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ABSTRACT 

 Seven studies were carried out using laser desorption/ionization mass spectrometry (LDI 

MS) to develop enhanced methodologies for a variety of analyte systems by investigating analyte 

chemistries, ionization processes, and elimination of spectral interferences.  Applications of LDI 

and matrix assisted laser/desorption/ionization (MALDI) have been previously limited by poorly 

understood ionization phenomena, and spectral interferences from matrices.    

Matrix assisted laser desorption ionization MS is well suited to the analysis of proteins.  

However, the proteins associated with bacteriophages often form complexes which are too 

massive for detection with a standard MALDI mass spectrometer.  As such, methodologies for 

pretreatment of these samples are discussed in detail in the first chapter.  Pretreatment of 

bacteriophage samples with reducing agents disrupted disulfide linkages and allowed enhanced 

detection of bacteriophage proteins.  

 The second chapter focuses on the use of MALDI MS for lipid compounds whose 

molecular mass is significantly less than the proteins for which MALDI is most often applied.  

The use of MALDI MS for lipid analysis presented unique challenges such as matrix interference 

and differential ionization efficiencies.  It was observed that optimization of the matrix system, 

and addition of cationization reagents mitigated these challenges and resulted in an enhanced 

methodology for MALDI MS of lipids. 

 One of the challenges commonly encountered in efforts to expand MALDI MS 

applications is as previously mentioned interferences introduced by organic matrix molecules.  

Previously reported methods to address this problem involved inorganic systems which acted as 

matrix replacements.  The inorganic systems produced ions, but with poor reproducibility, and 

ionization mechanisms that were only superficially understood.  The third chapter focuses on the 
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development of a novel inorganic matrix replacement system called metal oxide laser ionization 

mass spectrometry (MOLI MS).  In contrast to other matrix replacements, considerable effort 

was devoted to elucidating the ionization mechanism.  It was shown that chemisorption of 

analytes to the metal oxide surface produced acidic adsorbed species which then protonated free 

analyte molecules. 

 Expanded applications of MOLI MS were developed following description of the 

ionization mechanism.  Because it was determined that ionization of esters in MOLI MS 

occurred through specific surface interactions with analyte molecules, a series of experiments 

were carried out involving treatment of metal oxide surfaces with reagent molecules to expand 

MOLI MS and develop enhanced MOLI MS methodologies. It was found that treatment of the 

metal oxide surface with a small molecule to act as a proton source expanded MOLI MS to 

analytes which did not form acidic adsorbed species. 

 Proton-source pretreated MOLI MS was then used for the analysis of oils obtained from 

the fast, anoxic pyrolysis of biomass (py-oil).  These samples are complex and produce MOLI 

mass spectra with many peaks.  In this experiment, methods of data reduction including 

Kendrick mass defects and nominal mass z*-scores, which are commonly used for the study of 

petroleum fractions, were used to interpret these spectra and identify the major constituencies of 

py-oils.  Through data reduction and collision induced dissociation (CID), homologous series of 

compounds were rapidly identified. 

 The final chapter involves using metal oxides to catalytically cleave the ester linkage on 

lipids containing fatty acids in addition to ionization.  The cleavage process results in the 

production of spectra similar to those observed with saponification/methylation.  Fatty acid 
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profiles were generated for a variety of micro-organisms to differentiate between bacterial 

species.         
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CHAPTER 1 

 

  INTRODUCTION TO NON-TRADITIONAL APPLICATIONS OF LASER 

DESORPTION/IONIZATION MASS SPECTROMETRY 

1.1 Introduction 

  Laser desorption/ionization for mass spectrometry was originally described by Vastola, but 

gained commercial recognition and use as Laser Microprobe Mass Analysis or “LAMMA”.[1]  

Initially,  LDI and LAMMA were grouped with secondary ion mass spectrometry (SIMS) as 

“particle induced ionization” where photons were the “particle” in the case of LDI.[2-5]  Prior to 

the inclusion of an organic acid matrix, considerable effort was devoted to in-source laser 

pyrolysis to convert non-volatile biological molecules into pyrolysates which would have the 

necessary volatility for mass spectrometery.[8]  The rapid rate of heating combined with the 

extremely high temperatures achievable with laser microprobes made them ideal for pyrolyzing a 

variety of samples.[6-12]
  
Matrix assisted laser desorption ionization mass spectrometry (MALDI 

MS) which was originally described by Karas and Hillenkamp has been considered an 

application of LDI MS.[13,14]  MALDI MS has since become the preferred method of mass 

spectral analysis for a number of analytes which are generally high mass species. 

Ions may be formed in MALDI MS by several processes.  In general, clusters of matrix and 

analyte molecules are sputtered into the vacuum as a plume of material in which the matrix is 

often in an excited electronic state.[15,16]  The excited matrix molecules, which are usually 

organic acids with absorption maxima near the wavelength of the laser, have enhanced acidity 

and protonate desorbed analyte molecules which are then introduced into the mass analyzer.[17]  

The generalized schematic MALDI MS ionization is presented in Figure 1.1a and the plume of 

ejected excited state material is illustrated in Figure 1.1b (adapted from [18]).  The image was 
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collected perpendicularly to the incident radiation.  In this example, photoluminescence of the 

picolinic acid matrix is observed (white inner portion), as the plume migrates away from the 

sample plate.  Ionization can take place in this plume of excited ejecta, or prior to desorption 

during sample preparation.[25] A multitude of reaction mechanisms have been proposed for the 

formation of molecular or pseudomolecular ions. These reactions are summarized in Scheme 1.1.  

In several cases, ionization was said to have occurred prior to laser irradiation on the sample 

target [mechanisms (1) and (2)].  Others observed ionization in which photoelectric phenomena 

were the primary factor in ionization, such as mechanisms (3) and (4).  Additionally, it was 

observed that ions may also be formed through cation attachment [mechanisms (5) and 

(6)][15,16,19-24].  The exact mechanism or combination of mechanisms for ionization with 

MALDI MS depends on the analyte system, the matrix used, and any contaminations, or 

additives.   

Mass spectrometry requires that ions be separated prior to their detection.  Following the 

formation of ions with MALDI, there are several types of mass analyzers which can be used to 

separate ions. [25]  However, the most popular mass analyzer associated with MALDI and the 

type which is used throughout the studies presented in this thesis is the time-of-flight (TOF) 

mass analyzer.  Stephens first proposed that ions of differing mass would have differential 

migration rates through a field free region of drift.[26]  The operational principles of TOFs are 

actually quite simple.  It is assumed that there is complete conversion between an ion’s potential 

energy to kinetic energy.  The potential energy of an ion with mass (m) is the product of its 

charge (q), the number of charges present (z), and the voltage applied to it (U).  If one sets this 

quantity equal to kinetic energy, which is the product of one half of the mass (m) times the 

square of velocity, then mass may be easily determined for a drift region of known length (d), 
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based on migration time (t) (Shown in Scheme 1.2).  MALDI is particularly well suited for TOF 

because it is a pulsed ion-source, and is often used for large analytes.[27, 28]  TOF is ideal for 

large analytes, because the field free region of drift induces very little post-source decay.     

The possibility for multiple routes of ionization has resulted in trial and error approach for 

method development with MALDI MS.  It is shown in the following thesis that method 

development considering the chemical and physical characteristics of analyte molecules, and 

possible ionization mechanisms results in improved MALDI MS analyses.  These methodologies 

have allowed increased sensitivity for analytes whose detection with MALDI MS was previously 

problematic.  The techniques presented herein have allowed detection of bio-markers with 

increased sensitivity, optimization of matrix conditions and expansion of the useful range of LDI 

to small molecules (F.W.< 500 Da)      

1.2 Protein Complexes with Tertiary and Quaternary Structures: 

     Analysis of proteins has been one of the most widely reported applications of MALDI MS.  

The soft ionization coupled with the large instrumental dynamic range has made the technique 

ideal for proteins.[29]  An important structural component for many proteins is the “disulfide 

bridge” between cysteine residues.  While these linkages are an important factor in determining 

the three-dimensional structure of protein molecules, amino acid sequence and cysteine content 

alone are not effective indicators of “if or where” disulfide bridges will form.  There has been 

considerable effort to study disulfide bridges, and elucidate their role in the three dimensional 

structure of protein molecules.[30-41]   

     One technique for studying disulfide bonds has been their reduction and derivatization 

followed by mass spectrometric analysis.[29]   Chait and coworkers were the first to report 

reduction of bovine insulin using dithiothreitol (DTT) on a mass spectrometer probe in 1986.[30]  
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Subsequent studies reported disulfide bridge reduction with DTT followed by alkylation of the 

hydrosulfide groups.  Alkylation of the hydrosulfide groups was necessary to prevent 

reformation of disulfide linkages after ionization.   

     While disulfide bridges are an important factor in determining the three-dimensional structure 

of proteins, they are also heavily involved in the self assembly of viral organisms.[45-48]  

Specifically, the head (capsid) of viruses, which contains the viral genetic material, is often 

composed of protein monomers which are held together with disulfide linkages.  Capsid proteins 

are the preferred biomarker for the detection of viruses by mass spectrometry. [45-49]  

Unfortunately, capsid monomers which are covalently bound to one another are often too 

massive to be effectively detected with most MALDI mass spectrometers.     

1.3 Matrix Optimization Based on Analyte Chemistries 

An example in which detailed knowledge of analyte chemistry, as it relates to ionization with 

MALDI MS, results in enhanced analytical methodologies is the optimization of matrix 

conditions for specific analytes.  There are several factors which are important for ensuring a 

matrix will effectively ionize a given compound or class of compound.  Difficulties associated 

with the choice and application of MALDI matrices, are primarily associated with sample 

preparation.  The most problematic aspect of sample preparation comes from the nature of 

MALDI ionization.  For successful ionization with MALDI, it is necessary to have co-

crystalization of the matrix and analyte, and in some cases, incorporation of analyte molecules 

into matrix crystals.[21]  The matrix compound must therefore be chemically and physically 

compatible with the analyte.[50-52]  The matrix and the analyte need to be matched chemically, 

but also need to be physically compatible to prevent segregation and loss of sensitivity due to 

shot to shot irreproducibility.[50]  There have been several strategies employed in MALDI MS 
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to overcome some of the difficulties associated with matrix/analyte pairing and sample 

preparation.[52-54]   

One strategy for matrix optimization was the use of “super DHB” by Laugesen et al.[54]  It 

was observed that when 2,5 dihydroxybenzoic acid (DHB) was combined with α-cyano-4-

hydroxycinamic acid (HCCA) in an equimolar mixture, improved sensitivity was observed for 

several proteins.[54]  Figure 1.3a and b shows the spectrum obtained for ribonuclease B with 

HCCA, and DHB alone.  The spectrum shown in Figure 1.3c was collected for the same protein 

with “super DHB” (a combination of the previous two matrices).  The optimized equimolar 

matrix mixture resulted in both increased resolution and sensitivity.  While the mixture of matrix 

compounds improved ionization conditions, another approach involved the addition of 

cationization reagents.[55-59]  In these studies, matrix or analyte solutions are doped with a salt 

to preferentially form cationized adducts of analyte species.  Many studies have shown that, for 

analytes including peptides and polar lipids, formation of cation adducts is energetically 

favorable to protonation.[60-62] Analysis of synthetic polymers has seen the use of cationization 

reagents becoming commonplace. [63-67] An additional technique for MALDI optimization has 

involved the use of surfactant molecules to allow synthetic polymers, to be miscible with matrix 

solutions.[68]   

 One area, in which many of the methods described above had been applied with only 

limited success, was for the analysis of lipid compounds.  Lipids are a group of compounds with 

broad membership, and in fact are defined simply as biological molecules which are soluble in 

organic solvents.[69]  This inclusive definition encompasses analytes with a wide variety of 

chemical functional groups.  The chemical heterogeneity of lipid compounds suggested that an 

optimized matrix system was needed to effectively ionize as many lipid species as possible.  The 
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optimization of matrix conditions was specifically studied for lipid compounds in biodiesel, 

which is made from the transesterification of fats and oils with an alcohol to produce fatty acid 

methyl, or ethyl esters.[70]  After transesterification, many residual components, such as 

unreacted or partially reacted acylglycerides and plant sterols, are present which present a 

challenge for widespread implementation.[71-76]  The analysis of these components also 

presents unique difficulties.[77]  Liquid chromatographic analyses suffered from co-elution 

despite exceedingly complex solvent gradients because analyte polarities were so similar.  

Additionally, many of the components do not have sufficient volatility for detection by gas 

chromatography.  MALDI MS with an optimized matrix system proved effective for lipid 

analysis, it still suffered from a common shortcoming encountered for many MALDI MS 

methods.[51]  This pitfall was that of interferences in the low mass region of the spectrum 

caused by the matrix. 

1.4 Matrix-Free Methods for LDI MS 

The problem of matrix interference in the low mass region of MALDI spectra was unsolved 

and underreported until Suizdak and coworkers introduced desorption/ionization on porous 

silicon (DOIS) in 1999.[78]  Subsequently, a myriad of studies were published involving the use 

of inorganic “matrix-free” techniques.[79-85]  Nobel laureate Kiochi Tanaka was active in the 

exploration of inorganic systems to a limited extent.[86]  The majority of these systems were 

developed based on their photoelectric (band-gap) properties.  As such, ionization mechanisms 

for these systems were hypothesized to involve photoelectric processes to produce either 

positively or negatively charged analytes.[83,85] Another factor which was often reported as 

affecting ionization for these systems was their ability (due to their high surface area) to 

efficiently transfer thermal energy.[85,86]  Unfortunately, it was discovered that the Si-based 
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methods were difficult to reproducibly prepare, and required analytes with a sufficiently high 

basicities.[87]  Analytes with gas-phase basicities under this reported threshold were not ionized 

with these systems.[88]  Figure 1.3 demonstrates the ionization mechanism for the Si-based 

systems.  The surface silanol groups are a result of coordinative unsaturations on the Si surface.  

The protons from these silanols are abstracted by analyte molecules resulting in protonation and 

the formation of [M+H]
+
 ions.  This mechanism was supported by isotope labeling with 

deuterium.[89]  Many molecules do not have the required basicity to effectively abstract surface 

protons making existing matrix free methods intractable. 

1.5 Complex Mixture Analysis with LDI 

Laser desorption/ionization has been used in several studies to produce ions for components 

of highly complex mixtures such as crude oils.[90,91]  Because LDI produces ions for many 

components simultaneously, it is particularly well suited to serve as the ion source for high 

resolution mass spectrometers (R>10,000).  At this resolution it is possible to distinguish 

between peaks with highly similar m/z.  For example, a resolution of 10,000 at m/z 300 can 

resolve peaks 0.03 Da apart.  The efficacy of ionization combined with resolving power, results 

in complex spectra which may contain thousands of discrete peaks.  In 1963, Kendrick and 

colleagues proposed a mass scale for high-resolution mass spectra which helped to simplify data 

reduction and spectral interpretation.[92]  Kendrick suggested that methylene (CH2) groups 

should be considered to have a mass of 14.00000, instead of the IUPAC mass of 14.01565.  To 

convert a compound from the IUPAC scale to the Kendrick scale, the IUPAC mass is multiplied 

by (14.00000/14.01565).  Consequently, the mass defect for a hydrocarbon series with the same 

chemical functional groups is constant.  For example, methanol, ethanol, propanol, and butanol 

all have a molecular formula CnH2n+2O.  The series has mono-isotopic Kendrick masses of 
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31.99024, 45.99024, 59.99024, and 73.99024, respectively.  Kendrick mass defect is defined as 

the Kendrick mass subtracted from the nominal (integer) Kendrick mass.  The series of alcohols 

would therefore all have a Kendrick mass defect (KMD) of 0.00976.  If KMD is plotted with 

respect to m/z, the resulting plot which is known as a Van Krevelen diagram depicts homologous 

series (such as the alcohols) as points on a horizontal line.[93]  The use of KMD analysis with 

high resolution mass spectrometry has dramatically improved the analysis of complex mixtures 

such as petroleum oil samples.   

1.6 Thesis Overview 

Matrix assisted laser desorption/ionization mass spectrometry is a preeminent technique for 

the analysis of high-mass biological molecules.  Previously, MALDI MS applications have been 

limited to high-mass analytes which could be readily ionized.  Traditional MALDI MS methods 

involved reaction mechanisms which were poorly understood and techniques were often 

developed with a trial and error approach.  It is shown herein that careful attention to the 

chemical and physical properties of the analyte system, and ionization processes results in 

expanded analytical capabilities.  The methods discussed herein have allowed detection of 

analytes which previously were not detected, or were not observed because of matrix 

interferences.   

     One system in which the expected ions were not observed was viral protein biomarkers which 

were covalently complexed to one another, making them too massive to be detected with 

MALDI MS.  For higher order protein structure, the inclusion of reducing agents prior to 

analysis profoundly improves detection of viral biomarkers.  Chapter 2 discusses in detail the 

application of disulfide reduction for enhanced detection of capsid proteins.  Reducing agents 

investigated included DTT, β-mercaptoethanol (BME), tris(2-carboxyethyl) phosphine (TCEP), 
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and 1,5-diaminonaphthalene (DAN).  Unlike studies in which the number and position of 

disulfide bridges were studied for elucidation of the three-dimensional structure of individual 

proteins, this study sought to disassemble higher order protein structure between discrete viral 

protein molecules.           

     The study of ionization efficiencies for different analytes with different matrix compounds 

allowed optimization of matrix conditions for the analysis of non-fuel components in biodiesel.  

Development of the optimized matrix system is discussed in detail in Chapter 3.  In that chapter, 

it is shown how matrix optimization techniques, combined with fundamental understanding of 

the expected analyte species, could be used to enhance mass spectrometric methods.  The 

optimized matrix system effectively ionized a range of compounds, and provided semi-

quantitative data which could be related directly to the quality of the biodiesel fuel sample.  

However, during matrix optimization studies, it became clear that MALDI methods for small 

molecule analytes were lacking.  In these instances, matrix interference was a significant and 

largely unaddressed challenge.  Because lipid analytes often contained esters, a system with 

activity for that particular chemical functional group was sought, and MOLI MS with NiO was 

successful at ionizing of lipids.  Nickel oxide produced peaks with exceptional signal to noise 

ratios, and limited thermal fragmentation.  The detailed study of the ionization mechanism is 

presented in Chapter 4.  That study showed that specific interactions between the analyte ester 

group and the metal oxide surface were responsible for ionization.  Extended applications of 

MOLI MS were explored by treating the metal oxide surface with a small ester to act as a proton 

source.  The fundamental understanding of the absorption and ionization mechanisms for esters 

allowed development of enhanced MOLI MS by addition of a small molecule proton source.  

The results of proton source doping studies are presented in detail in Chapter 5 illustrating that 
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the ideal dopant molecule was methyl acetate.  Methyl acetate had ideal volatility, acidity, and a 

small molecular mass (74.02 Da) and was used for analysis of a multitude of non-ester 

containing analytes.  

 In Chapter 6 proton-source-pretreated NiO is used for characterization of the components 

in oils produced from the anoxic pyrolysis of biomass (py-oil).  These samples are complex 

mixtures (similar to petroleum oils) with a wide variety of chemical functional groups.  It was 

shown Chapter 5 that proton source treated NiO produces more ions for complex mixtures than 

traditional LDI methods.  In Chapter 6 KMD analysis is used to guide collision-induced 

dissociation (CID) studies for the rapid characterization of components in py-oil.       

Another avenue for enhanced analytical methodologies was afforded by the observation 

of pyrolysis in the source of a MALDI MS.  By tailoring the metal oxide used in MOLI MS, it 

was shown that a catalytic reaction prior to ionization could be carried out in the source of the 

mass spectrometer.  The reaction mechanism and associated studies are presented in detail in 

Chapter 7.  The resulting technique used the catalytic interaction of the carbonyl on lipid 

compounds with metal oxides to generate fatty acid profiles, and was termed catalytic pyrolysis 

metal oxide laser ionization mass spectrometry (CP-MOLI MS).   In this case, detailed 

knowledge of the analytes, and their activity towards metal oxides resulted in another improved 

analysis.  Specifically, CP-MOLI MS was used to generate unique fatty acid profiles for a 

number of different microbial species.  The development of CP-MOLI MS resulted in an 

analysis in which fatty acid profiles could rapidly be generated on the same instrument used to 

study proteins.  For the analyses presented in each chapter, fundamental treatment of analyte 

chemistry and ionization conditions resulted in the development of methodologies which all 
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represent transformational advancements in applications of laser desorption/ionization mass 

spectrometry. 

         

 

Figure 1.1 (a) Generalized schematic of ionization in MALDI MS. (b) Laser induced 

fluorescence (white portion) of picolinic acid, observed orthogonally to the ionization laser 

(adapted from [18]). 
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Scheme 1.1 Reactions occurring in MALDI MS resulting in the formation of analyte (A) Ions.  

Ionization results from interaction with the matrix (M) or a salt (BX). 

(1) PE=KE 
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(2) PE=Uzq 

(3) KE=1/2MV
2
 

(4) Uzq=1/2MV
2
 

(5) m/z = (2qUt
2
)/d

2
 

Scheme 1.2 Equations associated with TOF mass analysis.  

 

Figure 1.2 Spectra obtained for ribonulease B with (a) α-Cyano-4-hydroxycinnamic acid (b)  

2,5-Dihydroxybenzoic acid and (c) A mixture of both matrices (Adapted from [55]) 
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Figure 1.3 Generalized ionization mechanism for DIOS. 
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CHAPTER 2 

ENHANCED MATRIX ASSISTED LASER DESORPTION/IONIZATION MASS 

SPECTROMETRIC ANALYSIS OF BACTERIOPHAGE MAJOR CAPSID PROTIENS WITH 

REDUCTIVE PRETREATMENT  

Modified with permission from a paper published in Rapid Communications in Mass 

Spectrometry 

Casey R. McAlpin
2
, Christopher R. Cox, Stephanie A. Matyi and Kent J. Voorhees

3 

 

2.1 Abstract 

 Bacteriophage (phage) proteins have been analyzed previously with matrix-assisted laser 

desorption/ionization mass spectrometry (MALDI MS). However, analysis of phage major 

capsid proteins (MCPs) has been limited by the ability to reproducibly generate ions from MCP 

monomers. While the acidic conditions of MALDI MS sample preparation have been shown to 

aid in disassembly of some phage capsids, many require further treatment to successfully liberate 

MCP monomers. The findings presented here suggest that β-mercaptoethanol reduction of the 

disulfide bonds linking phage MCPs prior to mass spectrometric analysis results in significantly 

increased MALDI MS sensitivity and reproducibility of Yersinia pestis-specific phage protein 

profiles.  Additional reducing agents were also investigated to compare their effectiveness at 

producing free phage MCP monomers. 

2.2 Introduction 

Rapid, sensitive methods of bacterial detection and identification are vital for biodefense, 

healthcare, livestock/wildlife management, and food industries. [94] Mass spectrometry (MS) 

techniques have been utilized for the rapid detection of bacteria, but often have lacked the 

needed sensitivity that is required for some applications. [95] 

1
Reproduced with permission from: Rapid Commun. Mass Spectrom. 2010, 24, 11–14 

2
Graduate Student and primary researcher 

3
Corresponding Author  
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Phage amplification coupled with matrix-assisted laser desorption/ionization mass spectrometry 

(MALDI MS) has increased both the sensitivity and specificity of bacterial identification. [46,47] 

During phage amplification, phage proteins serve as secondary biomarkers for the host 

bacterium. [46] Phage infection of a single bacterial cell can produce hundreds of progeny phage, 

which amplify the signal for analytical detection. [46,96]  

     Monomers of the major capsid protein (MCP) are the primary biomarker for most MALDI 

MS applications. Capsid disassembly is necessary because the mass of capsid assemblies 

exceeds the capabilities of most mass spectrometers.  For example, coliphage MS2 has a fully 

assembled capsid whose mass is ~2 MDa.  Previous work has shown that acidic pretreatment is 

sufficient for disassembly of structural proteins of selected viruses such as MS2 and tobacco 

mosaic virus. [46-48] However, other studies suggested that the acidic matrix and/or laser 

impulse associated with MALDI MS were insufficient for reproducible capsid disassembly of 

Bacillus anthracis and Yersinia pestis-specific phages. [97] Because there are only a finite 

number of factors that can control higher order structures in protein complexes, it was 

hypothesized that disruption of disulfide bonds between capsid cysteines would result in 

increased MALDI-TOF MS sensitivity andreproducibility of phage spectra.  Additionally, 

several studies have shown that formation of disulfide bridges between MCP monomers is an 

integral component to viral self-assembly.[42-44] β-Mercaptoethanol (βME), which has been 

reported as a reducing agent of disulfide bonds, is demonstrated here to dissociate disulfide 

bonds in the capsid assemblies of six Yersinia-specific phages indicated by MALDI MS analysis.  

Several studies have also reported the use of dithiothreitol (DTT), and tris-(2-

carboxyethyl)phosphine (TCEP) as disulfide bond reducers in addition to βME. [110-120]  Other 
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recently published reports involved in-situ reduction of disulfide bonds with 1,5-

diaminonaphthalene (DAN). [121,122]  These techniques were also evaluated for their ability to 

reproducibly enhance MCP detection and compared to results from βME and control analyses.   

2.3 Materials and methods 

 The following section contains a detailed description of the materials and techniques used 

in this experiment.  The section is divided into subsections related to the various aspects of 

sample preparation and mass spectrometric analysis. 

2.3.1 Bacterial strains, bacteriophages, media and growth conditions 

 Yersinia pestis A1122 and Yersinia-specific phages φA1122, PKR, R, V, and Y were 

obtained from the Centers for Disease Control, Division of Vector-Borne Infectious Diseases 

(CDC/DVBID), Fort Collins, CO, USA. Phage L-413C was obtained from the Max Von 

Pettenkofer-Institute, Munich, Germany. Bacterial freezer stocks were streaked onto brain heart 

infusion (BHI) agar (Difco-BD, Franklin Lakes, NJ, USA) and incubated for 48 h at 28 ºC. A 

single isolated colony was transferred to 5mL of BHI broth, and incubated with aeration at 28 ºC 

to an optical density (OD620) of 0.2. Ten-fold serial dilutions were made and 10 mL of each 

dilution were plated onto BHI agar for bacterial quantification as previously described. [99] 

Colony-forming units (cfu) were recorded for triplicate experiments and used to calculate mean 

cfu/mL values with standard deviations. All phages were propagated individually by standard 

liquid lysis techniques with host strain Y. pestis A1122 at 28 ºC in BHI broth utilizing a 

multiplicity of infection of 0.1. [100] Phages were collected by centrifugation at 11 000 g for 15 

min at 4 ºC to remove bacterial debris, and supernatants filtered with 0.22mm polyethersulfone 

(PES) filters (Nalgene,Rochester, NY, USA). Phages were semi-purified by poly-(ethylene 

glycol) precipitation (PEG 8000, EMD Chemicals, Gibbstown, NJ, USA) as previously 
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described, and resuspended in 8mL phosphate-buffered saline (PBS, pH 7.4) per 500mL of 

lysate. [101,102] Precipitated phages were centrifuged at 4000 g for 15 min at 48C with an equal 

volume of chloroform and the aqueous phage-containing layer collected. Phage preparations 

were quantified using a conventional plaque assay.[100,103] Briefly, ten-fold serial dilutions 

(1x10
1
 to 1x10

12
 plaque-forming units per ml [pfu/mL]) were spotted in 10 mL aliquots on lawns 

of Y. pestis A1122 and incubated overnight at 28 ºC. Plaque-forming units were recorded for 

triplicate experiments and used to calculate mean pfu/mL values with standard deviations. 

2.3.2 Phage pretreatment 

Pretreatment of phage samples concentrated to approximately1x10
10

 pfu/mL consisted of either 

acid reflux or addition of a disulfide bond reducing agent. Acid pretreatment was performed by 

suspending phage in 90% (v/v) acetic acid followed by a1 h incubation at 70, 80, or 90˚ C in a 

Blue M “Stabil-Therm” oven.  Reductive dissociation of disulfide bonds with reducing agents 

was accomplished by the addition of 10–80 µL of neat β-mercaptoethanol (βME) (Sigma-

Aldrich, St. Louis, MO, USA) to 100 µLof phage.  Treatment with DTT (purchased from Sigma 

Aldrich) was based on previously published protocols. [110-114]  Briefly, 10-80 µL of 10 mM 

DTT in deionized water was added to 100 µL of phage.  Phages were treated with 5 mM TCEP 

[obtained from Pierce Biotechnologies (Rockford, IL)] in a similar fashion. [115-121]  

Phage/reducing agent mixtures were incubated at room temperature for 10 min prior to MALDI 

MS sample preparation. Reaction times were optimized for phage disassembly from a set of 

experiments with reaction times of 10, 30, 60, 120, and 180min.  Additionally, reduction at 

elevated temperatures 70, 80, or 90 ºC was carried out as with acidic treatments.  
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2.3.3 MALDI MS analysis 

MALDI MS samples were prepared for analysis by spotting a phage-matrix mixture onto a 

sample plate as previously described. [104] Briefly, a matrix solution consisting of 1 µL of 

20mg/mL ferulic acid in a 17:33:50 volume mixture of 88% (v/v) formic acid, acetonitrile and 

deionized water, respectively, was applied to the sample plate. Then 1 µL of treated phage and 1 

µL of additional matrix were applied in a sandwich fashion as described in triplicate spots 

followed by vacuum desiccation. [105,106]  To ensure that the presence of reducing agents in the 

analyte mixture did not hinder formation of matrix crystals, the “sandwich method” was slightly 

modified.  Instead of spotting 1 µL of matrix followed by 1 µL of analyte and matrix 

respectively, 2 µL were used in the initial spot.  This ensured a spot of well-formed matrix 

crystals to which analyte and a second 1 µL portion of matrix could be added.  DAN (Sigma 

Aldrich), which is a purported in-situ disulfide bond reducing agent, and matrix was used in the 

same fashion as ferulic acid.  Visual evaluation of the quality of matrix crystals was 

accomplished with a Fisher Scientific Stereo-Master dissection microscope.  The microscope 

was illuminated from above with a 200 W spotlight clamped to an iron ring-stand.  

Magnification was set to 4.5 power.   

     Mass spectrometric measurements were conducted with a 337nm N2 laser in linear mode 

using a PerSeptive Biosystems Voyager-DE STR MALDI-TOF mass spectrometer (Applied 

Biosystems, Inc., Framingham, MA, USA). Spectra were collected in triplicate (250 shots per 

spectrum) using a 20 kV accelerating voltage, 75% grid voltage, and 100 ns acceleration delay. 

Data was exported from Data Explorer (Applied Biosystems) into SigmaPlot v11.0 (Systat 

Software Inc., Chicago, IL, USA) for plotting and spectral interpretation. Mass calibration was 

performed using the singly and doubly charged ion from a standard solution of bovine serum 
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albumin (molecular weight of 66,430 Da; Sigma-Aldrich). Mass accuracy was calculated to be 

approximately 0.1% at 36 kDa. 

2.4 Results and Discussion 

Pretreatment of phage with βME to disrupt the intermolecular bonds was straightforward 

and did not add significant time to the MALDI MS sample preparation. It was determined that 20 

µL was the maximum volume of reducing agent that did not hinder matrix crystal formation and 

that the reaction was complete in as little as 10 min. Vacuum desiccation improved the formation 

of matrix crystals. The total analysis time from start to finish was about 20 min. Figure 2.1 

compares the spectra produced by analysis of phage φA1122 by conventional MALDI MS 

sample preparation (Fig. 2.1A), acetic acid pretreatment (Fig. 2.1B), and βME pretreatment (Fig. 

1(C)). Based on available genomic data for φA1122, the 15.8 kDa peak represents the gene 13-

encoded scaffolding protein associated with capsid self-assembly.[107]  The scaffolding protein 

serves as a template around which the capsid is formed.[108]  During phage assembly, 

scaffolding proteins are exchanged for genetic material that is then packaged in the capsid. The 

expected molecular weight for the φA1122 major capsid protein is between 35 and 40 kDa,7 

which agrees with the published genomic molecular weight of 36.588 kDa for φA1122.[107]  

The precise function of the protein represented by the 11 kDa peak (Figs. 2.1A and 2.1B) is 

unknown.  However, it is likely encoded by φA1122 gene 5.5. Based on homology to gene 5.5 of 

phage T7, this abundantly expressed gene product has been putatively identified as a nucleoid 

protein H-NS binding protein.[107,109]  Figure 2.1B shows the same phage pretreated with 90% 

(v/v) acetic acid in water heated to 90 ºC for 1 h. Figure 2.1C illustrates a spectrum obtained 

after βME pretreatment and demonstrates the appearance of a strong peak in the 36.3 kDa range.  

The peak at 18.1 kDa represents the doubly charged ion of the 36.3 kDa protein.   
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     Experiments to evaluate the efficacy of MCP reduction with DTT, DAN and TCEP in 

comparison to βME were also conducted.  Spectra collected for phage φA1122, which was used 

to evaluate capsid disassembly, with each of the reducing agents are shown in Figure 2.2.  

Spectra collected with DTT treated phage samples (Figure 2.2a) did show an appearance of the 

MCP peak at 36.3 kDa, but at a lower intensity and with poorer signal-to-noise ratio than the 

MCP peak in the spectrum for βME treated phage (Figure 2.2b).  The use of TCEP and DAN 

(Figure 2.2c and 2.2d respectively) did not produce observable MCP peaks.  These results 

suggest that DTT, TCEP, and DAN were less effective at disassembling the viral capsid.  No 

peaks were observed for the spectrum obtained with DAN indicating that it is ineffective for both 

reduction of the MCP complex, and ionization of proteins in this mass range.  The decrease in 

performance for DTT and TCEP may be attributed to the fact that formation of matrix crystals is 

highly dependent on the conditions of the analyte solution.  Studies have shown that for many 

systems analytes must be incorporated into matrix crystals for effective ionization.[21]  DTT and 

TCEP may hinder proper incorporation of analytes into matrix crystals.   

A dissection microscope was used to evaluate the degree of crystalinity for each sample 

spot.  Micrographs of sample spots are presented in Figure 2.3.  Ferulic acid naturally forms 

clear fibrous needle-like crystals as shown in Figure 2.3a.  The ferulic acid spot prepared with 

βME treated phage (Figure 2.3b) exhibited fine needle-like crystals similar to the ferulic acid 

control; indicating βME has a minimal effect on crystal formation.  Spots prepared with DTT or 

TCEP (Figure 2.3c and 2.3d respectively) pretreatment resulted in the formation of a glass-like 

film over the sample spot for DTT, or formation of opaque crystals of TCEP.  Due to both its 

superior reduction and lack of effect on matrix crystals βME, was used for subsequent 

experiments. 
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     Other Y. pestis phages, PKR, R, V, Y, and L-413C, without reductive pretreatment produced 

MALDI mass spectra that were similar to those in Fig. 1(A).  The only peaks observed in these 

spectra were less than 16 kDa (shown in Figure 2.4).   Figure 2.5 shows MALDI-TOF mass 

spectra of PKR, R, V, Y, and L-413C phages following βME pretreatment.  All of these spectra 

contained peaks in the 30–40 kDa range expected for phage MCPs.  MALDI MS analyses of all 

phages were run in triplicate and provided reproducible spectra similar to those shown in Fig. 

2.5.  Table 1 summarizes the mass and the standard deviation for peaks greater than 30 kDa 

measured for the six phages in Figs. 2.1 and 2.5.  It is unclear why phage V could not be 

measured with a comparable standard deviation to those observed for the other five phages.  

Experiments utilizing a second, independently prepared phage V stock made no significant 

improvement in these results.  

2.5 Conclusions 

     It was hypothesized that intermolecular disulfide bonds in intact phage capsids prevented 

phage disassembly under standard MALDI MS conditions. This was confirmed by comparing 

MALDI mass spectra of phages pretreated with an acid or a reducing agent. Spectra resulting 

from βME pretreatment showed MCP peaks for all six phages examined. Pretreatment of phages 

with βME did not add significant time to the overall MALDI MS detection protocol associated 

with phage amplification, and not only improved the sensitivity of phage structural protein 

detection, but also increased the overall reproducibility of the analysis.  Investigation of other 

commonly reported reducing agents for their use with MALDI MS suggested that βME was the 

ideal reducing agent.  Other compounds were either less effective at breaking up capsid 

assemblies, or hindered ionization.  Although the results described here are focused on 

bacteriophages, the procedure should be applicable for analysis of all types of viruses. 
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Table 2.1 

Summary of the MCP molecular weights (MWs) for six phages. 

 

 

 

 

 

Figure 2.1  

MALDI-TOF mass spectra of phage φA1122 with (A) conventional sample preparation, (B) 

refluxed with 90% (v/v) acetic acid in water at 908C for 1 h, and (C) pretreatment with βME for 

10 min at room temperature. 
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Figure 2.2 

MALDI mass spectra of phage φA1122 after pretreatment with (a) DTT, (b) βME, (c) TCEP, 

and a reducing matrix (d) DAN. 
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Figure 2.3 

Micrographs of ferulic acid/φA1122 sample spots with (a) no reducing agent, (b) βME, (c) DTT, 

and (d) TCEP.  
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Figure 2.4  

MALDI-TOF MS spectra of phages (A) φA1122, (B) PKR, (C) L-413C, (D) R, (E) V, and (F) Y 

obtained without reductive pretreatment. 
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Figure 2.5 

MALDI-TOF MS spectra of phages (A) φA1122, (B) PKR, (C) L-413C, (D) R, (E) V, and (F) Y 

obtained following βME pretreatment. 
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CHAPTER 3 

TERNARY MATRIX FOR THE MATRIX-ASSISTED LASER DESORPTION IONIZATION 

MASS SPECTROMETRY (MALDI MS) ANALYSIS OF NON-FUEL LIPID COMPONENTS 

IN BIODIESEL 

A modified version of a paper published in Energy and Fuels
1 

Casey R. McAlpin
2,3

, Kent J. Voorhees
2,5

, Teresa L. Alleman
4
, and Robert L. McCormick

4 

3.1 Abstract 

 Trace components present in biodiesel have been shown to contribute to the precipitation 

of solids at temperatures above the cloud point. These precipitates represent an operability 

problem for use of biodiesel in cold climates.  Separation methods for analysis of trace lipid 

impurities, such as gas and liquid chromatography, have been problematic, and chromatographic 

signals for these compounds are often eclipsed by the signals for the fatty acid methyl esters 

(FAMEs), the major components of biodiesel.  The method described herein has been developed 

as a rapid procedure for analyzing non-FAME lipid biodiesel components, which have been 

postulated to contribute to cold-weather operability problems. Representative 
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standards of the non-FAME lipids present in biodiesel were analyzed with matrix-assisted laser 

desorption ionization mass spectrometry (MALDI MS) using pure and mixed matrix systems.  

An optimized ternary matrix system consisting of dithranol, 2,5-dihydroxybenzoic acid, and α- 

cyano-4-hydroxycinnamic acid doped with sodium iodide was developed for analysis of the 

widest range of trace components possible by capitalizing on the positives of each matrix for 

ionizing compounds with differing functional groups.  Mixtures of matrix compounds produced 

smaller, more homogeneous crystals, which resulted in increased reproducibility and sensitivity.  

This increase in reproducibility allowed quantitative relationships to be established with 

standards and between fuel samples. Spectral peak identification was based on molecular weight 

and tandem mass spectrometry collision-induced dissociation. Two palm oil-derived biodiesels, 

one of which was distilled, were analyzed to determine their non-FAME components and to 

quantitatively compare the number and relative concentration of trace species detected. Trace 

lipid species in precipitates from canola-oil-derived biodiesel were also isolated via refrigerated 

centrifugation, followed by analysis with the ternary matrix. 

3.2 Introduction 

 Biodiesel made from the transesterification of fats and oils with alcohol, typically 

blended with petroleum diesel, is an excellent potential renewable fuel. Although neat biodiesel 

(B100) is predominantly composed of fatty acid methyl esters (FAMEs), there are non-FAME 

components present, such as unreacted glycerides and constituents from the feedstock, that 

persist through the transesterification and purification processes. These components have been 

hypothesized to form precipitates when biodiesel blends are held at cool temperatures for long 

periods of time, such as overnight, and have the potential to clog fuel filters on vehicles and in 
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dispensers, leading to operability issues.[70] Such precipitates are shown to form above the 

cloud point (the temperature at which solids form). The cloud point is used conservatively to 

describe the lowest ambient temperature at which a diesel fuel engine can operate.[72-76] 

Precipitation above the cloud point therefore represents a major hurdle in the widespread 

implementation of biodiesel. The temperature of the cloud point depends upon the biodiesel 

feedstock and the diesel fuel used in the blend. Residual glycerides and steryl glucosides were 

postulated by Dunn to be the major constituents of the low-temperature precipitates.[77]  Others 

have also identified residual glycerides [mono-, di-, and triglycerides (MAGs, DAGs, and TAGs, 

respectively)], α-tocopherol, β-sitosteryl glucoside, campesteryl glucoside, stigmasteryl 

glucoside, and acylated sterylglucosides in precipitates from fuels with varied feedstocks.[71, 

123-126]  Gas chromatography, liquid chromatography, infrared spectroscopy, mass 

spectrometry (MS), and nuclear magnetic resonance spectroscopy
 
have all been previously 

employed in an attempt to fully characterize the compounds present in the precipitate.[71, 123-

126]  Because of the diversity of possible analytes, no single analytical technique has been 

successful for routine rapid analysis of all of the non-FAME biodiesel constituents thought to be 

responsible for the formation of low-temperature precipitates.  Matrix-assisted laser desorption 

ionization mass spectrometry (MALDI MS) has previously been used successfully for 

identification of the compound classes observed in biodiesel precipitates.[127-130]  2,5-

Dihydroxybenzoic acid (2,5-DHB) and α-cyano-4-hydroxycinnamic acid (HCCA) have been the 

matrices of choice for most lipid analyses, which have primarily focused on MAGs, DAGs, and 

TAGs.[128-130]  Dithranol as a matrix has seen limited use in lipid analysis but, on the basis of 

the analysis of synthetic polymers with non-polar moieties, may show promise for some lipids 

because of their non-polar hydrocarbon character.[68]  
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The concept of using mixed matrix systems has been explored in protein and peptide 

analyses with improved performance over single matrix systems.[54]  In the case of protein 

analysis, mixed matrices of DHB HCCA produced smaller, more homogeneous crystals and 

analyte distribution therein, which led to improvements in reproducibility and the signal-to-noise 

ratio. The DHB-HCCA matrix had better tolerance toward salts and impurities, which minimized 

the need for purification of the analytes prior to analysis.[54]   

Previously conducted MALDI MS studies of bacterial lipids showed that sodiated 

adducts formed by the addition of sodium iodide (NaI) to the matrix also resulted in increased 

sensitivity and signal-to-noise ratio.[55]  The addition of NaI as a cationizing agent preferentially 

induces the formation of an [M + Na]
+
 adduct.  Several studies have reported that cation 

attachment is energetically preferred over protonation.[60-62]  For many analyte systems, such 

as synthetic polymers, the use of cationization reagents is required to achieve efficient 

ionization.[63-67]   

Matrix assisted laser desorption/ionization MS has not been widely recognized as a 

quantitative technique. The majority of its use has focused on the detection of a given biological 

analyte or verification of the molecular-weight distribution of a synthetic polymer. The 

heterogeneous nature of the crystal matrix surface has historically resulted in inherently 

irreproducible data that could not be used for quantitative interpretations.[131]  Many recent 

studies, however, have shown that this perceived limitation can be overcome and quantitative or 

at least semi-quantitative data can be generated with this technique.  Applications of quantitative 

MALDI MS are reviewed by Duncan and co-workers.[131]  The ability to generate semi-

quantitative data is crucial to compare the amount of trace components in similar biodiesels of 

differing quality.  
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This study hypothesizes that a broad range of functionalities in non-FAME biodiesel 

constituents could be detected in a single analysis by MALDI MS using a mixture of matrices 

and quantitative data can be generated with an optimized matrix system. Fuels analyzed in this 

study were neat biodiesel (B100).  B100 samples were analyzed in an effort to minimize sample 

complexity for method development. Future work will address the use of this method for 

biodiesel/petroleum diesel blends. 

3.3 Materials and Methods 

Stock solutions of the individual lipids representative of non-FAME biodiesel components are 

summarized in Table 1. Solutions were prepared by dissolving monostearin (24.8 mg), 

stigmasterol (3.0 mg), δ-tocopherol (9.5mg), sterylglucosides (4.6mg), dipalmitin (35.3mg), or 

triolein (73.3 mg) in 3 mL of a 40:40:20 vol % mixture of hexane, isopropanol, and 

dimethylsulfoxide (DMSO), respectively.  This solvent mixture was used to ensure the 

miscibility of all of the standard components and as a “catch all” solvent to streamline sample 

preparation. The six stock solutions were then diluted from their original concentrations to five 

concentrations for quantitative evaluation. These concentrations were 1.0, 0.05, 0.01, 0.005, and 

0.001 mM. These five concentrations of lipid standards were used to determine the quantitative 

or semi-quantitative response for each analyte.  In addition, a six-component mixture of the 

standard stocks was prepared by diluting all of the above-mentioned solutions (Table 1) to a high 

(0.125 mM), mid-range (0.0125 mM), and low (0.00125 mM) concentration to determine the 

sensitivity of the data generated for a mixture. Two real-world palm-oil-derived biodiesel 

samples were prepared to further validate the methodology.  To promote crystal formation and 

ease sample preparation, 100 μL of the palm-oil-derived B100 was dissolved in 1 mL of hexane.        
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To further refine the techniques described herein, fuel solids from a canola-oil-derived 

biodiesel were collected via refrigerated centrifugation and subsequently analyzed with the 

ternary matrix. The fuel had a cloud point of 3 ºC, was held at 0 ºC, and was centrifuged at 

3000g for 3 h in an attempt to force solid formation above the cloud point. The supernatant was 

then removed with a pipette and collected, leaving the solids concentrated at the bottom. The 

solids, supernatant, and parent fuel were then dissolved in 1 mL of hexane prior to spotting on 

the MALDI target.  

The matrix stock solutions prepared for MALDI-TOF MS analysis were dithranol (26.4 

mg) in 3 mL of 50:50 vol % chloroform/isopropanol, HCCA (65.3 mg), and DHB (106.1 mg) in 

3 mL of the hexane/ isopropanol alcohol/DMSO solvent. Matrix solutions and matrix mixtures 

were doped to a final concentration of 10 mM NaI from the 53.6 mg/mL stock solution dissolved 

in 50:50 vol % hexane/isopropanol and, subsequently, sonicated for 2 h.  

Ternary matrix mixtures were prepared by diluting aliquots of the matrix stock solutions 

with the hexane/isopropanol/DMSO solvent system to a concentration of 0.1M and then 

combining the 0.1 M matrix solutions.  The ternary-mixed matrix mixture ratios tested 

were50:25:25, 25:50:25, 25:25:50, 10:45:45, 45:10:45, 45:45:10, and 33:33:33 vol %of 

dithranol/DHB/HCCA, respectively. Binary matrix mixtures of 50:50 vol% combinations of the 

0.1 M solutions of the three matrices were also prepared and used to analyze the lipid standard 

mixture.  

All samples were spotted on a stainless-steel MALDI sample plate and co-crystallized in 

a sandwich fashion with the mixed matrix as well as with the individual matrices.[105,106]  

Sample preparation was carried out by depositing 1 μL of matrix solution, then 1 μL of analyte 

solution, followed by another 1 μL of matrix solution, with vacuum drying between each 
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deposition.  To investigate sample spot crystallinity, sample spots were inspected with a Fisher 

Scientific Stereo-Master dissection microscope with illumination from above with a 200 W 

spotlight clamped to an iron ring-stand.  Magnification was set to 4.5 power.   

Mass spectrometric measurements were conducted using PerSeptive Biosystems 

Voyager-DE STR+ MALDITOF MS with a 337 nm N2 laser in the reflectron mode (Applied 

Biosystems, Inc., Framingham, MA).  Spectra were obtained with 25kV of accelerating voltage, 

75% grid voltage, and 10 ns of acceleration delay. Spectra were collected for all spots using 100 

shots per spectrum. The data were processed with baseline correction and smoothing in a Data 

Explorer (Applied Biosystems) and exported into SigmaPlot, version 11.0, for plotting and 

spectral interpretation.  All samples were analyzed in triplicate. 

  Confirmation of peak identities by collision- induced dissociation (CID) of the selected 

precursor ions was carried out with Applied Biosystems 4800 plus MALDI-TOF-TOF MS in 

positive-ion reflectron mode.  CID spectra were obtained in 1kV positive mode with air as the 

collision gas at 10
-6

 Torr. 

3.4 Results and Discussion 

 Figure 3.1 shows the spectra obtained for (3.1.1) monostearin, (3.1.2) distearin, (3.1.3) 

dilinolein, and (3.1.4) triolein analyzed with (A) HCCA, (B) dithranol, and (C) DHB. 

Monostearin, distearin, and triolein were chosen as representative MAGs, DAGs, and TAGs for 

commercially available biodiesels, composed mainly of C16 and C18 FAMEs, to determine the 

efficiency of each matrix.  Dilinolein was added to the experiment to determine the effect that 

unsaturation played on ionization.  In the case of mono-and distearin, the spectra produced with 

DHB had the highest number of ion counts.  Dilinolein analysis using DHB produced weak 

(below 500 ion counts) or no peaks, illustrating how increasing unsaturation in glycerides 
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negatively impacts ion production with DHB.  HCCA produced the highest signal for dilinolein 

at approximately 2000 ion counts. For triolein, dithranol produced the most intense peak with 

nearly double the signal of the other two matrices.  Figure 3.1 illustrates the variability of 

ionization response for the four analytes based on the matrix used for the analysis, and suggests 

that a combination of matrix compounds could be more sensitive for the range of compounds 

expected in low-temperature precipitates.  

One method previously employed to increase lipid analysis sensitivity involved the 

addition of a cationization reagent.[55]  Figure 3.2 illustrates the effect of NaI addition to the 

individual matrices on the standard mixture of the six lipid compounds prepared from the Table 

1 stock solutions. The addition of NaI clearly resulted in an increased signal-to-noise ratio and, 

thus, sensitivity for sodiated pseudomolecular ion peaks, as compared to the peaks from the salt-

free matrix systems.  The spectra obtained for the matrix systems doped with NaI also exhibit 

lower background interference.  

Binary mixtures of MALDI matrices with the NaI doping were then evaluated for the 

range of representative lipid compounds.  Binary combinations of the 0.1 M matrix stocks 

produced unsatisfactory signals for many of the compounds in the standard lipid mixture, with 

weak peaks indistinguishable from the signal noise. In addition, where peaks were observed, the 

signals for the detected species were not sufficiently sensitive; therefore, binary matrix mixtures 

were not developed further.  

Figure 3.3 shows the effect of varying the ratios of the ternary matrix mixtures doped 

with NaI. Different ratios of the three matrix compounds produced a wide range of peak 

intensities. Spectrum 1 (50:25:25 vol % dithranol/DHB/HCCA) had the strongest signal (3000 

counts, the highest measured) for TAGs but did not produce a signal for sterylglucosides, which 
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have been postulated to be an important constituent in the formation of low-temperature 

biodiesel precipitates.[123]  Results from the individual matrix experiments (Figure 3.1) 

confirmed that the mixture used for spectrum 1, which contained a majority of dithranol, would 

preferentially ionize TAGs. Spectrum 2 (25:- 50:25 vol % dithranol/DHB/HCCA) contained 

peaks for monostearin, δ-tocopherol, and triolein but lacked signals for the remaining standards. 

Spectrum 3 (25:25:50 vol % dithranol/ DHB/HCCA) showed no peaks corresponding to any of 

the target analytes in the standard mixture, which is unsurprising given the performance of 

HCCA individually. Spectrum 4 (10:45:45 vol % dithranol/DHB/HCCA) had peaks 

corresponding to monostearin, δ-tocopherol, and stigmasterol, as well as unidentified 

interference peaks in the lower mass region. The matrix system employed for spectrum 4 did not 

produce peaks for dipalmitin, sterylglucosides, or triolein. Spectrum 5 (45:10:45 vol % 

dithranol/DHB/HCCA) lacked signals for stigmasterol and δ-tocopherol. In addition, spectrum 5 

contains strong background peaks at m/z 445 and 656, which were due to matrix interference; the 

strong background peaks were also present in blank runs of the matrix. Spectrum 6 (45:45:10 vol 

% dithranol/DHB/HCCA) had only two peaks, corresponding to δ-tocopherol and triolein.  The 

mixture consisting of equimolar concentrations of each of the three matrix compounds is shown 

in spectrum 7. This matrix provided the best responses throughout the mass range and produced 

peaks for the greatest number of the standard compounds. Therefore, the equimolar mixture of 

dithranol, DHB, and HCCA doped with NaI was selected as the optimal matrix system for this 

study and used for subsequent analyses. The optimized matrix system also produced a 

homogeneous matrix crystal distribution which resulted in better reproducibility.  

Applications of MALDI MS for imaging have reported that segregation of analytes from 

matrix crystals occurs and is detrimental to reproducibility.  A micrograph of a sample spot 
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prepared with the optimized system is shown in Figure 3.4a. This matrix system did not exhibit 

visible segregation of analyte compounds or heterogeneity in crystal size.  Instead, the spot 

observed is highly homogeneous resulting in higher shot-to-shot reproducibility, and thus higher 

sensitivity, and a more quantitative ionization response.  Matrix compounds themselves are not 

the only factor in determining matrix crystal size. The selection of an appropriate solvent for 

matrix solutions and drying conditions also plays an important role. Presented in Figure 3.4b is a 

micrograph of a 2,5 DHB sample spot which was dissolved in methanol and allowed to air dry.  

A spot which was prepared with the hexane/isopropanol/DMSO solvent and vacuum drying is 

shown in Figure 3.4c. The spot from Figure 3.4c has much smaller homogeneous crystals and no 

areas devoid of matrix (Dark areas in Figure 3.4b).  The use of a slow evaporating solvent 

(DMSO) and vacuum drying produced much smaller and homogeneous crystals. 

 CID was used to confirm the identities of the peaks shown in Figure 3.5 using the masses 

of the sodiated adducts of the standards as precursor ions for the CID analysis. Figure 3.5 

illustrates a representative interpreted CID fragmentation spectrum for monostearin. The 

observed fragments are identified in Table 2. The CID spectra for the remaining peaks were 

collected and interpreted to the same degree as the monostearin data presented in Table 2.  

A sample of a typical palm-oil-derived biodiesel (sample A) and a sample of a distilled 

palm-oil-derived biodiesel (sample B) were investigated.  Samples A and B both met the 

requirements of American Society for Testing and Materials (ASTM) specification D6751, 

which limits the maximum allowable amounts of residual glyceride present to 0.240 wt %. 

Sample A had 0.181 wt % total glycerin, while sample B had only 0.071 wt % total glycerin 

(ASTM D6584).  Figure 3.6 shows the MALDI MS spectra for these samples, illustrating that 

both contained a myriad of non- FAME lipids, resulting from residual and partially 
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transesterified glycerides as well as sterols and sterylglucosides.  The assigned peak identities for 

the palm oil biodiesel spectra are presented in Table 3.3. The peaks at m/z 445 and 656, denoted 

by an asterisk, are the previously mentioned background signals. MALDI MS analysis clearly 

provides sufficient resolution to distinguish between degrees of unsaturation of alkyl side chains 

when the spectra are focused on the mass region of interest.  Analytes detected with multiple 

degrees of unsaturation are indicated in Table 3.3 with the superscript “a”. Peak identities were 

confirmed with CID TOF-TOF analysis as previously discussed.   

Pyrolysis can occur during MALDI analysis in DAGs and TAGs, resulting in a 

dehydrated pyrolysate that has lost the mass of a fatty acid side chain and water. The mechanism 

of the pyrolysis reaction has been previously described.[134] The pyrolysis product in the case of 

TAGs will appear to be DAG-H2O, and DAG pyrolysis will result in MAG-H2O. Peaks in 

Figure 3.6 resulting from pyrolytic fragmentation are indicated with the superscript “c” in Table 

3.3.  

As expected, the non-FAME components identified in sample B, which had a lower total 

glycerin, were detected at lower counts than the corresponding species in sample A. 

Interestingly, post-production processing, such as distillation, did not fully eliminate all of the 

residual glycerides and other non-FAME constituents.  The decrease in spectral counts as well as 

in the variety of species detected shows the utility of the MALDI-TOF MS technique for semi- 

quantitatively comparing fuels of differing quality. 

Highly reproducible data, homogenous sample spots, and peak intensities which could be 

correlated to total glycerin content led to the hypothesis that the method could produce semi-

quantitative data.  It is important to note that “correlation” refers to a decrease in concentration 

and a proportional decrease in the number of ion counts.  This correlation is not used to 
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determine exact concentrations, but rather to compare relative amounts, thus “semiquantitative”.  

To evaluate the quantitative nature of the data obtained with the optimized matrix system, the ion 

counts achieved for six different concentrations of the standard compounds were compared.  

Curves obtained for the analysis of the C18:0 monoglyceride monostearin, the symmetrical 

C18:0 diglyceride distearin and the symmetrical C18: triglyceride tristearin are shown in Figure 

3.7a, 3.7b, and 3.7c respectively.  The results are indeed proportional to concentration and can be 

used to compare relative concentrations between similar samples.  All of the glyceride species 

had detection limits in the “mid-range” concentration.  Only sterylglucosides have a detection 

limit in the low region (≥ 0.0058 mg/mL). To acquire data with an acceptable standard deviation, 

it was necessary to modify the MALDI sample preparation.  Samples were prepared by 

combining the analyte solution with that of the matrix to ensure a homogeneous crystal 

distribution upon drying.   

The obtained calibration was then validated by adding a known amount of distearin to a 

concentrated FAME solution to ensure that FAMEs would not suppress the signal for trace 

components and result in a decrease in sensitivity, or semi-quantitative accuracy.  The validation 

was then plotted on the previously obtained calibration.  The validation set is represented by the 

triangular (red) data point in Figure 3.7b, which is in agreement with the calibration for distearin.  

The ternary matrix with NaI doping was then used to semi-quantitatively compare the 

amounts of non-FAME lipids present in a canola-oil-derived biodiesel (B100). The biodiesel was 

held slightly above its cloud point to force the formation of precipitates. After cooling, the 

sample was centrifuged at 0 ºC and 3000g for 3 h to isolate any precipitates formed. Per ASTM 

method D6784, the total glycerin for this sample was 0.170 wt %, with 0.556 wt % of the total 
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corresponding to MAGs, 0.094 wt % of the total corresponding to DAGs, and 0.108 wt % of the 

total corresponding to TAGs.  

The two observed fractions, (A) precipitate and (B) supernatant, are marked in Figure 

3.8.  Figure 3.9 shows the mass spectra of the (a and b) two fractions and (c) original un-chilled 

parent biodiesel. The spectrum from the unaltered biodiesel (spectrum c) contains peaks mostly 

from the pyrolytic fragmentation of DAGs. MAG peaks are detected at very low levels relative 

to the background (300 counts), suggesting that any present were below the detection limit. 

Table 4 summarizes the identities of all peaks in the precipitate isolation spectra.  Relative to the 

parent fuel (spectrum c), the precipitate (spectrum a) shows the highest number of glycerides and 

plant sterol species. Within the monoglyceride mass region of the spectrum, the strongest peak, 

at m/z 379, corresponds to the [M + Na]+ ion of monoolein.  In previous work, saturated 

monoglycerides have been identified on plugged fuel filters and have been shown to precipitate 

in a metastable form that transforms over time into a higher melting, more stable 

polymorph.[132,133] The results in Table 4 provide valuable new information regarding the 

formation of precipitates above the cloud point, indicating that saturated diglycerides and sterols 

are also important constituents. The results suggest that a single compound or compound class is 

unlikely to be responsible for all field problems. Monoolein was not observed in the parent fuel 

control, suggesting that it was present below the detection limit for monoglycerides (∼0.04 

mg/mL). The most prominent peaks in the supernatant (spectrum b) are the m/z 445 and 656 

background peaks, and the FAME peaks are in the low mass region of the spectrum. The 

supernatant is lacking in residual lipids relative to the parent fuel spectrum (c), suggesting that 

these components were removed as the precipitate. 
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3.5 Conclusion 

 Because of the diverse chemical structures of the trace components in biodiesel, 

chromatographic or spectroscopic systems have yet to successfully and rapidly analyze all of the 

components by a single method. The method presented herein has been shown to efficiently 

detect the majority of these components without lengthy separations or complicated sample 

preparation.  We have shown that MALDI-TOF MS with an optimized matrix system composed 

of an equimolar solution of dithranol, DHB, and HCCA and sodium iodide doping is a robust 

analytical technique for detecting a wide range of lipid impurities in biodiesel. On-going work 

will address the use of this technique in the analysis biodiesel/petroleum diesel blends, which 

have also exhibited precipitation above the cloud point. The optimized matrix system 

reproducibly ionized the six representative compounds.  MALDI-TOF-TOF CID and accurate 

mass assignment were used to verify the MALDI-TOF MS data. Palm-oil- derived biodiesels of 

varying quality were analyzed, and the number, identity, and relative amount of non-FAME 

constituents were compared. The data collected with the MALDI-TOF MS method agreed with 

the supplied total glycerin values and showed that even distillation did not eliminate the trace 

non-FAME constituents.   

Trace components in canola-oil-derived biodiesel were precipitated by holding the fuel at 

3 ºC above the cloud point for 3h. Most of the compounds identified were present below the 

detection limit of MALDI-TOF in the canola biodiesel. The precipitate was directly analyzed and 

compared to the fuel from where it precipitated. The precipitate contained mono- and 

diglycerides along with plant sterols not observed in the parent biodiesel. The results suggest that 

a single compound class, such as saturated monoglycerides, is unlikely to be the only cause of 

precipitate formation above the cloud point. 
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Table 3.1 

Lipid species used as representative standards, and their respective stock concentrations. 

 

 
Table 3.2 

Structures of Fragments (AK) Resulting from the Collision-Induced Dissociation of Monostearin 

(See Figure 4) 
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Table 3.3 

Components Identified in the Analysis of Palm Biodiesels (See Figure 5)  
a
 Differing degrees of 

unsaturation are resolved in these peaks as C18:x, where x is 0,1, or 2 (stearate, oleate, or 

linoleate, respectively).  
b 

Tandem mass analysis with CID was carried out on these peaks. 
c 

These compounds have undergone pyrolysis and have lost H2O and a fatty acid side chain. 
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Table 3.4 

Species Detected in Low-Temperature Centrifugation 
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Figure 3.1 

MALDI mass spectra for (1) monostearin, (2) distearin, (3) dilinolein, and (4) triolein. Each 

compound was ionized using (A) HCCA, (B) dithranol, and (C) DHB. 
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Figure 3.2 

MALDI mass spectra obtained for the suite of compounds in Table 1 using (spectra 1 and 2) pure 

and doped DHB, (spectra 3 and 4) pure and doped HCCA, and (spectra 5 and 6) pure and doped 

dithranol 
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Figure 3.3 

Spectra resulting from combining differing volume ratios of target matrix stock solutions for the 

analysis of the standard lipid mixture from Table 1 (AG). 
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Figure 3.4 

Micrographs of matrix sample spots prepared with (a) the optimized ternary matrix, (b) 2,5-DHB 

dissolved in methanol, and (c) 2,5-DHB dissolved in the solvent mixture.

 
Figure 3.5 

CID spectrum of monostearin. 
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Figure 3.6 

Spectra of palm-oil-based biodiesel samples with the mixed matrix method. Peak identities are 

listed in Table 3.3. 
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Figure 3.7 

Quantitative data for (a) monostearin, (b) distearin, and (c) tristearin.  

 

 
Figure 3.8 

Canola-oil-derived biodiesel (A) precipitate and (B) supernatant after refrigerated centrifugation. 
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Figure 3.9 

Mass spectra of low-temperature (a) precipitate, (b) supernatant fuel, and (c) unaltered parent 

fuel. Peaks are identified in Table 3.4. 
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CHAPTER 4 

ANALYSIS OF LIPIDS: METAL OXIDE LASER IONIZATION MASS SPECTROMETRY 

Modified with permission from a paper published in Analytical Chemistry  

Casey R. McAlpin
2,3

, Kent J. Voorhees
5
, April R. Corpuz

4
, and Ryan M. Richards

5 

4.1 Abstract 

     Matrix-assisted laser desorption/ionization mass spectrometry (MALDI MS) has been used 

for lipid analysis; however, one of the drawbacks of this technique is matrix interference peaks at 

low masses. Metal oxide surfaces are described here for direct, matrix-free analysis of small 

(MW < 1000 Da) lipid compounds, without interferences in the resulting spectra from traditional 

matrix background peaks. Spectra from lipid standards produced protonated and sodiated 

molecular ions. More complex mixtures including vegetable oil shortening and lipid extracts 

from bacterial and algal sources provided similar results. Mechanistic insight into the mode of 

ionization from surface spectroscopy, negative ion mass spectrometry, and stable isotope studies 

is also presented. The metal oxide system is compared to other reported matrix-free systems. 

4.2 Introduction 

     Direct lipid detection is of significant scientific and economic importance due the prevalent 

role of lipids in biological systems.[136]  Additionally, lipids are involved in the production of 

bioenergy which is critical due to decreasing petroleum reserves and environmental  
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concerns.[137,138]  The chemical variability and complexity of lipid analytes makes any single 

analytical technique problematic for providing a rapid screening methodology.[136]  The 

strengths and shortcomings of each analytical technique for lipid analysis has been previously 

reviewed.[136]  One such technique, matrix-assisted laser desorption/ionization mass 

spectrometry (MALDI MS), has been applied to high molecular weight compounds such as 

synthetic polymers, carbohydrates, proteins, and nucleotides.[13,68,139,140] However, the 

application of MALDI MS for analysis of small molecules (MW < 1000 Da), such as lipids, has 

been limited due to interference from matrix peaks.[78] Several strategies have been explored to 

minimize this limitation, including the development of matrix-free systems which generally 

involve an interaction between an analyte and a functionalized surface during laser 

irradiation.[78-85] The most notable matrix-free systems for small molecules are desorption/ 

ionization on porous silicon (DIOS) and the more recent silicon technique, nanostructure initiator 

mass spectrometry (NIMS).[78,79] Both of these approaches have overcome the background 

interferences for the analysis of selected analytes. The mechanism of ionization using the silicon 

methods has been shown to involve abstraction of a proton from surface silanol groups by the 

analyte. The subsequent required basicity of the analyte has been a major drawback, narrowing 

broad application of these two silicon based systems.[87]  As an example, fatty acid methyl 

esters have proton affinities below the reported required threshold for efficient ionization and 

cannot be analyzed using these techniques.[88]  Additionally, surfaces must be utilized before 

the surfaces become oxidized which results in decreased performance and reproducibility.[83] 

Studies have also been reported using ZnO, TiO2, SnO2, and WO3 for analysis of small 

molecules including C18:0 fatty acid methyl ester (FAME), polyethylene glycol, α-cyclodextrin, 

and phosphatidylethanolamine.[82,83,85] The spectra observed in these studies consisted of 
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cation adducts without background interferences. The technique, described by Kinumi and co- 

workers reported the use of several metal and metal oxide particles and posited that rapid heat 

dispersion and desorbed glycerol, used in sample preparation, was responsible for ionization in a 

process similar to fast atom bombardment.  In another study, Watanabe reported adducts formed 

by the attachment of Zn/ZnO clusters to phosphatidylethanolamine, which could convolute 

spectra of lipid mixtures at higher masses.[83]  The formation of these clusters was attributed to 

the affinity of the amine group for Zn ions. Laser ionization processes for previously reported 

metal oxide systems were hypothesized based on photoelectric (band gap) interactions and heat 

transfer. While the band gap properties of some metal oxides dominate their chemical activity, a 

number of other metal oxides have chemical activity influenced more by the electron 

acceptor/donor (Lewis acid/base) properties of their cation/anion pairs. As an example, MgO has 

been shown to destructively adsorb organophosphate and carbonyl esters through interactions 

between the carbonyl and the surfaces.[141-143] Infrared spectroscopy and density functional 

theory calculations showed that adsorption on the MgO surface was a result of Lewis acid/base 

properties and subsequently resulted in transesterification/hydrolysis.[141, 142, 144]   

 Here, we explore the surface properties of MgO and NiO with ⟨100⟩ and ⟨111⟩ surface 

facets for matrix-free ionization of FAMEs, acylglycerides, glycolipids, and phospholipids.  

Rock-salt metal oxides are face centered cubic crystals with one metal atom surrounded by six 

nearest neighbor oxygen atoms, or one oxygen atom surrounded by six metal atoms. Of the 

systems examined in this study, MgO, NiO, and CaO have rock-salt structures. For these 

crystals, the most thermodynamically stable surface is the <100> surface, which consists of 

alternating metal cations and oxygen anions along any line of nearest neighbors. Subsequently, 

the <100> surface is commonly reported in most papers dealing with the synthesis of rock-salt 
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metal oxides. In comparison to the <100> surface, a perfect <111> surface, which consists of a 

plane of metal cations or oxygen anions, is energetically unfavorable. However, under the right 

conditions, the <111> surface can be stabilized MgO<111> and NiO<111> are naturally 

occurring in many samples of periclase and bunsite formed in wet environments.[145, 146]  

Synthesis routes to aerogel MgO<111> and NiO<111> have been described.[147, 148]  Figure 

4.1 demonstrates these surface facets. The results from FexOy, CoxOy, CuO, and ZnO as well as a 

control (a stainless steel MALDI sample plate) are reported for comparison to MgO and NiO. 

Each of these systems has distinctly different photoelectric and geometric properties. 

Additionally, diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS), stable 

isotope labeling, and negative ion mass spectrometry results are described in the elucidation of 

the ionization mechanism. 

4.3 Materials and Methods 

      NiO particles were obtained from Sigma Aldrich (St. Louis, MO). ZnO and MgO particles 

were purchased from Nano-Active Inc. (Manhattan, KS). FexOy, CoxOy, and CuO particles were 

prepared by pyrolytic decomposition of the metal’s respective nitrate salt.[149]  Slurries of metal 

oxide powders were prepared for mass spectrometric analysis by adding 100 mg of metal oxide 

to 1.0 mL of n-hexane (Sigma Aldrich). Phosphate buffered saline (PBS) buffer was prepared by 

adding 8.0 g of NaCl (Mallinckrodt, Phillipsburg NJ), 0.20 g of KCl (Mallinckrodt), 0.24 g of 

KH2PO4 (Mallinckrodt), and 1.44 g of Na2HPO4 (Fisher) to 800 mL of deionized water. The pH 

of the solution was then adjusted to 7.4 with 0.1 M HCl (Sigma Aldrich) and diluted to a final 

volume of 1 L.[102]  For determination of the source of protons during ionization, NiO powder 

was suspended in 1 mL of perfluorohexane (Sigma Aldrich) in lieu of n-hexane.  To remove any 

surface bound water from the NiO, the powder was placed in a 1-inch diameter Pyrex tube 
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within a Carbolite (Watertown WI) MTF 12/38/250 tube furnace at 350 °C under vacuum.  The 

powder was then allowed to cool overnight under deuterium oxide vapor which had been drawn 

into the reaction tube by the vacuum.  Perdueteromethyl stearate was obtained from Sigma 

Aldrich. 
18

O methyl alcohol (Sigma Aldrich) plus palmitic acid (Sigma Aldrich) catalyzed with 

HCl was used to prepare 
18

O methyl palmitate.[150] The product was extracted from the reaction 

mixture with 50/50 vol % hexane/chloroform (Sigma Aldrich and Fischer (Pittsburgh, PA), 

respectively). Positive ion analysis confirmed the purity of the labeled methyl palmitate. 

Standards of mono-, di-, triacylglycerides and FAMEs were purchased from Sigma Aldrich. 

Vegetable oil shortening (Crisco) was obtained from a local grocery store. All lipid samples were 

dissolved in 50/50 vol % mixture of n-hexane and chloroform. For the methyl palmitate 

quantitative evaluation, a stock solution was prepared by dissolving 113.4 mg in 2 mL of the 

50/50 vol % n-hexane/chloroform solvent. Serial dilutions were prepared first by adding 500 μL 

of stock solution to 500 μL of n-hexane/chloroform with 6 subsequent dilutions made by adding 

successive 500 μL hexane/chloroform aliquots to 500 μL of the previous dilution. 

     Escherichia coli (BL-21) (ATCC, Manassas, VA) was cultured overnight on a Luria−Bertani 

agar plate at 37 °C. Wildtype Chlamydomonas reinhardtii (cc-124) (Chlamydomonas Center, St. 

Paul, MN) was grown to the stationary phase in liquid tris- acetate-phosphate medium at 23 °C 

on a rotary shaker under continuous illumination of 150 μE( μmole photons)/m2s of 

photosynthetically active radiation.  

Mass spectrometric sample preparation involved pipetting 1 μL of metal oxide particles 

from the bottom of a hexane slurry onto a MALDI sample target followed by drying in a vacuum 

desiccator. The solutions of lipid standards and vegetable oil shortening were applied by 

pipetting 1 μL of analyte solution directly onto vacuum-dried metal oxide spots. Sample 
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preparation for methyl palmitate quantitation consisted of adding 40−50 mg of NiO directly into 

500 μL of each serial dilution and sonicating for 30 min to allow the maximum amount of 

methyl palmitate to adsorb to the NiO particles. A volume of 1 μL of these samples was then 

removed from the bottom of the suspensions and spotted onto the MALDI target, vacuum-dried, 

and introduced into the mass spectrometer.  To determine the degree of sample-spot 

homogeneity, sample spots were inspected with a Stereo-Master dissection microscope, which 

was set to a magnification of 4.5 power, and illuminated form above with a 200 W spotlight.  For 

microbial lipid profiling, individual colonies of E. coli were removed from the agar plate and 

suspended in 200 μL of PBS. The lipids were extracted by adding 200 μL of 66/33 vol % 

chloroform/methanol (Pharmco-AAPER, Shelbyville, KY) to the E. coli colonies and vortexing 

for 30 s. The organic phase was removed with a pipet and 1 μL spotted directly onto metal oxide 

spots. Algal lipid samples were extracted in the same fashion using 200 μL of liquid culture.  

Mass spectrometric measurements were made with a Perseptive Biosystems Voyager DE 

STR MALDI-TOF mass spectrometer equipped with a N2 laser (337 nm). Positive and negative 

ion experiments were conducted using the reflectron mode with 25 kV acceleration voltage, 10 

ns extraction delay, and 75% grid voltage. The laser fluence was optimized between 60 and 70%, 

which is comparable to the fluence used for traditional matrixes. Mass spectral data was exported 

and plotted for interpretation with SigmaPlot v11.0. Mass calibration was performed using the 

protonated and sodiated peaks for methyl stearate and methyl behenate produced with NiO 

ionization (m/z 299, 321 and m/z 355, 378, respectively).  

Surface characterization with DRIFTS utilized a Thermo- Fisher Nicolet 6700 FT-IR 

with “Smart Collector” DRIFTS accessories and a custom-made environmental cell.[151]  A 

liquid nitrogen-cooled mercury cadmium telluride (MCT) detector was used. Spectral parameters 
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were 4 cm−1 resolution and 500 scans with KBr (Sigma Aldrich) used as the background 

material. Adsorption of methyl palmitate was studied by slurrying 100 mg of metal oxide powder 

with 2 mL of 162 mg/ mL methyl palmitate in n-hexane. The hexane was evaporated, and the 

powder with adsorbed methyl palmitate was then placed into the DRIFTS sample cup. Spectral 

data was then exported from the FT-IR software, OMNIC, into Microsoft Excel for 

interpretation. The resulting spectra were then compared to spectra of the clean powders.   

4.4 Results and Discussion 

     Several metal oxides were evaluated for their ability to produce positive ions for methyl 

palmitate upon laser irradiation. Figure 1 presents the metal oxide laser ionization (MOLI) mass 

spectra of selected metal oxide surfaces. The spectra focus on the protonated molecular ion for 

methyl palmitate (m/z 271). The signal was very weak with ZnO. Sodiated ions and cationized 

adducts from the metal oxide were also formed; however, these peaks were minimized when 

laser power was decreased. NiO ⟨100⟩, MgO ⟨100⟩, and FexOy produced the highest signal-to-

noise ratios for protonated methyl palmitate-NiO 287:1, MgO 171:1, FexOy 199:1, CoxOy 80:1, 

CuO 41:1, and ZnO 15:1. Error associated for these measurements was approximately 30% for 

the higher performing metal oxides while ZnO had almost 95% standard deviation for S/N 

measurements. No peaks were observed in the spectra for MgO ⟨111⟩ and NiO ⟨111⟩ whose 

surfaces are comprised predominantly of hydroxyl stabilized O
2−

 anions. The band gaps for NiO 

(∼4.0 eV), MgO (7.3 eV), and FexOy (2.2 eV) differ widely from the energy of the photons from 

the N2 laser (337 nm = 3.78 eV).[152-155]  The detection of molecular ions with these three 

metal oxides, whose band gaps are so varied, suggests that the contribution of photoelectric 

phenomena to ionization, which was described in previous studies, may not be the only factor 

influencing ionization activity for metal oxides.[82, 83, 85] The differing properties and high S/N 
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of the peaks obtained with these metal oxides indicates that there are possibly a combination of 

processes contributing to ionization.  Both NiO and MgO possess rock salt structure and possess 

similar d-spacings of 4.19 and 4.21  , respectively, while FexOy is predominately 

rhombohedral.[156, 157]  The structural differences between FexOy and NiO or MgO can 

influence ester coordination to the metal oxide surface and the subsequent reaction with the 

surface in a manner similar to that described by Klabunde et al.[90]  The improved S/N with 

NiO, which is a weaker Lewis acid/base compared to MgO, suggests that the relative strength of 

the Lewis acid/base pairs are influential for MOLI MS activity. ZnO produced a weak molecular 

ion; however, an additional intense peak from an apparent reaction between the lipid material 

and the surface was observed at 301 Da.  The origin of this peak could not be explained based on 

ionization processes observed for the other metal oxides studied.  Because of their high signal-to-

noise ratios and the previously reported activity of MgO toward esters, NiO and MgO were the 

focus of further study.[141-144]  Metal oxide catalysis and matrix-free mass spectrometric 

studies have shown that activity is proportional to the surface area.[158-160]  In the case of 

DIOS, surface defects and increased surface area play a significant role in the ionization process, 

by increasing the population of surface silanol groups which act as a proton source during 

ionization.[159, 160]  As surface area increases and particle size decreases, the number of 

surface defects and coordinatively unsaturated sites increase.[161-162] Previous studies with 

rock salt structured metal oxides have quantified the increase of coordinative unsaturations as a 

function of decreasing particle size with probe molecules and electron spin resonance 

(ESR).[163]  These surface defects have been shown to have significantly enhanced Lewis 

acidity/basicity, such as the MgO ⟨111⟩ surface which is highly active in catalytic systems due to 

its Lewis basicity.[147, 164]  Interestingly, both MgO and NiO with a variety of particle sizes 
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and from differing preparations had the same activity for MOLI MS.  For example, NiO 

produced from the pyrolytic decomposition of Ni(NO3)2 with a surface area of 19.4 m
2
/g had 

nearly identical activity to NiO nanoparticles purchased from Sigma Aldrich, which have a 

surface area of 80.0 m
2
/g, indicating that surface area (thus surface defects) does not play a 

significant role in ionization activity.  Additionally, NiO and MgO with the highly defective 

⟨111⟩ primary surface did not produce ions, further supporting that surface defects are not critical 

to the ionization process.   

 The most obvious sources for the proton observed in the NiO and MgO ionization 

processes included the solvent used in MS sample preparation and surface bound water. The 

solvent hypothesis was eliminated by using a non-proton containing solvent, perfluorohexane in 

lieu of n-hexane. Spectra for this sample preparation were the same as the sample prepared with 

n-hexane and contained only [M + 1]
+
 pseudomolecular ions.  Assessment of the contribution of 

protons from surface bound water was achieved by replacement with deuterium oxide. Spectra 

obtained for methyl palmitate using NiO treated with D2O did not show a [M + 2]
+
 peak 

indicating abstraction of a deuteron from surface bound D2O had not occurred. Elimination of 

the solvent and absorbed water as proton sources suggested that the protons originated from the 

analyte. The spectrum obtained by analyzing a 1:100 mixture of methyl palmitate and 

perdeuteromethyl stearate (Figure 4.2) showed that the methyl palmitate M + 1 peak had shifted 

to M + 2 indicating that abstraction of a deuteron from perdeuteromethyl stearate had occurred.  

On the basis of fundamentals, the most likely source of protons from the adsorbed ester analyte 

is the α-position adjacent to the carbonyl. Negative ion MS showed that in the case of C16:0, 

C18:0, and C22:0 FAMEs, negative ions were formed from the loss of a proton and replacement 

of the methoxy group with a single surface oxygen. The loss of a proton supported the 
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observation that proton, or deuteron, transfer occurred between analyte molecules. The 

replacement of the methoxy was verified using 
18

O ester labeled methyl palmitate. The masses of 

the negative ion results for the labeled and unlabeled methyl palmitate standard, shown in Figure 

4.3, were identical indicating that the labeled methoxy group had been exchanged with an 

unlabeled surface oxygen. Additional peaks in the spectrum resulted from the formation of NiO 

cluster ions, which are not observed in positive ion mode. The cluster ions appear regularly 

spaced at 74 Da (NiO unit) and exhibit extensive isotope peaks, which is unsurprising given 

nickel’s natural isotope distribution. The reaction of the analyte with the metal oxide surface is 

similar to the phenomena observed with the stoichiometric destructive adsorption of halogenated 

hydrocarbons, in which a surface oxide replaces a halogen constituent.[165]  To further probe the 

analyte interaction with the metal oxide surfaces, adsorption of methyl palmitate was examined 

on a series of magnesium and nickel oxide surfaces with varying surface facets using DRIFTS. 

Figure 4.4a shows the DRIFTS spectra for nickel and magnesium oxides with either ⟨100⟩ or 

⟨111⟩ facets as the primary surface. Methyl palmitate adsorption on these metal oxides resulted 

in a strong peak at 1745 cm−1 due to the carbonyl stretch of physisorbed methyl palmitate.[166]  

On the basis of the work of Truong and co-workers, the second carbonyl absorption at 1716 

cm−1 was assigned to a carbonyl chemisorbed to a nickel or magnesium ion on the respective 

surface.[167]  Chemisorption of the carbonyl on nanoscale MgO surfaces has been shown by 

others to involve an acidic α-proton that was abstracted by oxide ions on the surface (Figure 

3b).[144]  However, NiO is a much weaker electron acceptor/donor (Lewis acid/base) than 

MgO; therefore, the surface oxides are less likely to abstract an α-proton from an analyte 

molecule, potentially allowing the proton to be available for ionization (Figure 4.4b). Nickel 

oxide with the ⟨100⟩ facet was chosen for subsequent lipid analysis, based on the insight gained 
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from mechanistic studies, and its improved ionization (S/N) over the other metal oxides studied. 

With NiO, fatty acid methyl esters produced protonated and sodiated molecular ions while 

glycerolipids, glycolipids, and phospholipids were observed primarily as sodiated peaks. Mixed 

ionization as a consequence of proton/cation exchange within the source of a MALDI mass 

spectrometer is commonly observed.[131]  Figure 4.5 shows MOLI mass spectra using a NiO 

substrate for methyl palmitate, mono-, di-, and tri- acylglycerides (spectra a, b, c, and d, 

respectively). All of these spectra were obtained without background or fragment peaks. It is 

important to note that when methyl palmitate was analyzed with the traditional MALDI MS 

matrix 2,5- dihydroxybenzoic acid (2,5 DHB), or with simple LDI (thermal desorption) as 

control experiments molecular species were not observed. The results from these experiments are 

shown in Figure 4.6.  A dimer peak of 2,5 DHB at m/z 273 was detected in Figure 4.6a, but 

peaks associated with methyl palmitate were not observed.[168]  Thermal desorption resulted in 

no observable analyte peaks in the spectrum (Figure 4.6b).   

 Quantitative MALDI MS has been problematic.[133]  Metal oxide spots used for MOLI 

MS appeared more homogeneous than traditional MALDI MS matrixes.  A micrograph of a 

typical MOLI MS spot is shown in Figure 4.7a.  The observed homogeneity suggested that it 

may be possible to produce quantitative data with MOLI MS.  The linearity of six serial dilutions 

of methyl palmitate plotted against ion counts are shown in Figure 4.7b (correlation coefficient = 

0.993). Extrapolation of this data showed that the limit of detection of methyl palmitate was 

approximately 300 ng/mL.    

 MOLI MS has also been applied to complex mixtures of lipids from vegetable oil 

shortening and bacterial and algal extracts on NiO. The spectrum of vegetable oil shortening is 

shown in Figure 4.8.  The spectrum shown in Figure 4.8 contains peaks resulting from free fatty 
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acids, saturated and unsaturated mono-, di-, and triacylglycerides, and cholesterol. The exhibited 

resolution, in this relatively low-resolution instrument, allows clear distinction between levels of 

unsaturation, which is important for product stability and to the food industry and ultimately 

impacts societal health.[169]  At higher laser fluences, peaks representing thermal decomposition 

products were observed below m/z 230.  Lipid extracts from E. coli and C. reinhardtii were 

analyzed with NiO MOLI MS for phospholipids and glycolipids. Figure 4.9a is the spectrum 

obtained from analysis of E. coli BL-21 lipid extract. The mass and intensity of the ions 

produced from this bacterium are in agreement with the characteristic lipids observed in previous 

work.[55]  Figure 4.9b shows the spectrum of C. reinhardtii lipid extract. Again, the lipid species 

are in agreement with the lipid species previously reported for this organism.[170] Identities for 

the lipid species observed are listed in Table 1. Spectra obtained for these two microorganisms 

demonstrate the use of MOLI MS as a rapid screening methodology, which requires minimal 

sample preparation and offers high sample throughput.   

4.5 Conclusions 

     The development of MOLI MS offers a new approach for the analysis of small molecule lipid 

materials. The method is direct, sensitive, and inexpensive and produces spectra for low- 

molecular weight lipids as protonated or sodiated species that are free from matrix background 

peaks. Complex mixtures such as vegetable oil shortening and microbial lipid extracts were 

analyzed with minimal sample preparation demonstrating the application of the technique as a 

rapid screening methodology. The mode of ionization is postulated to involve Lewis acid/ base 

interactions between cation/anion pairs of the metal oxide and the analyte, instead of 

photoelectric phenomena as previous studies had hypothesized. Isotope labeling has shown that 

protonation of an analyte occurs from another surface-bound analyte and does not involve the 
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solvent used for preparation or surface-adsorbed water. An approach using designer metal oxides 

for specific applications based on previously observed chemical activity may be the basis of 

broad ranging analyses developed by tailoring particles toward a given functionality as was 

observed for NiO and lipids. Particles with applications relevant to the fields of bioenergy, food, 

homeland defense, pharmaceutical, agrochemical, and bio- medical chemistry can potentially be 

developed with highly specific activities. 

 

Figure 4.1. Spectra obtained for methyl palmitate [M + H]
+
 ion at m/z 271, with NiO ⟨100⟩, Fe 

xOy, MgO ⟨100⟩, and ZnO. The m/z axis is offset for FexOy, MgO, and ZnO by 5, 10, and 15 Da, 

while the intensity is offset by 250, 500, and 750 counts, respectively. 
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Figure 4.2. The perfectly cleaved (100), (110), and (111) facets of MgO (a). Theoretically, the 

(111) surface can be a plane consisting entirely of either oxygen or (b) metal ions. 

 

Figure 4.3. Negative ion spectra of unlabeled and 18O ester labeled methyl palmitate with NiO. 

The intensity for the unlabled standard is offset by 50000 counts. 
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Figure 4.4. (a) DRIFTS analysis of methyl palmitate on the surface of MgO ⟨100⟩, MgO ⟨111⟩, 
NiO ⟨100⟩, and NiO ⟨111⟩ and (b) species formed on the surfaces of NiO and MgO. 
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Figure 4.5. MOLI-MS spectra of (a) methyl palmitate, (b) monostearoyl-glycerol, (c) distearoyl-

glycerol, and (d) distearoyl-myristoyl-glycerol using a NiO ⟨100⟩ substrate. 
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Figure 4.6. Spectra obtained for methyl palmitate using (a) 2,5-DHB, and (b) LDI (thermal 

desorption)  

 

Figure 4.7 (a) Micrograph illustrating sample spot homogeneity of NiO spots.  (b) Linear 

response for methyl palmitate dilutions. 
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Figure 4.8. Spectrum obtained for the analysis of vegetable oil shortening with NiO ⟨100⟩. 
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Figure 4.9. Spectra produced from the MOLI MS analysis of lipid extracts of E. coli and C. 

reinhardtii. Peak identities are listed in Table 3.1 
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Table 4.1. Lipid Species Identified in E. coli and C. reinhardtii. 

 

a
Extracts based on values reported in the literature. PE = phosphatidylethanolamine, PG = 

phosphatidylglycerol, PC = phosphatidylcholine, DGTS = diacylglyceryl-trimethyl-homoserine, 

MGDG = monogalactosyl-diacylglycerol, DGDG = digalactosyl- diacylglycerol, (CX:Y)  X 

carbons present in the acyl chains with Y degrees of unsaturation. 
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CHAPTER 5 

EXTENSION OF METAL OXIDE LASER IONIZATION MASS SPECTROMETRY TO 

ANALYTES WITH VARIED CHEMICAL FUNCTIONALITIES 

A modified version of a paper to be submitted to Rapid Communications in Mass Spectrometry 

Casey R. McAlpin
1
 and Kent J. Voorhees

2 

5.1 Abstract: 

 Metal oxide laser ionization mass spectrometry (MOLI MS) has recently been reported 

for interference-free spectra of lipid analytes using NiO.  It was reported that lipid adsorption to 

the NiO particle surfaces facilitated ionization through a proton transfer from adsorbed species to 

free analytes. Pretreatment of NiO particles with methyl acetate as a proton source is reported in 

this study to extend MOLI MS applications to peptides, carbohydrates, and crude oil fractions. 

Although additional small-molecule proton sources such as dimethyl succinate, carboxylic acids, 

and halogenated ketones were investigated, methyl acetate proved to be the optimal proton donor 

for NiO MOLI MS. 

5.2  Introduction 

 Matrix assisted laser desorption/ionization mass spectrometry (MALDI MS) has been 

used predominantly in the analysis of high mass analytes (>500 Da) such as proteins, 

nucleotides, carbohydrates, lipids, metabolites and synthetic polymers.[13, 68, 129, 131, 136, 

139]  Traditionally, MALDI MS has utilized an organic matrix to absorb energy from laser 

irradiation and to desorb/ionize  
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analyte molecules during ionization.[13]  For analysis of small molecules whose mass is below 

500 Da, an organic matrix, such as 2,5-dihydroxybenzoic acid (2,5-DHB), produces significant 

spectral interferences.[168]      

 Several methods utilizing MALDI instrumentation have been reported  in which matrix 

interference is minimized for small molecule analyses.[78-84]  These techniques often employ 

functionalized inorganic surfaces to ionize low-mass molecules without spectral interferences.  

Photoelectric phenomena from laser absorption and efficient transfer of thermal energy through 

increased surface area were postulated as the principle factors affecting ionization.[85]   

     Metal oxide laser ionization mass spectrometry (MOLI MS) was recently reported as a new 

matrix-free ionization method.[171]  Photoelectric properties of some metal oxides contribute to 

their chemical activity; however, Lewis acid/base properties can also have a substantial influence 

on reactivity.[147, 163]  The Lewis acid/base character of MgO, NiO, and CaO has made them 

useful as a matrix replacement for MALDI MS.[142, 143, 147, 151, 164, 171, 172]    In previous 

studies, MgO, NiO, and CaO were used for MOLI MS analysis of lipid samples including 

hydrogenated vegetable oils and microbial lipid extracts.[171, 172]  Spectra generated with MgO 

or NiO were comprised of predominately pseudomolecular ions (protonated or sodiated) with 

minimal fragmentation or spectral background interference. The increased catalytic activity of 

CaO resulted in cleavage of lipid molecules producing fatty acid ions.[172]  

 Metal oxide laser ionization mass spectrometry with NiO particles involved a proposed 

ionization mechanism which utilized adsorption of ester carbonyls onto the metal oxide surface, 

followed by a proton transfer from adsorbed species to free analytes.  Results from stable isotope 

labeling, negative-ion MS, and diffuse reflectance infrared Fourier transform spectroscopy 

(DRIFTS) supported this claim.[171]     
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 The following paper describes a method for enhanced MOLI MS for analytes with 

various chemical functionalities by pretreating NiO particles with a small molecule that can 

donate a proton during ionization; esters, ketones, carboxylic acids, diesters, and triesters were 

tested.  Following selection of the optimum proton donor, MOLI MS analysis was carried out on 

peptides, carbohydrates, and petroleum fractions.   

5.3 Experimental 

Tristearin, 2,5-DHB, polyalanines, diglutamic acid, aspartic acid, acetic acid, 

trifluoroacetic acid, substance P, NiO nanoparticles, methyl acetate, N-methylacetamide, sodium 

iodide, dimethylsuccinate, triethyl methanetricarboxylate and n-hexane were purchased from 

Sigma Aldrich (St. Louis MO).  Methanol and chloroform were supplied by Pharmco-AAPER 

(Shelbyville, KY), and Fischer (Pittsburg, PA), respectively.  Tristearin at a concentration of 

91.1 mg/mL in 50/50 vol.% chloroform/hexane was used as a standard to determine signal-to-

noise (S/N) ratios. Monosaccharide standards were obtained from Sigma Aldrich.  A twelve 

component monosaccharide standard mixture was prepared in house by the addition of 50 µL of 

approximately 2.5 mg/mL aliquots of glucose, mannose, galactose, xylose, arabinose, rhamnose, 

ribose, fucose, myo-inositol, glucosamine, glucuronic acid, and galacturonic acid.  Polyalanines 

(n=1-7), and substance P were dissolved in deionized water at concentrations between 5.0 and 

10.0 mg/mL.  2,5-DHB was prepared in methanol at a concentration of 30.8 mg/mL.  A heavy 

crude oil from a reservoir in the McMurray formation in Canada was supplied by researchers in 

the Department of Geophysics at Colorado School of Mines.[173]  

  Diffuse reflectance infrared Fourier transform spectroscopy was performed with a 

Thermo Fisher Nicolet 6700 FT-IR with “Smart Collector” DRIFTS accessories, and a liquid-

nitrogen-cooled mercury cadmium telluride (MCT) detector.[171]  Instrumental settings have 
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been previously described.[147]  DRIFTS sample preparation involved slurrying 100 mg of NiO 

powder with 9.3 mg N-methylacetamide in n-hexane, followed by evaporation and placement of 

the powder into the sample cup.  Spectral data were exported from the DRIFTS software into 

SigmaPlot v.11.0 for processing.   

Samples were prepared for MOLI MS by adding 100 mg of NiO particles to one mL  

n-hexane to form a slurry.  One µL of NiO particles from the bottom of the n-hexane slurry was 

then spotted onto a MALDI MS stainless steel sample target followed by drying in a vacuum 

desiccator.  Analyte solutions (one µL) were added directly to the dried NiO spot with 

subsequent vacuum drying prior to introduction into the mass spectrometer.  For measurements 

using a traditional organic matrix, one µL of the 2,5-DHB solution was applied to the MALDI 

MS sample plate and vacuum dried.  Addition of analytes was accomplished by depositing one 

µL of solution onto 2,5-DHB crystals.   

Candidate proton donors for MOLI MS were added to dried NiO sample spots prior to 

addition of the analyte.  Compounds investigated included methyl acetate, acetone, 1,1,1-

trifluoroacetone diglutamic acid, aspartic acid, acetic acid, trifluoroacetic acid, dimethyl 

succinate, and triethyl methanetricarboxylate. For all samples except diglutamic acid, one µL of 

the liquid was spotted neat.  For diglutamic acid, one µL was used at a concentration of 4 mg/mL 

in water.  All samples were vacuum-dried an additional time to remove water and/or non-

adsorbed excess proton donor.  Analytes were subsequently applied to the pretreated NiO spots 

as described in the previous paragraph.     

      Mass spectrometric measurements (Resolution (R) =3000 at m/z 913) were taken on a 

Perceptive Biosystems Voyager DE-STR MALDI mass spectrometer.  Instrument settings in 

reflectron mode were: 25000 V acceleration voltage, 75% grid voltage, low mass gate of 150 Da 
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and ion extraction delay of 10 ns.  Spectra were collected as 100 shot composites.  Laser fluence 

at a frequency of 3 Hz was optimized at 72% of maximum.  Spectral files were exported from 

the Voyager software into SigmaPlot v11.0 for interpretation and data work-up. 

 A 12T SolariX hybrid Qh-FTICR mass spectrometer with a dual ESI/MALDI ion source 

(Bruker Daltonics, Billerica, MA) was used for high-resolution analysis of the heavy crude oil 

sample. The FTICR parameters were: 26 % laser fluence, 1000 Hz laser frequency, 50 laser shots 

per spectrum, 30-50 spectra were accumulated for each data file. Spectra were acquired with a 16 

Mb data set size and a transient length of 1.677s, resulting in R=650,000 at m/z 272.  Data were 

analyzed using the Bruker DataAnalysis 4.0 software.   

5.4 Results/Discussion   

Previously reported MOLI MS applications involved the analysis of lipid compounds 

containing esters which were an internal proton source.  In order to extend applications of the 

technique to analytes with other functional groups, addition of a small molecule proton source 

was investigated.  Methyl acetate was chosen as the initial donor compound because of 

previously reported DRIFTS results for model esters, its observed volatility, and low molecular 

weight (MW=74 Da).[171]
  
Figure 5.1 shows NiO MOLI mass spectra obtained for tristearin 

with and without methyl acetate as a proton source.  The tristearin peak from untreated NiO 

particles (Figure 5.1a) had a S/N ratio of 138.5.  The pretreatment of NiO particles with methyl 

acetate (Figure 5.1b) produced a spectrum for the same solution of tristearin with a S/N of 404.5.  

Pretreated NiO particles produced a spectrum with an enhanced signal for tristearin.  Other 

candidate proton sources subsequently investigated and evaluated based on the peak intensity 

and S/N of the tristearin standard were acetone, trifluoroacetone, acetic acid, trifluoroacetic acid, 

aspartic, acid diglutamic acid, dimethylsuccinate, and triethyl methanetricarboxylate.  These 
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compounds are generally more acidic than methyl acetate.  Acetone was not as effective as 

methyl acetate because it evaporated before binding to the NiO.  This problem was exacerbated 

upon introduction into the mass spectrometer.  Trifluoroacetone evaporated even more rapidly 

than acetone.  Additionally, this compound was unstable on the NiO particle surface resulting in 

the formation of a myriad of NiO surface decomposition peaks in the spectral region up to 500 

Da.  Even though volatility was not a factor, carboxylic acids had little effect on the S/N.  For 

example, acetic acid produced a peak for tristearin with S/N=174. Compared to data from 

untreated NiO particles, carboxylic acids did not enhance MOLI MS signals.  The protons from 

carboxylic acids were too acidic, resulting in protons which were complexed by the surface 

oxides.[142, 143]  Di- and tri-esters, which contain α-protons that are more acidic than those 

from a compound containing a single ester, did not improve S/N (S/N= 56.1, and 23.1 

respectively).  Although other factors might be present, these results suggest that a narrow range 

of proton donor acidity is important for ionization.  The volatility and acidity of methyl acetate 

appear to be optimal for its use with NiO MOLI MS.  As such, methyl acetate was used for all 

subsequent analyses. 

     Polyalanines (n=1-7, MW = 89-516 Da) analyzed with untreated NiO MOLI MS produced 

weak or no pseudomolecular ions.  Tetraalanine analyzed utilizing methyl acetate pretreated NiO 

particles (Figure 5.2b) generated a spectrum showing enhanced peak intensities for the 

pseudomolecular ions.  Figure 5.2a shows the spectrum without pretreatment of NiO, while the 

spectrum in Figure 5.2b contains intense pseudomolecular cationized peaks (sodiated, 

potassiated, and nickelated), illustrating that a proton source was necessary to achieve efficient 

ionization. Similar results were obtained for other polyalanines up to n=7.       
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     A higher molecular weight peptide, substance P (MW = 1348 Da), was investigated to 

determine if MOLI MS could be applied to larger peptides or small proteins.  Figure 5.3a 

illustrates the spectrum of substance P with untreated NiO particles, which did not show 

pseudomolecular ion peaks.  In contrast, the spectrum from pretreated NiO particles (Figure 

5.3b) shows peaks for the protonated and cationized pseudomolecular ions and a dehydration 

product.  A peptide with a higher molecular weight, human insulin chain B (MW = 3496 Da), 

was also analyzed with pretreated NiO particles.  Cationized peaks were observed, but with 

much lower S/N ratios than for substance P.  These results suggest that a molecular weight limit 

between 3000-3500 Da may exist for applications of MOLI MS with an added proton source.  

However, the ability to analyze peptides in regions previously limited by matrix background 

interferences may result in increased sequence coverages.[78,174] 

The MOLI MS results for amide compounds suggested that amides coordinated to the 

untreated NiO particle surface differently than esters.  N-Methylacetamide was studied with 

DRIFTS to provide insight into this adsorption.  DRIFTS results showed that the carbonyl 

oxygen was the secondary adsorption site, with the amide nitrogen being the preferred adsorption 

position.  This result correlates to the basicity of the non-bonding electrons on the nitrogen with 

respect to carbonyl oxygen non-bonding electrons, and infers that adsorption through the 

carbonyl oxygen is required for effective MOLI MS ionization.[175] 

     The spectral interferences from organic matrices in the mass range of monosaccharides has 

been a limiting factor in using MALDI MS for their analysis.[176]  Table 1 summarizes a series 

of monosaccharides investigated and their respective masses.  Many of the masses of these 

standards overlap and are indistinguishable by molecular weight data.  For example, xylose, 

ribose, and arabinose all have a nominal mass of 150 Da and a sodiated ion whose molecular 
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mass is 173 Da.  Figure 5.4 presents spectra for a mixture of the 12 monosaccharide standards 

obtained with 2,5 DHB (Figure 5.4a), pretreated NiO particles (Figure 5.4b), and  untreated NiO 

particles (Figure 5.4c).  Laser desorption/ionization (LDI) of the mixture did not produce any 

peaks.   In Figure 5.4a, pseudomolecular-ion peaks were weak in comparison to signals from 2,5-

DHB.  No interfering peaks were observed in the spectra shown in either Figures 5.4b and 5.4c; 

however, pretreatment of NiO particles (Figure 4b) produced peaks with the strongest intensities.  

Signal-to-noise ratios for the spectra presented in Figure 5.4a-5.4c are summarized in Table 1.   

Metal oxide laser ionization MS has been reported for the analysis of low-mass species in 

heavy crude oil fractions.[173]  These samples are known to be complex and composed of a 

wide variety of chemical funtionalities.[173, 177, 178]  An expansion of the 272 Da region of a 

spectrum of a heavy crude oil analyzed using high resolution FTICR MS with LDI and  

pretreated NiO particles is shown in Figures 5.5a and b.  Figure 5.5a shows a single peak in the 

LDI spectrum which is a polycyclic aromatic hydrocarbon (PAH) whose molecular formula is 

C20H17N (3 ppm uncertainty).  Several studies have shown that conjugated PAH π-systems can 

act as a matrix for other analytes and autoionize through photochemical processes.[179-181]  

These are the  two most prominent ionization mechanisms for LDI analysis of these types of 

samples. In contrast, the spectrum illustrated in Figure 5.5b obtained using MOLI MS with 

pretreated NiO particles contained 13 peaks that showed increased heteroatom content, based on 

the best calculated formula corresponding to the exact mass.  The 13 peaks shown in Figure 5.5b 

were predominantly protonated species which resulted from ionization involving a proton 

transfer from methyl acetate catalyzed by NiO particles.  

       Many of the pseudomolecular ions observed for peptides and carbohydrates were sodiated 

adducts.  Proton/cation exchange within MALDI sources has been observed, and several studies 
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have shown that cationized analytes are formed preferentially over their protonated analog.[60-

62]  This phenomenon has been exploited in a number of studies, such as the addition of NaI for 

increased S/N ratio in MALDI MS analysis of bacterial membrane phospholipids.[55]
 
 MOLI 

MS was not enhanced by the addition of NaI.  In contrast, MOLI MS with NaI treated NiO 

results in the formation of a myriad of low-mass interference peaks.  Figure 5.6 shows the 

spectra obtained for blank NiO treated with NaI (Figure 5.6a), and methyl acetate (Figure 5.6b).  

The peaks in the spectrum shown in Figure 5.6a marked with an asterisk correspond to NiO 

cluster ions, while the spectrum shown in Figure 5.6bcontained none of these peaks. 

5.5 Conclusion 

 Metal oxide laser ionization MS of lipids has been reported to occur through specific 

interactions between the ester chemical functional group and the surface of the metal oxide 

resulting in the transfer of an α-proton.  The present study shows that applications of MOLI MS 

can be expanded by the addition of a proton source to non-ester-containing analytes.  Although 

several compounds were investigated, methyl acetate proved to be the optimum proton source.  

Peptides, carbohydrates, and a heavy crude oil sample were all efficiently ionized with methyl 

acetate pretreated NiO particles.  Spectra of monosaccharides obtained using MOLI MS with a 

proton source compared to MALDI mass spectra were reproducible and free from matrix-

introduced spectral interference. In addition, a heavy crude oil sample with FTICR MOLI MS 

analysis of the 272 Da region of the spectrum showed an increase in spectral intensity and the 

number of peaks from one with LDI to 13 using methyl acetate pretreated NiO particles.  

Although methyl acetate has been used as a proton source in this study; other proton sources in 

the future may extend MOLI MS to broader applications.    
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Table 5.1  Masses and peak labels for the 12 monosaccharides studied with MOLI MS, and the 

S/N observed for each experimental condition. 

 

Monosaccharide M [M+H]+ [M+Na]+ 
Peak 
Label 

2,5-DHB 
S/N 

NiO 
S/N 

Methyl 
Acetate 
NiO S/N 

Xylose 150.13 151.14 173.12 1 

15.9 257.3  Ribose 150.13 151.14 173.12 1 542.6 

Arabinose 150.13 151.14 173.12 1 
 Rhamnose 164.16 165.17 187.15 2 

8.9 205.3 351.5 Fucose 164.16 165.17 187.15 2 

Glucosamine 179.17 180.18 202.16 3 4.9 87.7 217.6 

Glucose 180.16 181.17 203.15 4 

27.9 236 960.6 Mannose 180.16 181.17 203.15 4 

Galactose 180.16 181.17 203.15 4 
   Glucuronic Acid 194.14 195.15 217.13 5 

8.9 101.1 590.9 
Galacturonic 
Acid 194.14 195.15 217.13 5 

         

 

 

Figure 5.1 MOLI mass spectra for tristearin ([M+Na]
+
=913.83) analyzed with (a) methyl acetate 

pretreated NiO particles, and (b) untreated NiO particles.  Intensity and masses are offset in 

Spectrum (b) 250 counts and 10 Da respectively. 
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Figure 5.2 (a) MOLI mass spectrum of tetraalanine obtained with methyl acetate pretreated NiO 

particles.  (b) MOLI mass spectrum using the same solution of tetraalanine collected from NiO 

particles without methyl acetate pretreatment.  Intensity is offset in Spectrum (b) 1500 counts 

 

Figure 5.3 (a) MOLI mass spectrum of substance P with methyl acetate pretreated NiO particles.  

(b) MOLI mass spectrum of Substance P with untreated NiO particles. Intensity is offset in 

Spectrum (b) by 300 counts. 
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Figure 5.4 (a) MALDI mass spectrum of monosaccharides (see Table 1 for peak labels).  (b) 

MOLI mass spectrum of monosaccharides with methyl acetate-pretreated NiO particles. (c) 

MOLI mass spectrum obtained for monosaccharides with untreated NiO particles. 

 

 

Figure 5.5  High resolution FT-ICR mass spectra focused around m/z 272 for a Canadian heavy 

crude oil (a) obtained with LDI and (b) with methyl acetate pretreated NiO particles. 
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Figure 5.6 MOLI mass spectra of NiO treated with NaI (a), and methyl acetate (b) 
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CHAPTER 6 

 

METAL OXIDE LASER IONIZATION MASS SPECTROMETRY FOR ANALYSIS OF 

PYROLYSIS OILS 

 

A modified version of a poster presented before the 16
th

 Annual Green Chemistry and 

Engineering Conference. 

 

Casey R. McAlpin
2
 and Kent J. Voorhees

3 

 

6.1 Abstract: 

 Fuels produced from pyrolyzed biomass (py-oil) have recently developed increased 

interest.  Py-oil is generated from the non-oxidative, pyrolytic decomposition of complex 

biomass constituents such as cellulose and lignin.  Efficient analytical methodologies involving 

separation methods have been limited by the complexity of the mixture and the heterogeneity of 

the compound classes present.  Herein, we discuss the use of metal oxide laser ionization mass 

spectrometry (MOLI MS) as a profiling methodology for py-oils.  High-resolution spectra were 

generated for a hydro-treated py-oil.  The resulting spectra were complex and contained 

numerous peaks.  Therefore, data reduction techniques commonly used in the analysis of 

petroleum-based samples, such as Kendrick mass defect, and nominal mass grouping (z*-series), 

were used to simplify data.  MOLI-MS coupled with these petroleomic data reduction methods 

proved to be a rapid and robust method for profiling species in py-oil.  

______________________________________________________________________________ 
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Reproduced with permission from The Proceedings of 16
th

 Annual Green Chemistry and  

Engineering Conference 
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6.2 Introduction:  

 An increasingly important issue facing present society is the production and distribution  

of clean and affordable energy.[137-138]  One potential renewable fuel source currently being 

explored is the liquid fraction of material produced from the pyrolytic decomposition of biomass 

(py-oil).  The resulting solution is a complex mixture of phenolics, ethers, ketones, sugars.[177, 

178, 183, 184]  Py-oils’ chemical complexity has made the development of efficient analytical 

methodologies problematic.[185]  Detailed information on py-oils composition is needed to 

efficiently direct upgrading, and processing for transportation applications.   

Previously reported studies have used primarily gas chromatography mass spectrometry 

(GC/MS) to characterize pyrolysis oil constituents. [178]  Gas chromatography has garnered 

some insightful information, but has failed to provide a complete picture of py-oil compositions.  

The acidity and non-volatility of many of the components in py-oils has made them non-

amenable to GC-MS analysis.  Other studies have reported the use of optical spectroscopy, and 

nuclear magnetic resonance spectroscopy for determination of compound classes in py-oils.[183]  

Perhaps the most effective methods for profiling of pyrolysis oil constituents to date has been 

either electrospray ionization (ESI) or atmospheric pressure photo ionization (APPI) followed by 

high resolution mass spectrometry. [185]   

Laser desorption/ionization has been used in several studies to produce ions for 

components of highly complex mixtures such as crude oils.[90, 92, 93]  Because LDI 

simultaneously produces ions for many components, it is particularly well suited to serve as the 

ion source for high resolution mass spectrometers (R>10,000).  At resolutions this high it is 

possible to distinguish between peaks with highly similar m/z.  The efficacy of ionization 

combined with resolving power, results in complex spectra which may contain thousands of 
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discrete peaks.  In 1963, Kendrick and colleagues proposed a mass scale for high-resolution mass 

spectra which helped to simplified data reduction and spectral interpretation.[92]  Kendrick 

suggested that methylene (CH2) groups be considered to have a mass of 14.00000, instead of the 

IUPAC mass of 14.01565.  To convert a compound from the IUPAC scale to the Kendrick scale, 

the IUPAC mass is multiplied by (14.00000/14.01565).  Consequently, the mass defect for a 

hydrocarbon series with the same chemical functional groups is constant.  For example, 

methanol, ethanol, propanol, and butanol all have a molecular formula CnH2n+2O.  The series has 

mono-isotopic Kendrick masses of 31.99024, 45.99024, 59.99024, and 73.99024, respectively.  

Kendrick mass defect is defined as the Kendrick mass subtracted from the nominal (integer) 

Kendrick mass.  The series of alcohols would therefore all have a Kendrick mass defect (KMD) 

of 0.00976.  If KMD is plotted with respect to m/z, the resulting plot which is known as a Van 

Krevelen diagram depicts homologous series (such as the alcohols) as points on a horizontal line. 

[186]   

Another parameter used to differentiate compound classes in KMD analysis is the use of 

nominal mass z* series. [187]  The z* number is defined as the remainder of a compound’s 

nominal mass divided by 14.0 minus 14.0, or z*= (modulus (nominal mass/14.00))-14.  While 

“modulus” can have several different mathematical definitions, in this case it simply means the 

integer value for the remainder.  For example, the compound C8H11O has a nominal mass of 156.  

If 156 is divided by fourteen, the quotient is 11 and two fourteenths.  Therefore, the “modulus” 

of 156/14 is 2 and the z* score is -12.  Because the modulus may only be between 0 and 13 only 

z* scores -1 through -14 are possible.  The use of z* score provides another method with which 

complex data may be reduced to a more interpretable format.     
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Many of the studies which have reported KMD analysis for complex mixture data have 

used ESI, APPI, or LDI to generate ions for the mixture.  It was recently reported that NiO-based 

metal oxide laser ionization mass spectrometry (MOLI MS) with proton-source pretreated NiO 

particles produces ions for more components of complex mixtures, than traditional LDI.[188] 

MOLI MS is a laser desorption method which has been shown to produce molecular ions for 

small molecules through interactions between analytes and Lewis acid/base sites on a metal 

oxide.[171]  

It is shown in the following study that spectra generated with MOLI MS for py-oils may 

be processed in a similar fashion as previously reported petroleum samples.  Petroleomic 

methods such as KMD analysis have allowed the rapid characterization of oxygenated 

components in py-oils, and can be used to more efficiently guide CID investigations.  

6.3 Materials and Methods 

 Materials used for MOLI MS analysis including; NiO, n-hexane, and methyl acetate were 

obtained from Sigma Aldrich (St. Louis MO).  Model compounds meant to represent the types of 

components found in in pyrolysis oils; 3,3-methylene-bis(4-hydroxycoumarin) (MBH), ellagic 

acid (EA), and 1-(3,4-dimethoxy-ph)-4-hydroxy-5,6,7-trimethoxy-naphthalene-2-carboxylic acid 

(TMNCA), were also purchased from Sigma Aldrich.  Methanol was obtained from Pharmco-

AAPER (Shelbyville, KY).  The pyrolysis oil investigated in this study was a sample prepared 

from the entrained-flow fast pyrolysis of biomass followed by hydro-treatment in a fixed-bed 

catalytic reactor.[183] 

 Solutions of model pyrolysis oil compounds were prepared by dissolving  2.1,  3.2, and 

8.3 mg of  3,3-Methylene-bis(4-hydroxycoumarin), ellagic acid, and 1-(3,4-dimethoxy-ph)-4-

hydroxy-5,6,7-trimethoxy-naphthalene-2-carboxylic acid, respectively in 1 mL of methanol.  The 
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pyrolysis oil sample was diluted by pipetting 10 µL of sample into 990 µL of methanol.  The 

slurry of NiO used for MOLI MS was created by adding 100 mg of NiO to 1 mL of n-hexane. 

 Sample preparation for MOLI MS analysis consisted of applying 1 µL of NiO from the 

bottom of the n-hexane/NiO slurry to the stainless steel MALDI plate.  NiO droplet spots were 

then vacuum dried to remove any excess n-hexane.  Following drying, the NiO particles were 

pretreated with 1 µL of neat methyl acetate, and vacuum dried an additional time to remove 

potential excess methyl acetate.  Finally, one µL of standard compound, or pyrolysis oil solution 

was applied to the pre-treated NiO spots. 

 Mass spectrometric analyses for model compounds were carried out with a Perseptive  

BioSystems Voyager DE-STR MALDI TOF mass spectrometer equipped with a 337 nm N2 

laser.  Instrumental settings have been previously described. [171]  Briefly, in reflectron positive-

ion mode, accelerating voltage was set to 25 kV, and grid voltage to 75 %.  Laser fluence used 

was 70% of the maximum and ion packets were extracted following a 10 ns delay.  Spectral data 

was exported from DataExplorer v5.0 into SigmaPlot v11.0 for data work-up and spectral 

interpretation.   

 High-resolution (R= 24,080 at m/z 236) mass spectrometric measurements were made 

with a JEOL JMS-3000 SpiralTOF mass spectrometer (Peabody, MA) equipped with a 349 nm 

Nd:YLF laser operating at a pulse rate of 250 Hz.  Laser fluence was set at 50%, and ion 

extraction delay and accelerating voltage were set to 10 ns, and 20 kV, respectively.  Spectra 

(150 laser shots/spectrum) were collected in positive-ion mode using manual laser rastering.  

Data were processed in Mass Mountaineer (JEOL) software, and exported into SigmaPlot v11.0 

for plotting. 
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6.4 Results and Discussion: 

    Model compounds were analyzed first to ensure that MOLI MS with proton-source 

doped NiO would be effective for producing molecular ions of the types of compounds present 

in py-oils.  Specifically, 3,3-methylene-bis(4-hydroxycoumarin) (MBH), ellagic acid (EA), and 

1-(3,4-dimethoxy-ph)-4-hydroxy-5,6,7-trimethoxy-naphthalene-2-carboxylic acid (TMNCA) 

were used as model analytes.  These compounds contain many of the chemical functional groups, 

and properties thought to be present on pyrolysis oil components based on previous studies.[178]  

Figure 6.1 shows the spectra obtained with proton source doped MOLI-MS for these compounds.  

The spectrum for MBH with and without proton-source pretreated NiO is presented in Figure 

6.1a and 6.1b.  The spectrum obtained using untreated NiO (Figure 6.1a) had a signal-to-noise 

ratio (S/N) of 567.5 for the protonated molecular species ([M+H]
+
 -m/z 337) while the spectrum 

obtained with methyl acetate pretreated NiO (Figure 6.1b) had a S/N of 776.3 for the same peak.  

The spectra in 6.1c, 6.1d, 6.1e and 6.1f are MOLI mass spectra for EA and TMNCA, 

respectively.  The protonated ion for EA (m/z 303) had S/N of 149.2 and 285.7 for untreated and 

methyl acetate pretreated NiO, respectively.  Molecular species were not detected at all for 

TMNCA using untreated NiO, while methyl acetate pretreatment resulted in a S/N of 240.7 for 

the [M+H]
+
 ion detected at m/z 427.  For all of the model compounds, the addition of a proton 

source improved spectral sensitivity by increasing the intensity and S/N of the respective 

molecular species detected.  Therefore, subsequent analyses utilized proton source treatment.   

 The effective ionization of model compounds suggested that MOLI MS was a tractable 

technique for the analysis of pyrolysis oils.  Hydro-treated pyrolysis oil was analyzed using 

proton-source pretreated NiO MOLI MS and produced the high-resolution spectrum shown in 

Figure 6.2.  The spectrum contains several series of peaks which are visually distinct and 14 Da 
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apart.  The observation of these series indicated that spectral processing based on Kendrick mass 

defect, and nominal mass z-series would be useful for data deconvolution. 

 Kendrick mass defect analysis, and classification based on nominal mass z-score resulted 

in the plot shown in Figure 6.3.  In Figure 6.3 each point represents one peak in the mass 

spectrum.  Distinct lines of points represent groups of peaks which all have the same KMD and 

z*-score.  The mass of each of these points differs by 14 Da as such these are homologous series.  

The ability to visually separate classes of compounds from the precursor mass spectrum allows 

for guided investigation of the species present with CID. 

 Collision induced dissociation was carried out on the most intense peak with the greatest 

intensity (m/z 236).   The series containing the m/z 236 is the series whose peaks achieved the 

highest spectral intensity.  This series has a z*-score of -2.  The CID spectrum of the m/z 236 ion 

is presented in Figure 6.4.  The fragments observed in the CID spectrum (identified in Figure 

6.5) indicated that the peak at m/z 236 corresponded to a compound with a structure similar the 

compound shown in Figure 6.5.  Goni and coworkers showed that lignin-like dimmers of this 

sort may compose up to 60 mass percent of oxygenates in pyrolysis oils supporting the structural 

assignment presented in Figure 6.5[189]. 

6.5 Conclusion: 

 The analysis of model compounds showed that MOLI MS with proton source-pretreated 

NiO was a useful method for profiling oxygenates in pyrolysis oils.  A hydro-treated py-oil was 

analyzed with this technique and produced a complex spectrum with several homologous series 

visually apparent.  The use of nominal mass z*-scores and KMD analysis as a function 

effectively deconvoluted the spectrum and allowed selection of the most abundant series for CID 

analysis.  CID of the m/z 236 peak confirmed that the z*=-2 series was comprised of lignin-like 
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dimmers.  MOLI MS coupled to petroleomic data reduction techniques represents a powerful 

method for profiling oxygenates in pyrolysis oils which may ultimately lead to more effective 

upgrading strategies.     

 

 

 
Figure 6.1 MOLI mass spectra of 3,3-Methylene-bis(4-hydroxycoumarin) with and without 

proton source pretreatment (a) and (b), respectively, ellagic acid with proton source pretreatment 

(c) and without (d), and 1-(3,4-dimethoxy-ph)-4-hydroxy-5,6,7-trimethoxy-naphthalene-2-

carboxylic acid with proton source pretreatment (e) and without pretreatment (f) 
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Figure 6.2 MOLI mass spectrum of a hydro-treated pyrolysis oil sample. 

 

 

 
Figure 6.3 Plot of m/z, KMD and z*-score for the spectral data from Figure 6.2 
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Figure 6.4 CID spectrum of the m/z 236 precursor (peak with red dot on inset). 

 

 
Figure 6.5 Proposed structure for the compound detected at m/z 236 as well as the identity of the 

detected fragments. 
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CHAPTER 7 

LIPID PROFILING USING CATALYTIC PYROLYSIS/METAL OXIDE LASER 

IONIZATION-MASS SPECTROMETRY 

A modified version of a paper published in the Journal of Analytical and Applied Pyrolysis
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With Additional Content from a paper published the Journal of Mass Spectrometry
2
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5
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3
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7.1 Abstract    

     A procedure for lipid analysis using catalytic pyrolysis metal oxide laser ionization mass 

spectrometry (CP-MOLI MS) is described.  When surface activated CaO is mixed with a lipid 

sample and analyzed using CP-MOLI MS, cleavage of lipids occurs by a reaction that resembles 

thermal hydrolysis methylation.  CP-MOLI MS of monoacylglycerides (MAG), diacylglycerides 

(DAG), triacylglycerides (TAG), varied fatty acids on DAGs and TAGs, phospholipids, algae, 

and bacteria produced Ca adducts of fatty acid constituents from the respective molecular species 

without matrix background interference.  CP-MOLI MS offers increased speed and a streamlined 

analysis in which intact lipids as well as their representative fatty acid constituents can be 

profiled on the same instrument.   

7.2 Introduction 

     Fatty acid analysis of lipids is significant scientifically and economically due to the 

ubiquitous presence of lipids in biological systems.[136]  As such, it is regarded as the “gold  

         1
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  standard” for identification of microorganisms. [190]  Additionally, lipids are heavily involved 

in the production of renewable biofuels such as biodiesel. [191]  The lipid composition of 

biofuels and biofuel feedstocks has a significant impact on performance.[51, 70]  Several 

strategies have been reported for general lipid analysis.  One such technique, thermal hydrolysis 

and methylation (THM), converts lipid material containing fatty acids to fatty acid methyl esters 

when treated with a THM reagent such as tetramethylammonium hydroxide (TMAH).[192]  

THM has been particularly useful for rapid production of fatty acid methyl ester profiles from 

diverse lipids, as well as bio/synthetic polymers.[192]  The rapid nature of this technique gives it 

a substantial advantage over ex-situ methods, effectively reducing analysis times from hours to 

minutes.[150, 193]   

Matrix assisted laser desorption ionization (MALDI) MS is commonly applied to high 

molecular weight compounds using aromatic organic acids as matrices.[13]  Although this 

technique has been increasingly used for lipid analysis [132], many matrix formulations interfere 

with detection of low molecular weight compounds and have even been observed to suppress 

analyte signals.  As a specific example, 2,5-dihydroxybenzoic acid (DHB), a common matrix 

used for lipid analysis, produces an intense M+1 peak at m/z 273 from protonated dehydrated 

DHB dimers that overwhelm, or suppress a methyl palmitate peak at m/z 271.[168]  As a result, 

such instances of interference have limited the utility of traditional MALDI MS for small 

molecule lipid analysis.[78]    

We recently reported the use of metal oxide laser ionization mass spectrometry (MOLI MS) as a 

matrix-free system for laser ionization of lipid materials.[171, 194]    Using this method, analyte 

ionization occurs by protonation, or sodiation due to interactions with Lewis acid/base sites on 

the metal oxide.  Furthermore, CaO has been shown to facilitate the cleavage of esters and has 
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been used as a catalyst in transesterification of triacylglycerides (TAG) to produce biofuels [142, 

143, 165, 195].  As such, CaO was explored as a matrix-free system for catalytic pyrolysis of 

lipids, with the purpose of preventing matrix interference, and providing data similar to THM 

results.  Here, we report the use of laser energy from a MALDI mass spectrometer in 

combination with a CaO surface to carry out rapid CP-MOLI MS analysis of 

monoacylglycerides (MAG), diacylglycerides (DAG), triacylglycerides (TAG), mixed fatty acids 

on DAGs and TAGs, phospholipids, bacteria, and algae. 

7.3 Materials and methods 

 The following section contains a detailed description of the materials and techniques used 

in this experiment.  The section is divided into subsections related to the various aspects of 

sample preparation and mass spectrometric analysis. 

7.3.1. Materials 

Nanocrystallite calcium oxide Plus and nanocrystallite magnesium oxide Plus (NanoActive Inc., 

Manhattan, KS) were purchased commercially.  Based on the supplier’s product information, the CaO 

aggregate size was 4 μm with a crystallite size of <40 nm and a surface area of 20 m
2
/g.  MgO had an 

aggregate size of 12 µm and a mean crystallite size less than 4 nm.  The MgO surface area was reported 

by the supplier as greater than 600 m
2
/g.  High surface area silica (SBA-15) was prepared as previously 

described. [196]  Isothermal nitrogen adsorption (BET) of SBA-15 showed a surface area of 901 m
2
/g.  

Tetramethylammonium hydroxide (solid) was obtained from Sigma-Aldrich (St Louis, MO).  

Phenyltrimethylammonium hydroxide (PTMAH) was purchased as a 20-25% solution in methanol (TCI, 

Portland, OR).  Ammonium hydroxide and hydrochloric acid were obtained from Mallinckrodt 

(Phillipsburg NJ), and Sigma-Aldrich, and used at concentrations of 0.44 M and 0.15 M respectively.  

Glycero- and phospho-lipid standards were purchased from Sigma-Aldrich and were prepared at 100 

mg/mL in 50/50 vol% hexane chloroform [Sigma-Aldrich and Fischer Scientific (Pittsburgh PA) 
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respectively].  
18

O methyl alcohol (Sigma-Aldrich) plus palmitic acid catalyzed with HCl was used to 

prepare 
18

O methyl palmitate. [150]  The resulting product was extracted from the reaction mixture with 

50/50 vol% hexane chloroform.  This solution was used without further purification.  Phosphate buffered 

saline (PBS) was prepared as described.[102]  Briefly, 8.0 g of NaCl (Mallinckrodt), 0.20 g KCl 

(Mallinckrodt), 0.24 g KH2PO4 (Mallinckrodt), and 1.44 g Na2HPO4 (Fisher) were dissolved in 800 mL 

of de-ionized water.  The solution was then adjusted to a pH of 7.4 with 0.1 M HCl (Sigma-Aldrich), and 

diluted to a final volume of 1 L.  

7.3.2 Algal and bacterial strains 

Wildtype Chlamydomonas reinhardtii (cc-124) (Chlamydomonas Center, St. Paul, MN) was grown to 

stationary phase in liquid tris-acetate-phosphate medium at 23
o
C with continuous aeration and 

illumination at 150 µE (µmole photons)/m
2
s of photosynthetically active radiation.  Escherichia coli (BL-

21) (ATCC, Manassas, VA) was cultured overnight in Luria-Bertani (LB) broth (BD-Difco, Franklin 

Lakes, NJ) at 37°C with continuous aeration, followed by streaking onto LB agar.  Bacillus anthracis, 

Enterococcus faecalis, Clostridium putrefaciens, Listeria monocytogenes Staphylococcus aureus 

Acinetobacter baumannii, Francisella tularensis, Salmonella typhimurium, and Yersinia pestis 

were cultured in a similar fashion in brain heart infusion (BHI) medium (BD-Difco, Franklin Lakes, 

NJ), and streaked onto BHI agar.  Culture plates were incubated overnight at 37°C followed by storage at 

4°C.  Individual bacterial colonies were removed and suspended in PBS for CP-MOLI MS analysis. 

Lipids were extracted by addition of 200 µL of 33/66 v/v% methanol/chloroform (Pharmco-AAPER, and 

Fischer, respectively) as previously described.[150]  Mixtures were then vortexed for 30 seconds, and 

allowed to settle before MOLI MS.   

7.3.3 Procedures 

Traditional MALDI MS analysis was performed using a DHB matrix (100 mg/mL in methanol) 

applied to a stainless steel MALDI plate in one µL aliquots.   One µL of an acylglyceride standard (50 mg 

in 50/50 vol% hexane/chloroform) was directly deposited in sandwich fashion onto the previously 
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deposited matrix crystals, followed by an additional one µL of matrix solution. [105,106]  Vacuum drying 

was employed between additions to facilitate matrix crystal formation.  A modified version of the 

standard sandwich method was used for DHB THM.  In this case, tetramethylammonium hydroxide 

(TMAH) was spotted before the final matrix addition to allow for mixing of analyte and methylating 

reagent prior to final matrix addition. 

Nanocrystallite particle preparation consisted of first spotting one µL from the bottom of a slurry of 

CaO in n-hexane onto a MALDI MS plate followed by vacuum drying.  One µL of THM reagent was 

then spotted onto the CaO spot and vacuum dried.  Following this step, analytes [one µL of 100 mg in 

50/50 vol% hexane/chloroform (Sigma Aldrich and Fischer Scientific)] were added to the CaO/THM 

reagent spot.  For algal and bacterial analysis, one µL of culture aliquots were prepared as previously 

described.  Investigation of the role of THM-based surface activation was achieved by treating CaO with 

one µL of previously prepared ammonium hydroxide and hydrochloric acid solutions as non-methylating 

controls.  To determine the influence of surface adsorbed water molecules on activation of CaO, particles 

were heated for 2 hours at 400˚ C in a one-inch diameter Pyrex tube in a Carbolite MTF 12/38/250 

(Watertown, WI) tube furnace under vacuum and used as a slurry in n-hexane, as previously described.  

Ex situ saponification and methylation of algae and bacteria were accomplished using a modified version 

of the Microbial ID, Inc. procedure [193].   

7.3.4 MOLI-MS 

MOLI- MS analysis was conducted with a Perceptive Biosystems Voyager DE STR MALDI 

TOF mass spectrometer using previously described instrument parameters [197].  Laser power 

was the only parameter that was adjusted during analysis.  A value of 75-80% laser fluence was 

found to be optimal.  Files were exported from Voyager Data Explorer software into SigmaPlot 

v11.0 (Systat Software, Inc, San Jose, CA) for data processing.  Tandem mass spectrometry 

collision-induced dissociation (CID) was performed on a JEOL JMS-S3000 SpiralTOF
TM

 mass 

spectrometer using He as the collision gas at 1.0x10
-4

 Pa, with 20 kV accelerating voltage, and 
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an optimized laser fluence of 50%.  Data files from the JEOL instrument were also imported into 

SigmaPlot v11.0 for data processing.  

7.3.5 Ex-Situ Fatty Acid Profiling 

For validation of microbial fatty acid CP-MOLI MS measurements, ex-situ fatty acid profiles 

were obtained with an Agilent 7890A FID gas chromatograph equipped with an Agilent DB5-

MS column.  Temperature programming consisted of a two-min hold at 30
o
C, followed by a 

20°C/min ramp to 230°C, and a one-min hold, followed by another program of 20°C to 310°C 

and a final hold of five-min.  Correlation of retention times of FAME standards to 

chromatographic peaks was used for identification. 

 

7.3.6 Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS)      

     DRIFTS was carried out on a Thermo/Fischer Nicolet 4700 FT-IR.  Spectral parameters were 

four cm
-1

 resolution and 500 scans with KBr (Sigma-Aldrich) used as the background material.  

Spectra were collected for thermally activated CaO, as well as untreated CaO. 

7.4 Results and Discussion 

      The study described in the following paper illustrates the serendipitous nature of research.  

Because of previous success with THM, our goal was to develop a THM technique using 

MALDI MS.  As the paper describes, an entirely different result was obtained.  Initial attempts to 

perform in situ THM of lipids with MALDI-MS were conducted using DHB as a matrix and 

TMAH as the THM reagent.  The use of a traditional matrix with a THM reagent was 

approached with some trepidation because of its basicity and the acidity of DHB.  Figure 7.1 

shows a representative MALDI spectrum of tripalmitin using a traditional DHB matrix.  The 

peak at m/z 830 is the M+Na (sodiated) tripalmitin molecular ion.  Mixed ionization from either 
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sodiation or protonation is commonly observed in MALDI analysis of lipids.[131]  The signal at 

m/z 273 is the pseudo molecular ion of the DHB dimer minus water.  The remainder of the peaks 

represent matrix background and analyte fragments.  The peaks at m/z 533 and 551 likely 

resulted from pyrolysis of tripalmitin, indicating that sufficient heat for pyrolytic reactions was 

produced during laser irradiation in the MALDI ion source.  

     When THM was carried out with DHB, no peaks were produced that could be associated with 

the palmitate methyl ester; however, the molecular ion of the TAG at m/z 830 decreased in 

intensity compared to tripalmitin analyzed with DHB (Figure 7.1).  It was unclear whether this 

decrease was due to pyrolysis, or partial titration of the matrix with the THM reagent.  Therefore, 

THM with traditional MALDI matrices was not investigated further.  Evidence of pyrolysis 

shown in Figure 7.1 led to the hypothesis that heat from the laser was in the appropriate 

temperature range to facilitate THM reactions [198, 199] and that other matrices should be 

explored.  If successful, conducting THM with a MALDI mass spectrometer would allow for 

profiling of fatty acids and intact lipid molecules on the same instrument. 

     Previous work showed that metal oxides facilitate laser ionization to produce strong 

molecular ions of FAMEs. [171]  Thus, NiO, MgO, SB15, and a bare MALDI plate were 

evaluated for matrix-free THM of tripalmitin.  Because of the known variability of temperatures 

in the plume of laser desorbed material, a high temperature THM reagent, TMAH (optimum 

temperature 400˚ to 600˚C) and a low temperature reagent, PTMAH (optimum temperature 220˚ 

to 300
˚
C) were used.  Again, the spectra showed no M+1 or sodiated methyl palmitate peaks for 

any of the metal oxides or the bare MALDI plate. 

     Based on the negative result in producing methyl palmitate molecular species from MgO, 

NiO, or SBA-15, CaO was investigated.  Calcium oxide offers increased Lewis acid and base 
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properties and has known surface activity, making it a more attractive alternative to the other 

metal oxide systems. [142, 143, 165, 195]  Figure 7.2 illustrates the spectrum of tripalmitin 

obtained using CaO with PTMAH (Figure 7.2a), and CaO with TMAH (Figure 7.2b) in which a 

peak is observed at m/z 295.  The absence of any observable tripalmitin molecular species in 

Figure 7.2a suggests that the reaction was complete.  The peak at m/z 295 was initially 

interpreted as a sodiated molecular ion for methyl palmitate (m/z 293). It was thought that a mass 

error of two Da was observed because the THM reaction had occurred in the ion source of the 

MS and affected the calibration resulting in a higher mass.  Under identical conditions, tristearin 

produced an ion at m/z 323 which was also two Da higher than the expected sodium adduct mass 

at m/z 321.   

     The two Da difference observed for both the molecular ion of methyl palmitate and methyl 

stearate was further investigated using collision-induced dissociation (CID) MALDI MS.  A 

product-ion scan of m/z 295 associated with palmitic acid failed to show the expected sodium 

ion (m/z 23), but a strong peak at m/z 40 corresponding to a Ca ion was observed.  These results 

suggested that the two Da shift was not an error resulting from the expected sodium adduct of 

FAMEs, but rather the mass of a Ca adduct of the fatty acid carboxylate.   

     The ionization mechanism was further explored by analyzing 
18

OCH3 labeled methyl 

palmitate.  The spectrum (Figure 7.3a) of the labeled methyl palmitate was unshifted relative to 

the unlabeled standard, indicating that the labeled methoxy group was lost and replaced with a 

surface oxygen and a Ca ion. Figure 7.3b presents the proposed mechanism showing that the 

molecular ion was formed by the nucleophilic attack on the carbonyl, by a surface oxide, 

resulting in the loss of 31 Da corresponding to a methoxy group and the addition of 56 Da from 
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CaO.  The net gain of 25 Da accounts for the extra two Da observed for the expected sodiated 

molecular ions.   

     Tripalmitin and tristearin standards analyzed using CaO without PTMAH or TMAH 

pretreatment failed to produce the expected Ca adduct peaks, indicating that the THM reagent 

was critical to the reaction.  The role of the THM reagent was established by replacing the 

quaternary base with dilute solutions of hydrochloric acid and ammonium hydroxide (at 

concentrations of 0.15 M and 0.44M respectively) in methanol.  Interestingly, pretreatment of 

CaO with either an acid or base prior to CP-MOLI MS, effectively produced the same results as 

the quaternary base THM reagents.  It was hypothesized that both were equally effective in 

activating the surface by removing surficial hydroxyl groups, and leaving behind more active 

surface oxide ions.  This hypothesis was supported when CaO particles were heated to 400˚C 

under vacuum to remove surface-bound water.  Preheated CaO, when cooled and used directly 

for CP-MOLI MS, resulted in identical fatty acid carboxylate Ca adducts as observed with acid 

and base treated CaO.  Additionally, this material was analyzed with DRIFTS and compared to 

DRIFTS spectra from the untreated CaO.  The hypothesis of surface activation by removal of 

surface hydroxyls was supported by the DRIFTS results shown in Figure 7.4, in which untreated 

material (Figure 4a) exhibits a pronounced O-H stretch (between 3300 cm
-1

 and 3400 cm
-1

) while 

material heated under vacuum (Figure 7.4b) does not show such a peak.  Heating appears to 

remove surface hydroxyls resulting in a more active surface.  This observation is supported by 

the work of Klabunde and coworkers in which metal oxides were thermally activated prior to use 

as a catalyst [142, 143, 165, 195]  ; however, additional work is needed to definitively define the 

mechanistic role of acid and base pretreatment.  In this study, activation of CaO was achieved 
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with acidic, basic and thermal pretreatment.  For further experiments, acid pretreatment with HCl 

included an addition of 0.15 M HCl in methanol to CaO spots prior to analysis.    

    To demonstrate broad CP-MOLI MS applicability, a diverse collection of lipids were 

analyzed.  Figure 5 shows spectra of a variety of differing lipids investigated by CP-MOLI MS 

using CaO and HCl pretreatment.  Dipalmitoylphosphatadylethanolamine (Figure 7.5a) was 

analyzed to ensure the technique would be effective for phospholipid analysis and therefore have 

applications in bacterial membrane lipid analysis.  Cleavage of phospholipids proved to be more 

difficult and produced lower S/N compared to the acyl glyceride standards investigated.  Mixed 

saturated and unsaturated fatty acid glycerides (Figures 7.5b and 7.5c) were also analyzed for 

possible cross reactivity and ionization suppression.  These standards produced spectra with fatty 

acid Ca adduct ions at the expected mass and intensity ratios without any observable suppression 

between saturated and unsaturated compounds.  Moreover, all three spectra were free of 

background interference. 

     The utility of CP-MOLI MS for whole-cell fatty acid analysis of microorganisms was 

explored using viable algal and bacterial samples.  CP-MOLI mass spectra for C. reinhardtii and 

E. coli are illustrated in Figures 7.6a and 7.6b The mass spectrum of C. reinhardtii (Figure 7.6a) 

shows major peaks for C16:0 and C18:1, which are known major components of algal fatty acids 

[150], as well as minor peaks for a number of fatty acids between C14:0 and C22:1.  This fatty 

acid distribution is similar to results observed using ex situ saponification/methylation GC algal 

analysis, but differs in the C16:0/C18:1 ratio (a higher C16:0/C18:1 ratio is observed by GC 

analysis). 

     Whole-cell bacterial CP-MOLI MS analysis (Figure 7.6b) reveals a distribution of FAMES 

from C14:0 to C18:0, which is dominated by C16:0 and C18:1.  This is in agreement with 
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previously reported lipid profiles.[55]  Comparison of THM results to ex situ 

saponification/methylation data consistently showed that microbial CaO pyrolysis results 

underrepresented the C16:0 level compared to C18:1.  

 It was hypothesized, based on known fatty acid profiles, that the C16:0/C18:1 ratio may 

involve the structure of the lipid precursor molecule.[193]  To elucidate the role that position of 

the fatty acids on the lipid precursor plays in CP-MOLI efficiency, representative phospholipid 

standards were analyzed.  Figure 7.7a shows a positive-ion mass spectrum of a 1-oleoyl-2-palmitoyl-sn-

glycero-3-phosphocholine standard while Figure 7.7b represents a positive-ion mass spectrum obtained 

for a 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine standard.  In Figure 7.7a, C16:0 is observed at a 

greater intensity than C18:1 (C18:1 62±1% of C16:0).  This C16:0/C18:1 ratio is reversed in Figure 7.7b 

(C16:0 80±10% of C18:1).  Similar results were observed in negative ion mode with C18:1 (57±4% of 

C16:0), when C16:0 was in the 2-position.  When C18:1 was in the 2-position, C16:0 was 78±11% of 

C18:1.  MOLI MS analysis of the model phospholipids with CaO showed that the location of the acyl 

chains in relation to the phospholipid polar head group clearly affected the peak intensity ratio of C16:0 to 

C18:1.   

In general, obtaining fatty acid profiles from bacteria was markedly more difficult than 

algal cultures.  Reproducible results were routinely obtained using algal samples taken directly 

from liquid growth media, and required no further sample preparation.  In contrast, liquid media 

cultures of E. coli did not yield consistent spectra from experiment to experiment and required 

suspension of bacterial colonies taken from agar growth media to gain more consistent spectra. It 

was found that to attain maximum reproducibility; CaO MOLI MS FA profiling required an extraction 

step prior to mass spectral analysis. The extraction procedure was based on a modified version of a 

published technique.[150]  A 30 second chloroform/methanol extraction with mild agitation was 

sufficient to isolate bacterial lipids.  Extraction times of one, two, five, and 30 minutes were also 

evaluated, but did not significantly alter the resulting lipid profiles.  
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Extraction of bacterial lipids markedly improved the reproducibility of fatty acid 

profiling with CP-MOLI MS.  To determine if the modified method had the necessary 

reproducibility for bacterial identification, 10 bacteria were chosen as a proof-of-concept sample 

set.  Bacillus anthracis, Enterococcus faecalis, Clostridium putrefaciens, Listeria 

monocytogenes,and Staphylococcus aureus represented the Gram positive specimens studied, 

while the Gram negative set consisted of Acinetobacter baumannii, Escherichia coli, Francisella 

tularensis, Salmonella typhimurium, and Yersinia pestis. The spectra obtained for the positive-

ion CP-MOLI MS analysis of the 10 bacterial species are shown in Figure 7.8.  There is a clear 

visual difference observed between these fatty acid profiles.  For example, Clostridium 

putrefaciens (j) and Bacillus anthracis (b) which are both spore-forming Gram positive species 

have pronounced C15:0 peaks, while Salmonella typhimurium has a uniquely high response for 

the C16:1 fatty acid.  Positive-ion spectra showed clear differences in the fatty acid profiles for 

the 10 bacterial.  The mechanism of cleavage presented in Figure 7.3 suggested that negative 

ions could also be formed with CP-MOLI MS.  Figure 7.9 shows the negative-ion CP-MOLI MS 

fatty acid profiles for the 10 bacterial species.  The spectra contain peaks for the same fatty acids 

observed in Figure 7.8; however, these species corresponded to fatty acid conjugate bases 

without a Ca
2+

 adduct.  As such, the spectra are shifted -40 Da relative to the positive ion data.  

Like spectra produced in positive-ion mode, the negative ion results show clear differences in the 

fatty acid composition of various bacterial samples.     

7.5 Conclusions  

     Lipid analysis using conventional MALDI instrumentation and CaO with acidic, basic, or 

thermal pretreatment demonstrated that low mass spectra (<1000 Da) were obtained for fatty 

acid constituents of a variety of lipid precursors.  CaO catalytic pyrolysis conducted under CP-
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MOLI MS conditions for MAGs, DAGs, TAGs, individual fatty acids, and phospholipids 

produced calcium adducts with appropriate fatty concentrations and, moreover, were free from 

matrix interference. Spectra obtained from C. reinhardtii and E. coli showed a lower 

C16:0/C18:1 ratio in comparison to those obtained from ex situ saponification/methylation GC 

analysis.  The ionization observed in all CP-MOLI mass spectra was the result of a nucleophilic 

attack on the carbonyl by surficial oxide ions.  In conclusion, CP-MOLI MS offers increased 

speed and a streamlined analysis in which intact lipids as well as their representative fatty acid 

constituents can be rapidly profiled on the same instrument, and fatty acid profiles may be 

generated for the purpose of microbial classification. 

 

 

Figure 7.1. MALDI MS spectrum of tripalmitin obtained using 2,5-dihydroxybenzoic acid matrix. 
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Figure 7. 2.  Pyrolysis spectra of tripalmitin using CaO with (a) PTMAH and (b) TMAH 
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Figure 7. 3 (a) CP-MOLI spectrum of 
18

OCH3 ester-labeled methyl palmitate.  (b) Mechanism of 

nucleophilic attack by a surface oxide. 

 

 

Figure 7.4  DRIFTS spectra of (a) untreated and (b) heat treated CaO in the O-H stretch region. 
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Figure 7.5  Spectra of additional lipids analyzed with CP-MOLI: (a) dipalmitoyl-

phosphatidylethanolamine, (b)myrisoyl-distearoyl-glycerol, (c) palmitoyl-dioleoyl-glycerol. 
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Figure 7.6 CP-MOLI MS spectra of (a) whole-cell C. reinhardtii and (b) E. coli. 
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Figure 7.7  Positive-ion CP-MOLI mass spectra for (a) 1-oleoyl-2-palmitoyl-sn-glycero-3-

phosphocholine standard and (b) 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 

 



112 
 

 

Figure 7.8 Positive-ion CP-MOLI mass spectra of: Enterococcus faecalis (a), Bacillus anthracis 

(b), Escherichia coli (c), Yersinia pestis (d), Acinetobacter baumannii (e), Staphylococcus 

aureus (f), Francisella tularensis (g), Listeria  monocytogenes (h), Salmonella typhimurium (i), 

and Clostridium putrefaciens (j). 
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Figure 7.9 Negative-ion CP-MOLI mass spectra of: Enterococcus faecalis (a), Bacillus 

anthracis (b), Escherichia coli (c), Yersinia pestis (d), Acinetobacter baumannii (e), 

Staphylococcus aureus (f), Francisella tularensis (g), Listeria  monocytogenes (h), Salmonella 

typhimurium (i), and Clostridium putrefaciens (j). 
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CHAPTER 8 

FUTURE WORK AND PROJECT ASSESMENT 

8.1 Non-Traditional Applications of Laser Desorption/Ionization  

 Matrix assisted laser desorption ionization mass spectrometry (MALDI MS) which was 

originally described by Karas and Hillenkamp has been considered an application of LDI 

MS.[13,14]  MALDI MS has since become the preferred method of mass spectral analysis for a 

number of analytes which are generally high mass species.  The exact mechanism or 

combination of mechanisms for ionization with MALDI MS depends on the analyte system, the 

matrix used, and any contaminations, or additives.  The possibility for multiple routes of 

ionization has resulted in trial and error approach for method development with MALDI MS.   

It was shown in this thesis that method development considering the chemistry of the 

analyte, and possible ionization mechanisms resulted in improved MALDI MS analyses.  These 

methodologies have allowed increased sensitivity for analytes whose detection with MALDI MS 

was previously problematic and in some cases impossible.   

8.2 Disulfide Bond Complexes  

 Inclusion of reducing agents prior to analysis profoundly improved detection of viral 

biomarkers which were bound to each other by disulfide bounds.  Chapter 2 discussed in detail 

the application of disulfide reduction for enhanced detection of capsid proteins.  Reducing agents 

investigated included DTT, β-mercaptoethanol (BME), tris(2-carboxyethyl) phosphine (TCEP), 

and 1,5-diaminonaphthalene (DAN).  The optimal reducing agent appeared to be BME.  The use 

of BME for reduction of viral capsid complexes greatly improved detection of major capsid 

proteins (MCP).   

For a variety of organisms, BME pretreatment was sufficient to liberate MCP monomers.  

However, several organisms did not require BME pretreatment or conversely, did not show an 
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increase in spectral intensity for the MCP after BME treatment.  As such, further study into the 

structural differences between these organisms may help to elucidate the dominant features 

responsible for tertiary and quaternary protein structure.  It is recommended that future studies 

create detailed structural models of these organisms based on genomic data, and simulate the 

formation of disulfide bonds.  This type of study would show if organisms which were non-

responsive to BME treatment were so because of the location, or absence of disulfide bonds.  

Additionally, organisms which did not require BME treatment to detect MCP monomers may 

have fewer or weaker disulfide bridges which allowed for thermal dissociation during MALDI 

ionization.  Each of these cases would likely be evident upon three dimensional modeling of the 

specific protein complexes. 

8.3 Matrix Optimization for Analysis of Trace Biodiesel Components 

 The study of ionization efficiencies for different analytes with different matrix 

compounds allowed optimization of matrix conditions for the analysis of non-fuel components in 

biodiesel.  Development of the optimized matrix system was presented in Chapter 3.  The 

optimized matrix system was able to effectively ionize a range of compounds, and provide semi-

quantitative data which could be related directly to the quality of the biodiesel fuel sample.  

 The method developed for biodiesel residual components was robust for B100, or 100% 

biodiesel.  In real-world applications bio-diesel is more likely to be used as a blend-stock with 

conventional petroleum diesel.  The analysis of biodiesel blends presents unique challenges 

which were not encountered in the analysis of B100.  For example the chemical/physical 

properties (such as polarity) of B100 and petroleum diesel are largely different making selection 

of matrix compounds more complex.  Future work focused on biodiesel blends should start with 

a similar methodical approach.  It would be prudent to develop this methodology by first doping 
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petroleum diesel with a suite of model compounds similar to the seven-component standard used 

in Chapter 3.  Using standard model compounds, would ensure that the types of compounds 

expected from biodiesel are ionized in a biodiesel blend.  The matrix mixture may require re-

optimization of the ratios of matrix compounds.  Once the matrix has been optimized and the 

standard components detected, real-world biodiesel blends may be studied. Development of this 

technique would make the methodology more relevant to applications in which biodiesel is used 

as a blend-stock.      

8.4 Metal Oxide Laser Ionization Mass Spectrometry 

 Metal oxide laser ionization mass spectrometry (MOLI MS) with NiO, proved highly 

effective at ionizing compounds with ester chemical functional groups.  Nickel oxide produced 

peaks with exceptional signal to noise ratios, and limited thermal fragmentation.  The detailed 

study of the ionization mechanism was presented in Chapter 4.  That study showed that specific 

interactions between the analyte ester group and the metal oxide surface were responsible for 

ionization. 

 Future efforts with MOLI MS should be directed at developing other metal oxide systems 

with activity toward differing chemical functional groups.  Amides for example, do not 

coordinate to NiO through the carbonyl oxygen, but rather the non-bonding electrons from the 

nitrogen.  As such, future studies should utilize metal oxides with differing Lewis 

acidities/basicities, and differing morphologies.  These varied properties could lead to the 

development of “designer” metal oxide systems tailored to specific applications, and functional 

groups.  Development of these systems should be carried out with a focus on surface 

spectroscopy including DRIFTS, and solid-state NMR.  Additional mechanistic insight may be 

gained with stable isotope labeling. 
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8.5 Expansion of MOLI MS Applications by Pretreatment of Metal Oxide Surfaces: 

 Extended applications of MOLI MS were explored by treating the metal oxide surface 

with a small ester to act as a proton source.  The fundamental understanding of the absorption 

and ionization mechanisms for esters allowed development of extended MOLI MS applications 

by addition of a small molecule proton source.  The results of proton source doping studies were 

presented in detail in Chapter 5.  Results showed that an ideal dopant molecule was methyl 

acetate.  Methyl acetate had ideal volatility, acidity, and a small molecular mass and was used for 

analysis of a multitude of non-ester containing analytes. 

 Future experiments carried out with MOLI MS may utilize differing metal oxides.  

Additionally, it may be possible to treat metal oxide surfaces with varied reactants which may 

allow reactions other than simply the transfer of a proton. These reactions would be catalyzed by 

the metal oxide surface.  The development of these techniques would likely occur as a 

consequence of the development of “designer” metal oxides.  The insight gained from surface 

spectroscopic studies would direct potential surface catalyzed reactions.  

8.6 Analysis of Complex Mixtures with MOLI MS 

 Proton-source-pretreated NiO was used in Chapter 6 for characterization of the 

components in oils produced from the anoxic pyrolysis of biomass (py-oil).  These samples are 

complex mixtures (similar to petroleum oils) with a wide variety of chemical functional groups.  

In Chapter 6, Kendrick mass defect (KMD) analysis was used to guide collision-induced 

dissociation (CID) studies for the rapid characterization of components in py-oil. 

 The study presented in Chapter 6 serves as a proof-of-concept for which MOLI MS could 

be used for petroleomic applications.  Future work with MOLI MS and complex mixtures should 
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involve detailed CID of the individual series found in complex mixtures.  The technique should 

be used to compare pyrolysis oils of varied feedstocks and differing levels of upgrading. 

8.7 Catalytic Pyrolysis Metal Oxide Laser Ionization 

 Catalytic pyrolysis metal oxide laser ionization mass spectrometry (CP-MOLI MS) was 

presented in detail in Chapter 7.  The resulting technique was used the catalytic interaction of 

lipid compounds with metal oxides to generate fatty acid profiles.   In this case, detailed 

knowledge of the analytes, and their activity towards metal oxides resulted in another improved 

analysis.  Specifically, CP-MOLI was used to generate unique fatty acid profiles for a number of 

different microbial species.  The development of CP-MOLI resulted in an analysis in which fatty 

acid profiles could rapidly be generated on the same instrument used to study proteins. 

 Future efforts with CP-MOLI should involve the development of databases of fatty acid 

profiles for microbial samples.  Fatty acid profiles obtained from unknown microbial samples 

may then be characterized based on the database and statistical analysis, in a manner similar to 

that used by the MIDI system.[ref]  Future efforts focused on development of statistical tools, 

and databases of lipid profiles would allow CP-MOLI MS to be used at the clinical level to 

identify potentially pathogenic organisms.                
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permission from their respective publishers.  Included in the electronic supplementary material 

are the permission letters for these chapters.  Chapters 2, and 7 have their own separate PDF files 

stating that the material used in this thesis was used with the permission of those respective 
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