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Abstract 

Mass spectrometry (MS) is a versatile and powerful analytical technique that has revolutionized our 

ability to analyze complex biological systems. In this dissertation, we explore novel applications of 

various MS methodologies, including paper spray ionization (PSI), sandpaper spray ionization (SSI), 

matrix-assisted laser desorption/ionization (MALDI), and liquid chromatography-tandem mass 

spectrometry (LC-MS/MS). These techniques were applied to profile, detect, and quantify a wide range 

of metabolites and biomolecules across different biological contexts. 

At York University, we employed sandpaper spray ionization mass spectrometry for the rapid and 

comprehensive analysis of maple leaves infected with distinct fungal species. This approach 

demonstrated the capability of this high-throughput and solvent-efficient screening technique to 

differentiate fungal infections by analyzing directly from the leaf surface without requiring sample 

preparation. The study highlighted SSI-MS as a powerful tool for in situ metabolomic analysis of plant-

pathogen interactions, enabling the detection of key metabolic changes associated with different fungal 

infections. 

Additionally, we developed a MALDI-high resolution MS method for the absolute quantification of the 

phytoalexins camalexin and scopoletin in Arabidopsis thaliana, providing novel insights into the plant’s 

biochemical responses to environmental stressors. Furthermore, a semi-quantitative version of this 

method was employed to perform relative quantification of a broader set of phytoalexins in wild-type 

and mutant Arabidopsis thaliana plants lacking key transcription factors involved in their production. 

In collaboration with Nucro-Technics Laboratories, we developed an ultra-sensitive 

immunoprecipitation-LC-MS/MS method for the quantification of low-abundance proteins in rat serum. 

This approach significantly enhances detection precision and sensitivity, allowing for the accurate 

quantification of trace-level proteins (≥ 1 ng/mL) in plasma while requiring small sample volumes (≤ 50 

µL). This method meets the increasing demand for highly sensitive and reliable biomolecular assays in 

clinical and pharmaceutical research. 

These applications underscore the adaptability and efficacy of modern mass spectrometry in tackling 

diverse biological questions, ranging from plant-pathogen interactions to clinical biomolecule analysis. 

The methodologies developed and optimized in this dissertation provide valuable tools for MS-based 

metabolite profiling, biomolecule quantification, and the exploration of complex biological matrices. 



 

iii 
 

This research lays the foundation for future advancements in high-throughput screening, precision 

medicine, and plant metabolic studies. 
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Chapter One: General Introduction 
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1.1) History and Fundamental Principles of Mass Spectrometry 

The continuous development of mass spectrometers can be traced back to the pioneering 

discoveries of Wilhelm Wien and J.J. Thomson in the late 19th century [1]. In 1897, J.J. Thomson 

conducted experiments on the deflection of cathode rays in an electric field, allowing him to 

determine the mass-to-charge ratio (m/z) of the electron. This crucial discovery led to the 

identification of the electron as a subatomic particle [1, 2]. Thomson’s experiments, using what 

would later be known as the "Crookes tube," showed that cathode rays were composed of 

negatively charged particles much lighter than atoms [2]. 

In 1898, Wilhelm Wien’s analysis of positive anode rays (also known as canal rays) enabled him 

to determine the mass of the hydrogen atom, leading to the discovery of the proton [1, 3]. Wien’s 

work involved deflecting positive ions in electric and magnetic fields, and he established that these 

ions had specific mass-to-charge ratios depending on their composition [3]. His findings laid the 

foundation for the development of mass spectrometry by demonstrating that ions could be 

separated based on their mass-to-charge ratios. 

The inception of mass spectrometry as a distinct field began in 1907, when J.J. Thomson 

hypothesized that channel rays consist of charged particles, noting that lighter particles are 

deflected more than heavier ones in electric and magnetic fields. This principle became the 

foundation of mass spectrometry [1]. Thomson’s work led to the development of the first mass 

spectrograph, which could separate and measure ions based on their m/z ratios. These discoveries 

set the stage for the development of modern mass spectrometers, which have profoundly impacted 

scientific research across various fields. 

MS is a powerful analytical technique that is now integral to many scientific disciplines, including 

chemistry, biochemistry, food science, environmental science, biology, and medicine. MS has 

revolutionized the analysis of complex mixtures, with applications ranging from drug discovery 

and forensic science to environmental analysis [4-20]. MS is used to determine the molecular 

composition and quantity of sample components. In a typical process, molecules of interest are 

introduced into the mass spectrometer's ionization source, where they are ionized to produce 

positive or negative gas-phase ions [21].  
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These ions are then sorted based on their mass-to-charge ratio (m/z) as they pass through the mass 

analyzer and subsequently reach the detector [21]. The recorded signals are displayed as a mass 

spectrum, showing the relative abundance of ions as a function of their m/z ratio [21]. 

Coupling MS with complementary techniques, such as chromatography, often yields more reliable 

and comprehensive results, especially in terms of matrix effect reduction [22-23].  Additionally, 

MS is widely applied in proteomics and metabolomics to investigate the roles of proteins and 

metabolites within biological systems. This has significantly enhanced our understanding of 

molecular mechanisms underlying various diseases, facilitating the development of new drugs and 

therapies [24-26]. Regardless of the specific application, all mass spectrometers share four 

essential components: a sample input system, an ionization source, a mass analyzer, and a detector 

[21]. 

1.2) Electrospray Ionization Mass Spectrometry 

Efforts to develop mass spectrometry techniques for studying large biomolecules faced significant 

challenges due to the difficulty of converting these molecules into gas-phase ions [27]. Traditional 

ionization methods relying on vaporization caused extensive decomposition, making them 

unsuitable for large biomolecules like proteins [28]. 

In 1989, John Fenn introduced electrospray ionization (ESI) as a soft ionization technique that 

overcame these challenges by allowing intact macromolecules to be ionized via multiple charging 

[29]. ESI uses strong electric fields to desorb ions from a solution into the gas phase, imparting 

very little residual energy to the analyte, thus preventing fragmentation [30]. The multiple charging 

mechanism produces ions with lower m/z values, making them compatible with common mass 

analyzers. Before ESI, existing ionization techniques could not accurately measure biologically 

important macromolecules such as proteins [31]. 

1.2.1) Mechanism of Electrospray Ionization 

ESI employs electrical energy to transfer ions from a solution into the gas phase for mass 

spectrometric analysis [30]. The process begins with the formation of a mist of charged droplets, 

carrying the same polarity as the capillary voltage. Driven by a combination of pressure and 
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potential gradients, these charged droplets move toward the analyzer region of the mass 

spectrometer [30]. 

As the droplets travel, solvent evaporation causes a continuous reduction in droplet size, increasing 

the surface charge density [30]. Eventually, the droplet reaches the Rayleigh limit, where the 

Coulomb force of repulsion between the charges exceeds the surface tension, causing the droplet 

to break up into smaller droplets [28, 30]. This cycle of evaporation and disintegration continues 

until the droplets reach nanoscale radii, ultimately producing gas-phase analyte ions that are 

detected by the mass spectrometer [30]. 

Figure 1.1) (Adapted from Kebarle et al.) illustrates the electrospray ionization process [30]. 

 

1.2.2) Mechanisms of Ion Formation  

There are three primary mechanisms by which charged gaseous species are formed in ESI (Figure 

1.2) [28-31]: 
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Ion Evaporation Model (IEM): Small, low molecular weight species are transferred into the 

gas phase by ejection of ions from charged nanodroplets [28, 30]. 

Charged Residue Model (CRM): Larger, globular species, such as native proteins, are released 

into the gas phase as the solvent evaporates [28, 30]. 

Chain Ejection Model (CEM): Partially hydrophobic, disordered polymer chains are ejected 

into the gas phase as the droplet evaporates [28, 30]. 

Figure 1.2 (Adapted from Konermann et al.) summarizes these mechanisms: (a) IEM, (b) CRM, 

and (c) CEM [28]. 
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ESI-MS is a crucial technique for producing gas-phase ions from large macromolecules [28]. 

ESI enables structural characterization, accurate identification, and quantitative analysis of 

metabolites in complex biological samples by offering high sensitivity, compatibility with a wide 

range of analytes, and the ability to preserve molecular integrity during ionization, making it 

particularly valuable for non-volatile and thermally labile compounds [32]. ESI-MS is highly 

sensitive, reliable, and robust, enabling the analysis of non-volatile and thermally labile 

biomolecules from minimal sample volumes with exceptional precision. Its soft ionization process 

preserves molecular integrity, making it ideal for detecting and quantifying a broad spectrum of 

analytes in complex biological matrices [33]. 

1.2.3) Variants of Electrospray Ionization (ESI) 

Electrospray Ionization (ESI) has evolved into several innovative variants that enhance its 

versatility and simplify sample preparation for mass spectrometric analyses. Paper Spray 

Ionization (PSI) utilizes a small triangular piece of paper onto which the sample is deposited. 

Applying a high voltage to the moistened paper tip generates a spray of ions, facilitating rapid 

analysis of complex mixtures such as biological fluids and environmental samples without 

extensive pretreatment [34].  

Similarly, Leaf Spray Ionization employs plant leaves as the substrate for direct analysis of natural 

compounds. By applying a solvent and high voltage to the leaf tip, metabolites can be ionized and 

analyzed, making this method valuable for phytochemical studies [35]. 

An emerging technique, Sandpaper Spray Ionization (SPS-MS), utilizes sandpaper coated with the 

sample as a substrate for direct ionization. The textured surface of the sandpaper provides a large 

contact area, which enhances the extraction of analytes. When a solvent is deposited onto the 

sandpaper and a high voltage is applied, ions are generated directly from the sample, facilitating 

efficient and robust analysis of solid and semi-solid materials [36–38]. This method eliminates the 

need for extensive sample preparation, making it highly practical for applications involving 

complex matrices. 

SPS-MS represents a significant advancement among ESI variants, offering several unique 

advantages. The sandpaper substrate is inexpensive, widely available, and adaptable to a wide 
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range of sample types, from biological tissues to environmental materials. By allowing rapid 

analysis with minimal manipulation, SPS-MS reduces both the cost and time associated with 

traditional sample preparation and chromatographic techniques. These attributes make SPS-MS a 

powerful tool for researchers seeking a fast, reliable, and cost-effective method for analyzing 

complex biological and non-biological samples. 

1.3) Matrix-Assisted Laser Desorption/Ionization Mass Spectrometry (MALDI-MS) 

Matrix-assisted laser Desorption/Ionization (MALDI) is a laser-based mass spectrometry 

technique specifically designed to ionize large biomolecules, including peptides, proteins, nucleic 

acids, and synthetic polymers, while minimizing fragmentation during the ionization process [39, 

40]. The method works by embedding the analyte within a matrix that absorbs laser energy, 

facilitating the desorption and ionization of the molecules with minimal disruption to their 

structural integrity. This soft ionization process ensures that the molecular structure of large and 

complex biomolecules remains intact, making MALDI ideal for high-accuracy mass analysis. 

MALDI has found extensive applicability in a wide range of fields due to its versatility and ability 

to analyze complex mixtures. In proteomics, it plays a crucial role in identifying and characterizing 

proteins, including post-translational modifications, and in constructing protein interaction 

networks. It is also widely used in drug metabolism studies, where it enables the analysis of small 

molecule metabolites and their interactions with proteins. Additionally, MALDI is a powerful tool 

for analyzing synthetic polymers, offering insights into their composition and molecular weight 

distributions. Furthermore, in disease pathology, MALDI has been employed to identify 

biomarkers and map spatial distributions of biomolecules in tissues, providing valuable insights 

into the molecular basis of diseases [40, 41]. 

This combination of precision, versatility, and the ability to handle complex samples makes 

MALDI an indispensable technique across multiple disciplines, from basic biological research to 

applied fields such as biotechnology and clinical diagnostics. 

1.3.1) Historical Development of MALDI 

The use of lasers for ionizing organic molecules dates back to the early 1970s, marking a 

significant advancement in mass spectrometry [41]. During this period, researchers experimented 

with a variety of lasers that differed in wavelengths and pulse durations, combining them with 
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different types of mass spectrometers to evaluate their efficacy. These early efforts were 

foundational in developing laser-based ionization techniques, as they provided crucial insights into 

the mechanisms of energy transfer during ionization. 

Through systematic experimentation, two fundamental principles for effective laser desorption 

emerged. First, efficient absorption of the laser wavelength by the analyte or the matrix is essential 

to ensure controlled and uniform energy transfer. The laser energy must be effectively absorbed to 

convert the molecules into gas-phase ions without causing unnecessary damage. Second, the 

energy transfer must occur within an extremely short time frame, typically in the range of 

nanoseconds, to prevent the thermal decomposition of thermally labile molecules and maintain 

their structural integrity [41, 42]. 

These principles have since guided the development of advanced techniques like MALDI, which 

uses a laser-absorbing matrix to protect and facilitate the desorption and ionization of large and 

delicate biomolecules. The lessons learned from these early experiments continue to influence the 

optimization of laser-based ionization systems in mass spectrometry today. 

 

1.3.2) MALDI Methodology 

MALDI is a powerful mass spectrometry technique that relies on embedding the analyte within a 

matrix compound to facilitate the ionization process. The matrix, typically a small organic 

molecule, plays a dual role by absorbing laser energy and protecting the analyte from direct 

exposure to intense energy, which could otherwise cause decomposition. For liquid samples, a 

small volume of analyte solution is mixed with the matrix solution and co-spotted onto a metal 

target plate. As the solution dries, matrix-analyte co-crystals form, ensuring close molecular 

interaction and effective energy transfer during ionization [42]. For solid samples, such as tissue 

sections, a thin and uniform layer of matrix is applied over the sample, allowing for efficient and 

consistent desorption and ionization across the sample's surface [39-42]. 

Once the sample is prepared, it is subjected to laser pulses, typically from a Neodymium-doped 

Yttrium Aluminum Garnet (Nd:YAG) laser. This laser is favored for its short pulse width, typically 

in the nanosecond range, and its ability to focus the laser beam onto small spot sizes. This precision 
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ensures that the matrix absorbs the laser energy efficiently and transfers it to the analyte in a highly 

controlled manner. The energy transfer facilitates the desorption and ionization of the analyte 

molecules while minimizing fragmentation, a key feature that distinguishes MALDI as a soft 

ionization technique [41, 42]. The ionization process in MALDI is particularly advantageous 

because it preserves the structural integrity of large, fragile biomolecules such as proteins, 

peptides, nucleic acids, and synthetic polymers. This makes MALDI ideal for analyzing complex 

mixtures and provides high-resolution data with minimal preprocessing requirements. The 

generated ions are subsequently detected and analyzed by the mass spectrometer, producing a mass 

spectrum that reveals critical information about the molecular composition of the sample, such as 

molecular weights and structural features [40-42]. 

Figure 1.3) (Adapted from Knochenmuss 2006) illustrates key processes in cluster-based 

MALDI ionization. Clusters formed during ablation contain preformed ions, with some carrying a 

net positive charge and others negative (not shown). Charged analytes (A), protonated in solution, 

may be released during cluster evaporation, or charge may transfer from the matrix (m) to the 

analyte via secondary reactions. For multiply charged analytes, hard and soft desolvation can yield 

distinct ion types. Partial neutralization by electrons or counterions occurs but remains incomplete 

[41]. 

 

Overall, MALDI combines speed, sensitivity, and ease of use, making it an indispensable 

technique in modern biological and chemical research. By offering robust capabilities for 
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analyzing a wide range of samples, it continues to drive innovation in biotechnology, 

pharmaceuticals, and clinical diagnostics. 

1.3.3) Applications of MALDI-MS 

In addition to its precision and minimal sample preparation requirements, MALDI offers 

exceptional versatility. It has been widely applied in fields such as proteomics, where it enables 

the identification and characterization of proteins and their post-translational modifications, as 

well as in drug metabolism studies, where it facilitates the analysis of metabolites and their 

interactions. MALDI has found significant applications in the study of synthetic polymers, 

providing insights into their molecular weights and distributions. Its ability to analyze 

biomolecular distributions within tissues has also made it a powerful tool in disease pathology, 

where it aids in the identification of molecular biomarkers and the mapping of biomolecules within 

tissue sections [39–42]. 

MALDI-MS has become a cornerstone in proteomics, enabling the identification and 

characterization of proteins, peptides, and their post-translational modifications. Its ability to 

analyze complex protein mixtures with high sensitivity and minimal fragmentation makes it 

indispensable for mapping protein networks and studying cellular processes  [40]. MALDI-MS is 

widely used in the characterization of synthetic polymers, offering detailed insights into their 

molecular weight distributions, composition, and structural variations. This application is critical 

for materials science, where understanding polymer properties is essential for developing 

advanced materials [43]. In the pharmaceutical industry, MALDI-MS is employed for drug 

metabolism studies, facilitating the identification and quantification of drug metabolites. It is also 

utilized for quality control to ensure the consistency and purity of pharmaceutical products 

throughout production [43-45]. Disease Pathology: MALDI-MS plays a vital role in disease 

pathology, particularly in identifying and detecting biomarkers associated with various diseases. 

Its ability to map biomolecular distributions within tissue sections has provided valuable insights 

into disease mechanisms, aiding in diagnostics and the development of targeted therapies [40, 46]. 

In summary, MALDI-MS is a highly versatile and sensitive tool that enables the analysis of large 

and complex molecules with minimal fragmentation. Its applications span multiple scientific 
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disciplines, including biochemistry, pharmaceuticals, materials science, and clinical research, and 

it continues to drive advancements in research and diagnostics [40-46]. 

 

1.3.4) MALDI-MS for Small Molecule Analysis 

Recent advancements have significantly broadened the application scope of MALDI-MS, 

extending its utility to the analysis of small molecules, which traditionally fell outside its primary 

focus. This expansion has established MALDI-MS as an indispensable tool in fields such as 

metabolomics, where it enables the detailed profiling of metabolites across complex biological 

systems, and pharmaceutical research, where it is used to study drug compounds, their interactions, 

and their metabolites [43. 44]. 

Although MALDI-MS has been predominantly associated with the analysis of large biomolecules, 

such as proteins and peptides, recent developments have highlighted its exceptional capabilities in 

the detection and characterization of low molecular weight compounds, including metabolites, 

drugs, and small peptides. This ability to analyze smaller molecules is facilitated by advancements 

in matrix selection, optimization of laser parameters, and refined ionization techniques, which have 

collectively enhanced the sensitivity and accuracy of MALDI-MS for low-mass analytes. 

Additionally, its speed, simplicity, and minimal sample preparation requirements make it 

particularly valuable for high-throughput applications, reducing the time and cost associated with 

traditional analytical methods. The technique offers unique advantages by preserving the structural 

integrity of small molecules during ionization, allowing for accurate molecular characterization 

and quantification. These qualities have significantly expanded the relevance of MALDI-MS in 

biological, clinical, and industrial research, making it a versatile platform for studying complex 

biochemical pathways, drug discovery, and disease mechanisms [45]. 

1.3.5) Challenges in Small Molecule Analysis 

Analyzing small molecules using MALDI-MS has long been challenged by matrix-related 

background interference, particularly in the low-mass range, where peaks from traditional matrices 

often overlap with analyte signals. Organic matrices, such as α-cyano-4-hydroxycinnamic acid 

(CHCA) and 2,5-dihydroxybenzoic acid (DHB), while widely used, generate background ions that 
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complicate the interpretation of mass spectra. This issue is particularly problematic when 

analyzing low molecular weight compounds, where resolving analyte-specific signals becomes 

difficult [46, 47]. 

To address these challenges, researchers have explored alternative matrices that provide cleaner 

mass spectra and improved signal-to-noise ratios. For example, graphene oxide (GO) has emerged 

as a promising matrix material due to its high thermal conductivity, excellent energy absorption 

properties, and low background interference. Graphene-based matrices have been shown to 

enhance the detection of small molecules, offering both higher sensitivity and better 

reproducibility compared to conventional organic matrices [48]. Similarly, inorganic matrices and 

nanostructured substrates have gained attention as viable alternatives, as they offer improved 

desorption/ionization efficiency while reducing matrix-related interferences [49]. Additionally, 

significant advancements have been made in the development of conjugated polymers as novel 

MALDI matrices. These polymers function as dual-mode matrices capable of supporting both 

positive and negative ionization modes, making them highly versatile for small molecule analysis. 

Conjugated polymers also exhibit excellent stability and compatibility with a wide range of 

analytes, further broadening their applicability in mass spectrometry and imaging workflows [50]. 

While these alternative matrices, such as graphene oxide, inorganic substrates, and conjugated 

polymers, represent innovative approaches for overcoming the limitations of traditional matrices, 

they are not yet widely diffused or routinely adopted in laboratories. The optimization of existing 

organic matrices for small molecule analysis remains a highly valuable and more practical 

approach for most applications, providing a balanced trade-off between simplicity, cost-

effectiveness, and analytical performance [45-50]. 

1.3.6) Advances in Matrices for Small Molecules 

Although alternative matrices have been proposed, recent literature shows that traditional matrices, 

such as DHB, CHCA, DAN, and SA, remain widely used for small molecule analysis in MALDI-

MS. Despite their initial design for larger biomolecules, advancements like sublimation have 

improved their performance by enhancing crystal uniformity and signal-to-noise ratios [46, 51, 

52]. Additionally, strategies such as the incorporation of quaternary ammonium surfactants into 

CHCA matrices have further reduced background noise, making them more effective for low 
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molecular weight compound analysis [46].The versatility and compatibility of these traditional 

matrices are further enhanced by refined application methods, and supported matrices. These 

approaches allow for reduced background interference, better crystallization, and the detection of 

low-abundance analytes, ensuring that traditional matrices remain indispensable tools in MALDI-

MS. While novel matrices and cutting-edge technologies continue to emerge, the combination of 

proper crystallization techniques and carefully selected traditional matrices provides a cost-

effective and reliable solution for small molecule analysis in a variety of fields, including 

metabolomics and lipidomics [51- 53].  

1.3.7) MALDI-MS-Based quantitative approaches 

MALDI-MS has emerged as a promising tool for the quantification of small biomolecules, 

including steroid hormones, peptides, and other complex analytes, by offering high specificity, 

sensitivity, and rapid analysis. Quantitative MALDI-MS methodologies often overcome the 

challenges of poor ionization efficiency inherent to small molecules by employing derivatization 

strategies [54–56]. Additionally, the use of stable isotope-labeled internal standards and external 

calibration curves has enabled robust quantification with excellent precision and reproducibility. 

Recent advancements have expanded the applicability of MALDI-MS quantification to diverse 

analytes. For instance, a MALDI-TOF MS method was developed for the quantification of 

guanidine-containing oligomers in consumer products, overcoming challenges related to their 

polydispersed molecular weight distribution by incorporating custom-synthesized ¹³C-labeled 

internal standards and solid-phase extraction (SPE) with ionic liquid matrices to enhance 

reproducibility [57]. Similarly, a novel 2-nitrophloroglucinol (2-NPG) matrix was successfully 

employed for the quantification of the fungicide pyrimethanil in strawberries, demonstrating 

MALDI-MS’s ability to achieve comparable performance to UPLC-MRM while providing rapid 

analysis and spatial distribution insights via MALDI imaging [58]. 

These approaches demonstrate the versatility of MALDI-MS in the direct analysis of complex 

matrices, offering shorter analysis times compared to traditional chromatographic techniques and 

making it a valuable alternative for clinical and research settings. 
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1.4) Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS) 

Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS) is a versatile and powerful 

analytical tool with widespread applications in clinical, pharmaceutical, environmental, and 

metabolomic research. Its ability to combine robust chromatographic separation with highly 

sensitive and specific mass spectrometric detection has revolutionized the analysis of complex 

matrices, addressing challenges such as matrix effects and interference, which commonly affect 

other analytical techniques [59]. 

In clinical laboratories, LC-MS/MS is widely employed for therapeutic drug monitoring, 

toxicology, endocrinology, and newborn screening. For example, it is commonly used to monitor 

immunosuppressants, steroids, and vitamin D metabolites, offering multiplexing capabilities to 

analyze multiple analytes in a single run. This approach reduces sample volume requirements and 

improves analytical specificity compared to immunoassays, which are more susceptible to 

interferences [59, 60]. Furthermore, LC-MS/MS is advantageous for analyzing analytes in diverse 

matrices, including plasma, urine, saliva, and dried blood spots, making it invaluable for both 

clinical and forensic applications [60, 61]. 

The reduction of matrix effects—a critical issue in analytical chemistry—is one of the key 

strengths of LC-MS/MS. Robust chromatographic separation combined with ESI or atmospheric 

pressure chemical ionization APCI ensures efficient ionization while minimizing interference from 

co-eluting compounds. Internal standards, especially stable isotope-labeled compounds, further 

enhance accuracy and reproducibility by correcting for residual matrix effects [59, 60, 62]. 

In metabolomics, LC-MS/MS has proven invaluable for targeted and untargeted analyses. Targeted 

LC-MS/MS has been used to distinguish metabolic syndrome from obesity by quantifying 

metabolites associated with pathways such as purine metabolism and branched-chain amino acid 

degradation. These findings underscore its utility in characterizing disease-specific metabolic 

profiles and identifying potential biomarkers [63]. The method’s versatility extends to 

environmental research, where it has been used to profile dissolved organic matter (DOM) in 

marine ecosystems [64]. Ultra-high-performance liquid chromatography coupled with high-

resolution mass spectrometry enables comprehensive molecular characterization, and it is the gold 

standard method for quantifying a wide variety of small molecules [64, 65]. 
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LC-MS/MS is a fundamental tool in pharmacological and toxicological analysis, providing high 

sensitivity and high throughput for drug detection and quantification. It is extensively used in 

pharmacokinetics and therapeutic drug monitoring, including the analysis of anticancer drugs [66], 

as well as in forensic toxicology for the screening of new psychoactive substances in biological 

samples with minimal matrix interference [67]. 

The adaptability of LC-MS/MS to diverse applications, its ability to address matrix effects, and its 

precision in quantitative and qualitative analyses make it a critical tool in modern analytical 

science. Its continuous development promises to expand its impact across a range of scientific and 

clinical disciplines [59–67]. 

1.4.1) LC-MS/MS-Based Proteomics 

LC-MS/MS is particularly transformative in studying the pharmacokinetics of protein-based 

drugs, where precise measurement of these biomolecules in plasma or other tissues is essential. 

Protein drugs, such as monoclonal antibodies, hormones, and enzymes, exhibit complex 

pharmacokinetics due to their size, structural heterogeneity, and specific mechanisms of action. 

Traditional immunological techniques like enzyme-linked immunosorbent assay (ELISA), despite 

being more sensitive often lack the selectivity and multiplexing capabilities required for such 

intricate analyses [68]. LC-MS/MS proteomics, with its ability to differentiate closely related 

protein isoforms, post-translational modifications, and degradation products, addresses these 

challenges effectively. 

One significant application of LC-MS/MS proteomics is the quantification of endogenous proteins 

and protein drugs in pharmacokinetic studies. The use of micro-LC/MS-MS methods, such as those 

developed by Suraj et al. (2018), illustrates the ability to simultaneously quantify multiple protein 

biomarkers with high precision and sensitivity. By monitoring selected peptides as surrogates for 

target proteins, LC-MS/MS facilitates accurate pharmacokinetic profiling, enabling insights into 

absorption, distribution, metabolism, and excretion (ADME) of protein-based therapeutics [69].  

Moreover, the capability of LC-MS/MS proteomics to detect specific protein markers in processed 

biological samples has been demonstrated in food authentication and forensic sciences. Stachniuk 

et al. (2019) reported the use of heat-stable peptide markers derived from various animal species, 

enabling the identification of processed meat products. This highlights the method's robustness in 
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handling degraded or modified protein samples, a feature critical in pharmacokinetic studies of 

therapeutic proteins, which often undergo significant biochemical alterations in vivo. [70]. LC-

MS/MS proteomics is not limited to quantification; it also offers qualitative insights into protein 

structure and function. For instance, TCUP, a computational method described by Boulund et al. 

(2017), integrates LC-MS/MS data with bioinformatics to characterize bacterial proteomes and 

antibiotic resistance markers. Such approaches underscore the potential of LC-MS/MS in 

therapeutic monitoring and resistance management, particularly in clinical settings. [71]. In the 

context of protein drugs, LC-MS/MS is pivotal in assessing immunogenicity and structural 

integrity. Prasad et al. (2019) discussed the criticality of bioanalytical quantification in protein 

therapeutic studies, emphasizing the method's reliability in delivering reproducible and accurate 

data. The application of quantitative LC-MS/MS ensures robust evaluation of therapeutic efficacy 

and safety by monitoring drug levels and related biomarkers [72]. The future of LC-MS/MS 

proteomics in pharmacokinetics lies in expanding its throughput and applicability. High-resolution 

mass analyzers and innovative quantification strategies, such as parallel reaction monitoring 

(PRM) and MRM, continue to enhance its precision and sensitivity. These advancements enable 

deeper insights into the pharmacokinetics of protein therapeutics, paving the way for personalized 

medicine and optimized therapeutic regimens. As protein-based drugs become more diverse and 

complex, LC-MS/MS proteomics will remain an indispensable tool for their comprehensive 

analysis, offering a bridge between molecular understanding and clinical application. 

 

1.5) Immunoaffinity Purification 

Immunoaffinity chromatography (IAC) is a cornerstone technique in proteomics, enabling the 

separation of specific proteins from complex mixtures through antibody-antigen interactions. 

Central to IAC is the immobilization of antibodies or other affinity reagents onto a solid matrix, 

facilitating the selective binding of target proteins. The process involves either immunodepletion, 

which removes high-abundance proteins (HAPs), or immunoenrichment, which isolates low-

abundance proteins (LAPs), significantly reducing sample complexity and enhancing the detection 

of clinically significant biomarkers [73]. For instance, immunodepletion columns like the MARS 

Hu-14 and IgY14 systems, which target up to 14 of the most abundant plasma proteins, have 

demonstrated remarkable efficiency in reducing the dynamic range of protein concentrations, 
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enabling deeper proteome profiling of plasma, urine, and cerebrospinal fluid with enhanced 

coverage and reproducibility [73]. 

A key step in immunoaffinity purification is the preparation of high-quality antibodies, often 

produced in rabbits. Typically, polyclonal antibodies are generated by immunizing rabbits with the 

target antigen. To ensure high specificity and purity, the total IgG fraction is frequently isolated 

using Protein A chromatography, which exploits the high affinity of Protein A for the Fc region of 

IgG, prior to antigen-specific affinity purification. This approach is exemplified in the 

development of antibodies against mouse IgG2b and CD147, where Protein A purification was 

integral to obtaining high-purity antigen-specific antibodies, enabling sensitive applications like 

ELISA and sandwich assays [74, 75]. 

The flexibility of IAC extends beyond depletion and enrichment, with applications ranging from 

global proteome profiling to targeted quantification of proteins in biofluids. For example, the 

SISCAPA (Stable Isotope Standards and Capture by Anti-Peptide Antibodies) approach combines 

peptide-specific immunoenrichment with mass spectrometry for highly sensitive and precise 

quantification of low-abundance peptides and proteins [73]. While challenges such as non-specific 

protein loss and high antibody production costs remain, advancements in IAC technologies, 

including automation and the development of novel affinity reagents, continue to expand its 

potential in biomarker discovery and clinical proteomics [73]. 

1.5.1) Advantages of Immunoprecipitation in LC-MS/MS 

The integration of immunopurification with LC-MS/MS represents a transformative approach in 

bioanalytical sciences, significantly reducing matrix effects and enhancing sensitivity in the 

quantification of low-abundance analytes. Immunoprecipitation (IP) allows for the selective 

isolation of target molecules, effectively removing interfering components from complex 

biological matrices. For example, Dubois et al. demonstrated the power of immunopurification in 

isolating the biologically active form of cetuximab (Erbitux) from human serum using soluble 

epidermal growth factor receptor (sEGFR) covalently linked to magnetic beads. This step 

drastically reduced nonspecific interactions and allowed for reliable quantification down to 20 

ng/mL, with assay reproducibility below 20%, achieving sensitivity comparable to traditional 

ELISA methods [76]. Moreover, incorporating protein precipitation within hybrid IP-LC-MS 
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assays has proven particularly effective in addressing interference from abundant plasma proteins. 

Sun et al. reported this approach as a means of achieving ultrasensitive quantification of intact 

therapeutic insulin dimers in human plasma, illustrating the robustness of combining IP with 

selective precipitation techniques [77]. Beyond therapeutic proteins, Breitkopf et al. showcased 

the capability of IP-tandem MS to detect rare targets, such as a low-abundance BCR-ABL tyrosine 

kinase fusion protein in multiple myeloma cells. The precision of IP in isolating this fusion protein 

highlights its versatility in handling complex samples [78]. These advancements emphasize the 

critical role of immunopurification not only in reducing matrix effects but also in achieving 

unparalleled sensitivity and specificity, making it an indispensable tool in modern LC-MS/MS 

workflows for therapeutic protein quantification and biomarker discovery. 

1.6) Instrumentation used 

The following sections provide an overview of the mass spectrometers used in this research: the 

Thermo Finnigan™ LTQ™, Thermo Scientific™ QExactive™ Quadrupole-Orbitrap hybrid and 

the Thermo Scientific™ Orbitrap Exploris™ 120 mass spectrometers and the Thermo Scientific™ 

Vanquish™ UHPLC system. 

1.6.1) Thermo Finnigan™ LTQ™ Mass Spectrometer 

The Thermo Finnigan™ LTQ™ is a highly versatile and widely used mass spectrometer, designed 

to provide reliable and sensitive analysis of ions. It integrates an atmospheric pressure ionization 

(API) source, advanced ion optics, a linear ion trap mass analyzer, and a robust ion detection 

system. This configuration allows the LTQ™ to efficiently guide, trap, and analyze ions, making 

it an excellent tool for a wide range of analytical applications. 

The ionization process begins in the atmospheric pressure ionization source, where ions are 

introduced into the instrument through the ion transfer capillary. This capillary facilitates 

additional desolvation of the ions as they enter the system. The ions are then focused by the tube 

lens and directed toward the skimmer. The skimmer acts as a critical barrier, separating the high-

pressure ion source region from the lower-pressure region of the instrument, ensuring efficient ion 

transmission and minimizing contamination or ion loss. 
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Once past the skimmer, ions are funneled into the Q00 ion guide, a component responsible for 

stabilizing the ion beam. At this stage, the gate lens carefully regulates the injection of ions into 

the mass analyzer, ensuring a controlled and focused entry into the analytical region. 

At the heart of the LTQ™ system lies its linear ion trap mass analyzer, a precision-engineered 

assembly designed to separate and analyze ions based on their mass-to-charge ratio (m/z). The 

analyzer comprises three key components: the front lens, the linear ion trap, and the back lens. The 

linear ion trap features hyperbolic rods arranged in a square configuration, with two central rods 

known as exit rods. These rods include slits through which ions are selectively ejected during 

analysis. 

Inside the trap, ions are confined using a time-varying electric field, enabling precise isolation and 

fragmentation of target ions. Once analyzed, the selected ions are ejected and directed toward the 

ion detection system. This system detects the ions and generates signals that are subsequently 

amplified by sophisticated detection electronics, enabling accurate and sensitive data acquisition 

for downstream analysis [79]. 

Figure 1.4) Adapted from Thermo Electron Corporation LTQ hardware manual. [79] 

Construction details of the Thermo Finnigan™ LTQ™ mass spectrometer.

 

This combination of efficient ion handling and high-performance analysis makes the Finnigan 

LTQ™ a powerful tool for researchers, offering exceptional sensitivity and specificity in a variety 

of analytical workflows. 
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1.6.2) Thermo Scientific™ QExactive™ Hybrid Mass Spectrometer 

The Thermo Scientific™ QExactive™ is an advanced hybrid mass spectrometer that integrates a 

quadrupole mass filter with an Orbitrap analyzer, making it a highly versatile and precise tool for 

complex analytical workflows. This instrument is specifically designed for high-resolution and 

high-sensitivity applications, catering to a wide range of experimental needs. It is widely used in 

proteomics, metabolomics, and small molecule analysis, offering seamless compatibility with 

liquid chromatography (LC) and nano-electrospray ionization (nano-ESI). Additionally, the 

QExactive can be coupled with a matrix-assisted laser desorption/ionization (MALDI) source for 

specialized applications, further enhancing its versatility and utility. 

The QExactive system is built around five main components, each playing a crucial role in its 

operation. 

The ion source generates ions from the analytes using atmospheric pressure ionization (API) 

techniques, such as electrospray ionization (ESI) or nano-ESI. These techniques are ideal for 

coupling with LC and ensure efficient ionization of a wide range of compounds. Acting as a 

selective mass filter, the quadrupole isolates ions based on their mass-to-charge ratio (m/z). This 

feature is critical for targeted analysis and ensures that only ions of interest proceed further in the 

system. The C-Trap serves as an ion accumulator and a focusing device. It temporarily stores ions, 

reduces their kinetic energy using nitrogen gas, and prepares them for high-resolution analysis in 

the Orbitrap analyzer. The collision cell facilitates Higher Energy Collisional Dissociation (HCD), 

a technique that fragments precursor ions into product ions. This step is essential for tandem mass 

spectrometry (MS/MS) experiments, allowing for detailed structural elucidation and sequence 

analysis of biomolecules. The Orbitrap analyzer is the heart of the QExactive system. It provides 

high-resolution and accurate mass measurements by trapping ions in a finely tuned electrostatic 

field. The analyzer is capable of resolving closely spaced mass peaks, making it ideal for 

applications requiring precise mass accuracy and high resolving power. 

The pathway of ions through the QExactive system is meticulously designed for optimal 

performance and efficiency. 

Ions generated by the source are directed through the injection flatapole, which focuses and 

transmits them to the quadrupole mass filter. This step ensures efficient ion transfer while 
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minimizing ion loss. The quadrupole separates ions based on their m/z ratio, allowing only the ions 

of interest to proceed to the next stage. This mass selection capability is essential for targeted 

analyses and complex sample workflows. After passing through the quadrupole, ions are 

accumulated in the C-Trap. Here, their kinetic energy is reduced using nitrogen gas, resulting in a 

focused and stable ion beam. This step ensures optimal conditions for subsequent analysis in the 

Orbitrap. The Z-lens focuses and transfers the ions from the C-Trap to the Orbitrap analyzer. In 

the Orbitrap, ions are subjected to a finely tuned electrostatic field, where they oscillate along a 

central spindle. The frequency of these oscillations is directly proportional to the ions' m/z ratio, 

allowing the Orbitrap to generate high-resolution mass spectra with exceptional mass accuracy.  

Figure 1.5) Adapted from Thermo Fisher Scientific Exactive series operating manual. [80] 

Construction details of the Thermo Scientific™ QExactive™ mass spectrometer. 

 

By combining the precision of the quadrupole mass filter with the resolving power of the Orbitrap 

analyzer, the QExactive system provides unparalleled performance for both qualitative and 

quantitative analyses. This hybrid approach makes it an indispensable tool for modern analytical 

laboratories, delivering high-resolution data and enabling in-depth characterization of complex 

samples [80]. 

1.6.3) Thermo Scientific™ Orbitrap Exploris™ 120 
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The Thermo Scientific™ Orbitrap Exploris™ 120 is a high-resolution mass spectrometer designed 

for precise and reliable qualitative and quantitative analysis across a wide range of applications, 

including proteomics, metabolomics, and pharmaceutical research. Utilizing Orbitrap-based high-

resolution accurate mass (HRAM) technology, this instrument delivers superior mass accuracy, 

high dynamic range, and exceptional sensitivity, making it a powerful tool for complex sample 

analysis. The Exploris 120 is fully compatible with ultra-high-performance liquid chromatography 

(UHPLC) systems and supports multiple ionization techniques, ensuring seamless integration into 

various analytical workflows. 

At the core of the instrument lies its ion transmission and detection system, which ensures optimal 

ion selection, fragmentation, and mass detection. Ions are generated in the OptaMax NG™ 

Atmospheric Pressure Ionization (API) Source, which supports electrospray ionization (ESI) and 

atmospheric pressure chemical ionization (APCI), offering flexibility for different analyte types. 

The ions then pass through the injection flatapole, which focuses and transmits them efficiently to 

the quadrupole mass filter. The quadrupole mass filter selectively isolates precursor ions based on 

their mass-to-charge (m/z) ratio, ensuring precise selection for further analysis. This is particularly 

crucial for targeted workflows, where accurate precursor isolation enhances sensitivity and 

specificity. 

Following mass selection, ions are directed into the Ion-Routing Multipole (IRM), which 

facilitates Higher-Energy Collision Dissociation (HCD). This fragmentation process produces 

characteristic fragment ions necessary for detailed structural elucidation and sequence 

determination in tandem mass spectrometry (MS/MS) experiments. Fragmented ions are then 

accumulated in the C-Trap, where their kinetic energy is reduced before being injected into the 

high-field Orbitrap analyzer. Within the Orbitrap, ions oscillate along a central spindle in a finely 

tuned electrostatic field, and their oscillation frequencies are recorded to generate high-resolution 

mass spectra. The Exploris 120 offers a maximum resolving power of 120,000 at m/z 200, allowing 

for precise isotopic resolution and accurate mass assignments. 

The system features a mass range of m/z 40–3000, making it highly versatile for both small-

molecule and large-protein analysis. It provides mass accuracy of <3 ppm with external calibration 

and <1 ppm with internal lock mass correction, ensuring confidence in analyte identification and 

quantification. The instrument supports rapid polarity switching with full scan acquisition times 
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as short as 1.4 seconds at 60,000 resolution, making it well-suited for high-throughput workflows

. With a dynamic range greater than 5000, the Exploris 120 enables accurate quantification across 

a broad concentration spectrum. Sensitivity tests confirm the ability to detect 200 fg of reserpine 

on-column with a signal-to-noise ratio of 100:1 in MS/MS mode, demonstrating its high analytical 

performance. 

Figure 1.6) Adapted from Thermo Fisher Scientific Orbitrap Exploris Series operating 

manual. [81] Schematic of Orbitrap Exploris Series MSs with S-Lens. 

  

By integrating quadrupole precursor selection, HCD fragmentation, and high-resolution Orbitrap 

detection, the Orbitrap Exploris 120 combines speed, sensitivity, and mass accuracy to meet the 

demands of modern analytical laboratories. Its high-resolution capabilities make it an essential tool 

in proteomics for peptide mapping and biomarker discovery, metabolomics for metabolic profiling 

and lipidomics, and pharmaceutical research for therapeutic protein characterization and small-

molecule quantification. The system’s robust design, efficient ion transmission, and high dynamic 

range establish it as a powerful and indispensable mass spectrometry platform for both discovery-

based and targeted analytical applications [81]. 
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1.6.4) Thermo Scientific™ Vanquish™ UHPLC system 

The Thermo Scientific™ 

Vanquish™ UHPLC 

system is a state-of-the-art 

liquid chromatography 

platform designed for high-

performance and high-

throughput analysis. It 

integrates cutting-edge 

technology to deliver 

superior resolution, 

sensitivity, and precision in 

chromatographic 

separations, making it a 

preferred choice for 

analytical laboratories in 

various fields, including 

pharmaceutical, 

biotechnological, and 

environmental sciences. 

The Vanquish UHPLC system is built with an innovative modular architecture, allowing seamless 

integration of its key components: the solvent rack, pump, autosampler, column compartment, and 

detector. This design ensures optimal performance and efficiency, enabling fast analysis times 

without compromising chromatographic quality. The system is engineered to operate at ultra-high 

pressures, allowing the use of sub-2 µm particle columns for enhanced separation efficiency and 

peak resolution.  

At the core of the Vanquish system is its high-pressure binary or quaternary pump, which provides 

precise and consistent solvent delivery. The advanced autosampler ensures accurate sample 

Figure 1.7) Adapted from Thermo Fisher Scientific Vanquish 

UHPLC and HPLC Systems Operating Manual [82] Schematic of 

Vanquish UHPLC and HPLC system. 
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injection with minimal carryover, while the thermostatted column compartment maintains stable 

conditions to improve reproducibility. 

The Vanquish system employs Thermo Scientific’s proprietary SmartFlow™ technology, which 

minimizes pulsation and improves flow accuracy, crucial for maintaining chromatographic 

integrity. Additionally, its advanced gradient control ensures reproducible retention times across 

multiple injections. The system is controlled via the Chromeleon™ Chromatography Data System 

(CDS), which provides intuitive software capabilities for instrument operation, data acquisition, 

and processing. 

With its robust design, high operational efficiency, and advanced control features, the Vanquish 

UHPLC system sets a new benchmark in chromatographic analysis, ensuring reliable and 

reproducible results in even the most demanding analytical applications [82]. 

 

1.7. Research Objectives 

In this dissertation, the primary objective was to explore novel applications of MS techniques, 

including ESI, MS/MS, MALDI, SSI and IP-LC-MS/MS. The goal was to develop methods for 

the chemical profiling, detection, and quantification of a wide range of targeted and untargeted 

analytes in complex biological matrices. Below, I have outlined my contributions to each 

corresponding publication. 

Chapter 2 

Title: Application of Sandpaper Spray Ionization Mass Spectrometry to Comprehensively Examine 

Maple Leaves Infected with Distinct Fungi 

DOI: https://doi.org/10.1002/jms.5000 

Co-authors: Laurentiu G. Dabija, Rani Shouk, Dani Shouk, Rodinei Augusti, Demian R. Ifa 

¶ Contributions: 

o Designed the experiments. 

https://doi.org/10.1002/jms.5000
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o Conducted sample preparation and sandpaper spray ionization (SSI) mass 

spectrometry analysis. 

o Performed data interpretation and identified key metabolic differences between 

infected and healthy maple leaves. 

o Prof. Demian Ifa and prof. Rodinei Augusti provided mentorship and guidance 

during data analysis and manuscript preparation. 

Chapter 3 

Title: Development of a Matrix-Assisted Laser Desorption Ionization High Resolution Mass 

Spectrometry Method for the Quantification of Camalexin and Scopoletin in Arabidopsis thaliana 

DOI: https://www.researchgate.net/publication/383940229 

Co-authors: Ivan Monsalvo, Nikola Kovinich, Demian R. Ifa 

¶ Contributions: 

o Developed the MALDI-HRMS method for quantification of camalexin and 

scopoletin. 

o Conducted all sample preparation and mass spectrometry analysis. 

o Interpreted the results and wrote the manuscript. 

o Prof. Demian Ifa provided mentorship and feedback throughout the project. 

Chapter 4 

Title: Development of an Immunoprecipitation-Liquid Chromatography-Tandem Mass 

Spectrometry (IP-LC-MS/MS) Strategy for the Detection of low-abundance proteins in Rat Serum 

 

¶ Contributions: 

o Designed and developed the IP-LC-MS/MS method for the detection and 

quantification of recombinant EPO in rat serum. 

https://www.researchgate.net/publication/383940229
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o Performed immunoprecipitation to selectively isolate EPO from complex serum 

matrices. 

o Conducted all LC-MS/MS analyses and data interpretation. 

o Rick Bagshaw provided mentorship and guidance throughout the method 

development and manuscript preparation process. 
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Chapter Two: Application of sandpaper spray 

ionization mass spectrometry to 

comprehensively examine maple leaves infected 

with distinct fungi 
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2.1) Abstract 

This study describes a novel application for sandpaper spray ionization mass spectrometry (SPS-

MS), to examine the surface of maple tree (Acer sp.) leaves.  

By comparing mass spectrometry fingerprints, healthy leaves from those infected with powdery 

mildew and Rhytisma acerinum were distinguished.  

Leaves were grated with sandpaper, cut into triangles, and placed before the mass spectrometer, 

with the addition of a methanol-formic acid solution.  

Multivariate statistical analysis categorized the samples into three groups. Overall, SPS-MS 

effectively analyzed leaves with infectious microorganisms, potentially aiding in the creation of 

fungal identification databanks. 

2.2) Introduction 

Mass spectrometry (MS) has been commonly used as a method for obtaining small molecules and 

protein fingerprints of fungal species. However, traditional techniques like matrix-assisted laser 

desorption/ionization (MALDI) or MS coupled with chromatography separation systems often 

involve lengthy analysis times and complex sample preparation procedures that demand skilled 

personnel [83]. In contrast, sandpaper spray ionization MS (SPS-MS) offers an exceptionally rapid 

screening of solid sample components, with a straightforward sample extraction process that can 

be easily carried out outside the laboratory by less specialized personnel. SPS-MS represents a 

novel ambient ionization technique with several notable advantages. Santos et al. developed this 

technique to offer a textured surface with a significantly greater area than traditional paper, 

rendering it an excellent choice for directly analyzing solid materials. The authors demonstrated 

the ability of these techniques to analyze solid samples using raw green coffee beans as prototype 

samples. The beans were sanded using a triangular-shaped sandpaper, and the mass spectra were 

acquired via an identical procedure as that employed in the correlate paper spray ionization MS 

(PS-MS) technique [84]. 

SPS-MS presents several potential benefits, particularly in analyzing solid samples with adequate 

malleability, such as wood, plastic, and cultured grains. The advantages of SPS-MS are briefly 

summarized as follows: Enhanced Surface Coverage: Sandpaper’s rough surface texture provides 
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superior surface coverage compared with traditional paper. This improved contact area allows for 

more efficient extraction and ionization of analytes from solid samples. 

Direct Analysis of Solid Materials: SPS-MS enables the direct analysis of solid samples, 

eliminating extensive sample preparation. This feature is particularly advantageous when dealing 

with materials that are not easily dissolved or require complex extraction procedures. 

Malleability and Versatility: Sandpaper can adapt to various solid materials, including wood, 

plastic, and cultured grains. This versatility makes SPS-MS a valuable tool for multiple 

applications, from food analysis to material characterization. 

Minimal Sample Manipulation: Unlike other techniques that may require modification or 

pretreatment of samples, SPS-MS minimizes sample manipulation. This saves time and reduces 

the risk of introducing artifacts or contaminants. 

Compatibility with Various Materials: The rough and conductive sandpaper surface efficiently 

ionizes a wide range of compounds, including polar and nonpolar analytes. This broad 

compatibility extends the applicability of SPS-MS across diverse sample types. 

Cost-Effective Support: Sandpaper is a readily available and cost-effective material, making SPS-

MS an economical choice for analytical laboratories. 

In summary, SPS-MS presents a promising advancement in ambient ionization MS, particularly 

for analyzing solid materials. Its unique characteristics offer improved surface coverage, 

compatibility with several solid samples, and minimal (if any) sample preparation steps, thus 

positioning it as a valuable tool for researchers across multiple disciplines [84]. 

The Acer genus, belonging to the Aceraceae family and commonly recognized as maple trees, 

encompasses 129 distinct species and numerous subspecies. These plants are distributed across the 

northern hemisphere. They thrive notably in temperate regions, including East Asia, eastern North 

America, and Europe [85].  

Powdery mildew is formed by several fungi species belonging to the Erysiphaceae family within 

the Ascomycota phylum. It is a plant disease characterized by its distinctive life cycle and parasitic 

relationship with host plants. These fungi were historically categorized under the genus Oidium 
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due to their production of hyphae with conidiophores that form chains of conidiospores. Powdery 

mildew exhibits an obligatory parasitic trophic relationship with host plants, primarily acting as 

ectoparasites by developing mycelium on the plant's surface. They penetrate the host's epidermis 

through specialized structures called haustoria, with some species capable of entering through 

stomata. The disease affects organs with high vegetative activity, including leaves, herbaceous 

shoots, and developing fruits. Initially, infected areas show discoloration, leading to tissue necrosis 

and, in fleshy organs like fruits, the development of splits [86, 87]. 

The tar spot, caused by Rhytisma acerinum, follows a distinctive life cycle and pattern of spread. 

Emerging leaves become vulnerable to infection in spring during cool and wet weather. This 

fungus primarily targets Norway Maple trees, forming large spots, an inch in diameter, on the 

leaves. As the maple leaves mature, they develop light to yellowish-green spots within the infected 

areas. In severe cases, infected leaves may drop prematurely [88, 89].  

In addition to its impact on crops, tar spots can pose risks to some herbivore animals that may 

ingest infected vegetation and be adversely affected. Horses, in particular, are sensitive to certain 

fungi and may experience health issues upon consuming plants contaminated with fungal spores 

[90]. 

This work demonstrates the usefulness of SPS-MS to analyze maple leaves infected by powdery 

mildew or tar spots, taken as proof-of-concept samples. The MS profiles are compared to verify 

whether the healthy and infected leaves could be distinguished by their MS profiles. The 

reproducibility of SPS-MS is appraised by demonstrating whether analytical and biological 

replicates yield similar MS profiles.  

Unsupervised statistical methods are applied to determine whether the samples can be allocated 

into distinct clusters. To our knowledge, the issue reported herein does not represent any severe 

threat to farming activities. However, the convenient attributes of maple leaves, mainly their easy 

access and convenient malleability, led us to select them as suitable samples to demonstrate the 

potential of SPS-MS in providing rapid, crucial, and helpful information for combating the harmful 

effects caused by fungal infestation of crops, a risky issue for farmers [91-94].  

Moreover, the unique characteristics of SPS-MS allow for an efficient database construction for 

comprehensive fungal identification. This database, with the mass spectra profiles of various types 
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of fungi, could facilitate quick and accurate identification of fungi affecting plants, as previously 

described with bacteria [95]. Such a resource not only streamlines the diagnostic process but also 

empowers agricultural communities to make timely decisions and implement targeted 

interventions, bolstering the resilience of farming systems, thus benefiting crop protection and 

helping safeguard the well-being of livestock and other creatures within the agricultural ecosystem. 

2.2) EXPERIMENTAL SECTION 

2.2.1) Sampling 

Three kinds of leaves were collected within the Keele campus of York University (North York, 

Toronto, ON, Canada). These were classified as healthy, infected by Rhytisma acerinum (tar spot), 

and powdery mildew (white mold; Figure 2.1). As previously explained, these samples were easily 

accessible and suitable for demonstrating the usefulness of the SPS-MS technique. 

Biological triplicates of healthy and infected leaves were sampled on different days from diverse 

trees and analyzed on the same day of sampling. Each biological replicate (three of each group) 

was analyzed in three analytical replicates (n = 27). 

 

Figure 2.1) Optical images of maple leaves: (A) healthy; (B) infected by the mold Rhystima 

actinium (tar spot); (C) infected by the powdery mildew (white mold). 

2.2.2) Sample Preparation 

Richard 900 150-grit sandpaper was purchased from a local store. Various types of sandpaper, 

including 100 and 120 grits, were evaluated before the analysis. However, challenges arose during 
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the extraction process with finer grit sandpaper, as it tended to bend when rubbing the leaf, 

hindering the overall effectiveness of sample extraction. 

For the experiments, each leaf was slightly rubbed against the sandpaper. The sandpaper, now 

bearing the rubbed material, was cut into an equilateral triangle shape with sides of 1.0 cm for each 

replicate. This careful process ensured the highest reproducibility between replicates. The triangle 

was placed 0.5 cm away from the MS inlet, aligned with the ion transfer path of the mass 

spectrometer, and held by an alligator clamp supplying the required high voltage. A workflow of 

this experimental procedure is provided in Figure 2.2. 

 

Figure 2.2) Schematic workflow of sandpaper spray ionization mass. 

High-performance liquid chromatography (HPLC)-grade methanol (25 μL, Sigma Aldrich, St. 

Louis, MO, USA) with 0.1% formic acid (Sigma Aldrich, St. Louis, MO, USA) was deposited 

over the rubbed sample, and the acquisition started. 

 

2.2.3) MS Parameters 

The data were acquired using a linear ion trap mass spectrometer (LTQ, Thermo Fisher Scientific, 

San Jose, CA). The mass spectra were recorded under the following conditions: 

¶ Automatic gain control and a maximum ion trap injection time of 200 ms with three micro 

scans. 

¶ Spray voltage: ±4 kV. 

¶ Capillary temperature: 300°C. 
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¶ Tube lens voltage: 102 V. 

¶ Capillary voltage: 48 V. 

The full-scan mass spectra were acquired in the positive and negative ion modes with an m/z range 

of 100–500. For MS/MS experiments, a precursor ion of interest was selected and dissociated 

using collision-induced dissociation (CID) with helium as the collision gas. Dissociation profiles 

were obtained using a normalized collision energy (NCE) between 20% and 40%. 

 

2.2.4) Data Processing and Statistical Analysis 

ProteoWizard's MSConvert software converted the RAW data into the mzXML format [96]. The 

top 10 ions with the highest abundance were selected from each sample. Deisotoping, feature 

alignment, and gap filling were performed using MZmine 2.53 [97]. 

A one-factor statistical analysis was conducted using MetaboAnalyst 5.0 [98]. The data underwent: 

1. Normalization by sum. 

2. Filtration based on the interquartile range (IQR). 

3. Logarithmic transformation and mean centering. 

Principal Component Analysis (PCA) and Hierarchical Cluster Analysis (HCA) were performed, 

employing Pearson's correlation as the distance measure and Ward's linkage as the clustering 

algorithm. 

2.3) RESULTS AND DISCUSSION 

Initially, leaf spray ionization was attempted by directly analyzing maple leaves cut into a triangle 

shape. However, the acquired mass spectra showed low-intensity and non-reproducible signals for 

each extraction solvent. This was likely caused by the waxy cuticle layer covering the leaves, 

which hinders the efficient extraction of analytes and their subsequent ionization [99, 100]. 
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Therefore, Sandpaper Spray Ionization MS (SPS-MS) was tested as an alternative approach 

capable of providing a better response due to its superior ability to extract analytes from leaves.  

With the 

selection of 

SPS-MS for its 

enhanced 

extraction 

capabilities, 

attention was 

then turned to 

optimizing the 

experimental 

variables. 

Conditions such 

as voltage, 

capillary 

temperature, 

solvent, and the 

distance and 

angle between 

the triangle tip 

and the mass 

spectrometer 

inlet were 

optimized 

based on signal 

intensity and stability. Three solvents were evaluated: methanol, acetonitrile, and chloroform. 

Chloroform did not provide significant signals; acetonitrile resulted in spectra with minimal noise 

but low intensity, whereas methanol yielded the best response and was selected as the carrier 

solvent for analysis. 

Figure 2.3) Sandpaper spray ionization mass spectrometry spectra of maple 

tree leaves in the positive ion mode: healthy (A), infected by Rhytisma 

acerinum (tar spot) (B), infected by powdery mildew (white mold) (C). 
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Additionally, traditional Paper Spray Ionization MS (PS-MS) was conducted for comparative 

analysis. While ions and their signal intensities were similar between PS-MS and SPS-MS, the 

stability of the sandpaper substrate in SPS-MS enhanced the analytical process. This increased 

stability facilitated the monitoring of diagnostic ions by yielding mass spectra with less noise and 

streamlining sample preparation. Furthermore, without the need for liquid–solvent extraction, the 

overall analysis time was significantly reduced. Thus, SPS-MS was deemed the optimal technique 

for this analysis. 

Acquisitions were performed in triplicates in both the positive and negative ion modes, analyzing 

biological replicates for each leaf type (n = 9). The positive ion mode was chosen due to its superior 

response compared to the negative mode. The positive mode also allowed for straightforward data 

interpretation, with reference ions such as m/z 104, 365, and 381 (representing K⁺ adducts of γ-

aminobutyric acid and Na⁺ and K⁺ adducts of disaccharides) being well-documented as plant 

metabolites [101, 102]. 

In contrast, negative ion mode spectra primarily contained fatty acids in their deprotonated forms, 

which exhibited poor intra-day reproducibility. Additionally, blank spectra of the sandpaper 

substrate were collected at the start of each analysis, confirming no correspondence with the ions 

derived from the samples. 

As shown in Figure 2.3, several ions associated with infected leaves were detected. Diagnostic 

ions included m/z 188/208 for white mold-infected leaves and m/z 191/221 for tar spot-infected 

leaves. These ions were consistently observed in all analytical and biological replicates of the 

infected leaves. MS/MS data for diagnostic ions m/z 188 (white mold) and m/z 191 (tar spot) were 

acquired (Table 2.1). Although putative identification was attempted, the lack of publications on 

MS-based data for specific fungi species and maple tree metabolites prevented a definitive match. 

Nevertheless, the MS/MS data identified sodium and potassium adducts of the same metabolite, 

such as m/z 365 and 381, ascribed to sucrose adducts in the healthy leaf spectrum (figure 2.3). 
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Table 2.1) Precursor and Product Ions for Diagnostic Analysis of Maple Leaves Infected by 

Powdery and Tar Mold Fungi 

Figure 2.4) (A) Principal component analysis (PCA) score plot and (B) hierarchal clustering 

analysis (HCA) dendrogram displaying the split among the three types of maple tree leaves: 

healthy (red), infected with the white powdery mildew (green), and infected by the tar mold (blue) 

(n = 9 replicates per type of leaf). 

Overall, identifying the most relevant ions was not the primary goal of this work. However, this 

approach could be applied to more thoroughly characterized biological samples using the same 

technique. 
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Principal Component Analysis (PCA) and Hierarchical Cluster Analysis (HCA) were used to 

distinguish leaf samples based on their unique chemical signatures. Despite being from the same  

species, variations in the chemical profiles were observed due to the presence of infection-specific 

ions at m/z 188, 208, 191, and 221 (Figure 2.4A, B). These ions had the highest scores in the 

loading plot, contributing to the correct clustering of samples. 

Three distinct clusters representing healthy, white mildew-infected, and tar spot-infected leaves 

were evident in the PCA score plot (Figure 2.4A). HCA (Figure 2.4B) further visualized these 

clusters as branches in a dendrogram, confirming the reproducibility of the clustering pattern. The 

consistency between PCA and HCA results demonstrates the excellent analytical reproducibility 

achievable with SPS-MS for this prototype biological analysis. The overall variability was 

primarily determined by the sample type (healthy, mildew-infected, or tar spot-infected). 

2.4) Conclusion 

In conclusion, our proof-of-concept study demonstrated the successful application of SPS-MS as 

an innovative technique for direct and fast analysis of leaves infected with two distinct types of 

molds: white and tar. Through this approach, we achieved MS fingerprints, enabling prompt 

comparison of such different samples and the identification of diagnostic ions. The technique's 

efficacy and usefulness in this unprecedented application highlight its potential for rapid analysis 

of plant tissues and its promising role in environmental and biological research. One particularly 

intriguing future prospect is creating a comprehensive database, housing mass spectra profiles of 

various fungal strains. Such a resource would streamline the diagnostic process, enabling, for 

instance, agricultural communities to promptly detect and address fungal threats, thus bolstering 

the resilience of agriculture. 
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Chapter Three: Development of a Matrix-

assisted laser desorption ionization high 

resolution mass spectrometry method for the 

quantification of Camalexin and Scopoletin in 

Arabidopsis thaliana 

 

 

 

 

 

 

 

 

 

 

Chapter 3 is a version of the published manuscript: Parasecolo L, Leonardo Parasecolo, Ivan M. 

Monsalvo, Nikola Kovinich, Demian R. Ifa Development of a Matrix-assisted laser desorption 

ionization high resolution mass spectrometry method for the quantification of Camalexin and 

Scopoletin in Arabidospis thaliana. Authorea. September 10, 2024. 



 

40 
 

3.1) Abstract 

Understanding plant defense mechanisms against pathogens is essential for enhancing agricultural 

productivity and crop protection. This study focuses on the quantification of camalexin and 

scopoletin, two critical phytoalexins in Arabidopsis thaliana, using mass spectrometry techniques. 

Precise measurement of these compounds provides insights into plant resistance and supports 

agricultural research. 

Camalexin and scopoletin were quantified using matrix-assisted laser desorption ionization high-

resolution mass spectrometry (MALDI-HRMS). The matrix and solvent conditions were 

optimized to maximize sensitivity and accuracy. MS/MS experiments confirmed compound 

identification with high mass accuracy (mass error < 5 ppm). The method was validated through 

comparative analysis of wild-type (WT) and mutant Arabidopsis lines, using internal standards 

and multiple replicates to ensure precision and reliability. 

The method exhibited high linearity for scopoletin (R² = 0.9992) and camalexin (R² = 0.9987) 

across concentration ranges of 0.16–5 µM and 0.31–5 µM, respectively. Limits of detection (LOD) 

were 0.16 µM for camalexin and 0.04 µM for scopoletin, with limits of quantification (LOQ) at 

0.2 µM and 0.08 µM, respectively. Samples analysis demonstrated reliable quantification in WT 

and mutant lines, with significant reductions in camalexin and scopoletin levels observed in the 

atwrky33-2 and atmyb15-1 mutants, respectively. Additionally, the method detected sub-

physiological concentrations, confirming its sensitivity and robustness for low-level detection. 

This study presents a validated, precise, and accurate MALDI-HRMS method for the 

quantification of camalexin and scopoletin in Arabidopsis thaliana. The approach not only 

enhances understanding of plant defense mechanisms but also offers potential applications for 

biotechnological and agricultural research, especially for investigating genetic variations and 

stress-induced phytoalexin production. 

3.2) Introduction 

Phytoalexins are specialized low-molecular-weight metabolites produced by plants in response to 

pathogen attacks. They vary in structure among plant species [74, 75] and are crucial for 

agricultural resistance to pathogens [104, 105]. For example, glyceollins confer resistance in 
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soybean to Phytophthora sojae and Macrophomina phaseolina [106, 107], while camalexin 

provides resistance in Arabidopsis thaliana to Plasmodiophora brassicae and Alternaria 

brassicicola [106, 107]. 

For the last three decades, Arabidopsis thaliana has served as a model organism to understand how 

phytoalexin production is regulated, as it can produce at least 12 different phytoalexins in response 

to biotic stressors [104]. The most well-studied phytoalexins are camalexin and scopoletin, for 

which all the enzymes involved in their biosynthesis have been characterized [104]. Camalexin, 

an indole alkaloid, provides resistance to pathogens such as Botrytis cinerea, Piriformospora 

indica, Alternaria brassicicola, and Pseudomonas syringae [108]. Similarly, scopoletin offers 

resistance to various pathogens, including bacteria, fungi, and protozoa [109]. Numerous studies 

highlight the genes involved in phytoalexin synthesis, underscoring their significance in plant 

biology [110-112]. Beyond agriculture, phytoalexins also show potential for treating human 

diseases [113-115]. 

Mass spectrometry (MS) is crucial for plant metabolomics, offering comprehensive insights into 

plant metabolomes, metabolism, and interactions with pathogens [116]. It has significantly 

advanced our understanding of plant adaptation to environmental and biotic stresses [117]. Despite 

challenges in identifying unknown metabolites and achieving accurate quantitative analysis, 

ongoing MS advancements show promise [118]. 

Analytical methods for the quantification of camalexin and scopoletin have been developed over 

the past decades [119-127]. While these methods demonstrate remarkable analytical performance, 

particularly in sensitivity, they often require extensive sample preparation and significant solvent 

use, leading to high costs and prolonged analysis times. These factors pose considerable 

drawbacks, especially when processing large sets of samples. 

MALDI-MS stands out for biomolecule analysis due to its speed and ease of use. Initially used for 

qualitative analysis, it now supports quantitative analysis despite challenges with low-mass 

analytes [128]. Optimizing experimental parameters and sample preparation, particularly matrix 

selection and crystallization, minimizes variability. Careful design and optimization allow for 

meaningful quantitative comparisons, making MALDI-MS valuable in biological research [128, 

129]. 
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This study developed a MALDI-HRMS method for the absolute quantification of camalexin and 

scopoletin in Arabidopsis plants. The method's performance was evaluated for linearity, LOD, 

LOQ, accuracy, and precision to ensure reliability and reproducibility. This advancement provides 

a rapid, precise, and accurate tool for studying plant defense mechanisms and supports future 

research in plant biology, biotechnology, agriculture, and pharmaceuticals. 

3.3) Experimental Methods 

3.3.1) Reagents 

All reagents used in this study were sourced from Sigma-Aldrich (Oakville, Canada), unless 

otherwise stated. These included Murashige and Skoog (MS) medium with vitamins, sucrose 

(≥99.5%), and Gelzan™ CM for seed plating and media preparation. Solvents for extraction 

included methanol (HPLC grade), water (LC-MS grade), acetic acid (≥99.7%), acetone (≥99.5%), 

and acetonitrile (HPLC-MS grade). MALDI matrices—9-aminoacridine (9-AA, ≥99.5%), 5-

chloro-2-mercaptobenzothiazole (CMBT, ≥90%), and 1,5-diaminonaphthalene (DAN, ≥95%)—

were used for ionization studies. Ethanol (≥99.5%) and methanol (HPLC grade) were employed 

to extract Taraxacum officinale powder. Standards included scopoletin (≥99%) and camalexin 

(≥98%), with indolepropionic acid (≥99%) and daidzein (≥98%) as internal standards. Liquid 

nitrogen was used for snap-freezing samples. The synthetic elicitor flg22 peptide was purchased 

from PhytoTech Lab. Pierce™ Negative Ion Calibration Solution for negative ionization mode 

was purchased from Thermo fisher (Thermo Fisher Scientific, San Jose, CA). 

3.3.2) Plant metabolite extraction 

For method optimization and target compound detection, Arabidopsis seeds were sterilized 

following Denoux et al. (2008) [130]. The sterilized seeds were plated on solid MS medium with 

vitamins, along with 1% sucrose and 2.5 g/L Gelzan to solidify the medium, at pH 5.8. Seeds were 

kept in darkness at 4°C for 3 days, exposed to cool white T5 fluorescent lights (100 μEm2/s) for 

5–6 hours, and returned to darkness at 22°C for 3 days. Seedlings were transfer into a 16 hour 

photoperiod using cool white T5 fluorescent lights (100 μEm2/s). Five-day-old seedlings (15–20) 

were transferred to liquid MS medium in 12-well plates and grown for five more days. A day 

before treatment, the medium was replaced with fresh MS medium. On day 10, the seedlings were 

treated with 5 μM flg22 (a 22 aminoacids peptide fragment from bacterial flagellin that triggers 
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phytoalexin production; QRLSTGSRINSAKDDAAGLQIA) for 16 hours. They were then snap-

frozen in liquid nitrogen, lyophilized, weighed, and homogenized using a ball mill [100]. For 

extraction, 1 mL of methanol was added to the homogenized sample, followed by 30 minutes of 

sonication and centrifugation at 13,200 g for 15 minutes. The supernatant was collected and dried 

under nitrogen gas (first extract). A second extraction was performed using 20 μL of 

MeOH:H2O:AcOH (80:19:1) per mg of dry sample. The supernatant from this step was used to 

dissolve the first extract for subsequent MS analysis. 

3.3.3) MALDI-HRMS condition optimization 

MALDI-HRMS experiments were conducted using a Q-Exactive mass spectrometer (Thermo 

Fisher Scientific) equipped with a Spectroglyph ESI/MALDI ion source (Spectroglyph LLC, 

Kennewick, WA). The acquisitions were performed with a resolving power of 70,000 at m/z 200, 

a maximum injection time of 200 ms, AGC target=1E6, and an m/z range of 100–1,000. The 

acquired ion intensities were extracted using Thermo Xcalibur Qual Browser. To optimize 

camalexin detection, various MALDI matrices known for ionizing small molecules [45, 131] were 

tested: 9-AA and CMBT in negative mode, and DAN in positive and negative modes. These 

matrices were solubilized until saturation and evaluated with different solvents (acetone, methanol, 

and acetonitrile). Plant extract and matrix solutions were mixed 1:1, and 4 µL of the mixture was 

applied to a Teflon-coated slide (Tekdon Incorporated, Myakka City, FL), dried, and analyzed. 

Laser currents were set to 2 A for CMBT, 1.8 A for DAN, and 2.5 A for 9-AA, with a repetition 

rate of 300 Hz. Each acquisition was performed by scanning the sample for 30 seconds. 

The identification of target compounds, scopoletin (m/z 191.0350) and camalexin (m/z 199.0330), 

involved analyzing standard solutions and comparing them with treated samples. Only m/z values 

within 5 ppm of the exact target masses were considered. Fragmentation spectra from both 

standard solutions and flg22-treated samples were cross-referenced with the Human Metabolome 

Database (HMDB) for further confirmation [132]. MS/MS analysis used a normalized collision 

energy of 40.0 (z = 1) with a laser current of 1.8 A, a 300 Hz repetition rate, and an acquisition 

range of m/z 50–200. Target ions were monitored at m/z 191.0 ± 0.2 for scopoletin and 199.0 ± 

0.2 for camalexin (Figure S3.1). 

3.3.4) Preparation of Samples for Calibration and Analysis 
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A biological matrix resembling the Arabidopsis metabolome was created as follows: Taraxacum 

officinale samples were washed with ethanol, dried at 60°C, and ground into a powder. Metabolites 

were extracted using 80% methanol at 20 μL per mg of powder. The mixture was centrifuged (5 

minutes at 14K RPM) to separate the supernatant, which was then divided into 40 µL aliquots. 

These aliquots were used to create calibration curves and quality controls at low, medium, and 

high concentrations. 

3.3.5) Blank analysis 

Before adding the target analytes and their internal standards to the biological matrix, one portion 

was combined with a matrix solution in a 1:1 ratio. This mixture was then analyzed using MALDI-

HRMS to confirm the absence of target compounds, internal standards, or any other isobar 

substances derived from either the MALDI matrix or the biological matrix (Figure S2.2 and S2.3). 

The blank analysis was conducted in triplicate alongside the calibration curve and quality control 

analysis to strengthen the reliability of our findings. 

3.3.6) Standard Addition, Internal Standard Selection and Calibration curve 

After confirming the absence of interference, 40 

µL aliquots were spiked with 5 µL of camalexin 

and scopoletin standards (0.39–50 µM), 

yielding final concentrations of 0.04–5 µM 

(0.16–20 µg/g for camalexin, 0.16–19.20 µg/g 

for scopoletin) after adding 5 µL of internal 

standards (IS). These concentrations align with 

literature values for elicited Arabidopsis [119-

127]. Indolepropionic acid (1.25 µM) and 

daidzein (0.62 µM) were used as IS for 

camalexin and scopoletin (Figure 3.1), respectively, with IS concentrations set at the calibration 

curve midpoint. Each calibration curve point was acquired in duplicate (n=2), according to and 

exceeding FDA guidelines, which typically require only single replicates (n=1). 

3.3.7) Evaluation of Accuracy, Precision, and sensitivity 

Figure 3.1) Target analytes and their internal 

standards: a) Scopoletin, b) Daidzein, c) 

Camalexin, d) 3-Indole-propionic acid 
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The accuracy and precision of the method were assessed through triplicate analyses of quality 

control samples prepared at three different concentrations: 4 µM (QCH), 1 µM (for camalexin), 

and 0.9 µM (for scopoletin) (QCM), as well as 0.5 µM (for camalexin) and 0.45 µM (for 

scopoletin) (QCL). Additionally, the limits of detection (LOD) and quantification (LOQ) were 

determined by preparing batches at decreasing concentrations until a signal-to-noise ratio of at 

least 3 and 10, respectively, was achieved. 

3.3.8) Arabidopsis thaliana samples analysis 

The developed method was applied to the analysis of Arabidopsis thaliana extracts, prepared as 

described in Section 3.2. Quantitative comparisons were conducted between wild-type (WT) and 

mutant lines for each compound. For camalexin quantification, we compared the WT with the 

atwrky33-2 mutant, which is expected to exhibit reduced camalexin levels [101]. Similarly, for 

scopoletin quantification, the WT was compared to the atmyb15-1 mutant, anticipated to show 

diminished scopoletin production [133]. WT and both mutant lines were obtained from the 

Arabidopsis Biological Resource Center (ABRC). 

Each line underwent two treatments: flg22 (an elicitor) and DMSO (negative control), resulting in 

six sample groups. Each group consisted of three biological replicates, and each biological 

replicate was analyzed in triplicate to ensure precision and minimize analytical variability. 

For sample preparation, after metabolite extraction (Section 3.2), 10 µL of internal standard 

solution was added to 40 µL of the extracted metabolome. 10 µL of indolepropionic acid (6.25 

µM) was added to both atwrky33-2 mutant and WT samples for camalexin quantification, and 10 

µL of daidzein (3.1 µM) was added to both atmyb15-1 mutant and WT samples for scopoletin 

quantification. Then, 20 µL of each prepared sample was mixed with 20 µL of saturated DAN-

acetone solution, and 4 µL of the mixture was aliquoted onto a Teflon slide, dried, and analyzed 

following the developed method. The final concentrations of indolepropionic acid (1.25 µM) and 

daidzein (0.62 µM) were consistent with the calibration curve and QC samples, ensuring accurate 

quantification of camalexin and scopoletin, respectively. 
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3.4) Results and discussion 

The analytical performance of the method for absolute quantification of camalexin and scopoletin 

was comprehensively evaluated.  

3.4.1) Matrix selection 

Initial tests revealed low or no 

signals with 9-AA and CMBT in 

negative mode, and DAN in 

positive ion mode. In contrast, the 

saturated solutions of DAN in 

methanol or acetone, in negative 

mode, produced promising 

results. These combinations 

(DAN + acetone and DAN + 

methanol) were evaluated in 

Table 3.1) displays ion counts for the m/z values corresponding to scopoletin and camalexin, 

emphasizing DAN combined with acetone's superior performance. Variability is noted, stemming 

from the decision to omit normalization in this phase of the study, which may have been 

unnecessary. 

triplicate and compared (Table 3.1). Acetone’s rapid evaporation and superior  

Scopoletin Replicate 1 Replicate 2 Replicate 3 Average 

Methanol+DAN 6.43E2 2.51E2 3.73E2 4.22E2 

Acetone+DAN 1.31E3 2.18E3 1.88E3 1.79E3 

Camalexin Replicate 1 Replicate 2 Replicate 3 Average 

Methanol+DAN 2.78E2 9.02E2 7.84E2 6.54E2 

Acetone+DAN 2.28E3 9.44E3 2.47E3 4.73E3 

Figure 3.2) Acetone facilitated superior solubilization of 

DAN, resulting in greater deposition of the MALDI matrix 

on the slide. Its rapid evaporation promoted more uniform 

crystallization. These factors likely contributed to the 

enhanced signal intensity observed, making acetone the 

preferred solvent for method development.  
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solubilization of DAN promoted consistent crystallization, improving signal strength and 

reproducibility, establishing it as the optimal solvent for method development (Figure 3.2).  

3.4.2) Calibration Curve and Linearity 

For camalexin and 

scopoletin, the 

concentration 

ranges for the 

calibration curves 

were determined 

based on achieving 

a signal-to-noise 

ratio (S/N) 

exceeding 10. 

Consequently, a 

concentration 

range of 0.16-5 

µM (0.64-19.20 

µg/g) was 

established for 

scopoletin, while a 

range of 0.31-5 

µM (1.25-20 µg/g) 

was chosen for 

camalexin. The 

linearity of the 

method was 

verified by 

examining the obtained R2 values, both exceeding 0.99. Each point was analyzed in duplicate and 

the reported results for each point are the average values obtained by the replicate analyses (Figure 

3.3). 

Figure 3.3) Calibration curve assessed for Scopoletin (top) and 

Camalexin (bottom). On the X axis is reported the range of spiked 

concentration, on the Y axis the signal of the target compound divided by 

the signal of its internal standard. 
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3.4.3) Sensitivity Assessment 

The sensitivity of the method was evaluated by determining the LOD and LOQ for camalexin and 

scopoletin. Camalexin's LOD was established at a concentration of 0.16 µM, with an S/N of 4.68, 

while scopoletin's LOD was assessed at 0.04 µM, yielding a S/N ratio of 4.24. LOQ for camalexin 

was determined to be 0.2 µM, with an S/N of 10.95, and for scopoletin, it was 0.08 µM, with an 

S/N of 10.90 (Figure S 3.1). 

3.4.4) Accuracy and Precision Assessment 

Accuracy and precision were evaluated by analyzing quality control (QC) samples in triplicate. 

Satisfactory performance was observed across all concentration levels for both camalexin and 

scopoletin. Notably, optimal outcomes were achieved for QC samples at medium concentrations, 

indicative of typical sample compositions. Table 3.2 summarizes the accuracy, expressed as 

relative error, and variability, 

expressed as the coefficient 

of variability, for camalexin 

and scopoletin QC samples at 

different concentration 

levels. The method 

demonstrates sufficient 

sensitivity for detecting and 

quantifying camalexin across 

various samples, including 

WT and mutated varieties. 

Moreover, it  

Table 3.2) Accuracy, expressed as relative error (RE), and Variability, expressed as relative 

standard deviation (RSD), are shown for camalexin and Scopoletin. For each compound, the 

values obtained for QC samples prepared at High (n=3), Medium (n=3), and Low (n=3) 

concentrations. 

exhibits exceptional sensitivity for scopoletin, enabling detection even at sub-physiological 

concentrations. 

  RE RSD 

Camalexin QC High 4 µM 6.03% 3.25% 

QC medium 1  µM 1.14% 0.15% 

QC low 0.5 µM -4.55% 0.90% 

Scopoletin QC High 4  µM 0.57% 3.99% 

QC medium 0.9 µM -1.96% 1.10% 

QC low 0.45  µM -9.79% 2.30% 



 

49 
 

3.4.5) Arabidopsis thaliana samples analysis 

The results of the sample analysis, presented in Figure 3.4, show that concentrations in WT 

samples align with values reported in previous studies using various analytical methods [119-127]. 

The method demonstrates high reliability, accurately detecting both physiological and sub-

physiological concentrations, highlighting its sensitivity to genetic variation. Significant 

reductions in camalexin levels were observed in the atwrky33-2 mutants [111], while atmyb15-1 

mutants exhibited reduced scopoletin levels [133]. 

It is worth noting that in one biological replicate of the atwrky33-2 mutants, despite achieving a 

signal-to-noise ratio above 10, the calculated concentration (0.24 µM, Table S 3.2) fell below the 

lowest point of the calibration range. Nevertheless, camalexin was still detected, demonstrating 

that the method is sensitive enough to identify trace amounts, even when they fall outside the 

validated calibration range, ensuring reliable detection of low-level presence. 

The method’s specificity is further confirmed by camalexin being below the LOD in non-elicited 

samples, consistent with its inducible response to biological stress [127, 130]. In contrast, 

Figure 3.4) Left, concentrations of camalexin in WT FLG22, WT DMSO, Mutated atwrky33-2 

FLG22, and  Mutated atwrky33-2 DMSO. Right, concentartions of scopoletin inWT FLG22, WT 

DMSO, Mutated atmyb15-1 FLG22, and Mutated atmyb15-1 DMSO. Error bars are 

representative of biological variability. 
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scopoletin was detected in both DMSO- and flg22-treated samples, supporting previous reports 

that it is present under normal physiological conditions as its glucosinolate form and hydrolysed 

upon abiotic stress [133-135].  

In WT samples, scopoletin concentrations were predominantly found in the low-to-mid range of 

the calibration curve. However, the higher end of the calibration range may be useful for 

quantifying scopoletin under conditions of enhanced production, such as elicitation by abiotic 

stress [135] or in genetically modified organisms where its biosynthesis is upregulated. These 

findings validate the capability of the method for comparing WT and mutant varieties under both 

basal and stress-induced conditions. 

3.5) Conclusion and future directions 

We have developed a method for the absolute quantification of camalexin and scopoletin, two 

crucial phytoalexins in Arabidopsis, using MALDI-HRMS. Our optimization of matrix and 

solvent conditions, along with method validation, showed strong linearity, sensitivity, accuracy, 

and precision, even at low concentrations. The method was validated using Arabidopsis wild-type 

(WT) plants and mutant lines, specifically atwrky33-2 and atmyb15-1, which exhibit reduced 

levels of camalexin and scopoletin, respectively. Quantitative comparisons between these 

genotypes confirmed the method’s capacity to detect significant reductions in phytoalexin 

concentrations. Compared to conventional methods, our approach offers a significantly faster 

analysis with minimal sample consumption, requiring only 2 µL per run. Each analysis is 

completed in just 30 seconds, a stark contrast to the several minutes needed for liquid 

chromatography or the hours required by some gas chromatography methods. While our method 

is less sensitive than separation-based techniques, which have reported linear ranges for camalexin 

down to 0.1 µg/g [120, 121, 123], it is highly effective for analyzing elicited Arabidopsis samples. 

Specifically, our method reliably quantifies scopoletin when concentrations exceed 0.15 µg/g and 

camalexin above 1.25 µg/g, as demonstrated by the linear range of the calibration curve and by the 

analysis of the Arabidopsis sample. 

Phytoalexins play crucial roles in plant-pathogen interactions, and understanding their regulation 

is essential for enhancing plant defense strategies. By providing a reliable and fast method for 
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quantifying these key metabolites, our work lays the groundwork for deeper insights into plant 

defense mechanisms against biotic and abiotic stresses. 

This advancement supports future research in plant biology and biotechnology, contributing to 

agricultural and pharmaceutical developments. Our study highlights the significance of MALDI-

HRMS in metabolomics research and its potential for elucidating complex biological processes in 

plants. By offering valuable analytical methods and integrating them with biological questions, we 

aim to advance our understanding of plant metabolism and physiology, ultimately contributing to 

increased agricultural productivity and crop yields. 
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Chapter four: Development of a High-

Sensitivity IP-LC-MS/MS Method for Protein 

Quantification in the Low ng/mL Range: 

Application to Erythropoietin 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 4 presents a partial draft of a standard operating procedure (SOP) currently in development 

at Nucro-Technics for IP-LC-MS/MS analysis of low-abundance proteins in rat serum or plasma. 

This chapter summarizes the research I have conducted over the past months within the industrial 

setting of Nucro-Technics Inc. (Scarborough, ON), under the guidance of Dr. Rick Bagshaw, 

research supervisor of the company’s toxicology department. Dr. Bagshaw brings extensive 

expertise to this work, holding a PhD, postdoctoral training, and over a decade of experience in 

the pharmaceutical industry.  
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4.1) Abstract 

The quantification of proteins at low ng/mL concentrations in biological matrices presents a 

significant analytical challenge, particularly in preclinical studies where sample volumes are 

limited. To address this limitation, we developed a highly sensitive method for protein 

quantification, using recombinant human erythropoietin (rhEPO) as a test case. 

Recombinant rhEPO, provided by the Center for Molecular Immunology (CIM), was used to 

evaluate the method’s applicability to therapeutic protein analysis. Selective enrichment of rhEPO 

from rat serum was achieved through immunoprecipitation, utilizing polyclonal IgG antibodies 

generated in New Zealand rabbits. These antibodies were purified via Protein A Sepharose 

chromatography and further isolated using an EPO-conjugated Sepharose gel column. The purified 

antibodies were biotinylated and conjugated to avidin M80 magnetic beads, ensuring highly 

specific extraction of rhEPO from complex biological matrices. 

Following immunoprecipitation, protein digestion was performed to generate target peptides for 

quantification. Peptide mapping with Skyline software identified SLTTLLR as the optimal target 

peptide, and a stable isotope-labeled internal standard (+10 Da) was synthesized to enhance 

accuracy. The final analysis was conducted using UHPLC-MS/MS, with ongoing optimization to 

maximize sensitivity. 

Preliminary results confirmed the successful enrichment and detection of rhEPO at low ng/mL 

concentrations in rat serum, demonstrating the method’s potential for ultra-sensitive protein 

quantification. Once fully optimized, this workflow will provide a robust tool for pharmacokinetic 

and pharmacodynamic assessments of therapeutic proteins, extending beyond EPO to other 

biologics requiring high-sensitivity detection. 
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4.2) Introduction 

The quantification of low-abundance proteins in biological matrices presents a significant 

analytical challenge, particularly in preclinical research where sample volumes are inherently 

limited. While mass spectrometry (MS)-based techniques have revolutionized protein analysis by 

offering high specificity and structural resolution, their application to low-concentration proteins 

in small-volume samples remains constrained by sensitivity limitations [136]. Many conventional 

workflows require large plasma or serum volumes to ensure adequate analyte recovery, rendering 

them impractical for studies involving small animal models, such as rats, where available sample 

volumes often do not exceed 100 µL per collection. Addressing this limitation is critical for 

advancing pharmacokinetic and pharmacodynamic studies of biotherapeutics, necessitating the 

development of highly sensitive and selective methodologies capable of detecting proteins in the 

low ng/mL range [136-138]. 

Erythropoietin (EPO), a glycoprotein hormone primarily synthesized in the kidneys, serves as an 

ideal test case for developing such a method. EPO plays a crucial role in erythropoiesis by 

stimulating the survival, proliferation, and differentiation of erythroid progenitor cells in response 

to hypoxia [137]. Its recombinant form (rHuEPO) has been widely used in the treatment of anemia 

associated with chronic kidney disease and chemotherapy-induced myelosuppression. However, 

the accurate quantification of EPO in biological samples is particularly challenging due to its low 

endogenous concentration, extensive glycosylation (~40% of its molecular weight), and structural 

heterogeneity [137, 139]. These factors complicate both immunoassay-based and MS-based 

analytical approaches. 

Traditional enzyme-linked immunosorbent assays (ELISAs) are frequently employed for EPO 

detection due to their high sensitivity. However, these assays lack the specificity required to 

distinguish between endogenous and recombinant EPO, posing significant limitations in 

applications such as pharmacokinetics, anti-doping analysis, and biosimilar characterization [68]. 

In contrast, MS-based methods provide high-resolution characterization of intact proteoforms, 

glycosylation patterns, and sequence variations, making them indispensable for regulatory and 

research applications. Yet, despite their advantages, existing MS workflows often require large 

sample volumes or extensive sample preparation steps to achieve sufficient sensitivity [140, 141]. 
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Previous studies have demonstrated the feasibility of LC-MS/MS-based quantification of EPO and 

its analogs, such as darbepoetin α, in equine and human plasma. Guan et al. successfully confirmed 

rHuEPO in equine plasma with a detection limit of 0.1 ng/mL using immunoaffinity separation 

coupled with LC-MS/MS [140]. However, this approach required ≥1 mL of plasma per sample, an 

impractical volume for rodent studies. Similarly, other MS-based strategies have provided valuable 

insights into EPO’s glycosylation heterogeneity but have not been optimized for quantification in 

small-volume, low-concentration matrices such as rat serum [140, 142, 143]. This discrepancy 

underscores the need for a highly sensitive method capable of analyzing EPO in minimal sample 

volumes while maintaining precision and reproducibility. 

The reliance on high sample volumes, as demonstrated in Guan et al.’s work, highlights a 

fundamental limitation for MS-based EPO quantification in small animal models. Immunoaffinity 

separation coupled with LC-MS/MS achieved robust sensitivity but required 1 mL of plasma to 

ensure sufficient analyte recovery [140]. Such volume demands are infeasible in rat models, where 

blood collection constraints limit the availability of plasma, making it difficult to apply traditional 

workflows [144, 145]. Developing new strategies to enhance MS sensitivity while minimizing 

sample volume requirements is therefore essential. 

To bridge this gap, this study aims to develop a highly sensitive LC-MS/MS method for 

quantifying rhEPO in rat serum at low ng/mL concentrations. Unlike previous workflows designed 

for larger sample volumes, this approach integrates immunoprecipitation (IP) for selective 

enrichment of rhEPO prior to MS analysis, maximizing sensitivity while minimizing matrix 

effects. By leveraging affinity purification strategies and targeted peptide quantification, the 

proposed method seeks to provide a robust tool for preclinical pharmacokinetic studies, enabling 

accurate assessment of rhEPO exposure in small animal models. Ultimately, the successful 

development of this method will extend the applicability of MS-based protein quantification to 

low-abundance biotherapeutics, enhancing their characterization in both research and regulatory 

settings [140, 147, 148]. 

The extremely low concentration of rhEPO in rat serum presents significant analytical challenges, 

as these levels are often below the detection limits of many standard methodologies. Despite this, 

serum remains the preferred matrix due to its higher concentration of rhEPO compared to other 

biological fluids, such as urine. In light of these inherent difficulties, the aim of this study was to 
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develop a highly sensitive and reliable LC-MS/MS method capable of detecting and quantifying 

rhEPO at nanogram levels in rat serum. Unlike previously described approaches for equine plasma, 

which successfully confirmed rhEPO and DPO without requiring quantification [139], this method 

integrates immunoprecipitation (IP) for sample enrichment prior to LC-MS/MS analysis, ensuring 

sufficient sensitivity to overcome the low abundance of rhEPO in rat plasma. This advancement 

addresses the limitations of existing workflows and provides a robust tool for preclinical 

pharmacokinetic studies where small sample volumes and low analyte concentrations pose 

significant obstacles. 

4.3) Material and Methods 

4.3.1) Test Item Standard Solution  

The test item was provided as a formulation for nasal administration, supplied in glass vials by the 

CIM at a concentration of 1 mg/mL. The formulation contains low sialic acid recombinant human 

erythropoietin (1 mg), along with sodium chloride, hydroxypropylmethylcellulose K4M, 

monobasic sodium phosphate, dibasic sodium phosphate, polysorbate 80, disodium 

ethylenediaminetetraacetic acid (EDTA), and water for injection.  

4.3.2) Peptide Mapping  

A 10 µL aliquot of the test item was mixed with 90 µL of digestion buffer composed of 100 mM 

ammonium bicarbonate (Sigma Aldrich) and 10 mM CaCl2 (Sigma Aldrich). The sample was 

incubated in a heated water bath at 60 °C for 30 minutes to promote protein unfolding. The 

temperature was then lowered to 47 °C, and 5 µL of a 1 mg/mL bovine trypsin solution (Sigma 

Aldrich) was added to initiate digestion. The reaction was allowed to proceed for 1 hour and was 

subsequently quenched with 2 µL of HPLC-grade formic acid (Sigma Aldrich). 

The digested sample was analyzed using an HPLC-MS/MS system comprising a Q Exactive 

Orbitrap mass spectrometer (Thermo Scientific) coupled to a Thermo Scientific Dionex UltiMate 

3000 Series UHPLC system. Chromatographic separation was performed using a Phenomenex 

Aeris Peptide XB-C18 Reversed Phase analytical column (3.6 µm, 4.6 mm × 100 mm). The mobile 

phase consisted of solvent A, 0.1% formic acid in USP-grade purified water, and solvent B, 0.1% 

formic acid in acetonitrile (Sigma Aldrich). 
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The gradient elution profile was as follows: Initial conditions: 99% solvent A and 1% solvent B at 

a flow rate of 400 µL/min. At 15 minutes: 90% solvent A and 40% solvent B. At 17 minutes: 90% 

solvent B. The gradient returned to initial conditions (99% solvent A and 1% solvent B) at 17.25 

minutes and re-equilibrated by 20 minutes. 

The mass spectrometer was operated in positive ionization mode using a heated electrospray 

ionization (HESI) source. Key parameters included a spray voltage of 3900 V, a capillary 

temperature of 320 °C, sheath gas flow of 45 (arbitrary units), and auxiliary gas flow of 15 

(arbitrary units). The S-lens RF level was set at 70. Probe heater temperature was maintained at 

300 °C. Calibration for mass accuracy was performed within a week from the time of the analysis, 

ensuring high-resolution and accurate data acquisition. 

4.3.3) EPO Seppharose column binding 

The rhEPO underwent an initial filtration process to remove contaminants such as EDTA and other 

residual solvents. This step was conducted using Spectrum™ Labs Spectra/Por™ 2 Standard RC 

Dry Dialysis Kits with a molecular weight cutoff (MWCO) of 12–14 kDa. Approximately 10 bulbs 

of rhEPO (equivalent to ~10 mg) were dialyzed against 2 liters of coupling buffer (0.1 M sodium 

bicarbonate, pH ~8) for 4 hours at room temperature under gentle stirring. This procedure ensured 

the removal of impurities while maintaining the integrity and bioactivity of rhEPO, preparing it 

for subsequent conjugation steps. 

For the conjugation process, 1 gram of CNBr-activated Sepharose was washed thoroughly with 50 

mL of 1 mM HCl for three cycles (centrifugation at 100 × g for 3 minutes each cycle). After the 

washing step, the 1 gram of activated beads was mixed with the 10 mg of rhEPO, previously 

filtered to deplete excipients, and the final volume was adjusted to 30 mL by adding additional 

coupling buffer. The mixture was incubated overnight at room temperature under gentle shaking 

to allow for efficient coupling. 

The Sepharose beads coupled with rhEPO were then packed into an elution reservoir (Agilent). 

The column was washed sequentially with 75 mL of coupling buffer to remove unbound material, 

followed by three alternating cycles of acidic (0.1 M acetic acid/acetate with 0.5 M NaCl) and 

basic (0.1 M Tris-HCl, pH 8, with 0.5 M NaCl) washes. Each wash cycle was performed using 

three column volumes to ensure thorough removal of non-specifically bound impurities. 
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Finally, the column was equilibrated with 10 column volumes of PBS and stored at 4°C in PBS 

containing sodium azide to preserve the coupled rhEPO for subsequent use. 

4.3.4) EPO specific antibodies isolation 

New Zealand White rabbits were immunized with recombinant human erythropoietin (rhEPO) 

under the care of the animal facility technicians at Nucro Technics. At the terminal bleed, 

performed at the time of sacrifice, a total of 91 mL of serum was collected. This serum was 

subsequently processed to isolate and purify IgG antibodies specific to rhEPO. 

From the collected sera, 40 mL was diluted 1:2 with phosphate-buffered saline (PBS) and filtered 

through 45-micron filters to remove particulates. Solid Phase Extraction (SPE) was then performed 

using a Sepharose™ CL-4B column conjugated with Protein A (Cytiva) to selectively bind the IgG 

fraction. The column was thoroughly washed with PBS to eliminate unbound proteins and residual 

impurities. To elute the IgG antibodies, the column was acidified using a 0.1 M glycine buffer at 

pH 3. To ensure antibody stability and prevent degradation, the eluates were immediately 

neutralized with Tris-HCl at pH 8, with pH adjustments monitored using a pH meter to confirm 

neutrality. Positive fractions, identified via Bradford Assay, were pooled together and filtered to 

remove any remaining buffer components. To ensure complete removal of low-molecular-weight 

contaminants and buffer residues, molecular weight filters with a cutoff of 14–16 kDa were 

applied. 

The purified IgG antibodies underwent a second purification step on a Sepharose column 

conjugated with rhEPO. This step specifically enriched for antibodies targeting rhEPO. After PBS 

washes to remove non-specific IgG, antibodies bound to rhEPO were eluted with acidic glycine 

buffer (0.1 M, pH 3) and immediately neutralized with Tris-HCl. The fractions containing rhEPO-

specific IgG were pooled and concentrated using Amicon® Ultra-2 mL Centrifugal Filters with a 

molecular weight cutoff of 100 kDa. This process yielded a final volume of 730 µL at a 

concentration of 5 mg/mL. 

For biotinylation, 14 µL of Biotinamidohexanoic acid 3-sulfo-N-hydroxysuccinimide ester sodium 

salt (Sigma Millipore) (10 mg/mL in 6% DMSO) was added to the antibody solution. The reaction 

mixture was kept under gentle agitation at 200 rpm for 1 hour. Excess biotinylation reagent was 

removed via gel filtration chromatography. Protein-containing fractions were identified with a 
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Bradford Assay, yielding approximately 4.5 mL of purified biotinylated antibodies, which were 

stored at 4°C. 

The protein concentration of the biotinylated antibodies was determined to be 0.5 mg/mL using 

spectrophotometry. The success of the biotinylation process was confirmed using an Avidin/HABA 

(4′-hydroxyazobenzene-2-carboxylic acid) pronase assay as recommended by vendor. These 

biotinylated antibodies were then utilized in downstream applications. 

4.3.5) EPO-specific antibodies conjugation to magnetic beads 

The biotinylated antibodies were conjugated to Dynabeads™ M-280 Streptavidin (Thermo Fisher 

Scientific) through a carefully controlled process to ensure efficient binding and functionality. A 1 

mL slurry of Dynabeads™ M-280 Streptavidin (10 mg/mL) was initially washed three times with 

phosphate-buffered saline (PBS) using a magnetic separator to remove the storage buffer and 

prepare the beads for conjugation. Following this, 200 µL of the biotinylated antibody solution 

(0.5 mg/mL) was added to the washed beads. The volume was adjusted to 1 mL with PBS to create 

an optimal environment for the interaction between the streptavidin-coated beads and the 

biotinylated antibodies. 

The mixture was incubated under gentle rotation for 30 minutes at room temperature, facilitating 

the binding of the antibodies to the beads. After the incubation period, the supernatant was removed 

using a magnetic separator to eliminate any unbound antibodies. To ensure the removal of residual 

contaminants and non-specifically bound proteins, the beads underwent five sequential washes, 

each performed with 1 mL of 0.1% BSA in PBS, with a washing time of 5 minutes per cycle. 

Following the washing steps, the beads were resuspended in 1 mL of PBS. For downstream use, 

100 µL aliquots of the bead suspension were transferred to 1.5 mL microcentrifuge tubes and 

diluted with 900 µL of PBS to achieve a final concentration of 1 mg/mL. The conjugated beads 

were then stored at 4°.  

4.3.6) EPO Selective Extraction from plasma 

The plastic wells used in the immunoprecipitation were kept at 4C overnight with aliquots of 700 

µL of 1% bovine serum albumin to avoid aspecific binding of the proteins to the plastic. 
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Samples, calibration standards (CSs), and quality controls (QCs) were immunoprecipitated as 

follows: 100 µL of magnetic beads conjugated with biotinylated antibodies (concentration: 1 

mg/mL) were added to 50 µL of serum sample, bringing the total volume to 500 µL with the 

addition of PBS. 

The samples were incubated for 1 hour at room temperature (23°C) under gentle agitation (400 

rpm) to allow the antibodies on the beads to interact selectively with rhEPO. Following incubation, 

the beads were separated magnetically, and the supernatant was removed. The beads were washed 

two times with PBS and two times with daily fresh USP purified H2O. Each wash lasted 

approximately 5 minutes using 500 µL, ensuring thorough removal of non-specific bindings. After 

the final wash, the beads were magnetically separated, and the supernatant was discarded. 

To elute and digest the bound rhEPO, the beads were resuspended in 30 µL of digestion buffer (50 

mM ammonium bicarbonate) containing the heavily labelled peptide functioning as IS. 

Subsequently, 5 µL of Smart digest trypsin solution (Thermo fisher) were added, and the mixture 

was incubated overnight at 70 °C for protein digestion for 3 hours, the reaction was quenched with 

1 µL HPLC grade formic acid (Thermo fisher).  

The beads were magnetically separated once more. The beads were discarded and the resulting 

tryptic digest was collected and analyzed using mass spectrometry to confirm the successful 

extraction and identification of rhEPO. 

4.3.7) EPO quantification 

The calibration curve was prepared by spiking rat serum with eight increasing concentrations of 

rhEPO, corresponding to 0.37, 0.75, 1, 4, 10, 50, 85, and 100 ng/mL (Calibration Standards, CS 

1–8). QC at low, medium and high concentrations were prepared in the same way at 5, 25 and 75 

ng/mL for accuracy estimation. Following the immunoprecipitation process, the internal standard 

(IS) peptide contained in the digestion buffer (50 mM AmBIC) was added at a final concentration 

of 1.25 ng/mL, which corresponds to 37 ng/mL of the intact protein. The spiked samples were 

extracted as described in 4.3.6. For the neat calibration curve, which was utilized for recovery 

estimation, the protein amount was adjusted based on the molecular weight ratio of the tryptic 

fragment to the full-length protein, applying a correction factor of 803/30,000. Consequently, the 
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final concentrations for the neat calibration standards (CS 1–8) were 10, 20, 27, 100, 207, 1330, 

2270, and 2690 pg/mL. 

4.3.8) Test samples 

At the midpoint of the study (six months after the initiation of intranasal dosing), serum samples 

from rats administered biweekly with high (100 µg/rat), medium (46.5 µg/rat), and low (15.5 

µg/rat) concentrations of rhEPO were collected for mass spectrometry analysis and method 

validation. Additionally, two positive control samples from rats dosed via intravenous (IV) 

administration were included to assess method performance. All samples, including calibration 

standards, underwent the same extraction and analytical workflow, ensuring consistency in sample 

processing and enabling a direct comparison of detected signal intensities across dosing regimens. 

4.3.9) UHPLC-HRMS Conditions and Data Extraction 

The analysis was conducted using a Thermo Exploris 120 mass spectrometer coupled to a Vanquish 

UHPLC system, ensuring high-resolution detection of the target analyte. Chromatographic 

separation was achieved on a Waters Peptide BEH C18 column (2.1 mm × 50 mm, 1.7 µm particle 

size), maintained at 40°C under still-air temperature control. The mobile phase consisted of 0.1% 

F.A. in water (solvent A) and 0.1% F.A. in acetonitrile (solvent B), with a flow rate of 0.400 

mL/min. A gradient elution program was employed, starting at 5% solvent B, increasing to 27% at 

8 minutes, followed by a sharp rise to 65% at 9 minutes, where it was maintained until 12.5 minutes 

before returning to the initial conditions at 13 minutes, with a total run time of 16 minutes. The 

mass spectrometer operated in positive ESI mode, with a spray voltage of +3400 V, complemented 

by sheath gas at 25, auxiliary gas at 5 arbitrary units. The ion transfer tube temperature was 

maintained at 320°C, while the vaporizer temperature was set to 75°C. Data acquisition was 

performed in full scan mode (m/z 170–900) with an Orbitrap resolution of 60,000. High-energy 

collision dissociation (HCD) was applied at 18, and the RF lens was set to 60. For quantification, 

the extracted ion chromatograms (XICs) were generated using the precursor ions m/z 402.2529 for 

the EPO peptide target and m/z 407.25 for its stable isotope-labeled internal standard, both with a 

charge state of +2. The expected LC peak width was set to 6 seconds to accommodate 

chromatographic peak broadening while maintaining sensitivity. Data processing and peak 

extraction were performed using Thermo Scientific FreeStyle and Skyline software, ensuring 
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robust peptide quantification and method reproducibility. The ions used for data extraction and 

peak area calculations were m/z 613.38787, 512.34026, 398.25008, 201.12299, and 173.12827 for 

the internal standard, and m/z 603.38180, 393.24620, 173.12828, and 502.33404 for the target 

peptide. 

4.4) Results  

4.4.1) Peptide mapping 

Peptide mapping enabled the identification of most peptides composing rhEPO (Figure 4.1).  

The peptides were identified using the De Novo Sequencing function in PEAKS Studio 12.5 [148], 

based on the human EPO sequence retrieved from the UniProt database [149].  

The peptides with a match score higher than 90 are shown in Table 4.1. 

Figure 4.1. Total ion chromatogram from peptide mapping analysis. The chromatogram 

represents the total ion signal acquired during peptide mapping of rhEPO. 
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Among the identified peptides, SLTTLLR was selected for further method development due to its 

strong instrumental 

response (peak height of 

3.7 × 10⁸) and its lack of 

homology with the 

endogenous rat EPO 

sequence, minimizing the 

risk of interference in 

quantitative analysis [149]. 

Both the SLTTLLR 

peptide and its stable 

isotope-labeled internal 

standard (IS) were purchased from Thermo Fisher Scientific. The peptides were resuspended in 

USP-purified H₂O at a concentration of 2.5 mg/mL and stored at -80°C to ensure stability 

throughout the study. 

4.4.2) EPO calibration curve, recovery and accuracy estimation 

The signal intensities obtained for rhEPO 

calibration standards in spiked plasma are 

reported in Table 4.2. While the absolute 

signal was relatively low, the optimization 

of chromatographic separation combined 

with immunopurification significantly 

reduced to zero the background noise in 

the RT of interest. This improvement 

allowed for a clear and linear response 

across concentrations, even at 1 ng/mL, 

where one of the diagnostic ions (m/z 

173.1283) was still detectable in the product ion spectra of the parent mass at the expected retention 

time. These results confirm the method's ability to maintain sensitivity and reproducibility in the 

low ng/mL range. 

Table 4.2. Signal intensities obtained for rhEPO 

calibration standards in spiked plasma at different 

concentrations.  

Peptide
Match 

score
m/z z RT Mass ppm

AVSGLR 98.5 301.6847 2 6.3995 601.3547 0.1

VNFYAWK 98.2 464.2405 2 10.6465 926.465 1.5

VYSNFLR 97.8 449.743 2 9.6077 897.4708 0.7

TLTADTFR 97.3 462.7435 2 8.6968 923.4713 1.3

SNFLR 96.9 318.6768 2 7.7858 635.3391 0

YLLEAK 96.5 368.7169 2 8.7643 735.4167 3.6

TADTFRK 96.5 419.7245 2 7.5215 837.4344 0

SLTTLLR 95.6 402.2533 2 10.5286 802.4912 1.1

ALLSEAVLR 95.2 486.298 2 11.0779 970.5811 0.4

SEAVLR 92.5 337.6951 2 6.8391 673.3759 -0.3

Table 4.1. Peptides identified from recombinant human 

erythropoietin (rhEPO) using De Novo Sequencing in PEAKS 

Studio 12.5. The table lists peptides with a match score higher than 

90, including their mass-to-charge ratio (m/z), charge state (z), 

retention time (RT), mass, and mass error in ppm.  
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Calibration standards 

CS3–CS8, where a 

detectable signal for the 

target peptide was 

obtained, were used to 

generate the calibration 

curve presented in 

Figure 4.2. The curve 

exhibited a strong linear 

correlation within the 

concentration range 

where the analyte was 

detected, demonstrating 

the robustness and 

reliability of the method 

for rhEPO 

quantification in spiked 

plasma. The optimized workflow, integrating immunopurification and chromatographic 

separation, ensured consistent signal response and minimal background interference, further 

enhancing quantification accuracy. 

Recovery was evaluated by comparing the signal intensities of the target peptide in spiked 

calibration standards (CS3–CS8) with their corresponding neat solutions. The measured signal 

intensities for the neat standards were: CS3 – 32, CS4 – 111, CS5 – 233, CS6 – 1525, CS7 – 2927, 

and CS8 – 3771. Recovery was calculated using the formula (Spiked-Neat)/Neat*100, yielding 

values of -37.5%, -14.41%, -12.02%, -40.07%, -37.64%, and -40.11% across CS3–CS8. The 

overall average recovery was determined to be 69.71%, demonstrating the effectiveness of the 

sample preparation and extraction strategy. 

Accuracy was expressed as relative error (RE) using the formula: RE=(Measured-

expected)/expected*100. The target/IS ratios for the QC samples were 0.099 (5 ng/mL), 0.458 (25 

ng/mL), and 1.663 (75 ng/mL), corresponding to estimated concentrations of 5.72, 21.64, and 

Figure 4.2 Calibration curve for the target peptide 

quantification. The curve was generated using calibration standards 

(CS3–CS8) and shows a strong linear correlation (R² = 0.9903) 

between the target/internal standard (IS) ratio and the analyte 

concentration (ng/mL).  
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76.68 ng/mL, respectively. The calculated RE values were +14.4% (5 ng/mL), -13.4% (25 ng/mL), 

and +2.2% (75 ng/mL), confirming that the method provides reliable quantification within the 

acceptable ±15% range for bioanalytical validation.  

4.4.3) Samples analysis 

Sample analysis resulted in non-detectable signals in all intranasally administered samples dosed 

biweekly at high (100 µg/rat), medium (46.5 µg/rat), and low (15.5 µg/rat) concentrations. 

However, in the two IV positive controls (rats administered intravenously at 100 µg/rat), the signal 

was significantly higher, with calculated concentrations of 760 ng/mL and 712 ng/mL based on the 

calibration curve equation. These values were approximately 10 times higher than CS8, suggesting 

either a saturation effect in the immunoaffinity SPE capture or an actual concentration aligning 

with the expected levels. Given that the study focused on intranasal administration, further dilution 

of the IV samples was deemed unnecessary, as their primary purpose was to serve as a qualitative 

positive control rather than a quantitative benchmark. 

 

4.5) Conclusion 

The primary objective of this study was to develop an ultra-sensitive method for protein 

quantification in biological matrices, focusing on improving mass spectrometry-based detection 

of low-abundance proteins. Erythropoietin (EPO) served as a proof of concept to evaluate the 

feasibility of integrating immunoprecipitation (IP) extraction into industry workflows for 

enhanced protein quantification. The method successfully achieved sensitivity in the low ng/mL 

range, demonstrating the potential of coupling IP with LC-MS/MS to improve protein enrichment 

and detection in serum samples. Recovery was estimated at approximately 69%, which is 

considered acceptable for plasma protein analysis, while accuracy remained within the acceptable 

range for bioanalytical methods. 

Despite these advancements, the method did not achieve the necessary sensitivity for detecting 

EPO following intranasal administration, as all test samples remained below the detection limit. 

However, the method demonstrated adequate sensitivity and reliability through the accurate 

quantification of quality control (QC) samples at 5, 25, and 75 ng/mL, with measured 

concentrations of 5.72, 21.64, and 76.68 ng/mL, corresponding to accuracy values of 114.4%, 
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86.6%, and 102.2%, respectively. This confirmed the method’s suitability for quantification within 

the validated range. Since the sensitivity was insufficient for intranasal EPO detection, full method 

validation, including precision (CV%) and further robustness testing, was not pursued. 

Nevertheless, intravenous positive controls yielded EPO concentrations of approximately 760 

ng/mL and 712 ng/mL, confirming that the workflow is effective for higher-concentration samples 

and reinforcing the need for further refinement in lower concentration ranges. 

Alternative analytical are currently being explored to complete the study. An ELISA-based method 

for EPO quantification was developed in-house and optimized, reaching a sensitivity of 50 pg/mL 

in its lowest calibration standard. However, even this sensitivity proved insufficient to detect 

rhEPO in the serum of treated rats, as no signal increase was observed compared to non-spiked 

controls—suggesting that circulating levels remained below this threshold. To overcome these 

limitations, further development of orthogonal approaches is currently underway in our 

laboratories, encompassing both ELISA and mass spectrometry-based workflows, as proposed by 

Florentinus-Mefailoski et al. [151], to achieve the required sensitivity for reliable EPO detection 

in this preclinical model.  
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Chapter five: Conclusion and future work 
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This dissertation explored the development and application of advanced MS techniques for 

metabolite profiling and biomolecule quantification across diverse biological contexts. The studies 

conducted demonstrated the versatility, sensitivity, and efficiency of different MS methodologies, 

including SSI, MALDI, and LC-MS/MS, in addressing analytical challenges in both plant and 

clinical research. 

The application of SSI-MS to infected maple leaves revealed its potential as a high-throughput and 

solvent-efficient screening tool for plant-pathogen interactions. The method successfully 

differentiated healthy and infected leaves through distinct metabolic fingerprints, showcasing its 

ability to provide rapid and direct analysis without extensive sample preparation. These findings 

contribute to the broader field of environmental and agricultural diagnostics, demonstrating how 

ambient ionization MS can aid in fungal identification and plant disease monitoring. 

In plant metabolomics, the development of a MALDI-HRMS method enabled the absolute 

quantification of the phytoalexins camalexin and scopoletin in Arabidopsis thaliana. This 

approach offered novel insights into the plant’s biochemical defense mechanisms against 

environmental stressors. The successful application of this method in wild-type and mutant 

Arabidopsis plants underscores the value of MALDI-MS for metabolite quantification and 

comparative biochemical analyses in plant sciences. 

In clinical and pharmaceutical research, the development of an ultra-sensitive IP-LC-MS/MS 

method provided a robust strategy for detecting low-abundance proteins in rat serum. This method 

enhances the precision and sensitivity of biomolecule quantification, allowing for accurate 

detection at trace levels. Notably, this high sensitivity was achieved without the need for capillary 

or nano-LC systems, demonstrating the effectiveness of the developed approach while maintaining 

analytical simplicity and robustness. The ability to achieve reliable quantification with small 

sample volumes positions this approach as a valuable tool for both preclinical and clinical 

biomarker studies, addressing the growing demand for highly sensitive bioanalytical techniques. 

Collectively, these studies underscore the adaptability of modern MS in solving complex biological 

problems, from environmental monitoring to clinical diagnostics. The methodologies developed 

here serve as a foundation for future research, with potential applications in high-throughput 

screening, precision medicine, and plant metabolic studies. As MS continues to evolve, its 
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integration with novel ionization techniques and advanced data analysis strategies will further 

enhance its role in biological research and translational science. 

Future work may focus on refining mass spectrometric techniques by integrating machine learning 

algorithms for advanced spectral analysis, improving ionization efficiency for challenging 

biological matrices, and developing novel extraction strategies to enhance analyte recovery. 

Additionally, the implementation of orthogonal analytical methods that combine the strengths of 

mass spectrometry with complementary techniques could further increase sensitivity, specificity, 

and robustness. Expanding these approaches to new biomarker discovery and biomolecule 

quantification represents a promising direction for future research. The findings presented in this 

dissertation contribute to the growing body of knowledge in analytical mass spectrometry and 

underscore its pivotal role in advancing modern biomedical science.  
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Appendices 

Appendix A. Supplementary Data for Chapter 2  

Leaf spray analysis results 

Solvent optimization 

 

Figure S 2.1 Replicates of leaf spray optimization using Methanol added with 0.1% formic acid. 

Replicate A) one B) two C) three 



 

87 
 

 

Figure S 2.2 Replicates of leaf spray optimization using Acetonitrile added with 0.1% formic acid. 

Replicate A) one B) two C) three 
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Figure S 2.3 Replicates of SPS-MS using methanol as extraction solvent. Replicate A) one B) two 

C) three 
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Figure S 2.4 Replicates of SPS-MS using acetonitrile as extraction solvent. Replicate A) one B) 

two C) three 
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Figure S 2.5 Replicates of SPS-MS using chloroform as extraction solvent. Replicate A) one B) 

two C) three 
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Figure S 2.6 PS-MS analysis of A) healthy leaf, B) Tar-spot infected leaf, and C) Powdery mildew-

infected leaf 
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Negative ionization mode analysis 

  

Figure S 2.7. Replicates of healthy leaves using SPS-MS in negative ionization mode. Replicate 

A) one B) two C) three 
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Figure S 2.8 Replicates of leaves infected by powdery mildew using SPS-MS in negative 

ionization mode. Replicate A) one B) two C) three 
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Figure S 2.9 Replicates of leaves infected by tar-spot using SPS-MS in negative ionization mode. 

Replicate A) one B) two C) three 
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SPS-MS blank analysis 

Figure S 2.10 Replicates of blank sandpaper using methanol added with 0.1% formic acid. 

Replicate A) one B) two C) three 
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Tandem (MS/MS) mass spectrometry analysis 

 

Figure S 2.11 MS/MS spectra of the ions with the highest values on the PCA loading plot:  A) m/z 

188, B) m/z 191, C) m/z 217, and D) m/z 233.  
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Appendix B. Supplementary Data for Chapter 3  

 

Figure S 3.1: MSMS fragmentation patterns comparison between samples and standard a) 

Scopoletin in the standard solution, b) Scopoletin in the plant extracts, c) Camalexin in the standard 

solution, and d) Camalexin in the plant extract. Matching fragmentation patterns confirm 

compound identities. 
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Figure S 3.2 Blank matrix analysis. On the left, the mass spectrum of the blank samples; on the 

right, the spiked QCM samples. From top to bottom: Scopoletin (m/z = 191.0345), Daidzein 

(m/z=253.0500).  
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Figure S 3.3 Blank matrix analysis. On the left, the mass spectrum of the blank samples; on the 

right, the spiked QCM samples. From top to bottom: Camalexin (m/z = 199.0329), 3-

Indolepropionic acid (m/z=188.0712). 
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Figure S 3.4: Signal to noise ratio of samples at the established LOD and LOQ   a) LOQ for 

scopoletin at 0.08 µM. b) LOQ for camalexin at 0.2 µM. c) LOD for Scopoletin at 0.04 µM d) 

LOD for camalexin at 0.16 µM. Noise (N) was estimated using the root-mean-square method over 

baseline regions. The S/N ratio reflects the relationship between the signal intensity of the peak of 

interest and the corresponding baseline noise. The S/N was calculated only for the peak of interest. 
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Table S 3.1 Analytical Replicates and Ion Intensity Measurements of Camalexin and 

Scopoletin in Different Genetic Lines (Columbia WT, atwrky33-2, atmyb15-1) under 

Treatments with the Elicitor flg22 and DMSO as Control. Table S1 reports ion intensities for 

target compounds and internal standards (IS) from each analytical replicate across different genetic 

lines and treatment conditions. Ratios, averages, and calculated concentrations are presented in 

µM and µg/g, with a final column showing the average concentration per group in µM. 


