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1. INTRODUCTION 

1.1. Chemical safety 

Chemical safety assessment is a systematic process designed to evaluate the potential 

adverse health effects of substances on humans and other living organisms. (1, 2) It 

requires accurate information on systemic exposure to understand how different doses 

influence the toxicity levels of the chemicals of interest. (3) The toxicokinetic profile of 

these chemicals must be defined to evaluate the risks associated with chemical exposure. 

(4) Therefore, there is a need for appropriate bioanalytical methods capable of quantifying 

the compounds in question in biological samples. 

1.1.1. The Role of bioanalysis in chemical safety 

In a regulated environment (e.g. Good Laboratory Practice), bioanalytical method 

validation is critical for ensuring reliable results across all calibration ranges and 

biological sample types. As emphasized in current relevant guidelines, such as the 

“Bioanalytical Method Validation and Study Sample Analysis M10” issued by the 

International Council for Harmonisation of Technical Requirements for Pharmaceuticals 

for Human Use (ICH), accurate quantification can be challenging when dealing with 

complex biological matrices or unstable drugs with narrow therapeutic indices. (5) 

Current guidelines mandate the thorough investigation of all critical validation metrics, 

namely selectivity, specificity, matrix effects, calibration curve range, accuracy, 

precision, sensitivity, carry-over, dilution integrity, and stability. The need for such 

validated bioanalytical results arises in the following areas of research: preclinical safety 

assessments and therapeutic drug monitoring (TDM) for dose optimization and toxicity 

risk evaluation. (6) 

1.2. "There is no royal road … " - Euclid 

Because chemical entities differ substantially in structure and physicochemical 

properties, bioanalytical methods must be tailored not only to the analyte but also to the 

sample matrix. Therefore, there is no royal road to bioanalytical chemistry. 

In industrial workplaces, protecting workers is essential; therefore, monitoring the 

effects of chemicals on humans and assessing bioaccumulation is inevitable. (7) Among 
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the wide variety of substances workers are exposed to, one of the most commonly used 

materials is epoxy resin systems. (8) The biomonitoring of specific components, such as 

reactive diluents like isopropyl glycidyl ether (IPGE), is challenging. (9, 10) These agents 

possess high reactivity and intrinsic instability, which require specialized derivatisation 

or stabilization methods to prevent their degradation during analytical investigation. 

In clinical practice, it is not only necessary to analyse compounds that are introduced 

into the body externally (e.g. drugs), but also important to characterise endogenous 

substances. As the alterations in physiological concentrations of the endogenous 

substances (such as their unexpected appearance, elevation, or depletion) can reliably 

signal emerging toxic threats or metabolic imbalances, these compounds are referred to 

as biomarkers. They can be used to predict certain pathological or physiological processes 

and disease states before explicit clinical symptoms appear. One representative group 

among endogenous biomarkers is the group of porphyrins, where one encounters two 

primary obstacles: these compounds exhibit light sensitivity, and researchers must also 

work with alternative sample types, such as surrogate matrices. 

Externally administered pharmaceuticals also exhibit diverse physicochemical 

properties which indicates that they have to be measured using different analytical 

strategies. For example, aminoglycoside antibiotics are monitored because of their 

potential multi-organ toxicity. (11) These substances lack strong chromophores and 

possess high polar properties. (12) Therefore, traditional analytical methods based on 

ultraviolet detection need to be modified or replaced. (13) Analytes that do not have a 

strong chromophore of their own require derivatization with reagents that introduce a 

chromophore group – such as aromatic rings, conjugated double bonds, or nitro groups – 

into the molecule, thereby enabling UV detection. 

Due to the above-mentioned difficulties, most researchers in both industrial and 

clinical settings increasingly rely on liquid chromatography-tandem mass spectrometry 

(LC-MS/MS). (14) As a multifunctional detector, the mass spectrometer is a selective, 

specific and highly sensitive instrument. This technology enables the qualitative and 

quantitative determination of challenging analytes, thereby supporting e.g., 

pharmacokinetic studies and therapeutic drug monitoring in complex biological matrices. 

(15) 

1.3. Specific challenges and solutions 
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The following sections will demonstrate bioanalytical method development and 

validation techniques applied to analytes (Table S 1.) from three different compound 

categories with diverse chemical and toxicological properties. In addition, a general 

overview of these classes is provided, including either their therapeutic benefits or 

toxicological effects, in order to highlight the current need for flexible safety testing 

methods. Furthermore, analytical solutions are presented which address three common 

challenges encountered during toxicological studies: insufficient analyte sensitivity, 

analyte instability and matrix-related issues. 

1.3.1. Isopropyl Glycidyl Ether: A representative from the world of industrial chemicals 

Glycidyl ethers represent a large family of reactive chemicals widely used in the 

chemical industry, primarily as reactive diluents in epoxy resin systems to reduce 

viscosity and improve processing characteristics. (8) In addition to epoxy formulations, 

they are employed as stabilizers for chlorinated compounds, in the manufacture of surface 

coatings and adhesives, and for chemically modifying decay resistance of wood products. 

(16) Isopropyl glycidyl ether, along with related alkyl glycidyl ethers (e.g., allyl, butyl, 

phenyl glycidyl ethers), contains a rigid oxirane (epoxide) ring structure. (17) The 

substantially strained ring makes epoxides highly reactive electrophilic species and 

contributes to their toxic properties. (10) 

Toxicological studies have extensively documented the hazards of glycidyl ethers, 

highlighting the risks associated with occupational exposure through inhalation and 

dermal contact. These compounds act as direct-acting electrophilic alkylating agents, 

enabling them to attack nucleophilic sites on cellular macromolecules, including DNA 

and proteins, inducing mutations and genetic damage. (18) Experimental findings indicate 

that inhalation exposure can cause respiratory tract irritation and inflammation. (19) 

Acute toxicity studies in rats have reported an oral LD₅₀ value of approximately 

4200 mg/kg for IPGE. Studies investigating repeated-dose and subchronic exposure have 

shown that animals exhibit body weight loss, gastric alterations, and damage to 

reproductive organs, which leads to impaired fertility. (20) 

Metabolically, the detoxification of glycidyl ethers primarily occurs via hydrolysis of 

the epoxide ring mediated by epoxide hydrolases or through conjugation with glutathione. 

For structurally related alkyl glycidyl ethers, such as n-butyl glycidyl ether, urinary 
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excretion of hydrolytic metabolites has been described as the predominant elimination 

pathway. (21, 22) The electrophilic properties of the epoxide group allow these 

compounds to form covalent bonds with proteins, including haemoglobin, through the 

formation of N-terminal valine adducts. These adducts can serve as biomarkers for 

monitoring occupational exposure to these reactive chemicals. (23) 

Although information is available for bisphenol A diglycidyl ethers (BADGE), the 

toxicokinetics of isopropyl glycidyl ether and other aliphatic ethers remains insufficiently 

characterised because of the limited availability of detailed toxicokinetic data. (7, 24, 25) 

Only a few data are available for IPGE, including studies on acute toxicity, skin/eye 

irritation, and results from combined repeated dose toxicity studies (OECD Test No. 422). 

(26) However, the toxicokinetic knowledge is limited only to expert assessments derived 

from its chemical structure. (18) IPGE is a low molecular weight (Mw = 116.18) highly 

hydrophilic compound (estimated logP < 1), which partly explains the lack of 

bioanalytical methods for IPGE and related glycidyl ethers in blood plasma. (20) To 

determine systemic exposure levels for safety and risk assessments, alternative analytical 

strategies are often required, including chemical derivatisation or adduct formation, 

because the protonated molecule ion is not produced in high yield directly in the ion 

source. Related glycidyl ethers and compounds such as BADGE have been successfully 

evaluated via haemoglobin adducts or by monitoring ammonium adduct counterparts 

using multiple-reaction monitoring (MRM). (23, 27-30) Several specific epoxide 

derivatisation strategies have also been explored. These include derivatisation with 

2,3,5,6-tetrafluorobenzenethiol for GC-EI-MS (31), dimethylamine in combination with 

coordination ion-spray spectrometry (32), benzylamine for LC-MS/MS (33), sodium 

diethyldithiocarbamate for LC-MS/MS (34), and 3-nitrobenzenesulphonic acid for UV 

detection (35). 

1.3.2. Protoporphyrin IX: an endogenous biomarker 

Biomarkers are measurable compounds that provide information about normal 

biological functions, disease-related processes, or the body’s response to medical 

treatment and environmental influences. (36) In toxicology and clinical practice, 

monitoring endogenous biomarkers is important, because changes in their levels can 
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signal metabolic imbalances or toxic effects before explicit clinical symptoms appear. 

(37) 

Protoporphyrin IX is a hydrophobic tetrapyrrole and the immediate precursor of heme 

in the biosynthetic pathway. (38) Under normal physiological conditions, its intracellular 

and circulating levels are tightly regulated; however, perturbations in this pathway can 

lead to pathological accumulation. (39, 40) Ferrochelatase deficiency causes 

erythropoietic protoporphyria, which results in the accumulation of protoporphyrin IX in 

erythrocytes, plasma, and skin, leading to severe cutaneous photosensitivity. (41-43) 

Beyond its role in genetic metabolic disorders, protoporphyrin IX also has 

considerable importance in oncology, particularly in the context of photodynamic therapy 

and photodynamic diagnosis. (44) Administration of the exogenous precursor  

5-aminolaevulinic acid bypasses physiological feedback regulation within the heme 

pathway, inducing preferential accumulation of fluorescent and photosensitizing 

protoporphyrin IX in malignant cells. (45, 46) This property enables the targeted 

destruction of tumour tissue upon light irradiation or the intraoperative visualization of 

tumour margins. (47) More recently, delayed fluorescence phenomena of protoporphyrin 

IX, including excimer formation, have been investigated as innovative tools to estimate 

local chromophore concentration and tissue oxygenation in situ. (48) 

The endogenous presence of protoporphyrin IX complicates its quantitative 

determination in biological matrices. While recent advances in mass spectrometry (MS) 

and tandem mass spectrometry (MS/MS) provide high selectivity and detailed structural 

characterisation, their routine implementation is often hindered by substantial equipment 

costs, operational complexity, and the need for labour-intensive sample preparation (such 

as liquid-liquid or solid-phase extraction) that limits throughput in large-scale studies. 

(49-53) In contrast, high-performance liquid chromatography with fluorescence detection 

(HPLC-FLD) is a reliable, economical, and user-friendly analytical alternative. (54) It 

offers sufficient selectivity against structurally related porphyrins, and its streamlined 

sample preparation, combined with short analysis times, facilitates the efficient 

processing of large sample sets. (5, 55-59) 

Unlike xenobiotics, protoporphyrin IX is inherently present in biological matrices at 

variable background levels, precluding the availability of a true analyte-free blank 

sample. Consequently, method development and validation require specialized 
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approaches in accordance with established bioanalytical guidelines, most notably the ICH 

M10 guideline finalized in 2022. This guideline delineates four acceptable strategies to 

address the endogenous background: the use of surrogate matrices devoid of the analyte, 

surrogate analytes, standard addition, and background subtraction. Among these, the 

surrogate matrix approach is highly effective, as the endogenous analyte should be 

selectively removed or degraded to generate a suitable blank matrix for calibration 

purposes. Porphyrins are intrinsically photosensitive and prone to rapid 

photodegradation; therefore, although they can be readily removed from the matrix, they 

require stringent light-protection throughout sample collection, processing, and analysis. 

The ICH M10 guideline highlights the necessity for accurate evaluation of selectivity, 

linearity, recovery, and stability of both native and spiked analytes, as well as matrix 

effects using individual and pooled matrices. (5) 

Although several recent publications have explored method validation for endogenous 

analytes, none to date have applied the ICH M10 guideline specifically to protoporphyrin 

IX quantification. For instance, Walke et al. recently determined protoporphyrin IX levels 

with 87.0% accuracy, 90.5% positive predictive value, and 84.0% negative predictive 

value; however, their study did not incorporate the updated ICH recommendations. (52) 

1.3.3. Pharmaceuticals 

The evaluation of active pharmaceutical ingredients in safety/toxicology and clinical 

studies requires reliable bioanalytical techniques capable of measuring both drug levels 

in the body and active or toxic metabolites. Model compounds are used which 

demonstrate well-established toxicity patterns to study mechanisms of drug-induced 

damage and to validate new biomarkers. The present research has investigated 

bioanalytical challenges encountered during the analysis of six pharmaceutical 

compounds, which were selected by considering their organ targets and their potential to 

cause toxicity. 

To represent nephrotoxicity and antibiotic-associated challenges, the aminoglycoside 

gentamicin —a classic nephrotoxicant—and the widely used combination of amoxicillin 

and clavulanic acid serve as appropriate models. (15, 60) Paracetamol (acetaminophen) 

functions as a paradigmatic model for drug-induced liver injury, given its predictable 

hepatotoxicity mediated by reactive metabolite formation. (11, 61) Finally, cardiotoxicity 
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is addressed using two distinct model drugs: isoprenaline, which induces myocardial 

infarction-like injury, and doxorubicin, a chemotherapeutic agent known for its 

cumulative cardiotoxic effects. (62) Each compound category is examined with respect 

to its characteristic bioanalytical challenges and toxicological relevance. 

1.3.3.1. Gentamicin 

Gentamicin is a broad-spectrum antibiotic belonging to the aminoglycoside class that 

physicians prescribe for the treatment of severe bacterial infections caused by Gram-

negative aerobic bacteria, including Pseudomonas aeruginosa, as well as members of the 

Enterobacteriaceae family and Staphylococcus species. Gentamicin is produced by the 

fermentation of Micromonospora purpurea and exists as a complex multicomponent 

system rather than a single molecular structure. The major components of this complex 

include gentamicin C1 and C1a (no methyl group on 2-amino-hexose ring) as well as the 

epimeric C2 and C2a, together with multiple additional minor components. (13, 63) 

Gentamicin exerts its antibacterial effect by binding the 30S subunit of bacterial 

ribosomes, thereby inhibiting protein synthesis and causing translation errors. Because 

gentamicin has a narrow therapeutic window and patient responses vary depending on 

age, renal function and underlying medical conditions, careful therapeutic monitoring is 

required. (6, 64, 65) 

The therapeutic use of gentamicin is limited by two major adverse effects, 

nephrotoxicity and ototoxicity. The primary dose-related side effect, nephrotoxicity, 

occurs when the drug accumulates in the renal cortex, where it damages proximal tubular 

epithelial cells leading to acute tubular necrosis that may progress to acute renal failure. 

(6, 64) Experimental studies have shown that gentamicin can accumulate in the renal 

cortex at concentrations several times higher than those observed in plasma and other 

tissues. (66) In addition, its elimination from kidney tissue is unusually slow, with a 

reported half-life of 109 hours in rat studies. (67, 68) The selective renal uptake and 

prolonged retention of gentamicin are key factors contributing to kidney injury through 

mechanisms involving oxidative stress, mitochondrial dysfunction, and metabolic 

disturbances. Metabolomic studies have demonstrated characteristic alterations in urinary 

biomarkers, including glucose, amino acids, and the tubular enzyme N-acetyl-β-D-

glucosaminidase. (11, 69) 



 

14 

 

The bioanalytical approach of gentamicin detection in biological samples requires 

special analytical methods due to its unfavourable physicochemical properties. The 

individual gentamicin components are highly polar, water-soluble and non-volatile basic 

compounds which lack strong UV-absorbing chromophore or intrinsic fluorophore. (12) 

The conventional methods of HPLC with UV or FLD are not directly applicable and 

require complex pre- or post-column derivatisation procedures, for example with 1-

fluoro-2,4-dinitrobenzene. (13, 63) Furthermore, the C1, C1a, C2 and C2a components 

exhibit strong structural similarity, which makes their chromatographic separation 

challenging. Specific conditions, including high-pH mobile phases and ion-pairing 

reagents, are often required to achieve adequate separation while minimizing peak 

broadening caused by interactions with silanol groups. (70) 

Traditional clinical monitoring of gentamicin using microbiological assays or 

immunoassays has important limitations, including the inability to distinguish individual 

gentamicin components and susceptibility to false results due to interfering substances or 

sample contaminants. In contrast, the LC-MS/MS system enables the direct and selective 

quantification of gentamicin components without the need for derivatisation. Lecároz et 

al. compared the results of their new LC-MS/MS method with those of a traditional 

bioassay (71), demonstrating improved accuracy (5.59% versus 14%) and precision 

(6.13% versus 15%). Since gentamicin is a highly polar (logP ~ -3.1) compound, 

conventional reversed-phase chromatography often struggles with its poor retention. To 

address this challenge, modern bioanalytical approaches have increasingly utilized 

Hydrophilic Interaction Liquid Chromatography (HILIC), which has proven to be a 

powerful separation technique for highly polar antibiotics. (72, 73) HILIC is an analytical 

separation technique that isolates polar compounds based on their differential partitioning 

between an organic-rich mobile phase and a water-enriched layer immobilized on a 

hydrophilic stationary phase. (72) Oertel et al. used a HILIC analytical column to 

simultaneously determine six aminoglycosides in human serum without the need for 

signal-suppressing ion-pairing reagents. (74) Alternatively, specialized stationary phases 

such as porous graphitic carbon columns (e.g., Hypercarb) have been used to strongly 

retain and separate individual gentamicin C components, even in complex matrices such 

as fish tissues. (75) After solid-phase extraction, Zhang et al. performed LC-MS/MS 

analysis on an HPH C8 (high pH stability octyl silica) column using a highly alkaline 
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mobile phase (0.2% formic acid, 50 mmol/L ammonium acetate, and 2% ammonia in 

water), enabling the determination of gentamicin in animal tissues while avoiding 

fluorinated ion-pairing reagents. (76) Heller et al. developed an HPLC-MS/MS method 

using a Waters ODS-AM (octadecyl silica) column with a mobile phase containing 

trifluoroacetic acid. This approach enabled gentamicin quantification across diverse 

biological matrices, including bovine plasma, urine, milk, and biopsy samples. (77) 

Modern applications also strongly support the clinical monitoring of polypharmacy and 

the evaluation of potential synergistic nephrotoxicity. This is illustrated by multianalyte 

procedures developed for the simultaneous extraction and quantification of complex drug 

combinations in human plasma, including daptomycin, amikacin, gentamicin, and 

rifampicin. Similar simultaneous approaches have proven essential for measuring 

amikacin, gentamicin, and vancomycin in vulnerable populations like newborns, as well 

as for evaluating the co-administration of nephrotoxic agents in rat experimental models 

using eco-friendly LC-MS/MS strategies. (78) 

1.3.3.2. Amoxicillin and clavulanic acid 

The combination of the β-lactam type amoxicillin and clavulanic acid is a commonly 

used antibacterial therapy prescribed for treatment of bacterial infections. Amoxicillin, a 

semi-synthetic penicillin derivative, exerts its antibacterial activity by inhibiting bacterial 

cell wall synthesis. However, the efficacy of amoxicillin is frequently compromised by 

the production of β-lactamase enzymes by resistant bacteria, which hydrolyse the β-

lactam ring. Bacterial resistance to amoxicillin often develops through this mechanism; 

therefore, physicians commonly prescribe this antibiotic in combination with clavulanic 

acid, a potent β-lactamase inhibitor (typically administered as potassium clavulanate; e.g., 

Augmentin Duo). Clavulanic acid expands the antibacterial spectrum of amoxicillin by 

irreversibly binding to β-lactamases which prevents enzymatic degradation of the 

antibiotic. (60, 79) 

Attempting to quantify amoxicillin and clavulanic acid simultaneously in biological 

samples, however, raises significant analytical challenges. (80) Clavulanic acid is a 

chemically unstable compound that is highly susceptible to degradation under acidic or 

alkaline conditions and at elevated temperatures. (81) In addition, it lacks a strong UV-

absorbing chromophore, which limits the sensitivity of conventional HPLC-UV methods. 
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Consequently, complex pre- or post-column modification procedures (e.g., imidazole 

derivatisation) are often required to reach suitable detection sensitivity. (82) In contrast, 

amoxicillin is chemically more stable but exhibits an amphoteric and highly polar nature, 

which complicates its extraction from biological fluids using conventional liquid–liquid 

extraction methods because of its high water solubility. (80-84) 

The substantial differences in stability (85) and polarity (amoxicillin logP ~ 0.87 vs. 

clavulanic acid logP ~ -2.3) make it difficult to develop a single analytical method 

capable of quantifying both analytes simultaneously. Understanding the solution stability 

of amoxicillin, clavulanic acid, and their impurities, as demonstrated by Atici et al. (86), 

is a prerequisite for bioanalytical method development. Their study evaluated these 

compounds under various stress conditions, including thermal, hydrolytic, pH-induced, 

photolytic (UV), and oxidative degradation. Previously reported HPLC-UV methods 

(e.g., described by Hoizey, Matar and Foroutan) exhibit concentration range limitations 

that restrict their applicability in pharmacokinetic studies. For instance, Hoizey et al. (60) 

utilized a reversed-phase C8 column, achieving linear ranges of 0.625–20 mg/L for 

amoxicillin and 0.3125–10 mg/L for clavulanic acid in plasma. Matar reported separate 

UV methods: one for amoxicillin using a Symmetry C18 column over a range of 0.5–12 

µg/mL (87), and another for clavulanic acid utilizing a Nova-Pak C18 column with a 

lower limit of quantification (LLOQ) of 0.1 µg/mL (88). Meanwhile, Foroutan et al. (89) 

achieved LLOQs of 15 and 30 ng/mL for amoxicillin and clavulanic acid respectively, 

utilizing a Chromolith Performance column. These methods lack sufficient sensitivity and 

selectivity and typically require large sample volumes, making them less suitable for 

pharmacokinetic studies where small amounts of analytes may be available for analysis. 

In addition, the selectivity of UV-based detection can be compromised by endogenous 

components present in biological matrices such as plasma or urine. (79) To address these 

challenges, Xi et al. (90) developed an LC-MS/MS method for dog plasma featuring a 

Phenomenex Luna C8 column, achieving a linear range of 0.5–500 ng/mL. Similarly, 

Reyns et al. (81) and Yoon et al. (91) employed LC-MS/MS with negative electrospray 

ionisation and selected ion monitoring for calf and human plasma analyses. LC-MS/MS 

has therefore become the preferred analytical approach, as it provides superior sensitivity 

and specific molecular detection, in order to accommodate both analytes within a single 

analytical run. 
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1.3.3.3. Paracetamol 

Paracetamol is one of the most frequently used analgesic and antipyretic drugs 

worldwide, and is widely available as an over-the-counter medication. It is considered 

safe when taken at recommended doses; however, overdose can result in acute liver 

failure which occurs in numerous cases. (92-94) Due to its well-documented hepatotoxic 

potential, paracetamol is frequently used as a model hepatotoxicant in toxicological 

research to investigate the mechanisms of drug-induced liver injury. (95) 

The hepatotoxicity of paracetamol is closely related to its metabolism which depends 

on the administered dose and follows well-defined metabolic pathways. Approximately 

80–90% of the drug is eliminated via phase II conjugation reactions, forming non-toxic 

metabolites, such as paracetamol-glucuronide and paracetamol-sulphate, which are 

excreted in the urine. A minor fraction (5–10%) undergoes oxidative metabolism 

mediated by cytochrome P450 enzymes, predominantly CYP2E1, leading to the 

formation of the highly reactive and toxic intermediate N-acetyl-p-benzoquinone imine 

(NAPQI). Under normal conditions, NAPQI is detoxified in the liver through glutathione 

conjugation, forming paracetamol-glutathione, which is subsequently converted to 

paracetamol-cysteine and paracetamol-N-acetylcysteine before excretion. (96) During 

overdose, excessive NAPQI is produced because the sulphation and glucuronidation 

pathways become saturated, while hepatic glutathione stores are depleted. The resulting 

accumulation of NAPQI leads to covalent binding to cellular proteins, causing oxidative 

stress, mitochondrial damage, and ultimately hepatocellular necrosis. (97, 98) 

The safety assessment of paracetamol requires the measurement of both the parent 

compound and its metabolites formed through conjugation and oxidative pathways due 

to its complex metabolism. (97) The risk of liver injury depends on the balance between 

detoxification and bioactivation processes; therefore, the simultaneous quantification of 

paracetamol, and its metabolites is essential in toxicokinetic and pharmacokinetic studies. 

Historically, standard HPLC methods with UV or photodiode array detection are 

routinely used for the quality control and quantification of the parent drug in multi-

component pharmaceutical formulations. For example, Brunner et al. reported a detection 

range of 1.56–200 µg/mL for paracetamol, and quantified two metabolites, paracetamol-

sulphate and paracetamol-glucuronide. (99) Over two decades later, reflecting 

advancements in column technologies and UV detector sensitivity the method developed 
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by Pereira et al. resulted in an approximately 8-fold improvement in a limit of detection 

(LOD) of 0.2 µg/mL for paracetamol. (100) Both of these HPLC-UV methods employed 

isocratic elution. However, when applied to biological samples, such approach failed to 

adequately resolve and distinguish structurally similar metabolites. 

Therefore, LC-MS/MS has become the preferred technique for the accurate 

quantification of paracetamol and its metabolites in complex biological matrices such as 

plasma and urine. For instance, Delahaye et al. developed an LC-MS/MS method to 

measure paracetamol and four of its metabolites in plasma, whole blood, and dried blood 

microsamples, with a linear range of 0.10-50.0 μg/mL for paracetamol. (15) Other studies 

by Dargue, An, and Tan employed gradient elution with mobile phases containing formic 

acid to investigate various matrices, including rat, pig, and human plasma, as well as 

urine. In these studies, Dargue and An identified 7 and 6 metabolites, respectively, in 

addition to paracetamol. (61, 101, 102) Furthermore, Cook et al. detected paracetamol 

and 5 of its metabolites in human plasma and urine using an Agilent Poroshell 120 EC-

C18 column with a gradient elution consisting of 10 mM aqueous ammonium acetate (pH 

3.5) and methanol. (103) The development of fast and sensitive LC-MS/MS methods 

holds significant importance for the comprehensive evaluation of paracetamol-induced 

liver injury, enabling the simultaneous quantification of analytes from extremely small 

plasma volumes and complex tissues. For example, Gicquel et al. quantified paracetamol, 

paracetamol-glutathione, and paracetamol-sulphate with a linear range between 0.25–20 

mg/L using only a 25 µL (human and mouse) plasma sample volume. (104) Additionally, 

Pietruk et al. successfully determined paracetamol and its metabolites (paracetamol-

glutathione, paracetamol-sulphate) in muscle, liver, lung, and kidney samples from 

various animal species within a rapid, 8-min analytical run. (105) 

1.3.3.4. Doxorubicin 

Doxorubicin, an anthracycline glycoside antibiotic originally isolated from 

Streptomyces peucetius var. caesius, is one of the most effective and widely used 

antineoplastic agents. It exhibits broad antitumor activity and is used to treat various 

malignancies, including breast, lung, ovarian, and thyroid cancers, as well as leukaemia, 

lymphoma and sarcoma. (106) Doxorubicin exerts its cytotoxic effects through multiple 

mechanisms, including DNA intercalation, topoisomerase II inhibition, and generation of 
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reactive oxygen species, resulting in impaired DNA replication and tumour cell death. 

However, the clinical use of doxorubicin is limited by dose-dependent cardiotoxicity, 

which can lead to irreversible cardiac damage and heart failure following repeated doses. 

(62, 107) 

The mechanisms underlying doxorubicin-induced cardiotoxicity are not yet fully 

understood. A widely accepted hypothesis implicates doxorubicinol, a major metabolite 

formed via two-electron reduction of the C-13 carbonyl group in the side chain of 

doxorubicin. This biotransformation is primarily mediated by cytosolic NADPH-

dependent aldo-keto reductases and carbonyl reductases. Doxorubicin undergoes 

extensive hepatic metabolism via two main pathways, producing doxorubicinol as the 

primary alcohol metabolite and several aglycone metabolites, including doxorubicinone 

and 7-deoxydoxorubicinone. The studies by Zeng (108), Mross (109), Wang (110) and 

Beijnen (111) have demonstrated that doxorubicinol disrupts intracellular iron and 

calcium homeostasis and inhibits key ion transporters, including Na⁺/K⁺-ATPase and 

Ca²⁺-ATPase in sarcoplasmic reticulum and mitochondria. In addition, doxorubicinol 

contributes to increased oxidative stress due to its redox cycling properties. Although 

doxorubicinol is generally less cytotoxic toward tumour cells than the parent compound, 

it is considered more cardiotoxic and preferentially accumulates in cardiac tissue, where 

it may persist longer than doxorubicin itself. (112) Accurate measurement of systemic 

doxorubicin levels remains essential for understanding toxicokinetic relationships and 

determining exposure in safety studies, given the complex interplay between the parent 

drug and its metabolite. 

The bioanalytical quantification of doxorubicin in biological samples presents several 

challenges due to its structural similarity to its metabolites, as well as its polarity and 

instability. High-performance liquid chromatography with fluorescence detection has 

been the standard method for analysis, taking advantage of the intrinsic fluorescence of 

the anthracycline moiety. However, these methods often require extended 

chromatographic run times (22 to 25 minutes) to achieve adequate separation, and may 

be less effective when analysing complex biological matrices. (111, 113) 

LC-MS/MS is widely used for the bioanalytical quantification of doxorubicin. The 

development of robust LC-MS/MS methods requires optimized sample preparation 

techniques, such as protein precipitation and solid-phase extraction, to ensure efficient 
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recovery of doxorubicin and doxorubicinol from plasma and tissue homogenates. (114) 

For preclinical applications, studies by Arnold (107), Liu (115), and Zhou (116) have 

reported robust LC-MS/MS methods capable of simultaneous measurement of 

doxorubicin and doxorubicinol in in vivo rat plasma and tissue samples. Chromatographic 

separation must effectively resolve doxorubicin from structurally related compounds 

(e.g. doxorubicinol), which have similar mass values differing by only 2 Da; otherwise, 

insufficient separation may lead to inaccurate quantification. Transitioning to clinical and 

in vitro applications, researchers such as Xu (117), Sottani (118), and Semreen (119) have 

successfully utilized sensitive LC-MS/MS methods for quantification in human plasma, 

as well as subcellular and exosomal fractions of leukemic cell cultures.  

1.3.3.5. Isoprenaline 

The synthetic catecholamine isoprenaline (also known as isoproterenol) is a potent 

non-selective β-adrenoceptor agonist with no significant affinity for α-adrenergic 

receptors. Its chemical structure, 3,4-dihydroxy-α-[(isopropylamino)methyl]benzyl 

alcohol, is structurally similar to epinephrine and norepinephrine but contains an  

N-isopropyl group. (120) Clinically, it is used in aerosol form for the treatment of 

bradycardia, heart block and bronchial asthma due to its positive chronotropic and 

inotropic effects, as well as its strong bronchodilator properties. (121) Although its 

medical application has significantly declined, it remains widely employed in 

experimental studies to induce myocardial infarction and cardiac hypertrophy in 

laboratory animals. (122) High doses of isoprenaline trigger severe oxidative stress, 

leading to calcium overload and myocardial tissue damage that resembles the 

pathological features of ischemic heart disease. (123, 124) 

The bioanalytical quantification of isoprenaline in biological samples is challenging 

due to its fast elimination and extensive metabolism. Following administration, 

isoprenaline is rapidly metabolized via two main metabolic pathways, catechol-O-

methyltransferase-mediated O-methylation and sulphate conjugation. As a result, 

isoprenaline exhibits a short plasma half-life, ranging from 2 to 5 minutes in both humans 

and laboratory animals. (125, 126) This rapid clearance results in very low circulating 

concentrations of the parent compound, necessitating highly sensitive analytical methods 

for reliable quantification in low concentration range. (127) 
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The short half-life of isoprenaline, combined with its instability when exposed to light, 

oxygen, and high pH further complicates bioanalytical measurements. Oxidative 

degradation results in the formation of three types of compounds, quinones, 

aminochromes and polymeric pigments, leading to underestimation of plasma 

concentrations during sample collection and processing. (120, 128) 

Various analytical methods have been developed for determination of catecholamines 

(including isoprenaline), using techniques such as high-performance liquid 

chromatography with electrochemical detection (HPLC-ECD) (129), spectrophotometry 

(130), capillary electrophoresis (131) and chemiluminescence-based (132, 133) assays. 

While HPLC-ECD offers good sensitivity for catecholamines, its applicability is often 

limited by labour-intensive sample preparation procedures (e.g., alumina extraction), and 

relatively long analysis times.(134, 135) 

Currently, LC-MS/MS is the preferred method for isoprenaline quantification in 

complex biological matrices, offering better selectivity and sensitivity than previous 

methods. (136, 137) Reported LC-MS/MS methods vary widely in terms of sample 

preparation, stabilization strategies and analytical performance. Careful optimization is 

required to reduce matrix effects, and to achieve proper retention and separation of this 

highly polar compound.   
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2. OBJECTIVES 

This thesis addresses bioanalytical challenges encountered in chemical safety 

assessment and related studies through the development and validation of „fit-for-

purpose” analytical methods. The work focuses on three distinct classes of compounds 

that present different analytical difficulties: reactive industrial chemicals, endogenous 

biomarkers, and pharmaceuticals. 

Specific objectives were defined as follows: 

1. Toxicokinetic characterisation of an industrial chemical: isopropyl glycidyl ether 

• To develop and validate a sensitive LC-MS/MS method for the quantification of 

isopropyl glycidyl ether in rat plasma,  

• To characterise the toxicokinetic profile of isopropyl glycidyl ether and to identify 

its potential metabolites. 

2. Elaboration of a validated bioanalytical protocol for an endogenous biomarker: 

protoporphyrin IX 

• To establish a selective and sensitive HPLC-FLD method for the quantification of 

protoporphyrin IX in biological samples, addressing the analytical challenge arising 

from the endogenous presence of protoporphyrin IX in plasma. 

• To demonstrate the applicability of the method in monitoring the kinetics of  

5-aminolaevulinic acid induced protoporphyrin IX formation in rats. 

3. Bioanalytical support for toxicity studies 

• To develop and validate analytical methods of various pharmaceutical compounds 

for the determination of model compounds in organ-specific toxicity studies 

(gentamicin, amoxicillin and clavulanic acid, paracetamol, doxorubicin, 

isoprenaline). 
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3. METHODS 

3.1 Chemicals and reagents 

Isopropyl glycidyl ether (99.7%), tert-butyl glycidyl ether (99.8%), neopentyl glycol 

diglycidyl ether (technical grade), trifluoroacetic acid (99.0%), protoporphyrin IX 

(95.0%), mesoporphyrin IX dihydrochloride (94.0%), aminolaevulinic acid (97.0%), 

doxorubicin (97.8%), daunorubicin (98.8%), isoprenaline (85.3%), paracetamol 

(~100%), paracetamol-d3 (100%), gentamicin (92.85%), kanamycin (99.3%), 

amoxicillin (~100%), clavulanic acid (~100%), trichloroacetic acid (99.5%), nutrient 

mixture F-12 ham, Williams' medium E, D-(+)-glucose, sodium bicarbonate and 4-(2-

hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) were obtained from Sigma-

Aldrich (St. Louis, MO, USA). 

LC-MS grade solvents and additives, specifically acetonitrile, 2-propanol, 

dimethylformamide, formic acid, acetic acid, ammonium formate, ammonium acetate and 

25% ammonium solution were supplied by VWR International (Leuven, Belgium). 

Methanol suitable for HPLC gradient analysis was purchased from Carlo Erba Reagents 

S.A.S. (Val de Reuil, France). For the preparation of ultrapure water, an ELGA Veolia 

PURELAB Chorus water purification system (High Wycombe, UK) was used. Heat 

inactivated fetal bovine serum (hiFBS) was bought from Euroclone (Via Figino, Italy). 

Rat primary hepatocytes were prepared at HUN-REN Research Centre for Natural 

Sciences (Hungary). Blank rat plasma and urine (Toxi-Coop Toxicological Research 

Centre, Hungary), used for matrix-matched calibration, was prepared with K3-EDTA 

anticoagulant and kept frozen at - 20 ± 5°C. 

3.2. Analytical method for isopropyl glycidyl ether 

3.2.1. Preparation of calibration standards and quality control samples 

Primary stock solutions of both IPGE and the internal standard (IS), tert-

butyl glycidyl ether (TBGE), were prepared in methanol at a concentration of 1 mg/mL. 

Working solutions were obtained by serial dilution with methanol, resulting in 

concentrations ranging from 0.05 to 50 µg/mL for the calibration curve and from 0.05 to 

40 µg/mL for quality control purposes. The IS working solution was further diluted in 
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acetonitrile to a final concentration of 1 µg/mL. All solutions were stored at -20 ± 5 °C. 

The calibration curve consisted of ten nominal concentration levels: 0.01, 0.02, 0.05, 0.1, 

0.2, 0.5, 1, 2, 5, and 10 µg/mL. Quality control samples were prepared at four 

concentration levels: 0.01, 0.03, 3, and 8 µg/mL. Sample preparation involved spiking 

50 µL of blank rat plasma with 10 µL of the appropriate working solution, followed by 

the addition of 150 µL of the IS solution. 

3.2.2. Sample preparation protocol 

Prior to processing, plasma samples (described in section 3.2.5.) were allowed to thaw 

at ambient temperature. A 50 µL aliquot of rat plasma was pipetted into a 1.5-mL 

microcentrifuge tube, followed by the addition of 10 µL of methanol (used to replace the 

spiking working solution matrix). Protein precipitation was initiated by adding 150 µL of 

the IS working solution (1 µg/mL in acetonitrile). The mixture was vortexed thoroughly 

to ensure homogeneity and then centrifuged at 6596 × g for 10 minutes at room 

temperature. Finally, at least 100 µL of the clear supernatant was transferred into vials 

and placed in the autosampler, maintained at 10 °C. 

3.2.3. LC-MS/MS conditions 

Analyses were performed using a Shimadzu Nexera X2 liquid chromatography system 

coupled to a Shimadzu LCMS-8060 triple quadrupole tandem mass spectrometer, 

supplied with nitrogen and air by a Peak Scientific Genius 1051 generator. 

Chromatographic separation was performed on a YMC-Triart C18 column (3 µm, 2.1 × 

75 mm) equipped with a YMC-Triart C18 guard column (3 µm, 2.1 × 10 mm), both 

maintained at 30 °C. The injection volume was set to 10 µL. A gradient elution method 

was applied with a flow rate of 0.4 mL/min, using 0.5% formic acid in ultrapure water as 

Mobile Phase A and 0.5% formic acid in acetonitrile as Mobile Phase B. The gradient 

program began at 10% B for 0.5 min, increased linearly to 90% B by 3.5 min, was held 

at 90% B for 0.5 min, and subsequently returned to 10% B for column re-equilibration. 

The total run time was 5 min. Atmospheric pressure chemical ionisation (APCI) was 

operated in positive mode. The ion source parameters were optimized as follows: 

interface temperature, 350 °C; desolvation line temperature, 300 °C; and heat block 

temperature, 300 °C. Gas flow rates were set to 3 L/min for the nebulizing gas and 
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5 L/min for the drying gas. Quantification was conducted using multiple reaction 

monitoring (MRM) transitions of 157.90 → 116.10 m/z for the analyte (IPGE) and 172.00 

→ 116.10 m/z for the IS (tert-butyl glycidyl ether). (Table S 2) 

3.2.4. Validation procedures 

Method validation was performed in accordance with the ICH M10 guidelines. 

Selectivity was evaluated using blank plasma obtained from six individual rats. Linearity 

was demonstrated across the concentration range of 0.01–10 µg/mL, applying a weighted 

(1/x²) least-squares linear regression model. Precision and accuracy (both intra-day and 

inter-day) were assessed at four quality control concentration levels. Carry-over was 

checked by injecting blank samples immediately after the highest calibration standard. 

Stability was assessed under various conditions, including short-term stability at room 

temperature, long-term storage at -75 ± 10 °C, freeze-thaw stability over three cycles, and 

autosampler stability. 

3.2.5. Toxicokinetic study  

A single-dose oral toxicity study was conducted using Han-Wistar rats (Toxi-Coop 

Toxicological Research Centre, Budapest, Hungary). Three groups were included 

(receiving IPGE doses of 1000, 1500, and 2000 mg/kg), each comprising nine animals 

per sex. Blood samples were collected via the retro-orbital venous plexus at scheduled 

time points: pre-dose, 0.5, 1, 2, 4, 6, 8, 12, and 24 hours after administration. Samples 

were drawn into K3-EDTA tubes, centrifuged to obtain plasma, and stored at -75 ± 10 °C 

until bioanalysis. 

3.2.6. Qualitative identification of IPGE metabolites 

For metabolite profiling of IPGE, a dedicated qualitative method was developed 

distinct from the quantitative APCI protocol. For the investigation, the ion source was 

switched to electrospray ionisation (ESI), operated in both positive and negative modes 

to cover a broad range of potential metabolites. Chromatographic separation was 

performed using the same column type, but with a modified gradient program to ensure 

adequate separation of polar metabolites. The mobile phases consisted of 0.1% formic 

acid in water (A) and 0.1% formic acid in acetonitrile (B). The gradient started at 0% B, 
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increased linearly to 100% B over 10 min, was held for 0.5 min, and then returned to 

initial conditions, resulting in a total run time of 12 minutes. Detection was carried out in 

selected ion monitoring (SIM) mode, targeting the predicted precursor ions of potential 

metabolites. The search strategy focused on identifying products arising from epoxide 

hydrolysis, oxidation, and conjugation reactions (e.g., with glutathione, sulphate, or 

glucuronic acid). The target mass-to-charge ratios (m/z) included 135, 151, 231, 309, 149, 

190, 206, 165, 119, 296, 424, and 280, along with the Meerwein-derivative of the parent 

compound at 158 m/z. 

3.3. Analytical method for protoporphyrin IX 

3.3.1. Preparation of calibrators and quality control samples 

Stock solutions containing protoporphyrin IX (200 µg/mL) and the internal standard, 

mesoporphyrin IX dihydrochloride (200 µg/mL), were prepared in a solvent mixture of 

dimethylformamide and methanol (1:1, v/v). Working solutions were prepared by serial 

dilution using the same solvent system. Eight nominal concentration levels were 

established for the calibration standards: 10, 20, 50, 100, 200, 400, 500, and 700 ng/mL. 

Quality control samples were prepared at four concentration levels: 10, 30, 150, and 

550 ng/mL. To prevent photodegradation, all solutions and samples were handled and 

stored in amber glass vials. 

3.3.2. Preparation of surrogate matrix 

Given that protoporphyrin IX is an endogenous compound, a surrogate matrix strategy 

was adopted. This matrix was produced in-house by exposing authentic rat plasma to 

visible light from a desk lamp (IKEA-SOLHETTA LED light bulb, 2700 K, 470 lm) for 

a duration of at least four hours. This illumination procedure effectively decomposed the 

endogenous protoporphyrin IX, resulting in an analyte-free matrix that retained a 

composition comparable to the original biological fluid. 

3.3.3. Sample preparation 

A 50 µL volume of rat plasma was transferred into a 1.5-mL amber centrifuge tube. 

Subsequently, 10 µL of a dimethylformamide/methanol (1:1) mixture, 10 µL of the IS 
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working solution (2 µg/mL), and 150 µL of acetonitrile were added. The mixture was 

vortexed and then centrifuged at 6596 × g for 10 min at ambient temperature. From the 

resulting supernatant, an aliquot of at least 100 µL was transferred to autosampler vials 

and maintained at 10 °C, ensuring protection from light throughout the process. 

Calibration and LLOQ QC samples were prepared in the surrogate matrix. Low, 

medium high and endogenous quality control samples were made in the authentic matrix. 

3.3.4. HPLC-FLD conditions 

Chromatographic analysis was performed using a Shimadzu Prominence system 

equipped with a Shimadzu RF-20 A XS fluorescence detector. Separation was achieved 

using an ACE Ultracore SuperC18 column (2.5 µm, 2.1 × 75 mm) protected by an Inertsil 

ODS-4guard column (3 µm, 1.5 × 10 mm), with the column temperature maintained at 

30 °C. The mobile phase consisted of ultrapure water containing 0.05% trifluoroacetic 

acid (Eluent A) and acetonitrile containing 0.05% trifluoroacetic acid (Eluent B). A 

gradient elution program was applied at a flow rate of 0.5 mL/min starting at 40% B, 

increasing to 70% B over 5.0 min, then to 100% B by 5.5 min, held for 1.0 min, and 

finally re-equilibrated to 40% B. The total run time was 8 min. Fluorescence detection 

was performed using an excitation wavelength of 405 nm and an emission wavelength of 

630 nm. (Table S 3) 

3.3.5. Method validation 

The method validation was conducted in full accordance with the ICH M10 guideline, 

employing the surrogate matrix approach. Selectivity was confirmed by analysing six 

individual blank surrogate and authentic plasma samples, along with haemolyzed and 

lipemic plasma pools. Linearity was verified across the concentration range of 10–

700 ng/mL. Parallelism between the surrogate and authentic matrices was assessed by 

comparing the slopes of their respective calibration curves. Stability studies evaluated 

freeze-thaw cycles, short-term and long-term stability, as well as autosampler stability for 

both the analyte and the IS. 
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3.3.6. In vivo study 

To demonstrate the practical applicability of the method, an in vivo experiment was 

performed using male Wistar rats treated with 5-aminolaevulinic acid to stimulate 

protoporphyrin IX production. A single oral dose of 100 mg/kg 5-aminolaevulinic acid 

or vehicle was administered to the animals. Blood samples were collected at pre-dose, 1, 

2, 4, 7, and 24 hours following administration. To prevent photodegradation, samples 

were processed under dim light conditions and stored at -75 ± 10 °C until analysis.  

3.4. Analytical methods for pharmaceuticals in toxicity studies 

3.4.1. Instrumentation 

Liquid chromatography-tandem mass spectrometry analyses were conducted using a 

Shimadzu LCMS-8060 triple quadrupole mass spectrometer equipped with a Nexera X2 

UHPLC system (Shimadzu, Japan). The system configuration included LC-30AD pumps, 

a SIL-30AC autosampler, a CTO-20AC column oven, and a DGU-20A5R degassing unit. 

Nitrogen for the MS system was supplied by a Genius 1051 nitrogen generator (Peak 

Scientific). 

3.4.2. Chromatographic and mass spectrometric conditions 

3.4.2.1. Gentamicin assay 

For both plasma and urine matrices, separation was performed on a SupelTM Carbon 

LC (2.7μm, 2.1 x 100 mm) column with SupelTM Carbon LC (2.7μm, 2.1 x 20 mm) guard 

column, maintained at 60°C. The mobile phase consisted of a 5% ammonium solution in 

ultrapure water (Eluent A) and acetonitrile (Eluent B) delivered at a flow rate of 

0.35 mL/min. Gradient elution was used as follows: 5% B (0–0.5 min), increased to 40% 

B (1.0–3.5 min), then to 90% B (4.0–5.0 min), followed by re-equilibration. The total run 

time was 7 min. 

Detection was performed in positive ESI mode. Gentamicin components were 

monitored individually: C1a (450.10 → 322.10 m/z), C1 (478.10 322.20 m/z), and 

C2/C2a (464.1 → 322.30 m/z). Kanamycin served as the internal standard (485.00 → 

163.15 m/z). (Table S 4) 
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3.4.2.2. Amoxicillin and clavulanic acid assay 

Analytes were separated on an InertSustain C18 column (3μm, 2.1x75 mm) with an 

Inertsil ODS-4 (3μm, 1.5x10 mm) guard column at 25°C. The mobile phase consisted of 

0.1% formic acid in ultrapure water (A) and 0.1% formic acid in acetonitrile (B). The 

gradient started at 5% B, increased to 100% B at 2.0 min, was held until 3.0 min, and re-

equilibrated, resulting in a total run time of 4.0 min. 

The MS operated in negative ESI mode. MRM transitions were 363.90 → 223.10 m/z 

for amoxicillin and 197.90 → 82.10 m/z for clavulanic acid. (Table S 5) 

3.4.2.3. Paracetamol assay 

An InertSustain C18 column (3μm, 2.1x75 mm) with an Inertsil ODS-4 (3μm, 1.5x10 

mm) guard column was used for separation at 30°C. The mobile phases were 0.1% formic 

acid in ultrapure water (A) and 0.1% formic acid in methanol (B). The gradient began at 

5% B, increased to 40% B at 4.5 min, ramped to 95% B at 5.0 min, was held it for 1 min, 

and then re-equilibrated to 5% B, resulting in a total run time of 8.0 min. 

Positive ESI was used, monitoring 152.10 → 110.15 m/z for paracetamol and 

155.10 → 110.15 m/z for the internal standard, paracetamol-d3. (Table S 6) 

Metabolites also were monitored for semiquantitative purposes. Positive ESI was used 

to monitor 271.00 → 139.90 m/z for paracetamol-cysteine, 328.10 → 152.10 m/z for 

paracetamol-glucuronide, 457.20 → 139.90 m/z for paracetamol-glutathione. Negative 

ESI was used to monitor 230.00 → 150.00 m/z for paracetamol-sulphate, 

311.04 → 182.00 m/z for paracetamol-N-acetylcysteine. 

3.4.2.4. Doxorubicin assay 

Chromatographic separation was achieved on a YMC-Triart C18 (3μm, 2.1x75 mm) 

with a YMC-Triart C18 (3μm, 2.1x10 mm) guard column, maintained at 30°C. The 

mobile phase consisted of 10 mM ammonium acetate with 0.1% formic acid in ultrapure 

water (Eluent A) and acetonitrile (Eluent B). Gradient elution was applied at a flow rate 

of 0.4 mL/min, starting at 30% B, increasing to 90% B by 2.0 min, being held until 3.5 

min, and re-equilibrated to 30% B for a total run time of 5.0 minutes. 
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The mass spectrometer operated in positive electrospray ionisation (ESI) mode with 

multiple reaction monitoring (MRM) mode. The monitored transitions were 544.20 → 

397.05 m/z for doxorubicin and 528.30 → 321.05 m/z for the internal standard (IS), 

daunorubicin. (Table S 7) 

3.4.2.5. Isoprenaline assay 

Isoprenaline was analysed using a Kinetex-EVO C18 (2.6μm, 3x50 mm) with an 

InertSustain C18 (3μm, 1.5x10 mm) guard column, maintained at either 30 °C or 25 °C. 

The mobile phase comprised 0.1% trifluoroacetic acid in ultrapure water (Eluent A) and 

methanol (Eluent B), delivered at a flow rate of 0.4 mL/min. The gradient program began 

at 5% B, increased to 70% B between 1.5 and 2.5 min, then to 90% B between 2.5 and 

3.5 min, and returned to initial conditions within a total run time of 6.0 min. 

Quantification was performed in positive ESI mode, monitoring the transition 

211.90 → 194.20 m/z for isoprenaline. Paracetamol was used as the internal standard, 

monitoring the transition 151.90 → 110.10 m/z. (Table S 8) 

3.4.3. Preparation of standard and working solutions 

For gentamicin, primary stock solutions of the analyte and the internal standard, 

kanamycin, were prepared by dissolving 3.0 mg of the reference substance in ultrapure 

water to obtain a concentration of 1000 µg/mL. These solutions were stored in plastic 

containers, protected from light at - 20 ± 5°C. Working solutions for calibration standards 

and quality control samples were prepared by serial dilution of the stock solutions with 

ultrapure water, covering a concentration range of 0.1 - 100 µg/mL for the analyte, while 

the kanamycin working solution was diluted to 1 µg/mL. 

For the amoxicillin and clavulanic acid method, separate stock solutions were prepared 

for each analyte by dissolving the reference standards in ultrapure water to obtain a final 

concentration of 500 µg/mL. Due to the instability of clavulanic acid, this stock solution 

was aliquoted and stored frozen at - 20 ± 5°C. Working solutions were freshly prepared 

by serial dilution with ultrapure water on each day of use, yielding intermediate solutions 

of 5 µg/mL and 50 µg/mL, which were further diluted to generate calibration levels 

ranging from 0.05 µg/mL to 2.5 µg/mL. 
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In the case of paracetamol, the stock solution of the analyte was prepared in methanol 

at a concentration of 1000 µg/mL, while the stock solution of the internal standard 

(paracetamol-d3) at 500 µg/mL. Working solutions for the calibration curve (0.5–

500 µg/mL) were prepared by serial dilution using methanol, whereas the internal 

standard was diluted with acetonitrile to obtain a working concentration of 1 µg/mL. All 

solutions were stored at - 20 ± 5°C. 

For doxorubicin, the stock solution was prepared in ultrapure water at a concentration 

of 1000 µg/mL and stored at 2–8 °C. The internal standard, daunorubicin, was dissolved 

in methanol to obtain a concentration of 1000 µg/mL and stored at - 20 ± 5°C. Working 

solutions of doxorubicin were prepared by serial dilution with ultrapure water to cover a 

concentration range of 5 ng/mL to 100 µg/mL. The internal standard working solution 

was prepared by diluting the stock with methanol to 1 µg/mL, followed by a final dilution 

with ultrapure water to 10 ng/mL prior to use. 

For isoprenaline, stock solutions of the analyte and the internal standard (paracetamol) 

were prepared in ultrapure water at a concentration of 1000 µg/mL. To minimize 

oxidative degradation, the isoprenaline stock solution was stored in amber glass vials at 

2–8 °C. Working solutions of isoprenaline were prepared by serial dilution with ultrapure 

water, spanning a concentration range of 25 ng/mL to 100 µg/mL. The internal standard 

working solution was similarly diluted with ultrapure water to concentration of 3 µg/mL. 

3.4.4. Sample preparation 

3.4.4.1. Plasma sample preparation (protein precipitation) 

For gentamicin, 50 µL of plasma was treated with 10 µL of ultrapure water, 150 µL of 

0.1 g/mL trichloroacetic acid solution and 10 µL of internal standard working solution 

(kanamycin). Samples were centrifuged twice at 14841 × g at 5°C (10 min and 5 min) to 

ensure clear supernatants. 

For paracetamol, 50 µL of plasma was spiked with 10 µL of methanol and 150 µL of 

internal standard working solution (paracetamol-d3). Following vortex mixing and 

centrifugation at 6596 × g for 10 min, 10 µL of the supernatant was diluted with 90 µL 

ultrapure water – methanol (1:1 v/v) mixture, homogenised and analysed. 
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For doxorubicin quantification, 50 µL of rat plasma was spiked with 10 µL ultrapure 

water and 150 µL of internal standard working solution (daunorubicin). Samples were 

vortexed, centrifuged at 6596 × g for 10 min, and the supernatant was injected. 

For isoprenaline, 50 µL of plasma was mixed with 10 µL of ultrapure water, 40 µL of 

internal standard working solution (paracetamol), and 20 µL of 0.1 g/mL trichloroacetic 

acid solution for protein precipitation. Samples were centrifuged at 6596 × g at 4 °C for 

10 min before being transferred into autosampler vials. 

3.4.4.2. Preparation of urine and cell culture medium samples 

Sample preparation for alternative matrices was adapted to the specific properties of 

the samples. 

For gentamicin, 50 µL of rat urine was mixed with 10 µL of ultrapure water, 10 µL of 

internal standard (kanamycin) working solution, and 150 µL of 0.1 g/mL trichloroacetic 

acid solution. Prior to this spiking, urine samples were centrifuged twice (10 min and 5 

min) at 14841 × g at room temperature to remove particulate matter, if necessary. 

For paracetamol, 10 µL of cell culture medium sample was diluted with ultrapure 

water – methanol (1:1 v/v) mixture (990 µL) and homogenised. After that, the sample 

preparation process was the same as for plasma samples. 

For amoxicillin and clavulanic acid, 100 µL of cell culture medium sample was diluted 

with 900 µL of ultrapure water, and vortexed in an autoinjector vial. 

3.5. In vitro studies in hepatocyte model 

Primary hepatocytes were isolated from male Wistar rats weighing approximately 200-

250 g. The isolated cells were cultured in collagen-precoated plates using a 1:1 mixture 

of Williams’ medium E and Ham's F-12 nutrient mixture. This basal medium was 

supplemented with other additives (10 mM HEPES, 2.2 g/L NaHCO3, 6.9 mM glucose, 

and 1.25 mL/L gentamicin). 

During the cell-attachment phase, the culture medium was further supplemented with 5 % 

heat inactivated fetal bovine serum. The hepatocyte cultures were maintained at 37 °C 

and 5% of CO2. Following an overnight incubation to facilitate cell attachment, the 

hiFBS-containing medium was replaced with an hiFBS-free complete medium for a 24-

hour acclimatization period. 
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The hepatocytes in monolayer were exposed to 1) paracetamol or 2) amoxicillin and 

clavulanic acid, which were formulated in 7.5 mL of the hiFBS-free complete medium. 

To analyse the effect of paracetamol, cells were exposed to concentrations of 1 mM and 

10 mM. To evaluate the combination of amoxicillin and clavulanic acid, cells were treated 

with amoxicillin at 15 µg/mL and clavulanic acid at 5 µg/mL alone or in combination. A 

control group was incubated with drug-free complete medium.  

In parallel with the cellular experiments, cell-free stability controls (incubation of the 

treatment medium without cells) were maintained under identical conditions to assess the 

spontaneous degradation of the compounds in the culture medium. Paracetamol was 

evaluated in these cell-free systems at concentrations of 1 mM and 10 mM, along with 

amoxicillin (15 µg/mL) and clavulanic acid (5 µg/mL) were tested both individually and 

in combination. 

Both the hepatocyte cultures and the cell-free samples were incubated with their 

respective treatments at 37 °C for 24 hours. At the end of the 24-hour treatment period, 

the culture media from all Petri dishes (including the cell-free controls) were collected 

into 50-mL sterile centrifuge tubes. To prepare the samples for further investigation, the 

collected media were centrifuged at 2500 × g for 15 minutes at 4 °C, and the resulting 

supernatants were carefully removed and stored at -75 ± 10 °C.  

3.6. In vivo toxicity studies 

In vivo experiments were performed using male Han-Wistar rats across all study 

groups (Toxi-Coop Toxicological Research Centre). The animals weighed approximately 

200-250 g at the beginning of the study. The administration volume was maintained at 

2 mL/kg for both intraperitoneal and intravenous routes and 20 mL/kg for oral dosing. 

Blood samples were drawn from the retroorbital plexus. Urine samples were collected 

using individual metabolic cages. 

In the gentamicin toxicity study, animals (N=5 per group) received intraperitoneal 

injections of gentamicin sulphate (daily dose of 120 mg/kg) or physiological saline for 

nine consecutive days. Blood and urine samples were collected pre-dose, on days 5, and 

10. 

For the paracetamol toxicity study, animals (N=5 per group) were administered a 

single oral dose of 500 or 1000 mg/kg via gavage, with the vehicle control group 
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receiving 0.5 % methyl-cellulose in distilled water. Blood was collected pre-dose, as well 

as at 8-, 24-, and 48-hours post-administration, coinciding with study termination. 

In the doxorubicin cardiotoxicity model, intravenous injections of doxorubicin 

(3 or 6 mg/kg) were administered on days 0, 4, and 8, compared against an untreated 

control group (N=3 per group). Following pre-dose blood sampling on day 0, the study 

was terminated on day 12, four days after the final dose, with the collection of terminal 

blood. 

Prior to the main isoprenaline toxicity study, a pharmacokinetic pilot experiment was 

conducted. The animals (N=3) received a single intravenous injection of isoprenaline 

hydrochloride at a dose of 50 mg/kg. Blood samples were collected into K3-EDTA tubes 

at 0, 5, 10, 20, 30, 60, and 120 minutes, as well as 4 hours post-treatment. To prevent 

degradation, the samples were centrifuged at 4 °C, and the isolated plasma was 

transferred into amber Eppendorf tubes and immediately placed on dry ice. 

3.7. Data analysis 

Instrument control, data acquisition, and chromatographic peak integration for both the 

LC-MS/MS and HPLC-FLD systems were performed using the Shimadzu LabSolutions 

software. Calibration curves were generated using a weighted (1/x2) least-squares linear 

regression model in most of the experiments, with the exception of isoprenaline, where 

an unweighted exponential curve fitting was used. Bioanalytical method validation, 

including the assessment of accuracy, precision (CV%), recovery and stability (expressed 

as deviation under different storage conditions) was conducted in accordance with the 

ICH M10 guideline (Equations 1-4). For the quantification of the endogenous biomarker 

protoporphyrin IX, the validity of the surrogate matrix approach was confirmed by 

evaluating the parallelism between the calibration curves (Equation 5). (55) 

Accuracy (%) = [(measured conc.-nominal conc.)/nominal conc.] ×100 (Eq. 1.) 

Precision (CV%) = (standard deviation/mean conc.) ×100  (Eq. 2.) 

Recovery (%) = (processed peak area/post-spiked peak area) ×100 (Eq. 3.) 

Deviation (%) = [(stored peak area /freshly prepared peak area) ×100]-100  (Eq. 4.) 

Slope Difference (%) = (
1

1+B
− 1) × 100 (Eq. 5.) 

(Where B is the ± % bias accuracy acceptance criterion for the assay.) 
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The toxicokinetic parameters from the in vivo IPGE study were determined using non-

compartmental analysis. Calculations were performed with Phoenix WinNonlin software 

(version 8.1), yielding pharmacokinetic parameters such as maximum plasma 

concentration (Cmax), time to maximum concentration (Tmax), area under the curve 

(AUClast, AUCinf), and elimination half-life (t1/2). 

The toxicokinetic parameters from the in vivo isoprenaline study were calculated 

manually. For this specific evaluation, the area under the curve up to the last measurable 

concentration (AUClast), the dose-normalized AUClast (AUClast/dose), and the elimination 

half-life (t1/2) were determined with the following equations (Equations 6-8). The half-

life was calculated using linear interpolation. 

AUClast = ∑
(Ci−1+Ci)

2
∗ (ti − ti−1)n

i=1  (Eq. 6.) 

(Where Cn and Cn-1 are the plasma concentrations at time points tn and tn-1, respectively.) 

AUClast/dose = AUClast/ dose (Eq. 7.) 

(Where dose represents the administered amount of the compound per unit of body weight.) 

t1/2 = t1 +
(C1/2−C1)

(C2−C1)
∗ (t2 − t1) (Eq. 8.) 

(Where C1/2 is the half of the maximum concentration, while C1 and C2 are the concentrations measured 

at time points t1 and t2 between which the half-life is interpolated.) 

The results were expressed as the mean ± standard deviation (SD) or mean ± standard 

error of the mean (SEM) or presented as box plots displaying the minimum, first quartile 

(Q1), median, third quartile (Q3), and maximum values. 
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4. RESULTS 

4.1. Elaboration of a method for the toxicokinetic evaluation of isopropyl glycidyl ether 

4.1.1. Method development for IPGE 

The most challenging aspect of the bioanalytical method development for IPGE was 

the molecule’s low ionisation efficiency and lack of chromophores. Initial attempts to 

develop an LC-ESI-MS/MS method using the ammonium adduct of the molecular ion 

resulted in a lower limit of quantification (LLOQ) of 5 µg/mL. In order to achieve this, 

20 mM ammonium acetate in ultrapure water and acetonitrile were used as mobile phases. 

However, rat plasma samples obtained from the pilot toxicity study at a dose of 

1000 mg/kg required higher sensitivity, as no measurable concentrations of the analyte 

could be detected at this LLOQ. To address this limitation, an in-source derivatisation 

strategy based on the gas-phase Meerwein reaction was implemented rather than 

performing derivatisation during sample preparation. During method development, the 

two most common API ionisation techniques (ESI and APCI), as well as different mobile 

phase modifiers (no modifier; formic acid 0.1 %; formic acid 0.5 %; formic acid 1 %; 

acetic acid 0.5 %, trifluoroacetic acid 0.05 %), were systematically evaluated. (T 1) The 

APCI source in positive ionisation mode, and using acetonitrile as both eluent and 

derivatising reagent modified with formic acid, provided the highest signal intensity. The 

optimized method resulted in a 500-fold increase in sensitivity, enabling the 

establishment of an LLOQ of 0.01 µg/mL for toxicokinetic studies. Representative MRM 

chromatograms of the final method are presented in Figure 1. 
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Figure 1. (T 1) 

A) Representative MRM chromatograms of IPGE [157.90 → 116.10 m/z] and IS (tert-

butyl glycidyl ether) [172.00 → 116.10 m/z] in ULOQ sample: IPGE (black), IS (blue). 

B) Representative MRM chromatograms of the IPGE [157.90 → 116.10 m/z]: matrix 

blank (black), IS blank (orange), LLOQ sample (green) and a real study sample (blue), 

inset: MRM chromatogram of the corresponding IS (tert-butyl glycidyl ether) 

[172.00→ 116.10 m/z] in the matrix blank sample as proof of selectivity for IS (black)   
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4.1.2. Method validation for IPGE 

The optimized LC-APCI-MS/MS method was validated according to the guideline 

established by International Council for Harmonisation of Technical Requirements for 

Pharmaceuticals for Human Use (ICH M10). Selectivity was confirmed by the absence 

of interfering peaks at the retention times of the analyte and the internal standard in blank 

plasma samples. The method demonstrated excellent linearity over the concentration 

range of 0.01 - 10 µg/mL, with the correlation coefficient (r2) exceeding 0.99. A LLOQ 

of 0.01 µg/mL was established to ensure sufficient sensitivity. The method showed 

reliable intra-day and inter-day accuracy and precision, with coefficients of variation 

(CV%) within the acceptable limits of ≤15% and ≤20% at the LLOQ, respectively. 

Recovery values ranged between 94.6% and 106% (peak area). Stability studies indicated 

that IPGE remained stable in frozen plasma at -75 °C ± 10 °C and after multiple freeze-

thaw cycles, but degraded when stored in rat plasma at room temperature for 24 hours. 

Based on these findings, appropriate sample handling procedures were established, 

requiring sample processing within 4 hours to ensure data accuracy. The validation results 

are summarized in Table S 9. 

4.1.3. Toxicokinetic characterisation of IPGE 

The validated method was applied to a single-dose oral toxicity study in rats. Plasma 

concentration-time profiles were obtained for all three dose groups (1000, 1500 and 

2000 mg/kg) following oral IPGE administration. (Figure 2.) Table 1 details the 

toxicokinetic parameters of mean plasma concentration profiles. IPGE was rapidly 

absorbed, with the peak plasma concentrations (Tmax) reached between 0.5-hour (at the 

doses of 1500 and 2000 mg/kg) and 1-hour post-dose (at the dose of 1000 mg/kg). The 

results demonstrated that Cmax and AUC values increased more than proportionally with 

dose, indicating non-linear pharmacokinetic behaviour. The elimination half-life of IPGE 

was approximately 9 hours at the lowest dose (1000 mg/kg), and increased to 13–15 hours 

at higher doses (1500 and 2000 mg/kg), suggesting saturation of metabolic pathways. At 

the highest dose (2000 mg/kg) mortality was observed, which may be attributed to high 

plasma concentrations reaching up to 162 µg/mL. 
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Figure 2. (T 1) 

Plasma concentration - time profiles in rats after oral administration of IPGE at 

three dose levels (A: 1000 mg/kg; B: 1500 mg/kg; C: 2000 mg/kg). The points represent 

the mean plasma concentrations of 3-6 animals, whereas the whiskers are for the SEM 

values. Inset figures show the terminal elimination phase magnified, open symbol 

indicates exclusion from the terminal elimination phase fit. 
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Table 1. (T 1) Toxicokinetic parameters of IPGE mean plasma concentration profiles 

study at three dose levels (1000, 15000 and 2000 mg/kg) 

Toxicokinetic 

parameters 
Unit 

Dose level 

1000 mg/kg 1500 mg/kg 2000 mg/kg 

Tlag [h] 0 0 0 

Tmax [h] 1.0 0.5 0.5 

Cmax [μg/mL] 0.172 16.2 162 

SE _Cmax [μg/mL] 0.0878 10.3 46.6 

Cmax/dose [kg×μg/mL/mg] 0.000172 0.0108 0.0811 

AUClast [h×μg/mL] 0.967 12.4 147 

AUClast/dose [h×kg×μg/mL/mg] 0.000967 0.00827 0.0735 

SE_AUClast/dose [h×kg×μg/mL/mg] 0.202 5.17 32.8 

AUCall [h×μg/mL] 0.967 12.41 147.01 

SE_AUCall [h×μg/mL] 0.202 5.17 32.8 

MRTlast [h] 6.02 4.02 1.40 

No.points λz - 3 3 3 

Rsq - 0.913 0.996 0.985 

Rsqadj - 0.827 0.993 0.970 

t½λ [h] 8.94 13.2 15.2 

AUCinf [h×μg/mL] 1.09 14.5 151 

AUCinf/dose [h×kg×μg/mL/mg] 0.00109 0.00969 0.0757 

AUC%ext [%] 11.3 14.7 2.90 

MRTinf [h] 9.50 9.75 2.69 

4.1.4. Identification of Possible Isopropyl Glycidyl Ether Metabolites 

Qualitative analysis of plasma samples obtained from the toxicokinetic study revealed 

seven metabolites. The predicted metabolites were suggested based on the articles by 

Chen et al. (22) and Eadsforth et al (21) about the metabolism of n-butyl glycidyl ether, 

which is structurally similar to IPGE. N-Butyl glycidyl ether has been reported to be 

metabolized via two major pathways: 1) hydration to form a diol metabolite and 2) 

conjugation with glutathione. Diol metabolite underwent further metabolism to sulphate 

or glucuronide conjugates or a-hydroxy acid, which was transaminated and N-acetylated. 

Metabolic profiling of IPGE was based on the evaluation of retention times and the 

detection of characteristic m/z signals in SIM mode. In the 12-minute-long LC-MS/MS 

method used for metabolite screening, an ESI source was utilized. Analysis was 
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conducted in negative ion mode for the sulphate and glucuronide conjugates, while 

positive ion mode was applied for the remaining metabolites. The mobile phase consisted 

of water and acetonitrile, both containing 0.5% formic acid. The primary metabolic 

pathway involved epoxide ring opening via hydrolysis, leading to the formation of the 

diol metabolite 3-isopropoxy-2-hydroxy-1-propanol (M1). This metabolite underwent 

further oxidation to form 3-isopropoxy-2-hydroxypropionic acid (M5). Several Phase II 

conjugates were also identified, indicating detoxification pathways that converted the 

reactive epoxide and its metabolites into less toxic forms. The glutathione pathway was 

represented by the direct glutathione conjugate of IPGE (M11). The hydrolysed diol 

metabolite (M1) underwent conjugation with sulphate and glucuronic acid forming M3, 

and M4 metabolites, respectively. Additionally, oxidation of the hydroxypropionic acid 

metabolite (M5) generated an -keto-acid intermediate, which served as a precursor for 

transamination, followed by N-acetylation to O-isopropyl-N-acetylserine (M6) and O-

(hydroxy-isopropyl)-N-acetylserine (M7). Representative SIM chromatograms of the 

possible metabolites (listed in Table 2 along with their names, molecular weights, mass-

to-charge ratio values, and retention times) are shown in Figure 3. 

 

Table 2. List of the possible metabolites 

Metabolite Name 

molecular 

weight 

[g/mol] 

mass-to-

charge ratio 

[m/z] 

retention 

time 

[min] 

M1 3-isopropoxy-2-hydroxy-1-propanol 134 135 2.6 

M3 Sulfate-conjugate of IPGE 214 213 3.3 

M4 Glucuronide-conjugate of IPGE 310 309 2.8 

M5 3-isopropoxy-2-hydroxypropionic acid 148 149 2.7 

M6 O-isopropyl-N-acetylserine 189 190 3.2 

M7 O-(hydroxy-isopropyl)-N-acetylserine 205 206 2.9 

M11 Glutathione-conjugate of IPGE 423 424 3.0 

 

  



 

42 

 

 

 

 

Figure 3. (T 1) 

Representative SIM chromatograms of the IPGE metabolites (injection volume: 1-1-10 

μL) A) O-isopropyl-N-acetylserine (M6) 190 m/z (blue), glucuronide-conjugate of IPGE 

(M4) 309 m/z (green), O-(hydroxy-isopropyl)-N-acetylserine (M7) 206 m/z (orange); B) 

3-isopropoxy-2-hydroxypropionic acid (M5) 149 m/z (black), glutathione-conjugate of 

IPGE (M11) 424 m/z (brown), sulphate-conjugate of IPGE (M3) 213 m/z (red); C) 3-

isopropoxy-2-hydroxy-1-propanol (M1) 135 m/z (magenta)   
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4.2. Challenges in the quantification of endogenous biomarker protoporphyrin IX  

4.2.1. Optimization of chromatographic and detection conditions for protoporphyrin IX 

To achieve optimal separation for protoporphyrin IX, several chromatographic 

parameters were evaluated. Based on the results of Benton et al. regarding the stationary 

phase, an ACE Ultracore SuperC18 column was selected for chromatographic separation. 

(138) Fluorescence detection wavelengths were optimized to Ex=405 nm and 

Em=630 nm, providing the highest signal-to-noise ratio for protoporphyrin IX while 

minimizing background interference from the rat plasma matrix. Carry-over was 

eliminated by using 2-propanol as a washing solvent. Representative HPLC-FLD 

chromatograms of the method are shown in Figure 4. 

  
Figure 4. (T 2) 

Representative HPLC-FLD chromatograms of protoporphyrin IX 

HPLC-FLD Chromatograms recorded at 630 nm in surrogate and authentic matrices. 

A) Blank sample in surrogate matrix (blue), IS (mesoporphyrin IX) blank sample in 

surrogate matrix (green), LLOQ sample (10 ng/mL) in surrogate matrix with red circle 

on the analyte peak (orange), ULOQ sample (700 ng/mL) in surrogate matrix (black) 

B) Individual plasma sample from a female rat in authentic matrix (pink), individual 

plasma sample from a male rat in authentic matrix (navy blue), both with red circle on 

the analyte peak. 
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4.2.2. Characterisation of the surrogate matrix 

The presence of endogenous protoporphyrin IX in rat blank plasma makes it 

challenging to obtain a true blank matrix, resulting in false concentration values. To 

address this issue, a surrogate matrix, analyte-free plasma (Figure 4 A – blue line) was 

produced by photodegradation. Exposure of authentic plasma (Figure 4 B) to visible light 

for 4 hours resulted in the complete elimination of the endogenous protoporphyrin IX 

content. However, the exposure to visible light for less than 4 hours did not remove 

protoporphyrin IX properly. The internal standard (mesoporphyrin IX) was added post-

treatment; therefore, it remained unaffected by photodegradation. This process yielded a 

suitable "analyte-free" matrix that closely mimicked the physical and chemical properties 

of the authentic matrix. 

4.2.3. Validation using the surrogate matrix approach 

The suitability of the surrogate matrix approach was confirmed through 

comprehensive validation. Selectivity assessments demonstrated that the processed 

surrogate matrix was free from notable interference at the retention time of 

protoporphyrin IX, ensuring method selectivity. A critical requirement for endogenous 

biomarkers, parallelism, was established by comparing the two regression slopes of 

calibration curves prepared either by spiking in the surrogate matrix or obtained in the 

authentic matrix using the standard addition method. (55) The slopes were comparable, 

thereby verifying that the surrogate matrix is a valid substitute for the authentic biological 

fluid for quantification purpose. Additionally, quality control samples prepared in the 

authentic (low, medium, high) and surrogate matrix (LLOQ) consistently met the 

acceptance criteria, with accuracy within ±15% and precision below 15% (±20% and 

below 20% for LLOQ) across the validated calibration range of 10–700 ng/mL. Table 

S 10 summarizes the result of the validation process. 

4.2.4. Measurement of protoporphyrin IX in rat plasma 

The applicability of the method was demonstrated in a rat model treated with the 

protoporphyrin IX precursor, 5-aminolaevulinic acid. Following oral administration of 5-

aminolaevulinic acid (100 mg/kg), a significant time-dependent increase in plasma 
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protoporphyrin IX levels was observed. The concentration-time profiles showed a clear 

accumulation of protoporphyrin IX, reaching a maximum 2 hours post-dose, followed by 

a gradual decline. By the 24-hour sampling point, the protoporphyrin IX levels declined 

to values comparable to the pre-dose and control group concentrations (Figure 5). 

 

Figure 5. (T 2) 

Concentration-time profiles of protoporphyrin IX in untreated and  

5-aminolaevulinic acid treated rats 

Time curves of protoporphyrin IX plasma concentrations in male rats following single 

5-aminolaevulinic acid treatment (mean values with SEM). Black line with squares: 

dosed group (received 100 mg/kg 5-aminolaevulinic acid); blue line with circles: control 

group (received vehicle only). 

4.3. Bioanalysis of pharmaceuticals 

Reliable toxicity assessment of diverse chemical agents, including human and 

veterinary drugs as well as agrochemicals, is a fundamental requirement for regulatory 

compliance, commercial viability, and public safety. However, evaluating organ-specific 

damage, especially hepatotoxicity, nephrotoxicity, and cardiotoxicity, remains a 

significant challenge. Conventional biomarkers frequently lack specificity and are often 

unable to indicate adverse effects at an early stage. The primary aim of the joint research 

project between Toxi-Coop Toxicological Research Centre and HUN-REN Research 

Centre for Natural Sciences (2020-1.1.2-PIACI-KFI-2020-00021) was the discovery and 

development of innovative, extracellular vesicle-derived microRNA biomarkers for 

safety assessment of chemicals. Because microRNAs act as upstream regulators of 
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protein synthesis, they offer a promising avenue for capturing early-stage signs of 

toxicity. 

To support the discovery of these biomarkers, a tiered experimental workflow was 

implemented. In accordance with the 3R (Replacement, Reduction, Refinement) 

principles, the study was initiated with in vitro test systems using rat primary hepatocytes 

treated with hepatotoxic model compounds (paracetamol and amoxicillin + clavulanic 

acid). Subsequently, the research advanced to in vivo rat models to induce and monitor 

organ-specific damage using established toxicants for the liver (paracetamol), heart 

(doxorubicin, isoproterenol), and kidneys (gentamicin). Accurate evaluation of the dose-

response relationships in these in vitro and in vivo studies required precise determination 

of drug concentrations in cell culture medium, blood plasma and urine. Bioanalytical 

methods were established for various model toxicants to support organ-specific safety 

studies. Full validation was performed for the primary nephrotoxicity model compound 

(gentamicin), while “fit-for-purpose”, qualified methods were implemented for other 

agents to confirm exposure. 

4.3.1. Nephrotoxicity model compound: gentamicin 

The LC-ESI-MS/MS method developed for the quantification of gentamicin was fully 

validated in both rat plasma and urine matrices. Selectivity was demonstrated by the 

absence of interfering peaks at the retention times of the gentamicin components (C1, 

C1a, C2/C2a) and the internal standard (kanamycin) in blank samples from both matrices. 

The method showed excellent linearity over the concentration range of 20-2000 ng/mL. 

The LLOQ was established at 20 ng/mL for both plasma and urine, providing sufficient 

sensitivity for monitoring drug levels in the nephrotoxicity study. 

Precision and accuracy were evaluated at four quality control levels. Intra-day and 

inter-day precision (CV%) values were well within acceptable limits, remaining below 

12.4% for plasma and 13.7% for urine. Accuracy was similarly robust, ranging within 

±14.8% for plasma and ±13.5% for urine, thereby meeting the predefined acceptance 

criteria. Extraction recovery was consistent across low, medium, and high-quality control 

levels (ranging from 89.5% to 114%), while matrix effect assessments indicated no 

significant ion suppression or enhancement, with precision and accuracy deviations 

remaining within ±15%. The results of the validation process are in Table S 11. 
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Furthermore, the stability studies demonstrated that gentamicin was stable in 

biological matrices under various conditions. No significant degradation was observed 

after storage at room temperature for 24 hours, after three freeze-thaw cycles, or during 

long-term storage at -75 °C (validated up to 83 days for plasma and 8 days for urine). 

Autosampler stability was also confirmed at 5 °C, ensuring the integrity of processed 

samples during batch analysis. Chromatographic separation was achieved on an 

SupelTM Carbon LC column using a rapid, 7-min gradient program. The method 

demonstrated good linearity and specificity, enabling reliable quantification of antibiotic 

concentrations in both plasma and urine matrices throughout the treatment period, despite 

the challenge of the complex matrix composition (Tables S 11). Representative MRM 

chromatograms of the method for gentamicin are depicted in Figure 6 in plasma matrix. 

  

Figure 6. 

A) Representative MRM chromatograms of gentamicin C1 [478.10 → 322.20 m/z] 

and IS (kanamycin) [485.00 → 163.15 m/z] in ULOQ plasma sample: analyte (black), IS 

(blue). 

B) Representative MRM chromatograms of the analyte gentamicin C1 [478.10 → 

322.20 m/z]: matrix blank (black), IS blank (orange), LLOQ sample (green) and a real 

study sample (blue), inset: MRM chromatogram of the corresponding IS (kanamycin) 

[485.00 → 163.15 m/z] in the matrix blank sample as proof of selectivity for IS (black) 

all in plasma 

 

Daily administration of 120 mg/kg gentamicin to male Wistar rats resulted in mean 

plasma concentrations of 54.3±15.6 ng/mL and 72.1±22.5 ng/mL on days 5 and 10, 

respectively. After a 16-hour collection period, the mean urinary concentrations were 
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several orders of magnitude higher than those in plasma, 30,900±19,700 ng/mL and 

26,200±7,761 ng/mL on days 5 and 10 (Figure 7). Furthermore, both urinary and plasma 

concentrations were similar on days 5 and 10. 

 

Figure 7. Gentamicin concentrations in rat plasma and urine sampled on the day 5 and 

10 after intravenous administration of 120 mg/bodyweight kg daily dose) (N=5) in the 

nephrotoxicity study. 

 

Gentamicin plasma (red) and urinary (black) concentrations are presented in box plots. 

Plasma and urine samples were collected on days 5 and 10. The box plots represent the 

minimum, first quartile (Q1), median, third quartile (Q3), and maximum values. 

Individual data points are shown as diamonds. 

4.3.2. Hepatotoxicity and cardiotoxicity models 

For the well-characterised model toxicants used in hepatotoxicity and cardiotoxicity 

studies, rapid LC-MS/MS methods were developed, focusing primarily on linearity, 

sensitivity (LLOQ), and specificity required for in vitro and in vivo exposure verification. 

Unlike the comprehensive validation performed for the nephrotoxicity model, these 

methods were optimized for high-throughput and immediate applicability in screening 

studies. To ensure data reliability, even for these rapid methods, the qualification included 

at least three independent analytical runs, with calibration and six replicates at each 

quality control level, thereby verifying the reliability of the method performance.  
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4.3.2.1. Hepatotoxicity model using paracetamol 

To support the drug-induced liver injury model, a LC-ESI-MS/MS method was 

implemented for the quantification of paracetamol in cell culture medium for rat primary 

hepatocytes, as well as in rat plasma. Using a simple protein precipitation protocol with 

acetonitrile and paracetamol-d3 as the internal standard, the method provided a linear 

response across the wide concentration range expected in overdose scenarios. The 

chromatographic method (InertSustain C18 column) successfully separated the parent 

compound (RT: 3.1 min) from early-eluting polar matrix components. The LLOQ 

(0.1 µg/mL) and linearity (0.1-100 µg/mL) were sufficient to confirm systemic exposure 

levels corresponding to the hepatotoxic doses administered in the animal experiments. 

Validation results are summarized in Table S 12. 

In the cell culture medium, where control (untreated) samples consistently measured 

0 mM of paracetamol, the 1 mM and 10 mM dose groups yielded concentrations of 

1.10 mM and 10.19 mM at 0 h and no chemical degradation was observed after 24h-

incubation in cell-free culture medium. However, substantial decrease in paracetamol 

concentrations was detected (to 0.16 mM and 7.94 mM, respectively) after 24 h-

incubation with hepatocytes. 

In the in vivo rat model, following a single dose of 500 and 1000 mg/kg paracetamol, 

the intact parent compound was detectable in plasma for 8 hours at the low dose and for 

24 hours at the high dose (Figure 8 A). Eight hours after administration of 500 and 1000 

mg/kg dose of paracetamol, approximately twofold higher mean plasma concentrations 

were detected at high dose as compared to low dose (17.5 µg/mL at 500 mg/kg and 

43.3 µg/mL at 1000 mg/kg). Due to the lack of available reference standards for the 

metabolites, their exact concentrations were not determined. Instead, relative trends were 

monitored by comparing chromatographic peak areas, adjusted using appropriate dilution 

factors. For the lower and higher doses, paracetamol sulphate was detected in plasma up 

to 24 and 48 hours (Figure 8 B), paracetamol glutathione up to 8 and 24 hours (Figure 8 

C), and paracetamol glucuronide up to 24 and 48 hours, respectively (Figure 8 D). 

Although the analytical method was configured to monitor the paracetamol-cysteine and 

paracetamol-N-acetylcysteine metabolites, the concentrations of these metabolites in the 

analysed samples remained below the limit of detection. 
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Figure 8. Concentrations of paracetamol (A) and its metabolites (B: paracetamol 

sulphate, C: paracetamol glutathione, D: paracetamol glucuronide) in rat plasma after oral 

administration of 500 and 1000 mg/kg paracetamol (N=5 per dose group). 

 

4.3.2.2. Hepatotoxicity model using combination of amoxicillin and clavulanic acid 

The combination of amoxicillin and clavulanic acid has been reported to rarely induce 

liver injury in patients (139, 140); therefore, we investigated the hepatotoxic potential of 

single administration and the combination in the in vitro hepatocyte model. To support 

hepatotoxicity screening and determine the extent of drug exposure, an LC-MS/MS 
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method was developed and optimized for the simultaneous quantification of amoxicillin 

and clavulanic acid in cell culture medium. Using the highly polar amoxicillin and the 

hydrolytically instable clavulanic acid, a simplified sample preparation involving a 10-

fold dilution with water was applied. The method utilized positive electrospray ionisation 

as MS source and an InertSustain C18 (3μm, 2.1x75 mm) analytical column to achieve 

adequate sensitivity for both compounds. Table S 13 details the outcomes of the 

validation process. 

In control cell culture medium, neither amoxicillin nor clavulanic acid was detected. 

In amoxicillin treated samples (alone or in combination with clavulanic acid), the 

concentrations of amoxicillin in the medium decreased by approximately 45% of the 

initial values during the 24-hour incubation with hepatocytes. A nearly identical decrease 

was observed after 24 hours of cell-free incubation. Clavulanic acid concentrations were 

substantially reduced to 13-16% of the initial values during the incubation with or without 

liver cells. Comparing the degradation profiles, clavulanic acid was more unstable in cell 

culture medium at 37°C than amoxicillin. The depletion for both compounds was 

essentially the same in the cell-free medium as in the presence of hepatocytes. The 

observed decreases represent chemical instability in the 37°C medium, and did not 

depend on enzymatic cellular metabolism. (Table 3) 

Table 3. In vitro degradation of amoxicillin and clavulanic acid  

 Concentration [µg/mL] 

Condition Amoxicillin Clavulanic 

acid 

Amoxicillin + 

Clavulanic acid 

0 min 15.5 6.11 15.6 + 5.96 

cell-free incubation for 24 h 8.76 0.947 8.65 + 0.917 

incubation with hepatocytes for 24 h 8.49 0.782 8.59 + 0.782 

4.3.2.3. Cardiotoxicity model compound: doxorubicin (multiple-dose administration) 

For the in vivo cardiotoxicity assessment following repeated administration of 

doxorubicin to male Wistar rats, a specific LC-MS/MS method was developed to measure 

doxorubicin levels in plasma. The method employed daunorubicin as an internal standard 

and utilized a YMC-Triart C18 column to ensure sharp peak shapes and adequate 

retention (RT: 1.8 min). Positive electrospray ionisation with MRM detection (544.20 → 

397.05 m/z) provided high selectivity, effectively distinguishing the analyte from 

endogenous plasma components. The method was qualified to determine the circulating 
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drug levels, confirming that the administered repeated doses resulted in the expected 

systemic exposure associated with cardiomyopathy. The analytical validation parameters 

are provided in Table S 14. 

Rats were treated with doxorubicin at doses of 3 and 6 mg/kg (corresponding 

cumulative doses of 9 and 18 mg/kg). Plasma samples were collected on day 12 (4 days 

after last treatment). The analytical results revealed somewhat higher plasma 

concentrations of doxorubicin in the high-dose group than expected based on the 

concentrations observed in the low-dose animals. The low- and high-dose cohorts 

exhibited mean plasma concentrations of 7.83±0.630 ng/mL and 22.0±3.89 ng/mL, 

respectively (Figure 9). 

 

Figure 9. Doxorubicin concentrations in rat plasma cardiotoxicity study 

Doxorubicin plasma concentrations in rats after repeated doses of 3 and 6 mg/kg 

(cumulative doses of 9 and 18 mg/kg). Plasma samples were collected on day 12 (4 days 

after last treatment). The box plots represent the minimum, first quartile (Q1), median, 

third quartile (Q3), and maximum values. Individual data points are shown as diamonds. 

4.3.2.4. Cardiotoxicity Model Compound: Isoprenaline (Single-Dose Administration) 

In the acute cardiotoxicity model, a single dose of isoprenaline (5 and 50 mg/kg) was 

administered to male Wistar rats, and blood samples were collected after 24 hours. The 

bioanalysis of isoprenaline presented a unique challenge due to its extreme instability and 

susceptibility to oxidative degradation. A specialized "rapid method" was qualified using 

a Kinetex-EVO C18 column and an acidified mobile phase (0.1% trifluoroacetic acid) to 

stabilize the catecholamine structure during analysis. Sample preparation involving 



 

53 

 

protein precipitation with trichloroacetic acid was employed instead of acetonitrile to 

maintain the target compound in solution. A fast 6-min method was achieved, with a 1-

min retention time difference between the analyte and the internal standard (paracetamol). 

Despite the difficulty of analysing this hydrophilic compound, the method demonstrated 

sufficient linearity and sensitivity to verify the high-dose intravenous administration used 

to induce myocardial infarction-like injury in the rat model. The findings from the 

validation procedure are detailed in Table S 15. 

Before initiating the main isoprenaline study, a preliminary experiment was performed 

using a single intravenous administration of 50 mg/kg to confirm the rapid elimination of 

isoprenaline. Analysis of the resulting toxicokinetic curve (Figure 10) yielded an AUClast 

of 25,300 h×ng/mL, a dose-normalized AUClast of 506 h×kg×ng/mL/mg, a clearance of 

1.97 mL/h/kg, and a half-life of 3.46 min. The half-life was calculated using linear 

interpolation. The extremely short half-life of isoprenaline suggested that quantification 

of the parent compound at the main study's designated sampling times (8 and 24 hours 

after administration of isoprenaline dose) is unnecessary, as detectable levels are not 

expected in these samples. 

 

Figure 10. Concentration-time profiles of isoprenaline in male rats. 

The time curve of isoprenaline plasma concentrations was determined in male rats 

following a single dose of 50 mg/kg (mean values with SEM).   
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5. DISCUSSION 

The thesis highlights the role of tailored bioanalytical strategies for supporting various 

toxicological assessments. By successfully overcoming inherent analytical limitations, 

the developed methodologies provided essential kinetic data. These solutions include 

innovative strategies such as in-source derivatisation for IPGE, photobleaching-based 

surrogate matrix for protoporphyrin IX, and rapid analytical methods for pharmaceuticals. 

The following sections discuss the implementation and biological relevance of these 

analytical approaches and their application across various in vivo and in vitro toxicity 

models. 

5.1. Challenges in the bioanalysis of IPGE 

The toxicological assessment of industrial alkylating agents, such as glycidyl ethers, 

has long been hampered by the lack of sufficiently sensitive bioanalytical methods 

capable of quantifying these compounds in biological matrices. (16, 21, 22) The study 

presented here demonstrated that the physicochemical properties of isopropyl glycidyl 

ether (IPGE) — specifically its low molecular weight, high hydrophilicity, and lack of 

chromophores — pose substantial analytical challenges that cannot be adequately 

addressed by conventional approaches.  

One of the pivotal findings of this research was the inadequacy of traditional 

electrospray ionisation for this class of compounds. As was found during method 

development, IPGE exhibited low proton affinity. Although formation of ammonium 

adduct ([M+NH4]
+) could be optimized in ESI mode and yielded a stable signal, the 

sensitivity remained insufficient (LLOQ: 5 µg/mL). This limit rendered the method not 

fit-for-purpose, as the subsequent toxicokinetic study revealed that relevant plasma 

concentrations were several orders of magnitude below this threshold. These findings 

were consistent with previous reports indicating that conventional ionisation techniques 

often fail for small epoxides in the absence of derivatisation. (34, 35) 

To address this limitation, a novel strategy based on APCI combined with an in-source 

derivatisation mechanism was successfully implemented. Specifically, exploitation of a 

gas-phase Meerwein reaction — where acetonitrile acted as a derivatising agent in the 

presence of formic acid —proved to be a major breakthrough (Figure 11). This reaction, 

occurring within the plasma corona discharge region, generated a stable cation resulting 
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in a 500-fold increase in sensitivity compared to the initial ESI method employing the 

ammonium adduct as the parent ion. This approach was inspired by the pioneering work 

of Wu et al. (141) and Bai et al. (32), who described this gas-phase reaction mechanism 

for pharmaceutical impurities based on the findings of Meurer and Eberlin (142). 

Moreover, the selection of APCI was further supported by its lower susceptibility to 

matrix effects compared to ESI, as reported by Souverain et al. (143) 

 

 

 

Figure 11. Reaction scheme of the Meerwein reaction taking place in the ion source 

 

This methodological advancement was not merely a technical refinement but a 

prerequisite for the biological study. Without achieving LLOQ of 0.01 µg/mL, the non-

linear pharmacokinetic behaviour and the saturation of metabolic pathways (Figure 12) 

at lower doses would have remained undetected. Based on the toxicokinetic evaluation 

(Table 1), IPGE was rapidly absorbed. The results demonstrated that AUC values 

increased more than proportionally with dose, indicating non-linear pharmacokinetic 

behaviour. The prolongation of the elimination half-life at higher doses further suggests 

saturation of metabolic pathways. The mortality observed at the highest dose 

(2000 mg/kg) may be attributed to high plasma concentrations (162 µg/mL), 

underscoring the toxicological relevance of the exposure levels. 

The identification of seven putative metabolites indicated that IPGE underwent 

extensive biotransformation in rats. These metabolites were proposed based on the 

metabolic pathways of n-butyl glycidyl ether, as described by Chen et al. and Eadsforth 

R=iso-propyl (IPGE); tert-butly (IS) 

Meerwein reaction product glycidyl ether 
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et al. for a structurally related glycidyl ether. (21, 22) Based on these findings, IPGE 

metabolism was proposed to proceed via two major pathways: 1) conjugation with 

glutathione, and 2) epoxide hydrolysis followed by oxidation and/or conjugation with 

sulphate and glucuronic acid as well as by transamination and acetylation, collectively 

contributing to detoxification and reduced reactivity of the parent compound. (Figure 12.) 

The detected Phase II conjugates suggested the involvement of detoxification pathways 

that convert the reactive epoxide and its intermediates into less toxic forms. 

It should be noted that, in the absence of authentic analytical standards, the 

identification of these metabolites remained tentative and requires further confirmation 

using high-resolution mass spectrometry in future investigations. Nevertheless, the 

current findings provided a solid foundation for subsequent characterisation. 

The handling of IPGE introduced an additional level of complexity due to its inherent 

reactivity. Stability assessments revealed that IPGE remained stable in plasma for up to 

4 hours at room temperature, allowing adequate time for sample processing. However, 

significant degradation was observed after 24 hours, emphasizing the importance of 

timely analysis and appropriate storage to ensure data integrity. 

Collectively, these results demonstrated that, for reactive industrial chemicals, "off-

the-shelf" bioanalytical methods are often insufficient. Instead, a detailed understanding 

of gas-phase ion chemistry and compound-specific reactivity in the ion source may be 

essential for the development of robust and sensitive analytical methods. 
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Figure 12. Proposed metabolic pathways of IPGE in rats 

M1 (3-isopropoxy-2-hydroxy-1-propanol); M3 (sulfate-conjugate of IPGE);  

M4 (glucuronide-conjugate of IPGE); M5 (3-isopropoxy-2-hydroxypropionic acid);  

M6 (O-isopropyl-N-acetylserine); M7 (O-(hydroxy-isopropyl)-N-acetylserine);  

M11 (glutathione-conjugate of IPGE)   
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5.2. Implementation of surrogate matrix approach for protoporphyrin IX 

The precise quantification of endogenous compounds, such as protoporphyrin IX, 

presents a distinct bioanalytical challenge compared to xenobiotics, primarily due to the 

absence of a true analyte-free blank matrix. The bioanalysis and validation of such 

methods are further complicated by the variable background levels in biological samples. 

(144, 145) In this context, rigorous validation in accordance with established 

bioanalytical guidelines is essential. The finalized ICH M10 guideline provides detailed 

and harmonized recommendations for endogenous analytes, outlining four acceptable 

strategies: the use of surrogate matrices, surrogate analytes, standard addition, or 

background subtraction. (5) In the present study, the surrogate matrix approach was 

selected and implemented in full compliance with these new regulatory standards. 

A key innovation of the developed methodology was the in-house preparation of a 

surrogate matrix via visible light-induced analyte stripping (photobleaching). (146) To 

our knowledge, this represents the first reported application of photobleached plasma as 

a validated surrogate matrix for protoporphyrin IX quantification in alignment with the 

ICH M10 guideline. (5) The validity of this approach was rigorously confirmed through 

the assessment of parallelism, the most critical validation parameter for endogenous 

methods. (147) By demonstrating that the calibration slopes in the surrogate and authentic 

matrices were comparable — meeting the predefined slope-difference acceptance criteria 

described by Ji et al. — we proved that the surrogate matrix is a scientifically valid 

substitute for the authentic biological fluid. (55) 

From a practical perspective, the developed HPLC-FLD method offered significant 

advantages over existing alternatives, particularly in terms of simplicity and throughput. 

While LC-MS/MS is often considered the gold standard for sensitivity, it typically 

requires costly instrumentation and complex sample preparation. For example, Walke et 

al. reported a highly sensitive LC-MS/MS method for serum protoporphyrin IX; however, 

their protocol involved a multi-step, time-consuming sample preparation procedure 

lasting several hours. (52) Similarly, Zhang et al. achieved high sensitivity using ultra-

performance liquid chromatograph-tandem mass spectrometry, but required more 

elaborate extraction procedures and longer chromatographic run times compared to the 

present method. In contrast, our approach employed a simple protein precipitation step 

and a rapid 8-min gradient run, achieving an LLOQ of 10 ng/mL. (51) This sensitivity is 
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comparable to that reported by Macours et al. (5.63 ng/mL), while substantially reducing 

analysis time (8 min vs. 20 min). (148) 

Furthermore, the use of gradient elution was critical for ensuring method 

reproducibility. Although Wakamatsu et al. successfully applied isocratic HPLC-FLD for 

porphyrin analysis in food matrices, such conditions are often unsuitable for complex 

biological samples due to the on-column accumulation of interfering matrix components. 

(149) The gradient approach employed here mitigated this issue, resulting in stable 

retention times and consistent signal responses.  

The accurate quantification capability of the method was demonstrated using a  

5-aminolaevulinic acid-induced protoporphyrin IX accumulation model in rats. The study 

confirmed that the developed HPLC-FLD method is suitable for monitoring dynamic 

changes in endogenous protoporphyrin IX levels in a toxicological setting. The observed 

plasma kinetics—characterised by a rapid increase with a peak at 2 hours post-dose 

followed by a gradual decline—are consistent with findings reported by Van Den Boogert 

et al. (1998). (46) It should be noted that, although photobleaching represents a cost-

effective stripping technique, prolonged light exposure may potentially affect other light-

sensitive endogenous matrix components; however, no such interference with the 

accurate quantification of protoporphyrin IX was observed in the present study. 

In conclusion, this work demonstrated that, for the quantification of endogenous 

biomarkers, successful method validation critically depends on the suitability of the 

surrogate matrix. The photobleaching strategy presented here provided a cost-effective, 

ICH M10-compliant approach for generating an analyte-free matrix while preserving the 

complexity of the biological background. The developed HPLC-FLD method therefore 

represents a reliable and practical alternative to more complex MS-based workflows for 

routine toxicological monitoring. (150-152) 

5.3. Bioanalytical support for organ-specific toxicity model experiments 

5.3.1. Bioanalysis of gentamicin in the in vivo nephrotoxicity model 

Kidney is the primary organ responsible for the excretion of many xenobiotics and is 

particularly susceptible to toxic injury. In our comprehensive nephrotoxicity model study 

gentamicin was selected as the reference compound due to its well-documented 

accumulation in the renal cortex. (66) Previous kinetic studies, including those by Miller 
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et al. (67), have demonstrated that the intrarenal accumulation of aminoglycosides is the 

driver of toxicity, underscoring the importance of precise monitoring of tissue and plasma 

levels. (153, 154) 

The bioanalysis of gentamicin remained challenging due to its high polarity, lack of 

UV-absorbing chromophores, and complex multicomponent composition. Although 

alternative separation techniques, such as hydrophilic interaction chromatography 

(HILIC), have been proposed, the present study employed an extensive and systematic 

method validation strategy using a reversed-phase system with a carbon-based stationary 

phase. (73, 75, 155) This approach enabled accurate quantification of the principal 

gentamicin component, while minor components were monitored for qualitative purposes 

only. (63, 70) Such analytical rigor was essential to ensure that the observed 

nephrotoxicity biomarkers (extracellular miRNAs) correlated reliably with the systemic 

exposure of gentamicin, free from analytical artifacts.  

Our method’s applicability was confirmed through the study sample analysis of an in 

vivo model experiment. High urinary gentamicin concentrations (approximately 

30,000 ng/mL) were found alongside relatively low circulating plasma levels (50–

70 ng/mL). The developed method was simultaneously able to quantify gentamicin in an 

extremely wide concentration range exhibited in the two matrices. 

5.3.2. Rapid method implementation for drug exposure in screening models 

For the hepatotoxicity and cardiotoxicity screening models, the primary bioanalytical 

objective shifted from comprehensive validation to rapid data acquisition on sample 

concentrations related to the specific dose. The aim of method development was to 

accurately determine drug concentrations in blood plasma or cell culture media, thereby 

supporting parallel investigations within the research group focused on innovative, 

extracellular vesicle-derived biomarkers. This targeted approach reflects the need for 

rapid analytical support in preclinical screening, where the confirmation of administered 

dose levels sits in priority and does not require full regulatory validation. 

To support the drug-induced liver injury model, a previously established method for 

paracetamol was adapted to monitor drug concentrations in both rat plasma and 

hepatocyte culture media. As paracetamol toxicity is driven by the saturation of metabolic 

pathways and the formation of reactive metabolites, the analytical method required a 
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broad dynamic range (0.1-100 µg/mL). Following the principles described by Kam et al., 

a rapid protein precipitation-based LC-MS/MS method was established. (156) Although 

our run time was somewhat longer (8 min vs. 3.5 min), it allowed the simultaneous 

detection of paracetamol and its metabolites. This approach enabled the characterisation 

of extensive biotransformation within the experimental systems. (61, 105) In the in vitro 

hepatocyte model, paracetamol was almost completely metabolized at the initial dose of 

1 mM within 24 hours and reduced from 10 mM to ~8 mM at the high dose. Similarly, in 

vivo plasma samples showed the depletion of the parent compound alongside the 

formation of its major metabolites. Semi-quantitative monitoring revealed the presence 

of sulphate, glucuronide and glutathione conjugates. Notably, detection of the glutathione 

conjugate provides indirect evidence of reactive NAPQI formation, confirming that the 

toxicologically relevant metabolic activation occurred in the experimental models. (97) 

These findings verified that the applied dosing conditions achieved high exposure 

required to evoke drug-induced liver injury. 

In hepatotoxicity model studies, amoxicillin and clavulanic acid were also 

investigated. The bioanalysis of these compounds presented specific stability challenges. 

As noted by Hoizey et al., traditional HPLC-UV methods often lack sufficient sensitivity 

and require complex ion-pairing reagents. (60) Although Idris and Elgorashe (157) 

suggested cost-effective alternatives, such as sequential injection chromatography for 

pharmaceutical formulations, biological matrices necessitate higher selectivity. (34, 158, 

159) Therefore, an LC-MS/MS method, similar to that described by Reyns et al. was 

qualified; these authors demonstrated that negative electrospray ionisation enables 

sensitive detection of clavulanic acid (LLOQ ~ 25 ng/mL). (81) The qualified method 

exhibited a linear range of 0.05-2.5 µg/mL, which proved suitable for the experimental 

design, as the cell culture medium samples fell within this range following a 10-fold 

dilution. The analytical findings indicated that hepatocytes did not significantly 

contribute to the biotransformation of amoxicillin and clavulanic acid, as their 

concentrations remained stable throughout the 24-hour incubation period. This lack of 

hepatic metabolism was expected, as both compounds are primarily eliminated via renal 

excretion in unchanged form. (79) Nevertheless, their assessment in a liver model was 

essential, as this drug combination is a well-documented, albeit rare, cause of 

idiosyncratic drug-induced liver injury in certain patient populations. (139, 140)  
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In the context of cumulative cardiotoxicity, the focus was on the quantification of 

doxorubicin concentrations in blood plasma. Reliable monitoring of the parent drug is 

crucial, as its accumulation in cardiac tissue is directly linked to the development of 

cardiomyopathy. (108, 109) While Sottani et al. (118) and Mazzucchelli et al. (62) 

developed highly sensitive methods for clinical and tissue distribution studies, the present 

method was optimized specifically for speed and throughput in rat plasma, achieved 

through a simplified extraction procedure and a short run time. The qualified method 

demonstrated an appropriate linear range of 1-800 ng/mL, enabling quantification of all 

terminal plasma samples collected on day 12. The results revealed mean doxorubicin 

concentrations of 7.83 ng/mL and 22.0 ng/mL in the 3×3 and 3×6 mg/kg cohorts, 

respectively. The higher concentration observed in the high-dose group highlighted the 

cumulative nature of doxorubicin pharmacokinetics. 

Finally, in an acute cardiotoxicity model study, isoprenaline, a non-selective  

β-adrenergic agonist, was investigated. The bioanalysis of isoprenaline presented a 

unique challenge due to its extreme instability and rapid elimination. High doses have 

been reported to induce infarct-like necrosis via complex mechanisms involving oxidative 

stress and apoptosis. (123, 124) To verify the intravenous doses responsible for this acute 

injury, a specialized rapid LC-MS/MS method was employed. As described by Zhou et 

al., the development of a sensitive method for isoprenaline requires careful optimization 

of both the mobile phase and sample handling to prevent degradation. (136) The present 

method utilized acidified mobile phases and fast chromatography—strategies essential 

for stabilizing catecholamines—to ensure reliable assessment of systemic exposure. The 

toxicokinetic pilot study confirmed an extremely short half-life of 3.46 min for 

isoprenaline in rats. This rapid elimination explains why quantification of the parent 

compound was unnecessary at the later sampling points (8 and 24 hours) in the main 

study, as detectable concentrations were not expected. Furthermore, plasma 

concentrations can exhibit substantial variability even under standardized dosing 

conditions. (127) Such variability has been reported in earlier human infusion studies and 

was attributed to interactions with concomitantly administered drugs. A similar degree of 

variability was also observed in the present pilot rat study (Figure 10, SEM values), 

although no concomitant medication was administered. In summary, although the rapid 

elimination of isoprenaline renders quantification unnecessary at later sampling points, 
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the developed method provided essential toxicokinetic evidence confirming the initial 

exposure phase required to trigger acute myocardial injury in this model. 

5.4. Future perspectives 

The bioanalytical strategies presented in this thesis, ranging from innovative 

derivatisation techniques to tailored rapid methods, provide a solid foundation for future 

applications in toxicological screening, occupational safety, clinical diagnostics, and the 

ongoing investigation of novel extracellular vesicle-derived biomarkers within our 

research group. 

The successful implementation of in-source derivatisation via the gas-phase Meerwein 

reaction for isopropyl glycidyl ether opened new perspectives for the analysis of reactive 

industrial diluents. As highlighted in this work, the method has overcome the mass 

spectrometric ionisation limitations of small aliphatic epoxides. Future studies could 

extend this approach to other members of the glycidyl ether family (e.g., n-butyl or allyl 

glycidyl ether), which are widely used in the epoxy resin industry. Furthermore, the high 

sensitivity achieved (LLOQ 10 ng/mL) suggested that the method may be suitable for 

human biomonitoring applications. This would provide a valuable tool for exposure 

assessment in occupational health and safety studies, aligning with the principles of 

integrating toxicokinetics into risk assessment, as described by Terry and Hays (160). At 

present, data on the systemic burden of these compounds in exposed workers remain 

limited. 

The methodology established for the bioanalysis of protoporphyrin IX in plasma 

supported the application of the surrogate matrix approach in endogenous biomarker 

analysis in accordance with the relatively recent ICH M10 guideline. As demonstrated, 

photochemical depletion of plasma provided an effective strategy to generate analyte-free 

matrices while preserving the biological background, particularly in cases involving light-

sensitive analytes. This approach is consistent with the increasing regulatory emphasis on 

parallelism as a key criterion for method validity, as outlined by Ji et al. (55). Building 

on our findings, future research could extend this cost-effective photobleaching technique 

to other photosensitive biomarkers (e.g., vitamins or other porphyrins), thereby reducing 

reliance on expensive synthetic surrogate matrices in clinical laboratory settings. 
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The methods developed for pharmaceuticals hold significant potential for translation 

into clinical therapeutic drug monitoring and more sustainable analytical practices. The 

simplified protocols optimized for paracetamol and doxorubicin could be adapted for 

human plasma analysis to support applications in emergency toxicology and oncology. 

As emphasized by Sottani et al. and Kam et al., high-throughput LC-MS/MS methods are 

essential for real-time patient management. Moreover, future bioanalytical method 

development should increasingly incorporate "green chemistry" principles. The analytical 

challenges encountered with amoxicillin and clavulanic acid, highlighted the need for 

methods that minimize solvent consumption in routine analysis. In this context, future 

work should focus on integrating microsampling techniques with highly sensitive  

LC-MS/MS platforms. Such approaches would reduce the environmental footprint of 

bioanalysis while also supporting the refinement of ethical practices in animal studies. 

(15, 118, 156) 
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6. CONCLUSIONS 

The present work addressed several bioanalytical challenges in chemical safety 

assessment through the development of novel analytical strategies. Based on the results, 

the following conclusions were drawn: 

1. Toxicokinetic characterisation of an industrial chemical: isopropyl glycidyl ether 

A sensitive LC-APCI-MS/MS method was developed and validated for the 

quantification of IPGE, incorporating a novel in-source derivatisation strategy (Meerwein 

reaction) to overcome its poor ionisation efficiency. This method enabled the first detailed 

characterisation of the toxicokinetic profile of IPGE in rats. In addition, qualitative 

profiling tentatively identified seven metabolites, suggesting that elimination was 

primarily driven by epoxide hydrolysis and glutathione conjugation. 

2. Development of a validated bioanalytical protocol for an endogenous biomarker: 

protoporphyrin IX 

A selective HPLC-FLD method was developed for the quantification of endogenous 

protoporphyrin IX using a surrogate matrix approach based on photodegraded plasma. 

This strategy proved to be a practical solution for managing endogenous background 

levels while complying with the ICH M10 guideline. The method was successfully 

applied to monitor 5-aminolaevulinic acid-induced protoporphyrin IX formation in an in 

vivo study, supporting its potential utility in future clinical applications. 

3. Bioanalytical support for toxicity studies 

Robust analytical methods were established for a range of active pharmaceutical 

ingredients, namely gentamicin, amoxicillin, clavulanic acid, paracetamol, doxorubicin 

and isoprenaline. These validated methods provided essential support for both in vitro 

and in vivo experiments within the research group, enabling the investigation of 

extracellular vesicle-associated biomarkers of drug-induced toxicity. 

Overall, the present work demonstrated that “fit-for-purpose” bioanalytical strategies 

are critical for generating reliable data in chemical safety assessment. The approaches 

presented herein provided a comprehensive methodological framework for the risk 

assessment of industrial glycidyl ethers and some pharmaceutical agents, as well as for 

endogenous biomarker porphyrins. 
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7. SUMMARY 

Accurate assessment of systemic exposure is a fundamental requirement in chemical 

safety studies. However, classical bioanalytical approaches are often insufficient for 

chemically unstable compounds, endogenous biomarkers, or complex pharmaceutical 

agents. Therefore, the present work focused on the development and application of 

tailored analytical solutions to ensure reliable data for toxicokinetic characterisation of 

industrial glycidyl ethers and some pharmaceuticals, as well as for endogenous biomarker 

porphyrins. 

An LC-APCI-MS/MS method for isopropyl glycidyl ether, a reactive industrial diluent 

of epoxy resins, was developed using the Meerwein reaction as an in-source derivatisation 

strategy to overcome the poor ionisation efficiency of the analyte. The validated method, 

with an LLOQ of 0.01 µg/mL, enabled the first detailed characterisation of IPGE 

toxicokinetics in rats. Qualitative profiling tentatively identified seven metabolites, 

indicating that elimination is primarily driven by epoxide hydrolysis and glutathione 

conjugation. 

The second major topic involved the quantification of protoporphyrin IX, an 

endogenous biomarker. To address the lack of an analyte-free blank matrix, a surrogate 

matrix approach was applied using photodegraded authentic rat plasma. A selective 

HPLC-FLD method was validated in accordance with the ICH M10 guideline, 

demonstrating appropriate parallelism between the surrogate and authentic matrices. This 

method was successfully applied to monitor the kinetics of 5-aminolaevulinic acid 

induced protoporphyrin IX formation in an in vivo rat study. 

Finally, the versatility of bioanalytical support in toxicological and safety studies of 

pharmaceuticals was presented. Methods were established for the determination of 

gentamicin, amoxicillin, clavulanic acid, paracetamol, doxorubicin and isoprenaline. 

These methods, characterised by high sensitivity, rapid analysis, and simplified sample 

preparation, supported the investigation of extracellular vesicle-associated biomarkers in 

both in vitro and in vivo toxicity models. 

In conclusion, the analytical solutions presented in this work, ranging from in-source 

chemical derivatisation through surrogate matrix approach to tailored rapid methods for 

pharmaceutical agents, provided a robust foundation for addressing complex 

bioanalytical challenges in safety research.  
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12. APPENDIX - SUPPLEMENTARY MATERIAL 

Table S 1. Chemical structures and formulas of the examined compounds. 

  

2,3-Epoxypropyl isopropyl ether 

C6H12O2 

Protoporphyrin IX 

C34H34N4O4 

  

Gentamicin (C1) 

C21H43N5O7 

Paracetamol 

[acetaminophen] 

C8H9NO2 

  

Amoxicillin 

C16H19N3O5S 

Clavulanic acid 

C8H9NO5 

  

Doxorubicin 

C27H29NO11 

Isoprenaline 

[Isoproterenol] 

C11H17NO3 
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Table S 2. (T 1) LC-APCI-MS/MS method for determination of IPGE in rat plasma 
L C - A P C I - M S / M S  c o n d i t i o n s  

Apparatus MS:  LCMS-8060 (Shimadzu, Japan) 

UHPLC:  NexeraX2 (Shimadzu, Japan) 

Data Acquisition System LabSolutions 

Column YMC-Triart C18 3μm, 2.1x75 mm (Japan) with 

YMC-Triart C18 3μm, 2.1x10 mm guard column (Japan) 

Column temperature 30 °C Autosampler temperature 10 °C 

Injection volume 10 µL Washing solvent 2-propanol 

Run time (+ Waiting time) 5.0 min (+ 2.0 min) Flow rate 0.4 mL/min 

Mobile phase (Eluent) A: 0.5% formic acid in ultrapure water 

B: 0.5% formic acid in acetonitrile 

Retention times [tR] isopropyl glycidyl ether (analyte):   2.5 min 

tert-butyl glycidyl ether (IS):   3.2 min 

Gradient program Time [min] 

0.00 

0.50 

3.50 

4.00 

4.50 

5.00 

Eluent A [%] 

90 

90 

10 

10 

90 

90 

Eluent B [%] 

10 

10 

90 

90 

10 

10 

Diverter valve 

program 

Time [min] 

0.00 

2.00 

4.00 

Valve position 

Waste 

Detector 

Waste 

Event 

Washing 

Column effluent in-line 

Washing 

Parameters for 

MS/MS detection 

Compounds 

to be monitored 

Q1 

(m/z) 

Q3 

(m/z) 

Dwell 

time (ms) 

Collision 

Energy (V) 

Analyte Meerwein  

reaction product 

157.90 116.10 100 -14.0 

157.90 74.10 100 -15.0 

157.90 57.15 100 -19.0 

IS Meerwein  

reaction product 

172.00 57.25 100 -14.0 

172.00 74.15 100 -15.0 

172.00 116.10 100 -19.0 

Scan Type:    MRM 

Polarity:     Positive 

Ion Source:    APCI 

Interface Voltage:   4 kV 

Interface Temperature:   350 °C 

Desolvation Line (DL) Temperature: 300 °C 

Sample Preparation 1 50 µL of rat plasma 

2 10 µL of methanol 

3 150 µL of 1 µg/mL IS working solution in acetonitrile 

4 Vortexing 

5 Centrifuging 

6 Supernatant pipetting into autoinjector vials 

 

  

1 - 2 3 4 5 6 



 

91 

 

Table S 3. (T 2) HPLC-FLD method for determination of protoporphyrin IX in rat 

plasma 

H P L C - F L D  c o n d i t i o n s  

Apparatus 
FLD:  RF-20AXS (Shimadzu, Japan) 

HPLC:  LC-20 Prominence (Shimadzu, Japan) 

Data Acquisition System LabSolutions 

Column 

ACE Ultracore SuperC18 column 2.5μm, 2.1×75 mm (UK) 

with 

Inertsil ODS-4 3μm, 1.5×10 mm guard column (Japan) 

Column temperature 30 °C Autosampler temperature 10 °C 

Injection volume 1 µL Washing solvent 2-propanol 

Run time (+ Waiting time) 8.0 min Flow rate 0.5 mL/min 

Mobile phase (Eluent) 
A: ultrapure water containing 0.05% v/v trifluoroacetic acid  

B: acetonitrile containing 0.05% v/v trifluoroacetic acid 

Retention times [tR] 
Protoporphyrin IX (analyte):    5.7 min 

Mesoporphyrin IX (IS):     4.2 min 

Gradient program 

Time [min] 

0.00 

0.50 

5.00 

5.50 

6.50 

7.00 

8.00 

Eluent A [%] 

60 

60 

30 

0 

0 

60 

60 

Eluent B [%] 

40 

40 

70 

100 

100 

40 

40 

Parameters for 

fluorescence detection 

Excitation wavelength:    405 nm 

Emission wavelength:    630 nm 

Data acquisition rate:    2 Hz 

Detector Temperature:    30 °C 

Sample preparation 

1 50 µL of rat plasma 

2 10 µL of dimethylformamide: methanol (1:1) 

3 10 µL of 2 µg/mL IS working solution  

4 150 µL acetonitrile  

5 Vortexing 

6 Centrifuging 

7 Supernatant pipetting into autoinjector vials  

Samples are protected from light during preparation (amber vial). 

 

 

  

1 - 3 4 5 6 7 
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Table S 4. LC-ESI-MS/MS method for determination of gentamicin in rat plasma and 

urine 

L C - E S I - M S / M S  c o n d i t i o n s  

Apparatus MS:  LCMS-8060 (Shimadzu, Japan) 

UHPLC:  NexeraX2 (Shimadzu, Japan) 

Data Acquisition System LabSolutions 

Column SupelTM Carbon LC 2.7μm, 2.1 x 100 mm, column with 

SupelTM Carbon LC 2.7μm, 2.1 x 20 mm, guard column 

Column temperature 60 °C Autosampler temperature 5 °C 

Injection volume 1 µL* Washing solvent A:B (1:1) 

Run time 7.0 min Flow rate 0.35 mL/min 

Mobile phase (Eluent) A: 5% ammonium solution in ultrapure water 

B: acetonitrile 

Retention times [tR] Gentamicin C1 (analyte):    4.6 min 

Gentamicin C2 and C2a:    3.6 min 

Gentamicin C1a:     3.2 min 

Kanamycin (IS):     2.4 min 

Gradient program Time [min] 

0.00 

0.50 

1.00 

3.50 

4.00 

5.00 

6.00 

7.00 

Eluent A [%] 

95 

95 

60 

60 

10 

10 

95 

95 

Eluent B [%] 

5 

5 

40 

40 

90 

90 

5 

5 

No diverter valve program was used. 

Parameters for 

MS/MS detection 

Compounds 

to be monitored 

Q1 

(m/z) 

Q3 

(m/z) 

Dwell 

time (ms) 

Collision 

Energy (V) 

Gentamicin C1 (analyte) 
478.10 322.20 100 -14.0 

478.10 160.30 100 -21.0 

Gentamicin C2 and C2a 
464.10 322.30 100 -15.0 

464.20 160.20 100 -22.0 

Gentamicin C1a 
450.10 322.10 100 -15.0 

450.20 160.30 100 -23.0 

Kanamycin (IS) 
485.00 163.15 100 -25.0 

485.00 324.20 100 -17.0 

Scan Type:    MRM 

Polarity:     Positive 

Ion Source:    ESI 

Interface Voltage:   4 kV 

Interface Temperature:   300 °C 

Desolvation Line (DL) Temperature: 200 °C 

Sample Preparation 1 50 µL of rat plasma/urine 

2 10 µL of ultrapure water 

3 150 µL 0.1 g/mL trichloroacetic acid solution 

4 10 µL of IS1µg working solution 

5 Vortexing 

6 1. Centrifuging 

7 Supernatant pipetting into Eppendorf tubes (only plasma) 

8 2. Centrifuging (only plasma) 

9 Supernatant pipetting into autoinjector vials 

Samples are protected from light during preparation (amber vial). 

* Injection volume may be slightly modified depending on the actual sensitivity of LC-MS/MS system.  
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Table S 5. LC-ESI-MS/MS method for the determination amoxicillin and clavulanic acid 

in cell culture medium 

L C - E S I - M S / M S  c o n d i t i o n s  

Apparatus MS:  LCMS-8060 (Shimadzu, Japan) 

UHPLC:  NexeraX2 (Shimadzu, Japan) 

Data Acquisition System LabSolutions 

Column InertSustain C18 3μm, 2.1x75 mm with 

Inertsil ODS-4 3μm, 1.5x10 mm guard column 

Column temperature 25 °C Autosampler temperature 10 °C 

Injection volume 2 µL* Washing solvent methanol 

Run time 4.0 min Flow rate 0.4 mL/min 

Mobile phase (Eluent) A: 0.1% formic acid in ultrapure water 

B: 0.1% formic acid in acetonitrile 

Retention times [tR] Amoxicillin (analyte 1):    2.0 min 

Clavulanic acid (analyte 2):   1.7 min 

Gradient program Time [min] 

0.00 

0.75 

2.00 

3.00 

3.10 

4.00 

Eluent A [%] 

95 

95 

0 

0 

95 

95 

Eluent B [%] 

5 

5 

100 

100 

5 

5 

Diverter valve 

program 

Time [min] 

0.00 

1.20 

3.00 

Valve position 

Waste 

Detector 

Waste 

Event 

Washing 

Column effluent in-line 

Washing 

Parameters for 

MS/MS detection 

Compounds 

to be monitored 

Q1 

(m/z) 

Q3 

(m/z) 

Dwell 

time (ms) 

Collision 

Energy (V) 

Amoxicillin  

(analyte 1) 

363.90 223.10 100 11.0 

363.90 206.15 100 22.0 

636.90 320.10 100 22.0 

Clavulanic acid  

(analyte 2) 

197.90 82.10 100 15.0 

197.90 108.15 100 10.0 

197.90 136.15 100 9.0 

Scan Type:    MRM 

Polarity:     Negative 

Ion Source:    ESI 

Interface Voltage:   4 kV 

Interface Temperature:   300 °C 

Desolvation Line (DL) Temperature: 200 °C 

Sample Preparation 1 100 µL of medium sample 

2 900 µL of ultrapure water 

3 Vortexing 

* Injection volume may be slightly modified depending on the actual sensitivity of LC-MS/MS system. 
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Table S 6. LC-ESI-MS/MS method for determination of paracetamol in rat plasma 

L C - E S I - M S / M S  c o n d i t i o n s  

Apparatus MS:  LCMS-8060 (Shimadzu, Japan) 

UHPLC:  NexeraX2 (Shimadzu, Japan) 

Data Acquisition System LabSolutions 

Column InertSustain C18 3μm, 2.1x75 mm with 

Inertsil ODS-4 3μm, 1.5x10 mm guard column 

Column temperature 30 °C Autosampler temperature 10 °C 

Injection volume 1 µL* Washing solvent 2-propanol 

Run time (+ Waiting time) 8.0 min Flow rate 0.4 mL/min 

Mobile phase (Eluent) A: 0.1% formic acid in ultrapure water 

B: 0.1% formic acid in methanol 

Retention times [tR] Paracetamol (analyte):    3.1 min 

Paracetamol-d3 (IS):    3.1 min 

Gradient program Time [min] 

0.00 

4.50 

5.00 

6.00 

6.50 

8.00 

Eluent A [%] 

95 

60 

5 

5 

95 

95 

Eluent B [%] 

5 

40 

95 

95 

5 

5 

Diverter valve 

program 

Time [min] 

0.00 

1.50 

5.00 

Valve position 

Waste 

Detector 

Waste 

Event 

Washing 

Column effluent in-line 

Washing 

Parameters for 

MS/MS detection 

Compounds 

to be monitored 

Q1 

(m/z) 

Q3 

(m/z) 

Dwell 

time (ms) 

Collision 

Energy (V) 

Paracetamol (analyte) 

152.10 110.15 50 -17.0 

152.10 65.05 50 -29.0 

152.10 93.05 50 -25.0 

Paracetamol-d3 (IS) 

155.10 110.15 50 -17.0 

155.10 65.05 50 -29.0 

155.10 93.05 50 -25.0 

Scan Type:    MRM 

Polarity:     Positive 

Ion Source:    ESI 

Interface Voltage:   4 kV 

Interface Temperature:   300 °C 

Desolvation Line (DL) Temperature: 200 °C 

Sample Preparation 1 50 µL of rat plasma 

2 10 µL of methanol 

3 150 µL of 1 µg/mL IS working solution in acetonitrile 

4 Vortexing 

5 Centrifuging 

6 Supernatant pipetting into autoinjector vials 

 

* Injection volume may be slightly modified depending on the actual sensitivity of LC-MS/MS system. 

  

1 - 2 3 4 5 6 
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Table S 7. LC-ESI-MS/MS method for determination of doxorubicin in rat plasma 

L C - E S I - M S / M S  c o n d i t i o n s  

Apparatus MS:  LCMS-8060 (Shimadzu, Japan) 

UHPLC:  NexeraX2 (Shimadzu, Japan) 

Data Acquisition System LabSolutions 

Column YMC-Triart C18 3μm, 2.1x75 mm with 

YMC-Triart C18 3μm, 2.1x10 mm guard column 

Column temperature 30 °C Autosampler temperature 10 °C 

Injection volume 10 µL* Washing solvent 2-propanol 

Run time (+ Waiting time) 5.0 min Flow rate 0.4 mL/min 

Mobile phase (Eluent) A: 10mM ammonium acetate 0.1% formic acid  

in ultrapure water 

B: acetonitrile 

Retention times [tR] Doxorubicin (analyte):    1.8 min 

Daunorubicin (IS):    2.4 min 

Gradient program Time [min] 

0.00 

1.25 

2.00 

3.50 

4.00 

5.00 

Eluent A [%] 

70 

70 

10 

10 

70 

70 

Eluent B [%] 

30 

30 

90 

90 

30 

30 

Diverter valve 

program 

Time [min] 

0.00 

1.00 

3.00 

Valve position 

Waste 

Detector 

Waste 

Event 

Washing 

Column effluent in-line 

Washing 

Parameters for 

MS/MS detection 

Compounds 

to be monitored 

Q1 

(m/z) 

Q3 

(m/z) 

Dwell 

time (ms) 

Collision 

Energy (V) 

Doxorubicin (analyte) 
544.20 397.05 100 -13.0 

544.20 379.00 100 -20.0 

Daunorubicin (IS) 
528.30 321.05 100 -25.0 

528.30 381.15 100 -11.0 

Scan Type:    MRM 

Polarity:     Positive 

Ion Source:    ESI 

Interface Voltage:   4 kV 

Interface Temperature:   300 °C 

Desolvation Line (DL) Temperature: 200 °C 

Sample Preparation 1 50 µL of rat plasma 

2 10 µL of ultrapure water 

3 150 µL of 1 µg/mL IS working solution in methanol 

4 Vortexing 

5 Centrifuging 

6 Supernatant pipetting into autoinjector vials 

 

* Injection volume may be slightly modified depending on the actual sensitivity of LC-MS/MS system. 

  

1 - 2 3 4 5 6 
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Table S 8. LC-ESI-MS/MS method for determination of isoprenaline in rat plasma 

L C - E S I - M S / M S  c o n d i t i o n s  

Apparatus MS:  LCMS-8060 (Shimadzu, Japan) 

UHPLC:  NexeraX2 (Shimadzu, Japan) 

Data Acquisition System LabSolutions 

Column Kinetex-EVO C18 2.6μm, 3x50 mm with 

InertSustain C18 3μm, 1.5x10 mm guard column 

Column temperature 30 °C or 25 °C Autosampler temperature 4 °C 

Injection volume 3 µL* Washing solvent acetonitrile 

Run time (+ Waiting time) 6.0 min Flow rate 0.4 mL/min 

Mobile phase (Eluent) A: 0.1% trifluoroacetic acid in ultrapure water 

B: methanol 

Retention times [tR] Isoprenaline (analyte):    1.4 min 

Paracetamol (IS):    2.4 min 

Gradient program Time [min] 

0.00 

1.50 

2.50 

3.50 

4.00 

4.50 

6.00 

Eluent A [%] 

95 

95 

70 

10 

10 

95 

95 

Eluent B [%] 

5 

5 

30 

90 

90 

5 

5 

Diverter valve 

program 

Time [min] 

0.00 

0.50 

4.00 

Valve position 

Waste 

Detector 

Waste 

Event 

Washing 

Column effluent in-line 

Washing 

Parameters for 

MS/MS detection 

Compounds 

to be monitored 

Q1 

(m/z) 

Q3 

(m/z) 

Dwell 

time (ms) 

Collision 

Energy (V) 

Isoprenaline (analyte) 
211.90 194.20 100 -11.0 

211.90 152.10 100 -17.0 

Paracetamol (IS) 

151.90 110.10 100 -12.0 

151.90 65.15 100 -26.0 

151.90 93.15 100 -21.0 

Scan Type:    MRM 

Polarity:     Positive 

Ion Source:    ESI 

Interface Voltage:   4 kV 

Interface Temperature:   400 °C 

Desolvation Line (DL) Temperature: 200 °C 

Sample Preparation 1 50 µL of rat plasma 

2 10 µL of ultrapure water 

3 20 µL of 0.1 g/mL trichloroacetic acid solution 

4 400 µL of 3 µg/mL IS working solution in ultrapure water 

5 Vortexing 

6 Centrifuging 

7 Supernatant pipetting into autoinjector vials 

Samples are protected from light during preparation. 

 

* Injection volume may be slightly modified depending on the actual sensitivity of LC-MS/MS system. 

1 - 3 4 5 6 7 



 

 

Table S 9. (T 1) LC-APCI-MS/MS method validation results of IPGE 

Results of the bioanalytical method validation 

Selectivity No interfering component was detected in 

the blank sample 

Stability in rat plasma stored 

 for 4 hours at room temperature 

88.9 % (8 µg/mL)  

95.7 % (0.03 µg/mL)  

Linear range 

Limit of quantification (LLOQ) 

0.01 – 10 µg/mL 

0.01 µg/mL 

Stability in rat plasma stored 

 for 24 hours at room temperature 

67.4 % (8 µg/mL) 

45.0 % (0.03 µg/mL)  

Precision of QC samples intra-day: ≤ 10.9 % 

inter-day: ≤ 9.74 % 

Stability in rat plasma  

3 freeze-thaw cycles 

96.6 % (8 µg/mL)  

90.3 % (0.03 µg/mL)  

Accuracy of QC samples intra-day: ≤ ±12.3 % 

inter-day: ≤ ±6.67 % 

Stability in rat plasma 

at -75°C ± 10°C stored for 26 days 

91.5 % (8 µg/mL)  

86.0 % (0.03 µg/mL) 

Recovery (peak area) 106 % (8 µg/mL) 

94.6 % (0.03 µg/mL) 

Autosampler stability 

after storage for 2 days (+10°C) 

≤ 5.13% [Precision] 

≤ +14.0% [Accuracy] 

Recovery  

(peak area ratio) 

111 % (8 µg/mL) 

114 % (0.03 µg/mL) 

Processed sample re-injection after 

storage for 3 days (+10°C) 

≤13.0 % [Precision] 

≤ -13.3% [Accuracy] 

Rat plasma 5× diluted QC samples 

Rat plasma 15× diluted QC samples 

3.06 % [Precision] +4.2 % [Accuracy] 

2.30 % [Precision] -13.3 % [Accuracy] 

Internal Standard stability  

(at -30 to -15°C for 49 days) 

Stock Solution ≤±8.66 %  

Working Solution ≤±7.01 % 

Matrix effect (8 µg/mL) 

Matrix effect (0.03 µg/mL) 

12.3 % [Precision] +13.7 % [Accuracy] 

10.3 % [Precision] -13.0 % [Accuracy] 

Analyte stability  

(at -30 to -15°C for 49 days) 

Stock Solution ≤±6.25 %  

Working Solution ≤±2.95 % 

Solutions 

Internal Standard stability  

(-15 to -30°C) 49 days ** 
Stock Solution -8.66 % 

Working Solution -7.01 % 
Internal Standard stability  

4 hours (RT) ** 
Working Solution -3.85 % 

Analyte stability 

(-15 to -30°C) 49 days ** 
Stock Solution ≤ ±5.27 % 

Working Solution ≤ ±3.82 % 
Analyte stability 

4 hours (RT) ** 
Working Solution ≤ ±14.4 % 

* Recovery = Processed peak area/post-spiked peak area*100 

** Deviation = (Stored peak area /freshly prepared peak area*100)-100 

 



 

 

Table S 10. (T 2) HPLC-FLD method validation results overview for 

protoporphyrin IX 

Results of the bioanalytical method validation 

Surrogate matrix Authentic matrix 

Selectivity in plasma 

(normal, hemolyzed, lipemic) 

No interfering component was 

detected in the blank sample 

for analyte and IS. 

Selectivity in plasma 

(normal, hemolyzed, lipemic) 

No interfering component 

was detected in the blank 

sample for IS. 

Linear range 

Limit of quantification (LLOQ) 

10 – 700 ng/mL 

10 ng/mL 
Parallelism 

Parallelism was verified for 

the surrogate matrix. 

Precision of LLOQ QC samples 
intra-day: ≤ 14.8 % 

inter-day: 10.0 % 

Precision of QC samples 

(low, medium, high) 

intra-day: ≤ 11.1 % 

inter-day: 9.29 % 

Accuracy of LLOQ QC samples 
intra-day: ≤ ±8.50 % 

inter-day: -3.43 % 

Accuracy of QC samples 

(low, medium, high) 

intra-day: ≤ ±10.5 % 

inter-day: +4.34 % 

Recovery QC 

* 

High 93.5 % 

Medium 94.9 % 

Low 94.4 % 

IS 104 % 

Recovery QC 

* 

High 93.1 % 

Medium 104 % 

Low 102 % 

IS 111 % 

Matrix effect (high qc) 

Matrix effect (low qc) 

CV % 

≤ 1.08 % [Precision] 

≤ ±3.83 % [Accuracy] 

≤ 8.38 % [Precision] 

≤ ±5.33 % [Accuracy] 

Matrix effect (high QC) 

Matrix effect (low QC) 

CV % 

≤ 4.43 % [Precision] 

≤ ±3.67 % [Accuracy] 

≤ 4.50 % [Precision] 

≤ ±3.29 % [Accuracy] 

Stability in rat plasma stored 

for 4 hours (RT) 

% of the nominal concentration 

90.0 % (550 ng/mL) 

89.7 % (30 ng/mL) 

Stability in rat plasma stored 

for 4 hours (RT)  

% of the nominal concentration 

101 % (550 ng/mL) 

88.7 % (30 ng/mL) 

Stability in rat plasma stored 

for 24 hours (RT)  

% of the nominal concentration 

94.0 % (550 ng/mL) 

88.7 % (30 ng/mL) 

Stability in rat plasma stored 

for 24 hours (RT)  

% of the nominal concentration 

93.6 % (550 ng/mL) 

98.0 % (30 ng/mL) 

Stability in rat plasma 

3 freeze-thaw cycle 

% of the nominal concentration 

90.7 % (550 ng/mL) 

93.9 % (30 ng/mL) 

Stability in rat plasma 

3 freeze-thaw cycle 

% of the nominal concentration 

102 % (550 ng/mL) 

102 % (30 ng/mL) 

Stability in rat plasma 

(-75°C ± 10°C) 14 days 

% of the nominal 

concentration 

99.3 % (550 ng/mL) 

90.7 % (30 ng/mL) 

Stability in rat plasma 

(-75°C ± 10°C) 14 days 

% of the nominal 

concentration 

107 % (550 ng/mL) 

95.0 % (30 ng/mL) 

Autosampler stability (+10°C) 

4 days LLOQ QC samples 

% of the nominal concentration 

93.5 % (10 ng/mL) 

Autosampler stability (+10°C) 

4 days QC samples 

% of the nominal concentration 

91.1 % (550 ng/mL) 

89.7 % (30 ng/mL) 

Processed LLOQ QC samples 

re-injection after storage for  

4 days (+10°C) 

4.26 % [Precision] 

-6.00 % [Accuracy] 

Processed QC samples re-

injection after storage for  

4 days (+10°C) 

≤ 8.64 % [Precision] 

≤ ±6.10 % [Accuracy] 

Rat plasma 2× diluted 

QC samples 

(final concentration 550 ng/mL) 

4.32 % [Precision] 

±0.667 % [Accuracy] 
- - 

Solutions 

Internal Standard stability  

(-15 to -30°C) 7 days ** 

Stock Solution +6.21 % 

Working Solution +2.76 % 

Internal Standard stability  

4 hours (RT) ** 
Working Solution +3.23 % 

Analyte stability 

(-15 to -30°C) 7 days ** 

Stock Solution ≤ ±2.58 % 

Working Solution ≤ ±0.573 % 

Analyte stability 

4 hours (RT) ** 
Working Solution ≤ ±14.0 % 

* Recovery = Processed peak area/post-spiked peak area*100 

** Deviation = (Stored peak area /freshly prepared peak area*100)-100 
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Table S 11. LC-ESI-MS/MS method validation for gentamicin 

Results of the bioanalytical method validation 

Plasma matrix Urine matrix 

Selectivity in plasma 

(normal, hemolyzed, lipemic) 

No interfering component was 

detected in the blank sample 

for analyte and IS. 

Selectivity in urine 

(normal) 

No interfering component was 

detected in the blank sample 

for analyte and IS. 

Linear range 

Limit of quantification (LLOQ) 

20 – 2000 ng/mL 

20 ng/mL 

Linear range 

Limit of quantification (LLOQ) 

20 – 2000 ng/mL 

20 ng/mL 

Precision of QC samples 
intra-day: ≤ 8.95 % 

inter-day: 12.4 % 
Precision of QC samples 

intra-day: ≤ 13.7% 

inter-day: 9.31 % 

Accuracy of QC samples 
intra-day: ≤ ±14.8 % 

inter-day: -7.50 % 
Accuracy of QC samples 

intra-day: ≤ ±13.5 % 

inter-day: -11.0 % 

Recovery QC 

* 

High 114 % 

Medium 109 % 

Low 111 % 

IS 110 % 

Recovery QC 

* 

High 89.5 % 

Medium 106 % 

Low 91.9 % 

IS 102 % 

Matrix effect (high qc) 

Matrix effect (low qc) 

CV % 

≤ 2.77 % [Precision] 

≤ ±8.50 % [Accuracy] 

≤ 4.66 % [Precision] 

≤ ±15.0 % [Accuracy] 

Matrix effect (high qc) 

Matrix effect (low qc) 

CV % 

≤ 4.52 % [Precision] 

≤ ± 8.75% [Accuracy] 

≤ 6.48 % [Precision] 

≤ ±11.0 % [Accuracy] 

Stability in rat plasma stored 

for 4 hours (RT) 

% of the nominal concentration 

95.6 % (1600 ng/mL) 

98.5 % (60 ng/mL) 

Stability in rat urine stored  

for 4 hours (RT) 

% of the nominal concentration 

106 % (1600 ng/mL) 

111 % (60 ng/mL) 

Stability in rat plasma stored 

for 24 hours (RT)  

% of the nominal concentration 

124 % (1600 ng/mL) 

137 % (60 ng/mL) 

Stability in rat urine stored  

for 24 hours (RT)  

% of the nominal concentration 

102 % (1600 ng/mL) 

119 % (60 ng/mL) 

Stability in rat plasma 

3 freeze-thaw cycle 

% of the nominal concentration 

95.6 % (1600 ng/mL) 

109 % (60 ng/mL) 

Stability in rat urine 

3 freeze-thaw cycle 

% of the nominal concentration 

93.1 % (1600 ng/mL) 

109 % (60 ng/mL) 

Stability in rat plasma 

(-75°C ± 5°C) 83 days 

% of the nominal 

concentration 

91.3 % (1600 ng/mL) 

93.5 % (60 ng/mL) 

Stability in rat urine 

(-75°C ± 5°C) 8 days 

% of the nominal 

concentration 

96.3 % (1600 ng/mL) 

94.8 % (60 ng/mL) 

Autosampler stability (+5°C) 

1 day QC samples 

% of the nominal concentration 

High 88.1 % 

Medium 86.8 % 

Low 91.3 % 

Autosampler stability (+5°C) 

1 day QC samples 

% of the nominal concentration 

High 113 % 

Medium 104 % 

Low 95.0 % 

Processed QC samples  

re-injection after storage for  

2 days (+5°C) 

9.67 % [Precision] 

-14.4 % [Accuracy] 

Processed QC samples  

re-injection after storage for  

2 days (+5°C) 

10.4 % [Precision] 

-8.83 % [Accuracy] 

Rat plasma 10× diluted 

QC samples 

(final concentration 1600 ng/mL) 

6.63 % [Precision] 

±6.88 % [Accuracy] 

Rat urine 10× diluted 

QC samples 

(final concentration 1600 ng/mL) 

7.74 % [Precision] 

±1.25 % [Accuracy] 

Solutions 

Internal Standard stability  

(-15 to -30°C) 7 days ** 

Stock Solution -1.37% 

Working Solution +13.7 % 

Internal Standard stability  

4 hours (RT) ** 
Working Solution -4.12 % 

Analyte stability 

(-15 to -30°C) 7 days ** 

Stock Solution ≤ ±7.29 % 

Working Solution ≤ ±14.1 % 

Analyte stability 

4 hours (RT) ** 
Working Solution ≤ ±14.9 % 

* Recovery = Processed peak area/post-spiked peak area*100 

** Deviation = (Stored peak area /freshly prepared peak area*100)-100 
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Figure S 1. 

A) Representative MRM chromatograms of amoxicillin [363.90 → 223.10 m/z] and 

clavulanic acid [197.90 → 82.10 m/z] in blank sample: amoxicillin (black), clavulanic 

acid (red). 

B) Representative MRM chromatograms of amoxicillin [363.90 → 223.10 m/z] and 

clavulanic acid [197.90 → 82.10 m/z] in medium QC sample: amoxicillin (black), 

clavulanic acid (red). 
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Figure S 2. 

A) Representative MRM chromatograms of paracetamol [152.10 → 110.15 m/z] and 

IS [155.10 → 110.15 m/z] in blank sample: paracetamol (black), IS (red). 

B) Representative MRM chromatograms of paracetamol [152.10 → 110.15 m/z] and 

IS [155.10 → 110.15 m/z] in medium QC sample: paracetamol (black), IS (red). 
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Figure S 3. 

A) Representative MRM chromatograms of doxorubicin [544.20 → 397.05 m/z] and 

IS [528.30 → 321.05 m/z] in blank sample: doxorubicin (black), IS (red). 

B) Representative MRM chromatograms of doxorubicin [544.20 → 397.05 m/z] and 

IS [528.30 → 321.05 m/z] in medium QC sample: doxorubicin (black), IS (red). 
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Figure S 4. 

A) Representative MRM chromatograms of isoprenaline [211.90 → 194.20 m/z] and 

IS [151.90 → 110.10 m/z] in blank sample: isoprenaline (black), IS (red). 

B) Representative MRM chromatograms of isoprenaline [211.90 → 194.20 m/z] and 

IS [151.90 → 110.10 m/z] in medium QC sample: isoprenaline (black), IS (red). 
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Table S 12. Inter- and intra-day accuracy and precision results of paracetamol in 

plasma 

Nominal concentration 

of paracetamol [µg/mL] 

Intra-day (n = 6) Inter-day (n = 18) 

Accuracy 

(%) 

Precision 

(CV%) 

Accuracy 

(%) 

Precision 

(CV%) 

80 (QCH) 3.80 11.7 1.25 6.80 

16 (QCM) 6.30 13.4 0.0 8.85 

0.3 (QCL) 10.0 8.60 6.67 6.95 

0.1 (QCLLOQ) -19.0 17.3 0.0 8.09 

Mean accuracy: within ±20% for the LLOQ and within ±15% for all other 

concentrations 

Precision: ≤20 CV% for the LLOQ and ≤15 CV% for all other concentrations 

 

Table S 13. Inter- and intra-day accuracy and precision results of amoxicillin and 

clavulanic acid in medium 

Nominal concentration 

of amoxicillin [mg/mL] 

Intra-day (n = 6) Inter-day (n = 18) 

Accuracy 

(%) 

Precision 

(CV%) 

Accuracy 

(%) 

Precision 

(CV%) 

4 (QCH) -10.8 1.12 -8.00 2.50 

0.4 (QCM) -2.00 1.38 -.0750 1.63 

0.15 (QCL) -2.00 1.45 -1.33 1.61 

Nominal concentration 

of clavulanic acid [mg/mL] 

Intra-day (n = 6) Inter-day (n = 18) 

Accuracy 

(%) 

Precision 

(CV%) 

Accuracy 

(%) 

Precision 

(CV%) 

4 (QCH) -10.3 0.809 -7.75 2.20 

0.4 (QCM) 1.03 1.60 1.25 1.88 

0.15 (QCL) 2.22 2.30 -0.667 2.42 

 

Mean accuracy: within ±20% for the LLOQ and within ±15% for all other 

concentrations 

Precision: ≤20 CV% for the LLOQ and ≤15 CV% for all other concentrations 
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Table S 14. Inter- and intra-day accuracy and precision results of doxorubicin in 

plasma 

Nominal concentration 

of doxorubicin [ng/mL] 

Intra-day (n = 6) Inter-day (n = 18) 

Accuracy 

(%) 

Precision 

(CV%) 

Accuracy 

(%) 

Precision 

(CV%) 

800 (QCH) -14.5 2.30 -6.86 6.21 

300 (QCM) -13.5 2.85 -4.59 7.20 

3 (QCL) -2.54 12.4 0.190 10.4 

1 (QCLLOQ) -8.66 8.77 -2.27 9.84 

 

Mean accuracy: within ±20% for the LLOQ and within ±15% for all other 

concentrations 

Precision: ≤20 CV% for the LLOQ and ≤15 CV% for all other concentrations 

 

Table S 15. Inter- and intra-day accuracy and precision results of isoprenaline in 

plasma 

Nominal concentration 

of isoprenaline [ng/mL] 

Intra-day (n = 6) Inter-day (n = 18) 

Accuracy 

(%) 

Precision 

(CV%) 

Accuracy 

(%) 

Precision 

(CV%) 

800 (QCH) -6.75 9.45 -2.25 7.82 

80(QCM) -3.75 7.96 1.25 6.32 

15 (QCL) -7.80 11.3 -4.73 8.17 

5 (QCLLOQ) 10.5 8.49 1.50 10.0 

 

Mean accuracy: within ±20% for the LLOQ and within ±15% for all other 

concentrations 

Precision: ≤20 CV% for the LLOQ and ≤15 CV% for all other concentrations 


