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Abstract 
 
 Mass Spectrometry (MS) is a powerful analytical technique that has revolutionized our 

ability to analyze complex mixtures and has diverse applications in various scientific disciplines. 

It is widely used in chemistry and biology to determine the molecular composition, structure, and 

quantification of samples. In this dissertation, we aimed to explore novel applications of mass 

spectrometry techniques, including electrospray ionization (ESI) and tandem mass spectrometry 

(MS/MS), as well as mass spectrometry imaging (MSI) techniques such as matrix-assisted laser 

desorption/ionization (MALDI) and desorption electrospray ionization (DESI). The objective was 

to strengthen our knowledge and skills in various MS methodologies and gain practical experience 

in using these techniques, for developing methods to chemically profile, separate, detect, map, and 

quantify a wide range of targeted and untargeted analytes from complex matrices. 

 

 Given the versatility of MS-based techniques, we focused on specific applications within 

this field. First and foremost, forensic and pharmaceutical cannabis-related applications require 

accurate and sensitive analytical methods. Hence, we developed and validated a DESI-MS method 

for detecting cannabinoids in cannabis-infused chocolate, utilizing TLC-DESI-MS and 

QuEChERS extraction for THC quantification. 

 

 Additionally, we investigated metabolic differences associated with soybean alleles (QTLs 

E and M) conferring resistance to leaf-chewing insects. Non-targeted mass spectrometry reveals 

distinct metabolite sets influenced by the QTLs, highlighting daidzein as a significant marker. This 

suggests a novel mechanism impeding the insects' ability to evolve tolerance. 

 

 Moreover, we explored the sublimation technique for the application of a matrix coating 

in MALDI-MSI. Specifically, we investigated the optimal conditions for sublimation of the 5-

chloro-2-mercaptobenzothiazole (CMBT) matrix on mouse kidney samples. We successfully 

obtained high-quality MALDI-MSI images of phospholipids (PC, PG) and phosphatidylinositol 

(PI) in mouse kidney sections, providing valuable spatially resolved information. 
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 Lastly, we discussed the importance of phosphatidylinositols (PI) and phosphoinositides 

and their involvement in various diseases, emphasizing the need to optimize the MALDI-matrix 

type and thickness for enhanced sensitivity in detecting these molecules. The label-free data 

obtained through this optimized approach holds the potential for investigating the relative m/z 

factors associated with PI-related pathogenesis. 

 

 Overall, this dissertation demonstrated the versatility and potential of mass spectrometry 

techniques. The findings lay the groundwork for future research in the field of MS analysis, 

particularly in the detection, quantification, and understanding of phosphatidylinositols and 

phosphoinositides in biological systems and disease pathologies. 
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Chapter One: General Introduction 
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1.1. History and the Fundamental Principles of Mass Spectrometry 

 

 The continuous development of mass spectrometers began with the discoveries of W. Wien 

and J.J. Thomson in the late 19th century. [1] Thomson’s analysis of the deflection of cathode rays 

in an electric field in 1897 allowed him to determine the mass-to-charge ratio of the electron, 

leading to the discovery of this subatomic particle. [1] [2] Furthermore, Wien’s discovery of the 

proton in 1898 was made possible through his analysis of positive anode rays, which enabled him 

to determine the mass of the hydrogen atom. [1] [3] The inception of mass spectrometry can be 

tracked back to 1907 when J.J. Thomson proposed his hypothesis that channel rays consist of 

charged particles, with the lighter particles being more deflected than the heavier ones. This 

principle formed the basis of mass spectrometry. [1]  

 

 Mass Spectrometry (MS) is a powerful analytical technique that has become an integral 

part of many fields of scientific disciplines, such as chemistry and biology. [4] It is used to 

determine the molecular composition and structure of a sample, as well as to quantify its 

components. To achieve this, the molecules of interest are introduced into the ionization source of 

the mass spectrometer, where they are ionized to produce positive or negative gas-phase ions. [5] 

[6] These ions then travel through the mass analyzer, get sorted based on their mass-to-charge ratio 

(m/z), and reach the detector. [6] [7] The detectable ions are recorded and the computer displays 

the signals as a mass spectrum, which indicates the relative abundance of the signals based on their 

m/z ratio. [6] [7] 

 

 MS has revolutionized our ability to analyze complex mixtures and has diverse 

applications, ranging from drug discovery to environmental analysis and forensic science. The 

coupling of MS with other techniques can be advantageous and often leads to more reliable results. 

[5] [7] The method is additionally applied in proteomics and metabolomics research to understand 

the functions of proteins and metabolites in biological systems. As a result, there is a deeper 

understanding of the molecular mechanisms underlying various diseases, and the development of 

new drugs and therapies has been possible. [8] 

 All mass spectrometers require a sample input system, an ionization source, a mass 

analyzer, and a detector. [7] 
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1.2. Electrospray Ionization Mass Spectrometry 

 
“A few years ago, the idea of making proteins or polymers “fly” by electrospray ionization (ESI) 

seemed as improbable as a flying elephant, but today it is a standard part of modern mass 
spectrometers” – Professor John Fenn–2003 [9] 

 
 Attempts to establish mass spectrometry techniques to study large biomolecules, have 

faced significant challenges due to the difficulty of converting these molecules into ions that can 

be analyzed in gas phase. [10] Due to the extensive decomposition that occurs, the vaporization of 

these molecules is not possible. Therefore, traditional ionization methods that rely on gas-phase 

interactions with the molecule cannot be used. [10] 

 In 1989, Fenn introduced electrospray ionization as a soft ionization technique that allowed 

intact chemical species to be ionized by multiple charging, successfully addressing previous 

problems in this field. [11] Electrospray Ionization (ESI) is a category of ionization methods which 

utilized strong electric fields to desorb ions. [10] The technique is considered a soft ionization 

method due to the fact that it results in very little residual energy being retained by the analyte, 

and generally no fragmentation occurs upon ionization. [11] Furthermore, the multiple charging 

during ESI causes the resulting ions to have lower m/z values, which allows them to fall within the 

mass ranges compatible with common mass analyzers. [11] [12] Prior to the development of ESI-

MS, existing ionization methods were not sufficient to accurately measure biologically important 

macromolecules such as proteins. [11] 

 
 In more details, ESI employs electrical energy to facilitate the transfer of ions from solution 

into gas-phase prior to mass spectrometric analysis. [6] A mist of charged droplets carrying the 

same polarity as the capillary voltage in then produced. [6] With the aid of a pressure gradient and 

potential gradient, the charged droplets move towards the analyzer region of the mass 

spectrometer. [6] The charged droplets undergo continuous reduction in size by solvent 

evaporation, resulting in an increase in surface charge density and decrease in droplet radius until 

it reaches a point called Rayleigh limit where the Coulomb force of repulsion among the shrinking 

charged droplets overcomes the surface tension, causing them to break up into smaller droplets 

that also evaporate. [6] [11] [10] This sequence of events repeats with cycles of evaporation and 

disintegration of charged droplets, until they eventually break up into droplets with radii of a few 
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nanometers which consequently produce gaseous analyte ions that are detectable by MS (Figure 

1.1). [10] [12] 

 

 
Figure 1.1. Adapted from Banerjee et al. [11] Schematic representation of electrospray ionization process. 

 
 There are three different mechanisms of formation of charged gaseous species by ESI: (a) 

low molecular weight species in solution are believed to be transferred into gas-phase following 

ion evaporation model (IEM); (b) larger globular species such as native proteins are transferred 

into gas-phase via charged residual model (CRM); and (c) partially hydrophobic, disordered 

polymer chains are transferred to gas-phase via chain ejection model (CEM) (Figure 1.2). [12] 

 

 
 

Figure 1.2. Adapted from Konermann et al. [12] Summary of ESI mechanisms. (a) IEM: Small ion ejection from a charged 
nanodroplet. (b) CRM: Release of a globular protein into the gas phase. (c) CEM: Ejection of an unfolded protein. 
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 Therefore, electrospray ionization mass spectrometry (ESI-MS) has become a significantly 

important and useful technique in the production of gas-phase ions from large macromolecules 

and also to investigate the structural characterization, identification, and quantitative measurement 

of metabolites present in a complex biological sample. [6] [11] [10] It is a sensitive, reliable, and 

robust technique that enables the analysis of non-volatile and thermally labile biomolecules at very 

small sample volumes. [6] 

1.3. Tandem mass spectrometry (MS/MS):  

 Tandem mass spectrometry (MS/MS) is a technique where gaseous ions are analyzed in 

two or more stages of mass analysis, which may be separated spatially or temporally. [11] During 

a tandem mass spectrometry experiment, a precursor ion is selected by a mass analyzer (Q1) and 

directed to a reaction cell (q2) to undergo a gas-phase chemical reaction or fragmentation. As a 

result of this reaction, different product ions with varying masses are formed which are then passed 

on to the second mass analyzer (Q3) to generate a product ion spectrum. [6] [11] 

 Due to the soft ionization characteristic of ESI, analytes get transferred in gas-phase 

without breaking any covalent bonds and thus provides the information about the molecular weight 

of the compound. [11] Relying on the MW alone is insufficient to establish the structure of an 

unknown analyte. Therefore, fragmentation of the gaseous analyte is necessary for elucidating its 

structure. [11] A typical method of activating a precursor ion within a collision cell (q2) involves 

raising its internal energy to cause cleavage of the chemical bonds. [11] Various techniques can 

be employed for the activation of precursor ions. Collision-induced dissociation (CID) is among 

the most common methods in which the gaseous precursor ion is made to collide with a gaseous 

target (inert and neutral such as nitrogen, helium, or argon) in the collision cell, which leads to the 

fragmentation of the precursor ions into product ions. [6] [11] The product ions can also be trapped 

and subjected to another cycle of CID reaction, which can be repeated multiple times for further 

fragmentation. This process is referred to as MSn in which n is the number of CID reactions. [6]  

 

1.4. Mass Spectrometry Imaging (MSI) 

 

 In recent years, mass spectrometry imaging (MSI) has been proven to be a promising and 

powerful tool for mapping and spatial analysis of the distribution of a wide range of molecules on 
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biological samples surfaces. [13] [14] This technique allows for the detection and spatial analysis 

of multiple chemical compounds based on their m/z. Through the analysis of metabolite 

expressions and biomarker measurements from disease versus healthy tissue comparisons, MSI 

can help identify the cause of certain diseases. [13] The distribution patterns of one or more 

molecular species and their correlation with the morphological aspects of a biological sample 

section are crucial for comprehensive analysis, leading to disease diagnosis. [14]  

 

 Mass spectrometry imaging instruments are classified based on how ions are generated 

from the sample. Matrix-assisted laser desorption ionization (MALDI) and desorption electrospray 

ionization (DESI) are widely used mass spectrometry imaging techniques for generating ion maps 

of diverse samples. The MALDI-MSI is a laser-based technique where ions are produced from 

specific locations (pixels) on the sample surface using laser irradiation. [15] [14] On the other 

hand, DESI-MSI is an ambient mass spectrometry imaging technique which employs charged 

solvent droplets to extract and ionize analytes present on the surface of a given sample. [16] 

 MALDI experiments are conducted in a vacuum, while DESI is performed at atmospheric 

pressure, making each a unique method, and leading to their fundamental differences. [17] 
 

1.4.1. Desorption Electrospray Ionization Mass Spectrometry Imaging (DESI-MSI)  

 

 Desorption Electrospray Ionization (DESI) was introduced by Professor Cooks and his 

team in 2004 as the first ambient ionization technique. [17] This technique is a variation of the ESI 

that involves spraying the surface of a sample with an ESI spray and leading the extracted ions 

from the surface into a mass spectrometer. [18] This ambient technique can analyze the sample 

directly and under open-air conditions, with little or no prior preparation, and in its native state. 

[16] Using this technique, the analyst can perform a direct, rapid, real-time, and high-throughput 

analysis for a wide range of chemical classes such as small molecules, organic compounds, 

carbohydrates, industrial polymers, and complex biological materials. [16] [17] 

 

To put in simply, DESI proceeds via a “droplet pick-up” mechanism that involves the 

process of directing electrosprayed charged droplets and ions of solvent onto the surface of the 

sample that needs to be analyzed. The spray solvent comes into contact with the sample surface, 
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creating a thin liquid film. This liquid film aids in extracting the analyte from the surface. The 

successive collisions between primary electrospray droplets and the thin solvent film generates 

secondary droplets at the opposite end of the impacted film. The extracted analyte is carried by 

these secondary droplets, which are then pulled into the mass spectrometer's reduced pressure 

region through a longer capillary inlet (Figure 1.3). [18] [19] Selective ionization of specific 

compounds, including those present in biological matrices, can be achieved by modifying the 

composition of the solution that is sprayed. [18] 

 
 

 
Figure 1.3. Adapted from Takáts et al. [18] Schematic of typical DESI experiment. The sample solution was deposited from solution 
and dried onto a PTFE surface, and methanol-water (1:1 containing 1% acetic acid or 0.1% aqueous acetic acid solution) was 
sprayed at a flow rate of 3 to 15 µl/min under the influence of a high (4 kV) voltage. The nominal linear velocity of the nebulizing 
gas was set to 350 m/s. 

 
This ionization technique utilizes a sprayer probe that is connected to an adjustable XYZ 

positional mount, which enables the spray nozzle to be directed towards sample surface. [19] 

During the DESI-MS analysis, it is possible to continuously move or change the orientation of the 

sample in space. [18] 

 

To produce small, charged solvent microdroplets, a coaxial high flow nebulizing gas is 

provided from a pressurized source (ranging from 100-200 psi). [19] Similar to the process in ESI, 

the generation of primary electrically charged droplets that are released from the spray nozzle 

requires a high voltage connection. [19]  
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There are five key geometrical factors to take into account while adjusting a DESI source: 

(1) the incident angle (α), (2) the collection angle (β), (3) the sample spot-to MS inlet distance (x), 

(4) the tip-to-surface height (d1), and (5) the MS orifice-to-surface height (d2). [19] For most 

routine analysis, these variables remain relatively constant and as follows: α set to 45−60° relative 

to the surface, x set to 2−3 mm, d1 is usually 1−3 mm, and d2 set to ∼1 mm. [19] The collection 

angle (β) is determined by several factors, including the composition of the solvent, the velocity 

of the spray jet and the properties of the surface (such as its hardness, hydrophobicity, and 

porosity). [19] The solvent flow rate can vary depending on factors such as its composition and 

the substance being analyzed, but it typically falls between 1.5-10 μL min−1 (Figure 1.4). [19] 

 

 
Figure 1.4. Adapted from Takáts et al. [17] Definitions of terms used in conjunction with DESI. 

 
The mass spectra obtained as a result of this process are comparable to regular ESI mass 

spectra, as they predominantly display singly or multiply charged molecular ions of the analyte. 

[18] 

 
1.4.2. Matrix Assisted Laser Desorption Electrospray Ionization Mass Spectrometry 

Imaging (MALDI-MSI)  
 
 
Matrix-assisted laser desorption/ionization (MALDI) mass spectrometry imaging (MSI), 

is a laser-based system in which ions are formed from discrete x and y locations (pixels) across a 

sample surface using laser irradiation. [15] [14] With its unique feature to analyze complex 

mixtures from small drugs to large proteins, this technique encompasses broad applicability to 
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various fields such as proteomic studies, small molecules imaging, drug metabolism, disease 

pathology, synthetic polymers, and many more. [15] [20]  

 

Efforts to produce ions of organic molecules using lasers can be traced back to early 1970s. 

[21] Researchers have utilized a diverse range of lasers with significantly differing wavelengths 

and pulse durations, and have combined them with every available type of mass spectrometer. [21] 

Given the substantial variation in basic parameters, it is expected that distinct outcomes have been 

achieved, leading to the development of various combinations of lasers and spectrometers for 

specific applications. [21] After years of systematic observations, two general principles have 

developed for the usage of laser in this application: firstly, it is necessary for the molecules to 

absorb the laser wavelength through resonance for efficient and controllable energy transfer to the 

sample. Secondly, it is necessary for the energy to be transferred within a very brief period of time 

to prevent breakdown of thermally labile molecules. [21]  

 
This method involves incorporating the analyte into an excess amount of a matrix 

compound. [22] For analytes in solution, a common method of sample preparation includes co-

spotting a small volume of sample with a matrix solution on to a metal plate and analyze it when 

dried. [22] While drying, matrix-analyte co-crystals are generated. [23] To analyze a tissue sample, 

a section is affixed to a sample plate, and a thin layer of matrix is deposited on the tissue. [22] 

Following that, the crystals are then subjected to short laser pulses, which result in the ionization 

and desorption of the analyte molecule. [23] The Neodymium-doped Yttrium Aluminum Garnet 

(Nd:YAG) type laser is among the most typically used ones due to its short pulse width range, and 

the ability of its laser beam to be focused to small spot sizes. [21] 

 

 To conduct MALDI-MSI, thin and frozen tissue section mounted on a stainless-steel target 

plate or an indium tin oxide (ITO) slide, is coated with the matrix of choice via various matrix 

application methods. Then the matrix coated sample section is introduced to the vacuum for further 

mass spectrometric analysis. The image analysis is carried out through a scanning process where 

a focused laser beam systematically irradiates different spots on the sample surface, and moves 

across the surface in parallel lines, separated by a defined distance. As a result, an averaged mass 

spectrum is generated from compounds available within the irradiated area (Figure 1.5). [22] [24] 
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The MS imaging softwares are used to generate ion images by mapping the intensities of specific 

m/z across the sample's spatial dimensions. [22] [24] This involves assigning color-coded intensity 

values to each pixel in the image based on the ion's abundance at that location. By using MSI, the 

analyte of interest can be selected and its distribution over the scanned area can be displayed. This 

represents both the location as well as the intensity of the corresponding MS signal simultaneously 

as molecular images. [22]  

 
 
 

 
 

Figure 1.5. Adapted from Rohner et al. [22] MALDI mass spectrometric imaging. A laser is rastered over a tissue sample while 
acquiring a complete mass spectrum from each position, resulting in molecular images for multiple analytes. 
 

 
1.4.2.1. Matrices and Matrix application methods  

 
 

MALDI uses a small organic compound called matrix to facilitates the desorption and 

ionization of analytes from the sample surface. [20] The matrix absorbs energy at the wavelength 

of the irradiating laser, and transfers it to the analyte, causing it to become ionized and detectable. 

[23] Choosing the appropriate matrix is a critical factor for the success of a MALDI-MSI 

experiment. The kind and thickness of the matrix compound have a direct effect on the signal 

intensities. They are chosen based on their ability to provide sufficient ionization efficiency for a 

specific analyte, and their structures, pH, proton affinity and other properties can influence the 

observed analyte sensitivity. [20] Therefore, careful consideration is needed in selecting the matrix 

to achieve optimal results in MALDI-MSI. 
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Since the introduction of MALDI-MSI instrumentation, numerous candidates have been 

studied for their ability to function as a matrix. [25] In addition to matrix selection, proper matrix 

application is of importance in analyzing different compounds using MALDI-MSI. [25] [26] 

Improvements toward higher resolution and greater image details have been an ongoing demand 

for MSI technology. [27] Factors such as matrix uniformity, matrix crystal size, and unwanted 

delocalization of analytes during matrix deposition using matrix solutions (especially for lipids 

due to their relatively low molecular weight and high solubility in organic solvents used to dissolve 

matrices) can affect the image resolution in MALDI-MSI. [27] 

The two methods that are widely used for achieving good matrix deposition are matrix 

spraying and matrix sublimation, although there have been a number of other methods, such as 

micro-spotter, hand-held aerosol sprayers, and air brushers reported for MALDI-MSI analysis as 

well. [26] [27] [28] [29] Except the sublimation technique, all these techniques require matrix 

dissolution in a water/organic solvent mixture. [27] In addition, when using spraying techniques, 

the size of the droplet has an effect on the maximum achievable spatial resolution and 

improvements will be needed in order to produce maximum matrix coverage of the sample yet 

without delocalizing the analyte. [15] On the other hand, over-spraying the matrix solution can 

increase the analyte migration from the extraction location. Although automated sprayers can 

minimize operator variability, it is necessary to repeat overlapping passes when applying the 

matrix to areas larger than the aerosol diameter, which may introduce variations in ion intensity. 

[15] The uneven matrix crystal deposition compromises the detection sensitivity of the experiment. 

[30] So, applying the matrix compound uniformly to the sample surface is a critical step in 

determining the spatial resolution, the number, and the intensity of ions detected. [15]  

Inspired by the sublimation (solid to vapour-phase transition) technique that has been used 

by chemists for centuries, a solvent free matrix deposition method for MALDI-MSI was 

introduced by Hankin et. al. [27] It was discovered that under specific conditions of high 

temperature and low pressure, MALDI matrices could undergo sublimation without 

decomposition. [27] This inexpensive technique avoids the use of solvents and resolve analyte 

delocalization during matrix application. [27] It applies a uniform matrix coating over a large 

sample plate, forms fine microcrystals, and increases the matrix’s purity and, consequently, the 

analyte signal. [27] 
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Matrix sublimation/deposition for MALDI MSI analysis:  

 

 The vacuum sublimation apparatus is consisted of two main pieces: an upper flat-bottom, 

water-cooled condenser and lower sublimator chamber that acts as the matrix holder. The process 

for matrix sublimation using the sublimation apparatus can be described as follows: 

Firstly, an ITO coated glass slide or stainless steel MALDI plate insert loaded with sample section 

or dried sample droplet is prepared. The slide or the plate is then affixed to the underside of the 

flat-bottom condenser of the sublimation apparatus, commonly using copper tape for sufficient 

and consistent thermal contact. Matrix (300 mg) is added to the bottom of the sublimator chamber, 

and the two pieces are assembled using an O-ring seal. The system is then connected to a cold trap 

and a vacuum pump. After pressure reaches the intended value (0.05 Torr for our system), the 

condenser is filled with cold water (below 15 oC). After 5 additional minutes, heat is provided to 

the base of the sublimator chamber by a heating mantle, heated sand bath, or heated oil bath. Time 

is recorded from the onset of heat application. The matrix is heated, gradually sublimated, and 

deposited on the sample attached to the cold condenser. After giving the system the intended 

amount of time for the matrix sublimation and deposition process, the heat application is paused, 

and while the vacuum is maintained, the condenser and the sublimator chamber are gradually 

brought to room temperature. Once the system is ventilated, it is opened, and the sample plate is 

carefully removed from the underside of the condenser. The sample is ready for further MALDI-

MSI analysis. 

 

The thickness of the matrix layer on the surface of the sample plays a crucial role in 

determining the quality of the MALDI-MSI images obtained. If the matrix layer is too thin, it 

results in production of small amount of ion signals upon laser irradiation, whereas if the matrix 

layer is too thick, it only generates ions from the matrix. [27] The obtained amount of deposited 

matrix on the sample surface is determined empirically by adjusting parameters of temperature of 

the heating system, time of sublimation, pressure of the system, initial amount of matrix at the 

bottom of the chamber. [27]  

 

Despite significant efforts to enhance the understanding of the mechanisms involved in the 

desorption/ionization of MALDI processes, the exact comprehension of these mechanisms is still under 
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study. Several theories and pathways have been studied and examined with regards to both 

ionization and desorption. [31] [32] [33] [34] [35] [36]  

 

The general process can be summarized in the following steps: initially, the analyte-matrix 

mixture, consisting of both neutral and pre-charged analytes produced during sample preparation, 

is subjected to laser ablation. During this process, the matrix molecules absorb most of the energy 

and release it as heat to the surroundings, causing thermal expansion. This leads to desorption of 

the matrix and analyte from the surface, resulting in a hot plume of gaseous molecules that contain 

a combination of charged and neutral matrix molecules. The reactive matrix species and the analyte 

molecules engage in protonation or deprotonation events, which result in the ionization of the 

analyte molecules. Simultaneously, some pre-charged analytes that are desorbed manage to 

maintain their charge even after separating from their counterions. Ultimately, depending on the 

extraction voltage, either cations or anions are sent to the mass analyzer in a mass spectrometer. 

 

Some authors claimed that the phospholipid standards analyzed using this MALDI-MSI 

showed that applying matrix by sublimation produced more intense and consistent signals with 

less sodium adducts compared to the electrospray matrix application technique. [27] This potential 

could be significantly important in studying lipids in tissue due to their relatively low molecular 

weight and high solubility in common organic solvents like methanol, ethanol, or acetonitrile used 

for matrix dissolution in spraying applications. [27]  
 

 
 
Figure 1.6. Photograph of sublimation apparatus used to apply matrix to sample surfaces for MALDI-MSI experiments. The sample 
on the ITO glass slide or MALDI plate insert is attached to the underside of the condenser be thermal conducting tape. 
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1.5. Mass Spectrometers  
 
The following sections will cover a general overview of mass spectrometers used in my 

research, including the Thermo Finnigan™ LTQ™ and the QExactive™ Quadrupole-Orbitrap hybrid 

mass spectrometers. 

 
1.5.1. Thermo Finnigan™ LTQ™ Mass Spectrometer 
 

The Finnigan LTQ comprises of an atmospheric pressure ionization (API) source, ion optics, 

a mass analyzer, and an ion detection system to measure the mass-to-charge ratios of ions.  

 

 The instrument operates by guiding ions produced in the source through the ion optics to 

the mass analyzer, where they are trapped in stable orbits by a time-varying electric field. The 

lenses and ion optics are used to regulate the transmission of ions. The ions enter the tube lens via 

the ion transfer capillary, where they undergo additional desolvation, and are focused towards the 

skimmer opening. The skimmer acts as a vacuum barrier between the high (ion source) and low 

(Q00 ion guide) pressure regions of the instrument. The ions then move towards the Q00 ion guide, 

and their injection into the mass analyzer is controlled by the gate lens. The mass analyzer which 

is made up of a front lens, linear ion trap, and a back lens, is where the ions are analyzed. The basic 

design of the linear ion trap is shown in figure 1.8. The linear ion trap consists of a precisely 

engineered square arrangement of hyperbolic rods that are aligned with great accuracy. Within this 

structure, two of the rods located in the center section are referred as the exit rods, which contain 

a slit through which the ions are ejected during the scan out. The mass analyzer measures the mass-

to-charge ratios of the ions, and selected ions are ejected and detected by the ion detection system, 

which produces a signal that is amplified by the detection system electronics. [37] 
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Figure 1.7. Adapted from Thermo Electron Corporation LTQ hardware manual. [37] Construction details of the Thermo Finnigan™ 
LTQ™ mass spectrometer. 
 
 

 
 

Figure 1.8. Adapted from Thermo Electron Corporation LTQ hardware manual. [37] Linear ion trap quadrupole rod assembly. 
 
1.5.2. Thermo Scientific™ QExactive™ Hybrid Mass Spectrometer 
 

The Exactive series of mass spectrometers are Orbitrap instruments that use an atmospheric 

pressure ionization (API) source for liquid chromatography (LC) or nano electrospray ionization 

(nano-ESI) mass spectrometry applications. The instrument is also capable of being linked to a 

matrix assisted laser desorption/ionization (MALDI) source for mass spectrometry imaging 

applications. The QExactive mass spectrometers consist of five main components: ion source, 

quadrupole mass filter, intermediate storage device (C-Trap), collision cell for performing Higher 

Energy Collisional Dissociation (HCD) experiments, and an Orbitrap analyzer.  

The schematic of a Thermo Scientific QExactive is shown in figure 1.9.  
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The instrument can receive samples from a variety of ion sources. The injection flatapole 

focuses and transfers ions from the source to the quadrupole which serves as an ion transmission 

device that has the capacity to separate ions based on their mass-to-charge ratio. The ions are then 

transferred to the C-Trap where they are accumulated, and their energy is reduced using nitrogen 

gas. Next, a lens system called “Z-lens” transfers the ions into the Orbitrap analyzer where mass 

spectra are acquired. [38] 

 

 
 
Figure 1.9. Adapted from Thermo Fisher Scientific Exactive series operating manual. [38] Construction details of the Thermo 
Scientific™ QExactive™ mass spectrometer. 
 

 
1.6. MALDI mass spectrometry imaging of Phosphatidylinositols (PIs) 

 
 Among different metabolites, lipids deserve particular and extensive study as they are 

involved in and play important roles in many biological aspects, such as structural components, 

energy storage, biochemical processing in living systems, membrane permeability, functional lipid 

biosynthesis, and other regulatory and signaling roles on molecular recognition processes beyond 

genes and proteins. [39] Studies on abundance variation and spatial localization of lipids can 

expand our understanding of lipid-related disease pathogenesis.  
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 One of the main categories of lipids is phospholipids. The minority of phospholipids in all 

eukaryotic cellular membranes are phosphatidylinositols (PI), an acidic phospholipid attached to 

a myo-inositol head group. [40] After binding to the phospholipid, the cyclic inositol is left with 

five free hydroxyl moieties around it, from which three are readily available for phosphorylation. 

[40] As a result, a combination of seven phosphorylated derivatives known as phosphoinositides 

can be formed that are known to play fundamental roles in different structural and instructional 

processes, including protein interaction and regulation, membrane transport, cytoskeletal function, 

plasma membrane signalling and more. [40] [41] This category includes phosphatidylinositol 

phosphate (PIP), phosphatidylinositol bisphosphate (PIP2), and phosphatidylinositol trisphosphate 

(PIP3).  

 

 Abnormalities in phosphatidylinositols and phosphoinositides, as well as their relative 

kinase activities and levels, have been associated with various diseases, such as human nervous 

system diseases [41], cancer [42] [43] [44], inflammation and thrombosis related diseases [42], 

immune system diseases [42], acute renal inefficiency in infancy [45], and pregnancy-related 

diseases [43], to name a few.  

 

 Previous studies have reported the identification and visualization of PI molecular species 

in different tissues. The results suggest that MALDI and DESI-MSI techniques are promising tools 

for assessing the distribution and abundance of different PI molecular species in different tissues. 

Enomoto et al. investigated the distribution of PI species in pork chops using MALDI-MSI. 

 

 In contrast to studies involving lipid extractions that are time and solvent consuming and 

may result in the loss or depletion of some lipid classes, MALDI-MSI facilitates the simultaneous 

detection and data analysis of multiple lipid classes within their biological environment. This 

makes it a useful tool for unbiased preclinical and clinical lipidomic studies. 

 

 Phospholipids tend to ionize in one of the two forms: either as phosphate anions (which is 

the case for PIs) or nitrogen-centered cations during the MALDI process. [46] The intensity of PI 

compounds generated in MS experiments relates to the quantity of molecules present in a tissue 

sample. [46] Phosphatidylinositols are not as numerous as other phospholipids. The most abundant 
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PI in many tissues is PI(18:0/20:4), with a signal observed at m/z 885.5 in negative ion mode. [46] 

Polyphosphoinositol lipids or phosphoinositides (PIP, PIP2, PIP3) are products of PI kinases and 

have crucial intracellular roles. [46] However, their abundant is so low that detecting them with 

MSI requires extensive method optimizations and developments.   

 
1.7. Research Objectives  
 

 In this dissertation, the main objective was to explore novel applications of mass 

spectrometry techniques including ESI and tandem mass spectrometry, as well as MSI techniques 

such as MALDI and DESI. The aim was to gain a better understanding and experience of these 

various techniques for developing methods to chemically profile, separate, detect, map, and 

quantify a wide range of targeted and untargeted analytes from complex matrices.  

 
 Below, I have outlined the contributions to each corresponding publication, including the 

publication titles, co-authors names, and the specific roles I played in the research process.  

 
Chapter 2:  

Analysis of Tetrahydrocannabinol Derivative from Cannabis-Infused Chocolate by QuEChERS-

Thin Layer Chromatography-Desorption Electrospray Ionization Mass Spectrometry.  

(Maryam Yousefi-Taemeh, Demian R. Ifa) 

 

I contributed to this work by designing the experiments and conducting all sample preparation, 

extraction, TLC experiment, mass spectrometry analysis, and data interpretation. Prof. Demian Ifa 

provided mentorship during the data analysis and manuscript publication process. 

 

Chapter 3:  

Metabolomics Differences of Glycine max QTLs Resistant to Soybean Looper. 

(Maryam Yousefi-Taemeh, Jie Lin, Demian R. Ifa, Wayne Parrott, Nik Kovinich) 

I contributed to this project by designing and performing all mass spectrometry experiments, 

including MS/MS experiments and putative data identification through library searching. 

However, I was not involved in the soybean sampling, extraction, or statistical analysis through 

principal component analysis (PCA) and data interpretations. Prof. Demian Ifa provided guidance 
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and feedback on the manuscript. Wayne Parrott provided the soybean samples. Sample 

preparations such as extractions, were performed by Prof. Nik Kovinich and Jie Lin, who also 

assissted with data interpretation through statistical analysis. Prof. Nik Kovinich also provided 

feedback on the manuscript, especially in areas related to the biological aspects of the soybean 

samples and soybean loopers.  

 

Chapter 4:  

Sublimation application of 5-chloro-2-mercaptobenzothiazole (CMBT) matrix for MALDI mass 

spectrometry imaging (MSI) of mouse kidney. 

(Maryam Yousefi-Taemeh, Ergi Duli, Laurentiu G. Dabija, Mathieu Lemaire, Demian R. Ifa) 

 

I conducted all mass spectrometry imaging experiments, interpret the results, and wrote the 

manuscript for this project. Ergi Duli and Prof. Mathieu Lemaire provided the mouse kidney 

tissues. Laurentiu Dabija assisted with experimentation and methodological approaches. Prof. 

Demian Ifa provided guidance and feedback throughout the project as well as manuscript 

publication process. 

 

Chapter 5: 

Assessment of MALDI matrices for phosphoinositide detection and visualization in mouse kidney 

models through Matrix Assisted Laser Desorption Ionization (MALDI) imaging techniques. 

(Maryam Yousefi-Taemeh, Laurentiu G. Dabija, Ergi Duli, Mathieu Lemaire, Demian R. Ifa) 

 

I made contributions to this research project by designing the experimental framework and 

optimizing the appropriate thickness for each matrix compound. Together with Laurentiu, we 

conducted mass spectrometry imaging analysis and interpreted the acquire data. Ergi Duli and 

Prof. Mathieu Lemaire provided valuable support by supplying the mouse kidney tissues and 

guiding us in the phosphoinositide-related aspects of the study. Throughout the project, Prof. 

Demian Ifa provided guidance, feedback, and assistance during the manuscript publication 

process.  

 

 



 20 

Chapter Two: Analysis of Tetrahydrocannabinol Derivative 
from Cannabis-Infused Chocolate by QuEChERS-Thin 
Layer Chromatography-Desorption Electrospray Ionization 
Mass Spectrometry 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 2 is a version of the published manuscript: 
 
Yousefi-Taemeh, M., Ifa, D.R. Analysis of tetrahydrocannabinol derivative from cannabis-
infused chocolate by QuEChERS-thin layer chromatography-desorption electrospray ionization 
mass spectrometry. J Mass Spectrom. 2019; 54 (10): 834-842.  



 21 

2.1. Abstract 

 

Recently in Canada and some states of the United States, marijuana (cannabis) has become 

fully legalized and regulated, for both medical and recreational purposes. This fact is going to 

make cannabis products such as edibles even more popular than ever before. Therefore, it is 

assumed that there will be a high demand for analytical methods, which are accurate and sensitive 

enough to be used in different forensic and pharmaceutical cannabis–related applications. 

Cannabis derivatives have an extreme range and number of constituents with possible interactions 

with one another. Thus, this characteristic leads to their vast and highly complex chemistry, which 

requires robust analytical tools to be able to quantify and qualify them precisely and accurately. 

We developed and validated an analytical method using desorption electrospray ionization 

(DESI)–mass spectrometry (MS) to accurately detect, characterize, and quantify cannabinoids and 

also offer an easy, cost-effective, and reliable technique, which can be performed in a short time 

for infused edibles in complex matrices such as chocolate. We evaluated a quantitative analysis of 

tetrahydrocannabinol (THC) in cannabis-infused chocolate with thin-layer chromatography 

(TLC)–DESI-MS and QuEChERS extraction method. Both techniques of TLC and QuEChERS 

are cost-effective and can be run in short time. 

 

2.2. Introduction 

 

2.2.1. Cannabis and cannabinoids  

 

Marijuana (or cannabis) has remained the most extensively cultivated and widespread 

illegal recreational drug worldwide, with 9.5% of adults and 23.7% of youth reporting use in the 

United States within 2015. [47] [48] The increasing number of users is related to the decreased 

perception of harm from cannabis and its legalization by many states. [47] [49] Among different 

forms of available cannabis products, edibles have become more interesting among users. 

Although there have not been enough studies performed yet to scientifically evaluate and confirm 

the accuracy of these factors, it is reported that the growing interest for edibles can be due to factors 

such as the convenient and discreet rout of cannabis consumption [47]; for instance, patients with 

chronic conditions on medicinal cannabis prefer to choose an extended type of the drug with the 
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longer duration of analgesic effect in the workplace since smoking cannabis in public is not 

comfortable or still prohibited in some states. Another factor is the calmer and more relaxing 

“high” result of edible usage compared with smoking cannabis and also the lower health risk 

(mainly the ones that are associated with lung inflammation and bronchitis) of edibles compared 

with smoking cannabis. [47] Either for recreational or medicinal purposes, the core idea of using 

cannabis is to “feel better” that may range from feeling “high” (e.g., recreational use) to relieving 

an unpleasant mental or physical condition (e.g., anxiety, pain, or nausea). [47]  

 

Because of the presence of abundant natural components, cannabis are known as 

chemically complex species. [48] For instance, over the last decades, the number of natural 

constituents isolated from Cannabis Sativa (C sativa) has continued to increase, with more than 

120 cannabinoids reported in 2017. [48] In general, cannabinoids are the C21 terpenophenolic 

skeleton chemicals isolated from C sativa, which can be categorized into 11 types: (-)-Δ9-trans-

tetrahydrocannabinol (Δ9-THC), (-)-Δ8-trans tetrahydrocannabinol (Δ8-THC), cannabigerol 

(CBG), cannabichromene (CBC), cannabidiol (CBD), cannabinodiol (CBND), cannabielsoin 

(CBE), cannabicyclol (CBL), cannabinol (CBN), cannabitriol (CBT), and miscellaneous-type 

cannabinoids. [48] 

 

Among psychological and physiological effects of cannabis, euphoria, analgesia, sedation, 

memory and cognitive impairment, appetite stimulation, and antiemesis can be mentioned, which 

are mostly caused by Δ9-THC. [47] [48] On the other hand, the therapeutic applications of cannabis 

have contributed to the treatment of glaucoma, migraine headaches, spasticity, anxiety, as an 

analgesic, control of nausea, and vomiting associated with chemotherapy, and for appetite 

stimulation of AIDS patients suffering from the wasting syndrome. [47] [48] Δ9-THC and CBD 

are two major phytocannabinoids that have been extensively contributed to these therapeutic 

applications. A vast number of techniques have been performed for quantitative and qualitative 

analysis of various cannabis-related experiments with the main focus on THC, CBD, CBG, CBN, 

CBC, and tetrahydrocannabivarin (THCV) because of their possible medicinal and therapeutic 

properties. [48] 
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Cannabis and cannabinoid detection is an interesting and growing area of research 

nowadays. Many testing laboratories in different fields are searching for reliable, cost-effective, 

efficient, and easy analytical tools and methods to be able to analyze different cannabis related 

materials both qualitatively and quantitatively. [50] Edible labelling (baked goods, infused edibles, 

and beverages) has brought in some new challenges for the market, because of cannabinoids 

differences from each other and also from the original plant. [50] [51] Inaccurate labelling of a 

product may cause the risk of consuming higher dose of cannabinoids and therefore having 

unpleasant side effects for consumers. On the other hand, people taking edibles in substitution for 

medical purposes may suffer from their symptoms (pain) because of receiving lower than 

mentioned cannabinoid dose. [50] Having reliable techniques capable of comparing the claimed 

amount of cannabinoids versus the actual one in the sample, in a short time, has a significant 

importance.  

 

Therefore, our aim was to examine the qualitative and quantitative ability of desorption 

electrospray ionization (DESI)–mass spectrometry (MS) for cannabis analysis and offer an easy, 

cost-effective, and reliable technique, which can be performed in a short time for infused edibles 

in complex matrices such as chocolate. Here, we evaluate a quantitative analysis of 

tetrahydrocannabinol (THC) in cannabisinfused chocolate with thin-layer chromatography (TLC)–

DESI–mass spectrometry and QuEChERS extraction method. Both techniques are cost-effective 

and can be run in short time. 

 

2.2.2. DESI mass spectrometry 

 

Mass spectrometry is one of the essential and prevalent analytical tools in the chemical and 

biological sciences. [52] Among many types of ionization methods commercially available today, 

electrospray ionization (ESI) has become the most popular technique for biological studies. [7] 

DESI is the first ambient ionization technique introduced in 2004 by Professor Cooks and his team. 

[17] The extracted ions from the surface are directed to the inlet of the mass spectrometer through 

air at atmospheric pressure and then mass analyzed. [17] DESI has the ability to record mass 

spectra on samples in their native environment, without sample preparation or preseparation for 

qualitative analysis, by creating ions outside the instrument. [17] [16] 
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2.2.3. QuEChERS method 

 

Sample preparation (extraction and separation of cannabinoid of interest) was required for 

quantitative experiment. Since the infused chocolate, gummy, candy, and butter matrices are very 

complicated, most significant challenges are matrix related, which increase variability. [51] For 

instance, because of their variety in preparation and composition of the compound they are going 

to mix with, each one of different types of edibles may require different sample preparation 

strategies to isolate the cannabinoids for an effective analytical examination. In edibles analysis, 

all the normal food's components, such as fatty acids, sugars, sugar alcohols, proteins, and fibers, 

must be taken into consideration. For example, sugars and glycerin in gummy bears, the ethanol 

present in cannabis-infused fermented beverages, and the ingredients in baked goods such as fats, 

proteins, and fibers can impact the extraction and analysis of targeted cannabinoids. [53] 

Moreover, the hydrophobicity of cannabinoids can result variable binding to individual 

compounds of edible products. [53] 

 

Surprisingly, there is little published literature on the isolation and extraction of cannabis 

or cannabis products before analysis. [54] Hence, we decided to choose a chocolate matrix removal 

technique rather than cannabinoids extraction, and consequently, QuEChERS method fits well 

with our protocol.  

 

Quick, easy, cheap, effective, rugged, and safe technique, known as QuEChERS method, 

has been developed by Anastassiades and Lehotay in 2003 for pesticides analysis. [54] This 

approach has been assessed in matrix removal and extraction of different analytes from different 

complex substances. The method is consisted of salting out step and, if necessary, dispersive solid-

phase extraction (dSPE) in some cases. [54] Applications of QuEChERS coupled to different mass 

spectrometry techniques have been reported for some quantitative and high throughput analysis. 

[55] [56] 

 

Some of the advantages of this method over traditional liquid-liquid extraction techniques 

are the low required amount of undesirable, costly, and toxic solvents and consequently less 

volume of organic solvent waste, as well as the ease of batch processing. [50] In addition, 
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QuEChERS is more reproducible, cost-effective, easy to learn for technicians and to adapt as a 

routine analysis technique for any laboratory, and fast in comparison with solid-phase extraction 

(SPE). [50]  

 

2.2.4. TLC separation method 

 

For quantitation, the extracted solution from QuEChERS method is not clean, and there is 

the possibility of the presence of other analytes, which can cause ion suppression in the mass 

spectra. To address this problem in this experiment, a separation technique is required. The acidic 

form of THC is Δ9-tetrahydrocannabinolic acid (THCA) and is psychologically inactive. [57] This 

compound is thermally labile and may be converted to THC via decarboxylation. [57] Therefore, 

analytical methods that include thermal sample manipulations such gas chromatography are not 

efficient and suitable separation techniques for cannabis analysis. [57] Coupling TLC with ambient 

mass spectrometry offers a very simple, cost-effective, and robust separation methodology with a 

detector that exhibits the ability to qualitatively and quantitatively identify and detect target 

analytes with great selectivity.  

 

Thus, here, we evaluated the use of DESI-MS to assess and quantitate analytes separated 

on TLC plates. The goal of this project is to use DESI-MS technique to provide identification, 

separation, and quantification of cannabis from edible cannabis-infused products. A simple, robust, 

and automated TLC-DESI-MS system is evaluated with QuEChERS extraction technique for the 

analysis of THC in the cannabis-infused chocolate. It is believed to be a valuable technique for 

discrimination and detection of cannabinoids in complex matrices such as chocolates, candies, and 

gummies. 

 

2.3. Methods 

 

2.3.1. Materials 

 

“Shatter Bars” cannabis-infused milk chocolate by Euphoria Extractions has been chosen 

as a sample to be analyzed using DESI-MS. The standard THC and internal standard THC-D3 were 
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obtained from Cerilliant Sigma-Aldrich Corporation. The concentrations of the stock solution of 

standard and internal standard were 1 mg/mL and 100 μg/mL in methanol, respectively. The 

cannabis-infused milk chocolate was purchased from a legal cannabis dispensary in Toronto, 

Canada. The QuEChERS extract pouches (AOAC method) containing 6.00 g of magnesium sulfate 

and 1.50 g of sodium acetate were purchased from Agilent Technologies. Silica gel TLC glass 

plates used had 250.00-μm thickness and were purchased from Silicycle. All solvents used in this 

experiment were acquired from Sigma-Aldrich.  

 

According to the nutrition fact sheet on the chocolate bar, the chocolate bar is 85.00 g, 

which includes 135.00 mg of THC. So, there is 1.59 mg/g of THC present in each gram of 

chocolate. The chocolate contains other different cannabinoids in various amounts, such as 2.04 

mg of CBN, 47.00 mg of THCA, 1.13 mg of THCV, 2.60 mg of CBG, 0.29 mg of CBD, and 2.16 

mg of CBC. 

 

2.3.2. QuEChERS extraction 

 

 The experiment started with the matrix removal step performing the QuEChERS technique. 

To demonstrate the accuracy and precision of the methodology, the analysis was performed in 

triplicate. A small piece of chocolate was placed in a zipper plastic bag and kept in the refrigerator 

(4 °C) for 10 minutes. Using a pestle, the frozen chocolate was crushed. Approximately 1.00 gram 

of the crushed chocolate was weighed for each run with an analytical balance. Then each part of 

chocolate was added to a 50-mL centrifuge tube containing 15 mL of water and sonicated for 20 

minutes. The purpose of this step was to remove water soluble components of the matrix. Next, 15 

mL of acetonitrile was added and mixed thoroughly, following the addition of one pouch of salt. 

Then the tube was shaken, and the mixtures were centrifuged at 3000 x g for 5 minutes. The 

resultant was a centrifuge tube with four layers, which from top to bottom were acetonitrile layer 

with cannabinoids, insoluble chocolate matrix components, water soluble components, and excess 

extraction salt. Using a transfer pipette, the top layer acetonitrile was carefully transferred into a 

clean vial, ready for use. For cannabinoid content analysis, dSPE was not necessary because of the 

high cannabinoid concentration in the organic solvent extract. [50] 
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In order to find the optimal extraction solvent with the highest THC signal intensity 

(recovery), the same process was performed with different organic systems such as chloroform, 

acetonitrile with 1% acetic acid, acetonitrile with 1% formic acid, and hexane. 

 

2.3.3. DESI solvent spray optimization 

 

The extracted solutions were then spotted on silica gel TLC plates with no development, 

to test the presence of THC. The spotted plates were analyzed using different ranges of solvents in 

positive and negative ion polarities, in search for the spray solvent with the best ionization 

efficiency. The spray solvent systems used are acetonitrile:methanol (8:2), acetonitrile, methanol, 

methanol:water (9:1), acetonitrile: chloroform (1:1), acetonitrile with (0.1%, 0.5%, and 1%) 

NH4OH, acetonitrile with 1% formic acid, acetonitrile with 1% acetic acid, and 

acetonitrile:methanol (8:2) with 1% NH4OH. 

 

2.3.4. Quantitative analysis 

 

After assessing the solvent with the highest ionization efficiency, the quantitative analysis 

was performed to achieve a calibration curve in each run. To do so, serial dilution mixtures of 

THC standards and THC-D3 solutions were made in methanol in a range of 20- to 80-μg/mL 

concentration for THC standard and a constant concentration of 50 μg/mL for THC-D3.  

 

Of each solution, 1.5 μL was spotted on a silica gel-TLC plate 0.5 mm from the bottom. 

The TLC plate was then air dried. A development chamber was saturated with different mobile 

phases such as hexane, chloroform, hexane:dichloromethane (1:1), hexane:ethylacetate (9:1), 

hexane:ethylacetate (6:3), and hexane:dichloromethane: acetone (5:4:1), for some minutes. The 

spotted plate was then kept inside the chamber and developed with the mobile phase followed by 

air drying.  

 

The green color of the solution containing cannabinoids makes the starting points on the 

TLC plates very visible. The sprayer angle and moving stage were adjusted carefully so that the 

TLC plates can be scanned in a straight line. The TLC plates were scanned along the x-axis starting 



 28 

a little before the point where the solution was spotted till the point where the TLC plate was 

developed. As a test, three different line scans were acquired for the first trial, and it was concluded 

that the first line scan for all concentrations had the highest intensity of the analytes. Therefore, 

only one line scan was carefully acquired for each run during the experiment.  

 

This type of scanning helps to determine all the analytes present in one line, which are not 

observable without staining. The DESI source was connected to a moving stage for a consistent 

speed over the analysis. 

 

2.3.5. Instrument parameters for scanning 

 

All data were collected using a Thermo Fisher Scientific LTQ linear ion trap mass 

spectrometer (San Jose, CA, USA), which is controlled by Xcalibur 2.0 software (Thermo Fisher 

Scientific) and is connected to a lab-build automated DESI ion source. [17] [58] The parameters 

for DESI direct identification: Nitrogen at 100 psi was used as the nebulizing gas for all the 

experiments. The incident angle was 52o; the distance from spray tip to inlet capillary and spray 

tip-to-surface distance were kept at 5 and 2.5 mm respectively, for all experiments.  

For the TLC dilution series analysis, the instrument was set to collect negative ion, SIM mode 

spectra for a maximum ion trap injection time of 100 milliseconds using three microscans per 

spectrum. The range was m/z 313 with a window of m/z 10 to include the m/z 316 for THC-D3 

internal standard. The main experimental parameters used were as follows: solvent flow rate, 10 

μL min–1; spray voltage, ±5 kV; capillary temperature, 220 oC. All optimization experiments 

conducted were done in both negative and positive ion polarities in full scan mode at a mass range 

from m/z 100 to m/z 1000.  

 

2.4. Result and Discussion 

 

2.4.1. Qualitative analysis 

 

In this work, first, the qualitative ability of DESI-MS for detecting cannabinoids, especially 

THC which is the most psychoactive cannabinoid, was evaluated by experimenting a small piece 



 29 

of cannabis-infused chocolate sample, in its native environment with no sample preparation. The 

clear presence of THC was then confirmed by DESI-MS, and this success had led the progress to 

quantitative analysis. 

 

2.4.2. Quantitative analysis 

 

A cost-effective and reliable quantitative analysis of THC in cannabis-infused chocolate 

with TLC-DESI-MS and QuEChERS extraction method was performed, and the quantitative 

ability of DESI-MS was evaluated. 

 

2.4.3. Solvent optimization 

 

For the purpose of this project, we required to run various experiments to provide the 

optimal factors for the best result. Among these factors, solvent in each step has a very important 

role in both extraction and ionization efficiency. The signal intensity of an analyte in MS is not 

only related to its concentration but to its ionization efficiency and environmental extractability as 

well. [59] Solvent optimization is an important procedure in DESI. [60] An increase in selectivity 

in the DESI-MS measurements can be achieved for different analytes by the solvent choice and 

composition. The signal intensities for the polar analytes enhance by using an aqueous solvent 

whereas the nonpolar analytes present optimal signals with a high organic content solvent spray. 

[61] This phenomenon can be explained by “like dissolve like” principle where the analyte shows 

higher solubility in the similar polarity spray solvent and, therefore, more efficient desorption of 

the analyte from the surface. [61] Moreover, sometimes, adding a small amount (0.1%-1%) of acid 

or base additives may enhance the formation of protonated and deprotonated molecules, 

respectively. Among these additives, formic acid and ammonium hydroxide are very common. 

[61] It has also become clear that the analyte should be soluble in the localized liquid thin film (or 

simply in the spray solvent) to facilitate its transfer from the surface. [60] The differences in signal 

levels among different solvents appeared to be caused by two competing processes: dissolution 

and subsequent desorption of the analyte from the surface or dissolution and elution of analyte 

material away from the DESI plume before desorption could take place. [62] This elution versus 

desorption phenomenon makes solvent optimization a necessity for DESI-MS experiments. Δ9-
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THC has a tricyclic 21 carbon structure without nitrogen and with two chiral centers in trans-

configuration. [63] Δ9-THC is volatile viscous oil with high lipid solubility, low aqueous solubility, 

and a pKa of 10.6. [63] For this experiment, first, the extraction procedure was performed with 

different extraction solvents, and as a result, hexane has been chosen as the best solvent with the 

highest detected experimental THC in the spectra (Figure 2.1A).  

 

Several solvent mixtures were prepared to assess their ionization efficiency with the THC 

compound in the extracted solution, in both polarities. Acetonitrile:methanol (8:2) with 1% 

NH4OH shows the most efficient desorption or ionization by resulting in the highest signal 

intensity for the THC at m/z 313 in negative ion mode, [M–H]−, compared with other solvents. The 

ammonium hydroxide has a crucial role in favoring the deprotonation of the THC compound by 

making the solvent more basic. Moreover, after performing MS/MS at m/z 313, the spectrum 

shows fragment pattern that is consistent with the literature by Ifa et al, confirming the presence 

of THC in our solution (Figure 2.1B). [64] 

 

Next, for the serial dilution spots, multiple TLC developer mixtures were tested for the 

most efficient separation of different components. Hexane:ethylacetate (9:1) shows the best result 

with showing highest peak area for THC compound. 
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Figure 2.1. (A) Negative ion DESI mass spectrum of THC extract in hexane with acetonitrile:methanol (8:2) +1% NH4OH spray 
solvent. (B) The tandem mass spectrum of THC which matches the literature by Ifa et al. [64] 

 
 

2.4.4. Serial dilution experiments 
 

For the quantitation purpose, appropriate standards and internal standards were required. 

Isotopically labeled THC-D3 standard was added to the dilution series in known quantities. When 

a synthetic, stable isotope-labeled analyte is used as an internal standard, the concentration can be 

measured by the ratios of the signals from the labelled internal standard and the unlabeled standard. 
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The reason for this is the fact that these compounds have the same physico-chemical properties 

and differ only by mass, and by using them, we can correct for inefficiencies in the extraction 

process of analytes from complex matrices. Six dilution mixtures were prepared in the range of 20 

to 80 μg/mL of THC standard, and a constant concentration of 50 μg/mL of THC-D3 isotopically 

labelled internal standard (IS) was added to the series (Table 2.1). The reason for choosing this 

range was due to the theoretical calculation and estimation of THC concentration from the 

extraction, which is 52.94 μg/mL after dilution in 15 mL of ACN. The range was chosen in a way 

for the theoretical concentration and the IS to be in the middle of the curve. 

 

 The dilution mixtures of cannabinoid standards and IS were separated on a normal phase 

silica gel TLC plate and detected via DESI-MS in negative ion SIM scan mode. 

The data shown in Figure 2.2 represent the calibration line-scanning mode of TLC-DESI-MS 

analysis for THC and THC-D3, in negative ion SIM mode. Figure 2.2A and B show the DESI-MS 

extracted ion chromatograms of THC-D3 and THC after using smoothing function of 15 points 

with Xcalibur software, respectively. Figure 2.2C is the total SIM mode scan range. As it is 

expected, Figure 2.2B represents more than one peak for the chosen range of m/z 313. This is due 

to the presence of other isomer cannabinoids for m/z 313, such as CBD and CBC in the extract, 

and their well separation on the TLC plate. 

 
 
 
Table 2.1. Calibration curve for THC concentration determination 
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Figure 2.2. Line-scanning mode of TLC-DESI-MS analysis for the mixture of extracted THC and THC-D3, in negative ion SIM 
mode using acetonitrile:methanol (8:2) +1% NH4OH spray solvent, for quantitative analysis. (A) Ion chromatogram of THC-D3 
internal standard and (B) extracted THC from the chocolate, after using smoothing function of 15 points. (C) Total SIM mode scan 
range for the mixture of THC and THC-D3. 
 
2.4.5. Limit of detection and limit of quantification 

 

The limits of detection and quantification for THC were in the range of 20 and 30 μg/mL, 

when experimenting 1.5 μL of extracted sample. The spots with 20 and 30 μg/mL diluted mixtures 

represent S/N of 2 to 4 and 8 to 15, respectively. For this reason, the 20-μg/mL concentration spots 

were removed from the average calibration curve in Figure 2.3. 
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Table 2.2. Summary of theoretical and calculated data for THC from the extract 
 

 
 
 
2.4.6. Calibration curve resulting from TLC-DESI- MS  
 

Figure 2.3 demonstrates the calibration curve resulting from the triplicate TLC-DESI-MS 

analysis of dilution series. For the quantitation purpose, the calibration curve of concentration 

range versus ratio of area of standard and IS was plotted. The concentration of extracted THC can 

be calculated from the equation of line of each graph. Table 2.2 represents calculated concentration 

of THC for runs 1, 2, and 3 obtained from individual and average runs.  

 

The obtained data show a higher-than-expected values for concentration of THC in the 

extract solutions. It has been shown that cannabis samples of various types lose potency over time. 

[65] this fact is more pronounce in the conversion of THCA to THC by exposing to air, heat, and 

light. According to this, interday analysis of cannabis compounds might show measurably different 

results from each other. [65] The chocolate sample used for this experiment contains 47.00 mg of 

THCA, which is expected to be around 0.5 mg per 1 g of chocolate. According to this, in each 

extraction sample, we had a ratio of approximately 3:1 THC:THCA, which makes the higher 

concentration of THC in our result more explainable.  

 

Interday and intraday precision and accuracy of quality control samples were calculated 

with the requirement that the mean of each concentration must be within 15% of the nominal value 
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and must have a precision not exceeding 15% CV. [57] Our mean value for the three runs is 60.6 

± 1.1 μg/mL and is within 15% of the nominal value of 53.3 μg/ mL, which is the mean of the 

theoretical values for three runs. 

 
 

 
Calibration Curve for triplicate runs 

 
 

Figure 2.3. Average calibration curve from runs 1, 2, and 3 of the analysis. 
 
 
2.5. Conclusion 

 

DESI-MS allows the rapid and direct qualitative analysis of wide range of samples in their 

native environment, without any extraction, purification, and pretreatment, and under atmospheric 

pressure. The analyte of interest can be mass analyzed in a complex matrix such as chocolate by 

simply using the DESI-MS. Cannabis and cannabinoid detection is an interesting area of research 

nowadays, and many publications describe the usage of MS in this growing field. [48] [66] [67] 

[68] However, the quantitative analysis of cannabinoids from edible complex matrices with DESI-

MS requires extractions, and it has not reported yet. Hence, the aim of our lab is to confirm the 

ability of DESI-MS towards this topic and elaborate techniques to advance this area of research. 
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 A fast, reliable, and cost-effective analytical method has been developed and evaluated for 

the quantification of cannabinoid contents in cannabis-infused edibles. This method uses the 

advantages of QuEChERS method to remove the complex chocolate matrix and extract the 

cannabinoids in the organic solvent layer. The developed method has been successfully applied to 

the quantitation of THC cannabinoid from an edible chocolate.  

 

For cannabinoid content analysis, the samples had cannabinoid content within ±15% of the 

stated value, where they were found under-labelled, which actually contained 13.7% more THC 

than stated. This fact can be due to the conversion of THCA, which is present in our extract in a 

fair amount, to THC by exposing to light, air, and heat.  

 

The ambient technique of DESI-MS shows promises in accurate detection and 

measurement of smallest amount of sample, both quantitatively and qualitatively. One of the most 

important aspects of this work is that it can be applied to many vast and diverse cannabis related 

applications. It provides quantitative analysis of target composition for science and industry fields 

such as food, quality control, environmental, health- and safety-related material, forensics, 

medicinal, and pharmaceutical. We also believe that works and improvements into methods of 

detecting and quantifying cannabis will help law enforcement regulate its usage, and this particular 

analytical technique can be used for simple and legal defensible cannabis detection in contraband 

material; for instance, usage of this method as a detection technique in a mini and portable MS 

device [69] [70] [71] [72] [73] at airports, detection centers, correctional facilities, and roadside 

tests. 
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QTLs Resistant to Soybean Looper 
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3.1. Abstract  
 

Quantitative trait loci (QTLs) E and M are major soybean alleles that confer resistance to 

leaf-chewing insects and are particularly effective in combination. Flavonoids and/or 

isoflavonoids are classes of plant secondary metabolites that previous studies agree are the 

causative agents of resistance of these QTLs. However, all previous studies have compared 

soybean genotypes that are of dissimilar genetic backgrounds, leaving it questionable what 

metabolites are a result of the QTL rather than the genetic background. Here, we conducted a non-

targeted mass spectrometry approach without liquid chromatography to identify differences in 

metabolite levels among QTLs E, M, and both (EM) that were introgressed into the background 

of the susceptible variety Benning. Our results found that E and M mainly confer low-level, global 

differences in distinct sets of metabolites. The isoflavonoid daidzein was the only metabolite that 

demonstrated major increases, specifically in insect-treated M and EM. Interestingly, M confers 

increased daidzein levels in response to insect, whereas E restores M’s depleted daidzein levels in 

the absence of insect. Since daidzein levels do not parallel levels of resistance, our data suggest a 

novel mechanism that the QTLs confer resistance to insects by mediating changes in hundreds of 

metabolites, which would be difficult for the insect to evolve tolerance. Collective global 

metabolite differences conferred by E and M might explain the increased resistance of EM. 

 

3.2. Introduction  

 

The use of crop protectants and fertilizers has helped maintain crop productivity, but these 

have also masked the fact that yield loss from insects continues to increase. [74] In the case of 

soybean, freshwater ecotoxicity has tripled, largely due to increased insecticide application, 

particularly ones that are more persistent in the soil and water. [75] Efforts to lower the cost of 

production, along with increased concerns over insecticide residues in the food chain and 

environment, underscore the need for insect-resistant crops. [76]  

 

Soybean is one of the crops that is affected by defoliating insects, particularly in the 

Southeastern United States and in tropical South America. The use of soybean engineered with Bt 

(Bacillus thuringiensis) is a success story for plant resistance to insects. However, Bt is not 
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deployable in all areas and crops. [77] Case in point, soybean is a refuge for Bt corn and cotton in 

the United States, so Bt soybean cannot be commercialized in the USA without changes to Bt corn 

and cotton resistance management strategies. Thus, other sources of resistance are needed. Even 

in South America where Bt soybean is used [78], pyramiding other resistance genes with Bt is 

needed to obtain a more durable resistance.  

 

Other resistance genes are available in the form of quantitative trait loci (QTLs) that confer 

resistance to defoliating insects in soybean. [79] Yet, almost nothing is known about the 

biochemical basis for such QTL-based resistance in soybean, or in most other crops. The first QTL 

was found on Linkage Group (LG) M (now chromosome 7) of a landrace, “Sodendaizu” (PI 

229358). [80] [81] Since then, breeders have introgressed QTL-M (referred to henceforth as M) 

into diverse genetic backgrounds, showing its effectiveness is not genotype-dependent. [82] [83] 

Other groups have also mapped resistance to the same chromosomal region. [84] [85] 

 

The second important QTL comes from LG E found in the landrace “Miyako White” (PI 

227687) and is hence known as QTL-E (or E). [81] E is the same QTL initially identified by Terry 

et al. [86] To better study these QTLs and their interactions, they were bred into a set of near-

isolines. [87] When tested under laboratory and field conditions, the near isoline containing both 

M and E shows agriculturally effective levels of resistance to a gamut of defoliating caterpillars. 

[87] Based on field trials, soybean without a resistance QTL reaches the economic threshold of 

35% defoliation by eight days after caterpillars, which is when insecticide use would be warranted. 

This timeline also holds for the isoline carrying E by itself. The line carrying only M does not 

reach the economic threshold until the 10th day, while the line with both E and M takes 12.5 days 

to reach the threshold. [87] Nevertheless, despite 40 years of study, the chemical nature of this 

defoliator resistance remains an enigma. 

 

Many of the original biochemical characterizations were done on soybean carrying E, with 

the resistance being attributed to various compounds at various times. Smith and Fischer 

determined that resistance was due to methanol-soluble compounds. [88] Glyceollins are 

isoflavonoid-derived phytoalexins that have well-established roles in protecting soybean from 

microbial pathogens. [89] [90] [91] Yet, Hart et al. ruled out glyceollins as a source of resistance 
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to leaf-chewing insects. [92] Caballero & Smith attributed resistance to coumestrol, phaseol, and 

afrormosin. [93] Sharma and Norris showed that a combination of daidzen, glyceollins, sojagol, 

and coumestrol, along with an unidentified compound, was involved in resistance. [94] In contrast, 

Liu et al. showed glyceollins, and not coumestrol, led to resistance. [95] [96] Alternatively, Piubelli 

et al. provided evidence that the resistance is due to rutin and genistin. [97] Hoffman-Campo et al. 

also implicated rutin in resistance. [98] 

 

All of these studies implicate isoflavonoids and/or flavonoids as being responsible for the 

resistance of E, even if the results are contradictory and inconclusive when it comes to which 

particular compound confers resistance. Altogether, different results were obtained from a study 

based on transcripts upregulated upon insect feeding rather than on metabolomics. Wang et al. 

identified vegetative storage protein β (GmVSPb), NADPH:isoflavone reductase (GmN:IFR), and 

allene oxide synthase (GmAOS1) as genes providing resistance, but these do not co-map with any 

of the reported QTLs [99] [100], suggesting they are downstream in the response cascade.  

 

The basis for M-mediated resistance is no clearer. Two genotypes containing M were found 

to both produce kaempferol 3-O-α-L-rhamnopyranosyl-(1→4)-[α-L-rhamnopyranosyl-(1→6)-β-

D-galactopyranoside] and quercetin 3-O-β-D-glucopyranosyl-(1→2)-[α-L-rhamnopyranosyl-

(1→6)-β-D-galactopyranoside]. In contrast, Zhao et al. associated the production of elevated 

genistein and glycitein with the increased resistance provided by M. [101] Recently, Gómez et al. 

found that compared with the control, a soybean cultivar with M had higher levels of the flavonoids 

kaempferol-3-O-L-rhamnopyranosyl-glucopyranoside, rutin (quercetin 3-O-rutinoside), 

quercetin-3,7-O-di-glucoside, quercetin-3-O-rhamnosylglycoside- 7-O-glucoside, quercetin-3-O-

rhamnopyranosyl-glucopyranoside-rhamnopyranoside, and the isoflavonoids genistein-7-O-

diglucosidedimalonyl, genistein-7-O-6-O-malonylglucoside, and daidzein 7-O-glucoside-

malonate. [102] In a follow-up study, Gómez et al. isorhamnetin glycoconjugates in the resistant 

genotype, along with increased levels of proteinase inhibitors and flavonoids. [103]  

 

All of these studies have been confounded by the use of different genotypic backgrounds 

for the QTLs being studied. Therefore, it has never been clear whether the presence of some 

compounds is simply due to the choice of genetic background, rather than being causative of 
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resistance. Thus, the goal of this work was to characterize metabolome differences of near isogenic 

lines containing QTLs E, M, or both (EM) that were introgressed into the background of the 

susceptible variety Benning in an effort to identify differences that are specifically a result of these 

QTLs. The use of near isogenic lines minimizes the effects of different genetic backgrounds and 

increases the chance that the observed effects are due to the QTLs. 

 

3.3. Results 

 

Mass spectrometric comparison of metabolites from soybean QTLs resistant to soybean 

looper  

Principal component analysis (PCA) and orthogonal PLS-PA were unable to distinguish 

the genotypes or treatments based on the 13,950 unique peaks that were measured (Appendix 

Figure A.1). However, the genotypes were found to have significant differences based on their 

collective peak intensities (ANOVA, p < 1.42 x 10-11). Each insect-treated genotype was 

significantly different from all others (Tukey’s post hoc, p < 0.01). Under mock treatment, all were 

significantly different except for QTL M compared to Benning.  

 

Of the 13,950 unique peaks, 1521 and 957 peaks were significantly different (up- or down-

accumulated) in at least one genotype compared to Benning upon insect and mock treatments, 

respectively (paired t-test, p < 0.05). EM demonstrated the greatest number of differences, with 

1064 and 700 peaks different from those of Benning under insect and mock treatments, 

respectively (Figure 3.1). M had the second greatest number of differences, with 365 and 232 under 

insect and mock treatments. EM and M shared 39 differences under mock treatment and 15 in 

response to insect. In contrast, the number of peaks shared by EM and E increased from 20 to 43 

in response to the insect treatment. A list of shared peaks is provided in (Appendix Table A.1). 
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Figure 3.1. Venn diagrams of the number of MS peaks from soybean QTLs that are significantly different in intensity from insect-
susceptible parent Benning. (a) Treatment with soybean looper for 72 h. (b) No insect treatment. 
 

A plot of those significantly different peaks revealed that relatively few (only 4.3% and 

10.2% from insect- and mock-treated QTLs, respectively) differed in intensity by more than 1500 

CPS compared to the peaks from Benning (Figure 3.2). Under insect treatment, only peaks 

corresponding to the isoflavonoid daidzein [m/z 277, [M + Na]+] showed major increases 

compared to Benning (Figure 3.2a). This identity was confirmed by the spiking of samples with 

authentic standard. The elevated daidzein levels were found in EM and M, not in E. Under mock 

treatment, the most elevated peaks included an unknown at m/z 829, putative soyasaponin Ya (m/z 

893), and soyasaponin Bd (m/z 978), which were most abundant in EM. Under mock treatment, 

most peaks that were shared by all three QTLs had reduced levels compared to those of Benning. 

These included the saponins ruscoponticoside C (m/z 707) and combreglucoside (m/z 664), an 

unknown compound at m/z 382, and the salicylate salicortin (m/z 226 [M + H - 2H2O]+). A subset 

of compounds that had major changes in intensity among the genotypes were selected for 

identification by MS/MS (Appendix Table A.2). 
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Figure 3.2. Comparison of average full scan mass spectra of soybean QTLs compared to Benning showing the increase or decrease 
of metabolites. Only mass spectra that were significantly different in intensity compared to Benning are shown. (a) Treatment with 
soybean looper for 72 h. (b) No insect treatment. 
 

A graph of daidzein demonstrates that the levels decrease in Benning and E upon insect 

treatment. By contrast, levels are lower in mock M, but increase upon insect treatment. In EM, 

mock levels are similarly as high as Benning mock and do not decrease with insect treatment. 

 

3.4. Discussion 

 

The soybean QTLs E and M provide notable levels of resistance to leaf-chewing insects. 

[81] [87] [104] The amounts of flavonoids and isoflavones are known to increase in soybean leaves 

in response to defoliating insects. [105] While previous studies agree that flavonoid and/or 
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isoflavonoid metabolites are the causative agents of resistance, studies have always been on 

soybean genotypes that are of dissimilar genetic backgrounds. Thus, it has never been clear 

whether the presence of particular metabolites has been due to genetic background or specifically 

to the QTLs that provide resistance. Here, we compared the metabolite profiles of QTLs E, M, and 

both (EM) that have been introgressed into the background of the susceptible genotype Benning. 

Our non-targeted MS analysis generally found global, relatively low-level changes in metabolite 

composition compared to Benning whether the isolines were treated with insects or not (Figures 

3.1 and 3.2). Thus, resistance could be due to differences in the abundance of a wide variety of 

metabolites, rather than the overaccumulation of just one or a few compounds, as was previously 

suggested. In this context, the enhanced resistance of EM over individual QTLs could result from 

the distinct sets of metabolites contributed by E and M.  

 

 Daidzein has been shown to be toxic to insects. [106] [107] [108] and was previously 

associated with insect resistance. [106] [107] [109] The importance of daidzein as a pesticide lies 

in its potential as an active compound in soybean chemical defenses against insect pests, 

particularly those from the Lepidoptera. Studies have shown that daidzein, along with other 

isoflavones like daidzin and formononetin, accumulates in soybean leaves in response to feeding 

by insects like Spodoptera litura. These isoflavones have been found to have antifeedant and/or 

antibiotic effects against pests like Trichoplusia ni, and in some cases, daidzein has been more 

effective than other compounds like glyceollins. Furthermore, analysis of insect frass indicated 

that daidzein remains intact and is not metabolized by the insect, while other isoflavones undergo 

processing in the insect gut. In addition, classical mosquito larval toxicity bioassays have identified 

daidzein and its derivatives as insecticidal. These findings support the notion that daidzein and 

other isoflavones play a significant role as active components in soybean's chemical defenses 

against insects. While the importance of daidzein as a pesticide is evident from these studies, it is 

crucial to consider that different compounds may have varying toxicity levels at different 

concentrations. Overall, daidzein's insecticidal potential is a valuable asset for the soybean industry 

in managing insect pests and ensuring crop protection. [107] 

 

Since daidzein is the only metabolite that demonstrates major increases in M and EM 

compared to Benning (Figure 3.2), we focused on it for a more in-depth analysis. Benning 
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demonstrates relatively high levels of daidzein under mock treatment, yet levels exhibit major 

decreases upon insect treatment (Figure 3.3). The same was observed for E. Thus, in Benning and 

E, soybean looper may be able to suppress daidzein biosynthesis, enhance its degradation, and/or 

its conversion into glycosylated derivatives. 

 
 

 
 

Figure 3.3. Average daidzein levels in mock and insect treated leaves of soybean QTLs and the insect-susceptible parent Benning. 
Different letters show significant differences by single factor ANOVA, Tukey post hoc test (p < 0.05,   = 0.05). Error bars indicate 
SE (n = 3 biological replicates). 
 

M has lower levels of daidzein compared to Benning under mock treatment. Yet, in contrast 

to Benning and E, daidzein levels increase upon insect treatment rather than decrease (Figure 3.3). 

This opposite response may suggest a signaling role for M, where M counteracts the suppressive 

mechanism of soybean looper seen in Benning and E.  

 

E has lower levels of daidzein under mock and insect treatments, suggesting that the 

mechanism of resistance is independent of daidzein. Consistent with this, soybean varieties Enrei 

and Tamahomare are susceptible genotypes that have high levels of daidzein. [110] [111] E is a 2-

Mb region on chromosome 15 that often co-segregates with the Pb locus for sharp-tipped 

trichomes (Figure 3.4). [112] Although there are earlier reports on the effect of pubescence traits 

on soybean resistance to insect [113] [114], Hulburt was the first to report that a sharp-trichome 

locus co-localizes with E. [115] Most soybean cultivars have blunt trichomes (pb) while the wild 

soybean, Glycine soja, almost universally has sharp trichomes. [116] Since some G. soja lines are 

more susceptible to defoliating insects than most G. max lines, it seems unlikely that the trichome 

tip alone governs resistance, despite the genomic collocation of the two traits. [112] Lambert and 
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Kilen showed that PI 227687’s resistance is graft-transmissible, confirming that resistance in E is 

tissue-mobile metabolites or macromolecules. [117] 

 

 
 

Figure 3.4. Trichomes of QTL E in the Benning background have sharp tip shape, whereas insect-susceptible Benning does not. 
 
 
 

3.5. Materials and Methods 

 

3.5.1. Chemicals 

 

 Methanol (HPLC grade, ≥99.9% purity) and water (HPLC grade) were purchased from 

Sigma-Aldrich. (St. Louis, MO, USA). Daidzein was obtained from Indofine Chemical Company 

(Hillsborough, NJ, USA).  

 

3.5.2. Plant growth conditions  

 

Plants of Benning, Benning M, Benning E, and Benning EM [87] were grown until the V5 

growth stage [118] at 27 OC in an insecticide-free greenhouse under 16 h:8 h light:dark to prevent 

premature flowering. Each plant was grown in a 0.95 L styrofoam cup with three drainage holes 

punched in the bottom and filled with Fafard 3B potting mix (Conrad Fafard, Agawam, MA, USA). 

The pots were fertilized with approximately 75 Osmocote® 15-9-12 pellets (Scotts Miracle-Gro, 

Marysville, OH, USA) per cup at the V2 growth stage. At the V5 stage, three soybean looper 

neonate larvae were applied to each plant.  

 
3.5.3. Insect treatments  
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The experimental design was a randomized complete block design with ten blocks. Each 

block consisted of the four genotypes under two treatments: thirty neonate soybean looper, 

Chrysodeixis includens, larvae (Benzon Research Inc., Carlisle, PA, USA) were added to one 

treatment, while the control treatment received no insects. At the 72-h timepoint after infestation, 

the first fully expanded trifoliolate leaf was collected from each plant. Leaves were flash frozen in 

liquid nitrogen and stored at -80 OC. Frozen leaves were homogenized by crushing and subsamples 

of the crushed, frozen leaves were lyophilized and ground to a powder using a bead mill.  

 

3.5.4. Extraction and sample preparations  

 

Fresh and freeze-dried leaf extracts were prepared and normalized by adding 25 µL of 

extraction solution (methanol and 80% methanol, respectively) per mg of tissue sample. The 

mixtures were shaken overnight at 100 rpm and then centrifuged at 12,000 x g for 30 min. The 

supernatants were transferred into new vials following another centrifugation at the speed of 

12,000 x g for 30 min. The sample mixtures were passed through 0.2 µm filter and the extracted 

samples were kept in Eppendorf vials for further analyses.  

Prior to injections in the ESI-MS system, a (1:25) dilution step was performed in acidic solution 

(80%methanol containing 1% formic acid), or basic solution (80%methanol containing 1% 

ammonium hydroxide) for positive and negative ion mode analyses, respectively.  

The extracts of fresh and freeze-dried samples were analyzed in both positive and negative 

electrospray ionization (ESI) modes. As a result, the freeze-dried leaf extracts showed greater 

intensities for most peaks and was chosen over fresh samples for the next series of experiment.  

Next, samples previously discussed in Sections 3.5.2 and 3.5.3 were provided in biological 

triplicate (4 genotypes x 2 treatments x 3 replicates). For the positive and the negative ion mode 

analyses, samples were diluted to a 1:10 ratio, in acidic and basic solutions as explained before. 

 

3.5.5. Metabolite analysis by ESI-MS 

 

Direct infusion of diluted samples was performed in an LTQ linear ion trap mass 

spectrometer (Thermo Fisher Scientific, San Jose, CA, USA), which is controlled by Xcalibur 2.0 

software and is equipped with an ESI ion source. The parameters for ESI-MS analysis were chosen 
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as follows: Nitrogen at 100 psi was used as the nebulizing gas for all the experiments. The flow 

rate, maximum ion trap injection time, and microscans were 10 µL min-1, 20 ms, and 3 microscans 

per spectrum, respectively. The analyses were performed in full scan mode, in the range of m/z 

150 to 1500. For the negative ion mode analyses, the ESI source parameters were as follows: spray 

voltage: -5 kV; capillary temperature: 250 OC, capillary voltage: -10 V, tube lens: -150 V, and 

sheath gas flow rate: 30. For the positive ion polarity analyses, the ESI source parameters were as 

follows: spray voltage: 5.5 kV; capillary temperature: 250 OC, capillary voltage: 30 V, tube lens: 

150 V, and sheath gas flow rate: 10. 

3.5.6. ESI-MS/MS and database search for putative compound identification 

 

ESI-MS/MS analyses of the most significant signals among different genotypes and 

treatments were performed by the same MS instrumentation described in the previous section, to 

intentionally fragment molecules into smaller parts for structure elucidation. Comparison of 

unknown compound MS/MS spectra against databases containing reference or predicted MS/MS 

spectra, is a widely used method for putative metabolite identification. [119] 

 

Each database employed in our study (Metlin [120], MassBank of North America— 

MoNA, https://mona.fiehnlab.ucdavis.edu (accessed on 21 June 2021), NIST-MS/MS library 

http://chemdata.nist.gov/mass-spc/msms-search/ (accessed on 21 June 2021) [121], and Saponins 

Mass Spectrometry Database [122]) has different mathematical/statistical approaches to rank the 

most probable compounds. The top ten compounds ranked were then manually inspected to 

identify the compound with highest number of fragment matches. In some cases, the compounds 

with higher scores (top rank) did not correspond to meaningful molecules, for instance they were 

high molecular weight compounds with multiple charges.  

 

As a result of this search, lists of putative compound identification in positive and negative 

ion modes were created. The compounds were classified according to the confidence level as 

proposed by [123] (from level 0, unambiguous identification to level 4 unknown structure). Most 

of our findings reported in Appendix Table A.2 are in level 3 (most likely structure). 
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3.6. Conclusions 

 

 Two major QTLs have been identified that have alleles that make large contributions to 

resistance to defoliating insects in soybean. The combination of these alleles is especially effective 

at producing resistance, and now has been shown to result in hundreds of metabolites that are 

upregulated in response to insect feeding.  

 

How these QTLs lead to production of multiple metabolites is unknown. What is clear now 

is that searching for a single or few insecticidal compounds synthesized by these QTLs may not 

provide insights into the source of insect resistance; instead, these results reveal that defoliator 

resistance may be due to a cocktail of hundreds of metabolites.  

 

From a crop perspective, such resistance is desirable, as it is difficult for defoliators to 

develop simultaneous resistance to hundreds of different compounds. The ability to obtain multiple 

resistance factors from just two loci is attractive from a breeding perspective due to its simplicity. 

As more of the genes involved and their associated compounds are identified, it may be possible 

to fine-tune the resistance in soybean and use comparative genomics to create resistance in other 

legumes. 
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Chapter Four: Sublimation Application of 5-chloro-2- 
mercaptobenzothiazole (CMBT) Matrix for MALDI Mass 
Spectrometry Imaging of Mouse Kidney  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Chapter 4 is a version of the published manuscript: 
 
Yousefi-Taemeh, M., Duli, E., Dabija, L.G., Lemaire, M., Ifa, D.R. Sublimation application of 5-
chloro-2-mercaptobenzothiazole (CMBT) matrix for MALDI mass spectrometry imaging of 
mouse kidney. Rapid Commun Mass Spectrom. 2023. doi:10.1002/rcm.9594. In press.  
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4.1. Abstract  

Sublimation is a solvent-free technique used to apply a uniform matrix coating over a large 

sample plate, improving the matrix's purity and enhancing the analyte signal. Although the 5-

chloro-2- mercaptobenzothiazole (CMBT) matrix was introduced years ago, there are no reports 

of its application via sublimation. We investigated the experimental parameters that are optimal 

for CMBT matrix sublimation on mouse kidney samples. We also evaluated the stability of the 

sublimed CMBT matrix under a vacuum environment. Using kidneys samples prepared with a 

sublimated CMBT matrix, we conducted MALDI- MSI analysis of specific phospholipids: 

(phosphatidylcholine (PC) and phosphatidylglycerol (PG) in the positive ion mode and 

phosphatidylinositol (PI) in the negative ion mode. We also explored various spatial resolutions 

(50, 20, and 10 μm) and performed sequential MALDI-H&E staining. The CMBT matrix was 

applied to kidney samples using a sublimation apparatus connected to a vacuum pump to achieve 

a pressure of 0.05 Torr. The matrix was then subjected to different temperatures and sublimation 

times to determine the optimal conditions for matrix application. Subsequently, a Q-Exactive mass 

spectrometer equipped with a Spectroglyph MALDI ion source was employed for MALDI-MSI 

experiments. Standard protocols were followed for H&E staining after MALDI analysis. A matrix 

thickness of 0.15 mg/cm2 yielded high-quality images. The sublimated matrix exhibited minimal 

loss after approximately 20 hours of exposure to a vacuum of 7 Torr, indicating its stability under 

these conditions. Ion images were successfully obtained at spatial resolutions of 50, 20, and 10 

μm. Furthermore, orthogonal histological information was obtained through sequential MALDI-

H&E staining. We demonstrate that samples prepared for MALDI-MSI using sublimation to apply 

the CMBT matrix yield high-quality mass spectrometric images of mouse kidney sections. We 

also provided data on the impact of various experimental parameters on image quality (e.g., 

temperature, time, matrix thickness, and spatial resolution).  

4.2. Introduction 

4.2.1. MALDI imaging and matrix 

Mass spectrometry imaging (MSI) techniques are classified based on how ions are 

generated from the sample. One approach is matrix-assisted laser desorption/ionization (MALDI) 
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mass spectrometry imaging (MSI): it uses laser irradiation to generate ions from discrete x and y 

locations, referred to as pixels, on a sample surface. [14] [15] MALDI-MSI is a powerful tool to 

determine the distribution of multiple compounds in a single measurement. Indeed, it can merge 

the mass spectrometer's m/z measurements with a surface sampling process that reveals the spatial 

distribution and identity of chemicals (when used in parallel with other techniques such as tandem 

mass spectrometry). [15] Because it allows for analyses of complex mixtures ranging from small 

drugs to large proteins, this technique has broad applicability to various fields, including proteomic 

studies, small molecule imaging, drug metabolism, disease pathology, synthetic polymers, and 

more. [15] [25]  

Small organic compounds are used as matrices in MALDI-MSI experiments to assist with 

analyte desorption and ionization. [14] Several candidate compounds were studied since the 

introduction of MALDI-MSI. [25] Selecting the most optimal matrix is crucial when analyzing 

different compounds with MALDI-MSI. [25] Factors that should be considered include 

reproducibility, sensitivity, resolution over a wide mass range, and high signal intensity. [25] 

Improving the resolution of images generated by MALDI-MSI is critical to gain novel 

biological insights. [27] Several parameters can influence the image resolution obtained with 

MALDI-MSI. These include tissue section preparation, matrix uniformity, matrix crystal size, 

laser spot size, and unwanted analyte delocalization during matrix deposition using matrix 

solutions. [27] The latter is particularly relevant when performing MALDI-MSI for lipids because 

of their low molecular weights and high solubility in organic solvents that are used to dissolve 

matrices.  

Various matrix application methods are described for MALDI-MSI, such as micro-spotter, 

electrospray deposition, hand-held aerosol sprayers, or air brushers. [27] [28] [29] However, these 

methods all require dissolving the matrix in a water/organic solvent mixture, with the size of the 

droplets affecting the maximum achievable spatial resolution. [15] [27] Enhanced images may 

thus be generated with an approach that produces maximum matrix coverage of the sample without 

delocalizing the analyte. [15] Therefore, applying the matrix compound to the sample surface is 

critical to determine the spatial resolution, number, and intensity of ions detected. [15] 
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Automated sprayers are used to minimize operator-dependent variability in matrix crystal 

deposition. However, this approach requires multiple overlapping passes when applying the matrix 

to areas larger than the spray diameter, which may introduce another source of variation in ion 

intensity. [15] Uneven matrix crystal deposition can also compromise the detection sensitivity of 

the experiment. [30] To address these challenges, Hankin and colleagues introduced a solvent-free 

matrix deposition method that is inspired by the sublimation technique used by chemists. [27] It 

results in a uniform layer of matrix over a large sample plate, forms fine microcrystals, and 

increases the matrix’s purity and the analyte signal; importantly, this method minimizes analyte 

delocalization during matrix application since it does not use solvents. [27]  

4.2.2. CMBT matrix 

The 5-chloro-2-mercaptobenzothiazole (CMBT) is a derivative of 2-

mercaptobenzothiazole (MBT). It was first introduced as a new matrix for MALDI-MS at 337 nm 

laser radiation by Xu et al. in 1997. [124] They demonstrated that CMBT is suitable for analyzing 

a wide range of analytes, including peptides, muropeptides, low-mass proteins, glycolipids, 

oligosaccharides, and synthetic polymers. [124] 

CMBT matrix were subsequently investigated when measuring various analytes. For 

example, CMBT has shown to be an effective matrix for the desorption and ionization of peptides 

and low- mass proteins, producing strong and stable signals for protonated analytes. [124] In 

contrast, protonated molecules are rarely detected when studying carbohydrates using CBMT, and 

cation adducts are abundant. [124] CMBT was successfully used as a cationizing matrix for the 

analysis of carbohydrates, even at low sample loading, indicating a remarkable sensitivity. [124] 

CMBT has also been proposed to be effective for analyzing complex carbohydrates such 

as muropeptides, a structural component of the bacterial cell walls derived from peptidoglycan. 

[124] [125] The positive and negative ion polarities showed [M+Na]+ and [M-H]- ions as the 

dominant species, respectively. [125] Yu et. al. tried various matrix preparation methods for 

analyzing intact glycoproteins and oligosaccharides, and the best results were achieved by 

depositing a small
	
volume of CMBT as the first layer, followed by 2,5-dihydroxybenzoic acid 

(DHB) as a binary matrix system. [30] 



 54 

Since the introduction of the CMBT matrix for MALDI-MS, many groups described matrix 

coating that require dissolution in a solvent mixture (e.g., CMBT in a mixture of 

ethanol:tetrahydrofuran:water (1:1:1) to make a solution of 10 g/L). [25] [124] The matrix mixture 

is then used either as a layer underneath other matrices, or it is mixed with analyte solution (that 

is, the matrix is co-crystalized with the analyte solution). [25] In another study, CMBT was 

dissolved in acetone/double distilled water (9:1) and the matrix solution was applied on the sample 

surface by a robotic aerosol sprayer. [20] In addition, CMBT was used in a study of gram-positive 

bacteria using MALDI-MS. [126] The matrix solution was deposited onto the cells after mixing in 

a solution of water:acetonitrile:methanol (1:1:1) containing 0.1% (v/v) formic acid. [126] 

The application of matrix using robotic aerosol sprayers can affect adduct formation, which 

is caused by the presence of non-volatile salts introduced during the matrix application process. 

However, employing a sublimation method to apply the matrix can mitigate the formation of 

potassiated and sodiated adducts in the positive ion mode. [20] 

This paper introduces the use of sublimation when applying a CMBT matrix for MALDI-

MSI analysis. The impact of different temperatures and exposure times were explored to determine 

the optimal thickness of the matrix. The vacuum stability of the sublimated CMBT matrix was 

evaluated after 20 hours of exposure to the vacuum environment. This is important because the 

matrix layer must remain stable for extended acquisition periods to ensure signal integrity and 

prevent signal loss or variation during the imaging experiments. [20] [127] Ion images were 

acquired in the positive and negative ion modes to demonstrate the CMBT matrix performance 

after sublimation. Reproducibility of the method was assessed by analyzing samples in triplicates. 

Spatial resolution of MALDI-MSI of the sublimated CMBT matrix was examined at 50, 20 and 

10 μm. Finally, we also examine if hematoxylin and eosin (H&E) staining of the same tissue 

section could be done reliably after removing the CMBT matrix once the MALDI-MSI analyses 

were done.  
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4.3. Materials and methods 

4.3.1. Materials 

The matrix, 5-Chloro-2-mercaptobenzothiazole (CMBT), was purchased from Sigma 

Aldrich (St. Louis, MO, USA). Indium tin oxide (ITO) coated slides were purchased from Delta 

Technologies (Loveland, CO, USA). HPLC-grade reagents were purchased from Sigma-Aldrich 

(Oakville, ON, Canada). Kidney samples were provided by the University of Toronto, Ontario, 

Canada. Mouse kidneys (n = 3 animals) were frozen and stored at a temperature of -80 °C	until 

required for sectioning. Thin tissue sections (20 μm) were sliced using a Shandon Cryotome 

device, and thaw- mounted onto indium tin oxide slides (100Ω/m2), for subsequent MALDI 

imaging analyses.  

4.3.2. Matrix depositions  

The ITO-coated glass slides containing sample sections were removed from the freezer and 

subjected to a drying process in a vacuum desiccator for 30 minutes. The matrix was then applied 

using a sublimation apparatus with a sublimation chamber, as depicted in Appendix Figure B.1. 

[27] [128] [129] The glass slide carrying the sample was attached to the flat-bottom condenser, 

which functioned as the sample holder, using copper tape to ensure consistent heat transfer. 

Approximately 300 mg of matrix powder was added to the matrix chamber, and the sample holder 

and the matrix chamber were assembled with an O-ring seal. The matrix powders in the chamber 

were located at a distance of 2 cm from the sample surface. The entire system was then connected 

to a vacuum pump. Once the vacuum pressure in the chamber reached 0.05 Torr, the condenser 

was filled with ice. The chamber was then submerged in heated oil, and the time was recorded. 

Subsequently, the matrix was heated, sublimed, and deposited onto the sample. After a specific 

time (between 1 to 10 minutes, as presented in Appendix Table B.1), the chamber was removed 

from the hot oil while still under a vacuum. After two additional minutes, the system was brought 

to ambient pressure, and the glass slide containing the sample was cautiously removed from the 

flat-bottom condenser.  
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4.3.3. MALDI analysis 

The MALDI-MSI experiments were conducted using a Q-Exactive mass spectrometer 

(Thermo Fisher Scientific, San Jose, CA, USA) equipped with a Spectroglyph MALDI ion source 

(Spectroglyph LLC, Kennewick, WA, USA). All data were collected with a nominal mass 

resolution setting of 70,000 at m/z 400, a maximum injection time of 200 ms, and m/z ranges of 

250–1,500 and 100-1,000 for the negative and positive ion polarities, respectively. Biological 

triplicate images were obtained at a spatial resolution of 50 μm in the positive and negative ion 

modes. Analytical triplicate images were collected at a spatial resolution of 20 and 10 μm in the 

negative ion mode. The laser (Nd:YLF, 349 nm) was employed to analyze samples at 20 and 50 

μm spatial resolution at a repetition rate of 300 Hz and pulse energies of 7.5 μJ. An average of 60 

shots per pixel were delivered with a measured laser spot diameter of 15 μm. For image analysis 

with 10 μm spatial resolution, the laser spot diameter was reduced to approximately 6.5 μm 

(Appendix Figure B.2). The laser was operated at a repetition rate of 500 Hz with pulse energies 

of 30 μJ, and an average of 100 laser shots per pixel were used. Ion images were generated using 

ImageInsight software (version: 0.1.0.1361, Spectroglyph LLC, WA).  

4.3.4. Histochemistry and microscopy  

To prepare the kidney tissue section for subsequent staining, the sublimated CMBT matrix 

was removed from the kidney tissue section by washing the slide with 95% ethanol for 30 seconds. 

The tissue section was then subjected to a standard hematoxylin and eosin (H&E) staining protocol 

[130], and the resulting H&E optical images of the tissue were recorded using an Omano 

microscope. Scanning electron microscopy was performed on the matrix coating using a 

Thermofisher Quanta 3D electron microscopy.		

4.4. Results and Discussion  

Sublimation is a physical process that involves the direct transition of a substance from the 

solid to the gas phase. The rate of sublimation can be increased by heat and reduced pressure. [27] 

Applying matrix by sublimation offers several advantages, particularly for compounds such as 

lipids that have partial to full solubility in common solvents used in matrix application. [27] Unlike 

solvent-based methods, sublimation is solvent-free, resulting in greater reproducibility and lower 
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costs. Additionally, sublimation generates high purity matrix coverage, which minimizes analyte 

delocalization due to solvent spraying. [27] The microcrystalline and highly pure nature of the 

coated matrix further enhances MALDI image processing. [27] Although sublimation has been 

previously reported as a method of matrix deposition for various matrices, it has not been used 

with the CMBT matrix. Therefore, this study focuses on investigating the experimental parameters 

of matrix sublimation for various coating thicknesses and examining the vacuum stability of the 

sublimated CMBT matrix under a mass spectrometry vacuum environment. 

In MALDI-MSI, the choice of matrix and its optimal application conditions are empirical 

procedures. [25] For satisfactory MALDI-MSI performance, the amount of deposited matrix must 

be optimized. [127] The optimal matrix coating should be sufficiently thick to yield abundant ions 

following laser irradiation but thin enough to prevent suppression of analyte signals due to high-

intensity signals from the matrix compound. [27]  

4.4.1. Optimization of matrix coating  

The matrix was applied onto tissue sections via sublimation using a custom-built 

sublimation apparatus (see Appendix Figure B.1). Approximately 300 mg of CMBT matrix were 

used at different temperatures and periods to achieve various coating thicknesses under a fixed 

vacuum pressure. The amount of sublimated matrix per unit area was calculated by measuring the 

density (mg/cm2) differences before and after matrix coating. [20] The CMBT matrix was 

sublimed under a vacuum pressure of 0.05 Torr at temperatures ranging from 160 to 180 °C 

without decomposition, with parameters shown in Appendix Table B.1. The negative ion mode 

MALDI-MSI of the middle part of mouse kidney coronal sections using four different thicknesses 

(mg/cm2) of CMBT matrix is illustrated in Appendix Figure B.3, with details in Appendix Table 

B.1. The results showed that the m/z images obtained by CMBT matrix thicknesses of 0.9 and 1.8 

mg/cm2 were not able to show distinguishable features and good- quality images due to excessive 

matrix coating, whereas images obtained by less matrix coating (0.15 and 0.4 mg/cm2) showed 

more features and better image quality. Coronal mouse kidney sections (20 μm) were coated with 

CMBT matrix using the sublimation method described and imaged in both polarities in triplicate. 

The parameters of 0.05 Torr pressure, 165 °C	 temperature, 1.5 minutes, and matrix thickness 

density of around 0.15 mg/cm2 were chosen for these analyses.  
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4.4.2. Vacuum stability and homogeneity  

Matrix's vacuum stability (low volatility) is a critical requirement for its use in vacuum 

MALDI- MSI experimentation, which may require lengthy acquisition times (hours). [20] [127] 

Maintaining the stability of the matrix layer is essential to preserve sample integrity and prevent 

signal loss or variation during imaging experiments. [20] [127] In this study, the vacuum stability 

of the CMBT matrix was evaluated by quantifying the amount of matrix loss after 20 hours of 

exposure to a vacuum environment of 7 Torr.  

To assess the vacuum stability of the CMBT matrix, an ITO slide coated with a 

homogeneous layer of matrix (0.1511 mg/cm2) via sublimation was introduced to the vacuum 

environment. After 20 hours of exposure, the amount of matrix coating was measured to be 0.1508 

mg/cm2, and the difference was calculated as "matrix loss". The sublimed CMBT matrix was found 

to exhibit negligible matrix loss after around 20 hours of exposure to a vacuum of 7 Torr, indicating 

its vacuum stability.  

Furthermore, microscopic images of the matrix layer were obtained before and after 

introducing the sample slide coated with the CMBT matrix to the vacuum environment for 

MALDI-MSI analysis. Figure 4.1 shows a coronal section (20 μm thickness) of a mouse kidney 

coated with CMBT matrix (0.1511 mg/cm2 thickness) by sublimation application. The microscopic 

inspection of the CMBT layer on the sample slide surface after matrix sublimation revealed a 

homogenous crystalline and high sample surface coverage with a uniform layer of the sublimed 

matrix over the entire sample and ITO slide area. The post-imaging matrix layer also showed no 

signs of the matrix falling off or cracking of the matrix layer after the laser irradiations hit it. These 

findings suggest that the sublimed CMBT matrix meets the critical requirement of vacuum stability 

for use in vacuum MALDI-MSI experimentation, and sublimation may be a promising application 

method for this matrix candidate for further studies.  
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Figure 4.1. Microscopic images of a coronal section (20 μm thickness) of a mouse kidney before and after MALDI-MSI. The 

kidney tissue was coated with CMBT matrix using sublimation application, resulting in a thickness of 0.1511 mg/cm2. (a) presents 

a photograph of the kidney tissue coated with CMBT matrix by sublimation. (b), (c), and (d) display Scanning Electron Microscopy 

images of the CMBT crystals that were deposited onto the ITO glass slide containing the kidney tissue section. These images show 

the matrix coating at magnifications of 250x, 5000x, and 15000x, respectively, before irradiation by laser for MALDI-MSI analysis. 

(e) and (f) show Scanning Electron Microscopy images of the ITO slide containing the kidney tissue section and sublimated CMBT 

matrix after lase irradiation during MALDI-MSI experimentation. Each spot represents an average of 60 laser shots on the sample 

covered with the matrix layer, with a spatial resolution of 50 µm. 

4.4.3. Phospholipid identification  

The present study investigated the spatial distribution of various classes of lipids in mouse 

kidneys using sublimated CMBT matrix for MALDI-MSI in the positive and negative ion modes. 

The ion images were created according to the mass-to-charge ratio (m/z) of compounds previously 
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described in the literature. [20] [131] [132] Table 4.1 outlines the tentative identification of each 

compound, the adduct type, and the parts per million error for lipids imaged in both ion polarities.  

Various lipid classes, including phosphatidylcholine (PC) and phosphatidylglycerol (PG) 

in the positive ion mode and phosphatidylinositol (PI) in the negative ion mode, were imaged, and 

their spatial distribution was mapped on the mouse kidneys (Figure 4.2 & 4.3). As shown in Figure 

4.2 for kidney-1, PC (34:2) (m/z 758.5703, [M+H]+), PC (34:1) (m/z 760.5843, [M+H]+), PC (36:4) 

(m/z 782.5708, [M+H]+), PC (36:3) (m/z 784.5819, [M+H]+), PC (36:2) (m/z 786.6012, [M+H]+), 

PG (38:4) (m/z 799.5518, [M+H]+), PC (38:6) (m/z 806.5708, [M+H]+), PC (38:5) (m/z 808.5816, 

[M+H]+), and PG (38:4) (m/z 820.5270, [M+Na]+), were analyzed in triplicate, using sublimation 

application of CMBT matrix in the positive ion mode. Figure 4.3 displays the analysis of 

phosphatidylinositols, such as PI (38:4) (m/z 885.5513, [M-H]-), PI (38:3) (m/z 887.5606, [M-H]-

), PI (40:7) (m/z 907.5381, [M-H]-), and PI (40:6) (m/z 909.5450, [M-H]-) for kidney-1, which 

were analyzed in triplicate using sublimation application of CMBT matrix in the negative ion 

mode. The observed m/z of phospholipids for kidney-2 and kidney-3 are also shown in Figures 4.2 

and 4.3. All lipid images were mapped within the 5 ppm mass error range of their corresponding 

exact mass.  
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Figure 4.2. The results of a positive ion mode MALDI-MSI analysis of kidney phospholipids, tentatively identified as 

phosphatidylcholine (PC) and phosphatidylglycerol (PG), using sublimated CMBT matrix. The analysis was conducted on 

biological triplicates at a spatial resolution of 50 µm. The naming convention used for identifying the phospholipids is based on 

the number of carbons and the degree of unsaturation. For instance, PC(34:2) indicates a phosphatidylcholine molecule with 34 

carbon atoms and 2 double bonds. The brighter regions in the figure correspond to higher signal intensity of the m/z of interest. 

Due to the differences in the tissue sections of each replicate, the morphological features and localization of each m/z might vary 

across replicates 
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Figure 4.3. The results of negative ion mode MALDI-MSI analysis of kidney phospholipids using sublimated CMBT matrix. The 

compounds were tentatively identified as Phosphatidylinositol (PI), and their spatial distribution was observed on biological 

triplicates at 50 µm spatial resolution. For example, PI(38:4) refers to PI(number of carbons: degree of unsaturation). The color 

scheme indicates the intensity of the m/z signal, with brighter regions representing higher signal intensity. It should be noted that 

due to differences in the tissue sections of each replicate, the morphological features and localization of each m/z may vary across 

replicates. 

In order to assess the performance of sublimated CMBT matrix in both positive and 

negative ion modes, averaged mass spectra from three biological replicates of coronal mouse 

kidney tissue sections were obtained. These mass spectra are presented in Appendix Figure B.4. 

Additionally, Appendix Table B.2 shows the signal-to-noise ratio (S/N) values for the biological 

triplicates in the positive and negative ion modes. The variability in S/N values is attributed to the 

different distributions of the compounds present in different histological cuts. However, even 

though some of the S/N values were low (ranging from 5 to 10), they were still considered 

acceptable for mapping the ions.  
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4.4.4. Spatial resolution  

The analysis of single cells has become an important approach for studying biological 

variability and differential susceptibility to disease. [133] There has been growing interest in 

molecular profiling of a single cell. This is due to cells’ morphological, physiological, and 

pathological heterogeneity, which can affect their molecular profile. [134] Mass spectrometry 

imaging is a powerful technique that can provide spatially resolved information about the 

distribution of compounds in cells and tissue sections in a single analysis. [134] The required 

spatial resolution for MSI of single cells depends on the size of the cell, which can range from 5 

to 150 µm in diameter, with an average size of about 20 µm for human cells. [134] 

 

To assess the effect of higher spatial resolution on the quality of the resulting ion maps, 

using sublimated CMBT, higher spatial resolution MALDI-MSI analyses were performed on 

transverse kidney sections (5.5 x 5 mm) to reduce the acquisition time. Analytical triplicate 

analyses were conducted at 10 and 20 µm spatial resolutions, and some of the resulting 

phosphatidylinositol ion maps are shown in Figures 4.4 and 4.5.  
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Figure 4.4. The results of negative ion mode MALDI-MSI analysis of kidney PI phospholipids with sublimated CMBT matrix, 

conducted on analytical triplicates and at a spatial resolution of 20 µm. The PI phospholipids were identified based on the 

tentative assignment of their molecular formula. The brighter regions in the images indicate higher signal intensity of the m/z of 

interest. The results of this analysis contribute to the optimization of the spatial resolution required for MALDI-MSI of 

sublimated CMBT, especially in the context of single-cell analysis. 
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Figure 4.5. The results of negative ion mode MALDI-MSI analysis of kidney PI phospholipids using sublimated CMBT matrix at 

10 μm spatial resolution. Analytical triplicate analyses were performed to obtain the ion maps, which reveal the spatial distribution 

of the m/z values of interest. The brighter regions in the ion maps correspond to higher signal intensity of the specific m/z value. 

The higher spatial resolution allows for a more detailed and precise analysis of the distribution of the compounds in the tissue 

sections, which is particularly important for the study of single cells and their heterogeneity.  
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Appendix Figure B.2 depicts electron microscopy images of laser spot sizes at 50 μm, 20 

μm, and 10 μm spatial resolutions for MALDI-MSI analyses. At 50 μm and 20 μm spatial 

resolutions, the laser spot diameter averaged around 15 μm. Achieving a spatial resolution of 10 

μm depends on several experimental parameters, such as laser spot size and matrix homogeneity 

without lateral analyte migration. [135] In order to obtain this resolution, the laser spot diameter 

was reduced to 6.5 μm (Appendix Figure B.2). It is worth noting that imaging a transverse section 

of the kidney at a 10 μm spatial resolution took approximately 20 hours, while a 20 μm spatial 

resolution took only 5 hours. As such, further studies and considerations should be considered to 

justify the longer acquisition time and larger data file size required for 10 μm spatial resolution 

analysis. In addition, if single-cell analysis is intended, further optimization of tissue thickness and 

laser potency is needed to avoid the collection of ions from different layers of cells. 

 

4.4.5. Histological Staining after MALDI Analysis 

 

To achieve orthogonal histological information that complements the chemical data 

acquired from MALDI-MSI, a hematoxylin and eosin (H&E) staining was performed on one of 

the transverse kidney sections used as an analytical replicate. After the MALDI-MSI analysis, the 

CMBT matrix was removed from the slide using 95% ethanol for 30 seconds. [14] The standard 

H&E staining protocol was then applied to the section. [130] Figure 4.6 displays microscopic 

images of the stained section. The sequential analysis of MALDI-MSI and H&E staining provided 

relatively good images. Although some cracking is visible in the stained section (Figure 4.6 d), as 

previously reported by Eberlin et al. [14], the image still offers valuable morphological 

information. 
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Figure 4.6. The results of the MALDI-MSI and H&E staining analysis of a mouse kidney transverse section. The distribution of a) 

m/z 885.5479, PI (38:4) and b) m/z 909.5481, PI (40:6) are shown after MALDI-MSI analysis in the negative ion mode at 20 μm 

resolution. c) exhibits the optical image of the whole transverse section after removing the CMBT matrix and H&E staining. Lastly, 

d) is a high-magnification view of a morphological region of the same tissue section after H&E staining. The results suggest that 

CMBT MALDI-MSI and H&E staining can be combined to provide complementary chemical and morphological information.  

 

4.5. Conclusion  

In this study, we have demonstrated the effectiveness of sublimated CMBT matrix for 

MALDI- MSI analysis of kidney tissue samples. We carefully optimized the parameters of the 

sublimation process, including pressure, temperature, time, and matrix thickness, to achieve high-

quality mass spectrometric images. We also evaluated the performance of the sublimated CMBT 

matrix at 50, 20, and 10 μm spatial resolution analyses. Although a spatial resolution of 10 μm can 

yield ion images of high quality, it should be acknowledged that imaging a transverse kidney 

section at this resolution requires a significant amount of time, approximately 20 hours. Therefore, 

when considering using this resolution for future studies and analysis, it is important to consider 

the extended acquisition time and larger data file size and justify their necessity. In addition, we 

demonstrated the sequential analysis of MALDI-MSI and H&E staining, which provides both 
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chemical and histological information about the tissue. Overall, our findings suggest that 

sublimated CMBT matrix may be a useful sample preparation method for MALDI-MSI analysis, 

and we believe that our optimized sublimation parameters could guide experiments for other tissue 

types and analyte classes for improved imaging results.  

Table 4.1. Tentative identification of phospholipids, adduct types, observed and calculated masses, and mass error (ppm) for m/z 

ions detected using MALDI-MSI of kidney sections with sublimated CMBT matrix in the positive and negative ion modes (ppm: 

parts per PC: phosphatidylcholines; PG: PI: phosphatidylinositol). 
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Chapter Five: Assessment of MALDI Matrices for 
Phosphoinositide Detection and Visualization in Mouse 
Kidney Models Through Matrix Assisted Laser Desorption 
Ionization (MALDI) Imaging Techniques 
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5.1. Abstract 
 

 Phosphatidylinositols (PIs) and their phosphorylated derivatives, known as 

phosphoinositides, play vital roles in various cellular processes. Abnormalities in 

phosphoinositides have been associated with a range of diseases. Accurately determining and 

tracking phosphoinositide levels in tissues is crucial for understanding their contributions to 

cellular processes and disease development. 

 

 One powerful technique for mapping the spatial distribution of molecules in biological 

samples is matrix-assisted laser desorption/ionization mass spectrometry imaging (MALDI-MSI). 

This technique allows for the simultaneous detection and analysis of multiple lipid classes, making 

it invaluable for unbiased lipidomic studies. However, detecting phosphoinositides can be 

challenging due to their relatively low abundance in tissues. When utilizing MALDI-MSI, the 

choice of matrix and instrument tuning significantly affects the study outcomes, particularly when 

investigating molecules with low relative abundance. 

 

 This study focuses on selecting the matrix type and optimizing its thickness to enhance the 

detection of phosphoinositides in mouse kidney tissues using MALDI-MSI. Various matrices, 

including 9AA, DAN, CMBT, and DHA, were evaluated, and their thicknesses were varied to 

improve ionization efficiency. The results demonstrated that 9AA, DAN, and DHA matrices 

produced high-intensity images of PI distributions within kidney sections, while CMBT yielded 

lower intensity images. Although detecting some low-abundance phosphoinositides proved 

challenging, it was achievable using CMBT and 9AA matrices. The findings indicate that utilizing 

a matrix mixture of DAN, 9AA, and CMBT has the potential to improve phosphoinositide 

mapping by increasing signal intensity. These findings provide valuable insights for future 

research on the involvement of phosphoinositides in kidney pathophysiology and facilitate disease 

pathology studies using MALDI-MSI. 
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5.2. Introduction 

 

 Among various metabolites, lipids are of particular interest and are extensively studied due 

to their vital roles in numerous aspects of living systems. [39] They serve as structural components, 

energy storage molecules, involved in biochemical processes, membrane permeability, functional 

lipid biosynthesis, and molecular recognition processes beyond genes and proteins. [39] 

Phospholipids are a significant group of lipids, and among them, phosphatidylinositols (PIs) are 

found in relatively small amounts in eukaryotic cell membranes. PIs are acidic phospholipids that 

are linked to a myo-inositol head group. [40] After binding to the phospholipid, the cyclic inositol 

is left with five free hydroxyl moieties around it, from which three are readily available for 

phosphorylation. [40] As a result, the combination of seven phosphorylated derivatives known as 

phosphoinositides, a group of low abundance phospholipids, can be formed that are known to be 

fundamental in different structural and instructional roles, including protein interaction and 

regulation, membrane transport, cytoskeletal function, plasma membrane signalling and etc. [40] 

[41] [136] As such, the following phosphoinositides, including phosphatidylinositol phosphate 

(PIP), phosphatidylinositol bisphosphate (PIP2), and phosphatidylinositol trisphosphate (PIP3), 

are fundamental in various cellular processes. 

 

 The distribution of phosphoinositides exhibits significant heterogeneity at the cellular 

level, with each phosphoinositide species being most prominent on specific organelle membranes. 

[137] Furthermore, variations in phosphoinositide species concentrations and acyl chain 

abundance are observed between organs and within an organ, reflecting different 

microenvironments’ unique metabolic and functional demands. [138] 

 

 Abnormalities in phosphatidylinositols and phosphoinositides, including their relative 

kinase activities and levels, have been associated with various diseases, such as human nervous 

system diseases, cancer, inflammation, thrombosis-related diseases, immune system diseases, and 

others. [41] [138] [42] [43] [44] [45] To gain a comprehensive understanding of the roles of 

phosphoinositides in cellular processes and disease pathogenesis, accurate determination and 

tracking of phosphoinositide levels in various tissues are crucial. Traditional methods, such as 
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grinding organs and analyzing lipid extracts, are time-consuming, solvent-intensive, and may lead 

to sample alteration. Additionally, these methods do not provide spatial distribution information. 

 

Mass Spectrometry Imaging (MSI) has emerged as a promising and powerful tool for 

mapping the spatial distribution of molecules on biological sample surfaces. [13] [14] In this 

technique, numerous chemical compounds can be detected and spatially mass resolved 

concurrently based on their mass-to-charge ratio (m/z). As a result of data obtained from MSI, the 

cause of certain diseases can be unraveled by studying the metabolite expressions and biomarker 

measurements from disease versus healthy tissue comparisons. [13] 

 

 In recent years, MSI techniques, such as MALDI (Matrix-Assisted Laser Desorption 

Ionization), have allowed the generation of m/z distribution images for PIs and other lipid species. 

[46] [139] [140] Unlike traditional methods such as lipid extractions that are time-consuming, 

require solvents, and may lead to the loss or reduction of certain lipid classes, MALDI-MSI allows 

for the simultaneous detection and analysis of multiple lipid classes in their natural biological 

context. This characteristic makes MALDI-MSI a valuable tool for lipidomic studies in both 

preclinical and clinical settings. 

 

 As previously mentioned in section 1.6 of this dissertation, phospholipids tend to ionize in 

one of the two forms: either as a phosphate anion (which is the case for PIs) or nitrogen-centered 

cations during the MALDI process. [46] The intensity of PI compounds generated in MS 

experiments relates to the quantity of molecules present in a tissue sample. [46] 

Phosphatidylinositols are not as numerous as other phospholipids. The most abundant PI in many 

tissues is PI(18:0/20:4), with a signal observed at m/z 885.5 in the negative ion mode. [46] 

Polyphosphoinositol lipids or phosphoinositides (PIP, PIP2, PIP3) are products of PI kinases and 

have crucial intracellular roles. [46] However, their abundance is so low that detecting them with 

MSI requires method optimizations and developments.   

 

 As stated in section 1.4.2.1, MALDI utilizes a matrix, a small organic compound, to assist 

in the desorption of analytes from the sample surface and their subsequent ionization. [20] 

Choosing the right matrix is crucial for the successful application of MALDI-MSI. The 
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characteristics and thickness of the matrix compound have a direct influence on the signal intensity 

of the detected analytes. [20] 

 

 In the literature, several matrices have been suggested as compatible with lipids or 

phosphatidylinositols (PIs) in general. However, despite these reports, a single matrix has not 

emerged as the definitive choice for achieving optimal results in the untargeted analysis of PIs, 

PIPs, PIP2s, and PIP3s across diverse experimental settings. Consequently, this study serves as a 

pioneer effort to establish a framework for fine-tuning the selection of matrix type and thickness, 

as well as developing enhanced methodologies for MALDI-MSI analysis of kidney samples. The 

primary objective is to enhance sensitivity in the detection of phosphatidylinositol and 

phosphoinositide species, thereby contributing to a more comprehensive understanding of their 

involvement in kidney pathophysiology. Regarding MALDI imaging, the most widely employed 

matrices for phospholipids include 5-Chloro-2-mercaptobenzothiazole (CMBT), 1,5-

Diaminonapthalene (DAN), and 9-aminoacridine (9-AA), and 2,5-Dihydroxyacetophenone 

(DHA). [43] [44] [20] [124] 

 

 This study aims to evaluate the capabilities of MALDI-MSI under various matrix types and 

thickness conditions for the detection of phosphatidylinositols and phosphoinositides in mouse 

kidney models. The label-free data obtained through this approach has the potential to contribute 

to the spatially resolved analysis and further our understanding of the involvement of 

phosphoinositides in various disease pathologies. By optimizing the matrix type and thickness, 

this research aims to enhance the sensitivity of MALDI-MSI for the detection of these important 

lipid compounds in healthy and diseased states, thereby facilitating future disease pathology 

research. 

 

5.3. Materials and Methods 

 

5.3.1. Materials 

 All matrix compounds were purchased from Sigma Aldrich (St. Louis, MO, USA). Indium 

tin oxide (ITO) coated slides were purchased from Delta Technologies (Loveland, CO, USA). 
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HPLC-grade reagents were purchased from Sigma-Aldrich (Oakville, ON, Canada). Kidney 

samples were provided by the University of Toronto, Ontario, Canada. Mouse kidneys (n = 3 

animals) were frozen and stored at a temperature of -80 °C	until required for sectioning. Thin tissue 

sections (20 μm) were sliced using a Shandon Cryotome device, and thaw-mounted onto indium 

tin oxide slides (100Ω/m2), for subsequent MALDI imaging analyses.  

5.3.2. Matrix depositions  

 The ITO-coated glass slides containing sample sections were removed from the freezer and 

subjected to a drying process in a vacuum desiccator for 30 minutes. Each matrix was then applied 

using a sublimation apparatus with a sublimation chamber, as previously shown in section 1.4.2.1. 

[141] In brief, the sample glass slide was securely attached to the flat-bottom condenser using 

copper tape, ensuring consistent heat transfer. A matrix chamber was filled with approximately 

300 mg of matrix powder, and the sample holder and chamber were sealed with an O-ring. The 

system was connected to a vacuum pump, reaching a pressure of 0.05 Torr. The condenser was 

cooled with ice while the chamber was submerged in heated oil. Following a specific time interval 

(1 to 10 minutes), the matrix was heated, sublimed, and deposited onto the sample. The system 

was then brought to ambient pressure, and the sample glass slide was carefully detached from the 

condenser. A range of matrix thicknesses were achieved by varying the sublimation temperature 

and time periods. 

5.3.3. MALDI analysis 

 MALDI-MSI experiments were performed utilizing a Q-Exactive mass spectrometer 

(Thermo Fisher Scientific, San Jose, CA, USA) equipped with a Spectroglyph MALDI ion source 

(Spectroglyph LLC, Kennewick, WA, USA). Data acquisition parameters included a nominal mass 

resolution setting of 70,000 at m/z 400, a maximum injection time of 200 ms, and specific m/z 

range of m/z 250 – 1200 for negative ion polarity. MALDI-MSI experiments were conducted to 

acquire ion images of different matrix thicknesses. Triplicate analyses were performed for each 

matrix, selecting the most promising result within each group of thicknesses. All experiments were 

carried out at a spatial resolution of 50 μm. 
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The laser (Nd:YLF, 349 nm) employed for analysis operated at different repetition rates, pulse 

energies, and shot numbers per pixel depending on the matrix type. The laser was operated at a 

repetition rate of 300 Hz with pulse energies of 7.5 μJ for DAN and CMBT, as well as 25 and 42 

μJ for DHA and 9AA, respectively. An average of 60 laser shots per pixel were delivered. Ion 

images were generated using ImageInsight software (version: 0.1.0.1361, Spectroglyph LLC, 

WA). 

 

5.4. Results and Discussion 

 

 In this study, we conducted MALDI-MSI analyses of mouse kidney models using well-

established matrices known for lipid detection, namely 9AA, DAN, CMBT, and DHA. [43] [20] 

The optimization of matrix application on the sample surface was performed through sublimation. 

Multiple thicknesses of each matrix were examined and documented in Appendix Table C.1. Each 

matrix required specific temperature, pressure, and time parameters due to their distinct structures 

and characteristics. A consistent pressure of 0.05 Torr was maintained across all trials. To achieve 

varying thicknesses of the same matrix, the pressure and temperature remained constant while the 

sublimation time was adjusted. Subsequently, laser was employed to generate ions, which ionized 

specific compounds within the kidney tissue sections for mass analysis. [142]  

To ensure efficient analysis while capturing representative information, the selection of the most 

promising result within each group of thicknesses was achieved from the central region of each 

kidney sample, which encompasses the renal cortex, medulla, and pelvis. This approach aimed to 

provide a comprehensive assessment of the targeted area while minimizing the analysis time. A 

list of reported PI, PIP, PIP2, and PIP3 compounds were gathered from the literature and the Avanti 

Polar Lipids website (Appendix Table C.2). [143] The detectability of PI, PIP, PIP2, and PIP3 

categories was assessed through the investigation of various matrix types and thicknesses. 

 
 The PI molecular species are typically identified as [M-H]- ions and are predominantly 

observed within the m/z range of 800-950 under the experimental conditions employed. Among 

these molecular species, PI diacyl (18:0/20:4) at m/z 885.5493 in negative ion mode is the most 

prevalent. The ability to detect this specific PI molecular species is crucial, and any condition that 

fails to detect it is deemed unacceptable.  
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Figure C.1 (Appendix) illustrates the detectability or absence of PI compounds across diverse 

matrices and thickness variations. Optimal matrix thicknesses were determined based on the 

quality (intensity) of the obtained images. Among the tested matrix coating thicknesses, the DAN 

matrix exhibited the best images when utilizing a matrix coating range of 0.1 to 0.25 mg/cm². The 

DHA matrix yielded satisfactory images for matrix coatings ranging from 0.2 to 0.35 mg/cm². In 

the case of the CMBT and 9AA matrices, coating thicknesses of 0.15 and 0.1 mg/cm² respectively 

were deemed optimal. 
 

 Next, triplicate MALDI-MSI analyses were conducted on transverse cut kidney tissues, 

employing each matrix compound at its selected thickness. The distribution of the PI compounds 

is visualized in Figures 5.1-5.4. Figure 5.1 illustrates the m/z distribution of PI compounds using 

the DAN matrix. With the exception of one compound, DAN successfully visualized the 

distribution of all other PIs, exhibiting predominantly good image intensities and distinct 

morphological features of the kidney. Figure 5.2 demonstrates the mapping results obtained with 

the CMBT matrix, which captured the distribution of most PIs, albeit with a few missing 

compounds. However, the intensities of the m/z peaks and image quality were not as favorable as 

those achieved with the DAN matrix. Nevertheless, discernible morphological aspects of the 

kidney were still observed. Similarly, Figure 5.3 depicts the PI distributions within the kidney 

section using the 9AA matrix. Remarkably, 9AA proved to be the only matrix capable of 

successfully capturing the distribution of all targeted PIs, albeit with a few compounds exhibiting 

lower analyte intensities. Lastly, Figure 5.4 showcases the utilization of the DHA matrix, which 

resulted in high-intensity images for all but three PIs that remained undetected. Based on these 

findings, it is evident that 9AA, DAN, and DHA matrices yielded high signal intensity images of 

PI distributions within kidney sections. Notably, 9AA matrix successfully visualized all PIs in the 

list, whereas CMBT resulted in lower intensity images for the targeted PIs. 
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Figure 5.1. The m/z distribution of PI compounds using the DAN matrix in negative ion mode MALDI-MSI. With the 

exception of one compound, DAN successfully visualized the distribution of all other PIs, exhibiting predominantly 

good image intensities and distinct morphological features of the kidney. 
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Figure 5.2. The m/z distribution of PI compounds using the CMBT matrix in negative ion mode MALDI-MSI. The 

mapping results obtained with the CMBT matrix revealed the distribution of most PIs, albeit with a few compounds 

missing. However, it is worth noting that the intensities of the m/z peaks and image quality were not as favorable as 

those achieved with other matrices. Despite this, discernible morphological aspects of the kidney were still observed. 
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Figure 5.3. The m/z distribution of PI compounds using the 9AA matrix in negative ion mode MALDI-MSI. 

Remarkably, 9AA proved to be the only matrix capable of successfully capturing the distribution of all targeted PIs. 

However, it is worth noting that a few compounds exhibited lower analyte intensities despite being detected. 



 80 

 
Figure 5.4. The m/z distribution of PI compounds using the DHA matrix in negative ion mode MALDI-MSI. The 

DHA matrix yielded high-intensity images for most PIs; however, three PIs remained undetected.  

 

 After evaluating the detection capabilities of the matrices for PI compounds, the m/z 

distribution of all phosphoinositides (PIP, PIP2, and PIP3) was also mapped. Phosphoinositides are 

known to be present in low abundance in tissue, posing a challenge for their detection using mass 

spectrometry imaging. The choice of matrix and instrument tuning will have a substantial impact 

on the results of studies when the molecules of interest are present in low relative abundance. [144] 

Therefore, the primary focus of this work was to prioritize detection, even with low intensity, with 

the goal of improving and achieving higher intensity results. 

 

 Surprisingly, as illustrated in Figure 5.5, the results revealed that the CMBT matrix, despite 

resulting in lower intensity PI mappings, was able to detect four phosphoinositides: PIP(34:1) with 

m/z 887.4686, PIP2(36:2) with m/z 1021.4820, PIP3(38:4) with m/z 1125.4483, and PIP3(38:3) with 

m/z 1127.4639. It should be noted that the intensities of these compounds were relatively low. 



 81 

Furthermore, the 9AA matrix successfully detected one PIP compound, PIP(38:4) with m/z 

965.5156, with relatively good quality and intensity. In contrast, neither the DAN matrix nor the 

DHA matrix were able to detect any of the phosphoinositides from the list. 

 

 
 
Figure 5.5. The m/z distribution of detected phosphoinositides (PIP, PIP2, and PIP3) using negative ion mode MALDI-

MSI. Surprisingly, the results demonstrated that the CMBT matrix, despite yielding lower intensity PI mappings, was 

able to detect four phosphoinositides, albeit with relatively low intensities. Additionally, the 9AA matrix successfully 

detected one PIP compound, demonstrating relatively good quality and intensity. 

 

 These findings indicate that both CMBT and 9AA matrices hold promise for achieving 

phosphoinositide mappings. Conversely, although DAN matrix produced high-intensity images 

for PI m/z distribution, it was unable to detect these low-abundance compounds. On the other hand, 

DHA matrix yielded high-intensity images for PIs; however, its well-known instability and rapid 

sublimation under vacuum conditions present challenges. [144] [139] Previous studies have 

reported that using DHA matrix for long-duration MSI applications, such as high-resolution MSI 

analysis, was unsuccessful due to matrix evaporation during the analysis, resulting in inadequate 

matrix compounds remaining on the sample for effective analyte desorption and ionization. 
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 In order to advance our goal of utilizing MALDI-MSI for the discovery of potential 

markers related to PI and phosphoinositide-related pathogenesis, further development is necessary 

to map additional phosphoinositide compounds with higher intensity. To accomplish this, we have 

decided to continue the project by utilizing combinations of matrix compounds that have 

demonstrated optimal results. For instance, DAN matrix produced high-quality PIs, and CMBT 

and 9AA matrices were also able to cover some of the phosphoinositides. Therefore, our future 

work will involve combining these three matrices and employing matrix mixtures for MALDI-

MSI of PIs and phosphoinositides. However, due to the poor stability observed under high vacuum 

conditions, the DHA matrix has been excluded from further study. 

 

5.5. Conclusion 

 

 In conclusion, this study demonstrates the optimization of matrix type and thickness for 

enhanced detection of PIs and phosphoinositides in mouse kidney tissues using MALDI-MSI. The 

results highlight the importance of selecting the appropriate matrix and optimizing its thickness to 

improve ionization efficiency and enhance signal intensity. 

 

 Among the matrices evaluated, 9AA, DAN, and DHA were found to produce high-intensity 

images of phosphatidylinositols (PIs) within kidney sections, while CMBT yielded lower intensity 

images. Although detecting some low-abundance phosphoinositides proved challenging, it was 

achievable using CMBT and 9AA matrices. The findings suggest that a matrix mixture of DAN, 

9AA, and CMBT might have the potential to improve phosphoinositide mapping by increasing 

signal intensity. 

 

 This optimization of matrix type and thickness in MALDI-MSI analysis provides valuable 

insights for future research on the involvement of phosphoinositides in kidney pathophysiology 

and facilitates disease pathology studies. The spatial distribution of phosphoinositides and their 

variations in different organs and within organs can be crucial for understanding their contributions 

to cellular processes and disease development. The use of MALDI-MSI for lipidomic studies, 

including phosphoinositide analysis, offers several advantages over traditional methods. It allows 

for simultaneous detection and analysis of multiple lipid classes, minimizes the risk of sample 



 83 

alteration, and provides spatial distribution information. By fine-tuning the matrix type and 

thickness, MALDI-MSI can enhance the sensitivity and accuracy of phosphoinositide detection in 

healthy and diseased states, enabling comprehensive analysis and furthering our understanding of 

their roles in various disease pathologies. 

 

 Overall, this study contributes to the advancement of phosphoinositide research and the 

application of MALDI-MSI in lipidomics. It establishes a framework for optimizing matrix 

conditions in MALDI-MSI analysis and provides a basis for future studies investigating the 

involvement of phosphoinositides in cellular processes and disease pathogenesis. The insights 

gained from this research have the potential to drive advancements in the field and contribute to 

the development of new diagnostic and therapeutic approaches for diseases associated with 

phosphoinositide abnormalities. 
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Chapter Six: Conclusion and Future Works  
 
 
 The works presented in this dissertation highlight the power and versatility of mass 

spectrometry (MS) techniques in revolutionizing our analytical capabilities for complex mixtures 

across various scientific disciplines. Through the exploration of modern applications of MS, 

including electrospray ionization (ESI), tandem mass spectrometry (MS/MS), and mass 

spectrometry imaging (MSI) techniques such as matrix-assisted laser desorption/ionization 

(MALDI) and desorption electrospray ionization (DESI), we have strengthened our knowledge 

and practical experience in utilizing these methodologies. With the objective of developing 

methods to profile, separate, detect, map, and quantify targeted and untargeted analytes from 

complex matrices, we focused on specific applications within the MS field.  

 

 In Chapter 2, we focused on developing and validating an analytical method utilizing 

DESI-MS for the detection, characterization, and quantification of cannabinoids in cannabis-

infused chocolate. The legalization of marijuana in Canada and select states in the United States 

has significantly increased the demand for precise analytical techniques in cannabis-related 

applications, particularly in forensic and pharmaceutical analysis. This method offers a cost-

effective, reliable, and time-efficient approach for analyzing complex matrices such as edibles. 

The study assessed the quantitative analysis of tetrahydrocannabinol (THC) in cannabis-infused 

chocolate using thin-layer chromatography (TLC)-DESI-MS and the QuEChERS extraction 

method. Both techniques proved to be cost-effective and capable of delivering rapid results. The 

QuEChERS method effectively eliminated matrix components from the chocolate, enabling 

accurate THC analysis. TLC separation combined with DESI-MS provided a robust and selective 

method for identifying and quantifying THC in complex matrices.  

 

 Future research in this field can expand the method to analyze a wider range of 

cannabinoids and their derivatives in different cannabis-infused products. This expansion would 

address the growing demand for reliable and efficient analytical tools in the cannabis industry. 

Additionally, efforts can be made to optimize the extraction and separation processes to enhance 

the method's sensitivity and selectivity. Furthermore, research can focus on the challenges related 
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to accurately labeling cannabis-infused products. Developing analytical methods that verify the 

claimed cannabinoid content in edibles will ensure consumer safety and mitigate potential health 

risks. Studying the stability and degradation of cannabinoids in various matrices, including edibles, 

would contribute to understanding their shelf life and quality control. 

 

 Chapter 3 centered on investigating the biochemical basis of quantitative trait loci (QTLs) 

E and M, which confer resistance to leaf-chewing insects in soybean. Previous studies have 

identified flavonoids and isoflavonoids as the potential causative agents of resistance, but there 

has been uncertainty about whether these metabolites are a result of the QTLs or the genetic 

background. The current research used a non-targeted mass spectrometry approach to compare the 

metabolite profiles of QTLs E, M, and both (EM) introgressed into the susceptible variety Benning. 

The results revealed that E and M primarily confer low-level, global differences in distinct sets of 

metabolites. Among the metabolites analyzed, daidzein was the only compound that showed 

significant increases, specifically in insect-treated M and EM genotypes. Interestingly, M 

increased daidzein levels in response to insect feeding, while E restored M's depleted daidzein 

levels in the absence of insects. However, daidzein levels did not directly correlate with levels of 

resistance, suggesting a novel mechanism by which the QTLs confer resistance through mediating 

changes in numerous metabolites. This mechanism may make it challenging for insects to evolve 

tolerance.  

 

 For future work, it would be valuable to further explore the specific metabolites that 

contribute to resistance in soybean QTLs E and M. In-depth analysis of other metabolites showing 

significant changes and their potential roles in resistance mechanisms should be undertaken. 

Additionally, investigating the signaling pathways and molecular mechanisms underlying the 

observed changes in metabolite levels would provide a deeper understanding of how these QTLs 

confer resistance.  

 

 In Chapter 4, we successfully investigated the application of the 5-chloro-2-

mercaptobenzothiazole (CMBT) matrix through sublimation as a solvent-free technique for 

sample preparation in MALDI-MSI analysis of mouse kidney tissue samples. We optimized the 

sublimation parameters and achieved high-quality mass spectrometric images. The sublimated 
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CMBT matrix demonstrated stability under vacuum conditions and allowed for ion imaging at 

different spatial resolutions. We also demonstrated the sequential analysis of MALDI-MSI and 

H&E staining, providing both chemical and histological information about the tissue. Overall, the 

sublimated CMBT matrix proved to be an effective sample preparation method for MALDI-MSI 

analysis. 

 

 And lastly, in Chapter 5, we aimed to optimize the matrix type and thickness for the 

detection of phosphatidylinositols and phosphoinositides in mouse kidney tissues using MALDI-

MSI. The disruption of PIs and phosphoinositides in mammalian tissue has been associated with 

the impairment of normal cellular functions and the onset of various diseases. Understanding the 

molecular species changes in phosphoinositides can provide valuable insights into disease 

progression and facilitate the development of strategies for early detection and treatment. The 

optimized matrix conditions identified in this study provide valuable insights for future research 

on the involvement of phosphoinositides in kidney pathophysiology and facilitate disease 

pathology studies using MALDI-MSI. Various matrices, including 9AA, DAN, CMBT, and DHA, 

were evaluated, and their thicknesses were varied to enhance ionization efficiency. The results 

demonstrated that 9AA, DAN, and DHA matrices produced high-intensity images of 

phosphatidylinositols (PIs) within kidney sections, while CMBT yielded lower intensity images. 

Although detecting some low-abundance phosphoinositides proved challenging, it was achievable 

using CMBT and 9AA matrices. The findings suggest that a matrix mixture of DAN, 9AA, and 

CMBT may have the potential to improve phosphoinositide mapping by increasing signal 

intensity. However, there are several avenues for future work and improvements in this area. First, 

further optimization of matrix composition may be explored to enhance the detection sensitivity 

of low-abundance phosphoinositides. Additionally, the study can be expanded to investigate 

phosphoinositide distributions in other tissues or disease models to gain a comprehensive 

understanding of their roles in various cellular processes and disease pathogenesis. The findings 

contribute to the advancement of lipidomics research and provide a foundation for future studies 

in this field.  

 

 Moving forward with using data obtained from Chapters 4 and 5, further investigations 

will be warranted to uncover the underlying mechanisms involved in the context of DGKE 
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nephropathy, a rare pediatric kidney disease and the pathophysiological significance of 

phosphoinositide alterations in collaboration with Dr. Mathieu Lemaire from the University of 

Toronto, Department of Pediatrics. The aim will be to contribute to a better understanding of the 

pathophysiology of this disease, leading to improved clinical care and the development of targeted 

therapeutic approaches. 
 

 The proposed future work will include conducting MALDI-MSI and LC-MS analyses of 

mouse kidney models, comparing wild type and knockout samples. The goal will be to differentiate 

the compound composition in different kidney samples, particularly in relation to 

phosphoinositides. Successful discoveries in these analyses will be followed by characterization 

and quantification experiments to gain deeper insights into the nephropathy. Additionally, the 

potential associations between phosphoinositide abnormalities and other diseases, such as nervous 

system diseases, cancer, inflammation, thrombosis-related diseases, immune system diseases, and 

acute renal inefficiency in infancy, can be explored using the obtained data. Furthermore, the 

characterization of the phosphoinositide landscape in the kidneys, with a specific focus on 

glomeruli, will be crucial. This can be achieved through MALDI-MSI and higher resolution 

imaging techniques, enabling the visualization and assessment of phosphoinositide levels in 

various tissues.  
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APPENDICES 
 

Appendix A. Supplementary materials for chapter 3 
 
 

 
 
Figure A.1: Principal component (PCA) analysis of soybean genotypes harboring insect resistance 

QTLs E, M, and EM compared to the introgressed susceptible parent Benning. The analysis was 

based on 13,950 unique peaks identified by mass spectroscopy and was conducted using 

Metaboanalyst 5.0 (https://dev.metaboanalyst.ca/) filtering based on relative standard deviation 

(RSD). 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

Metabolomics of Glycine max QTLs Resistant to 
Soybean Looper  

Maryam Y. Taemeh1, Jie Lin2, Evan McCoy3, Demian R. Ifa,1 Wayne Parrott3, Nik Kovinich2,* 

1 Department of Chemistry, York University, Toronto, ON M3J 1P3, Canada; 
yousefi@my.yorku.ca (M.Y.T.); ifadr@yorku.ca (D.R.I.); 

2 Department of Biology, York University, Toronto, ON M3J 1P3, Canada; lj0215@yorku.ca (J.L.); 
kovinich@yorku.ca (N.K.);  

3 Center for Applied Genetic Technologies, University of Georgia, Athens, GA 30602, USA; 
emccoy50@uga.edu (E.C.M.); wparrott@uga.edu (W.P.); 

* Correspondence: kovinich@yorku.ca; Tel.: +1-416-736-2100 
 

Supplementary Materials 
 
 

 
Figure S1. Principle component (PCA) analysis of soybean genotypes harboring insect 
resistance QTLs E, M, and EM compared to the introgressed susceptible parent Benning. The 
analysis was based on 13,950 unique peaks identified by mass spectroscopy and was 
conducted using Metaboanalyst 5.0 (https://dev.metaboanalyst.ca/) filtering based on relative 
standard deviation (RSD). 
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Table A.1: MS peaks from insect-resistant QTLs that were significantly different from insect-

susceptible parent Benning.a  (The complete version of Table A.1 is available online 

at https://www.mdpi.com/article/10.3390/metabo11100710/s1.) 

 
 

 
 
aPaired students T-test, P<0.05 
 
 
 
 
Table A.2: Peak annotation and levels of confidence. (The full version of Table A.2 is available 

online at https://www.mdpi.com/article/10.3390/metabo11100710/s1.)  
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Appendix B. Supplementary materials for chapter 4 
 
 

 
 

Figure B.1: The matrix sublimation apparatus. This system was constructed following the 

guidelines outlined in references [4], [13], and [14]. 
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Figure B.2: Electron microscopy images were obtained to determine the laser spot sizes for 

MALDI-MSI analysis at (a) 50 µm, (b) 20 µm, and (c) 10 µm spatial resolutions. The average 

laser spot size for MALDI-MSI at 50 and 20 µm spatial resolutions was found to be approximately 

15 µm. At a spatial resolution of 10 µm, the laser spot size is around 6.5 µm.  
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Figure B.3: Negative ion mode MALDI-MS imaging of coronal sections of mice kidney was 

performed using various thicknesses (mg/cm2) of CMBT matrix as described in Appendix Table 

B.1. The green rectangle shows the area used for the comparison of various thicknesses. Here, 

some of the most important PIs are shown. It is important to note that the thickness of the matrix 

layer can significantly affect the quality and quantity of ions detected in MALDI-MSI. If the matrix 

layer is too thin, very few ions are detected, while if it is too thick, only matrix ions are detected. 

As a result, m/z images obtained using CMBT matrix thicknesses of 0.9 and 1.8 mg/cm2 did not 

show distinguishable features and resulted in poor quality images due to excessive matrix coating. 

Conversely, m/z images obtained with less CMBT matrix coating of 0.15 and 0.4 mg/cm2 showed 

more features and produced better quality images.  
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Figure B.4: Average mass spectra were obtained in both negative (a, b, & c) and positive (d, e, & f) 

ionization modes after CMBT matrix sublimation and MALDI image acquisition from biological triplicate 

coronal kidney tissue sections. In order to improve the clarity of the phospholipid region, a mass range of 

650-950 m/z was selected for both positive mode and negative modes.  
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Table B.1: The estimated pressure, temperature, and time conditions necessary to achieve various 

CMBT matrix densities for coating the sample section before conducting MALDI-MSI analysis. 
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Table B.2: The calculated signal-to-noise ratio values for the biological triplicate MALDI-MSI of 

coronal kidney sections coated with CMBT matrix, as shown in Figure 4.2 and 4.3 for positive and 

negative ion polarities, respectively. 
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Appendix C: Supplementary materials for chapter 5  
 
 
Table C.1. Multiple matrix types and various coating densities were investigated to determine the 

optimal matrix thickness for achieving higher intensity phosphatidylinositol (PI) images in 

MALDI-MSI analysis. 

 
Matrix Thickness 
9AA 0.08 
9AA 0.094 
9AA 0.33 
9AA 0.48 
9AA 0.74 

CMBT 0.135 
CMBT 0.33 
CMBT 0.4 
CMBT 0.9 
CMBT 1.8 
DAN 0.11 
DAN 0.17 
DAN 0.22 
DAN 0.26 
DAN 0.36 
DAN 0.437 
DAN 0.475 
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Table C.2: Below is a comprehensive list of phosphatidylinositols and phosphoinositides, along 

with their respective formulae, exact masses, potential charges and adduct types, as well as the 

anticipated m/z (mass-to-charge ratio) values. 

 

 

Type Chain unsaturation Molecular formula Exact mass Charge Adduct type Negative ion mode m/z Reference

PI 08:0/08:0 PI C25H47O13P 586.2754 -1 [M-H]- 585.2676 Avanti polar lipids
18:0/OH   PI C27H53O12P 600.327468 -1 [M-H]- 599.319643 Lipidmaps
16:0/16:1 PI C41H77O13P 808.510183 -1 [M-H]- 807.502358 HMDB
16:0/16:0 PI C41H79O13P 810.5258 -1 [M-H]- 809.518 Avanti polar lipids
15:0/18:1 PI C42H79O13P 822.5258 -1 [M-H]- 821.518 Avanti polar lipids
16:0/18:2 PI C43H79O13P 834.525832 -1 [M-H]- 833.518008 HMDB
16:1/18:1 PI C43H79O13P 834.525832 -1 [M-H]- 833.518008 HMDB
16:0/18:1 PI C43H81O13P 836.5415 -1 [M-H]- 835.5336 Avanti polar lipids
16:0/18:0 PI C43H83O13P 838.557133 -1 [M-H]- 837.549308 HMDB
14:1/22:6 PI C45H73O13P 852.478883 -1 [M-H]- 851.471058 Lipidmaps
16:0/20:4 PI C45H79O13P 858.525832 -1 [M-H]- 857.518008 PubChem
18:1/18:1 PI C45H83O13P 862.557133 -1 [M-H]- 861.549308 Avanti polar lipids
18:0/18:1 PI C45H85O13P 864.572783 -1 [M-H]- 863.564957 HMDB
18:0/18:0 PI C45H87O13P 866.5884 -1 [M-H]- 865.5806 Avanti polar lipids
16:0/22:6 PI C47H79O13P 882.525832 -1 [M-H]- 881.518008 Lipidmaps
18:0/20:5 PI C47H81O13P 884.541483 -1 [M-H]- 883.533658 Mass Bank Record
18:0/20:4 PI C47H83O13P 886.5571 -1 [M-H]- 885.5493 Avanti polar lipids
18:0/20:3 PI C47H85O13P 888.572783 -1 [M-H]- 887.564957 PubChem
18:0/20:2 PI C47H87O13P 890.588433 -1 [M-H]- 889.580608 HMDB
18:1/22:6 PI C49H81O13P 908.541483 -1 [M-H]- 907.533658 Lipidmaps
18:0/22:6 PI C49H83O13P 910.557133 -1 [M-H]- 909.549308 PubChem
18:0/22:5 PI C49H85O13P 912.572783 -1 [M-H]- 911.564957 PubChem
18:0/22:4 PI C49H87O13P 914.588433 -1 [M-H]- 913.580608 HMDB
18:0/22:1 PI C49H93O13P 920.635383 -1 [M-H]- 919.627558 Lipidmaps
22:0/22:0 PI C53H103O13P 978.713633 -1 [M-H]- 977.705807 HMDB

PIP 08:0/08:0 PIP C25H48O16P2 666.2418 -1 [M-H]- 665.234 Avanti polar lipids
-2 [M-2H]-2 664.2261/2= 332.1131

16:1/18:0 PIP C41H78O16P2 888.476516 -1 [M-H]- 887.468691 PubChem
-2 [M-2H]-2 886.460866/2= 443.230433

18:2/16:0 PIP C43H80O16P2 914.492166 -1 [M-H]- 913.484341 HMDB
-2 [M-2H]-2 912.476516/2= 456.238258

16:0/18:1 PIP C43H82 O16 P2 916.507816 -1 [M-H]- 915.499991 Avanti polar lipids
-2 [M-2H]-2 914.492166/2= 457.246083

18:1/18:1 PIP C45H84O16P2 942.523466 -1 [M-H]- 941.515641 Avanti polar lipids
-2 [M-2H]-2 940.507816/2= 470.253908

18:2/18:0 PIP C45H84O16P2 942.523466 -1 [M-H]- 941.5156 HMDB
-2 [M-2H]-2 940.507816/2= 470.253908

18:0/20:4 PIP C47H84O16P2 966.5235 -1 [M-H]- 965.5156 Avanti polar lipids
-2 [M-2H]-2 964.5078/2= 482.2539

PIP2 06:0/06:0 PIP2 C21H41O19P3 690.1455 -1 [M-H]- 689.1377 Avanti polar lipids
-2 [M-2H]-2 688.1298/2= 344.0650
-3 [M-3H]-3 687.1220/3= 229.0407

08:0/08:0 PIP2 C25H49O19P3 746.2081 -1 [M-H]- 745.2003 Avanti polar lipids
-2 [M-2H]-2 744.1924/2= 372.0962
-3 [M-3H]-3 743.1846/3= 247.7282

18:1/18:1 PIP2 C45H85O19P3 1022.4898 -1 [M-H]- 1021.482 Avanti polar lipids
-2 [M-2H]-2 1020.4741/2= 510.2371
-3 [M-3H]-3 1019.4663/3= 339.8221

18:0/18:1 PIP2 C45H87O19P3 1024.505449 -1 [M-H]- 1023.497624 HMDB
-2 [M-2H]-2 1022.489799/2= 511.2448995
-3 [M-3H]-3 1021.481974/3= 340.4939913

18:0/20:4 PIP2 C47H85O19P3 1046.4898 -1 [M-H]- 1045.482 Avanti polar lipids
-2 [M-2H]-2 1044.4741/2= 522.2371
-3 [M-3H]-3 1043.4663/3= 347.8221

PIP3 06:0/06:0 PIP3 C21H42O22P4 770.1118 -1 [M-H]- 769.104 Avanti polar lipids
-2 [M-2H]-2 768.0962/2= 384.0481
-3 [M-3H]-3 767.0884/3= 255.6961
-4 [M-4H]-4 766.0805/4= 191.5201

08:0/08:0 PIP3 C25H50O22P4 826.1744 -1 [M-H]- 825.1666 Avanti polar lipids
-2 [M-2H]-2 824.1588/2= 412.0794
-3 [M-3H]-3  823.1510/3= 274.3837
-4 [M-4H]-4 822.1431/4= 205.5358

16:0/16:1 PIP3 C41H80O22P4 1048.409181 -1 [M-H]- 1047.401357 HMDB
-2 [M-2H]-2 1046.393532/2= 523.196766
-3 [M-3H]-3 1045.385707/3= 348.4619023
-4 [M-4H]-4 1044.377882/4= 261.0944705

16:0/16:0 PIP3 C41H82O22P4 1050.424832 -1 [M-H]- 1049.417007 HMDB
-2 [M-2H]-2 1048.409181/2= 524.2045905
-3 [M-3H]-3 1047.401357/3= 349.1337857
-4 [M-4H]-4 1046.393532/4= 261.598383

16:0/18:1 PIP3 C43H84O22P4 1076.440482 -1 [M-H]- 1075.432657 HMDB
& 18:0/16:1 PIP3 -2 [M-2H]-2 1074.424832/2= 537.212416

-3 [M-3H]-3 1073.417007/3= 357.805669
-4 [M-4H]-4 1072.409181/4= 268.1022953

18:1/18:1 PIP3 C45H86O22P4 1102.4561 -1 [M-H]- 1101.4483 Avanti polar lipids
-2 [M-2H]-2 1100.4405/2= 550.2203
-3 [M-3H]-3 1099.4327/3= 366.4776
-4 [M-4H]-4 1098.4248/4= 274.6062

18:0/18:1 PIP3 C45H88O22P4 1104.471782 -1 [M-H]- 1103.463957 HMDB
-2 [M-2H]-2 1102.456132/2= 551.228066
-3 [M-3H]-3 1101.448307/3= 367.1494357
-4 [M-4H]-4 1100.440482/4= 275.1101205

18:0/20:4 PIP3 C47H86O22P4 1126.456132 -1 [M-H]- 1125.448307 Avanti polar lipids
-2 [M-2H]-2 1124.440482/2= 562.220241
-3 [M-3H]-3 1123.432657/3= 374.4775523
-4 [M-4H]-4 1122.424832/4= 280.606208

18:1/20:3 PIP3 C47H86O22P4 1126.456132 -1 [M-H]- 1125.448307 HMDB
-2 [M-2H]-2 1124.440482/2= 562.220241
-3 [M-3H]-3 1123.432657/3= 374.4775523
-4 [M-4H]-4 1122.424832/4= 280.606208

18:2/20:1 PIP3 C47H88O22P4 1128.471782 -1 [M-H]- 1127.463957 HMDB
-2 [M-2H]-2 1126.456132/2= 563.228066
-3 [M-3H]-3 1125.448307/3= 375.1494357
-4 [M-4H]-4 1124.440482/4= 281.1101205
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Type Chain unsaturation Molecular formula Exact mass Charge Adduct type Negative ion mode m/z Reference

PI 08:0/08:0 PI C25H47O13P 586.2754 -1 [M-H]- 585.2676 Avanti polar lipids
18:0/OH   PI C27H53O12P 600.327468 -1 [M-H]- 599.319643 Lipidmaps
16:0/16:1 PI C41H77O13P 808.510183 -1 [M-H]- 807.502358 HMDB
16:0/16:0 PI C41H79O13P 810.5258 -1 [M-H]- 809.518 Avanti polar lipids
15:0/18:1 PI C42H79O13P 822.5258 -1 [M-H]- 821.518 Avanti polar lipids
16:0/18:2 PI C43H79O13P 834.525832 -1 [M-H]- 833.518008 HMDB
16:1/18:1 PI C43H79O13P 834.525832 -1 [M-H]- 833.518008 HMDB
16:0/18:1 PI C43H81O13P 836.5415 -1 [M-H]- 835.5336 Avanti polar lipids
16:0/18:0 PI C43H83O13P 838.557133 -1 [M-H]- 837.549308 HMDB
14:1/22:6 PI C45H73O13P 852.478883 -1 [M-H]- 851.471058 Lipidmaps
16:0/20:4 PI C45H79O13P 858.525832 -1 [M-H]- 857.518008 PubChem
18:1/18:1 PI C45H83O13P 862.557133 -1 [M-H]- 861.549308 Avanti polar lipids
18:0/18:1 PI C45H85O13P 864.572783 -1 [M-H]- 863.564957 HMDB
18:0/18:0 PI C45H87O13P 866.5884 -1 [M-H]- 865.5806 Avanti polar lipids
16:0/22:6 PI C47H79O13P 882.525832 -1 [M-H]- 881.518008 Lipidmaps
18:0/20:5 PI C47H81O13P 884.541483 -1 [M-H]- 883.533658 Mass Bank Record
18:0/20:4 PI C47H83O13P 886.5571 -1 [M-H]- 885.5493 Avanti polar lipids
18:0/20:3 PI C47H85O13P 888.572783 -1 [M-H]- 887.564957 PubChem
18:0/20:2 PI C47H87O13P 890.588433 -1 [M-H]- 889.580608 HMDB
18:1/22:6 PI C49H81O13P 908.541483 -1 [M-H]- 907.533658 Lipidmaps
18:0/22:6 PI C49H83O13P 910.557133 -1 [M-H]- 909.549308 PubChem
18:0/22:5 PI C49H85O13P 912.572783 -1 [M-H]- 911.564957 PubChem
18:0/22:4 PI C49H87O13P 914.588433 -1 [M-H]- 913.580608 HMDB
18:0/22:1 PI C49H93O13P 920.635383 -1 [M-H]- 919.627558 Lipidmaps
22:0/22:0 PI C53H103O13P 978.713633 -1 [M-H]- 977.705807 HMDB

PIP 08:0/08:0 PIP C25H48O16P2 666.2418 -1 [M-H]- 665.234 Avanti polar lipids
-2 [M-2H]-2 664.2261/2= 332.1131

16:1/18:0 PIP C41H78O16P2 888.476516 -1 [M-H]- 887.468691 PubChem
-2 [M-2H]-2 886.460866/2= 443.230433

18:2/16:0 PIP C43H80O16P2 914.492166 -1 [M-H]- 913.484341 HMDB
-2 [M-2H]-2 912.476516/2= 456.238258

16:0/18:1 PIP C43H82 O16 P2 916.507816 -1 [M-H]- 915.499991 Avanti polar lipids
-2 [M-2H]-2 914.492166/2= 457.246083

18:1/18:1 PIP C45H84O16P2 942.523466 -1 [M-H]- 941.515641 Avanti polar lipids
-2 [M-2H]-2 940.507816/2= 470.253908

18:2/18:0 PIP C45H84O16P2 942.523466 -1 [M-H]- 941.5156 HMDB
-2 [M-2H]-2 940.507816/2= 470.253908

18:0/20:4 PIP C47H84O16P2 966.5235 -1 [M-H]- 965.5156 Avanti polar lipids
-2 [M-2H]-2 964.5078/2= 482.2539

PIP2 06:0/06:0 PIP2 C21H41O19P3 690.1455 -1 [M-H]- 689.1377 Avanti polar lipids
-2 [M-2H]-2 688.1298/2= 344.0650
-3 [M-3H]-3 687.1220/3= 229.0407

08:0/08:0 PIP2 C25H49O19P3 746.2081 -1 [M-H]- 745.2003 Avanti polar lipids
-2 [M-2H]-2 744.1924/2= 372.0962
-3 [M-3H]-3 743.1846/3= 247.7282

18:1/18:1 PIP2 C45H85O19P3 1022.4898 -1 [M-H]- 1021.482 Avanti polar lipids
-2 [M-2H]-2 1020.4741/2= 510.2371
-3 [M-3H]-3 1019.4663/3= 339.8221

18:0/18:1 PIP2 C45H87O19P3 1024.505449 -1 [M-H]- 1023.497624 HMDB
-2 [M-2H]-2 1022.489799/2= 511.2448995
-3 [M-3H]-3 1021.481974/3= 340.4939913

18:0/20:4 PIP2 C47H85O19P3 1046.4898 -1 [M-H]- 1045.482 Avanti polar lipids
-2 [M-2H]-2 1044.4741/2= 522.2371
-3 [M-3H]-3 1043.4663/3= 347.8221

PIP3 06:0/06:0 PIP3 C21H42O22P4 770.1118 -1 [M-H]- 769.104 Avanti polar lipids
-2 [M-2H]-2 768.0962/2= 384.0481
-3 [M-3H]-3 767.0884/3= 255.6961
-4 [M-4H]-4 766.0805/4= 191.5201

08:0/08:0 PIP3 C25H50O22P4 826.1744 -1 [M-H]- 825.1666 Avanti polar lipids
-2 [M-2H]-2 824.1588/2= 412.0794
-3 [M-3H]-3  823.1510/3= 274.3837
-4 [M-4H]-4 822.1431/4= 205.5358

16:0/16:1 PIP3 C41H80O22P4 1048.409181 -1 [M-H]- 1047.401357 HMDB
-2 [M-2H]-2 1046.393532/2= 523.196766
-3 [M-3H]-3 1045.385707/3= 348.4619023
-4 [M-4H]-4 1044.377882/4= 261.0944705

16:0/16:0 PIP3 C41H82O22P4 1050.424832 -1 [M-H]- 1049.417007 HMDB
-2 [M-2H]-2 1048.409181/2= 524.2045905
-3 [M-3H]-3 1047.401357/3= 349.1337857
-4 [M-4H]-4 1046.393532/4= 261.598383

16:0/18:1 PIP3 C43H84O22P4 1076.440482 -1 [M-H]- 1075.432657 HMDB
& 18:0/16:1 PIP3 -2 [M-2H]-2 1074.424832/2= 537.212416

-3 [M-3H]-3 1073.417007/3= 357.805669
-4 [M-4H]-4 1072.409181/4= 268.1022953

18:1/18:1 PIP3 C45H86O22P4 1102.4561 -1 [M-H]- 1101.4483 Avanti polar lipids
-2 [M-2H]-2 1100.4405/2= 550.2203
-3 [M-3H]-3 1099.4327/3= 366.4776
-4 [M-4H]-4 1098.4248/4= 274.6062

18:0/18:1 PIP3 C45H88O22P4 1104.471782 -1 [M-H]- 1103.463957 HMDB
-2 [M-2H]-2 1102.456132/2= 551.228066
-3 [M-3H]-3 1101.448307/3= 367.1494357
-4 [M-4H]-4 1100.440482/4= 275.1101205

18:0/20:4 PIP3 C47H86O22P4 1126.456132 -1 [M-H]- 1125.448307 Avanti polar lipids
-2 [M-2H]-2 1124.440482/2= 562.220241
-3 [M-3H]-3 1123.432657/3= 374.4775523
-4 [M-4H]-4 1122.424832/4= 280.606208

18:1/20:3 PIP3 C47H86O22P4 1126.456132 -1 [M-H]- 1125.448307 HMDB
-2 [M-2H]-2 1124.440482/2= 562.220241
-3 [M-3H]-3 1123.432657/3= 374.4775523
-4 [M-4H]-4 1122.424832/4= 280.606208

18:2/20:1 PIP3 C47H88O22P4 1128.471782 -1 [M-H]- 1127.463957 HMDB
-2 [M-2H]-2 1126.456132/2= 563.228066
-3 [M-3H]-3 1125.448307/3= 375.1494357
-4 [M-4H]-4 1124.440482/4= 281.1101205
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Figure C.1: Assessing the detectability or absence of specific PI molecular species across varied 

matrices and thicknesses. Negative ion mode MALDI-MSI analysis of mouse kidney was 

performed using various thicknesses (mg/cm2) of DAN, CMBT, 9AA, and DHA matrices. The 

green rectangle shows the area used for the comparison of various thicknesses. Here, ion images 

of the most important PIs are shown. It is important to note that the thickness of the matrix layer 

can significantly affect the quality and quantity of ions detected in MALDI-MSI. If the matrix 

layer is too thin, very few ions are detected, while if it is too thick, only matrix ions are detected.  

 

 
 


