPE is used to purify further and concentrate analytes. Waters 

Oasis SPE sorbents are widely employed; they come in multiple chemistries (HLB, MCX, MAX, 

PRiME HLB, etc.) suitable for acids, bases, and neutral compounds. For broad “multi-residue” 

veterinary drug panels, Oasis HLB (hydrophilic–lipophilic balanced polymer) is a workhorse, 

retaining most small-molecule drugs under reversed-phase conditions. Oasis PRiME HLB (a no-

conditioning version of HLB) is attractive for rapid workflows because ∼it removes 95% of 

proteins, salts, and phospholipids in a single pass-through. Mixed-mode sorbents are also 

important: for basic drugs (e.g., many antibiotics, most opioid analgesics), Oasis MCX (mixed 

cation-exchange) can strongly retain protonated amines. In an Oasis MCX protocol, the acidified 

(e.g., 1–4% H₃PO₄) sample is loaded, the sorbent is washed with weak acid to remove matrix, then 

analytes are eluted sequentially: neutral organic solvent (MeOH) for acidic non-steroidal anti-

inflammatory drugs (NSAIDs), and basic methanol (e.g., 5% NH₄OH in MeOH) to elute cationic 
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drugs. Such mixed-mode schemes ensure that NSAIDs (weak acids) and basic 

analgesics/antibiotics can both be recovered with high yields in a single SPE procedure. Typical 

SPE protocols involve conditioning the sorbent (e.g., with MeOH, then water), loading the 

acidified sample, washing (often with acidified water or a dilute organic solvent) to purge 

impurities, and then eluting the analytes as described above. These steps can be performed in 

individual cartridges or in 96-well plates; for high throughput, we often use Oasis 96-well HLB or 

PRiME HLB plates on a positive-pressure manifold or an automated extractor. As reported by 

Lomnicka et al. (2025), 600 µL equine plasma aliquots were processed using a Waters Oasis HLB 

96-well plate on a Biotage Extrahera system, with evaporation and reconstitution in 96-well format 

for LC-MS analysis69. Oasis SPE sorbents are selected to match the analyte chemistry: for 

example, mixed-mode strong anion-exchange (MAX) could be used for very polar acids if 

needed68,69. 

Veterinary drug targets are chemically diverse, including NSAIDs (carboxylates like 

flunixin, ibuprofen), opioid analgesics (e.g., buprenorphine), and antimicrobials (e.g., 

sulfonamides, tetracyclines, β-lactams, macrolides). A robust plasma/SPE procedure must 

accommodate this range68,69. In practice, recovery of representative drugs from each class is 

validated, and the SPE chemistry or pH is considered if some analytes are lost. For highly protein-

bound drugs, additional disruption (e.g., sonication or elevated temperature) may be applied before 

precipitation. Throughout, stable-isotope-labeled surrogates (or appropriate analogs) are spiked 

into the sample before extraction to monitor recovery. 

Environmental PFAS sample preparation follows different principles. PFAS 

(perfluoroalkyl acids, sulfonates, and precursors) are strong acids that ionize in water, so they 

require specialized extraction. EPA Method 1633A (2024) provides guidance: aqueous samples 
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(e.g., groundwater, surface water, wastewater) are typically acidified and passed through weak 

anion-exchange SPE (Waters Oasis WAX 150 mg is cited), often after spiking with isotopic 

standards. The PFAS ions bind the WAX polymer; after a wash step, the analytes are eluted for 

analysis. Following SPE, a graphitized carbon black (GCB) cleanup (sometimes as a separate 

column or combined GCB/WAX cartridge) is used to remove co-extracted organic contaminants. 

For solid matrices (soils, biosolids), Method 1633A prescribes extraction in basic methanol (or a 

similar solvent) and cleanup with GCB, followed by WAX SPE. For example, soils are mixed with 

1% NH₄OH in methanol, the supernatant is collected, and then cleaned using GCB+WAX as in 

EPA 1633 procedures. Similarly, tissue samples are homogenized and digested (e.g., with 0.1 M 

KOH in acetonitrile), then treated with the same carbon/SPE cleanup. Waters even offers dual-

phase Oasis GCB/WAX cartridges that combine carbon and WAX sorbents in a single device, 

reducing steps; this product has been validated to meet the stringent recovery and RSD criteria of 

EPA 1633 for soil PFAS extraction. In all PFAS preparations, great care is taken to avoid 

contamination: EPA 1633 explicitly forbids any use of fluoropolymer labware or Teflon® and 

requires PFAS-free solvents and clean labware7,10. 

 2.3.4 Quantitation and calibration 

Quantification is performed using the isotope-dilution method, in which samples and 

standards contain isotopically labeled analogs of each target compound. The ratio of the analyte 

peak area to that of its labeled IS corrects for variability in extraction and ionization. Calibration 

curves (7–10 points) are fitted (usually with 1/x or 1/x² weighting) to plot the response ratio versus 

concentration. Method blanks, low-level blanks, and continuing calibration checks (CCVs) are run 

to ensure accuracy. The MRM data are processed with integration software (e.g., Waters 
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MassLynx/TargetLynx or Waters Connect), and each compound must meet ion-ratio and 

retention-time criteria for identification7,8,10,29,31,67–69. 

 2.4 Conclusions 

UHPLC–MS/MS is a powerful and versatile analytical tool for quantitatively determining 

veterinary drugs and PFAS in complex agricultural and environmental matrices. The theoretical 

foundations of chromatographic efficiency demonstrate that using sub-2 µm particles and high-

pressure systems enables superior resolution and faster analysis than conventional HPLC, albeit at 

the cost of increased system pressure. When coupled with triple quadrupole mass spectrometry in 

MRM mode, UHPLC provides exceptional selectivity and sensitivity, enabling trace-level 

detection in matrices with high protein, lipid, and organic content. Effective method development 

requires a systematic approach that begins with mass spectrometric optimization, followed by the 

rational selection of solvent systems, column chemistries, and gradient programs. Sample pre-

treatment and SPE are critical to method performance, as they minimize matrix effects, improve 

analyte recoveries, and enable high-throughput processing. The integration of mixed-mode SPE 

sorbents and isotope-dilution calibration further enhances method robustness and quantitative 

reliability. Collectively, the strategies described in this chapter establish a rigorous and transferable 

framework for UHPLC–MS/MS method development, supporting accurate monitoring of 

veterinary pharmaceuticals and PFAS in agricultural, biological, and environmental systems. 
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Chapter 3 - Simultaneous Quantification of Azaperone, Trazodone, 

and Gabapentin in Porcine Plasma Using UHPLC-MS/MS: A 

Method for Assessing Veterinary Pharmacokinetics 

 3.1 Abstract 

Azaperone, Trazodone, and Gabapentin are anxiolytics used in veterinary medicine. 

Although there is growing interest in assessing drug interactions, current methods lack concurrent 

quantification at the desired detection limits of quantification. Single-analyte methods require 

higher sample consumption, resource use, and analysis time per sample. This study aimed to 

develop a highly sensitive, simultaneous, and high-throughput ultra-high-performance liquid 

chromatography-tandem mass spectrometry assay to quantify these drugs in porcine plasma. 

Briefly, the acidified samples were subjected to strong-cation-exchange solid-phase extraction, 

reversed-phase gradient elution, positive electrospray ionization, and multiple reaction monitoring, 

yielding linear calibration curves with coefficients of determination consistently greater than 

0.990. The limits of quantitation for Azaperone, Trazodone, and Gabapentin were 1.00, 1.00, and 

1.50 ng/mL, respectively. The method was validated in accordance with FDA-recommended 

guidelines. The developed method applies to a variety of pharmacological studies; furthermore, it 

can be optimized to quantify these drugs in other animal matrices or to quantify additional related 

drugs by simply adjusting UHPLC and MS parameters. 
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 3.2 Introduction 

3.2.1 Importance of azaperone, trazodone, and gabapentin in swine veterinary 

medicine 

Azaperone (AZN), trazodone (TZN), and gabapentin (GBP) play important roles in 

veterinary medicine for swine. AZN is a short-acting butyrophenone tranquilizer licensed for 

pigs70; it produces dose-dependent sedation and anxiolysis with minimal respiratory depression 

and is widely used to reduce stress and aggression during handling, transport, and management of 

swine70. However, AZN provides little analgesia, so it is often combined with other agents (e.g., 

ketamine or local anesthetics) for surgical procedures. Trazodone, a serotonin‐receptor antagonist 

approved for depression in humans, is used off-label in veterinary practice for anxiolysis and 

sedation. In dogs and cats, oral trazodone reliably reduces pre‐procedural anxiety and decreases 

anesthetic requirements71. In pigs, anecdotal protocols recommend oral trazodone (8–10 mg/kg) 

together with gabapentin (20 mg/kg) to calm pet pigs before veterinary visits. Gabapentin is an 

anticonvulsant and neuropathic analgesic (a GABA analog) that has gained popularity in 

veterinary medicine as an adjunct for chronic pain and sedation. It is believed to modulate calcium‐

channel signaling, which can enhance analgesia and reduce anxiety when used with other drugs. 

In swine, preliminary pharmacokinetic studies have shown that gabapentin is reasonably well 

absorbed (bioavailability ~47%) with a terminal half-life of ~6 h. Importantly, these studies noted 

a short-lived sedative effect after IV dosing, consistent with the compound’s known sedation side 

effects at high doses in other species72. 

Veterinary interest in combining AZN, TZN, and GBP has been rising for multimodal 

sedation and analgesia. For example, traditional injectable regimens for pigs often include 

butyrophenones (like AZN) together with alpha-2 agonists or opioids to deepen sedation. 
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Likewise, the combination of TZN and GBP is explicitly recommended to reduce anxiety in pet 

pigs before handling. Such co-administration can enable dose reductions and broader coverage for 

both stress and pain, but it also requires an understanding of pharmacokinetic interactions. In 

human and veterinary medicine alike, combining a sedative (TZN), a tranquilizer (AZN), and an 

analgesic (GBP) can be synergistic, but raises questions of altered clearance or competing 

metabolism. To design safe protocols and appropriate withdrawal times in food animals, it is thus 

critical to measure each drug’s plasma kinetics when given alone and in combination70–86. 

3.2.2 Current analytical approaches and limitations 

Existing assays for AZN, TZN, and GBP have generally been developed one analyte at a 

time. For AZN (and its main metabolite, azaperol), methods have included HPLC-UV or HPLC-

FLD in tissue and plasma samples. For example, Aoki et al. described an HPLC-UV procedure for 

azaperone and azaperol in animal tissues, achieving linear quantification down to 0.025 µg/g with 

simple extraction, but requiring tedious liquid–liquid extraction and multi-step cleanup87. In Swine 

plasma specifically, older assays have relied on HPLC with UV detection, which suffer from 

limited sensitivity and selectivity. Similarly, trazodone has been quantified mainly in human 

plasma by HPLC with UV or fluorescence detection. Li-Bo et al. developed an HPLC–

fluorescence method that achieved a lower limit of quantitation (LLOQ) of 5 ng/mL using 300 µL 

of plasma. However, earlier HPLC methods had higher detection limits (tens of ng/mL) and/or 

lengthy run times88. Modern LC–MS/MS methods for trazodone do exist, but in practice they often 

require costly instrumentation and complex sample prep88. For gabapentin, sensitive LC–MS/MS 

assays are well established. Park et al. reported a validated LC–MS/MS assay for human plasma 

(protein precipitation, Gemini C18 column) with a working range of 20–5000 ng/mL and LLOQ of 

20 ng/mL89. More recent veterinary methods (e.g., Zhao et al. for feline plasma) use UHPLC-
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MS/MS with rapid (7-min) gradients and simple precipitation, demonstrating high throughput90. 

Still, all these approaches target a single drug per assay. 

These single-analyte methods have practical limitations for multi-drug studies. First, they 

often require large sample volumes. For example, the trazodone HPLC-FLD assay needed 300 µL 

of plasma per run88and the gabapentin LC–MS/MS used ~100–200 µL of sample. Processing 

multiple drugs would thus require an unacceptably large amount of blood from pigs or piglets. 

Second, throughput is low. Performing three separate extractions and chromatographic runs (one 

for each drug) triples analysis time and labor. This is inefficient and costly, especially for large 

pharmacokinetic studies. Third, sensitivity and specificity can be compromised in single-

compound assays. Older HPLC-UV methods lack the specificity to distinguish closely eluting 

residues. At the same time, advanced LC–MS/MS approaches (though sensitive) often use 

expensive stable-isotope standards and are not readily available for routine veterinary 

monitoring88. In summary, existing assays for AZN, TZN, and GBP require separate testing and 

are either low-throughput, resource-intensive, or limited in performance87,88. 

3.2.3 Rationale for a UHPLC-MS/MS multianalyte method 

To address these gaps, a UHPLC-tandem MS assay was developed to quantify AZN, TZN, 

and GBP simultaneously in porcine plasma. UHPLC platforms use smaller particle columns and 

higher pressures to achieve sharper peaks and faster separations than conventional HPLC. 

Coupling UHPLC with triple-quadrupole MS/MS enables highly specific multiple-reaction 

monitoring for each analyte, yielding excellent sensitivity even with small sample volumes. By 

multiplexing the analytes, a single 7–10 min chromatographic run can replace three separate ones, 

greatly increasing throughput. Only one sample preparation (e.g., one solid-phase extraction) is 

needed per plasma aliquot, reducing labor and sample volume. For example, recent studies have 
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demonstrated the feasibility of high-throughput multi-residue assays. A validated UHPLC–

MS/MS method in cats quantified gabapentin (with pregabalin IS) in 7 min with protein-

precipitated plasma90. In porcine urine, UHPLC-MS/MS has been used to screen dozens of 

tranquilizers simultaneously with LLOQs in the low ng/L range91. These examples illustrate that 

modern UHPLC-MS/MS can achieve sub-µg/L sensitivity and precise quantification of multiple 

veterinary drugs in one run. 

The newly developed method leverages these advantages: it was optimized for minimal 

matrix effects and interference, employing isotope-labeled ISs for each analyte to ensure accuracy. 

Calibration curves covering the expected pharmacokinetic range (e.g., low ng/mL to µg/mL) were 

established. By combining chromatographic resolution and MS/MS specificity, the assay can 

distinguish AZN, TZN, and GBP even if co-eluting. Importantly, the combined method greatly 

streamlines sample analysis. Plasma (100 µL) drawn at each time point will be processed once to 

determine concentrations of all three drugs. This efficiency reduces the cost per data point and 

improves sample economy for animal studies. In pharmacokinetic research, such an assay enables 

rapid data generation. For example, Hampton et al. recently measured gabapentin PK in pigs by 

LC–MS/MS72. Adding co-measurement of AZN and TZN would deepen insight without additional 

assays. 

3.2.4 Relevance to pharmacokinetics, residue, and food safety studies 

A simultaneous UHPLC-MS/MS method for AZN, TZN, and GBP will have broad utility 

in veterinary pharmacology and food safety. In pharmacokinetic studies, it will enable the 

determination of the absorption, distribution, metabolism, and excretion profiles of each drug, 

whether administered alone or in combination. This is essential for developing correct dosing 

regimens and understanding drug–drug interactions. For instance, if AZN slows gastrointestinal 
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motility, it might affect the absorption of TZN or GBP; only a multi-drug assay can directly reveal 

such interactions. In practice, the ability to measure all relevant drugs in one sample simplifies 

study design and interpretation. 

For residue-depletion studies in food-producing animals, the method is equally valuable. 

Regulatory agencies require that drug residues in edible tissues fall below safety limits before 

animals are slaughtered. Determining withdrawal intervals for combinations of sedatives or 

analgesics necessitates tracking plasma (and ultimately tissue) concentrations of each compound. 

Aoki et al. noted that their single-method assay was “useful for…food safety and veterinary 

applications”87, and Svoboda et al. found that even high oral doses of azaperone did not exceed 

the EU’s maximum residue limit in pig tissues70. By extension, a high-throughput multi-residue 

UHPLC-MS/MS method will accelerate such monitoring and ensure consumer safety. 

Finally, this analytical platform will facilitate studies of long-term or field use of these 

drugs. As swine production increasingly focuses on animal welfare, combinations like AZN–GBP 

or AZN–TZN may be used to reduce handling stress. A robust, sensitive method is needed to 

evaluate how those regimens influence drug levels over time and to ensure that residues are 

managed. In summary, the newly developed simultaneous UHPLC-MS/MS assay – by improving 

sensitivity, specificity, and throughput – is a powerful tool for veterinary pharmacokinetic 

research, residue depletion analysis, and ensuring safe use of AZN, TZN, and GBP in pigs72,87. 

 3.3 Experimental methods 

3.3.1 Chemicals and materials 

GBP, TZN hydrochloride, and TZN-d6 hydrochloride were purchased from the Cayman 

Chemical Company (Ann Arbor, MI). GBP-d10 and AZN were purchased from Millipore Sigma 

(Burlington, MA). AZN-d4 was purchased from Toronto Research Chemicals (North York, 
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Ontario, CA). Optima LC-MS grade methanol, acetonitrile, water, formic acid, ammonium 

formate, Optima grade ammonium hydroxide, and HPLC grade phosphoric acid were supplied by 

Fisher Chemical (Ottawa, Ontario, CA). LC-MS grade dimethyl sulfoxide (DMSO) was supplied 

by Thermo Scientific (Waltham, MA). Oasis PRiME MCX 96-well µElution plates were provided 

by Waters Corporation (Milford, MA). Blank control porcine plasma in dipotassium 

ethylenediaminetetraacetic acid was purchased from Lampire Biological Laboratories (Pipersville, 

PA).  

3.3.2 Sample preparation and extraction 

The detailed method is described in Appendix A1. The blank control porcine plasma was 

filtered with Stericup Quick Release Millipore Express PLUS 0.22 µm PES, 500 mL, and stored 

at -20°C. The individual analyte stock standard solutions of AZN, TZN, and GBP at 10.0, 1.00, 

and 1.00 mg/mL, respectively, in DMSO, and the individual IS stock solutions of AZN-d4, TZN-

d6, and GBP-d10 at 5.00, 1.00, and 0.100 mg/mL, respectively, in DMSO, methanol, and methanol 

were stored at -20°C.  

Daily mixed calibration and QC samples were prepared by adding 100.0 µL of blank 

control porcine plasma to a total sample volume of 200.0 µL. The individual IS stock solutions 

were appropriately reconstituted with phosphoric acid (4%, v/v aq) to prepare daily mixed IS 

working standard solutions; the daily mixed calibration and QC samples were spiked with IS to 

contain 50.0, 50.0, and 75.0 ng/mL of AZN-d4, TZN-d6, and GBP-d10, respectively. The individual 

analyte stock standard solutions were reconstituted and subsequently serially diluted with relevant 

phosphoric acid (4%, v/v aq) volumes to organize the daily mixed calibration samples at the 

following concentrations with respect to [AZN, TZN, & GBP]: [5.00 x 10-1, 5.00 x 10-1, & 7.50 x 

10-1], [1.00, 1.00, & 1.50], [2.50, 2.50, & 3.75], [5.00, 5.00, & 7.50], [10.0, 10.0, & 15.0], [50.0, 
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50.0, & 75.0], [1.00 x 102, 1.00 x 102, 1.50  x 102], [2.50E+02, 2.50 x 102, & 3.75  x 102], [5.00 x 

102, 5.00 x 102, & 7.50 x 102], and [7.50 x 102, 7.50 x 102, & 1.13 x 103] ng/mL. Similarly, proper 

phosphoric acid (4%, v/v aq) dilutions were performed to organize the daily mixed QC samples at 

the following concentrations with respect to [AZN, TZN, & GBP]: [1.00, 1.00, & 1.50], [2.50, 

2.50, & 3.75], [10.0, 10.0, & 15.0], [1.00E+02, 1.00 x 102, 1.50 x 102], and [7.50 x 102, 7.50 x 102, 

& 1.13 x 103] ng/mL. Sample centrifugation was performed using a Thermo Scientific Sorvall ST 

16R Centrifuge at 1300 g for 15 min at 20°C to remove particulates before solid-phase extraction 

(SPE). 

Samples were subjected to positive-pressure-assisted strong-cation-exchange SPE using 

Oasis PRiME MCX µElution plates. The extraction was adopted from a previous protocol 92 and 

slightly modified to establish optimal analyte sensitivity. After sample loading, the sorbent was 

first washed with 200.0 µL of 100 mM ammonium formate in 2% v/v aqueous formic acid and 

subsequently washed with 200.0 µL of methanol. Analyte elution was completed with two 

applications of 5% v/v ammonium hydroxide in 1:1 v/v acetonitrile:methanol (25.00 µL each). 

The cleaned samples were attenuated with 50.00 µL of 2% (v/v) acetonitrile in 1% (v/v) aqueous 

formic acid.  

3.3.3 UHPLC-MS/MS instrumentation 

Method development was performed on a Waters Acquity Ultra High-Performance Liquid 

Chromatography H-class PLUS-tandem Xevo TQ-S Mass Spectrometry (UHPLC-MS/MS) unit. 

The autosampler was maintained at 5°C, and the sample injection volume was 2.00 µL. An Acquity 

UPLC C18 HSS T3 VanGuard precolumn -100 Å, 1.8 µm, 2.1 x 5 mm- and an Acquity UPLC C18 

HSS T3 column -100 Å, 1.8 µm, 2.1 x 50 mm- were maintained at 40°C for chromatography. The 

mobile phase consisted of 0.1% v/v formic acid in both water (A) and acetonitrile (B), with a flow 
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rate of 0.400 mL/min. The gradient elution program started at 5.0% B, increased to 95.0% B at 

3.50 mins, held that composition until 4.50 mins, then dropped to 5.0% B at 4.51 mins and held 

that composition until the run ended at 6.50 mins. The method achieved sufficient resolution, and 

the analytes’ retention differences are evident in the chromatograms of the daily mixed QC sample 

at [50, 50, & 75] ng/mL, relative to [AZN, TZN, GBP], in Figure 3.1.    

 

Figure 3.1.  Combined chromatogram of the quantifier transitions for the calibration sample AZN, 

TZN, and GBP at 50.0, 50.0, and 75.0 ng/mL, respectively. The plot of peak intensity versus 

elution time demonstrated sufficient resolution between the analytes in the mixed sample. 

Electrospray ionization was operated in the positive-ion mode (ESI+). The capillary 

voltage and source temperature were 2.60 kV and 150°C, respectively. The nitrogen desolvation 

gas flow rate and temperature were 800 L/hr and 200°C, respectively. The nitrogen cone gas and 

argon collision gas flow rates were 150 L/hr and 0.15 mL/min, respectively. Mass spectrometry 

detection was conducted in MRM mode. With cone voltages (CV) of 50 and 32 V, AZN and AZN-

d4's precursor to product ion transitions were m/z 328.1 → 165.0* (collision energy (CE) of 18 V) 

and 123.0^ (CE of 34 V), and m/z 332.2 → 169.1* (CE of 20 V) and 127.0^ (CE of 34 V), 

respectively. With CVs of 50 and 70 V, TZN and TZN-d6's precursor to product ion transitions 
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were m/z 372.1 → 176.1* (CE of 22 V) and 148.1^ (CE of 32 V), and m/z 378.2 → 182.1* (CE 

of 28 V) and 150.1^ (CE of 36 V), respectively. With CVs of 36 and 22 V, GBP and GBP-d10's 

precursor to product ion transitions were m/z 172.2 → 137.1* (CE of 16 V) and 154.2^ (CE of 12 

V), and m/z 182.1 → 147.1* (CE of 16 V) and 164.2^ (CE of 14 V), respectively. The quantifier 

and qualifier classifications for the above transition parameters were denoted by the * and ^ 

symbols, respectively. Instrumentation and data management were performed using MassLynx 

and TargetLynx, respectively.  

3.3.4 Method validation 

The UHPLC-MS/MS method to concurrently quantitate AZN, TZN, and GBP in porcine 

plasma was developed and validated in compliance with the FDA’s Bioanalytical Method 

Validation Guidance for Industry report22. The calibration curve ranges were [5.00 x 10-1, 5.00 x 

101, & 7.50 x 101] to [7.50 x 102, 7.50 x 102, & 1.13 x 103] ng/mL for [AZN, TZN, & GBP]. The 

calibration curves were linear with logarithmic axis transformations and produced coefficients of 

determination (R2) consistently exceeding 0.990. The lower limit of quantitation LLOQ was 

established by empirically verified daily mixed QC reproducibility; the LLOQs of AZN, TZN, and 

GBP were 1.00, 1.00, and 1.50 ng/mL, respectively. QC reproducibility was used instead of signal-

to-noise ratio (S/N) calculations because it can experimentally confirm the accuracy and precision 

of the LLOQ concentrations. An analysis of the daily mixed QC samples validated the method’s 

accuracy and precision; a detailed report of the average percent recovery, average intra-day 

precision (percent relative standard deviation (% RSD)), and inter-day precision (% RSD) results 

are described in Table 3.2.   
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Table 3.1. Accuracy and precision results for AZN, TZN, and GBP based on the analysis of daily 

mixed QC samples 

Analyte 

Nominal 

concentration 

(ng/mL) 

Average 

recovery (%) 

Average intra-

day precision (% 

RSD) 

Inter-day 

precision (% 

RSD) 

AZN 

1.00 95.5 8.92 7.83 

2.50 106 1.87 5.04 

10.0 98.6 6.37 4.99 

1.00 x 102 102 7.46 6.47 

7.50 x 102 96.9 7.38 4.33 

TZN 

1.00 101 1.21 5.05 

2.50 98.1 4.88 5.56 

10.0 93.5 4.97 6.33 

1.00 x 102 101 7.86 5.48 

7.50 x 102 92.2 7.59 7.59 

GBP 

1.50 95.2 7.75 8.91 

3.75 103 9.79 7.14 

15.0 101 5.07 4.54 

1.50 x 102 104 8.89 5.27 

1.13 x 102 99.1 9.04 5.44 

 3.4 Discussion 

3.4.1 Sample Extraction 

The sample preparation strategy was designed to exploit the physicochemical properties of 

azaperone (AZN), trazodone (TZN), and gabapentin (GBP), all of which contain basic amine 

functionalities. These groups are readily protonated under acidic conditions, forming stable 

cationic species that facilitate selective retention on strong cation-exchange (SCX) solid-phase 

extraction (SPE) materials. To this end, a 4% v/v aqueous phosphoric acid solution was added to 

the plasma samples to lower the pH below the pKa values of the analytes’ amine groups, thus 

ensuring their complete protonation. This acidic environment enhances ionic interactions between 
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the protonated analytes and the sulfonic acid functional groups on the SCX sorbent, improving 

retention and minimizing analyte loss during the wash step. 

The SPE product used was a polymeric strong cation-exchange cartridge optimized for 

small-molecule extraction from biological fluids. After the loading phase, the sorbent was washed 

to remove non-ionized and weakly retained matrix components, such as phospholipids and neutral 

metabolites. Elution of the analytes was achieved using 25.00 µL × 2 of a 5% (v/v) ammonium 

hydroxide solution in a 1:1 (v/v) acetonitrile-methanol mixture. The basic conditions disrupted 

ionic interactions between the cationic analytes and the sorbent’s negatively charged binding sites 

by neutralizing the protonated amines, thereby enabling efficient recovery of the target 

compounds. The inclusion of organic solvents in the eluent ensured desorption of lipophilic 

impurities and compatibility with subsequent evaporation and reconstitution steps93. 

Post-elution, the extracts were diluted with 50.00 µL of acetonitrile (2% v/v) in 1% aqueous 

formic acid to adjust solvent strength and pH for optimal performance in the UHPLC-MS/MS 

system. This dilution step was critical for maintaining analyte solubility, enhancing retention on 

the reversed-phase column, and supporting efficient ionization in the mass spectrometer. The 

presence of low concentrations of formic acid and acetonitrile in the reconstitution solvent 

minimized solvent strength mismatch and improved peak shape during injection. 

3.4.2 UHPLC-MS/MS instrumentation and analytical performance 

Chromatographic separation was performed on a reversed-phase C18 UHPLC column with 

sub-2 µm particles, chosen for its broad selectivity and efficiency in retaining structurally diverse 

small molecules94. A guard pre-column was installed to protect the analytical column from 

particulate matter and to strongly retain matrix components, thereby extending the column’s 
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lifetime. The system was maintained at 40 °C to improve mass transfer kinetics and 

reproducibility, particularly for early-eluting compounds. 

Electrospray ionization in positive ion mode was selected because the analytes are basic, 

each possessing proton-accepting nitrogen atoms that readily form [M+H] + ions under acidic 

mobile-phase conditions. This mode provided higher sensitivity and more stable ionization 

compared to the negative ion mode. MRM was employed for detection to maximize selectivity 

and quantification accuracy. For each compound, at least two MRM transitions (quantifier and 

qualifier) were optimized using direct infusion of individual and mixed standards. Optimized 

source parameters—such as capillary voltage, desolvation temperature, and gas flows—were well 

within expected ranges, ensuring stable ion transmission and reduced matrix interference. The use 

of shared source conditions across the analytes facilitates potential future expansion of the method 

to include additional compounds with similar physicochemical profiles. 

The method’s performance metrics—linearity (r² > 0.995), lower limits of quantitation 

(LLOQ ≤ 1.50 ng/mL), and intra- and inter-day precision (CV < 10%)—met or exceeded current 

regulatory standards for quantitative bioanalytical methods. Together, these results affirm that the 

developed method delivers robust analytical performance, with sufficient sensitivity and resolution 

for pharmacokinetic applications measuring AZN, TZN, and GBP in porcine plasma. 

 3.5 Conclusions 

A novel ultra-high-performance liquid chromatography–tandem mass spectrometry 

(UHPLC–MS/MS) method was successfully developed and validated for the simultaneous 

quantification of azaperone (AZN), trazodone (TZN), and gabapentin (GBP) in porcine plasma. 

The method achieves high sensitivity, specificity, and throughput using only small volumes of 

biological sample, addressing the limitations inherent in previously published single-analyte 
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assays. To the best of our knowledge, this represents the first reported multi-analyte UHPLC–

MS/MS method for the concurrent quantification of AZN, TZN, and GBP in porcine plasma. 

Moreover, there are no documented methods specifically describing UHPLC–MS/MS 

quantification of AZN or TZN individually in this matrix. 

This analytical platform leverages the predictable ionization behavior of basic analytes in 

positive electrospray mode, as well as the enhanced resolving power of sub-2 µm particle columns 

operated under gradient elution. The use of strong cation-exchange solid-phase extraction under 

acidic conditions enables efficient, selective enrichment of all three drugs, while basic elution and 

minimal reconstitution facilitate direct compatibility with reversed-phase chromatography and 

ESI-MS detection. The method’s robustness, minimal matrix effects, and consistent retention 

times further support its utility in high-throughput workflows. 

The assay is ideally suited for pharmacokinetic and drug–drug interaction studies, 

particularly in veterinary contexts where co-administration of sedatives, tranquilizers, and 

adjunctive analgesics is increasingly common. Its rapid runtime and multiplexing capabilities 

reduce both analytical costs and sample consumption, making it particularly valuable in large-

scale studies or in studies involving limited-volume samples from juvenile or miniature swine. 

Importantly, the straightforward MS source conditions and flexible UHPLC gradient enable future 

expansion of the method to include additional analytes with similar physicochemical 

characteristics, such as other veterinary neuroactive drugs or their metabolites. 

Furthermore, the method can be adapted to other animal matrices, such as serum, urine, or 

tissue homogenates, with minimal modification to the extraction or instrumental parameters. This 

adaptability enhances its relevance not only in pharmacological research but also in drug residue 

monitoring and regulatory compliance. In summary, this UHPLC–MS/MS method represents a 
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significant advancement in the analytical capabilities available for veterinary pharmacokinetics 

and supports a broader understanding of drug disposition in swine medicine. 
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Chapter 4 - Method Development for Analyzing Flunixin in Ovine 

Plasma to Evaluate Pharmacokinetics in Sheep 

   4.1 Abstract 

Flunixin meglumine is a potent NSAID widely used in veterinary medicine for its anti-

inflammatory, analgesic, and antipyretic effects. It is increasingly studied in small ruminants to 

support evidence-based pain control and residue-informed decision-making. This chapter 

describes the development and validation of a sensitive, high-throughput UHPLC–MS/MS method 

for quantifying flunixin in ovine plasma using a 96-well µElution SPE workflow and isotopically 

labeled internal standardization. The method employed protein-disruptive acidification with 4% 

(v/v) phosphoric acid followed by Oasis PRiME HLB µElution SPE, enabling rapid cleanup and 

analyte enrichment with minimized sample handling. Chromatographic separation was performed 

on an HSS T3 C18-based UHPLC configuration with a short gradient and a total run time of 7 min. 

At the same time, detection was performed using positive electrospray ionization MRM targeting 

the well-established flunixin precursor ion at m/z 297 and diagnostic product ions. Method 

validation followed the U.S. Food and Drug Administration (FDA) Bioanalytical Method 

Validation Guidance, achieving consistent linearity across 1.00–100 ng/mL (R² > 0.990) with an 

established LLOQ of 1.00 ng/mL based on daily QC performance, enabling quantitation at 

concentrations relevant to terminal-phase pharmacokinetic (PK) characterization and low-level 

residue-adjacent exposure assessment. 
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 4.2 Introduction 

 4.2.1 Clinical and welfare drivers for flunixin pharmacokinetics in sheep 

Pain identification and mitigation in sheep present persistent welfare and practical 

challenges; sheep often show limited overt behavioral indicators of pain, complicating recognition 

and treatment decisions in both clinical and production settings95. NSAIDs remain a cornerstone 

for managing inflammatory pain, and flunixin has documented utility in small ruminants—for 

example, it has been used as supportive therapy in ewes with clinical mastitis. It has reduced pain-

associated responses in painful husbandry procedures in lambs95. Despite this clinical demand, 

regulatory options for sheep analgesia are limited in some jurisdictions; contemporary work 

emphasizes that, at least in the United States, approved analgesic products specifically labeled for 

pain control in sheep are lacking, motivating pharmacokinetic and pharmacodynamic 

investigations that can support rational, evidence-driven use and potential label expansion or 

refined extra-label practice96. 

Pharmacokinetic characterization is central to optimizing dose, route, and dosing interval, 

and to managing interindividual variability relevant to both efficacy and safety. Flunixin PK in 

sheep has historically been described for injectable routes; early work using HPLC demonstrated 

rapid distribution following IV dosing (distribution half-life on the order of minutes), relatively 

slow body clearance, and elimination half-life on the order of several hours, with intramuscular 

administration producing rapid absorption and Cmax values in the µg/mL range97. More recent 

studies continue to expand the dosing landscape, including oral administration via medicated feed 

and transdermal formulations adapted from bovine use, with reported Cmax values still commonly 

in the µg/mL range and sampling windows extending to 48–96 hours to support elimination-phase 

modeling and bioavailability estimation96,98. These PK behaviors impose analytical requirements 
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spanning a broad concentration dynamic range: early time points may exceed several thousand 

ng/mL, while later time points may approach low-ng/mL concentrations that strongly influence 

half-life estimation, AUC extrapolation, and terminal slope determination. 

4.2.2 Analytical chemistry constraints in ovine plasma 

Method development for flunixin quantification in plasma must align with flunixin's 

physicochemical and biopharmaceutical properties. Flunixin is a weak acid (reported pKa ≈ 5.82). 

It exhibits very high plasma protein binding (approximately 99% reported in cattle labeling), 

features that can complicate recovery and contribute to plasma-centric distribution kinetics96–98. 

High protein binding increases the risk that incomplete protein disruption or inadequate cleanup 

will lead to variable recovery, matrix effects, and poor reproducibility—failures that are 

particularly damaging for terminal-phase analytics, where absolute error can translate into 

disproportionate PK parameter uncertainty. Furthermore, modern residue depletion and PBPK 

modeling frameworks increasingly use plasma concentrations as an input to predict tissue 

depletion. In swine, for example, plasma concentrations following labeled intramuscular dosing 

declined to below an LOQ of 5 ng/mL by day 4, illustrating how low-ng/mL analytical 

performance can be relevant even in food-animal contexts where early concentrations are very 

high99. 

These constraints support the adoption of UHPLC–MS/MS, which can provide high 

selectivity and sensitivity via MRM while enabling short run times suitable for PK study sample 

loads. Importantly, rigorous bioanalytical validation remains essential, with FDA guidance 

emphasizing demonstrated accuracy, precision, selectivity, and stability across the calibration 

range and at the LLOQ to support defensible quantitative outcomes22. 
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 4.3 Experimental methods 

 4.3.1 Chemicals and materials 

Analytical reference standards of flunixin and flunixin-d3 were obtained from Millipore 

Sigma (Burlington, MA, USA) and Cayman Chemical Company (Ann Arbor, MA, USA), 

respectively. Fisher Chemical (Ottawa, Ontario, CA) supplied Optima LC-MS-grade formic acid, 

water, methanol, acetonitrile, and HPLC-grade phosphoric acid. Thermo Scientific (Waltham, 

MA, USA) supplied LC-MS-grade dimethyl sulfoxide. Blank control sheep plasma in lithium 

heparin was purchased from Lampire Biological Laboratories (Pipersville, PA, USA). Oasis 

PRiME HLB 96-well µElution plates were purchased from Waters Corporation (Milford, MA, 

USA).  

 4.3.2 Sample preparation and extraction 

The detailed method is described in Appendix A2. The flunixin stock standard solution 

was prepared in dimethyl sulfoxide at a concentration of 1.00 mg/mL and stored at -20°C. The IS 

stock solution of flunixin-d3 was made in dimethyl sulfoxide at 1.00 mg/mL and stored at -20°C. 

Study samples used 100.0 µL of the sheep plasma of interest, while the daily calibration and QC 

standards used 100.0 µL of blank control sheep plasma. The IS stock was diluted as necessary with 

4% (v/v) aq phosphoric acid to prepare daily IS working standard solutions; the study samples, 

daily calibration standards, and daily QC standards were spiked with 100.0 µL of the IS to ensure 

flunixin-d3 concentrations were 75.0 ng/mL. The study samples were further diluted with 100.0 

µL of 4% phosphoric acid (aq). In comparison, the daily calibration and QC standards contained 

100.0 µL of the daily flunixin working standard solution (prepared by serial dilution from the 

flunixin stock). The daily calibration standards were arranged at 1.00, 2.50, 5.00, 10.0, 25.0, 50.0, 

75.0, and 1.00 x 102 ng/mL of flunixin. The daily QC standards were arranged at 1.00, 10.0, and 
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1.00 x 102 ng/mL of flunixin. All prepared samples and standards were vortexed for 5 seconds. To 

assess study sample saturation above the method’s quantification range, appropriate dilutions of 

phosphoric acid (4%, v/v aq) were prepared, and the samples were rerun.  

All prepared samples and standards were loaded onto Oasis PRiME HLB 96-well µElution 

plates for solid-phase extraction under positive pressure. A 300.0 µL water: methanol (90:10, v/v) 

wash was performed, followed by a 50.00 µL acetonitrile: methanol (90:10, v/v) elution. The 

refined samples and standards were suspended in 50.00 µL of aqueous formic acid (0.1%, v/v).  

 4.3.3 UHPLC-MS/MS instrumentation 

Quantification of flunixin in sheep plasma was accomplished with a Waters Acquity Ultra 

Performance Liquid Chromatography H-Class PLUS-tandem Xevo TQ-S Mass Spectrometry unit. 

Instrumentation was managed on MassLynx, and data processing was completed on TargetLynx. 

2.00 µL of sample were injected from the 5°C autosampler to the Acquity UPLC C18 HSS T3 

VanGuard precolumn (100 Å, 1.8 µm, 2.1 x 5 mm) and the Acquity UPLC C18 HSS T3 column 

(100 Å, 1.8 µm, 2.1 x 50 mm); the precolumn and column were held at 40°C. The mobile phase 

consisted of 0.1% v/v aqueous formic acid (A) and 0.1% v/v formic acid in acetonitrile (B). 

Reversed-phase gradient elution was run at 0.400 mL/min. The program increased from 5.0% B 

at 0.00 mins to 95.0% B at 4.00 mins, kept B at 95.0% until 5.00 mins, reduced to 5.0% B at 5.01 

min, and finished by 7.00 mins with 5.0% B. Positive electrospray ionization was used with a 

capillary voltage of 3.30 kV and a source temperature of 150°C. The nitrogenous desolvation gas 

flow rate, desolvation temperature, and cone gas flow rate were 800 L/hr, 200°C, and 150 L/hr, 

respectively. The argon collision gas flow rate was 0.15 mL/min. MRM mode was used for analyte 

detection as follows: the flunixin transitions with a cone voltage of 6 V were m/z 297.0 → 264.0 

(quantifier, collision energy of 32 V) and m/z 279.0 (qualifier, collision energy of 22 V). The 
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flunixin-d3 transitions with a cone voltage of 30 V were m/z 300.0 → 264.0 (quantifier, collision 

energy of 32 V) and 112.1 (qualifier, collision energy of 46 V). 

 4.3.4 Method validation 

The analytical method followed the FDA’s Bioanalytical Method Validation Guidance for 

Industry report22. The flunixin calibration curves were linear and had logarithmic axes, with 

coefficients of determination (R2) consistently greater than 0.990 over the range of 1.00 to 1.00 x 

102 ng/mL. An analysis of daily QC standard accuracy and reproducibility (Table 4.1) concluded 

that the LLOQ of flunixin was 1.00 ng/mL.  

Table 4.1. Accuracy and precision results based on the analysis of daily mixed QC samples 

Nominal 

concentration 

(ng/mL) 

Average 

recovery (%), 

n = 3 

Average intra-day 

precision (% RSD), 

n = 3 

Inter-day 

precision (% 

RSD), n = 5 

1.00 9.50 x 101 2.34 6.57 

1.00 x 101 9.71 x 101 2.44 3.37 

7.50 x 101 1.00 x 102 1.73 2.45 

 4.4 Discussion 

4.4.1 Rationale for sample preparation and µElution SPE design 

The extraction strategy was designed around three interconnected requirements: (i) 

consistent liberation of flunixin from plasma proteins, (ii) removal of endogenous matrix 

components that drive ion suppression or enhancement, and (iii) concentration of analyte into a 

small final volume suitable for low ng/mL quantification without extensive evaporation steps. 

First, plasma acidification with 4% (v/v) phosphoric acid was selected as a pragmatic and 

chemically justified pretreatment step. Strong acid addition lowers plasma pH well below 

flunixin's pKa, shifting the carboxylate group predominantly into the protonated form, thereby 

improving retention on reversed-phase polymeric SPE sorbents and reducing loss during aqueous 
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loading. Acidification can also promote protein precipitation and disrupt drug–protein interactions, 

thereby improving reproducibility for highly bound analytes. In the broader NSAID analytical 

literature, acidification with inorganic acids has been used as a strategy in biological sample 

preparation, including protein precipitation and cleanup workflows, reflecting a recognized need 

to manage matrix effects and extraction performance in complex matrices100. Notably, the overall 

approach aligns closely with recent peer-reviewed sheep flunixin analyses: Forrest et al. used a 

4% phosphoric acid pretreatment on sheep plasma before Oasis PRiME HLB µElution SPE, 

indicating that this chemistry is both technically plausible and practical for ovine matrices in 

pharmacokinetic contexts96. 

Second, Oasis PRiME HLB 96-well µElution SPE was selected to maximize throughput 

and reduce matrix interferences. The PRiME HLB platform is designed for simplified reversed-

phase cleanup with reduced conditioning and equilibration demands and is explicitly positioned to 

generate cleaner extracts by removing phospholipids and other matrix interferences that commonly 

drive ESI ion suppression; the µElution format enables low elution volumes (down to ~25 µL) and 

sample enrichment without mandatory evaporation and reconstitution93. These design attributes 

are directly relevant to plasma-based PK studies, where large sample sizes and tight batch windows 

make labor-intensive extraction impractical, and minimizing handling reduces opportunities for 

systematic bias or carryover. In this method, 100 µL plasma aliquots were extracted in a plate 

format under positive pressure. Washing with 90:10 water:methanol (v/v) is chemically consistent 

with maintaining retention of neutral/protonated flunixin on an HLB-type sorbent while efficiently 

removing salts, polar plasma constituents, and weakly retained interferents. Elution with 90:10 

acetonitrile:methanol (v/v) provides a strong organic environment that disrupts hydrophobic 

retention and quantitatively recovers flunixin from the sorbent bed in a small volume suitable for 
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direct or near-direct injection. This strategy is consistent with micro-elution SPE principles to 

enhance sensitivity: low-volume elution increases analyte concentration. It can reduce reliance on 

nitrogen evaporation, which is beneficial for throughput and for minimizing volatility-driven 

analyte loss or wall adsorption at trace concentrations93. 

The decision to resuspend (reconstitute) final extracts in 0.1% formic acid is analytically 

coherent for two reasons. First, acidic reconstitution improves compatibility with a low-pH 

reversed-phase LC system, supporting consistent chromatography and minimizing peak distortion 

from injecting into a solvent stronger than the initial mobile-phase composition. Second, low pH 

promotes stable ionization behavior in positive ESI and can improve retention-time reproducibility 

across batches—critical in studies with multi-day sample analysis and potential reinjection. 

4.4.2 Chromatographic rationale: HSS T3 phase selection and gradient structure 

Chromatographic separation was performed using an HSS T3-based C18 column and a 

VanGuard precolumn. The HSS T3 platform is designed to improve retention of polar-to-

moderately polar analytes under highly aqueous initial conditions and to remain compatible with 

100% aqueous mobile phase operation, which is often required to sharpen early peaks and avoid 

breakthrough for polar or partially ionized compounds94. Although flunixin itself is not extremely 

polar, the analytical context (plasma extract, high-throughput gradients, short column lengths) 

benefits from a stationary phase that tolerates low pH and high aqueous starts while preserving 

peak shape and reproducibility. 

Independent chromatographic evaluation work comparing UHPLC column chemistries has 

reported that HSS T3 (C18) chemistry can deliver superior retention and separation performance 

for challenging analytes under ultra-high-pressure conditions, supporting the methodological 

rationale for selecting HSS T3 when retention and peak shape are prioritized in short-run 
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methods101. In operational terms, the precolumn plays a protective role by intercepting strongly 

retained matrix contaminants, helping preserve analytical column performance and retention 

stability during large PK runs. 

The gradient design (rapid ramp from 5% to 95% organic with a high-organic wash and re-

equilibration) is consistent with high-throughput bioanalysis best practices: the early aqueous 

region promotes retention and focusing; the ramp elutes the analyte in a narrow time window; the 

high-organic wash clears late-eluting lipophilic contaminants; and re-equilibration restores initial 

conditions for retention-time stability across hundreds of injections. This structure is particularly 

important when using µElution SPE, which can yield highly concentrated extracts that—despite 

being “clean”—still contain trace endogenous components that can accumulate on column 

chemistries over long batches. 

4.4.3 Mass spectrometry: positive ESI and transition selection for flunixin 

A key instrument development decision was to use positive electrospray ionization (ESI+) 

rather than negative mode, despite flunixin being a weak acid. The feasibility of ESI+ for flunixin 

is strongly supported by existing analytical literature: Luo et al. reported flunixin identification in 

equine plasma under positive ESI with a diagnostic [M+H] + ion at m/z 297 and characteristic 

fragment/qualifier ions including m/z 279 and 264, achieving an LOQ of 1 ng/mL102. More directly 

relevant to the ovine matrix, Forrest et al. quantified flunixin in sheep plasma using positive ESI 

MRM centered on the parent ion m/z 297 and product ions around m/z 264/279, demonstrating 

that positive-mode detection is compatible with sheep plasma matrices and with phosphoric-acid 

pretreatment plus PRiME HLB µElution SPE96. 

In this method, the primary MRM transition (m/z 297.0 → 264.0) was used as the 

quantifier, with an additional transition serving as a qualifier to strengthen analyte confirmation, 
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in accordance with FDA validation expectations for selectivity and reliability. The decision to 

employ MRM (rather than single-ion monitoring) reflects the core advantage of triple-quadrupole 

MS in complex matrices: selectivity is achieved by requiring both precursor selection (Q1) and 

product-ion selection (Q3), improving signal-to-noise and reducing contributions from isobaric or 

coeluting endogenous species—an effect that becomes increasingly critical near the LLOQ. 

Stable isotope internal standardization with flunixin-d3 is consistent with best practices for 

LC–MS/MS bioanalysis, especially when matrix effects and extraction recovery variation must be 

controlled across days and across sample lots. Isotope-labeled internal standards coelute closely 

and exhibit similar ionization behavior, enabling correction for systematic or sample-dependent 

suppression or enhancement/enhancement and for minor volume or timing variability introduced 

during high-throughput SPE processing. This approach aligns with general FDA bioanalytical 

expectations that internal standards should correct for variability and that LLOQ performance must 

be supported by accuracy/precision rather than by correlation metrics alone. 

4.4.4 Validation interpretation in the context of pharmacokinetic requirements 

Validation performance demonstrated consistent linear calibration over the range 1.00–100 

ng/mL, with R² > 0.990 and an LLOQ of 1.00 ng/mL, as supported by QC performance and 

reproducibility. While R² is not itself a validation criterion, the achieved linearity is operationally 

important for routine PK quantification, particularly when concentration-time profiles extend into 

the low ng/mL range. The value of a 1 ng/mL LLOQ can be understood by anchoring it to 

published concentration-time dynamics. In swine, plasma concentrations after labeled 

intramuscular dosing fell below 5 ng/mL by day 4, illustrating that terminal-phase data can rapidly 

approach low-ng/mL levels even after therapeutic dosing99. In sheep, both injectable and 

transdermal dosing studies often involve sampling for 48–96 hours, and transdermal 
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administration can yield peak concentrations lower than those achieved with injectable routes, 

while still requiring sensitive quantification for absorption and depletion modeling96,97. 

At the same time, the reported literature clearly shows that early post-dose concentrations 

in sheep can reach the µg/mL range, far above 100 ng/mL. For example, Welsh et al. reported 

Cmax ≥ 5.9 µg/mL following intramuscular dosing in sheep, and Forrest et al. reported transdermal 

Cmax in the ~0.6–3.4 µg/mL range depending on coat type96,97. The calibration range selected in 

this method, therefore, appears deliberately optimized for terminal-phase and low-level 

quantification, with dilution integrity serving as the practical pathway to quantify high-

concentration early samples. This is consistent with the method protocol, which describes diluting 

samples exceeding the upper limit of quantification with 4% phosphoric acid and reanalyzing after 

dilution, a recognized component of bioanalytical validation frameworks when a method must 

span orders of magnitude in real-world sample concentrations22. 

In total, the results support that the developed method is analytically fit-for-purpose for 

pharmacokinetic characterization in sheep: it combines a high-throughput extraction workflow 

with validated low-ng/mL sensitivity and a chromatographic/mass spectrometric design consistent 

with peer-reviewed sheep and equine flunixin analytics, while meeting regulatory expectations for 

bioanalytical quality. 

 4.5 Conclusions 

A validated UHPLC–MS/MS method was developed to quantify flunixin in ovine plasma, 

with a focus on sensitivity, throughput, and matrix robustness required for pharmacokinetic studies 

in sheep. The analytical design leverages phosphoric acid pretreatment and Oasis PRiME HLB 

µElution SPE to enable efficient extraction from small (100 µL) plasma volumes while enriching 

the analyte in low elution volumes. Chromatographic implementation on an HSS T3 C18-based 
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system provided a practical balance between speed, peak shape, and robustness for large sample 

batches; literature support indicates that HSS T3 chemistries can provide strong 

retention/separation performance for analytically challenging compounds under UHPLC 

conditions, and vendor specifications emphasize compatibility with high-aqueous and low-pH 

operation. 

Mass spectrometric detection in ESI+ MRM mode using the canonical flunixin precursor 

ion at m/z 297 and product ions including m/z 264/279 is consistent with established flunixin 

confirmation strategies in equine plasma and with recent sheep plasma UHPLC–MS/MS 

workflows, supporting both analytical credibility and method transferability.  Method validation, 

conducted in accordance with FDA bioanalytical principles, established linearity over the range of 

1.00–100 ng/mL (R² > 0.990) and a defensible LLOQ of 1.00 ng/mL, enabling quantification at 

concentrations relevant to terminal-phase PK modeling and low-level exposure assessment. 

This method provides a mechanistically grounded and operationally efficient platform for 

flunixin pharmacokinetic studies in sheep, where early-time concentrations may require dilution 

and reanalysis, whereas later-time quantification benefits from low-ng/mL sensitivity, supporting 

robust characterization of elimination and exposure.  
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Chapter 5 - Concurrent Quantitation of Meloxicam, Flunixin, and 

Firocoxib in Goat Plasma via UHPLC-MS/MS  

 5.1 Abstract 

This work describes the development and validation of a sensitive UHPLC–MS/MS assay 

for the simultaneous quantification of three NSAIDs – meloxicam, flunixin, and firocoxib – in 

goat plasma. These analgesics (a COX-2-selective oxicam, a nonselective NSAID, and a newer 

COX-2-selective NSAID, respectively) are increasingly used in small ruminant medicine for pain 

management. The method uses 4% aqueous phosphoric acid to disrupt proteins and Oasis PRiME 

HLB µElution solid-phase extraction for rapid cleanup and concentration. Chromatography was 

performed on a short C18 (HSS T3) column with a rapid gradient, and detection was performed 

using tandem MS in MRM mode (positive ESI) with stable-isotope-labeled analogs as internal 

standards. Calibration ranges spanned from low ng/mL to high μg/mL for each drug, and LLOQs 

of 1.0 ng/mL (meloxicam, flunixin) and 1.5 ng/mL (firocoxib) were achieved, with good linearity 

(R² > 0.990) and precision. Method validation followed FDA bioanalytical guidance and 

demonstrated accuracy and precision that met acceptance criteria. The final assay provides a high-

throughput, sample-sparing tool for pharmacokinetic and drug interaction studies involving these 

NSAIDs in goats. 

 5.2 Introduction 

5.2.1. Veterinary importance of meloxicam, flunixin, and firocoxib in goats 

Meloxicam (MEL), flunixin (FTD), and firocoxib (FIRO) are important analgesics for goat 

health, used to treat conditions such as lameness, postoperative pain, colic, and inflammation103–

105. For example, a goat castration model showed FTD provided better pain relief than MEL103, 
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illustrating that multiple NSAIDs are considered and their efficacies compared in practice. Goat 

owners may administer these drugs for conditions such as foot rot, mastitis, or chronic pain, often 

relying on approved dosages for other species. Notably, FTD meglumine (often given IV or IM) 

is labeled for cattle (e.g., “Banamine” for bovine colic) but not small ruminants. MEL (an oxicam) 

is labeled for cattle, pigs, and dogs (e.g., “Metacam”), and has a long history in ruminant analgesia, 

but no FDA/EMA approval in goats105. FIRO (a COX-2-selective coxib) is labeled for horses 

(“Equioxx”) and dogs and is under investigation for goats due to its safety profile106. 

All three NSAIDs are distributed widely in goats but lack official goat-specific withdrawal 

recommendations. In one pharmacokinetic study, multiple doses of meloxicam (1.0 mg/kg PO) in 

lactating dairy goats yielded a milk withdrawal estimate of ~3.2 days based on a 4 ng/mL detection 

limit21. Flunixin milk residues are controlled by targeting its metabolite 5-hydroxyflunixin (5-OH), 

since parent FTD is quickly cleared; one study found 5-OH flunixin in goat milk with LLOQ 

0.9 ng/mL107. FIRO’s very long half-life in goats suggests a potentially even longer persistence. 

The lack of tolerances means any detectable NSAID in goat products is a violation, motivating the 

development of rigorous analytical assays104. 

5.2.2 Regulatory and Residue Monitoring Context 

Regulatory agencies mandate strict controls on veterinary drug residues. In the US, the 

FDA Center for Veterinary Medicine (CVM) and the USDA Food Safety and Inspection Service 

(FSIS) oversee meat/milk safety. Veterinary International Conference on Harmonization (VICH) 

guidance (e.g., GL49) specifies the validation of analytical methods for residue depletion studies20. 

According to FDA GFI #208 (VICH GL49), methods must demonstrate specificity, linearity, 

accuracy, precision, sensitivity (LOD/LOQ), recovery, and stability for each matrix. The EU’s 
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Commission Decision 2002/657/EC similarly sets performance criteria. In practice, residue assays 

for food animals often aim for LODs well below the maximum residue limits (MRLs)20. 

For MEL and FTD in goat products, the key point is that any detectable drug constitutes 

non-compliance. FSIS has stated that because no tolerances were set for small ruminants, the 

tolerances are effectively zero104. In contrast, EU MRLs for cattle and goats are 20 µg/kg muscle 

for both MEL and FTD. For firocoxib, an EU MRL of 10 µg/kg exists only for horses; goats have 

no designated MRL. In milk, FTD’s metabolite has a very low tolerance (e.g., 2 µg/L FDA), and 

MEL’s milk tolerance is 15 µg/L in cattle108. 

Residue depletion studies in goats must therefore use highly sensitive methods. For 

example, Mercer et al. noted that the LLOD (4 ng/mL) for MEL in plasma corresponds to an 

assumed tissue tolerance of ~15 ng/g, aligning with draft bovine tolerances21. In FTD studies, 

Smith et al. equated operational tolerance with the assay’s LLOD (0.4 ng/mL for 5-OH FTD in 

goat milk), since formal tolerance is zero109. 

5.2.3 Assays for individual drug analysis 

5.2.3.1 Meloxicam assays 

MEL quantitation has historically been performed using HPLC with UV or fluorescent 

detection. Many early goat pharmacokinetic studies employed HPLC–UV109 after LLE. For 

instance, Karademir et al. (2016) analyzed goat plasma by HPLC-UV109; specifics were sparse but 

likely involved acidic extraction. Mercer et al. (2025) detailed an HPLC-UV method using 

acetonitrile precipitation21. In this method, plasma (250 µL) was spiked with MEL, precipitated 

with 3.5 mL ACN, centrifuged, and the supernatant was analyzed using a Nova-Pak C18 column. 

The validation showed an LOD of 4 ng/mL and an LLOQ of 15 ng/mL, with intra-day precision 

of 2.4–3.3% and accuracy of 101–104%21. This meets VICH criteria (≤20% CV at LLOQ) and 
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illustrates HPLC–UV’s capability for MEL at sub-µg/mL. However, the runtime was relatively 

long (~12 min), and 4-acetamidophenazone, a generic NSAID analog, was used as the internal 

standard. 

More recent methods use tandem MS for speed and multiplexing. UHPLC–MS/MS 

methods have been developed for meloxicam in plasma and tissues110,111. In Jedziniak et al.’s 

multi-NSAID assay, MEL was separated on a Luna C18 column and quantified by MRM 

(MEL→251 or 115) against MEL-d3. Their method, although validated for muscle, achieved 

LLOQs ~5–10 µg/kg, equivalent to a few ng/mL in plasma111. In smaller-volume bioanalytical 

methods, sensitivity is even higher. For example, in human pharmacokinetic studies, MEL LLOQs 

of 0.1–1 ng/mL have been reported using modern LC–MS/MS112. 

5.2.3.2 Flunixin meglumine assays 

FTD and its 5-OH metabolite require highly sensitive detection. Traditional methods used 

HPLC–UV at 236 nm, but modern laboratories use LC–MS/MS. Smith et al. used UHPLC–

MS/MS with a C18 column to measure FTD in goat plasma/milk, achieving remarkable sensitivity, 

with a plasma LOD of 0.1 ng/mL and an LOQ of 0.5 ng/mL109. In this assay, the proteins were 

precipitated with acidified ACN, then ~10 µL was injected. MS/MS enables such LLOQs; typical 

UV methods in food often reach only low µg/kg levels (e.g., 5–27 µg/kg). For example, Park et al. 

(2003) validated an HPLC-MS assay for flunixin in milk with an LOQ of 5 µg/kg, which is orders 

of magnitude higher than the ng/mL (equiv. ng/kg) needed for goat plasma100. 

5.2.3.3 Firocoxib assays 

Published methods for FIRO in plasma are scarce. Letendre et al.’s 2007 automated 

UHPLC–MS/MS is the benchmark: they used 200 µL of plasma, SPE cleanup, and a Phenyl-Hexyl 

column. The reported plasma range was 1–3000 ng/mL, with an LLOQ of 1 ng/mL110. 
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5.2.4 Importance of concurrent quantitation 

Concurrent quantitation of MEL, FTD, and FIRO in goat plasma is important because these 

NSAIDs represent real-world analgesic choices in caprine practice and welfare research, with 

differing COX selectivity and duration, are directly compared for painful procedures, and may be 

used sequentially or within multimodal pain-management protocols where objective exposure 

verification supports better analgesic selection and animal-welfare outcomes103. Simultaneous 

measurement is also strongly driven by food-safety and regulatory realities: in the U.S., NSAID 

use in goats is typically extra-label and requires extended, evidence-based withdrawal intervals to 

prevent violative residues, while residue monitoring frameworks condemn carcasses when 

residues are detected unless an applicable tolerance exists21. In the EU, MRLs are substance- and 

species-specific. For example, MEL has bovine/caprine MRLs including 20 μg/kg in muscle and 

15 μg/kg in milk. FTD MRLs are listed for bovine/porcine/Equidae, with a separate milk marker 

residue entry for 5-hydroxyflunixin, underscoring the need for sensitive residue monitoring and 

scientifically defensible withdrawal decisions when goats are treated113. Operationally, a single 

multi-analyte assay conserves limited plasma volume, increases throughput and consistency, and 

standardizes correction for matrix effects by using compound-specific internal standards—an 

approach aligned with published multi-NSAID LC–MS/MS residue methods that deploy MEL-d3, 

FTD-d3, and FIRO-d6 and explicitly address cleanup to mitigate ion suppression17. Measuring all 

three together enables direct comparison of exposure profiles. Notably, FIRO shows a prolonged 

terminal half-life in goats, supports investigation of potential PK interactions or formulation effects 

under identical analytical conditions, and strengthens residue-depletion modeling needed to set or 

refine withdrawal intervals consistent with harmonized validation expectations for residue studies 

supporting MRLs and withdrawal periods106. 
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This concurrent assay addresses a clear gap. No study to date has validated a single method 

for analyzing MEL, FTD, and FIRO in goat plasma. Developing this method will also yield new 

insights into co-administration scenarios. For instance, if a goat receives both MEL and FTD or 

receives sequential treatments, the newly developed method can quantify their pharmacokinetics 

without cross-interference. It will also facilitate official residue studies because the assay covers 

the relevant analytes and is validated. Finally, from a regulatory perspective, having a single 

validated method that covers all three simplifies laboratory workflows and reduces costs. Sample 

volume requirements are minimized since each plasma sample can yield all results, aligning with 

ethical principles. This improves upon existing practice, where separate assays or even separate 

labs might handle each drug. 

 5.3 Experimental methods 

5.3.1 Chemicals and materials 

Analytical standards of MEL, MEL-d3, FTD, FTD-d3, and FIRO were purchased from the 

Cayman Chemical Company (Ann Arbor, MA), while FIRO-d6 was purchased from Alfa 

Chemistry (Holbrook, NY). Optima LC-MS grade acetonitrile, formic acid, methanol, water, and 

HPLC grade phosphoric acid were provided by Fisher Chemical (Ottawa, Ontario, CA). LC-MS 

grade dimethyl sulfoxide was supplied by Thermo Scientific (Waltham, MA). Untreated, blank 

goat plasma in lithium heparin was obtained from Lampire Biological Laboratories (Pipersville, 

PA). Oasis PRiME HLB 96-well µElution plates were purchased from Waters Corporation 

(Milford, MA). 

5.3.2 Sample preparation and extraction 

The detailed method is described in Appendix A3. A mixed analyte stock standard solution 

containing (MEL),  (FTD), and (FIRO) was prepared at 10.0, 10.0, and 3.00 x 102 µg/mL, 
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respectively, in dimethyl sulfoxide (DMSO) and stored at -20°C. A mixed IS stock solution 

containing MEL-d3, FTD-d3, and FIRO-d6 at 10.0, 10.0, and 40.0 µg/mL, respectively, in DMSO 

was prepared and stored at -20°C.  

Sample preparation reached total volumes of 300.0 µL. The daily mixed calibration and quality 

control (QC) samples included 100.0 µL of blank goat plasma, while the study samples included 

the goat plasma of interest at identical volumes; all samples were spiked with IS and diluted 

appropriately with phosphoric acid (4%, v/v aq) to ultimately contain 75.0, 75.0, and 3.00E+02 

ng/mL of MEL-d3, FTD-d3, and FIRO-d6, respectively. With appropriate phosphoric acid (4%, v/v 

aq) dilutions, the daily mixed calibration samples were made at the following concentrations in 

ng/mL with respect to [MEL, FTD, & FIRO]: [2.50 x 10-2, 2.50 x 10-2, & 7.50 x 10-1], [5.00 x 10-

2, 5.00 x 10-2, & 1.50], [1.00 x 10-1, 1.00 x 10-1, & 3.00], [2.50 x 10-1, 2.50 x 10-1, & 7.50], [5.00 x 

10-1, 5.00 x 10-1, & 1.50 x 101], [1.00, 1.00, & 3.00 x 101], [2.50, 2.50, & 7.50 x 101], [5.00, 5.00, 

& 1.50 x 102], [1.00 x 101, 1.00 x 101, & 3.00 x 102], [2.50 x 101, 2.50 x 101, & 7.50 x 102], [5.00 

x 101, 5.00 x 101, & 1.50 x 103], [7.50 x 101, 7.50 x 101, & 2.25 x 103], and [1.00 x 102, 1.00 x 102, 

& 3.00 x 103]. With appropriate phosphoric acid (4%, v/v aq) dilutions, the daily mixed QC 

samples were made at the following concentrations in ng/mL with respect to [MEL, FTD, & 

FIRO]: [5.00 x 10-2, 5.00 x 10-2, & 1.50], [1.00, 1.00, & 3.00 x 101], [1.00 x 101, 1.00 x 101, & 

3.00 x 102], and [7.50 x 101, 7.50 x 101, & 2.25 x 103]. Study samples above the method’s linear 

calibration range were diluted as necessary with phosphoric acid (4%, v/v aq) and reran. Samples 

were centrifuged at 1300 g for 20 mins at 20°C with Thermo Scientific’s Sorvall ST 16R 

Centrifuge.  

Using a positive-pressure manifold, the supernatants were subjected to reversed-phase solid-phase 

extraction (RP-SPE) with Oasis PRiME HLB µElution plates, following the protocol in Table 5.1.  
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Table 5.1. Solid phase extraction protocol facilitated by Oasis hydrophilic-lipophilic sorbent and 

positive pressure assistance. 

Step # Strategy type Strategy details Volume (µL) 

1 Sample introduction Pre-treated sample 300.0 

2 Hydrophilic wash Water: methanol (90:10, v/v) 300.0 

3 Organic elution Acetonitrile: methanol (90:10, v/v) 50.00 

4 Direct eluate dilution Formic acid in water (0.1%, v/v) 50.00 

5.3.3 UHPLC-MS/MS instrumentation 

The simultaneous quantitation of MEL, FTD, and FIRO in goat plasma was performed on a Waters 

Acquity Ultra Performance Liquid Chromatography H-Class PLUS-tandem Xevo TQ-S Mass 

Spectrometry instrument. The method’s chromatographic conditions and gradient elution program 

are described in Tables 5.2 and 5.3, respectively. The method’s mass spectrometric source 

conditions and MRM detection parameters are reported in Tables 5.4 and 5.5, respectively. 

Quantitative data acquisition and processing were completed using TargetLynx operating 

software. 

Table 5.2. Chromatographic conditions for the Waters Acquity Ultra Performance Liquid 

Chromatography H-Class PLUS system. 

Autosampler temperature 

(°C) 

5.0 

Injection volume (µL) 2.00 

Column Acquity UPLC C18 HSS T3 (100 Å, 1.8 µm, 2.1 x 50 mm) 

Pre-column Acquity UPLC C18 HSS T3 VanGuard (100 Å, 1.8 µm, 2.1 x 5 

mm) 

Column temperature (°C) 40.0 

Mobile phase 
A: Formic acid in water (0.1%, v/v) 

B: Formic acid in acetonitrile (0.1%, v/v) 

Table 5.3. Gradient elution program with the mobile phase composed of 0.1%, v/v formic acid 

in water (A) and 0.1%, v/v formic acid in acetonitrile (B). 

Time 

(min.) 

Mobile phase 

(%) 
Flow rate 

(mL/min.) 
A B 

0.00 95.0 95.0 0.400 
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4.00 5.0 5.0 

5.00 5.0 5.0 

5.01 95.0 95.0 

7.00 95.0 95.0 

Table 5.4. Mass spectrometric source conditions for the Waters Xevo TQ-S tandem Mass 

Spectrometry system. 

Capillary voltage (kV) 3.30 

Source temperature (°C)  150 

Desolvation -nitrogen- gas flow (L/hr.) 800 

Desolvation temperature (°C) 200 

Cone -nitrogen- gas flow (L/hr.) 150 

Collision -argon- gas flow (mL/min.) 0.15 

Table 5.5. Targeted MRM detection parameters for collision-induced fragmentation. 

Compound 

Precursor 

ion (m/z) 

Product 

ion 

(m/z) 

Transition 

classification 

Cone 

energy 

(V) 

Collision 

energy 

(V) 

Electrospray 

ionization 

mode 

MEL 351.9851 
115.0434 Quantifier 

48 
20 

Positive 

140.9734 Qualifier 18 

MEL-d3 354.9851 
140.9764 Quantifier 

44 
20 

187.0535 Qualifier 14 

FTD 297.0166 
264.0135 Quantifier 

6 
32 

279.0269 Qualifier 22 

FTD-d3 300.0127 
112.1246 Qualifier 

30 
46 

264.0180 Quantifier 32 

FIRO 337.0489 
129.9968 Qualifier 

24 
30 

283.0431 Quantifier 8 

FIRO-d6 343.0889 
135.8492 Qualifier 

26 
28 

289.0823 Quantifier 8 

 

5.3.4 Method validation 

The developed UHPLC-MS/MS method for the simultaneous quantitation of MEL, FTD, and 

FIRO in goat plasma adhered to the FDA’s Bioanalytical Method Validation Guidance for Industry 

(May 2018)22. The linear, logarithmic axis transformation calibration curves from [5.00 x 10-2, 

5.00 x 10-2, & 1.50] to [1.00 x 102, 1.00 x 102, & 3.00 x 103] in ng/mL with respect to [MEL, FTD, 



84 

& FIRO] exhibited coefficients of determination (R2) repeatedly greater than 0.990. Due to daily 

variability in mixed QC reproducibility, LLOQs were set at 1.00 ng/mL for MEL and FTD and at 

1.50 ng/mL for FIRO. The method was validated by analyzing daily mixed QC samples; the 

average percent recovery, average intra-day precision (% RSD), and inter-day precision (% RSD) 

results are shown in Table 5.6.  

Table 5.6. Method validation results based on daily mixed QC sample analysis. 

Analyte 

Nominal 

concentration 

(ng/mL) 

Average 

recovery 

(%) 

Average intra-

day precision 

(% RSD) 

Inter-day 

precision 

(% RSD) 

MEL 

1.00 92.2 1.98 9.00 

1.00 x 101 98.3 1.90 3.47 

7.50 x 101 98.7 1.47 2.06 

FTD 

1.00 95.0 2.34 6.57 

1.00 x 101 97.1 2.44 3.37 

7.50 x 101 100 1.73 2.45 

FIRO 

1.50 97.4 3.71 9.38 

3.00 x 101 101 5.29 8.27 

3.00 x 102 100 2.03 3.23 

2.25 x 103 98.0 3.24 4.72 

 5.4 Discussion 

5.4.1 Method development rationale 

The overarching analytical objective of this work was to deliver a single, high-selectivity 

UHPLC–MS/MS assay capable of simultaneously quantifying MEL, FTD, and FIRO in goat 

plasma across concentration ranges relevant to both pharmacokinetic (PK) profiling and late-

timepoint residue depletion. This multi-analyte approach is analytically justified because these 

NSAIDs are commonly studied and/or used for comparative analysis in caprine analgesia research, 

and their markedly different PK behaviors (e.g., a prolonged FIRO half-life in goats) create 

practical demands for a broad dynamic range and sensitive detection during the terminal 

phases106.  The method’s design choice to use stable isotope-labeled internal standards (MEL-d3, 
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FTD-d3, FIRO-d6) reflects best practice in LC–MS/MS bioanalysis because isotope analogs most 

closely compensate for analyte-specific extraction variability and matrix-effect–driven ionization 

changes, thereby strengthening accuracy and inter-day robustness.  

The selection of commercially sourced, traceable reference materials (native analytes and 

isotope-labeled internal standards) from reputable suppliers supports defensible quantitation and 

documentation. In this work, standards were sourced from Cayman Chemical Company and Alfa 

Chemistry, while blank lithium-heparin goat plasma was obtained from Lampire Biological 

Laboratories. Using matrix-matched calibrators and QCs in authentic goat plasma is especially 

important for LC–MS/MS assays, because regulatory guidance emphasizes confirming that the 

calibration matrix is appropriate and does not introduce measurable interferences or matrix effects 

relative to study samples22. 

5.4.2 Sample preparation and extraction performance 

A central methodological strength of this assay is the use of micro-elution reversed-phase 

SPE in a 96-well format (Oasis PRiME HLB µElution plate), followed by acidification with 4% 

(v/v) aqueous phosphoric acid and supplementation with a standardized internal standard. The 

Oasis PRiME HLB µElution design is explicitly designed for bioanalysis workflows that require 

high throughput and enhanced sensitivity via concentrated elution volumes relative to traditional 

SPE, supporting cleaner extracts and reduced instrument burden.  Mechanistically, micro-elution 

SPE is advantageous in plasma because endogenous phospholipids can cause substantial ion 

suppression in ESI; published micro-elution-SPE work has demonstrated markedly greater 

phospholipid removal and successful validation against regulatory expectations18. 

The SPE protocol (load 300 µL, hydrophilic wash with 90:10 water:methanol, elute with 

90:10 acetonitrile:methanol in 50 µL, then directly dilute with 0.1% formic acid in water) is well 
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aligned with core RP-SPE principles for mixed-polarity acidic drugs: the aqueous-organic wash 

removes salts and weakly retained matrix components, while the high-organic elution disrupts 

analyte–sorbent interactions to release MEL/FTD/FIRO efficiently.  Direct post-elution dilution is 

an operationally sound choice because it moderates eluent strength before injection, reducing the 

risk of early peak distortion/troughing while helping standardize ionization conditions in the 

source. Importantly, this workflow avoids an evaporation/reconstitution step, which often 

introduces variability in high-throughput studies and can lead to differential losses among analytes 

with different adsorption/volatility behaviors. 

The validation outcomes reported for recovery and precision strongly suggest that the 

sample preparation workflow is not only efficient but also reproducible across days. Average 

recoveries near ~92–102% and low intra-day RSDs across multiple QC levels are consistent with 

a robust extraction method and stable chromatographic/MS response. Because multi-analyte 

methods can fail when one analyte is under-recovered or exhibits unstable matrix suppression, the 

near-parallel recovery/precision performance among MEL, FTD, and FIRO supports the technical 

feasibility of concurrent quantitation in a single extraction—an important operational advantage 

relative to maintaining three separate methods with separate sources of bias and drift. 

5.4.3 Chromatography and tandem MS optimization 

The chromatographic strategy—short-column UHPLC (2.1 × 50 mm, 1.8 µm) with a rapid 

gradient and a total cycle time of ~7 minutes—prioritizes throughput while preserving sufficient 

separation and peak definition for MRM quantitation. The choice of an HSS T3 stationary phase 

(a C18 column) is suitable for a mixed panel spanning relatively polar and more hydrophobic 

NSAIDs, and it is specifically positioned to retain and separate polar compounds under reversed-

phase conditions while remaining compatible with highly aqueous starting conditions.  In practice, 
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this helps manage early eluting compounds and potential endogenous interferences in plasma 

extracts, which is particularly relevant when injecting micro-elution SPE eluates that may still 

contain residual polar components. 

Mobile phases composed of 0.1% formic acid in water (A) and 0.1% formic acid in 

acetonitrile (B) are consistent with common UHPLC–MS/MS practices for robust ESI 

performance and stable retention of ionizable analytes. The reported use of ESI+ with protonated 

precursors is analytically defensible for this panel because published LC–ESI–MS/MS meloxicam 

assays have successfully employed positive-ion MRM with stable-isotope-labeled internal 

standardization and short runtimes19.  The MRM approach using both quantifier and qualifier 

transitions for each analyte is consistent with confirmatory principles in tandem MS: the quantifier 

drives quantitation, while the qualifier supports identity confirmation through transition ratios and 

retention-time consistency. 

5.4.4 Validation performance and regulatory alignment 

The method validation approach was explicitly anchored to the U.S. Food and Drug 

Administration Bioanalytical Method Validation Guidance22, which provides detailed 

recommendations and acceptance criteria for chromatographic assays, including expectations for 

calibration/QC performance, carryover control, sensitivity definition, and accuracy/precision 

thresholds.  The reported model performance—coefficients of determination repeatedly >0.990 

across a wide dynamic range—supports adequate linearity for routine quantitation, especially 

given the mixed-analyte panel and the use of isotopic internal standards. LLOQs of 1.0 ng/mL for 

MEL and FTD and 1.5 ng/mL for FIRO represent high analytical sensitivity for goat plasma, and 

they compare favorably against legacy goat methods for MEL that used HPLC-UV with 

substantially higher LLOQs (e.g., 15 ng/mL in plasma)21.  The observed intra- and inter-day 
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precision values (<10% RSD) are comfortably within the common chromatographic assay targets 

described in FDA recommendations22. 

5.4.5 Positioning relative to literature and novelty 

A principal contribution of this work is the consolidation of three clinically relevant 

NSAIDs into a single, sensitive UHPLC–MS/MS panel validated in goat plasma, rather than 

relying on separate single-analyte assays (or non-caprine matrices) with non-uniform performance 

characteristics. In goats, meloxicam plasma/milk quantitation has been performed using HPLC-

UV, with LOD/LLOQ values suitable for many PK questions but less sensitive than modern 

MS/MS approaches. Such methods can become limiting when targeting late elimination-phase 

samples or low-level residues relevant to withdrawal interval estimation21.  For flunixin, highly 

sensitive quantitation in goats has been achieved by UHPLC–MS/MS (LOQ ~0.5 ng/mL in plasma 

in a published goat study), demonstrating feasibility but typically within a single-drug analytical 

context rather than a concurrent three-drug workflow109.  For firocoxib, goat PK data demonstrate 

a prolonged terminal half-life (~21.5 h) and measurable exposure over a 96-hour sampling 

window, reinforcing the analytical need for low-ng/mL sensitivity and stable performance across 

extended runs and multiple days.  

From an analytical-methodology perspective, this workflow also draws on broader LC–

MS/MS trends toward high-throughput, multi-analyte residue and bioanalysis methods. Multi-

residue LC–MS/MS NSAID methods have been reported in food-animal matrices (e.g., muscle) 

using longer gradients, demonstrating that multiplexing acidic anti-inflammatories is tractable but 

often entails different throughput/sensitivity trade-offs than plasma bioanalysis106.  In that context, 

the combination of (i) micro-elution SPE in a 96-well format, (ii) short-column UHPLC with a 

rapid gradient, and (iii) isotope-labeled internal standards for each analyte constitutes a coherent, 
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modern strategy to preserve both sensitivity and operational efficiency in a plasma matrix—

supporting the claim of novelty for caprine pharmacology and residue-oriented research. 

 5.5 Conclusions 

This work successfully establishes a rapid, sensitive UHPLC–MS/MS assay for the 

simultaneous quantitation of MEL, FTD, and FIRO in goat plasma, integrating isotope-labeled 

internal standards and a high-throughput micro-elution SPE workflow. The combination of Oasis 

PRiME HLB µElution sample cleanup - compatible with automation and designed to reduce 

phospholipid-related interferences - and an HSS T3 short-column UHPLC separation provides an 

operationally efficient platform while delivering strong analytical performance. Validation results 

demonstrate excellent recovery and precision across QC levels, with low ng/mL LLOQs that 

compare favorably to published caprine meloxicam assays using HPLC-UV and align with the 

low-level sensitivity required for terminal elimination-phase quantitation.  

In the broader context of caprine pharmacology, this method is well positioned to support 

concurrent assessment of NSAID exposure profiles that differ substantially in kinetics (including 

FIRO’s prolonged half-life in goats), enabling both efficient PK studies and residue-oriented 

investigations using a single analytical platform106. 
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Chapter 6 - Establishing EPA Method 1633A as the Primary 

Analytical Tool for PFAS Analysis of Agricultural Samples in 

Kansas 

 6.1 Abstract 

This study evaluated EPA Method 1633A as a comprehensive analytical approach for 

determining per- and polyfluoroalkyl substances (PFAS) in agricultural matrices relevant to 

Kansas environmental systems. The method was assessed for simultaneous quantification of PFAS 

in water, soil, biosolids, and crop-related matrices, with an emphasis on chromatographic 

interpretation and rigorous quality control in ultra-trace PFAS analysis. Quantitative analysis was 

performed using a Waters ACQUITY Premier UHPLC system coupled to a Waters Xevo TQ 

Absolute tandem quadrupole mass spectrometer operating in negative electrospray ionization 

mode with multiple reaction monitoring. Automated solid-phase extraction and extraction 

workflows based on EPA Method 1633A were implemented using weak-anion-exchange and 

graphitized carbon black cleanup procedures. Calibration standards ranging from 2–1400 ng/L 

were prepared using isotope dilution methodology with isotopically labeled internal standards. 

Method validation demonstrated strong analytical performance across a broad range of 

EPA 1633A target analytes. Linear calibration coefficients exceeded 0.990 for validated 

compounds, and spiked method detection limits (MDLs) were established at sub-ng/L levels for 

most analytes. QC-reproducible lower limits of quantification (LLOQs) were generally at or below 

4 ng/L for most compounds, demonstrating the method’s suitability for environmentally relevant 

PFAS detection. However, analyte-specific limitations were observed for selected compounds, 

including fluorotelomer carboxylic acids and fluorinated sulfonamides, which exhibited elevated 
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variability and semi-quantitative performance characteristics. These findings indicate that 

analytical sensitivity alone does not guarantee reproducible quantification, particularly in ultra-

trace PFAS workflows. 

A major focus of the study was the comparison between automated and manually optimized 

chromatographic integration. Automated integration frequently overestimated low-level PFAS 

concentrations because baseline artifacts, trapping-column residual signals, and non-analyte 

features were incorrectly integrated as analyte peaks. Manual chromatographic optimization 

reclassified several initially quantified PFHxA and PFPeA results as below the established LLOQ 

despite detectable signals above MDLs thresholds. These results demonstrate that advanced 

chromatographic review is essential for defensible PFAS reporting under the conditions of EPA 

Method 1633A. Although manual optimization significantly improved analytical accuracy, it also 

introduced substantial time and expertise requirements, highlighting the balance between data 

quality and laboratory throughput. 

Overall, the findings demonstrate that EPA Method 1633A provides a robust and highly 

sensitive analytical platform for PFAS monitoring in agricultural environments when combined 

with rigorous QA/QC practices, isotope dilution calibration, contamination control, and expert 

chromatographic review. The method is particularly suitable for agricultural systems because it 

enables simultaneous analysis of water, soil, biosolid, and plant-related matrices within a unified 

workflow. The study further demonstrates that semi-quantitative data remain valuable for 

environmental screening and trend identification, but should be interpreted with caution near 

reporting thresholds. These findings support the implementation of EPA Method 1633A as a 

primary analytical tool for PFAS monitoring and risk assessment in agricultural systems.  
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 6.2 Introduction 

6.2.1 PFAS analytical methods context and justification of 1633A 

PFAS are used in many industrial and consumer products. They are highly resistant to 

degradation and can accumulate in the environment. In response to widespread PFAS 

contamination, the EPA developed analytical methods to detect them. Historically, EPA’s methods 

537.1 and 533 targeted PFAS in drinking water only, analyzing 18 and 25 compounds, 

respectively. These methods use anion-exchange SPE and LC–MS/MS and have been used for 

regulatory monitoring1,3,7–10. 

For non-potable media, the EPA released Method 1633A in December 20247. This method 

is performance-based and validated for 40 PFAS compounds in a variety of matrices, including 

non-drinking water (wastewater, groundwater, surface water), soils, sediments, biosolids, and 

biological tissues. It consolidates and supersedes other protocols, such as EPA 832.05 for 

wastewater, into a single unified workflow. The 40 analytes include all targets from 537.1/533 

plus additional short-chain PFAS. EPA’s validation demonstrated that 1633A can reliably quantify 

PFAS at environmentally relevant levels across a range of matrices. For example, Eldridge et 

al. (2025) compared soil extractions and found that using 1633A (with large-volume injection) 

identified more PFAS with fewer QC failures than an older method. This shows the method’s 

sensitivity and robustness in soil 1,3,7–10. 

Selecting 1633A as the primary tool for Kansas agriculture is justified by its breadth. 

Kansas agriculture involves irrigating fields and applying fertilizers/biosolids, so both water and 

solid matrices must be analyzed. Using 1633A avoids the need to juggle separate methods for 

water vs. soil. Its comprehensive analyte scope aligns with regulatory trends. Moreover, the 

method’s quality criteria are well-defined, facilitating reliable implementation7. In summary, 
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1633A’s validation and scope make it uniquely suitable for assessing PFAS in Kansas agricultural 

environments. 

6.2.2 Laboratory instrumentation and sample preparation for 1633A 

6.2.2.1 Instrumentation  

Method 1633A specifies analysis by LC–MS/MS. Most labs employ triple-quadrupole MS 

systems due to their high sensitivity and quantitative performance. Electrospray ionization 

(negative mode) is standard for PFAS. For example, Organtini et al. (2025) used a Waters Xevo 

triple-quad to achieve excellent sensitivity7. High-resolution MS (Orbitrap or Q-ToF) can also be 

used for confirmatory screening, but is not required for quantitation. The LC system typically uses 

reverse-phase columns (C18 or PFAS-compatible phases) and a gradient elution (around 10–15 

minutes). Calibration is by isotope dilution: each target PFAS has a matched 13C-labeled internal 

standard. 

6.2.2.2 Water sample preparation 

For the analysis of irrigation water or runoff, 1633A uses solid-phase extraction (SPE). A 

sample (commonly 250 mL, pH adjusted to 6.00-7.00) is passed through a weak-anion-exchange 

(WAX) SPE cartridge. The cartridge is then rinsed to remove particulates and eluted with methanol 

(often containing ammonium hydroxide). The combined eluate is diluted and applied to a 

graphitized carbon black (GCB) cartridge. The GCB retains any residual organic interferences; 

PFAS are then eluted from the GCB into a final extract. The extract is evaporated under nitrogen 

and reconstituted in solvent for LC–MS/MS7. 

 PromoChrom’s SPE-03 system can automate this multi-step SPE process. It conditions 

multiple WAX cartridges, loads samples, and automatically rinses sample containers. This enables 

unattended processing of multiple samples simultaneously, reducing labor and variability114,115. 
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6.2.2.3 Soil and biosolid extraction 

Non-liquid matrices require solvent extraction. A representative aliquot (e.g., 1–5 g) of 

homogenized soil or biosolid is weighed and extracted, often using methanol or a methanol-buffer 

mixture. Extraction can be done by shaking, sonicating, or microwaving. After extraction, the 

sample is centrifuged or filtered, and the solvent is collected. This extract is then cleaned up by 

the same SPE procedure (WAX + GCB)7. 

CEM’s EDGE PFAS extraction system automates soil/tissue extractions. The dried sample 

and solvent are placed in a sealed microwave vessel; the EDGE instrument then heats and 

pressurizes the mixture, accelerating extraction. After extraction, it automatically filters the 

solution. CEM reports that a soil sample can be fully extracted in under 10 minutes with this 

system, compared to hours for manual methods16. 

6.2.2.4 Tissue Preparation 

For crop samples, the material is first dried and finely ground. The powder is extracted as 

it is used for soil.  The extract then undergoes the same SPE cleanup. Method validation should 

include plant matrices to ensure that no matrix suppression occurs. 1633A was validated in fish 

tissue, but the approach can be extended to plant tissues with appropriate validation7,16. 

6.2.2.5 Matrix challenges and validation  

Each matrix presents challenges. Organic-rich soil may bind PFAS, requiring more 

rigorous extraction. Particulate-laden water may require prefiltration to protect SPE cartridges. 

Plant tissues vary in PFAS uptake. Therefore, each sample type should be validated via spiked 

samples. Method 1633A specifies quality criteria. Laboratories should perform initial precision 

and recovery (IPR) studies: spike a representative blank matrix at multiple levels to verify accuracy 

and precision before analyzing real samples7,15. 
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6.2.3 Kansas relevance 

PFAS are highly persistent and bioaccumulative, posing well‐documented health risks 

(cancer, hormonal disruption) if they enter the food chain. In Kansas agriculture, crops and 

livestock could absorb PFAS from contaminated soils and water. For example, agricultural experts 

note that PFAS-laden biosolids – often applied as fertilizer – can introduce these chemicals to 

fields, and plant uptake depends on soil type, water use, and crop species. Experimental studies 

show that fruits and vegetables can accumulate PFAS at levels of concern, potentially leading to 

human dietary exposure. This public health rationale (PFAS persistence, uptake, and toxicity) 

underscores the need for systematic monitoring in agriculture5,10,12,13. 

In Kansas, key exposure pathways include irrigation with contaminated surface or 

groundwater, land application of municipal biosolids and manure, and airborne deposition from 

Aqueous Film-Forming Foam (AFFF)/firefighting sites. National guidance notes that “PFAS can 

enter farms when contaminated water, soil amendments, or air are introduced”. Currently, Kansas 

has no routine PFAS testing in agricultural inputs. Regulatory drivers also push for action: EPA is 

designating PFAS as hazardous substances under Superfund and setting drinking-water limits, and 

consumer markets may reject produce with PFAS. A comprehensive analytical approach is 

therefore needed – one that can detect short- and long-chain PFAS across water, soil, and plant 

matrices – to establish baseline levels and protect food safety. Measuring PFAS in Kansas 

agriculture will enable risk assessment, inform management (e.g., source control, remediation), 

and reassure markets and the public about crop safety4,14,27. 
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6.2.4 Importance of advanced analytical knowledge and post‑analysis optimization 

for EPA method 1633A 

EPA Method 1633A is a multi-matrix, isotope-dilution LC–MS/MS procedure whose 

defensibility depends on tight control of contamination and careful interpretation of matrix 

interferences at ultra-trace levels.  The method is explicitly intended for analysts experienced with 

LC–MS/MS. It relies on isotopically labeled standards to correct extraction/cleanup losses and to 

mitigate ionization suppression or enhancement that would otherwise bias 

quantitation7,15,16.  Consequently, expertise is required to recognize PFAS-specific artifacts (e.g., 

container adherence, elevated baselines from solvents) and to assemble complete records that link 

raw chromatograms and quantification outputs to reported results.  

Post-analysis optimization requires expert, peak-level scrutiny: analysts review and, when 

warranted, manually re-integrate peaks; verify identification criteria (quantitation/confirmation 

ions and signal-to-noise); and assess calibration model fit, linearity, and calibration verification 

performance.  Experts also apply and document blank-correction policies (including when blank 

contamination necessitates re-extraction), troubleshoot internal standards, and, While 

automation—such as the PromoChrom SPE-03 and the CEM Corporation EDGE PFAS system—

reduces manual preparation time, the method still places responsibility on the laboratory to validate 

automated steps via blanks/QC and to retain expert judgment for data review and method 

validation7,15,16. 

 6.3 Experimental methods 

6.3.1 Chemicals and materials 

Native PFAS Precision and Recovery Standard Stock Solution/Mixture (Cat# EPA-

1633STK), Mass-Labeled PFAS Extraction Standard Solution (Cat# MPFAC-HIF-ES), and Mass-
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Labeled PFAS Injection Standard Solution (Cat# MPFAC-HIF-IS) were purchased from 

Wellington Laboratories Inc. (Guelph, Ontario, Canada). Optima LC-MS grade methanol (Cat# 

A456), acetonitrile (Cat# A955), water (Cat# W64), formic acid (Cat# A117), ammonium acetate 

(Cat# A11450), and ammonium hydroxide (Cat# A470) were obtained from Fisher Chemical 

(Ottawa, Ontario, Canada). Waters Oasis WAX/GCB cartridges (6 cc, 200 mg WAX, 50 mg GCB, 

60 µm particle size; Cat# 186011110) were purchased from Waters Corporation (Milford, MA), 

and Promochrom high-capacity inline filters (Cat# F-HC-30) were obtained from PromoChrom 

Technologies (Richmond, British Columbia, Canada). 

6.3.2 Sample preparation and extraction 

The detailed method is described in Appendix A4 and is based on EPA Method 1633A7. A 

2 mM ammonium acetate solution was prepared in LC-MS grade water, acetonitrile, and 

water:acetonitrile (95:5, v/v), while aqueous formic acid (0.3 M), methanolic formic acid (0.1 M), 

and methanolic ammonium hydroxide (1% v/v) were prepared using appropriate dilutions and 

stored at room temperature according to stability requirements. Calibration standards were 

prepared over the range of 2–1400 ng/L using serial dilutions of stock solutions, with each level 

containing fixed volumes of the extraction standard (ES), the injection standard – non extraction 

standard (NES), and acetic acid in methanolic ammonium hydroxide (1% v/v). Specifically, 

calibration levels included 2, 4, 6, 10, 14, 20, 80, 120, 200, 600, and 1400 ng/L of PFBA 

concentrations, spanning low to high concentrations to ensure method linearity and sensitivity. A 

calibration internal standard (IS) blank (containing ES and NES without analyte) and a calibration 

negative blank (without analyte or internal standards) were also prepared. Quality control samples 

were prepared at multiple levels (e.g., 4, 6, 10, 14, 80, and 600 ng/L) using the same matrix 

composition to assess accuracy and precision. Method quality control samples and blanks were 
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prepared in reagent water, with the pH adjusted to 6.5 using formic acid or ammonium hydroxide 

before extraction. Samples were spiked with 50 µL ES, adjusted to pH 6.5, and subjected to 

automated solid-phase extraction following the manufacturer-provided EPA Method 1633 – 004. 

The eluate (~5 mL) was collected, then 25 µL acetic acid and 50 µL NES were added, and 500 µL 

was transferred into polypropylene autosampler vials for UHPLC-MS/MS analysis with a 5 µL 

injection volume. Prepared samples were stored at or below 6 °C before analysis. 

6.3.3 UHPLC-MS/MS instrumentation 

Quantitative analysis of PFAS was performed using a Waters Xevo TQ Absolute coupled 

with a Waters ACQUITY Premier UHPLC System configured for PFAS analysis in accordance 

with EPA Method 1633. Chromatographic separation was achieved using a reversed-phase 

ACQUITY BEH C18 (2.1 × 50 mm, 1.7 µm) maintained at 35 °C. The mobile phases consisted of 

(A) 2 mM ammonium acetate in LC-MS-grade water and (B) 2 mM ammonium acetate in LC-

MS-grade acetonitrile. A gradient elution was employed at a flow rate of 0.3 mL/min, starting at 

5% B, ramping to 25% B at 0.5 min, 50 % B at 3.0 min, 85 % B at 6.5 min and reaching 95 % B 

at 7.0 min,  holding for 1.5 min, and returning to initial conditions for re-equilibration, giving a 

total run time of approximately 11 min. The autosampler was maintained at 10 °C, and an injection 

volume of 5 µL was used. The system used PFAS-free flow-path components and a delay column 

to minimize background contamination. 

The mass spectrometer operated in ESI− mode using MRM. Source conditions were set 

according to Waters Corporation application guidance, with a capillary voltage of ~0.5 kV, a 

source temperature of 100 °C, a desolvation temperature of 350 °C, a desolvation gas flow of 900 

L/h, and a cone gas flow of 150 L/h. Nitrogen was used as both the desolvation and cone gas, and 

argon as the collision gas. Compound-specific cone voltages and collision energies were optimized 



99 

for each analyte and corresponding isotopically labeled internal standard (Table 6.1). Data 

acquisition and processing were performed using MassLynx, with quantification based on internal-

standard calibration and linear regression of analyte-to-internal-standard peak-area ratios. System 

suitability, calibration verification, and ongoing performance checks were conducted in 

accordance with the requirements of EPA Method 1633 before and during sample analysis. 

Table 6.1. Mass fragment patterns, cone voltages, and collision energies for EPA 1633A 

compounds 

Compound / IS Type 
Precursor 

(m/z) 

Product 

ion 1 

(m/z) 

CE 1 

(eV) 

Product 

ion 2 

(m/z) 

CE 2 

(eV) 
Cone (V) 

PFBA Analyte 212.9 169.0 10 — — 10 

PFPeA Analyte 262.9 219.0 5 — — 10 

GenX Analyte 285.0 169.0 8 185.0 7 8 / 5 

13C3-GenX IS 287.0 119.0 12 169.0 12 5 

PFBS Analyte 298.9 80.10 30 99.10 30 15 

PFHxA Analyte 312.9 119.0 20 269.0 10 5 

4:2 FTS Analyte 326.9 81.10 35 307.0 15 15 

PFHpA Analyte 362.9 169.0 15 319.0 10 15 

ADONA Analyte 376.9 85.00 25 251.0 10 10 

PFHxS Analyte 398.9 80.10 35 99.10 30 10 

PFOA Analyte 412.9 169.0 15 369.0 10 10 

13C2-PFDA IS 515.1 470.1 15 — — 10 

6:2 FTS Analyte 426.9 81.00 35 407.0 20 15 

PFHpS Analyte 448.9 80.20 35 99.10 35 15 

PFNA Analyte 462.9 219.0 15 418.9 10 10 

PFOS Analyte 498.9 80.20 40 99.10 40 15 

13C4-PFOS IS 503.0 80.20 40 99.10 40 5 

PFDA Analyte 512.9 219.0 15 468.9 10 15 

8:2 FTS Analyte 526.9 81.20 40 506.8 25 15 

9ClPF3ONS Analyte 530.9 83.00 25 350.9 25 15 

PFUnDA Analyte 562.9 269.0 20 518.9 10 25 

PFDoDA Analyte 612.9 169.0 25 568.9 10 30 

11ClPF3OUdS Analyte 630.9 83.00 30 450.8 30 30 

NFDHA Analyte 294.9 85.00 20 201.0 10 5 

PFEESA Analyte 314.9 83.00 20 — — 15 

PFMPA Analyte 229.0 85.00 10 147.1 10 23 



100 

PFMBA Analyte 278.9 85.00 10 235.0 5 10 

PFPeS Analyte 348.9 80.10 30 99.10 30 10 

13C3-PFBA IS 216.0 172.0 10 — — 10 

13C4-PFBA IS 217.0 172.0 10 — — 10 

13C8-PFOA IS 420.9 376.0 10 — — 20 

13C8-PFOS IS 506.9 80.00 40 — — 15 

13C5-PFPeA IS 267.9 223.0 5 — — 10 

13C3-PFBS IS 301.9 80.00 30 — — 20 

13C2-4:2 FTS IS 328.9 308.9 15 — — 40 

13C5-PFHxA IS 317.9 272.9 5 — — 10 

13C4-PFHpA IS 366.9 321.9 10 — — 15 

13C3-PFHxS IS 401.9 80.10 40 — — 10 

13C2-6:2 FTS IS 428.9 408.8 20 — — 10 

13C9-PFNA IS 471.9 426.9 10 — — 10 

13C2-8:2 FTS IS 528.9 508.9 20 — — 10 

13C6-PFDA IS 518.9 473.9 10 — — 5 

13C7-PFUnDA IS 569.9 524.9 10 — — 5 

13C2-PFDoDA IS 614.9 569.9 10 — — 10 

PFTriDA Analyte 662.9 169.0 30 618.9 10 5 

PFTreDA Analyte 712.9 169.0 25 668.9 15 10 

PFNS Analyte 548.9 80.20 40 99.20 40 20 

PFDS Analyte 598.9 80.20 40 99.10 40 25 

NEtFOSAA Analyte 584.0 418.8 20 525.9 20 15 

NMeFOSAA Analyte 569.9 219.1 25 418.9 20 35 

PFDoDS Analyte 699.1 80.00 58 99.00 48 5 

PFOSA Analyte 497.9 78.20 30 169.2 30 40 

NMeFOSE Analyte 616.0 59.00 20 — — 5 

NEtFOSE Analyte 630.0 59.00 20 — — 5 

NMeFOSA Analyte 511.9 169.1 30 219.0 25 40 

NEtFOSA Analyte 525.9 169.0 25 219.0 25 5 

3:3 FTCA Analyte 241.0 117.0 30 177.0 10 15 

5:3 FTCA Analyte 341.0 217.0 25 237.0 25 15 

7:3 FTCA Analyte 441.0 317.0 25 337.0 25 15 

13C2-PFTreDA IS 714.9 669.9 10 — — 25 

13C8-PFOSA IS 505.9 78.10 25 — — 35 

D3-NMeFOSAA IS 572.9 418.9 20 — — 35 

D5-NEtFOSAA IS 589.0 418.9 20 — — 30 

D3-NMeFOSA IS 515.0 219.0 25 — — 5 

D5-NEtFOSA IS 531.0 219.0 25 — — 15 
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6.3.4 Method validation 

The optimized UHPLC-MS/MS method for the simultaneous quantitation of 1633A 

analytes in agricultural well water adhered to the EPA’s guidance7. The linear calibration 

coefficients of determination (R2) are repeatedly greater than 0.990. Due to the daily mixed-

extraction QC reproducibility, LLOQs were set at or below 4 ng/L for most analytes (Table 6.2). 

The method was validated by establishing MDLs, as shown in Table 6.3. 

Table 6.2. Extraction QC reproducibility (n=3) based on LLOQ values for EPA 1633A analytes 

Compound LLOQ (ng/L) Compound LLOQ (ng/L) 

PFBA 4.00 PFDA 1.00 

PFMPA 2.00 8:2 FTS 3.84 

PFPeA 2.00 PFUnDA 1.50 

PFBS 1.33 PFDoDA 1.00 

PFMBA 2.00 11ClPF3OUdS 3.78 

PFEESA 1.78 PFTriDA 1.00 

4:2 FTS 3.75 PFTreDA 1.00 

PFHxA 1.00 PFNS 0.96 

NFDHA 2.00 PFDS 0.96 

PFPeS 0.94 PFOSA 0.67 

GenX 4.00 PFDoDS Semi-Quantitative 

PFHpA 1.00 NMeFOSA 0.72 

PFHxS 0.74 NEtFOSA 0.74 

ADONA 3.78 NMeFOSAA 0.76 

PFOA 0.66 NEtFOSAA 0.78 

6:2 FTS 3.81 NMeFOSE 10.1 

PFHpS 0.95 NEtFOSE 9.72 

PFNA 0.65 3:3 FTCA  5.00 

PFOS 0.73 5:3 FTCA 25.0 

D7-NMeFOSE IS 623.2 58.90 20 — — 5 

D9-NEtFOSE IS 639.2 58.90 20 — — 5 

13C2-PFHxA IS 315.0 119.0 5 270.0 5 10 

13C4-PFOA IS 417.0 172.0 10 — — 20 

13C5-PFNA IS 468.0 423.0 10 — — 10 

18O2-PFHxS IS 403.0 84.00 35 — — 10 
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9ClPF3ONS 3.74 7:3 FTCA 25.0 

Table 6.3. Established MDLs values (n=7) for EPA 1633A analytes 

Compound MDLs (ng/L) Compound MDLs (ng/L) 

PFBA 0.42 PFDA 0.14 

PFMPA 0.16 8:2 FTS 0.63 

PFPeA 0.65 PFUnDA 0.13 

PFBS 0.14 PFDoDA 0.30 

PFMBA 0.18 11ClPF3OUdS 1.48 

PFEESA 0.46 PFTriDA 1.10 

4:2 FTS 0.68 PFTreDA 1.19 

PFHxA 0.11 PFNS 0.14 

NFDHA 0.15 PFDS 0.16 

PFPeS 0.09 PFOSA 0.09 

GenX 0.60 PFDoDS 0.18 

PFHpA 0.17 NMeFOSA 0.27 

PFHxS 0.14 NEtFOSA 0.36 

ADONA 0.94 NMeFOSAA 0.43 

PFOA 0.10 NEtFOSAA 0.23 

6:2 FTS 0.61 NMeFOSE 1.94 

PFHpS 0.13 NEtFOSE 2.48 

PFNA 0.12 3:3 FTCA  0.78 

PFOS 0.15 5:3 FTCA 3.59 

9ClPF3ONS 1.22 7:3 FTCA 6.50 

 6.4 Discussion 

6.4.1 Interpretation of reproducibility and acceptability 

The overall results demonstrate that the method possessed strong analytical capability, as 

reflected by low MDLs for many target compounds, broad multi-analyte coverage, and acceptable 

calibration linearity. However, the more important interpretive question is not whether the 

instrument can detect PFAS, but whether the complete workflow can reproducibly quantify 

individual analytes for the intended purpose. In this study, the distinction between quantitative and 

semi-quantitative performance is best understood in terms of QC reproducibility. Where replicate 
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QC data are within approximately ±20% RSD, quantitative interpretation is generally defensible 

for low-level trace analysis, provided other acceptance criteria, such as calibration performance, 

blank control, analyte identity, and internal standard behavior, are also satisfactory. By contrast, 

where QC reproducibility exceeded ±20% RSD but remained below 50% RSD, the resulting 

values are more appropriately described as semi-quantitative or estimated. 

This semi-quantitative range should not be interpreted as an analytical failure. Rather, it 

indicates that the method still provides meaningful information, but with broader uncertainty 

around the reported value. In such cases, the data are suitable for determining whether an analyte 

is likely present, identifying relative concentration patterns, distinguishing clearly elevated 

samples from clean or low-level samples, and prioritizing follow-up work. What the data do not 

support as strongly is precise concentration assignment, subtle comparison between samples with 

similar concentrations, or strong claims based on small numerical differences. This means that 

semi-quantitative results can still contribute significantly to environmental interpretation, but they 

must be discussed as approximate values rather than claimed as exact concentrations. 

The reported LLOQs further reinforce this interpretation. Most analytes achieved QC-

reproducible LLOQs at or below 4 ng/L, suggesting that the method was analytically useful for a 

substantial portion of the EPA 1633A target list. At the same time, a smaller subset of analytes 

exhibited much higher LLOQs or were not considered fully quantitative. The elevated LLOQs 

observed for compounds such as NMeFOSE, NEtFOSE, and the FTCAs, together with the semi-

quantitative designation for PFDoDS, indicate analyte-specific limitations that likely arose from a 

combination of sensitivity, chromatographic behavior, extraction performance, background 

contamination risk, and signal variability. This pattern is important because it shows that the 
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method’s performance was not uniform across all analytes. The platform was therefore strong 

overall, but not equally mature across all compounds in the panel. 

A useful interpretation of these results is that the method's sensitivity, as expressed by 

MDLs, was often higher than its reproducible quantitation capability, as expressed by QC-based 

LLOQ. That distinction is central to analytical chemistry and especially relevant here. MDLs 

indicates that a signal can be distinguished from noise with reasonable confidence, while LLOQ 

indicates that the signal can be measured with acceptable reproducibility. The fact that MDLs were 

frequently lower than LLOQs means that some PFAS could indeed be detected at low levels before 

they could be reported with strong quantitative confidence. This gap is not unusual in ultra-trace 

analysis, but it becomes especially important when interpreting sample results near the lower 

reporting boundary. It also explains why some sample values that appear numerically above a 

threshold during automated processing may still require qualification or reclassification after full 

review. 

6.4.2 Advanced chromatographic data processing and its impact on PFAS 

quantification 

Accurate quantification of PFAS at trace levels requires careful evaluation of 

chromatographic data beyond automated processing routines. Although modern LC–MS/MS 

software provides automatic peak integration to facilitate high-throughput analysis, the present 

results demonstrate that this approach alone is insufficient for reliable quantification under the 

conditions of EPA Method 1633A. Systematic discrepancies were observed between automatically 

integrated data and manually optimized chromatograms, particularly for analytes near the LLOQ. 

A consistent trend across all evaluated samples was the overestimation of PFAS 

concentrations when relying solely on automated integration. For perfluorohexanoic acid 
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(PFHxA), initial concentrations obtained from automatic integration ranged approximately from 

1.34 to 1.69 ng/L across multiple replicate samples. However, following manual inspection and 

optimization of peak boundaries, all corresponding measurements were reassigned to values below 

the LLOQ of 1.00 ng/L, despite the MDL being 0.11 ng/L (Figure 6.1 & Table 6.4). This indicates 

that automated algorithms were incorrectly assigning quantifiable peak areas to signals that do not 

meet the criteria for reliable quantification. 

 

Figure 6.1. Comparison of automated and manually optimized peak integration for PFHxA 

analysis by LC–MS/MS. Chromatograms of the PFHxA quantifier transition (m/z 312.9 → 269; 

A–B), qualifier transition (m/z 312.9 → 119; C–D), and isotopically labeled internal standard 

(13C₅-PFHxA, m/z 317.9 → 272.9; E–F) are shown. Panels A, C, and E illustrate automated 

integration, whereas panels B, D, and F show manually optimized integration. In the quantifier 

transition, automated integration included a broad residual tailing region beyond the PFHxA 

peak (retention time = 2.97 min), resulting in an inflated integrated area. Manual optimization 

restricted integration boundaries to the true chromatographic peak and excluded residual signal. 

The qualifier transition and internal standard chromatograms confirmed peak identity and 

retention time alignment. Blue shading indicates integrated peak area. 

Table 6.4. Comparison between the sample data before and after manual chromatographic 

optimization for PFHxA 
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Sample ID Before Optimization After Optimization 

25-RN-11 A 1.49 Below LOQ 

25-RN-11 B 1.44 Below LOQ 

25-RN-5 A 1.54 Below LOQ 

25-RN-5 B 1.47 Below LOQ 

25-RN-12 A 1.69 Below LOQ 

25-RN-12 B Below LOQ Below LOQ 

25-KM-5 A 1.42 Below LOQ 

25-KM-5 B 1.34 Below LOQ 

LLOQ (QC Reproducible) 1.00 1.00 

MDLs 0.11 0.11 

A similar pattern was observed for perfluoropentanoic acid (PFPeA). Automatically 

integrated concentrations ranged from approximately 3.80 to 4.27 ng/L, exceeding the established 

LOQ of 2.00 ng/L (MDL = 0.65 ng/L). After manual chromatographic refinement, all results were 

reclassified below the LOQ. These findings highlight the potential for automated integration to 

produce false-positive quantification results, particularly when signal intensities are near 

regulatory reporting thresholds (Figure 6.2 & Table 6.5). 
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Figure 6.2. Comparison of automatic and manually optimized peak integration for PFPeA 

chromatograms. Automatic integration (A) incorporated signal contributions from the trapping 

column, resulting in an expanded integration region and increased integrated peak area. Manual 

optimization (B) excluded the trapping column contribution by redefining the integration 

boundaries to include only the analytical PFPeA peak (retention time = 2.58 min). The isotopically 

labeled internal standard (13C5-PFPeA; retention time = 2.50 min) exhibited consistent 

chromatographic behavior under both integration approaches. Excluding the trapping column 

signal improved integration specificity and provided a more accurate representation of the PFPeA 

response for quantitative analysis. 

Table 6.5. Comparison between the sample data before and after manual chromatographic 

optimization for PFPeA 

Sample ID Before Optimization After Optimization 

25-FB-1 A 3.91 Below LLOQ 

25-FB-1 B 4.27 Below LLOQ 

25-FB-2 A 4.27 Below LLOQ 

25-FB-2 B 3.96 Below LLOQ 

25-RN-4 A 4.00 Below LLOQ 

25-RN-4 B 4.08 Below LLOQ 
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25-RN-18 A 3.80 Below LLOQ 

25-RN-18 B 4.22 Below LLOQ 

LLOQ (QC Reproducible) 2.00 2.00 

MDLs 0.65 0.65 

The primary source of these discrepancies was traced to improper peak selection by the 

automated integration algorithm. In the case of PFHxA, residual baseline features and low-

intensity non-analyte signals were incorrectly included within the integration window, artificially 

inflating peak areas. For PFPeA, signals originating from the trapping column were mistakenly 

integrated as analyte peaks. These artifacts are method-specific and cannot be reliably 

distinguished by generic integration algorithms without manual intervention. 

Manual chromatogram optimization addressed these issues by refining peak start and end 

points, excluding non-analyte contributions, and ensuring that only true chromatographic peaks 

corresponding to the target compounds were quantified. As a result, the corrected data more 

accurately reflect the absence of quantifiable analyte concentrations in the tested samples. This 

demonstrates that manual review is essential for maintaining analytical accuracy, particularly in 

ultra-trace PFAS analysis, where signal discrimination is inherently challenging. 

Despite its benefits, manual optimization introduces significant practical limitations. The 

process required approximately 45 minutes per sample, substantially reducing analytical 

throughput. Furthermore, the accuracy of manual integration depends on the analyst's expertise, 

which can introduce variability between operators. These constraints highlight a critical trade-off 

between data quality and laboratory efficiency. 

Overall, the findings emphasize that automated chromatographic integration should be 

considered a preliminary step rather than a definitive quantification method in EPA 1633A 

workflows. Without subsequent manual verification, there is a substantial risk of reporting 
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inaccurate concentrations due to background noise, residual peaks, or system-derived artifacts. 

Future methodological improvements should focus on developing advanced data-processing tools 

that distinguish true analyte signals from interference, thereby reducing reliance on time-intensive 

manual correction while preserving analytical accuracy. 

6.4.3 Sources of variability and data quality 

The reproducibility range observed in this work most likely reflects cumulative variability 

from several stages of the analytical process rather than a single isolated source. In an EPA 1633A-

style workflow, variability may arise during sample preparation, extraction, cleanup, 

chromatographic separation, mass spectrometric response, and data processing. Because the 

supplied materials do not experimentally isolate each source, the causes cannot be quantitatively 

apportioned here; however, the pattern of results supports a multi-factor explanation. 

Sample preparation is a likely contributor. Low-level PFAS quantitation is sensitive to pH 

adjustment, volumetric consistency, cartridge conditioning, extraction efficiency, evaporation 

losses, and transfer steps. Even when automated SPE is used to reduce manual handling, variability 

can remain if sample composition differs, if low-level adsorption losses occur, or if extraction 

recovery is compound-specific. This is especially relevant for analytes with higher LLOQs or 

semi-quantitative performance, because these compounds may be more sensitive to incomplete 

retention, incomplete elution, or variable recovery correction. 

Instrumental factors also remain important. Drift in response over a batch, background 

contribution from the LC system or source, carryover, and retention-time shifts can all influence 

low-level quantitation. PFAS analysis is particularly vulnerable to system-related background 

signals, and evidence from trapping-column peak integration directly underscores the importance 

of chromatographic artifacts as a real source of reporting uncertainty. Even with PFAS-free flow-
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path components and a delay column, low-level background and system peaks can still complicate 

interpretation if they overlap with analyte windows or if automated integration rules are too 

permissive. 

Matrix effects are another likely contributor. Ion suppression or enhancement may differ 

across analytes and samples, especially when moving from reagent-water-based QC to real 

environmental matrices. Although isotopically labeled internal standards are designed to 

compensate for much of this variability, correction is not always perfect, particularly when internal 

standard matching is incomplete or when matrix behavior is highly analyte-specific. For this 

reason, an analytically detectable compound may still exhibit poor reproducibility in quantitative 

terms. The relatively low MDLs, combined with elevated LLOQs for some analytes, are consistent 

with this interpretation: the instrument can detect the compound, but the overall method cannot 

measure it with the same confidence across replicates. 

Operator-related variability should also be acknowledged. The presentation makes explicit 

that advanced analytical skills were required for manual optimization. That means the analytical 

outcome depended, at least in part, on the analyst’s ability to distinguish valid peaks from residual 

or trapping-column artifacts. In dissertation language, this points to an important tension in 

advanced trace analysis: expert review improves data quality, but it can also reduce throughput 

and introduce subjectivity unless supported by clearly defined review rules and training. The 

method, therefore, benefits from expert interpretation yet also requires a robust quality system to 

ensure that such interpretation is consistent and reproducible. 

These sources of variability directly affect data quality, comparability, and decision-

making. For high-confidence quantitative analytes, the data can support stronger comparisons 

among samples, including spatial or temporal interpretation. For semi-quantitative analytes, 
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however, the data are better suited to identifying presence, approximate magnitude, and broad 

directional patterns. Comparisons based on small differences should be made cautiously, 

particularly when concentrations are near the LLOQ or when the observed difference is 

comparable to the underlying QC variability. Put differently, the closer a result lies to the lower 

reporting threshold, the more likely it is that analytical uncertainty, rather than true environmental 

variation, explains small between-sample differences. 

This means that confidence should be placed more heavily on robust trends than on isolated 

low-level absolute values. If a sample group shows clearly higher concentrations across replicates, 

across multiple analytes, or across a meaningful concentration range, that trend is more defensible 

than a conclusion based on a marginal numerical increase in a single analyte near the LLOQ. 

Likewise, semi-quantitative results can be highly informative for screening and prioritization. Still, 

they should not be interpreted as confirmation of small concentration differences or used as the 

sole basis for high-stakes decisions without follow-up analysis. 

 6.5 Conclusions 

The study shows that the analytical method was technically robust but performance-limited 

in ways characteristic of ultra-trace PFAS analysis. Instrumental sensitivity and calibration were 

sufficient to support low-level detection for a broad range of analytes, and many compounds 

achieved low QC-reproducible LLOQs. However, the results also demonstrate that reproducible 

quantitation depended on more than just signal intensity. The critical determinants of defensible 

reporting were extraction reproducibility, analyte-specific method behavior, background 

management, and post-acquisition chromatographic interpretation. 

The semi-quantitative range defined by QC reproducibility greater than ±20% RSD but 

below 50% RSD is therefore best interpreted as an intermediate reporting category rather than a 



112 

binary pass-or-fail outcome. Measurements in this range remain analytically useful, particularly 

for screening, approximate concentration ranking, and identification of samples or analytes that 

warrant follow-up. At the same time, these values should not be presented as exact concentrations, 

and small differences among samples should not be overinterpreted. 

The sample data analysis provides compelling support for this conclusion. In both PFHxA 

and PFPeA, automatically integrated low-level results were reclassified as below LOQ after 

manual optimization because the software had integrated residual or trapping-column-related 

features rather than defensible analyte peaks. These examples show that advanced data analysis is 

not ancillary to the method; it is integral to it. The most defensible conclusion, therefore, is that 

the workflow is highly suitable for PFAS screening and targeted semi-quantitative to quantitative 

analysis when paired with rigorous QC and expert chromatographic review, but further refinement 

is needed to reduce analyte-specific uncertainty, improve throughput, and standardize 

interpretation in routine laboratory use. 
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Chapter 7 - Conclusions & Future Directions 

 7.1 Conclusions 

This dissertation demonstrated the development and application of advanced UHPLC–

MS/MS methodologies for the ultra-trace quantitative analysis of veterinary pharmaceuticals and 

per- and polyfluoroalkyl substances (PFAS) in complex agricultural and biological matrices. 

Across all chapters, the work emphasized integrating optimized chromatographic separations, 

tandem mass spectrometry selectivity, matrix-specific sample preparation, and rigorous analytical 

validation to address challenges associated with trace-level detection in highly heterogeneous 

samples. 

The introductory chapters established the scientific and regulatory importance of 

monitoring contaminants and pharmaceutical residues in agricultural systems. Chapter 1 

highlighted the growing concern over PFAS contamination in environmental and agricultural 

matrices, as well as the need for reliable residue monitoring of veterinary pharmaceuticals in 

livestock production systems. The discussion demonstrated that analytical chemistry now plays a 

central role in environmental stewardship, food safety, pharmacokinetic evaluation, and regulatory 

compliance. The increasing complexity of agricultural contamination pathways requires analytical 

methods that achieve low detection limits while maintaining selectivity and reproducibility across 

challenging matrices, including soil, biosolids, plant tissues, and plasma. 

Chapter 2 provided the theoretical and instrumental foundation for UHPLC–MS/MS 

method development. The chapter demonstrated how advances in sub-2 µm chromatographic 

particles, high-pressure fluidics, electrospray ionization, and tandem quadrupole mass 

spectrometry collectively improved chromatographic efficiency, sensitivity, and throughput. The 

importance of chromatographic resolution, selectivity, retention optimization, and control of band 
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broadening was discussed in relation to analytical performance. The theoretical framework 

presented throughout this chapter directly supported the experimental strategies used in the 

subsequent analytical applications. 

The veterinary pharmaceutical studies presented in Chapters 3–5 demonstrated the 

successful development of quantitative UHPLC–MS/MS methods for multiple anti-inflammatory 

and neurological compounds in animal plasma. In Chapter 3, a simultaneous analytical method for 

azaperone, trazodone, and gabapentin in porcine plasma was successfully developed and validated 

for pharmacokinetic applications. The method achieved adequate chromatographic separation, 

high analytical sensitivity, and reproducible quantitation while minimizing matrix interferences 

through optimized sample preparation and MRM transition selection. The work illustrated the 

practical advantages of multianalyte methods in veterinary pharmacology by reducing analytical 

time, solvent consumption, and sample processing requirements. 

Chapter 4 expanded on these principles by developing a targeted UHPLC–MS/MS method 

for quantifying flunixin in ovine plasma. The study demonstrated the importance of matrix-specific 

extraction optimization, selective chromatographic retention using HSS T3 stationary phases, and 

robust tandem mass spectrometric detection for veterinary pharmacokinetic studies. The validated 

method provided reliable analytical performance suitable for residue depletion and 

pharmacokinetic interpretation in sheep, further supporting the applicability of UHPLC–MS/MS 

platforms in veterinary medicine. 

Chapter 5 extended the analytical scope to the concurrent quantitation of meloxicam, 

flunixin, and firocoxib in goat plasma. The simultaneous determination of multiple nonsteroidal 

anti-inflammatory drugs (NSAIDs) illustrated the flexibility and scalability of modern UHPLC–

MS/MS workflows. Careful optimization of SPE cleanup, chromatographic gradients, and MRM 
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transitions enabled high sensitivity and selectivity despite the analytes' structural similarities. The 

work demonstrated how multi-residue UHPLC–MS/MS methods can support residue monitoring, 

veterinary pharmacokinetic investigations, and future regulatory applications involving food-

producing animals. 

Chapter 6 focused on PFAS analysis in agricultural matrices and demonstrated the 

implementation of EPA Method 1633A as a comprehensive analytical platform for PFAS 

monitoring in Kansas agricultural systems. The work established analytical capabilities for PFAS 

determination in environmental and agricultural samples using advanced UHPLC–MS/MS 

instrumentation and isotope-dilution quantification. Particular emphasis was placed on 

contamination control, matrix-specific extraction challenges, and the importance of analytical 

rigor when measuring ultra-trace PFAS concentrations. The chapter demonstrated that agricultural 

matrices present unique analytical complications due to complex organic content, adsorption 

behavior, and widespread background contamination. Despite these challenges, the optimized 

analytical workflows successfully achieved reliable PFAS detection and quantitation in 

accordance with current EPA guidance. 

Collectively, the studies presented throughout this dissertation demonstrate that UHPLC–

MS/MS is an exceptionally powerful analytical platform for trace-level analysis in agricultural and 

biological systems. The combination of high chromatographic efficiency, selective tandem mass 

spectrometric detection, and robust sample preparation strategies enabled reliable quantitation 

across diverse matrices and analyte classes. The work further demonstrated that successful 

analytical method development requires not only the optimization of instrumentation but also a 

detailed understanding of matrix chemistry, analyte behavior, ionization mechanisms, and 

chromatographic interactions. 
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Beyond the analytical advances themselves, this dissertation also highlighted the broader 

significance of modern analytical chemistry in addressing emerging environmental and veterinary 

challenges. Increasing regulatory scrutiny of PFAS contamination, growing concerns regarding 

pharmaceutical residues in food-producing animals, and the expanding need for high-throughput 

residue monitoring will continue to drive the demand for highly sensitive and reproducible 

UHPLC–MS/MS methodologies. The analytical approaches developed throughout this 

dissertation contribute to these efforts by providing adaptable frameworks for future environmental 

and veterinary applications. 

 7.2 Future Directions 

Although substantial progress was made in this dissertation, several opportunities remain 

to expand and improve UHPLC–MS/MS methodologies for agricultural and environmental 

applications. 

One important future direction is to expand targeted analytical methods into broader multi-

residue and multiclass screening approaches. Modern agricultural systems contain increasingly 

complex mixtures of contaminants, including pharmaceuticals, pesticides, PFAS, metabolites, and 

transformation products. Future analytical workflows should therefore incorporate larger targeted 

analyte panels while maintaining adequate sensitivity, selectivity, and chromatographic resolution. 

Advances in scheduled MRM acquisition and ultrafast polarity switching may enable simultaneous 

monitoring of hundreds of analytes within a single analytical run. 

Further development of high-resolution mass spectrometry (HRMS) methodologies also 

represents a major future opportunity. While targeted triple quadrupole methods provide 

exceptional quantitative performance, HRMS platforms such as Orbitrap and quadrupole time-of-

flight instruments can support non-targeted screening and suspect analysis of emerging 
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contaminants. In the context of PFAS analysis, HRMS approaches may facilitate the identification 

of unknown fluorinated compounds, precursor species, and environmental transformation products 

that are not currently monitored by conventional targeted methods. Hybrid analytical workflows 

integrating UHPLC–QqQ quantitation with HRMS discovery-based screening may become 

increasingly important in environmental monitoring programs. 

Another important future direction involves refining sample preparation strategies for 

highly complex agricultural matrices. Matrix effects remain one of the largest sources of analytical 

variability in LC–MS/MS analysis. Future work should continue exploring automated SPE 

systems, online extraction approaches, microextraction technologies, and selective sorbent 

materials to improve analyte recovery while minimizing ion suppression. Novel sorbents 

specifically designed for PFAS isolation and phospholipid removal may substantially improve 

method robustness for environmental and biological samples. 

Miniaturized, high-throughput sampling approaches also hold substantial promise for 

future veterinary and environmental applications. Dried blood spot sampling, volumetric 

absorptive microsampling, and portable, field-compatible extraction devices may significantly 

reduce sample-handling requirements while improving sample stability and reducing solvent 

consumption. These approaches may be particularly valuable for large-scale pharmacokinetic 

studies, remote environmental sampling, and longitudinal agricultural monitoring programs. 

Additional work is also needed to improve analytical standardization and interlaboratory 

harmonization for PFAS analysis. Current PFAS analytical methods continue to evolve rapidly, 

and significant variability exists between laboratories regarding extraction procedures, 

contamination control practices, calibration strategies, and reporting conventions. Continued 

refinement and validation of EPA Method 1633A and related protocols will be essential for 
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establishing consistent nationwide monitoring frameworks for agricultural and environmental 

PFAS contamination. The development of additional isotopically labeled internal standards and 

matrix-certified reference materials will further improve analytical comparability and data quality. 

Instrumental innovation will also continue shaping the future of UHPLC–MS/MS analysis. 

Emerging technologies such as cyclic ion mobility spectrometry, multi-reflection time-of-flight 

analyzers, and advanced ion optics may provide additional separation dimensions, improving 

selectivity in highly complex matrices. The integration of ion mobility separation with UHPLC–

MS/MS workflows may prove particularly valuable for separating isomeric PFAS compounds and 

structurally related pharmaceutical metabolites that are difficult to resolve chromatographically. 

Artificial intelligence and machine learning approaches may further transform analytical 

chemistry workflows. Predictive retention modeling, automated spectral interpretation, intelligent 

MRM optimization, and advanced chemometric analysis could substantially accelerate analytical 

method development and improve data interpretation. These computational approaches may 

become increasingly valuable as analytical datasets continue to grow in complexity and size. 

Finally, future research should continue to strengthen interdisciplinary collaborations 

among analytical chemists, veterinarians, toxicologists, agronomists, environmental scientists, and 

regulatory agencies. The analytical challenges associated with PFAS contamination and veterinary 

drug monitoring extend beyond instrumentation alone and require integrated scientific approaches 

to fully understand contaminant transport, biological exposure, environmental persistence, and the 

implications for food safety. The continued advancement of UHPLC–MS/MS methodologies will 

therefore remain closely linked to broader agricultural, environmental, and public health 

objectives.  
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Appendix A - Standard Operating Procedures (SOPs) 

 A.1 Procedure for the analysis of trazodone, gabapentin & azaperone in pig 

plasma by ultra high-performance liquid chromatography-tandem mass 

spectrometry (UHPLC-MS/MS)  

A.1.1 Chemicals 

• Trazodone hydrochloride Analytical Standard, Cat# 19048, Cayman Chemical Company 

(Ann Arbor, MA, USA)  

• Trazodone-d6 Analytical Standard, Cat# 19052, Cayman Chemical Company (Ann 

Arbor, MA, USA) 

• Gabapentin Analytical Standard, Cat# 22910, Cayman Chemical Company (Ann Arbor, 

MA, USA)  

• Gabapentin-d10 Analytical Standard, Cat# G-017, Millipore Sigma (Burlington, MA) 

• Azaperone Analytical Standard, Cat# 34223-100MG, Millipore Sigma (Burlington, MA)  

• Azaperone-d4 Analytical Standard, Cat# DRE-C10340512, Toronto Research Chemicals 

(North York, Ontario, CA) 

• Optima LC-MS Methanol, Cat# A456-4 Fisher Chemical (Ottawa, Ontario, CA)  

• Optima LC-MS Acetonitrile, Cat# A955-4, Fisher Chemical (Ottawa, Ontario, CA)  

• Optima LC-MS Water, Cat# W64, Fisher Chemical (Ottawa, Ontario, CA)  

• Optima LC-MS Formic Acid, Cat# A117-50, Fisher Chemical (Ottawa, Ontario, CA) 
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• Optima LC-MS Ammonium Formate, Cat# A11550, Fisher Chemical (Ottawa, Ontario, 

CA) 

• Optima LC-MS Ammonium hydroxide, Cat# A470-500, Fisher Chemical (Ottawa, 

Ontario, CA) 

• LC-MS grade Dimethyl sulfoxide, Cat# 85190, Thermo Scientific (Waltham, MA, USA)  

• Negative pig plasma in K2EDTA, Lampire Biological Laboratories (Pipersville, PA, 

USA) 

A.1.2 Materials 

• 96-well non-tissue culture-treated plates, Cat# 14-245-71, Fisher Scientific (Pittsburg, 

PA, USA)  

• 96-well Oasis PRiME MCX µElution Plate, Cat# 186008914, Waters Corporation 

(Milford, MA, USA)  

• 96-well Square Collection plates, Cat# 186002482, Waters Corporation (Milford, MA, 

USA).  

A.1.3 Solutions 

A.1.3.1 General Solutions 

Prepare aqueous solutions each week. 

• Aqueous phosphoric acid (4%): 11.7 mL of concentrated phosphoric acid (85%) in 238.3 

mL of LC-MS water.  

• 0.1% formic acid in water: 0.5 mL of formic acid in 499.5 mL of LC-MS water.  
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• 2.0% formic acid in water: 10.0 mL of formic acid in 490.0 mL of LC-MS water. 

• 1.0% formic acid in water: 5.0 mL of formic acid in 495.0 mL of LC-MS water. 

• 0.1% formic acid in acetonitrile: 0.5 mL of formic acid in 499.5 mL of LC-MS 

acetonitrile. 

• 100 mM ammonium formate in 2% v/v aqueous formic acid: 3.15 g in 500 mL of LC-MS 

water. 

• Acetonitrile: methanol (1:1): 250mL methanol in 250mL of LC-MS acetonitrile. 

• 5% ammonium hydroxide in acetonitrile: methanol (1:1): 5 mL ammonium hydroxide in 

95 mL acetonitrile: methanol (1:1). 

• 2% acetonitrile in 1% aqueous formic acid: 2 mL acetonitrile in 98 mL of 1.0% formic 

acid in water.  

A.1.3.1 Stock solutions of standards & internal standards (IS) 

Store at -20℃; discard after 6 months. 

• Trazodone (1mg/mL): Dissolve 1.095mg of Trazodone hydrochloride in 1000µL of LC-

MS grade methanol.  

• Trazodone-d6 (1mg/mL): Dissolve 547µg of Trazodone-d6 hydrochloride in 500µL of 

LC-MS grade methanol.  

• Gabapentin (1mg/mL): Dissolve 1mg of Gabapentin in 1000µL of LC-MS grade 

methanol.  

• Gabapentin-d10 (1mg/mL): Dissolve 500µg of Gabapentin-d10 in 500µL of LC-MS 

grade methanol.  
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• Azaperone (1mg/mL): Dissolve 1mg of Azaperone in 1000µL of LC-MS grade DMSO.  

• Azaperone-d4 (1mg/mL): Dissolve 500µg of Azaperone-d4 in 500µL of LC-MS grade 

DMSO.  

A.1.3.2 Working solutions of standards & internal standards (IS) 

Prepare new ones each day. 

• Trazodone (4000ng/mL): Add 4µL of Trazodone (1mg/mL) to 999µL of aqueous 

phosphoric acid (4%) in 1.5mL microcentrifuge tubes and vortex.  

• Trazodone (2000ng/mL): Add 2µL of Trazodone (1mg/mL) to 999µL of aqueous 

phosphoric acid (4%) in 1.5mL microcentrifuge tubes and vortex. 

• Trazodone (1000ng/mL): Add 1µL of Trazodone (1mg/mL) to 999µL of aqueous 

phosphoric acid (4%) in 1.5mL microcentrifuge tubes and vortex.  

• Trazodone-d6 (1000ng/mL): Add 1µL of Trazodone-d6 (1mg/mL) to 999µL of aqueous 

phosphoric acid (4%) in 1.5mL microcentrifuge tube and vortex.  

• Gabapentin (4000ng/mL): Add 4µL of Gabapentin (1mg/mL) to 999µL of aqueous 

phosphoric acid (4%) in 1.5mL microcentrifuge tubes and vortex.  

• Gabapentin (2000ng/mL): Add 2µL of Gabapentin (1mg/mL) to 999µL of aqueous 

phosphoric acid (4%) in 1.5mL microcentrifuge tubes and vortex.  

• Gabapentin (1000ng/mL): Add 1µL of Gabapentin (1mg/mL) to 999µL of aqueous 

phosphoric acid (4%) in 1.5mL microcentrifuge tubes and vortex.  

• Gabapentin-d10 (1000ng/mL): Add 1µL of Gabapentin-d10 (1mg/mL) to 999µL of 

aqueous phosphoric acid (4%) in 1.5mL microcentrifuge tube and vortex.  
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• Azaperone (4000ng/mL): Add 4µL of Azaperone (1mg/mL) to 999µL of aqueous 

phosphoric acid (4%) in 1.5mL microcentrifuge tubes and vortex.  

• Azaperone (2000ng/mL): Add 2µL of Azaperone (1mg/mL) to 999µL of aqueous 

phosphoric acid (4%) in 1.5mL microcentrifuge tubes and vortex. 

• Azaperone (1000ng/mL): Add 1µL of Azaperone (1mg/mL) to 999µL of aqueous 

phosphoric acid (4%) in 1.5mL microcentrifuge tubes and vortex.  

• Azaperone-d4 (1000ng/mL): Add 1µL of Azaperone-d4 (1mg/mL) to 999µL of aqueous 

phosphoric acid (4%) in 1.5mL microcentrifuge tube and vortex.  

• IS Mix (Trazodone-d6 (75ng/mL); Gabapentin-d10 (75ng/mL); Azaperone-d4 

(75ng/mL)): Add 750 µL of Trazodone-d6 (1000ng/mL), 750µL of Gabapentin-d10 

(1000ng/mL), & 750µL of Azaperone-d4 (1000ng/mL) to 7.750 mL of aqueous 

phosphoric acid (4%) in a 15 mL prep tube and vortex.   

A.1.3.3 Standard calibration solutions 

Prepare new each day in 1.5-mL microcentrifuge tubes, mix. 

(TRZ; Trazodone GBP; Gabapentin; AZN; Azaperone) 

 

TRZ; 1000 ng/mL GBP; 1000 ng/mL AZN; 1000 ng/mL: 250 L of TRZ 4,000 ng/mL 

        250 L of GBP 4,000 ng/mL 

        250 L of AZN 4,000 ng/mL 

        250L of phosphoric acid 4%  

TRZ; 750 ng/mL GBP; 750 ng/mL AZN; 750 ng/mL: 187.5 L of TRZ 4,000 ng/mL 

        187.5 L of GBP 4,000 ng/mL 
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        187.5 L of AZN 4,000 ng/mL 

        437.5L of phosphoric acid 4%  

TRZ; 250 ng/mL GBP; 250 ng/mL AZN; 250 ng/mL: 125 L of TRZ 2,000 ng/mL 

        125 L of GBP 2,000 ng/mL 

        125 L of AZN 2,000 ng/mL 

        625L of phosphoric acid 4%  

TRZ; 100 ng/mL GBP; 100 ng/mL AZN; 100 ng/mL: 100 L of TRZ 1,000 ng/mL 

        100 L of GBP 1,000 ng/mL 

        100 L of AZN 1,000 ng/mL 

        700L of phosphoric acid 4%  

TRZ; 75 ng/mL GBP; 75 ng/mL AZN; 75 ng/mL:  75 L of TRZ 1,000 ng/mL 

75 L of GBP 1,000 ng/mL 

        75 L of AZN 1,000 ng/mL 

        775L of phosphoric acid 4%  

TRZ; 50 ng/mL GBP; 50 ng/mL AZN; 50 ng/mL:  50 L of TRZ 1,000 ng/mL 

        50 L of GBP 1,000 ng/mL 

        50 L of AZN 1,000 ng/mL 

        850L of phosphoric acid 4%  

TRZ; 25 ng/mL GBP; 25 ng/mL AZN; 25 ng/mL:  25 L of TRZ 1,000 ng/mL 

        25 L of GBP 1,000 ng/mL 

        25 L of AZN 1,000 ng/mL 

        925L of phosphoric acid 4%  
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TRZ; 10 ng/mL GBP; 10 ng/mL AZN; 10 ng/mL:  10 L of TRZ 1,000 ng/mL 

        10 L of GBP 1,000 ng/mL 

        10 L of AZN 1,000 ng/mL 

        970L of phosphoric acid 4%  

TRZ; 5 ng/mL GBP; 5 ng/mL AZN; 5 ng/mL:  5 L of TRZ 1,000 ng/mL 

        5 L of GBP 1,000 ng/mL 

        5 L of AZN 1,000 ng/mL 

        985L of phosphoric acid 4%  

TRZ; 1 ng/mL GBP; 1 ng/mL AZN; 1 ng/mL:  1 L of TRZ 1,000 ng/mL 

        1 L of GBP 1,000 ng/mL 

        1 L of AZN 1,000 ng/mL 

        997L of phosphoric acid 4%  

      A.1.4 Methods 

Pipette the following directly into the 96-well non-tissue culture-treated plates:  

• Preparation of calibration standards in plasma 

• 100 L of untreated pig plasma  

• 100 L of each standard solution in phosphoric acid 4%  

• 100 L of IS Mix (Trazodone-d6 (75ng/mL); Gabapentin-d10 (75ng/mL); 

Azaperone-d4 (75ng/mL)) in phosphoric acid 4%  

• QCs in pig plasma (Perform 1 QC set per 25 samples)   

• QC (TRZ; 1 ng/mL GBP; 1 ng/mL AZN; 1 ng/mL) 
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• 100 L of untreated pig plasma  

• 100 L of TRZ; 1 ng/mL GBP; 1 ng/mL AZN; 1 ng/mL standard solution 

in phosphoric acid 4%  

• 100 L of IS Mix (Trazodone-d6 (75ng/mL); Gabapentin-d10 (75ng/mL); 

Azaperone-d4 (75ng/mL)) in phosphoric acid 4%  

• QC (TRZ; 5 ng/mL GBP; 5 ng/mL AZN; 5 ng/mL) 

• 100 L of untreated pig plasma  

• 100 L of TRZ; 5 ng/mL GBP; 5 ng/mL AZN; 5 ng/mL standard solution 

in phosphoric acid 4%  

• 100 L of IS Mix (Trazodone-d6 (75ng/mL); Gabapentin-d10 (75ng/mL); 

Azaperone-d4 (75ng/mL)) in phosphoric acid 4%  

• QC (TRZ; 100 ng/mL GBP; 100 ng/mL AZN; 100 ng/mL) 

• 100 L of untreated pig plasma  

• 100 L of TRZ; 100 ng/mL GBP; 100 ng/mL AZN; 100 ng/mL standard 

solution in phosphoric acid 4%  

• 100 L of IS Mix (Trazodone-d6 (75ng/mL); Gabapentin-d10 (75ng/mL); 

Azaperone-d4 (75ng/mL)) in phosphoric acid 4%  

• QC (TRZ; 1000 ng/mL GBP; 1000 ng/mL AZN; 1000 ng/mL) 

• 100 L of untreated pig plasma  
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• 100 L of TRZ; 1000 ng/mL GBP; 1000 ng/mL AZN; 1000 ng/mL 

standard solution in phosphoric acid 4%  

• 100 L of IS Mix (Trazodone-d6 (75ng/mL); Gabapentin-d10 (75ng/mL); 

Azaperone-d4 (75ng/mL)) in phosphoric acid 4%  

• Preparation of internal standard control 

• 100 L of untreated pig plasma  

• 100 L of phosphoric acid 4%  

• 100 L of IS Mix (Trazodone-d6 (75ng/mL); Gabapentin-d10 (75ng/mL); 

Azaperone-d4 (75ng/mL)) in phosphoric acid 4%  

• Preparation of negative control  

• 100 L of untreated pig plasma  

• 200 L of phosphoric acid 4%  

• Preparation of samples  

• 100L of pig plasma sample (vortex each sample for 3 sec prior to placement)  

• 100 L of phosphoric acid 4%  

• 100 L of IS Mix (Trazodone-d6 (75ng/mL); Gabapentin-d10 (75ng/mL); 

Azaperone-d4 (75ng/mL)) in phosphoric acid 4%  

 

• Solid phase extraction by Waters Oasis PRiME MCX Elution plates 
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1. Mix samples with an up and down motion of the pipette prior to placement. 

2. Place the samples (300 L) onto the SPE Elution plate.   

a. Use WASTE collection plate below.   

3. Use positive pressure manifold at lowest pressure possible to push the fluid through 

the sorbent slowly.   

4. Wash with 300 L 100 mM ammonium formate in v/v aqueous formic acid.  

a. Use the WASTE collection plate below.  

5. Use positive pressure manifold at lowest pressure possible to push the fluid through 

the sorbent slowly. 

6. Wash with 300 L methanol.  

a. Use WASTE collection plate below.  

7. Use positive pressure manifold at lowest pressure possible to push the fluid through 

the sorbent slowly. 

8. Elute with 25 L of 5% v/v ammonium hydroxide in 1:1 v/v acetonitrile:methanol.  

a. Change to a NEW collection plate below.  

9. Use positive pressure manifold at lowest pressure possible to push the fluid through 

the sorbent slowly.  

10. Elute with 25 L of 5% v/v ammonium hydroxide in 1:1 v/v acetonitrile:methanol.  

a. Change to a NEW collection plate below.  

11. Use positive pressure manifold at lowest pressure possible to push the fluid through 

the sorbent slowly.  

12. Add 50 L of 2% acetonitrile in 1% aqueous formic acid in each well directly into the 

collection plate.  
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13. Cover the plate with a cap mat and gently mix.  

• Analysis by UHPLC-MS/MS  

• UPLC column: Waters C18 HSS T3, 50 x 2.1 mm, 1.8 m, equipped with an 

Acquity UPLC C18 HSS T3 VanGuard precolumn -100 Å, 1.8 µm, 2.1 x 5 mm-  

• Autosampler temperature: 5 °C  

• Flow rate: 0.4 mL/min  

• Column temperature: 40 °C  

• Sample injection volume: 2 L  

• Wash injection volume: 10 L  

• Mobile phase A: 0.1% formic acid in water  

• Mobile phase B: 0.1% formic acid in acetonitrile  

• Run Time: 6.50 min  

• Mobile phase gradient:  

 Time (min) Flow (mL/min) A% B% 

0.00 0.4 95 5 

3.50 0.4 5 95 

4.50 0.4 5 95 

4.51 0.4 95 5 

6.50 0.4 95 5 

 

• Source parameters:  

• Capillary voltage: 2.60 kV  
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• Source temperature: 150 °C  

• Desolvation temperature: 200 °C  

• Desolvation (Nitrogen) gas flow: 800 L/hour  

• Cone gas flow: 150 L/hour  

• Collision gas (Argon) flow rate: 0.15mL/min  

 

• MRM transitions:  

Compound  
Precursor ion 

m/z  

Product ion   

m/z  

Cone 

(V)  

Collision 

(V)  
Mode  

Trazodone 372.1 176.1 50 22 ES+  

Trazodone 372.1 148.1 50 32 ES+  

Trazodone-d6 378.2 182.1 70 28 ES+  

Trazodone-d6 378.2 150.1 70 36 ES+  

Gabapentin 172.2 137.1 36 16 ES+  

Gabapentin 172.2 154.2 36 12 ES+  

Gabapentin-d10  182.1 147.1 22 16 ES+  

Gabapentin-d10  182.1 164.2 22 14 ES+  

Azaperone 328.1  165.0 50 18 ES+  

Azaperone 328.1  123.0 50 34 ES+  

Azaperone-d4 332.2  169.1 32 20 ES+  

Azaperone-d4 332.2  127.0 32 34 ES+  
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 A.2 Procedure for the analysis of flunixin in sheep plasma by ultra high-

performance liquid chromatography-tandem mass spectrometry (UHPLC-

MS/MS)  

A.2.1 Chemicals 

• Flunixin Analytical Standard, Cat# 33586-100MG, Millipore Sigma (Burlington, MA, 

USA)  

• Flunixin-d3 Analytical Standard, Cat# 35056, Cayman Chemical Company (Ann Arbor, 

MA, USA)  

• LC-MS grade Phosphoric Acid, Cat# A260-500, Fisher Chemical (Ottawa, Ontario, CA)  

• Optima LC-MS Methanol, Cat# A456-4 Fisher Chemical (Ottawa, Ontario, CA)  

• Optima LC-MS Acetonitrile, Cat# A955-4, Fisher Chemical (Ottawa, Ontario, CA)  

• Optima LC-MS Water, Cat# W64, Fisher Chemical (Ottawa, Ontario, CA)  

• Optima LC-MS Formic Acid, Cat# A117-50, Fisher Chemical (Ottawa, Ontario, CA)  

• LC-MS grade Dimethyl sulfoxide, Cat# 85190, Thermo Scientific (Waltham, MA, USA)  

• Negative Sheep plasma in LiHep, Lampire Biological Laboratories (Pipersville, PA, 

USA) 

A.2.2 Materials 

• 96-well non-tissue culture-treated plates, Cat# 14-245-71, Fisher Scientific (Pittsburg, 

PA, USA)  

• 96-well WATERS Oasis PRiME HLB µElution plates, Cat# 186008052, Waters 

Corporation (Milford, MA, USA)  
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• 96-well Square Collection plates, Cat# 186002482, Waters Corporation (Milford, MA, 

USA) 

A.2.3 Solutions 

A.2.3.1 General Solutions 

Prepare aqueous solutions each week. 

• Aqueous phosphoric acid (4%): 11.7 mL of concentrated phosphoric acid (85%) in 238.3 

mL of LC-MS water.  

• 0.1% formic acid in water: 0.5 mL of formic acid in 499.5 mL of LC-MS water.  

• 0.1% formic acid in acetonitrile: 0.5 mL of formic acid in 499.5 mL of LC-MS 

acetonitrile.  

• Acetonitrile: methanol (90:10): 50mL methanol in 450mL of LC-MS acetonitrile.  

• Water: methanol (90:10): 1mL methanol in 9mL of LC-MS water.  

A.2.3.2 Stock solutions of Flunixin and Flunixin-d3 (internal standard-IS) 

Store at -20℃; discard after 6 months. 

• Flunixin (1mg/mL): Dissolve 1mg of Flunixin in 1000µL of LC-MS grade DMSO.  

• Flunixin-d3 (1mg/mL): Dissolve 500µg of Flunixin-d3 in 500µL of LC-MS grade 

DMSO.  

A.2.3.3 Working solutions of Flunixin and Flunixin-d3 (IS)  

Prepare new each day 

• Flunixin (1000ng/mL): Add 1µL of Flunixin (1mg/mL) to 999µL of aqueous phosphoric 

acid (4%) in 1.5mL microcentrifuge tubes and vortex.  
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• Flunixin-d3 (1000ng/mL): Add 1µL of Flunixin-d3 (1mg/mL) to 999µL of aqueous 

phosphoric acid (4%) in 1.5mL microcentrifuge tube and vortex.  

• Flunixin-d3 (75ng/mL): Add 750µL of Flunixin-d3 (1000ng/mL) to 9.250 mL of aqueous 

phosphoric acid (4%) in a 15 mL prep tube and vortex.   

A.2.3.4 Standard calibration solutions of Flunixin  

Prepare new each day in 1.5-mL microcentrifuge tubes, mix.  

   

Flunixin 100 ng/mL: 100 L of Flunixin 1,000 ng/mL 

90L of phosphoric acid 4%  

Flunixin 75 ng/mL: 75 L of Flunixin 1,000 ng/mL 

925L of phosphoric acid 4%  

 Flunixin 50 ng/mL: 50 L of Flunixin 1,000 ng/mL 

950L of phosphoric acid 4%  

 Flunixin 25 ng/mL: 25 L of Flunixin 1,000 ng/mL 

975L of phosphoric acid 4%  

 Flunixin 10 ng/mL: 10 L of Flunixin 1,000 ng/mL 

99L of phosphoric acid 4%  

 Flunixin 5 ng/mL: 100 L of Flunixin 50 ng/mL 

900L of phosphoric acid 4%  

  Flunixin 1 ng/mL: 100 L of Flunixin 10 ng/mL 

900L of phosphoric acid 4%  

 Flunixin 0.5 ng/mL: 100 L of Flunixin 5 ng/mL 

900L of phosphoric acid 4%  
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A.2.4 Method 

Pipette the following directly into the 96-well non-tissue culture-treated plates:  

  

• Preparation of calibration standards in Plasma 

• 100 L of untreated sheep plasma  

• 100 L of each Flunixin working standard solution in phosphoric acid 4%  

• 0.5; 1; 5; 10; 25; 50; 75; 100 ng/mL  

• 100 L of Flunixin-d3 75 ng/mL in phosphoric acid 4%  

• QCs in sheep plasma (Perform 1 QC set per 25 samples)   

• QC 1ng/mL  

• 100 L of untreated sheep plasma  

• 100 L of Flunixin 1ng/mL working standard solution in phosphoric acid 4%  

• 100 L of Flunixin-d3 75 ng/mL in phosphoric acid 4%  

• QC 10ng/mL  

• 100 L of untreated sheep plasma  

• 100 L of Flunixin 10ng/mL working standard solution in phosphoric acid 

4%  

• 100 L of Flunixin-d3 75 ng/mL in phosphoric acid 4%  

• QC 100ng/mL  

• 100 L of untreated sheep plasma  

• 100 L of Flunixin 100ng/mL working standard solution in phosphoric acid 

4%  

• 100 L of Flunixin-d3 75 ng/mL in phosphoric acid 4%  

• Preparation of internal standard control 



153 

• 100 L of untreated sheep plasma  

• 100 L of phosphoric acid 4%  

• 100 L of Flunixin-d3 75 ng/mL in phosphoric acid 4%  

• Preparation of negative control  

• 100 L of untreated sheep plasma  

• 200 L of phosphoric acid 4%  

• Preparation of samples  

• 100L of sheep plasma sample (vortex each sample for 3 sec prior to placement)  

• 100 L of phosphoric acid 4%  

• 100 L of Flunixin-d3 75 ng/mL in phosphoric acid 4%  

• Solid phase extraction by Waters Oasis PRiME HLB Elution plates  

1. Mix samples with an up and down motion of the pipette prior to placement. 

2. Place the samples (300 L) onto the SPE Elution plate.   

a. Use WASTE collection plate below.   

3. Use positive pressure manifold at lowest pressure possible to push the fluid through 

the sorbent slowly.   

4. Wash with 300 L of water-methanol (90:10).  

a. Use WASTE collection plate below.  

5. Use positive pressure manifold at lowest pressure possible to push the fluid through 

the sorbent slowly.  

6. Elute with 50 L of acetonitrile-methanol (90:10).  

a. Change to a NEW collection plate below.  
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7. Use positive pressure manifold at lowest pressure possible to push the fluid through 

the sorbent slowly.  

8. Add 50 L of aqueous formic acid 0.1% in each well directly into the collection 

plate.  

9. Cover the plate with a cap mat and gently mix.  

• Analysis by UHPLC-MS/MS 

• UPLC column: Waters C18 HSS T3, 50 x 2.1 mm, 1.8 m, equipped with an 

Acquity UPLC C18 HSS T3 VanGuard precolumn -100 Å, 1.8 µm, 2.1 x 5 mm-  

• Autosampler temperature: 5 °C  

• Flow rate: 0.4 mL/min  

• Column temperature: 40 °C  

• Sample injection volume: 2 L  

• Wash injection volume: 10 L  

• Mobile phase A: 0.1% formic acid in water  

• Mobile phase B: 0.1% formic acid in acetonitrile  

• Run Time: 7.00 min  

• Mobile phase gradient:  

  

Time (min) Flow (mL/min)  A% B% 

0.00 0.4 95 5 

4.00 0.4 5 95 

5.00 0.4 5 95 

5.01 0.4 95 5 

7.00 0.4 95 5 

  

• Source parameters:  
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• Capillary voltage: 3.30 kV  

• Source temperature: 150 °C  

• Desolvation temperature: 200 °C  

• Desolvation (Nitrogen) gas flow: 800 L/hour  

• Cone gas flow: 150 L/hour  

• Collision gas (Argon) flow rate: 0.15mL/min  

• MRM transitions:  

  

Compound  
Precursor ion 

m/z  

Product ion   

m/z  

Cone 

(V)  

Collision 

(V)  
Mode  

Flunixin 297.0 264.0 6 32 ES+  

Flunixin  297.0 279.0 6 22 ES+  

Flunixin-d3  300.0 264.0 30 32 ES+  

Flunixin-d3  300.0 112.1 30 46 ES+  
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 A.3 Procedure for the analysis of firocoxib, flunixin & meloxicam in goat 

plasma by ultra high-performance liquid chromatography-tandem mass 

spectrometry (UHPLC-MS/MS)  

A.3.1 Chemicals 

• Firocoxib Analytical Standard, Cat# 28286, Cayman Chemical Company (Ann Arbor, 

MA, USA)  

• Firocoxib-d6 Analytical Standard, Cat# AP1353853378, Alfa Chemistry (Holbrook, NY, 

USA) 

• Meloxicam Analytical Standard, Cat# 40657, Cayman Chemical Company (Ann Arbor, 

MA, USA)  

• Meloxicam-d3 Analytical Standard, Cat# 25508, Cayman Chemical Company (Ann 

Arbor, MA, USA)  

• Flunixin Analytical Standard, Cat# 33586-100MG, Millipore Sigma (Burlington, MA, 

USA)  

• Flunixin-d3 Analytical Standard, Cat# 35056, Cayman Chemical Company (Ann Arbor, 

MA, USA)  

• LC-MS grade Phosphoric Acid, Cat# A260-500, Fisher Chemical (Ottawa, Ontario, CA)  

• Optima LC-MS Methanol, Cat# A456-4 Fisher Chemical (Ottawa, Ontario, CA)  

• Optima LC-MS Acetonitrile, Cat# A955-4, Fisher Chemical (Ottawa, Ontario, CA)  

• Optima LC-MS Water, Cat# W64, Fisher Chemical (Ottawa, Ontario, CA)  
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• Optima LC-MS Formic Acid, Cat# A117-50, Fisher Chemical (Ottawa, Ontario, CA)  

• LC-MS grade Dimethyl sulfoxide, Cat# 85190, Thermo Scientific (Waltham, MA, USA)  

• Negative goat plasma in K2EDTA, Lampire Biological Laboratories (Pipersville, PA, 

USA)    

A.3.2 Materials  

• 96-well non-tissue culture-treated plates, Cat# 14-245-71, Fisher Scientific (Pittsburg, 

PA, USA)  

• 96-well WATERS Oasis PRiME HLB µElution plates, Cat# 186008052, Waters 

Corporation (Milford, MA, USA)  

• 96-well Square Collection plates, Cat# 186002482, Waters Corporation (Milford, MA, 

USA).  

A.3.3 Solutions 

A.3.3.1 General Solutions 

Prepare aqueous solutions each week 

• Aqueous phosphoric acid (4%): 11.7 mL of concentrated phosphoric acid (85%) in 238.3 

mL of LC-MS water.  

• 0.1% formic acid in water: 0.5 mL of formic acid in 499.5 mL of LC-MS water.  

• 0.1% formic acid in acetonitrile: 0.5 mL of formic acid in 499.5 mL of LC-MS 

acetonitrile.  

• Acetonitrile: methanol (90:10): 50mL methanol in 450mL of LC-MS acetonitrile.  
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• Water: methanol (90:10): 1mL methanol in 9mL of LC-MS water.   

A.3.3.2 Stock solutions of standards & internal standards (IS)  

Store at -20℃; discard after 6 months 

• Firocoxib (1mg/mL): Dissolve 1mg of Firocoxib in 1000µL of LC-MS grade DMSO.  

• Firocoxib-d6 (1mg/mL): Dissolve 500µg of Firocoxib-d6 in 500µL of LC-MS grade 

DMSO.  

• Meloxicam (1mg/mL): Dissolve 1mg of Meloxicam in 1000µL of LC-MS grade DMSO.  

• Meloxicam-d3 (1mg/mL): Dissolve 500µg of Meloxicam-d3 in 500µL of LC-MS grade 

DMSO.  

• Flunixin (1mg/mL): Dissolve 1mg of Flunixin in 1000µL of LC-MS grade DMSO.  

• Flunixin-d3 (1mg/mL): Dissolve 500µg of Flunixin-d3 in 500µL of LC-MS grade 

DMSO.  

A.3.3.3 Working solutions of standards & internal standards (IS)  

Prepare new each day 

• Firocoxib (2000ng/mL): Add 2µL of Firocoxib (1mg/mL) to 999µL of aqueous 

phosphoric acid (4%) in 1.5mL microcentrifuge tubes and vortex.  

• Firocoxib (1000ng/mL): Add 1µL of Firocoxib (1mg/mL) to 999µL of aqueous 

phosphoric acid (4%) in 1.5mL microcentrifuge tubes and vortex.  

• Firocoxib-d6 (1000ng/mL): Add 1µL of Firocoxib-d6 (1mg/mL) to 999µL of aqueous 

phosphoric acid (4%) in 1.5mL microcentrifuge tube and vortex.  
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• Meloxicam (1000ng/mL): Add 1µL of Meloxicam (1mg/mL) to 999µL of aqueous 

phosphoric acid (4%) in 1.5mL microcentrifuge tubes and vortex.  

• Meloxicam-d3 (1000ng/mL): Add 1µL of Meloxicam-d3 (1mg/mL) to 999µL of aqueous 

phosphoric acid (4%) in 1.5mL microcentrifuge tube and vortex.  

• Flunixin (1000ng/mL): Add 1µL of Flunixin (1mg/mL) to 999µL of aqueous phosphoric 

acid (4%) in 1.5mL microcentrifuge tubes and vortex.  

• Flunixin-d3 (1000ng/mL): Add 1µL of Flunixin-d3 (1mg/mL) to 999µL of aqueous 

phosphoric acid (4%) in 1.5mL microcentrifuge tube and vortex.  

• IS Mix (Firocoxib-d6 (100 ng/mL); Meloxicam-d3 (75ng/mL); Flunixin-d3 (75ng/mL)): 

Add 1000 µL of Firocoxib-d6 (1000ng/mL), 750µL of Meloxicam-d3 (1000ng/mL), & 

750µL of Flunixin-d3 (1000ng/mL) to 7.500 mL of aqueous phosphoric acid (4%) in a 15 

mL prep tube and vortex.  

A.3.3.4 Standard calibration solutions  

Prepare new each day in 1.5-mL microcentrifuge tubes, mix  

(FRC; Firocoxib FLX; Flunixin; MLX; Meloxicam) 

FRC; 1000 ng/mL FLX; 100 ng/mL MLX; 100 ng/mL: 500 L of FRC 2,000 ng/mL 

        100 L of FLX 1,000 ng/mL 

     100 L of MLX 1,000 ng/mL 

     30L of phosphoric acid 4%  

FRC; 750 ng/mL FLX; 75 ng/mL MLX; 75 ng/mL:  375 L of FRC 2,000 ng/mL 

        75 L of FLX 1,000 ng/mL 

     75 L of MLX 1,000 ng/mL 
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     475L of phosphoric acid 4%  

FRC; 500 ng/mL FLX; 50 ng/mL MLX; 50 ng/mL:  250 L of FRC 2,000 ng/mL 

        50 L of FLX 1,000 ng/mL 

     50 L of MLX 1,000 ng/mL 

     650L of phosphoric acid 4%  

FRC; 250 ng/mL FLX; 25 ng/mL MLX; 25 ng/mL:  250 L of FRC 1,000 ng/mL 

        25 L of FLX 1,000 ng/mL 

     25 L of MLX 1,000 ng/mL 

     700L of phosphoric acid 4%  

FRC; 100 ng/mL FLX; 10 ng/mL MLX; 10 ng/mL:  100 L of FRC 1,000 ng/mL 

        10 L of FLX 1,000 ng/mL 

     10 L of MLX 1,000 ng/mL 

     880L of phosphoric acid 4%  

FRC; 50 ng/mL FLX; 5 ng/mL MLX; 5 ng/mL:  50 L of FRC 1,000 ng/mL 

        5 L of FLX 1,000 ng/mL 

     5 L of MLX 1,000 ng/mL 

     940L of phosphoric acid 4%  

FRC; 25 ng/mL FLX; 2.5 ng/mL MLX; 2.5 ng/mL:  25 L of FRC 1,000 ng/mL 

        2.5 L of FLX 1,000 ng/mL 

     2.5 L of MLX 1,000 ng/mL 

     970L of phosphoric acid 4%  

FRC; 10 ng/mL FLX; 2 ng/mL MLX; 2 ng/mL:  10 L of FRC 1,000 ng/mL 
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        2 L of FLX 1,000 ng/mL 

     2 L of MLX 1,000 ng/mL 

     986L of phosphoric acid 4%  

FRC; 5 ng/mL FLX; 1.5 ng/mL MLX; 1.5 ng/mL:  5 L of FRC 1,000 ng/mL 

        1.5 L of FLX 1,000 ng/mL 

    1.5 L of MLX 1,000 ng/mL 

        992L of phosphoric acid 4% 

 FRC; 1 ng/mL FLX; 1 ng/mL MLX; 1 ng/mL:  1 L of FRC 1,000 ng/mL 

        1 L of FLX 1,000 ng/mL 

     1 L of MLX 1,000 ng/mL 

        997L of phosphoric acid 4% 

A.3.4 method 

Pipette the following directly into the 96-well non-tissue culture-treated plates:  

• Preparation of calibration standards in plasma 

• 100 L of untreated goat plasma  

• 100 L of each standard solution in phosphoric acid 4%  

• 100 L of IS Mix (FRC-d6 (100 ng/mL); MLX-d3 (75ng/mL); FLX-d3 

(75ng/mL)) in phosphoric acid 4%  

• QCS in goat plasma (Perform 1 QC set per 25 samples)   

• QC (FRC; 1 ng/mL FLX; 1 ng/mL MLX; 1 ng/mL) 

• 100 L of untreated goat plasma  
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• 100 L of FRC; 1 ng/mL FLX; 1 ng/mL MLX; 1 ng/mL standard solution in 

phosphoric acid 4%  

• 100 L of IS Mix (FRC-d6 (100 ng/mL); MLX-d3 (75ng/mL); FLX-d3 

(75ng/mL)) in phosphoric acid 4%  

• QC (FRC; 5 ng/mL FLX; 1.5 ng/mL MLX; 1.5 ng/mL) 

• 100 L of untreated goat plasma  

• 100 L of FRC; 5 ng/mL FLX; 1.5 ng/mL MLX; 1.5 ng/mL standard solution 

in phosphoric acid 4%  

• 100 L of IS Mix (FRC-d6 (100 ng/mL); MLX-d3 (75ng/mL); FLX-d3 

(75ng/mL)) in phosphoric acid 4%  

• QC (FRC; 500 ng/mL FLX; 50 ng/mL MLX; 50 ng/mL) 

• 100 L of untreated goat plasma  

• 100 L of FRC; 1 ng/mL FLX; 1 ng/mL MLX; 1 ng/mL standard solution in 

phosphoric acid 4%  

• 100 L of IS Mix (FRC-d6 (100 ng/mL); MLX-d3 (75ng/mL); FLX-d3 

(75ng/mL)) in phosphoric acid 4%  

• QC (FRC; 1000 ng/mL FLX; 100 ng/mL MLX; 100 ng/mL) 

• 100 L of untreated goat plasma  

• 100 L of FRC; 1000 ng/mL FLX; 100 ng/mL MLX; 100 ng/mL standard 

solution in phosphoric acid 4%  

• 100 L of IS Mix (FRC-d6 (100 ng/mL); MLX-d3 (75ng/mL); FLX-d3 

(75ng/mL)) in phosphoric acid 4%  

• Preparation of internal standard control 
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• 100 L of untreated goat plasma  

• 100 L of phosphoric acid 4%  

• 100 L of IS Mix (FRC-d6 (100 ng/mL); MLX-d3 (75ng/mL); FLX-d3 

(75ng/mL)) in phosphoric acid 4%  

• Preparation of negative control  

• 100 L of untreated goat plasma  

• 200 L of phosphoric acid 4%  

•  Preparation of samples  

• 100L of goat plasma sample (vortex each sample for 3 sec prior to placement)  

• 100 L of phosphoric acid 4%  

• 100 L of IS Mix (FRC-d6 (100 ng/mL); MLX-d3 (75ng/mL); FLX-d3 (75ng/mL)) 

in phosphoric acid 4%  

• Solid phase extraction by Waters Oasis PRiME HLB Elution plates  

10. Mix samples with an up and down motion of the pipette prior to placement. 

11. Place the samples (300 L) onto the SPE Elution plate.   

a. Use WASTE collection plate below.   

12. Use positive pressure manifold at lowest pressure possible to push the fluid through 

the sorbent slowly.   

13. Wash with 300 L of water-methanol (90:10).  

a. Use WASTE collection plate below.  

14. Use positive pressure manifold at lowest pressure possible to push the fluid through 

the sorbent slowly.  

15. Elute with 50 L of acetonitrile-methanol (90:10).  

a. Change to a NEW collection plate below.  

16. Use positive pressure manifold at lowest pressure possible to push the fluid through 

the sorbent slowly.  
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17. Add 50 L of aqueous formic acid 0.1% in each well directly into the collection 

plate.  

18. Cover the plate with a cap mat and gently mix.  

• Analysis by UHPLC-MS/MS 

• UPLC column: Waters C18 HSS T3, 50 x 2.1 mm, 1.8 m, equipped with an 

Acquity UPLC C18 HSS T3 VanGuard precolumn -100 Å, 1.8 µm, 2.1 x 5 mm-  

• Autosampler temperature: 5 °C  

• Flow rate: 0.4 mL/min  

• Column temperature: 40 °C  

• Sample injection volume: 2 L  

• Wash injection volume: 10 L  

• Mobile phase A: 0.1% formic acid in water  

• Mobile phase B: 0.1% formic acid in acetonitrile  

• Run Time: 7.00 min  

• Mobile phase gradient:  

  

Time (min) Flow (mL/min)  A% B% 

0.00 0.4 95 5 

4.00 0.4 5 95 

5.00 0.4 5  95 

5.01 0.4 95 5  

7.00 0.4 95 5 

  

• Source parameters:  

• Capillary voltage: 3.30 kV  

• Source temperature: 150 °C  
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• Desolvation temperature: 200 °C  

• Desolvation (Nitrogen) gas flow: 800 L/hour  

• Cone gas flow: 150 L/hour  

• Collision gas (Argon) flow rate: 0.15mL/min  

  

• MRM transitions:  

Compound  
Precursor ion 

m/z  

Product ion   

m/z  

Cone 

(V)  

Collision 

(V)  
Mode  

Firocoxib  337.10 282.96 50 10 ES+  

Firocoxib  337.10 129.81 50 28 ES+  

Firocoxib-d6  343.16 289.03 34 8 ES+  

Firocoxib-d6  343.16 135.74 34 28 ES+  

Flunixin 297.0 264.0 6 32 ES+  

Flunixin  297.0 279.0 6 22 ES+  

Flunixin-d3  300.0 264.0 30 32 ES+  

Flunixin-d3  300.0 112.1 30 46 ES+  

Meloxicam  351.9851 115.0434 48 20 ES+  

Meloxicam  351.9851 140.9734 48 18 ES+  

Meloxicam-d3  354.9851 140.9764 44 20 ES+  

Meloxicam-d3  354.9851 187.0535 44 14 ES+  
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 A.4 Procedure for setting up a solvent calibration curve and sample 

processing for the analysis of per- and polyfluoroalkyl substances (PFAS) in 

agricultural water by ultra high-performance liquid chromatography-tandem 

mass spectrometry (UHPLC-MS/MS) 

A.4.1 Chemicals 

• Native PFAS Precision and Recovery Standard Stock Solution/Mixture Cat# EPA-

1633STK, Wellington Laboratories Inc. (Guelph, Ontario, CA)  

• Mass-Labeled PFAS Extraction Standard Solution (EPA Method 1633) Cat# MPFAC-

HIF-ES, Wellington Laboratories Inc. (Guelph, Ontario, CA) 

• Mass-Labeled PFAS Injection Standard Solution (EPA Method 1633) Cat# MPFAC-HIF-

IS, Wellington Laboratories Inc. (Guelph, Ontario, CA)  

• Optima LC-MS Methanol, Cat# A456 Fisher Chemical (Ottawa, Ontario, CA)  

• Optima LC-MS Acetonitrile, Cat# A955 Fisher Chemical (Ottawa, Ontario, CA) 

• Optima LC-MS Water, Cat# W64, Fisher Chemical (Ottawa, Ontario, CA)  

• Optima LC-MS Formic Acid, Cat# A117, Fisher Chemical (Ottawa, Ontario, CA) 

• Optima LC-MS Ammonium Acetate, Cat# A11450, Fisher Chemical (Ottawa, Ontario, 

CA) 

• Optima LC-MS Ammonium Hydroxide, Cat# A470, Fisher Chemical (Ottawa, Ontario, 

CA) 

A.4.2 Materials 

• Waters Oasis WAX/GCB for PFAS Analysis 6cc Vac Cartridge, 200 mg WAX, 50 mg 

GCB, 60 µm WAX Particle Size, Cat# 186011110, Waters Corp. (Milford, MA) 
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• Promochrom High-capacity inline filter, Cat# F-HC-30 PromoChrom Technologies 

(Richmond, British Columbia, CA) 

A.4.3 Solvent and calibration preparation 

A.4.3.1 General Solvents 

• 2 mM ammonium acetate in water: Dissolve 0.154 g of ammonium acetate in 1000 mL of 

Optima LC/MS water. Store at room temperature, replace after one week. 

• 2 mM ammonium acetate in acetonitrile: Dissolve 0.154 g of ammonium acetate in 1000 

mL of Optima LC/MS acetonitrile. Store at room temperature, replace after two months. 

• 2 mM ammonium acetate in water:acetonitrile (95:5): Dissolve 0.154 g of ammonium 

acetate in 950 mL of Optima LC/MS water and add 50 mL of Optima LC/MS 

acetonitrile. Store at room temperature, replace after two months. 

• Formic acid (aqueous, 0.3 M) – dissolve Optima LC/MS formic acid (11.31 mL) in 

Optima LC/MS water (1 L), store at room temperature, replace after 2 years. 

• Formic acid (methanolic 1:1, 0.1 M formic acid/methanol) – dissolve Optima LC/MS 

formic acid (1.88 mL) in Optima LC/MS water (500 mL), add Optima LC/MS methanol, 

store at room temperature, replace after 2 years. 

• Methanolic ammonium hydroxide (1% v/v) – add Optima LC/MS ammonium hydroxide 

(49.5 mL, 20%) to methanol (950.5 mL), store at room temperature, replace after 1 

month. 

A.4.3.2 Daily standards 

Prepared with the PFBA concentration in the mixture in mind. 

Standard 10 ng/mL:  10 L of Standard 1,000 ng/mL 



168 

   990L of methanolic ammonium hydroxide (1% v/v) 

A.4.3.3 Calibration curve 

Prepared with the PFBA concentration in the mixture in mind. Prepare in Waters Polypropylene 

12x32 mm Screw Neck vials and inject 5 μL into the LC-MS/MS. 

Mix 1400 ng/L: 35 L of Standard 1,000 ng/mL 

5 L of ES Standard 

5 L of NES Standard 

2.5 L of acetic acid 

460L of methanolic ammonium hydroxide (1% v/v) 

 Mix 600 ng/L: 15 L of Standard 1,000 ng/mL 

5 L of ES Standard 

5 L of NES Standard 

2.5 L of acetic acid 

480L of methanolic ammonium hydroxide (1% v/v) 

 Mix 200 ng/L: 5 L of Standard 1,000 ng/mL 

5 L of ES Standard 

5 L of NES Standard 

2.5 L of acetic acid 

490L of methanolic ammonium hydroxide (1% v/v) 

 Mix 120 ng/L: 3 L of Standard 1,000 ng/mL 

5 L of ES Standard 

5 L of NES Standard 
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2.5 L of acetic acid 

492L of methanolic ammonium hydroxide (1% v/v) 

  Mix 80 ng/L:  2 L of Standard 1000 ng/mL 

5 L of ES Standard 

5 L of NES Standard 

2.5 L of acetic acid 

493L of methanolic ammonium hydroxide (1% v/v) 

Mix 20 ng/L:  50 L of Standard 10 ng/mL 

5 L of ES Standard 

5 L of NES Standard 

2.5 L of acetic acid 

445L of methanolic ammonium hydroxide (1% v/v) 

Mix 14 ng/L:  35 L of Standard 10 ng/mL 

5 L of ES Standard 

5 L of NES Standard 

2.5 L of acetic acid 

460L of methanolic ammonium hydroxide (1% v/v) 

 Mix 10 ng/L:  25 L of Standard 10 ng/mL 

5 L of ES Standard 

5 L of NES Standard 

2.5 L of acetic acid 

470L of methanolic ammonium hydroxide (1% v/v) 
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 Mix 6 ng/L:  15 L of Standard 10 ng/mL 

5 L of ES Standard 

5 L of NES Standard 

2.5 L of acetic acid 

480L of methanolic ammonium hydroxide (1% v/v) 

Mix 4 ng/L:  10 L of Standard 10 ng/mL 

5 L of ES Standard 

5 L of NES Standard 

2.5 L of acetic acid 

485L of methanolic ammonium hydroxide (1% v/v) 

 Mix 2 ng/L:  5 L of Standard 10 ng/mL 

5 L of ES Standard 

5 L of NES Standard 

2.5 L of acetic acid 

490L of methanolic ammonium hydroxide (1% v/v) 

Cali IS blank:  5 L of ES Standard 

5 L of NES Standard 

2.5 L of acetic acid 

495L of methanolic ammonium hydroxide (1% v/v) 

 Cali Neg Blank: 505L of methanolic ammonium hydroxide (1% v/v) 

   2.5 L of acetic acid 
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A.4.3.4 Calibration quality controls 

Prepared with the PFBA concentration in the mixture in mind. Prepare in Waters Polypropylene 

12x32 mm Screw Neck vials and inject 5 μL into the LC-MS/MS (n=3) 

CQC 600 ng/L: 15 L of Standard 1,000 ng/mL 

5 L of ES Standard 

5 L of NES Standard 

2.5 L of acetic acid 

480L of methanolic ammonium hydroxide (1% v/v) 

 CQC 80 ng/L:  2 L of Standard 1000 ng/mL 

5 L of ES Standard 

5 L of NES Standard 

2.5 L of acetic acid 

493L of methanolic ammonium hydroxide (1% v/v) 

CQC 14 ng/L:  35 L of Standard 10 ng/mL 

5 L of ES Standard 

5 L of NES Standard 

2.5 L of acetic acid 

460L of methanolic ammonium hydroxide (1% v/v) 

CQC 10 ng/L:  25 L of Standard 10 ng/mL 

5 L of ES Standard 

5 L of NES Standard 

2.5 L of acetic acid 
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470L of methanolic ammonium hydroxide (1% v/v) 

CQC 6 ng/L:  15 L of Standard 10 ng/mL 

5 L of ES Standard 

5 L of NES Standard 

2.5 L of acetic acid 

480L of methanolic ammonium hydroxide (1% v/v) 

CQC 4 ng/L:  10 L of Standard 10 ng/mL 

5 L of ES Standard 

5 L of NES Standard 

2.5 L of acetic acid 

485L of methanolic ammonium hydroxide (1% v/v) 

A.4.3.5 Method quality controls 

Prepared with the PFBA concentration in the mixture in mind. Adjust pH to 6.5 with 5% formic 

acid or 3% aqueous ammonium hydroxide. Follow SPE (n=3). 

MQC 600 ng/L: 150 L of Standard 1,000 ng/mL 

50 L of ES Standard 

250mL of reagent water 

 MQC 80 ng/L: 20 L of Standard 1000 ng/mL 

50 L of ES Standard 

250mL of reagent water 

MQC 14 ng/L:  350 L of Standard 10 ng/mL 

50 L of ES Standard 
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250mL of reagent water 

MQC 10 ng/L:  250 L of Standard 10 ng/mL 

50 L of ES Standard 

250mL of reagent water 

MQC 6 ng/L:  150 L of Standard 10 ng/mL 

50 L of ES Standard 

250mL of reagent water 

MQC 4 ng/L:  100 L of Standard 10 ng/mL 

50 L of ES Standard 

250mL of reagent water 

A.4.3.6 Method Blanks: 

Prepared with the PFBA concentration in the mixture in mind. Adjust pH to 6.5 with 5% formic 

acid or 3% aqueous ammonium hydroxide. Follow SPE. 

Meth IS blank: 50 L of ES Standard 

250mL of reagent water 

 Meth Neg Blank: 250mL of reagent water (do not add ES and NES) 

Samp Bot IS Blank: 50 L of ES Standard  

250mL of reagent water in the sample bottle used 

 A.4.3.7 Samples 

• Add ES Standard 50 μL, adjust pH to 6.5 with 5% formic acid or 3% aqueous ammonium 

hydroxide, and follow SPE. 
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A.4.4 Method 

 A.4.4.1 Extraction 

• Follow the automated SPE – 03 instrument protocol (EPA 1633-004) protocol. 

• Collect the eluate (5mL) into 15 mL polypropylene tubes. 

• Add 25 μL of acetic acid to the tube. 

• Add NES Standard 50 μL to the tube and mix.  

• Add 500 μL to Waters Polypropylene 12x32 mm Screw Neck vials and inject 5 μL into 

the LC-MS/MS. 

• Store samples at 6 ℃ or below. 

 A.4.4.2 Analysis by UHPLC-MS/MS 

• UPLC column: ACQUITY BEH C18 (2.1 × 50 mm, 1.7 µm) 

• Autosampler temperature: 10 °C  

• Flow rate: 0.3 mL/min  

• Column temperature: 35 °C  

• Sample injection volume: 5 L  

• Wash injection volume: 5 L  

• Mobile phase A: 2 mM ammonium acetate in LC-MS-grade water 

• Mobile phase B: 2 mM ammonium acetate in LC-MS-grade acetonitrile 

• Run Time: 11.00 min  

 Mobile phase gradient:  

 Time (min)  Flow (mL/min)  A%  B%  

0.00 0.3 95 5 

0.50 0.3 75 25 

3.00 0.3 50 50 
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6.50 0.3 15 85 

7.00 0.3 5 95 

8.50 0.3 5 95 

9.00 0.3 95 5 

11.00 0.3 95 5 

  
Source parameters:  

• Capillary voltage: 0.5 kV  

• Source temperature: 100 °C  

• Desolvation temperature: 350 °C  

• Desolvation (Nitrogen) gas flow: 900 L/hour  

• Cone gas flow: 150 L/hour  

• Collision gas (Argon) flow rate: 0.15 mL/min  

 MRM transitions:  

Compound / IS Type 

Precurs

or 

(m/z) 

Produc

t ion 1 

(m/z) 

CE 1 

(eV) 

Produc

t ion 2 

(m/z) 

CE 2 

(eV) 
Cone (V) 

PFBA Analyte 212.9 169.0 10 — — 10 

PFPeA Analyte 262.9 219.0 5 — — 10 

GenX Analyte 285.0 169.0 8 185.0 7 8 / 5 

13C3-GenX IS 287.0 119.0 12 169.0 12 5 

PFBS Analyte 298.9 80.10 30 99.10 30 15 

PFHxA Analyte 312.9 119.0 20 269.0 10 5 

4:2 FTS Analyte 326.9 81.10 35 307.0 15 15 

PFHpA Analyte 362.9 169.0 15 319.0 10 15 

ADONA Analyte 376.9 85.00 25 251.0 10 10 

PFHxS Analyte 398.9 80.10 35 99.10 30 10 

PFOA Analyte 412.9 169.0 15 369.0 10 10 

13C2-PFDA IS 515.1 470.1 15 — — 10 

6:2 FTS Analyte 426.9 81.00 35 407.0 20 15 

PFHpS Analyte 448.9 80.20 35 99.10 35 15 

PFNA Analyte 462.9 219.0 15 418.9 10 10 

PFOS Analyte 498.9 80.20 40 99.10 40 15 
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13C4-PFOS IS 503.0 80.20 40 99.10 40 5 

PFDA Analyte 512.9 219.0 15 468.9 10 15 

8:2 FTS Analyte 526.9 81.20 40 506.8 25 15 

9ClPF3ONS Analyte 530.9 83.00 25 350.9 25 15 

PFUnDA Analyte 562.9 269.0 20 518.9 10 25 

PFDoDA Analyte 612.9 169.0 25 568.9 10 30 

11ClPF3OUdS Analyte 630.9 83.00 30 450.8 30 30 

NFDHA Analyte 294.9 85.00 20 201.0 10 5 

PFEESA Analyte 314.9 83.00 20 — — 15 

PFMPA Analyte 229.0 85.00 10 147.1 10 23 

PFMBA Analyte 278.9 85.00 10 235.0 5 10 

PFPeS Analyte 348.9 80.10 30 99.10 30 10 

13C3-PFBA IS 216.0 172.0 10 — — 10 

13C4-PFBA IS 217.0 172.0 10 — — 10 

13C8-PFOA IS 420.9 376.0 10 — — 20 

13C8-PFOS IS 506.9 80.00 40 — — 15 

13C5-PFPeA IS 267.9 223.0 5 — — 10 

13C3-PFBS IS 301.9 80.00 30 — — 20 

13C2-4:2 FTS IS 328.9 308.9 15 — — 40 

13C5-PFHxA IS 317.9 272.9 5 — — 10 

13C4-PFHpA IS 366.9 321.9 10 — — 15 

13C3-PFHxS IS 401.9 80.10 40 — — 10 

13C2-6:2 FTS IS 428.9 408.8 20 — — 10 

13C9-PFNA IS 471.9 426.9 10 — — 10 

13C2-8:2 FTS IS 528.9 508.9 20 — — 10 

13C6-PFDA IS 518.9 473.9 10 — — 5 

13C7-PFUnDA IS 569.9 524.9 10 — — 5 

13C2-PFDoDA IS 614.9 569.9 10 — — 10 

PFTriDA Analyte 662.9 169.0 30 618.9 10 5 

PFTreDA Analyte 712.9 169.0 25 668.9 15 10 

PFNS Analyte 548.9 80.20 40 99.20 40 20 

PFDS Analyte 598.9 80.20 40 99.10 40 25 

NEtFOSAA Analyte 584.0 418.8 20 525.9 20 15 

NMeFOSAA Analyte 569.9 219.1 25 418.9 20 35 

PFDoDS Analyte 699.1 80.00 58 99.00 48 5 

PFOSA Analyte 497.9 78.20 30 169.2 30 40 

NMeFOSE Analyte 616.0 59.00 20 — — 5 

NEtFOSE Analyte 630.0 59.00 20 — — 5 
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NMeFOSA Analyte 511.9 169.1 30 219.0 25 40 

NEtFOSA Analyte 525.9 169.0 25 219.0 25 5 

3:3 FTCA Analyte 241.0 117.0 30 177.0 10 15 

5:3 FTCA Analyte 341.0 217.0 25 237.0 25 15 

7:3 FTCA Analyte 441.0 317.0 25 337.0 25 15 

13C2-PFTreDA IS 714.9 669.9 10 — — 25 

13C8-PFOSA IS 505.9 78.10 25 — — 35 

D3-NMeFOSAA IS 572.9 418.9 20 — — 35 

D5-NEtFOSAA IS 589.0 418.9 20 — — 30 

D3-NMeFOSA IS 515.0 219.0 25 — — 5 

D5-NEtFOSA IS 531.0 219.0 25 — — 15 

D7-NMeFOSE IS 623.2 58.90 20 — — 5 

D9-NEtFOSE IS 639.2 58.90 20 — — 5 

13C2-PFHxA IS 315.0 119.0 5 270.0 5 10 

13C4-PFOA IS 417.0 172.0 10 — — 20 

13C5-PFNA IS 468.0 423.0 10 — — 10 

18O2-PFHxS IS 403.0 84.00 35 — — 10 
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