
Rapid Detection and Accurate Discrimination of Microorganisms by Liquid 

Chromatography, High-Resolution Ion Mobility, and Tandem Mass Spectrometry 

 

by 

 

Orobola Emmanuel Olajide 

 

 

 

 

A dissertation submitted to the Graduate Faculty of  

Auburn University 

in partial fulfillment of the  

requirements for the Degree of  

Doctor of Philosophy 

 

Auburn, Alabama 

May 4, 2024 

 

 

 

 

Keywords: Ion Mobility Spectrometry, Collision cross section measurements, Ambient ionization, 

Bacterial discrimination, Multidimensional separation techniques 

 

 

Copyright 2024 by Orobola Olajide 

 

 

Approved by  

 

Ahmed M. Hamid, Chair, Assistant Professor, Dept. of Chemistry & Biochemistry 

Christopher J. Easley, Dr. & Mrs. Charles Dent Williams Professor, Dept. of Chemistry& Biochemistry 

Steven Mansoorabadi, J. Milton Harris Associate Professor, Dept. of Chemistry & Biochemistry 

Angela Calderón, Gilliland Professor, Dept. of Drug Discovery & Development  

Jingyi Zheng, Assistant Professor, Dept. of Mathematics & Statistics 

 



ii 

 

Abstract 

 

 

Determining bacterial identity at the strain level is crucial for public health to enable 

appropriate medical treatment and reduce hospitalization times and antibiotic resistance. To 

achieve this goal, we have reported the coupling of ambient ionization techniques with a 

commercial drift tube ion mobility mass spectrometer and demonstrated their ability to rapidly 

separate constitutional and geometric isomers. After successful rapid isomer separation, we 

investigated paper spray – IM – MS/MS to discriminate five Bacillus species. We optimized 

several parameters, such as the incubation time and the spray solvent. We found that a 4 h-

incubation time is sufficient for detection and that isopropyl alcohol (IPA) gives a longer spray 

time and higher intensities of the observed biomarkers than methanol (MeOH, typical spray 

solvent in PS – MS experiments). Numerical multivariate statistics (principal component analysis 

followed by linear discriminant analysis) allowed discrimination at the species level with a 

prediction rate of 92.4 % and 97.6 % using the negative and positive ion information from PS – 

MS/MS, respectively. However, when including the corresponding drift times of the biomarkers, 

i.e. PS – IM – MS/MS, prediction rates of 99.7% and 100% were obtained using the negative and 

positive ion information, respectively. We attribute the improvement in prediction rates to the 

ability of IM separations to resolve isomers. 

When analyzing seven E. coli strains by PS – IM – MS/MS, the prediction rate was 80.5% 

after numerical data fusion of negative and positive ion modes. Therefore, we combined liquid 

chromatography with IM – MS/MS as LC – IM - MS/MS to accurately discriminate the seven E. 

coli strains. Numerical multivariate statistics demonstrated the ability of this method to perform 
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strain-level discrimination with prediction rates of 96.1% and 100% using the negative and 

positive ion information, respectively. This work demonstrates the great potential to accurately 

detect pathogenic and antibiotic-resistant bacteria in agrochemical screening, disease diagnostics, 

etc. Moreover, this work can pave the way for developing standalone ion mobility spectrometers 

which can be used in several medical, environmental, and security applications. 
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Chapter 1. Methods for the Detection of Bacterial Pathogens: Principles, Applications, 

Advantages, And Limitations 

 

 

1.1. Health and Economical Burden of Bacterial Infections  

    Bacteria are an essential component of the human microbiome, colonizing tissues 

including the gastrointestinal tract and skin. Although majority of bacteria are harmless with some 

strains providing benefits in digestion and competition with opportunistic pathogens, bacterial 

infections are among the most common human illnesses [1, 2]. Among the most common bacterial 

infections worldwide are urinary tract infections (UTIs), foodborne illnesses, pneumonia, 

meningitis, etc. [3]. Not only do these bacterial infections increase health burden, but they also 

contribute massively to the economic burden. Complicated urinary tract infections (cUTI) are 

among the most frequent bacterial infections in the community and were the 14th ranked principal 

diagnosis for hospital admissions in the 2018 Healthcare Cost and utilization Project [4]. Recently, 

a U.S. national database study indicated that there are over 2.8 million cases of cUTI per year, 

resulting in annual 30-day total costs of more than $6 billion [4]. According to report from Centers 

for Diseases Control and Prevention (CDC), approximately 48 million people in the United States 

get ill, 128,000 people are hospitalized, and 3,000 people die annually due to foodborne diseases 

despite United States has the safest food supplies in the world [5, 6]. These health and economic 

burdens highlight the need for rapid and accurate diagnosis of these bacterial infections.  

The common bacterial infections causative agents are Listeria monocytogenes, Escherichia 

coli O157:H7, Staphylococcus aureus, Salmonella enterica, Bacillus cereus, Vibrio spp., 

Campylobacter jejuni, Clostridium perfringens, Streptococcus agalactiae, Bacillus cereus, 

Klebsiella pneumoniae, Shiga toxin-producing Escherichia coli (STEC), etc. [6, 7]. Unequivocal 
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identification of bacteria is essential for several clinical and biological applications, such as the 

treatment of disease in animals and plants, where accurate diagnosis is required for an efficient 

and effective strategy to eradicate infectious microorganisms. Accurate diagnosis is also important 

in limiting the possibility of toxicity to host cells as well as reducing the risk of developing 

antimicrobial resistance (AMR). If the accurate discrimination of bacteria is left unaddressed, 

AMR in bacteria could kill 10 million people per year by 2050, which would surpass current cancer 

mortality [8]. A 2019 report by CDC on antibiotics as effective treatment for uncomplicated UTIs 

found that more than 2.8 million cases of infections are caused by antibiotic-resistance pathogens 

at any anatomic location occur in the US annually, resulting in approximately 35,000 deaths. This 

shows a marked increase in infection rate and deaths from the equivalent 2013 CDC report 

(previously 2 million cases of antibiotic-resistant infections, and 23,000 resultant deaths) [9]. 

Hence, highly sensitive and specific discrimination methods are required that would discriminate 

bacteria not only at the genus level but up to the strain level which is more challenging due to the 

close genetic similarity of the strains. Therefore, effective treatments would depend on rapid and 

accurate identification of the causative strain, leading to strain-specific therapy that would shorten 

hospitalization periods, improve patient recovery, and lower antibiotic resistance.  

 

1.2. Traditional Methods for Diagnosis of Bacterial Infections 

    The conventional methods for detecting bacterial infections in urine, blood, food samples 

are based on culturing the microorganisms on agar plates followed by standard biochemical 

identifications [10]. These methods are cost effective and very simple however they are time 

consuming as they are hugely dependent on the ability of the microorganisms to grow in different 

culture media such as pre-enrichment media, selective enrichment media, and selective plating 
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media. Usually the processing associated with conventional methods typically requires about 2 to 

3 days for preliminary identification and more than a week for confirmation of the species of the 

pathogens [11]. During this period patients received broad spectrum antimicrobial treatments. 

Although this strategy is efficient for most cases, it is also known to have a strong impact on the 

development of antimicrobial resistance. Indeed, among patients’ urine samples tested for UTI, a 

large proportion are found not infected. For others, the prescription of broad-spectrum antibiotics, 

rather than species-specifics antibiotics, might lower the efficiency of the therapy [12, 13]. But in 

all cases, this misuse of antibiotics increases the emergence of multi-drug resistant bacteria [14-

18]. False negative results may occur due to viable but non-culturable (VBNC) pathogens [18]. 

The failure to detect these pathogens would increase the transmission risk of the pathogens. 

Therefore, there is a need for the development of fast, robust, and accurate methods for bacterial 

identification, to improve therapies and guide rational use of antibiotics.  

Many new methods have emerged for the rapid diagnosis of bacterial infections including 

immuno-assays such as the enzyme-linked immunosorbent assay (ELISA). ELISAs are a widely 

used immunological approach that is less expensive; however, it has some significant 

disadvantages such as the need for highly specific antibodies and prior knowledge which has made 

it direct application in medical field limited [11, 19]. Genotyping methods, which are based on the 

sequencing of partial (16S small subunit ribosomal [rRNA] gene sequencing) or entire (Whole 

Genome Sequencing) genomes of the microorganisms contained in a sample, are promising 

because they do not require bacterial culture and can be applied to complex samples containing 

several species [7, 20, 21]. However, the cost and the time required to get identification by 

sequencing methods preclude their use in routine laboratories. In addition, if 16S rRNA sequencing 

can provide a quite rapid identification (typically 24 h), the high conversation of 16S gene 
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sequences across bacterial families and species often limits the precision of identification to the 

genus level [7, 22, 23]. By contrast, Whole Genome Sequencing can provide an efficient species 

and even strain typing, but it is costly and time consuming to get the results is strongly extended 

by the sequencing itself and by the data analysis. Examples of these methods include polymerase 

chain reaction (PCR) and pulsed-field gel electrophoresis (PFGE) [8, 24]. PCR methods are 

sensitive, often eliminating the need for cultural enrichment, but lacking the required specificity 

to be considered confirmatory at the strain level [24]. Hence, alternative analytical methods that 

ensure minimal time consumption, and provide high sensitivity and specificity at the strain level 

are needed. The advantages and disadvantages of traditional methods used to characterize bacteria 

are summarized in Table 1.1. 

Table 1.1. Advantages and disadvantages of traditional methods used to characterize bacteria [8] 

 

Methods  Advantages  Disadvantages  

ELISA • Reliability  

• Specificity  

• Sensitivity  

• Labor-intensive 

• Need for highly specific antibodies and 

prior knowledge 

PFGE  • Extremely powerful in the 

analysis of large molecules 

from a variety of sources 

• DNA restriction patterns 

generated by PFGE are stable 

and reproducible 

• Time consuming  

• Bands are not independent 

• High cost 

PCR • Sensitive 

• Precise 

• Accurate  

• Target DNA sequence must be known 

• Small amounts of contaminants within 

samples interfere with experiments  

• Cannot different between live versus 

dead bacteria 

• Time consuming 

• Requires expertise 
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1.3. Mass Spectrometry for Clinical Diagnosis of Bacterial Diseases 

   The combined advantages of sensitivity, specificity, and speed make mass spectrometry 

(MS) an attractive analytical platform for the analysis of intact microorganisms. The analysis of 

microbial proteins leading to effective bacterial identification has achieved a breakthrough in 

routine clinical microbiology laboratories with the introduction of matrix-assisted laser desorption 

ionization mass spectrometry (MADLI-MS) [25, 26]. In MALDI-MS, molecular ions are 

generated when a laser beam hits analytes that are mixed with a matrix and dried in air before 

analysis [27]. Since MALDI is a very soft ionization technique, proteins in whole bacterial cells 

can be measured directly without fragmentation [28, 29]. In these methods, most of the proteins 

that can be identified are ribosomal proteins, which are quite easy to detect due to their small size 

and high abundance [30]. One of the advantages of the measured ribosomes is that they are always 

produced under all growth conditions and are therefore not susceptible to variable phenotypic 

effects during bacterial cultivation; this may be the reason why the method is very stable and 

routinely used in many clinical microbiology laboratories. In addition, the MALDI-MS method is 

very simple in sample preparation and timesaving, which makes it a good substitute for 

conventional phenotype-based methods as it reduces the time required for identification from 2 or 

4 days to less than 50 hours. For these reasons, two mass spectrometers, the Biotyper (Bruker) and 

the Vitek-MS (Shimadzu-BioMerieux), were approved for clinical use in 2013 by the health 

organizations of most countries, including the US Food and Drug Administration (FDA) [31]. 

Identification of bacteria by MADLI-MS at the genus or species level is usually based on the 

protein mass patterns obtained together with a library-based approach or bioinformatic analysis 

[32]. In both methods, the analyst compares distinguished and discriminated peaks (biomarkers) 

in the MADLI-MS profiles of the analyzed bacteria with publicly available databases [33, 34]. 
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 Despite its numerous advantages, bacterial identification by MALDI-TOF MS has several 

disadvantages: 1) It requires a lengthy culture step to isolate bacterial colonies, as the detection is 

based on a comparison with a spectral database acquired on pure colonies. For the same reason, it 

is not able to identify polymicrobial infections (i.e. when multiple species are present in the same 

sample) without analyzing multiple types of colonies visually selected on the culture plate [35]; 2) 

due to minimal sample preparation, the information contained in the spectra is limited to the most 

abundant molecules, limiting the specificity of the method and its ability to identify specific 

species or subspecies [26, 30]; 3) it is not quantitative, potentially important information for certain 

samples where pathogens need to be differentiated from the normal microbiota, or when a certain 

level of infection must be reached to require anti-biotherapy [7]; and 4) relatively low selectivity 

due to the inability of MS to separate isomers [36]. While identification using MALDI-TOF 

(BioTyper and Vitek) relied on reference databases to identify and classify microorganisms 

according to their mass spectra fingerprint, MALDI-TOF/TOF uses peptide ion fragment from 

MS/MS scans which facilitate more accurate bacteria identification. Even with the introduction of 

MADLI TOF/TOF, bacterial identification using MALDI suffers a major drawback which is the 

small number of identified proteins per sample. These identified proteins are ribosomal proteins 

which are often highly conserved and similar within a species limiting the performance of MALDI 

TOF/TOF for strain or serotype differentiation [37]. In contrast to MALDI-TOF MS, front-end 

separations with MS, such as liquid chromatography-mass spectrometry (LC-MS), have high 

dynamic sensitivity, i.e., increased protein signals with a concomitant increase in taxonomic 

resolution, and high selectivity due to the ability of LC to provide isomer separation [38, 39]. In 

fact, LC-MS methods have differentiated strains of Enterobacter sakazakii [40], Shiga-

toxigenic Escherichia coli [41], Vibrio parahaemolyticus [42], and Bacillus cereus [43]. Although 
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LC-MS methods could differentiate strains, this method is labor-intensive and time-consuming, 

primarily because of the extensive sample preparation and long LC acquisition times. Therefore, 

alternative techniques with minimal sample preparation and rapid analysis are needed as early 

detection of bacteria allows quick clinical intervention.  

 

1.4. Ambient Ionization for Rapid Detection of Bacteria  

   Ambient ionization MS is a technique for direct analysis by ionizing analytes at ambient 

pressure and temperature conditions without sample preparation. Advantages of ambient 

ionization techniques include minimal sample preparation, low sample and solvent volumes 

utilization, and direct rapid analysis [44]. Ambient ionization can be largely categorized into three 

main classes primarily based on their desorption methods: liquid extraction, plasma desorption, 

and laser ablation [45]. An extensive description of each ambient ionization technique under each 

classification and their applications in forensics, biomedical, environmental, bioanalysis, in vivo 

analysis, food and agriculture, and reaction monitoring and catalysis have been detailed in previous 

reviews [45, 46]. 

Several ambient ionization mass spectrometry methods have been developed and reported to 

be efficient in discriminating various microorganisms, such as desorption electrospray ionization 

(DESI) [47], low temperature plasma (LTP) [48], nanospray desorption electrospray ionization 

(nanoDESI) [49], liquid microjunction surface sampling probe (LMJ-SSP) [50], rapid evaporative 

ionization MS (REIMS) [51], laser ablation electrospray ionization (LAESI) [52], paper spray (PS) 

[53], touch spray (TS) [54], and direct analysis in real-time (DART) [55]. DESI was employed to 

measure lipids directly from sixteen bacteria samples without extraction or another sample 

preparation. Differentiation of the different bacterial species was achieved using either the positive 
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or the negative ion mode DESI mass spectra covering the mass/charge range up to m/z 1000. The 

data was confirmed by electrospray mass spectrometry (ESI-MS) of lipid extracts from the same 

bacterial samples. Although the signals were lower, the quality of the direct ionization DESI 

spectra compared favorably with that of the ESI spectra extracts prepared using 

chloroform/methanol. The unit of mass resolution in these experiments allows for overlaps of 

nominally isobaric lipids at particular m/z values. Tandem mass spectrometry was performed to 

validate the presence of particular lipids falling into several classes of phospholipids, including 

phosphatidylethanolamines (PE), phosphatidylglycerols (PG) and lysophospholipids. The data 

from the different bacteria were compared using principal component analysis (PCA), which 

indicated that the different species are readily distinguished, and that different growth media do 

not prevent bacterial differentiation in the cases examined [56]. From the same laboratory, sixteen 

different bacteria representing eight genera from Gram-positive and Gram-negative bacteria were 

separated using paper spray mass spectrometry. The lipid information in the negative ion mass 

spectra proved useful for species level differentiation of the investigated Gram-positive bacteria, 

while Gram-negative bacteria were differentiated at the species level by using a numerical data 

fusion strategy of positive and negative ion mass spectra as shown in Figure 1.1 [53]. 



9 

 

 

 The paper spray mass spectrometry was challenged to discriminate eight closely related 

Candida species with clinical relevance and known phylogeny. The discrimination of the Candida 

species was solely based on the characteristic’s lipid profiles of the individual species; Candida 

albicans, Candida krusei, Candida dubliniensis, Candida lusitaniae, Candida glabrata, Candidia 

Figure 1.1. PCA of Gram-negative bacteria: C. farmeri (black squares), C. freundii (red 

squares), E. aerogenes (gray circles), E. asburiae (pink circles), E. cloacae (blue circles), P. 

penneri (black diamond), P. vulgaris (red diamond), E. coli (green stars), P. aeruginosa (green 

triangles), and P. fluorescens (blue triangles). Negative ions: (a) PC3 versus PC4 score plot. (b) 

PC3 versus PC4 loading plot. Fused positive and negative ions: (c) PC2 versus PC3 score plot. (d) 

PC2 versus PC3 original loading plots labeled in terms of m/z ratio. Violet, negative ions, green, 

positive ions. 
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parapsilosis, Candida tropicalis, and Candida guilliermondii. Visual differences in the mass 

spectra in the negative ion mode are evident between some of the species, namely Candida 

glabrata, Candida guilliermondii, and Candida krusei. On the other hand, the spectra of Candida 

albicans and Candida dubliniensis are nearly identical. The spectra of Candida lusitaniae, 

Candidia parapsilosis, and Candida tropicalis appear to have slight differences in the relative 

abundances of major ions [57]. However as shown in Figure 1.2, there is poor separation of the 

Candida species even with the fusion of positive and negative ion mode information. This implies 

that more selective analytical techniques for discrimination of species is needed.  

 

 

Figure 1.2. (a) Negative mode PCA score and loading plot, upper and lower respectively, 

of Candida species. (b) Positive mode PCA score and loading plot. (c) PCA score and loading plot 

(negative ions, blue and positive ions, red) after data fusion. Species are indicated by 

color: C. albicans (red), C. dubliniensis (orange), C. glabrata (grey), C. guilliermondii (yellow), 

C. krusei (blue), C. lusitaniae (green), C. parapsilosis (dark violet), C. tropicalis (black). (For 

interpretation of the references to color in this figure legend, the reader is referred to the web 

version of this article.) 
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1.5. Ion Mobility Spectrometry for Accurate Discrimination of Bacteria through Isomeric    

Biomarker Discovery  

    The reduced selectivity of ambient ionization MS methods which is caused by the inability 

of MS to distinguish isomers with identical chemical formulae poses a challenge for the analysis 

of complex samples and reduction in its capability to differentiate bacteria species and strains. [58, 

59]. Ion mobility spectrometry (IMS) is particularly suited to address the structural challenges 

endemic to isomers. IMS is a gas phase separation technique in which structurally distinct 

compounds are distinguished based on collisions between analyte ions and inert buffer gas 

molecules under the influence of a weak electric field [60]. Since separations based on IM can 

improve the selectivity of ambient ionization techniques, they have been increasingly used to 

overcome problems associated with the analysis of complex samples by ambient ionization 

techniques [58, 61, 62]. Noteworthily, most of the ambient ionization techniques utilized 

membrane lipids (e.g. phospholipids) as diagnostic biomarkers to discriminate various 

microorganisms [45, 63]. However, phospholipids can have a variety of isomers through the 

variations in headgroup, chain length, sn-position, double bond position, and configuration of 

double bonds (i.e., cis versus trans) which causes their structural analyses to be very challenging 

[64, 65].  

Previous MS-based studies have been utilized in the characterization of diagnostic lipids 

utilizing liquid chromatography (LC), tandem mass spectrometry (MS/MS), and derivatization 

experiments which are labor-intensive and time-consuming [64-67]. LC-MS alone cannot resolve 

all the lipid isomer types and does not provide comprehensive structural annotation of lipid isomers 

in untargeted analyses [43]. These challenges limit the application of LC-MS for bacteria species 

and strain level differentiation since the identity of the isomeric lipid biomarkers that distinguish 
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the bacteria species and strains are unknown. Tandem mass spectrometry (MS/MS) doesn’t only 

provide structural information about the isomeric lipid biomarkers but also serves as a 

“fingerprint” used to confirm the identity of each microorganism [39, 68]. However, the problem 

of similar fragmentation patterns in some isomer types (e.g., geometric isomers) limits the 

discriminatory power of tandem MS for species and strain-level differentiation. Clear separation 

between diagnostic lipid isomer biomarkers is required to discriminate and identify bacteria 

species and strains reliably. 

In IM, structurally different lipid ions rapidly separate in the gas phase due to numerous 

collisions between lipid ions and inert buffer gas molecules under the influence of an electric field 

[60]. IMS separates ions based on their mobility rates (K or K0; K is usually reported as K0 under 

standard pressure and temperature) through the combined action of an electric field and neutral 

buffer gas. The mobility of the ions depends on characteristics of the ions such as mass, size, shape, 

and charge number, leading to the separation of compounds with the same m/z but different 

structures (isomers) due to the influence of the neutral buffer gas and electric field. Although IMS 

can detect the size of an ion, it cannot determine its exact molecular weight. Therefore, IM-MS is 

more valuable, combining complementary size selection and quality mass separation into a single 

analysis platform [69]. IMS separations typically occur on a timescale of 10-3-10-2 s, hence, are 

well-suited for incorporation between LC (102-103 s timescale) and mass spectrometry techniques 

(10-6-10-4 s timescale), thereby providing three orthogonal dimensions of separation: polarity, size, 

and mass. This results in a four-dimensional dataset including RT, drift time (DT), m/z, and 

fragmentation pattern, all captured in a single sampling event [69-71]. The supplementary 

advantages of IMS separation when coupled with MS, such as separation of isomers, signal 

filtering, and CCS fingerprinting, depends on the resolution of the IMS technique and the accuracy 



13 

 

of collision cross section (CCS) measurement by the IMS technique. These parameters must be 

considered when selecting IMS instruments.  

 

 

According to separation mechanisms, IMS can be classified into temporal dispersive, 

spatial dispersive, and confinement and selective release; and based on electric field applications, 

it can be classified into static and dynamic fields [72-75]. In temporal dispersive, all ions drift 

along similar paths colliding with the neutral buffer gas under the influence of electric fields, 

resulting in different arrival times (mainly DTIMS and TWIMS), while in spatial dispersive, ions 

are separated along different drift paths (mainly DMS, FAIMS, Aspiration IMS (AIMS), and 

Figure 1.3. Schematic diagram of various IMS technology and separation mechanisms (A) 

DTIMS (B) TWIMS (C) TIMS (D) FAIMS (E) DMA 
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DMAs). In confinement and selective release IMS (mainly TIMS), ions are trapped within a 

pressurized region by a precisely adjustable electrodynamic field and are then selectively released 

based on differences in their mobility [69]. Static field IMS instruments employ linear and constant 

electric fields (mainly DTIMS and DMA), whereas dynamic field IMS instruments utilizes non-

uniform electric field (mainly FAIMS, TWIMS, and TIMS) (Figure 1.3) [73].  
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Chapter 2. Liquid Chromatography Ion Mobility Quadruple Time of Flight Mass 

Spectrometer (Agilent 6560): Instrumentation and Theoretical Calculations 

 

 

2.1. Liquid Chromatography System 

Our ion mobility mass spectrometry instrument (Agilent 6560, Santa Clara, CA) is coupled 

with an ultra-high-performance liquid chromatography (UHPLC) platform (Agilent 1290, Santa 

Clara, CA). Therefore, our platform provides the combined separation power and selectivity of 

LC, IMS, and MS techniques. The LC system consists of a binary pump, multi-sampler, and a 

column compartment [76]. It can be operated in different modes including Normal Phase (NP), 

Reversed Phase (RP), Hydrophilic Interaction LC (HILIC) and so many more [77, 78]. We utilized 

the most common mode of separation, reversed phase, in this dissertation since the analytes are 

moderately polar to non-polar. In reversed phase, the analytes are dissolved in a polar mobile phase 

such as H2O, MeOH, IPA, and ACN and then separated based on their hydrophobicity between 

the polar mobile phase and the non-polar stationary phase (e.g., C18, C8, C4, etc.) [77]. Hence, 

the polar analytes are eluted first followed by the non-polar analytes that are strongly retained on 

the non-polar stationary phase. Organic modifiers such as formic acid, ammonium acetate, etc., 

can be used to improve separation or signal intensities. In fact, the LC system offers fast 

chromatographic separation with sub-two-micron particle size columns with internal diameter 

from 1 to 5 mm with operation at pressure up to 1200 bar [76]. The Agilent 1290 Infinity binary 

pump contains new technology to overcome the problems of pumping LC solvents at ultra-high 

pressure and high flow rates. It can deliver flow in the range of 0.05 – 5 mL/min at pressures up 

to 1200 bar [76]. The binary pump delivers accurate percentage composition of the mobile phase 
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needed to ensure optimal separation in the stationary phase. The eluted analytes are then ionized 

in the ionization source as described in the next section.   

2.2. Electrospray Ionization Source 

Electrospray ionization (ESI) relies in part on chemistry to generate analyte ions in solution 

before the analyte reaches the mass spectrometer. As shown in Figure 2.1A, the LC eluent is 

sprayed (nebulized) into a spray chamber at atmospheric pressure in the presence of a strong 

electrostatic field and heated drying gas [79, 80]. The electrostatic field occurs between the 

nebulizer and the capillary. The spray occurs at right angles to the capillary. This design reduces 

background noise from droplets, increasing sensitivity, and keeps the capillary cleaner for a longer 

period [79]. The ESI consists of four steps, namely, (1) formation of ions, (2) Nebulization, (3) 

Desolvation and ion evaporation.  

A special type of Electrospray ionization source named Agilent Jet Stream (AJS) Thermal 

Gradient Technology is utilized in this research work. The AJS ESI source enhances analyte 

desolvation by collimating the nebulizer spray and creating a dramatically increased signal. The 

addition of a collinear, concentric, super-heated nitrogen sheath gas to the inlet assembly 

significantly improves ion drying from the electrospray plume and leads to increased mass 

spectrometer signal to noise ratios. Parameters for the AJS Technology are the superheated 

nitrogen sheath gas temperature and flow rate, and the nozzle voltage. The generated ions are then 

transmitted through a capillary into the ion mobility drift tube for separation based on size, shape, 

and charge [79].  
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2.3. Agilent 6560 Ion Mobility Separation Dimension  

2.3.1. Front Funnel 

Ions generated in the source region are carried into the front funnel through a single bore 

capillary. The front funnel (Figure 2.1C) improves the sensitivity by efficiently collimating the ion 

beam and transferring the gas-phase ions into the trapping funnel while it pumps away excess gas 

and neutral molecules. The front funnel operates at high pressure of ~5.0 Torr [79].  

2.3.2. Trapping Funnel 

The trapping funnel (Figure 2.1D) accumulates and releases ions into the drift tube. The 

continuous ion beam from the electrospray process has to be converted into a pulsed ion beam 

prior to ion mobility separation. The trapping funnel first stores and then releases discrete packets 

of ions into the drift tube [79]. Also, a tapered section at the exit region of the trapping funnel is 

designed to focus the ion packets into the drift cell to avoid ion losses and improve resolution and 

sensitivity [79]. High abundance, well-confined packet of ions enters the drift tube which results 

in high resolution and high sensitivity. The parameters on the MassHunter data acquisition 

software controlling the accumulation and release of the ions by the trapping funnel are Trap filling 

time and Trap release time.  

2.3.3. Drift Tube 

The drift tube (Figure 2.1E) is approximately 80 cm long and generally operated at 20 

V/cm or less drift field [79]. Ions are separated as they pass through the drift tube based on their 

collision cross section (CCS) which is defined to be the average rotational surface area of the 

molecule as a result of collision with the inert buffer gas. Ions with larger CCS values undergo a 

higher number of collisions with drift gas molecules compared to ions with smaller collision cross 

section. Therefore, larger ions travel through the drift tube slower than the smaller ions. Also, ions 
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with higher charge state experience a higher electric field, and hence travel at a higher velocity, 

compared to ions with lower charge states [75]. The drift tube is operated under low field 

conditions that allow the instrument to generate accurate structural information for compounds. In 

addition to separating ions based on their structures, experiments can be performed to measure the 

CCS values.  

2.3.4. Rear funnel 

As the ions leave the drift tube, they enter the rear funnel (Figure 2.1F), which efficiently 

refocuses and transfers ions to the mass analyzer through a hexapole ion guide [79].   

 

 

Figure 2.1. Schematic and photographic illustrations of IM-QTOF-MS Agilent 6560 instrument  

 

2.4. Agilent 6560 Quadruple Time of Flight – MS   

Ions exiting the rear funnel are guided and transmitted through front end optics including 

ion transfer hexapole. Following the hexapole, ions are introduced into the QTOF-MS system 

which incorporates a quadruple mass filter, collision cell, and time of flight mass analyzer (Figure 
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2.1). The quadruple consists of four hyperbolic rods that optimize ion transmission and spectral 

resolution. Ions selected by quadruple are then passed to the collision cell where they are 

fragmented. The collision cell is a high pressure hexapole assembly containing high purity nitrogen 

gas for fragmentation [79]. The geometry of a hexapole provides advantages in two domains: ion 

focusing and ion transmission. Hence, hexapole is chosen for the collision cell because overall, it 

is the best for both ions focusing and ion transmission [79]. The ions then enter the ion beam 

compressor (Figure 2.1J). Ion beam compression provides up to a 10-fold compression and cooling 

which helps in creating a much denser and thinner ion beam that passes through a narrower slit 

leading into the slicer and pulser region.  

The narrow ion beam passes into the time-of-flight ion pulser. To start the flight of the ions 

to the detector, a high voltage (HV) pulse is applied, and the applied pulse accelerates the ions 

through the stack of pulser plates, acting as a rapid-fire ion gun. The ions leave the ion pulser and 

travel through the flight tube. Because the ions entered the ion pulser with a certain amount of 

forward momentum orthogonal to the flight direction in the flight tube, they never return to the ion 

pulser, but move to where the ion detector is mounted [79]. The ion mirror which is the 2-stage 

reflectron increases the resolving power of the instrument by effectively doubling the flight 

distance (from one meter to two meters) in the same space, and by performing a refocusing 

operation so that ions having different initial velocities still arrive simultaneously at the detector. 

Because the calculation for the mass of each ion depends on its flight time in the flight tube, the 

background gas pressure must be very low. Any collision of an ion with residual gas slows the ion 

on its path to the detector and affects the accuracy of the mass calculation [79].  

At the surface of the ion detector is a microchannel plate (MCP), a very thin plate 

containing a set of microscopic tubes that pass from the front surface to the rear of the plate. When 
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an ion hits the front surface of the MCP, an electron escapes and begins the process of electrical 

signal amplification. As freed electrons collide with the walls of the microscopic tubes, an ever-

increasing cascade of electrons travels to the rear of the plate. Roughly 10 times more electrons 

exit the MCP than incoming ions contact the surface. These electrons are then focused onto a 

scintillator, which when struck by electrons, produces a flash of light. The light from the scintillator 

is focused through two small lenses onto a photomultiplier tube (PMT), which produces the 

electrical signal read by the data system [79].  

 

2.5. Fragmentation modes in Agilent 6560 Quadruple Time of Flight – MS  

The quadruple can be operated in two modes during fragmentation: (1) total ion 

transmission and (2) isolation. In the total ion transmission (TTI), as the name implies, all the ions 

are transmitted through the quadruple to the collision cell.  When collision energy is applied, 

fragmentation of the precursor ions will occur. This type of fragmentation is called Data 

Independent Acquisition (DIA) popularly known as All-ions fragmentation (AIF) [81]. In the 

second mode, the quadruple is operating within a particular isolation window and ions that are 

within these isolation windows are fragmented in the collision cell, this type of fragmentation is 

referred to as Data Dependent Acquisition (DDA) [82]. The DDA can be further divided into two 

fragmentation modes: (1) Auto-MS/MS and (2) Targeted MS/MS. In the Auto MS/MS, the 

precursors are selected based on user-designated settings including abundance and charge state, 

while in the targeted MS/MS, the precursors are determined by the user and are entered into a 

targeted list. There are three width options when operating the quadruple in the isolation windows: 

(1) Wide, 9 Da, (2) Medium, 4 Da, and (3) Narrow, 1.3 Da [79]. For narrow isolation widths, the 

isolation window is centered on the monoisotopic peak of a cluster, and the ion is isolated. 
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However, for the medium and the wide isolation widths, the range is not evenly applied. Once the 

monoisotopic ion is determined 0.3 m/z is subtracted from that mass. This is then the beginning of 

the isolation window. Then for the medium isolation 2 m/z is added to the now-determined 

subtracted mass, and this ion is then used as the center point of the isolation window [79].  

 

2.6. Ion Mobility Collision Cross Section Experimental Measurements 

  The CCS measurements in IM experiment can be performed using the single-field 

(calibrant-dependent) and stepped-field (calibrant-independent) methods [83]. The stepped-field 

method, implemented in DTIM–MS measurements such as the Agilent 6560 instrument, is the 

only calibrant-independent method in which the IM experiments use multiple drift fields to 

estimate the CCS values by building a linear regression between the measured arrival times and 

the inversed drift voltages [83, 84]. In stepped-field method, the sample solutions would be infused 

directly using a nanospray source, and the analytes’ CCS values would be measured using seven 

electric fields by increasing the entrance potential from 1100 V to 1700 V in 100 V increments 

every 30 seconds, corresponding to a drift field of 10.8 - 18.5 V/cm. In contrast, one drift field 

(18.5 V/cm) is utilized to measure the CCS values in the single-field method. The single field 

measurement is made using mobility calibrants (Agilent tune mix composed of phosphazine ions) 

that have known CCS values. These calibrants are used to create a linear calibration curve between 

the arrival times and their corresponding CCS values. This calibration curve allows the 

experimental CCS values of the analytes to be obtained from their arrival times [85]. In addition, 

a new approach to single-field CCS measurements was developed and evaluated in this research 

work to minimize the needed analysis time while increasing accuracy [86].  
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2.7. Theoretical Approaches to Collision Cross Sections Calculations 

Density functional theory (DFT) calculations were carried out to identify the lowest energy 

structures of various isomers using the Gaussian 16 software package [87]. Geometry 

optimization, vibrational frequency analysis, and natural bond orbital analysis (NBO) were 

performed using hybrid density functional B3LYP method in combination with 6-31G(d,p) basis 

set. A zero-point energy correction was performed for all calculated structures. The possible 

protonation sites were selected based on NBO charge distribution and the protonated structures 

were optimized accordingly [88, 89]. The trajectory method (TJ) using the IMoS software package 

was used to compute the CCS values associated with the lowest energy structures at 3.95 Torr and 

300 K [90, 91].  

Moreover, classical molecular dynamics (MD) simulations were performed to model and 

predict the structural changes of S-(-)-verapamil in vacuum. The simulations were performed using 

a Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS). NVT (constant 

number, volume, and temperature) molecular dynamics simulations were performed using a Nosé-

Hoover thermostat at 300 K [92]. The system was pre-equilibrated for 100 ps and the 

conformations were sampled every 1 ps from the 200 ps simulations. Like the DFT structure 

calculations, the TJ method using IMoS was used to compute the CCS values of the 200 structures 

at 3.95 Torr and 300 K. Single-point energy calculations at B3LYP/6-31G(d,p) level were used to 

calculate the energies of the 200 structures. 

 

2.8. Resolution Improvement in Drift tube IMS using post-processing software 

The IMS resolving power (Rp) of the Agilent 6560 in the single pulse mode is ~60 Rp 

(CCS/ΔCCS). In a single pulse experiment, a single packet of ion is accumulated and release for 
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a single IM experiment which is typically 60 ms (Figure 2.2B). This results in a characteristically 

low instrument utilization efficiency, or duty cycle, that is typically less than 1% [93]. For instance, 

a release time of 250 µs (0.25 ms/60 ms) would results in a low duty cycle of 0.4%. The implication 

of this is that no ions is released into the drift tube for the remaining ~59.75 ms resulting in lowered 

sensitivity due to a single packet of ions being released and other ion losses. Multiplexing strategies 

have been utilized to enhance the sensitivity and duty cycle of IMS instruments (Figure 2.2C). Ion 

multiplexing is a strategy where multiple ion pulses are introduced to the IMS during each data 

acquisition cycle. A pseudorandom binary sequence is applied to the ion gate to introduce multiple 

ion pulses into the drift tube during each IMS measurement cycle [71, 93]. For instance, as shown 

in the Figure 2.2C, an extended Hadamard Sequence derived from a 4-bit maximal linear feedback 

register sequence was used. The sequence has 15 logical elements (8 open, 7 closed). This 

sequentially gated ion packets at predetermined intervals (i.e., eight packets injected during one 

scan interval) results in improved S/N and instruments sensitivity.  

The overlapping spectra from the multiplexing processing are deconvoluted and combined 

post-acquisition based on the pseudorandom gate timing using the PNNL PreProcessor software 

package developed at Pacific Northwest National Lab (PNNL, omics.pnl.gov) [94]. The 

multiplexing processing only improve instrument sensitivity and does not affect IMS resolution, 

hence, the IMS resolving power (Rp) of the Agilent 6560 in the single pulse or multiplex mode is 

~ 60 Rp (CCS/ΔCCS) [95].  
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Figure 2.2.  (A) Schematic of the IM-MS instrument used in this work. Ion multiplexing is 

implemented in the trapping ion funnel (inset), where the ion trap release gate (grids 2 and 3) is 

modulated with a binary sequence. (B) In conventional single pulse operation, a (generally) long 

ion storage time is followed by a single, quick release of the ion gate for each IM measurement 

cycle. (C) Ion multiplexing utilizes a series of short store-and-release sequences to introduce 

multiple, low density ion pulses to the drift tube during each IM cycle. 

 

2.8.1. High-Resolution Demultiplexing (HRdm) 

The multiplexing strategy has the advantage that many more data points are added to each 

measurement cycle compared to “pulse-and-wait” DTIMS. It has been recognized that this 

additional data can be used in a postprocessing step to improve the effective IMS resolution [93]. 

The HRdm utilizes a Hadamard transform to enhance the IMS spectra and is only available for use 

when data are collected in multiplexed mode improving the resolving power from ~60 to between 
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100 and 200, depending on the ion drift time and signal saturation [93, 95]. The processing of IM 

data collected in a multiplexed mode with Agilent IM QTOF-MS to improve resolution is 

described below [77];  

1. MassHunter Data Acquisition is used to acquire ion multiplexed data files. 

2. The ion multiplexed data file is reconstructed using the PNNL PreProcessor. 

3. A targeted feature is generated using MassHunter IM-MS Browser using the ion mobility 

feature extraction (IMFE) algorithm. 

4. Finally, the HRdm is used which utilizes the targeted feature list, the raw multiplexed data, 

and the reconstructed demultiplexed data in order to perform the peak deconvolution.  
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Chapter 3. Systematic Optimization of Ambient Ionization Ion Mobility Mass 

Spectrometry for Rapid Separation of Isomers 

 

 

3.1. Introduction 

Current methods typically used for metabolite screening and disease diagnosis often 

require extensive sample preparation, which increases analysis time and associated costs. Ambient 

ionization techniques enable the analysis of various samples in complex matrices with little or no 

sample preparation in a short time, typically within a minute. Ambient ionization techniques 

combined with the powerful analytical capabilities of mass spectrometry (MS) have been used for 

qualitative detection and semi-quantitation of metabolites in complex matrices [96-98], 

identification of microorganisms [53, 57, 99], therapeutic drug monitoring [100], and rapid 

agrochemical screening [101]. Although rapid and direct analysis of different samples in complex 

matrices is possible using ambient ionization-MS techniques, their reduced selectivity poses a 

challenge for the analysis of complex samples. The reduced selectivity is due to the inability of 

MS to distinguish isomeric compounds with identical chemical formulae, for instance, 

constitutional and geometric isomers [58]. Separations based on IM can improve the selectivity of 

ambient ionization techniques such as paper spray (PS) and leaf spray (LS). Coupling IM with 

either PS-MS or LS-MS platforms will not only improve the selectivity as a result of separation of 

isomers but also provide CCS values that act as unique physicochemical properties that can be 

used for confident identification of metabolites and lipids.  

While a few studies have investigated the combination of PS with IM-based separation 

platforms for various applications such as breast cancer prediction [102], and forensic applications 

[59, 103-105], there are no reported studies on the coupling of PS or LS with commercially 
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available DTIMS instruments. In this study, we optimized and demonstrated the coupling of the 

PS ionization technique with a commercial DTIM–MS instrument for the rapid separation of 

constitutional pesticide isomers and geometric lipid isomers analyzed separately in the positive 

and negative ion modes, respectively. Systematic optimization and characterization of the 

ionization and transmission parameters are reported here. The workflow was extended further to 

leaf samples by developing the LS–IM–MS platform to enable rapid analysis of pesticide isomers 

in a leaf matrix with high sensitivity and selectivity. In addition, a new approach to single-field 

CCS measurements was developed to increase throughput and accuracy and minimize the required 

measurement time. In addition, ion structures were calculated using computational tools and their 

associated CCS values were compared with their corresponding experimental values, resulting in 

reliable identification of the analytes’ structures. 

 

3.2. Experimental 

3.2.1. Materials and sample preparation 

Ultrapure acetonitrile (ACN) and water (H2O) solvents were purchased from Agilent 

Technologies (Santa Clara, CA). LC-MS grade chloroform (CHCl3) was purchased from VWR 

Chemicals (Radnor, PA) while LC-MS grade methanol (MeOH) was purchased from Honeywell 

(Muskegon, MI). 1,2-dioleoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (sodium salt) PG 

(18:1(Δ9)/18:1 (Δ9))-Cis, 1,2-dielaidoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (sodium salt) PG 

(18:1(Δ9)/18:1 (Δ9))-Trans, and 1,2-distearoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (sodium 

salt) PG (18:0/18:0) were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). S-(-)-

Verapamil Hydrochloride, 6-chloro-2-N,4-N-di(propan-2-yl)-1,3,5-triazine-2,4-diamine 

(propazine), and 2-N-tert-butyl-6-chloro-4-N-ethyl-1,3,5-triazine-2,4-diamine (terbuthylazine) 
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were purchased from Sigma-Aldrich (St. Louis, MO). Moreover, low concentration electrospray 

ionization (ESI) tuning mix was purchased from Agilent Technologies (Santa Clara, CA). All 

reagents and chemicals were used without additional purification. Whatman grade 1 filter papers 

were purchased from GE Healthcare Life Sciences (Buckinghamshire, UK) while copper clips 

were purchased from McMaster-Carr (Chicago, IL).  

Stock solutions of the lipid standards (1 µg µL-1) were prepared in CHCl3: MeOH (2:1, 

v/v) and stored at -20℃ for analysis. Then, the stock solutions were diluted in IPA: ACN: H2O 

(2:1:1, v/v/v) to a final concentration of 1 ng µL-1. Moreover, 1 µg µL-1 stock solution of S-(-)-

verapamil was prepared in MeOH: H2O (50:50, v/v) and diluted to a final solution concentration 

of 1 ng µL-1. Stock solutions of propazine and terbuthylazine (1 mg mL-1) were prepared in ACN 

where subsequent dilution was used to reach a final concentration of 1 µg mL-1 using 75: 25 ACN: 

H2O.   

 

3.2.2. Instrumentation 

All experiments were performed using the Agilent 6560 IM–QTOF instrument (Agilent 

Technologies, Santa Clara, CA) which has been described extensively in Chapter 2.  Negative (-) 

and positive (+) ion spectra were recorded over the range of m/z 100 – 1700 in the profile mode, 

with the TOF operated in high sensitivity mode at ~25,000 resolution. Spectra were acquired using 

MassHunter Acquisition Software B.09.00 (Agilent Technologies, Santa Clara, CA). The data were 

first visualized and analyzed using IM–MS Browser B.10.0 before being exported to a spreadsheet 

(Microsoft Excel) for further analysis. The IM–MS settings used herein are as follows: 0.9 

frames/s; 18 IM transients/frame; 60 ms maximum drift time; 600 TOF transients/IM transients; 

30,000 µs trap fill time; and 250 V drift tube exit voltage. An Agilent tune mix solution was used 
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for the daily mass calibration of the instrument and transmission tune to optimize the MS 

parameters. To study fragmentation patterns, gas-phase ions are analyzed after collision-induced 

dissociation (CID) in the collision cell using different collision energies (See Table 3.1). 

 

Table 3.1 Collision energies (CE) employed for different ions in the present study. 

 

 

 

 

 

 

 

 

3.2.3. Ion sources 

Since our commercial instrument uses an ESI source that employs gases at high flow rates 

and temperatures, we needed to optimize various operational settings to ensure that the ambient 

ionization sources operate at high efficiency in conjunction with our IM-MS instrument. For the 

optimization, we used a custom-made nano-ESI source (shown in Figure 3.1A). Briefly, the 

nanospray tip (New Objective Inc, Littleton, MA) was held by a custom-built holder mounted onto 

a 3-dimensional moving stage (Thorlabs Inc, Newton, NJ). Sample solutions were infused directly 

into the instrument using a syringe pump (Fusion 100, Chemyx Inc, Stafford, TX) and a gastight 

syringe (2.5 mL, Hamilton Corporation, Reno, NV) at a flow rate of 200 nL/min. Different 

commercially available spray shields were tested because high flow rates and temperatures of the 

drying gas are expected to hinder the ambient ionizations sources (Figure 3.2) (Agilent 

Technologies, Santa Clara, CA). 

m/z CE (Volts) 

230.1172 15 

455.2904 25 

773.5338 35 

777.5651 35 
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For the optimization of the PS ion source, a Whatman grade 1 filter paper was cut into a 

triangle (10 mm high and 8 mm base width). A copper clip holding the paper triangle was mounted 

onto a 3-dimensional moving stage with the tip of the paper held in line with the instrument inlet. 

1 µL of the sample was spotted directly onto the center of the paper triangle using a micropipette, 

and the paper was allowed to air dry. The voltage application in this study contrasts previous PS–

MS studies where high voltages were applied to the paper clip. We applied a zero V to the paper 

Figure 3.1. Schematic and photographic illustrations of (A) custom-made nano-ESI ion source.  

(B) Paper spray ambient ionization source. (C) Leaf spray ambient ionization source.  

 

 

Figure 3.2. Pictures of various nanospray shields used in this work. 
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via the copper clip connected to the grounded outlet of the mass spectrometer, and the capillary 

voltage was set to an optimized value of –3.5 kV and +3.5 kV for positive and negative ionization 

modes, respectively.  

Ten microliters of MeOH were then applied to the paper at once using a micropipette, and 

a new strip of paper was used for each analysis. A photographic detail of the paper spray source is 

shown in Figure 3.1B. The paper spray parameters optimized include various spray shields, 

distance from IM-MS inlet, drying gas temperature and flow rate, and capillary voltage. The 

optimization was performed in three replicates, and the evaluation was based on the intensity of 

the mass spectra signal and the corresponding spray time.  

Red maple (Acer rubrum) leaves were collected from the Auburn University campus for 

LS experiments. The plant leaves were cut into triangles and attached with copper clips, as shown 

in Figure 3.1C. As with PS, a zero V was applied to the leaf via the copper clip connected to the 

grounded outlet of the mass spectrometer, while the capillary voltage was set to an optimized value 

of -3.5 kV for operation in positive ion mode. 1 µL of the pesticide sample solution was spotted 

onto the triangular leaves, and then various measurements were made.  

 

3.3. Results and Discussion 

3.3.1. Optimization of Nano-electrospray ion source 

The experimental parameters of the custom-built nano-ESI source were optimized so that 

it could serve as a continuous ion source for instrument calibration and as a preparation for 

optimization of ambient ionization sources. Both positive and negative ionization modes were 

investigated using verapamil and saturated PG (18:0/18:0) lipid, respectively, as they are strongly 

ionized in these modes. For instance, the PG (18:0/18:0) lipid contains two fatty acyl side chains 
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and a glycerophosphate head group that can be easily deprotonated, resulting in a strong [M-H]- 

signal in the negative ion mode. In the positive ion mode, the PG lipids are only weakly ionized, 

therefore we chose verapamil, which contains tertiary amine, nitrile, and a phenolic group. These 

functional groups are easily protonated, resulting in an intense [M+H]+ signal. Experimental 

parameters for the optimization process included: spray shield, distance from IM–MS inlet 

capillary voltage (Vcap), the temperature of drying gas, and its flow rate. Several spray shields, 

were tested, including a single bore inline, an end cap, and a multi bore vortex shield. These spray 

shields contain radial gas diverters that disperse the drying gas, preventing heated gas from flowing 

directly to the nanospray tip. The spray shield used for our IM-QTOF (Jet Stream ESI source) does 

not contain a radial gas diverter making it unsuitable for nano-ESI and ambient ionization sources, 

as it leads to rapid sample evaporation and poor ion transmission. We found that the vortex spray 

shield provided the highest ion signals due to its design. It has a wide inlet for an improved ion 

transmission and two side ports to further deflect the drying gas away from the nano-ESI tip, 

allowing effective ion transmission without immediate sample evaporation.  

An ion signal was observed immediately on the application of the capillary voltage, and 

the signal disappeared reproducibly once the spray voltage was turned off, as shown in Figure 

3.3A. In addition, we varied Vcap (i.e., spray voltage) between -0.5 kV and -4.5 kV in the positive 

ion mode (Figure 3.3B). We found that the signal intensity associated with verapamil increased 

gradually with increasing Vcap from -0.5 kV to -3.5 kV. Further increase in Vcap led to a decrease 

in the detected ion signal which agrees with a previous study [106]. The distance between the 

nanospray tip and the IM–MS inlet was varied in the range of 5-10 mm (Figure 3.3C). We found 

that 6 mm was the optimal distance at which the highest ion intensities were obtained, while 

electrical discharge occurred at a distance of less than 2 mm. At the optimized distance (6 mm),  
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we observed no signal in the absence of a voltage gradient, while a weak ion signal intensity was 

observed when he nano-ESI tip was placed at a 2 mm distance from the IM–MS inlet. This weak 

ion signal was generated by the suction of droplets due to the pneumatic forces of the mass 

spectrometer vacuum at the inlet [107]. 

Figure 3.3. Nano-ESI source optimization using S-(-)-verapamil in the positive ion mode under 

various conditions which include: (A) with (On) and without (Off) applied voltage gradient. (B) 

various capillary voltages (Vcap). (C) different distances of nano-ESI tip from IM-MS inlet tested. 

(D) various drying gas temperature (top) and flow rates (bottom) on signal intensity. 
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Drying gas temperature and flow rate were the next parameters that we optimized. In the 

studied gas temperature range of 50℃ to 350℃, the ion signal intensity increased gradually until 

250℃ was reached (Figure 3.3D, Top). A further increase in the drying gas temperature to 350℃ 

resulted in a slight decrease in the ion signal intensity. We attributed this observation to the 

reduction in ionization efficiency at extremely high temperatures [106]. Furthermore, we 

investigated the effect of the drying gas flow rate while varying it in the range (0.4-12 l/min) on 

the detected ion signal (Figure 3.3D, Bottom). Increasing the flow rate of the drying gas is expected 

to improve the ionization efficiency by enhancing desolvation efficiency. However, very high flow 

rates reduce ion transmission. 8 L/min was observed as the optimal gas flow rate as it resulted in 

the highest signal intensities. Noteworthily, the optimization studies that we performed using PG 

(18:0/18:0) in the negative ion mode resulted in similar observations and conclusions to the 

positive ion mode studies, as shown in Figure 3.4. 
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3.3.2. Optimization of paper spray ion mobility mass spectrometry workflow 

The nano-ESI source was switched to the PS ion source by replacing the nanospray tip with 

the copper clip paper, extending the parameters optimized for the nano-ESI–IM–MS to the PS–

IM–MS platform. The experimental parameters of the PS–IM–MS workflow were further 

optimized to establish a sensitive, rapid, and robust ionization source for the analysis of various 

isomers, such as isomeric lipids and pesticides. (S)-(-)-verapamil and PG (18:0/18:0) lipid were 

Figure 3.4. Nano-ESI source optimization using PG (18:0/18:0) in the negative ion mode under 

various conditions which include: (A) with (On) and without (Off) applied voltage gradient. (B) 

various capillary voltages (Vcap). (C) different distances of nano-ESI tip from IM-MS inlet 

tested. (D) various drying gas temperature (top) and flow rates (bottom) on signal intensity. 
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separately examined in the positive and negative ion modes, respectively, because of their strong 

ionization efficiency in these modes, as explained above. The PS experimental parameters that we 

optimized include spray shield, distance from IM–MS inlet, Vcap, and drying gas temperature and 

flow rate. Figure 3.5 shows the effects of the various experimental parameters on the signal 

intensity and spray time of (S)-(-)-verapamil in the positive mode. 

An ion signal was observed immediately on the application of the spray solvent and 

voltage, and the signal disappeared reproducibly once the spray voltage was turned off, as shown 

in Figure 3.5A. In addition, we varied the magnitude of the applied capillary voltage between -0.5 

kV and -4.5 kV. As shown in Figure 3.5B, the ion signal reached the highest intensity at an applied 

voltage of -3.5 kV selected as the optimized voltage for further optimization steps. A significant 

decrease in the ion signal was observed similar to previous reports upon increasing the Vcap 

beyond the optimum voltage [108]. Our observations on the effect of varying the spray shield with 

the paper spray source are consistent with those obtained with the nano-ESI source. The vortex 

spray shield allowed the transmission of more ions while deflecting more drying gas away from 

the paper substrate, resulting in higher ion signals and longer spray times than the other spray 

shields examined in the present study. The end cap and inline spray shields do not have side 

openings that divert the drying gas from the paper triangle. Therefore, the sample and spray solvent 

evaporate rapidly which explains their decreased ion signals compared to those observed with the 

vortex spray shield. Noteworthily, the end cap spray shield resulted in higher ion signals than the 

inline spray shield, which may be caused by its wider inlet resulting in higher gas-phase ion 

transmission. As shown in Figure 3.5C, the optimal distance between the IM–MS inlet and the 

paper spray tip along the x-axis was ~6 mm, and thus was used for further optimization steps. Of 
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note, electrical discharge occurred at a distance of less than 2 mm, which is consistent with 

previous studies [109]. 

 

 

 

In addition, the effects of varying the drying gas temperature and flow rate on the analyte 

ion intensity and spray time were examined as shown in Figure 3.5D. During the spray process, a 

Figure 3.5. Paper spray (PS) ambient ionization source optimization using S-(-)-verapamil in the 

positive ion mode under various conditions which include: (A) with (On) and without (Off) applied 

voltage gradient. (B) various capillary voltages (Vcap). (C) different distances of PS tip from IM-

MS inlet. (D) various drying gas temperatures where the drying gas flow rate was maintained at 5 

L/min (top) and flow rates where the drying gas temperature was maintained at 250℃ (bottom) on 

spray time (red triangles) and signal intensity (blue circles). 
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portion of the solvent is consumed to transport the samples to the IM–MS inlet while the other 

portion evaporates [110]. On increasing the drying gas temperature from 50℃ to 350℃, the signal 

intensity increased gradually until 250℃ was reached (Figure 3.5D, top). The reported increase in 

the ion signal intensity is associated with the increased evaporation of the solvent from the solvent 

droplets, which undergoes a subsequent desolvation process that generates more gas-phase ions 

transmitted into the IM–MS inlet. A slightly reduced ion signal intensity was observed upon a 

further increase in the drying gas temperature to 350℃.  

In addition, upon increasing the drying gas flow rate from 0.4 to 12 L/min, the detected ion 

signal increased gradually until 8 L/min (Figure 3.5D, bottom). The increase in the ion signal 

intensity is attributed to the enhancement in solvent evaporation from the solvent droplets by the 

heated drying gas leading to a subsequent desolvation process generating more gas-phase ions 

transmitted into the IM–MS inlet. In this study, the optimized drying gas temperature and the flow 

rate were 250 °C and 8 L/min, respectively. Moreover, the spray time decreased when the drying 

gas temperature and flow rate increased due to the rapid evaporation of the sample by the drying 

gas flow. Of note, our optimization studies of PS–IM–MS in the negative ion mode utilizing PG 

(18:0/18:0) lipid yielded similar results as the studies performed in positive ion mode (Figure 3.6).        
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We utilized the optimized paper spray source workflow (PS-IM-MS) for the rapid analysis 

(<1 min) of S-(-)-verapamil and PG (18:0/18:0) in positive and negative ion modes, as shown in 

Figure 3.7 and Figure 3.8, respectively. The mass spectrum shown in Figure 3.7A shows the 

verapamil protonated ion as the base peak. We further confirmed the identity of verapamil by CID 
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Figure 3.6. Paper spray (PS) ionization source optimization in the negative mode under various 

conditions which include: (A) with (On) and without (Off) applied voltage gradient. (B) various 

capillary voltages (Vcap). (C) different distances of PS tip from IM-MS inlet. (D) various drying 

gas temperature (top) and flow rates (bottom) on spray time (red triangles) and signal intensity 

(blue circles). The sample used for optimization is PG (18:0/18:0) lipid. 
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experiments, revealing the unique fragment ions as shown in Figure 3.7B [111-113]. The fragment 

ion at m/z 303 was formed by the cleavage of the single bond between α- and β-carbons to the 

tertiary amine group, resulting in the loss of 152 Da, corresponding to [C9H12O2]. Successive 

cleavage of the two longer side chains of the tertiary amino group yielded other fragments, i.e., 

m/z 260 and m/z 165 which was the most abundant fragment ion. The subsequent loss of the methyl 

group from the m/z 165 ion resulted in m/z 150. Interestingly, the IM analysis of verapamil shown 

in Figure 3.7D revealed two peaks with drift times of 25.30 ms and 25.90 ms. This bimodal arrival 

time distribution (ATD) of verapamil is associated with the presence of two different structures in 

Figure 3.7. The analysis of S-(-)-verapamil using PS–IM–MS in the positive ion mode resulting 

in: (A) mass spectrum. (B) tandem mass spectrum. (C) ion mobility tandem mass spectra of the 

drift time aligned fragments and the precursor ion (m/z 455, asterisk). (D) ion mobility spectrum. 

Molecular dynamics (MD) structures associated with (E) CCS of 214.8 Å2 and (F) CCS of 219.9 

Å2. 
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the verapamil ions. The CCS values of the two structures were 205.9 ± 0.6 Å2 and 210.3 ± 0.8 Å2, 

consistent with previous reports [90, 114, 115]. This suggests a contribution from two distinct 

conformational structures as our tandem IM-MS analysis (Figure 3.7C) shows the same 

fragmentation patterns suggesting that these two peaks do not represent protomers [116]. 

Previous computational studies reported that verapamil is a flexible molecule and 

recommended using MD simulations to identify its structures [115]. Therefore, we used MD 

simulations to computationally assign potential theoretical structures to the two experimentally 

observed IM peaks. As described in the experimental section, we investigated various 

conformational changes in the 200 theoretically generated structures where two subsets of 

structures with similar energies were found. Their average CCS values were estimated to be 215.5 

± 2.6 Å2 and 219.9 ± 2.9 Å2. The difference in the theoretically determined CCS values between 

the 2 clusters is ~4.4 Å2, which is consistent with the CCS difference in the experimental values. 

Figure 3.7E and Figure 3.7F show the two lowest zero-point energy structures selected to represent 

the two subsets of MD structures. Verapamil has two ortho-methoxyl anisole groups at opposite 

ends connected by a 7-atoms backbone chain. In the smaller CCS structure (Figure 3.7E), one of 

the methoxyl substituents projects outward relative to the vertical plane of the benzene group, 

resulting in the two methoxyl substituents being 90⁰ to each other and forming a more compact 

structure with a CCS of 214.8 Å2. In the larger CCS structure, the two methoxyl substituents were 

fully extended in the downward orientation along the vertical plane of the benzene group, forming 

a more elongated structure with a CCS value of 219.9 Å2 (Figure 3.7F). The theoretical CCS values 

agree with the corresponding experimental CCS values resulting in a difference of ~5 %, which 

lies in the acceptable range of such measurements. 
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Figure 3.8. The analysis of PG (18:0/18:0) using PS–IM–MS in the negative ion mode resulting 

in: (A) Mass spectrum. (B) Tandem mass spectrum (MS/MS). (C) Ion mobility spectrum (CCS = 

279.5 Å2). (D) Ion mobility tandem mass (IM-MS/MS) spectrum of the drift time aligned 

fragments and the precursor ion 777.5 m/z (asterisk) 

The optimized paper spray source workflow (PS-IM-MS) was also used for the analysis of 

PG (18:0/18:0) in the negative ion mode. As shown in Figure 3.8A, the peak at m/z 777.5811 

represents the PG (18:0/18:0) deprotonated ion. The fragmentation pattern is consistent with 

previous reports of glycerophospholipids (Figure 3.8B) [65]. The product ion at m/z 283 

corresponds to sn-1 or sn-2 fatty acids (FAs) while the peak at m/z 511 results from ketene 

elimination from the sn-1 or sn-2 position, followed by a neutral loss of water that produces an 
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additional fragment ion at m/z 493. Successive neutral elimination of the head group (glycerol, 74 

Da) and one of the FA residues yielded m/z at 419. The ion mobility analysis of PG (18:0/18:0), as 

shown in Figure 3.8C, resulted in a single IM peak at a drift time of 35.37 ms, and using our IM 

single-field experiment, we measured the CCS value as 279.5 Å2. Our value differs by ~1% from 

the Lipid CCS Predictor value, which is 276.7 Å2 [117]. 

 

3.3.3. Separation of isomers by paper spray and leaf spray ion mobility mass spectrometry  

To evaluate the effectiveness of our optimized PS-IM-MS platform in the rapid separation 

of isomers, we applied it to the analysis of isomeric pesticides (propazine and terbuthylazine) and 

lipids (cis and trans) in the positive and negative ion modes, respectively. From the mass spectra 

shown in Figure 3.9, it is clear that measurements based on MS without complementary 

separations were unable to distinguish these isomers because they have identical chemical 

formulae leading to the same masses. Although previous reports using LC-MS demonstrated 

effective separation of these isomers, LC-based analyses require long analysis time, high solvent 

consumption, and extensive sample preparation [118-121]. Therefore, we used our optimized PS–

IM–MS platform to analyze pesticide isomers in the positive ion mode and lipid isomers in the 

negative ion mode. The analysis using PS–IM–MS was performed in less than 30 seconds, which 

is sufficient for a complete IM scan and CID measurements.  

In positive ion mode, propazine and terbuthylazine were analyzed to investigate the rapid 

separation of pesticide isomers by the PS–IM–MS platform. Propazine and terbuthylazine are 

constitutional isomers whose molecular structures differ only in the presence of a methyl group at 

different positions, resulting in a similar shape and size. Propazine has two isopropyl groups, while 
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terbuthylazine has one tert-butyl and one ethyl group (Figure 3.10A). As shown in Figure 3.10B, 

the drift times of terbuthylazine and propazine were 18.63 ms and 18.74 ms, respectively. The two 

pesticides had a drift time difference of ~0.6%, which corresponds to a CCS difference of less than 

1.0%, resulting in a slight separation in the IM dimension. We attribute the IM separation to the 

larger molecular size of the two isopropyl groups of propazine, leading to more collisions with the 

buffer gas molecules and thus a longer drift time than for terbuthylazine. This observation was also 

confirmed by computational studies of the gas-phase structures, as discussed below.  

Extensive characterization of isomeric lipids is crucial because previous studies have 

linked altered lipid metabolism to several important human diseases, including obesity [122], 

diabetes [123], neurodegenerative disorders [124], and autoimmune diseases [124]. Geometric 

isomers, particularly the industrially produced, trans isomers, have been associated with individual 

risks for the development of metabolic disease, cardiovascular disease, stroke, and colon cancer in 

contrast to naturally occurring cis isomers [118, 125]. Geometric isomers differ in their structures 
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Figure 3.9. Mass spectra obtained from the PS-MS analysis of (A) a mixture of constitutional 

isomeric pesticides (terbuthylazine and propazine) in the positive ion mode. (B) a mixture of 

geometrical isomeric lipids (cis and trans) PG (18:0/18:0) in the negative ion mode 
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by the configuration of the double bonds. To examine the capability of our PS–IM–MS platform 

to separate the geometric isomers, the PG (18:1/18:1) Δ9-cis and PG (18:1/18:1) Δ9-trans isomeric 

lipids were analyzed separately in the negative ion mode (Figure 3.10C and Figure 3.10D). We 

observed the IM–peaks of the cis and trans isomers at 34.67 ms and 34.92 ms, respectively. From 

our single-field IM experiment, CCS of 276.2 ± 0.4 Ȧ2 and 278.3 ± 0.6 Ȧ2 were obtained for PG 

(18:1/18:1) Δ9-cis and PG (18:1/18:1) Δ9-trans isomeric lipids, respectively. The IM separation 

Figure 3.10. (A-B) PS–IM–MS analysis of constitutional isomeric pesticides (terbuthylazine and 

propazine) where the structures are shown in (A), and the IM separation is shown in (B). (C-D) PS–

IM–MS analysis of geometric isomeric lipids (cis and trans PG (18:1/18:1)) where the structures 

are shown in (C), and the IM separation is shown in (D). 
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between the cis and trans isomers is consistent with previous studies that used similar ion mobility 

platforms [126, 127]. This observation demonstrated that the IM separation is not affected by the 

paper substrate. The IM separation can be explained by their conformational differences, as 

reported previously that the cis-orientation of the double bonds results in a more corrugated 

backbone, whereas the trans geometry has a more open conformation [126]. 

 

 

We extended the optimized PS–IM–MS workflow to leaf samples as leaf spray-ion 

mobility-mass spectrometry (LS–IM–MS). This leaf spray-based workflow rapidly separates 

isomers in complex matrices, demonstrating the effectiveness of our ambient ionization-IM-MS 

methods. The two pesticides: namely, propazine and terbuthylazine, were added separately onto a 

triangle cut from a plant leaf, and ion mobility spectra were acquired for both isomers. Figure 

3.11A shows a complete MS scan of 1 μL of terbuthylazine (m/z 230.1168) spotted on the leaf 

triangle. The mass spectrum showed many unidentified ions due to several matrix interferences, 

such as plant metabolites and external pesticides present in the leaf. These interferences and high 

background noise resulted in a low S/N ratio of the analyte. We observed an increase in S/N of the 

Figure 3.11. (A) Mass spectrum obtained after Leaf spray–MS analysis of terbuthylazine. (B) 

Mass spectrum obtained after Leaf spray– MS analysis of terbuthylazine with filtered drift time of 

18.63 ± 0.10 ms. (C) Leaf spray–IM–MS analysis of terbuthylazine and propazine. 
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analyte when the mass spectra were filtered using the drift time of the analyte (18.63 ± 0.10 ms), 

as shown in Figure 3.11B.  

This observation demonstrates the powerful analytical capabilities of IM to remove matrix 

interference and reduce background noise, resulting in higher selectivity and lower limits of 

detection. Our findings demonstrate that using IM with ambient ionization–MS can improve the 

accuracy of quantitation measurements in complex matrices by lowering the detection limit. These 

findings are consistent with previous studies reporting the effect of coupling IM with ambient 

ionization on the overall S/N ratios obtained for different sample ions and detecting the low 

abundance ions in the presence of high abundance ions [128]. Our results encourage the potential 

use of the LS–IM–MS platform for the rapid screening of pesticides in agricultural products and 

PS–IM–MS for detecting pathogens in clinical and food samples. We observed the terbuthylazine 

and propazine drift time peaks at 18.64 ms and 18.76 ms resulting in CCS values of 153.8 ± 0.2 

Å2 and 154.9 ± 0.3 Å2, respectively (Figure 3.11C). 

These CCS values were similar to those obtained by the PS–IM–MS workflow (with < 

0.1% difference). Moreover, the IM-based separation was maintained in the analysis of pesticides 

in the leaf sample achieving a similar separation to that obtained in the paper spray experiment. 

These findings demonstrate that the drift time, CCS values, and the IM separation are unaffected 

by complex matrices highlighting the positive characteristics of ambient ionization–IM as 

chemically independent separation platforms. Computational structural studies were performed to 

identify the structures of the pesticide isomers. We obtained CCS values of 156.6 Ȧ2 and 157.7 Ȧ2 

for the lowest energy structures of terbuthylazine and propazine, respectively. These theoretical 

CCS values resulted in a difference of ~2% from the experimental CCS values. Figure 3.12 shows 

the low-energy structures obtained from the DFT computational studies alongside their CCS values 
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and relative energies. Therefore, the combination of ion mobility CCS measurement and 

theoretical structure calculations can reveal the structures of the analyte ions obtained 

experimentally. 

 

 

 

Figure 3.12. Optimized structures of (A-B) terbuthylazine and (C-D) propazine with their relative 

energies (kcal/mol) at B3LYP/6-31G(d,p) level of theory and their corresponding collision cross 

section values.  
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Since IM separation occurs before fragmentation in the collision cell, accurate alignment 

of the fragment ions with their corresponding precursor ions is possible based on their 

corresponding drift times [129]. We observed significant differences in the fragmentation spectra 

of the two pesticides, terbuthylazine and propazine. This difference in the MS/MS spectra is 

because they are constitutional isomers (Figure 3.13). 

For instance, m/z 132.0319 and 174.0540 correspond to the unique fragment ions of 

terbuthylazine, whereas the ions at m/z 152.1203 and 188.0694 correspond to distinctive fragment 

ions of propazine [130, 131]. The characteristic terbuthylazine fragment ion at m/z 174 corresponds 

to the loss of the side-chain, 2-methylprop-1-ene with γ-hydrogen migration to the adjacent amino 

group, and the other characteristic fragment ion at m/z 132 was formed from the ring-opening of 

the triazine without the loss of the ethyl side chain. Whereas the characteristic propazine fragment 

ion at m/z 188 corresponds to the cleavage of the isopropyl group with hydrogen migration to the 

adjacent amino group, while the other unique fragment ion at m/z 152 was formed by the 

Figure 3.13. Tandem mass spectra obtained by the analysis of (A) terbuthylazine and (B) 

propazine using PS-IM-MS/MS. 
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successive loss of HCl from the triazine group of m/z 188. The fragmentation features common to 

the MS/MS spectra of the two pesticides include fragment ions at m/z 104.0007, 110.0458, and 

146.0224. Successive cleavage of both side-chain alkyl groups by γ-hydrogen migration gives the 

product ion at m/z 146 for both propazine and terbuthylazine, while subsequent ring-opening with 

the loss of HN=C=NH leads to the fragment ion at m/z 104 for both triazines. According to 

previous studies, the fragment ion at m/z 110 is formed via different fragmentation pathways [130, 

131]. We observed no differences in MS/MS and IM–MS/MS spectra between the two workflows 

of ambient ionization ion mobility spectrometry, PS–IM–MS/MS and LS–IM–MS/MS, 

demonstrating the robustness of these techniques in the analyses of complex matrices.  

 

3.3.4. Direct CCS Measurements 

To minimize the needed analysis time and increase accuracy, we developed a new approach 

to conduct single-field CCS measurements. In the traditional single-field method, the IM-analysis 

of the calibrant tune mix ions is performed first with a single electric field, and their drift times are 

measured. Afterward, the analyte samples are run under the same single-field settings as those used 

for the calibrant ions [84]. From the linear regression of the calibrant drift times and CCS values, 

the experimental CCS values the analyte are obtained [85].  

In this study, we performed IM measurements on a mixture of the calibrant and analytes in 

one step, analyzing them simultaneously. Verapamil and PG (18:0/18:0) were studied in the 

positive and negative ion modes, respectively, for the CCS experimental measurements. Figure 

3.14A and Figure 3.14B show ions at m/z 322, 622, 922, 1222, 1522 corresponding to the tune 

ions, while the m/z 455 ions with corresponding drift times of 25.25 ms and 25.84 ms represent 

the verapamil analyte ions. IM–MS browser (Agilent, B.10.0) was used to plot the linear regression 
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of the calibrants’ CCS values and drift times so that the drift times of the analyte are converted to 

their corresponding CCS values. This method reduces the time required to perform an analysis 

because it does not require multiple measurements. In addition, it minimizes experimental errors 

Figure 3.14. CCS Measurements by the direct method introduced in the present study: (A) Mass 

spectra of verapamil and calibrant ions. (B) Ion mobility spectra of verapamil and calibrant ions. 

(C) Mass spectra of PG (18:0/18:0) and calibrant ions. (D) Ion mobility spectra of PG (18:0/18:0) 

and calibrant ions. Calibrant ions are obtained from the ionization of low concentration ESI tune 

mix; they are labeled 1-10. 
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caused by variations between measurements. The CCS values of verapamil obtained by our new 

method were found to be 206.0 ± 0.6 Å2 and 210.5 ± 0.8 Å2. These values agree well with those 

obtained by the traditional single-field method (205.9 ± 0.6 Å2 and 210.3 ± 0.8 Å2), whereas the 

stepped field method resulted in CCS values of 205.7 ± 0.2 Å2 and 210.3 ± 0.2 Å2 for verapamil 

structures (Table 3.2). However, ionization suppression effects may be introduced by the 

simultaneous ionization of the analyte and calibrants which will lead to reduced sensitivity [44].  

PG (18:0/18:0) was investigated for CCS measurement in the negative ion mode using our 

direct CCS measurement method. The MS and IM spectra are similar to those obtained in the 

positive ion mode, as shown in Figure 3.14C and Figure 3.14D. The %CCS difference between 

the new single-field, traditional single-field, and stepped-field CCS measurement methods were 

estimated to be less than 0.15% and 0.25% in the positive and negative ion modes, respectively as 

shown in Table 3.2. Moreover, the CCS values obtained with the new method were within a 

relative standard deviation (RSD) of 0.5% between the different measurements, which is consistent 

with the CCS values obtained with the traditional single-field CCS measurement (0.54% RSD) 

[85]. 

 

Table 3.2 Comparison of the CCS values obtained by the new single-field measurements 

developed in this work with those obtained by the traditional single-field and stepped-field 

methods. 

 

 1. New Single-

field method 

2. Traditional 

Single-field 

method 

3. Stepped-field 

method 

% 

Difference 

(1 and 2) 

% 

Difference  

(1 and 3) 

S-(-)-

Verapamil 

206.0 ± 0.29 % 205.9 ± 0.29 % 205.7 ± 0.10 % 0.05 % 0.15 % 

210.5 ± 0.38 % 210.3 ± 0.38 % 210.3 ± 0.10 % 0.10 % 0.10 % 

PG 36:0 280.2 ± 0.25 % 279.5 ± 0.28 % 280.0 ± 0.15 % 0.25 % 0.07 % 
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3.4. Conclusions 

In summary, this study reports the successful coupling of paper spray and leaf spray 

ambient ionization techniques to ion mobility mass spectrometry and their applications in the 

separation of constitutional isomeric pesticides and geometric isomeric lipids analyzed in the 

positive and negative ion modes, respectively. Ambient ionization techniques allow direct 

introduction and ionization of samples with minimal sample preparation requirements, while ion 

mobility spectrometry offers the ability to separate isomeric compounds on the order of 

milliseconds, leading to the development of efficient ambient ionization–IM–MS workflows that 

are rapid, sensitive, and highly selective. We reported that IM-based experiments resulted in the 

separation of the isomeric pesticides and lipids using the paper spray as the ion source. In addition, 

the leaf spray–IM–MS platform was proven to identify and separate isomers in complex matrices, 

e.g., plant leaves, demonstrating the robustness of the workflow for complex biological and 

environmental samples. 

In addition to the improved signal-to-noise ratio and the removal of matrix interference due 

to ion mobility separations, IM measurements also provide unique physicochemical properties, 

i.e., CCS values that describe the structures. CCS values are measured traditionally by either 

calibrant-dependent (single-field) or calibrant-independent (step-field) approaches. We have 

developed a one-step approach to single-field CCS measurements and examined it in the positive 

and negative ion modes. This new approach offers numerous advantages, such as higher accuracy 

and throughput and shorter analysis time. We have identified the experimental structures by 

comparing their CCS values with those obtained using DFT and MD theoretical studies. Our 

results showed that the integration of ambient ionization methods and ion mobility spectrometry 

techniques is very promising for rapid pesticide screening in agricultural products and rapid 
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identification of microorganisms in clinical samples. For instance, our optimized LS-IM-MS 

workflow can be used to investigate the structure of various phytochemicals present in medicinally 

important plants.  
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Chapter 4. Species-Level Discrimination of Microorganisms by High-Resolution Paper 

Spray – Ion Mobility – Mass Spectrometry 

 

 

4.1. Introduction 

There is a projection of 10 million deaths per year by 2050 due to antimicrobial resistance, 

highlighting the need for rapid detection and accurate identification of microorganisms. Despite 

the efficiency of typical identification methods, such as enzyme-linked immunosorbent assay 

(ELISA) [132, 133] and polymerase chain reaction (PCR) [134], they are labor-intensive, time-

consuming, and expensive. Therefore, developing alternative methods that would enable higher 

throughput and less labor-intensive analyses is needed [8]. The combined advantages of sensitivity, 

specificity, and speed make mass spectrometry (MS) an attractive analytical platform for the 

analysis of intact microorganisms [135, 136]. MS analysis of bacteria has been largely achieved 

using matrix-assisted laser desorption ionization-mass spectrometry (MALDI-MS), a powerful 

tool in the clinical microbiology field [137]. In addition, the introduction of ambient ionization 

methods such as paper spray (PS) has enabled rapid analysis of microorganisms with minimal 

sample preparation requirements based on metabolic and lipid profiles [45, 138]. However, PS-

MS suffers reduced selectivity which is caused by the inability of MS to distinguish isomers with 

identical chemical formulae which poses a challenge for species and sub-species bacterial 

discrimination. Hence the need to couple ion mobility to PS to increase the selectivity of the 

method.  

Although previous reports illustrated that the PS-MS technique is successful in discriminating 

various microorganisms utilizing their lipid and metabolic profiles, long incubation periods (~ 24 
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-48 hours) were needed before a successful analysis [53, 57, 139, 140]. Herein, we optimized and 

examined paper spray-ion mobility-tandem mass spectrometry (PS-IM-MS/MS) methods to 

distinguish five Bacillus species rapidly and unambiguously to the species level directly in ~1-2 

minutes runs after only 4 hours of incubation time. In addition, we measured the collision cross 

section (CCS) values that act as unique physicochemical descriptors of various biomarkers (e.g., 

phospholipids and surfactins) which leads to their unambiguous identification. To extract relevant 

chemical features from a large amount of mass spectral information, multivariate statistical 

methods are employed. Specifically, in this study, principal component analysis (PCA) was 

conducted to explore the difference among species and the contribution of each feature. After 

dimension reduction by PCA, linear discriminant analysis (LDA) was applied to classify different 

species. To explore whether including IM in the PS-MS/MS workflow would improve the 

efficiency of species differentiation, we compared the classification accuracy of the model with 

and without the consideration of IM information in both positive and negative ion modes.  

 

4.2. Experimental 

4.2.1. Materials and sample preparation 

LC-MS grade isopropanol (IPA) and 3-[(3-Cholamidopropyl)-dimethylammonio]-1-

propanesulfonate (CHAPS) were purchased from Sigma-Aldrich (St. Louis, MO USA) while LC-

MS grade methanol (MeOH) was purchased from Honeywell (Muskegon, MI). The liquid 

culturing media, Luria broth (LB) was purchased from VWR Chemicals (Radnor, PA). Moreover, 

a low concentration ESI tuning mix was purchased from Agilent Technologies (Santa Clara, CA). 

All reagents and chemicals were used without additional purification. Glass fiber filter papers (0.3 
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µm pore size) were purchased from Advantec MFS, Inc. (Dublin, CA). Copper clips were 

purchased from McMaster-Carr (Chicago, IL). 

4.2.2. Microorganism Culturing 

Five Bacillus species isolates (B. velezensis (JJ334), B. subtilis (JM553), B. thuringiensis 

(JJ218), B. pumilus (JJ1622), and B. altitudinis (JJ1138)) were gifted by Dr. Douglas Goodwin 

(Department of Chemistry and Biochemistry Department, Auburn University) and Dr. Mark Liles 

(Department of Biological Sciences, Auburn University) and stored at -80 ℃. The bacteria were 

aliquoted from frozen glycerol stocks into Luria broth using sterile pipette tips. The liquid cultures 

were incubated in a VWR forced air incubator (Chicago, IL) under shaking conditions (220 rpm) 

at 37℃ for 4-16 hours. All bacterial culturing activities were performed in a biological safety 

cabinet (Labconco, Kansas City, MO), and biohazardous materials were autoclaved.   

4.2.3. Instrumentation 

All experiments were performed using the Agilent 6560 IM-QTOF instrument (Agilent 

Technologies, Santa Clara, CA) coupled with an optimized paper spray ion source as shown in 

Figure 4.1. The instrument has been described in detail above, so only a brief description is given 

here. Following our previous optimization efforts, we maintained the drying gas temperature and 

flow rate at 250 ℃ and 8 L/min, respectively while the ion source voltages were set as follows: 

capillary voltage 3500 V, Fragmentor 400 V, and Octopole RF 750 V [86]. All ion mobility spectra 

were acquired using a pseudorandom 4-bit sequence (multiplexing mode); the settings are listed 

in Table 4.1. In the multiplexing mode, several ion packets are pulsed into the drift tube during 

each data acquisition cycle (e.g., eight ion packets are injected during one scan interval), increasing 

the ion utilization efficiency within the same dwell time [93]. Product ion (MS/MS) scans were 

acquired in a data-dependent mode in which the precursor ions are fragmented only if their 
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intensities are above a certain threshold utilizing the settings listed in Table 4.1. Spectra were 

acquired using MassHunter Acquisition Software B.09.00 (Agilent Technologies, Santa Clara, 

CA). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. Ion mobility – Quadrupole Time of Flight – Mass Spectrometry (Agilent 6560) 

instrument coupled with an optimized paper spray (PS) ion source. 
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Table 4.1. Ion mobility and tandem mass spectrometry (MS/MS settings) 

IM-MS settings 

 

Tandem Mass spectrometry settings 

 

 

 

 

 

 

 

 

 

Parameter Value Units 

Trap Fill Time 3900 µs 

Trap Release Time 200 µs 

Frame Rate 0.9 Frames/sec 

IM Transient Rate 18 IM Transients/Frame 

Max Drift Time 60 Ms 

TOF Transient Rate 496 Transients/ IM Transients 

Drift Tube Entrance 1700 V 

Drift Tube Exit 250 V 

Rear Funnel Entrance 240 V 

Rear Funnel Exit 43 V 

Pulsing Sequence Length 4  bit 

Parameter Value Units 

Collision Energy 35 V 

MS acquisition rate 1 Spectra/s 

MS transient/spectrum 8133 Transient/spectrum 

MS/MS acquisition rate 0.9 Spectra/s 

MS/MS transient/spectrum 8978 Transient/spectrum 

Max precursor per cycle  10  

Cycle time  12.2 Sec 

Static Exclusion Range  100 - 300  

Mass range 100 - 1700  

Precursor Abs. Threshold 200 Counts 
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4.2.4. Paper Spray Ambient Ionization 

For rapid detection and discrimination of bacteria, we introduced a rapid method that 

implements a short culturing time and less than 2 minutes analysis time. Due to the large pore size 

(greater than bacteria cell size) of the typical PS filter papers (Whatman 1), glass fiber filter papers 

with significantly smaller pore sizes (~0.3 µm) were utilized to filter bacterial cells out of the 

growth liquid media prior to MS analysis. As described in Figure 4.2, 8 mL of the cultured bacteria 

in LB were filtered through the glass fiber using a Büchner funnel, and the filter paper was allowed 

to dry at ambient temperatures for about 15 minutes. Then, the glass fiber was cut into several 

triangles of approximately 8 mm base width and 10 mm height, placed at an optimal distance (~ 6 

mm) from the IM-MS inlet, followed by the application of spray solvents and high voltage to 

generate electrospray [86]. 40 µL of the spray solvent was added which enabled the extraction of 

various analytes and efficient paper spray ionization. The ions were then transported into the IM-

MS inlet because of the pressure and voltage gradients followed by IM spectra and MS/MS spectra 

acquisition. 

 

 
Figure 4.2. Schematic workflow for rapid detection and discrimination of bacteria using high-

resolution paper spray ion mobility tandem mass spectrometry (PS-IM-MS/MS). 
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4.2.5. High-resolution Ion Mobility Mass Spectrometry 

The tandem MS/MS spectra and the ion mobility spectra were acquired and recorded as 

two separate experiments. Each experiment was replicated 6-8 times where a freshly cut-glass 

fiber for each replicate was used. The spectra were acquired in both positive and negative ion 

modes. The tandem mass spectra were analyzed using MassHunter qualitative analysis software, 

while the overlapping spectra of the IM data files were demultiplexed using the PNNL 

PreProcessor software package, version 4.0 (2021.10.27), developed at Pacific Northwest National 

Lab (PNNL, omics.pnl.gov) [141]. Resolving power (Rp) of the Agilent 6560 operating either in 

the “single pulse” or “multiplexed” mode is ~60. The IM data obtained in  the multiplexed mode 

after deconvolution through PNNL software were further processed via the “high resolution 

demultiplexing (HRdm)” tool for enhancement of the resolving power to ~250 [93]. In this study, 

we utilized a beta version of the HRdm software (v2.0.116) for enhancing the IMS separation of 

isobars/isomers [95]. HRdm is a new post-acquisition data reconstruction technique utilizing a 

Hadamard transform to enhance the IMS separation of isobars/isomers. CCS measurements of 

abundant biomarkers were performed using the single-field (calibrant-dependent) method with a 

drift field of 18.5 V/cm [85]. The tandem mass spectra and the high-resolution IM data were 

exported from qualitative analysis and IM software, respectively for multivariate analysis.  

 

4.2.6. Multivariate Statistics 

As shown in Figure 4.2, we used the spectra obtained from PS-IM-MS and PS-MS/MS 

experiments for our multivariate statistical analysis. The data from each replicate was normalized 

through linear scaling in both positive and negative ion modes. To examine the impact of including 

the IM spectra into the PS-MS/MS data on the discrimination of Bacillus species, we generated 
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two different data matrices, with and without ion mobility information. These datasets are listed in 

Table 4.2. Ions in m/z 100 - 1400 and 0 - 60 ms ranges were considered. Firstly, to reduce the 

redundant information, drift time selection was conducted by generating the dataset with 

identification of peaks for each species. Then, the dataset was reconstructed based on the selected 

drift time within mass spectra information. Therefore, each value in the dataset denotes the 

intensity of bacteria with specific drift spectra and mass spectra.  

 

Table 4.2. List of bacteria investigated with PS-IM-MS and PS-MS/MS in positive and negative 

ion modes. 

Bacteria species PS-MS/MS PS-IM-MS 

Positive Negative Positive  Negative 

Bacillus altitudinis 8 7 8 6 

Bacillus pumilus 8 8 8 7 

Bacillus subtilis 8 7 8 6 

Bacillus thuringiensis 7 8 7 8 

Bacillus velezensis 8 8 8 8 

 

 

PCA is one of the commonly used approaches to drastically reduce the dimensionality of 

the dataset while keeping as much information as possible, especially for datasets with complex 

information, e.g., the data that includes multidimensional separations like those obtained herein 

[142]. Therefore, we applied PCA on the datasets listed in Table 4.2. After applying PCA, original 

data matrices were reorganized and compressed into a set of independent principal components 

(PCs). Each PC was generated by a linear combination of variables from the original dataset and 

the loading coefficient of PCs provided the importance of each original variable. The similarities 

among the five Bacillus species were visualized by biplots for PCs, which are two-dimensional 
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scatter plots. Besides, based on the proportion of variance explained by each PC, the first five PCs 

were selected as new variables for the subsequent analysis. 

Table 4.3. Confusion matrices for negative ion mode studies (A) without ion mobility data (PS-

MS/MS data only). (B) with ion mobility data included (PS-IM-MS and PS-MS/MS data). 

 (A) 

 

 (B) 

 

Next, LDA, which is a statistical method to classify two or more classes of objects, was 

applied to discriminate different species using the new variables generated by PCA [143]. LDA 

attempts to model the difference between classes (i.e., species in the present study) through 

generating the linear combinations of variables that separate two or more classes of objects, and 

Negative ion mode without ion mobility (Total 38 samples) 

                Actual 

Predicted    

B. altitudinis B. pumilus B. subtilis B. thuringiensis B. velezensis 

B. altitudinis 7 0 0 0 0 

B. pumilus 0 8 0 0 0 

B. subtilis 0 0 5 0 0 

B. thuringiensis 0 0 2 8 1 

B. velezensis, 0 0 0 0 7 

Negative ion mode with ion mobility (Total 35 samples) 

                 Actual 

Predicted    

B. altitudinis B. pumilus B. subtilis B. thuringiensis B. velezensis 

B. altitudinis 6 0 0 0 0 

B. pumilus 0 7 0 0 0 

B. subtilis 0 0 6 0 0 

B. thuringiensis 0 0 0 8 0 

B. velezensis, 0 0 0 0 8 
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the resulting combination is the so-called linear classifier. The classifier divides the data space into 

several disjoint regions where each class belongs to. Given a new sample, the classifier predicts 

its class according to the regions it locates.  Each given sample is identified by the classifier and 

allocated to the corresponding class if it is in a certain region. 

To avoid overfitting problem, we applied stratified cross-validation (CV) which is a 

commonly used resampling technique to evaluate models [144]. In this study, a replicate was 

randomly selected from each species to generate the testing set (around 13% of the dataset), and 

the rest formed the training set (around 87% of the dataset). The training set was used to train the 

linear classifier, which was then applied to the testing set to obtain the prediction accuracy. To 

avoid sampling bias, CV was repeated 400 times, and the classification accuracies were averaged 

over all the CVs. The model performances are reported in confusion matrices ( Table 4.3 and Table 

4.4). The significance of including IM data into the PS-MS/MS workflow was intuitively reflected 

by comparing the classification performance of different datasets with PS-MS/MS and PS-IM-

MS/MS data. 
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Table 4.4. Confusion matrices for positive ion mode studies (A) without ion mobility data (PS-

MS/MS data only). (B) with ion mobility data included (PS-IM-MS and PS-MS/MS data). 

(A) 

 

 (B) 

 

 

4.3. Results and Discussion 

4.3.1. Optimization of the spray solvent and incubation time for early bacteria detection 

B. subtilis and B. thuringiensis were used as model organisms for the optimization of the 

needed culturing time. We monitored the abundance of the phospholipids and surfactins detected 

in the ranges: m/z 600 to 800 and m/z 900 to 1200, respectively. We compared the mass spectra 

obtained from PS-MS analysis of bacteria cultured for 4, 8, 12, and 16 hours. As depicted in Figure 

Positive ion mode without ion mobility (Total 39 samples) 

                Actual 

Predicted    

B. altitudinis B. pumilus B. subtilis B. thuringiensis B. velezensis 

B. altitudinis 8 1 0 0 0 

B. pumilus 0 7 0 0 0 

B. subtilis 0 0 8 0 0 

B. thuringiensis 0 0 0 7 0 

B. velezensis, 0 0 0 0 8 

Positive ion mode with ion mobility (Total 39 samples) 

                Actual 

Predicted    

B. altitudinis B. pumilus B. subtilis B. thuringiensis B. velezensis 

B. altitudinis 8 0 0 0 0 

B. pumilus 0 8 0 0 0 

B. subtilis 0 0 8 0 0 

B. thuringiensis 0 0 0 7 0 

B. velezensis, 0 0 0 0 8 
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4.3 and Figure 4.4, the same ions (i.e. fatty acids, phospholipids and surfactins) were detected 

irrespective of the culturing time. The progression of the culture through its growth cycle may be 

responsible for the observed spectral variation in the relative intensities of surfactins and 

phospholipids, while the overall qualitative differences in the MS spectra may be due to the 

ionization phenomenon and bacterial metabolism at the time of sampling [145, 146]. Previous 

studies have reported that MS spectral variability due to culture time does not affect bacterial 

identification by mass spectrometry [137, 146, 147]. Therefore, due to the clinical importance of 

early detection, we chose an incubation time of 4 hours for further experiments. 

  

(B) (A) 

Figure 4.3. Optimization of the needed incubation time for early detection of bacteria in the 

negative ion mode using B. subtilis (A) and B. thuringiensis (B) as model organisms. 
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In paper spray, the spray solvent impacts the extraction efficiency of the analytes of interest 

from the surface of the paper substrate and the spray efficiency at the tip of the paper. We examined 

two different spray solvents, isopropyl alcohol (IPA) and methanol (MeOH). Higher ion signals 

were obtained for the surfactins and phospholipids in both ion modes upon using IPA as a spray 

solvent than with MeOH (Figure 4.5). The high peak intensities observed with IPA can be 

attributed to its relatively low volatility and characteristic lower surface tension (20.52 mN/m) 

compared to that of MeOH (21.82 mN/m) [148, 149]. Solvents with low surface tension values 

facilitate the formation of the electrospray microdroplets from the paper tip [148]. Furthermore, 

the low volatility of IPA led to a stable spray throughout the electrospray period (2 minutes). Of 

note, there was a signal enhancement with the addition of 0.05% CHAPS (surfactant) to MeOH in 

(A) (B) 

Figure 4.4. Optimization of incubation time for early detection of bacteria in the positive ion mode 

using B. subtilis (A) and B. thuringiensis (B) as model organisms.  
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the negative ion mode (Figure 4.5A) which was attributed to the capability of surfactants in 

reducing spray solvents' surface tension, thereby increasing their ionization efficiency [53, 150]. 

However, the surfactant (CHAPS) has a negative impact on the positive mode spectra (Figure 

4.5B) which can be attributed to charge competition as evidenced by previous studies [53].  

 

 

In addition, we compared the mass spectra obtained by spraying pure spray solvent, pure 

LB growth medium, and B. subtilis (Figure 4.6). As shown in Figure 4.6, the major biomarkers 

were absent from the background spectra. Moreover, Figure 4.7 shows a comparison of the 

absorbance of bacteria in water, MeOH, and IPA with a control solution. It illustrates the higher 

(A) (B) 

Figure 4.5. Optimization of spray solvents to be used in PS-IM-MS experiments for high MS 

spectral peak intensities. The biomarkers were monitored for the optimization process in (A) 

Negative and (B) positive ion modes. 
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capability of IPA in lysing bacterial cell membranes than MeOH or water which would lead to 

higher signal intensities of phospholipids and surfactins upon using IPA as a spray solvent. We, 

therefore, selected the incubation time of 4 hours and IPA as the spray solvent for rapid detection 

and discrimination of bacterial species. 

 

 

 

 

(A) (B) 

Figure 4.6. Comparison of signal intensities of ions from Blank, Luria broth, and B. subtilis. (A) 

Negative and (B) positive ion modes. 
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4.3.2. Bacteria discrimination by Mass Spectrometry 

Bacillus species are known producers of cyclic lipoheptapeptide surfactins which are 

known for their antimicrobial, antifungal, and antiviral effects [151]. In addition, their cell 

membranes contain other lipids such as fatty acids (FAs), phosphatidylglycerols (PGs), and 

phosphatidylethanolamines (PEs) [43]. To correctly identify the detected ions, we used exact mass 

measurements, CCS values, and MS/MS spectra. The m/z and CCS values of the highly abundant 

ions are listed in Table 4.5.  

Figure 4.7. Comparison of the lysis ability of methanol, isopropyl alcohol, and water by 

absorbance measurements at 600 nm. In this experiment, a decrease in absorbance occurred for 

two reasons (1) dilution; 700 µL of the bacteria were diluted with 300 µL of the spray solvents 

(2) the degree of lysis. Since the samples were all diluted to the same degree, a greater decrease 

in absorbance indicates a stronger capability of the spray solvent in achieving lysis of the bacteria 

cell membrane. 

 



71 

 

 

   

 Visual inspection of the mass spectra shows some differences between the 5 Bacillus 

species. As shown in the negative mode (Figure 4.8A), B. altitudinis and B. pumilus produced 

similar phospholipids and surfactins except for triacylglycerols (TGs) observed at m/z 903.66, 

917.68, 931.69, 945.71, 959.72, and 973.74 which were unique to B. altitudinis. Moreover, B. 

subtilis and B. velezensis gave similar mass spectral profiles dominated by surfactins-C12 through 

C17 while B. thuringiensis mass spectra were mainly dominated by PGs. From exact mass 

measurements and previous reports, the PG ions at m/z 665.44, 679.45, 693.47, 707.48, 721.51, 

and 735.52 were assigned to be [PG (28:0)-H]-, [PG (29:0)-H]-, [PG (30:0)-H]-, [PG (31:0)-H]-, 

Figure 4.8. Mass spectra of the 5 Bacillus species: B. altitudinis, B. pumilus, B. subtilis, B. 

thuringiensis, and B. velezensis recorded after 4 hours of incubation time acquired in the (A) 

negative and (B) positive ion modes. 
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Table 4.5. The various adducts, mass accuracy, and the collision cross section (CCS) values of the 

different isomers of lipids and surfactins observed in all the 5 Bacillus species. The CCS values 

were obtained with single field measurements at a drift field of 18.5 V/cm. Lipid CCS values were 

compared with the Lipid CCS predictor, and the percentage difference was less than 1%. 

Negative ion mode 

Phospholipids  

 Formula Isomers Adducts Theoretical 

m/z 

Experimental 

m/z 

m/z 

error 

(ppm) 

Exp. 

CCS 

(Å2)  

Lipid 

CCS* 

(Å2) 

% Diff. 

PG 28:0 C34H67O10P (12:0/16:0) [M-H]- 665.4399 665.4388 1.65 252.5 252.0 0.20 

PG 29:0 C35H69O10P (14:0/15:0) [M-H]- 679.4556 679.4551 0.74 253.3 254.5 -0.47 

  (13:0/16:0) [M-H]-       254.6 254.9 -0.12 

PG 30:0 C36H71O10P (15:0/15:0) [M-H]- 693.4712 693.4705 1.01 257.8 257.8 0.00 

  (14:0/16:0) [M-H]-       258.3 258.2 0.04 

  (13:0/17:0) [M-H]-       259.5 258.5 0.39 

PG 31:0 C37H73O10P (15:0/16:0) [M-H]- 707.4869 707.4848 2.97 261.1 260.9 0.08 

  (14:0/17:0) [M-H]-       262.8 261.3 0.57 

PG 32:0 C38H75O10P (16:0/16:0) [M-H]- 721.5025 721.5008 2.36 262.2 264.2 -0.76 

  (15:0/17:0) [M-H]-       263.3 264.6 -0.49 

  (14:0/18:0) [M-H]-       264.8 264.9 -0.04 

PG 33:0 C39H77O10P (16:0/17:0) [M-H]- 735.5182 735.5169 1.77 267.5 267.2 0.11 

  (15:0/18:0) [M-H]-    268.4 267.6 0.30 
Surfactins  

 Formular Isomers Adducts Theoretical 

m/z 

Experimental 

m/z 

m/z 

error 

(ppm) 

 

Experimental CCS (Å2)  

(C17) C55H97N7O13 Iso 1 [M-H]- 1062.7072 1062.7053 1.79 325.0 

(C16) C54H95N7O13 Iso 1 [M-H]- 1048.6915 1048.6905 0.95 323.8 

  Iso 2 [M-H]-       321.2 

(C15) C53H93N7O13 Iso 1 [M-H]- 1034.6759 1034.6744 1.45 320.7 

  Iso 2 [M-H]-       318.9 

   [M-

2H+Na] 
1056.6578 1056.6549 -2.74 321.6 

(C14) C52H91N7O13 Iso1  [M-H]- 1020.6602 1020.6568 3.33 317.2 

  Iso 2 [M-H]-       315.8 

   [M-

2H+Na] 
1042.6421 1042.6446 2.39 319.0 

(C13) C51H89N7O13 Iso 1 [M-H]- 1006.6446 1006.6437 0.89 314.1 

  Iso 2 [M-H]-       312.3 

   [M-
2H+Na] 

1028.6265 1028.6261 -0.38 315.9 

(C12) C50H87N7O13 Iso 1 [M-H]- 992.6289 992.6283 0.60 311.1 

  Iso 2 [M-H]-    309.7 
 

Positive ion mode 

Surfactins  

 Formular Isomers Adducts Theoretical 

m/z 

Experimental 

m/z 

m/z 

error 

(ppm) 

Exp. CCS 

(Å2)  

CCS 

compendium** (Å2) 

(C17) C55H97N7O13 Iso2  [M+H]+ 1064.7217 1064.723 -1.22 340.5 ˟ 

  Iso 1 [M+H]+    337.8 ˟ 

  Iso2  [M+Na]+ 1086.7037 1086.6995 3.86 340.9 ˟ 

  Iso 1 [M+Na]+    337.3 ˟ 

  Iso2  [M+K]+ 1102.6776 1102.6742 3.08 342.9 ˟ 

  Iso 1 [M+K]+    340.2 ˟ 

(C16) C54H95N7O13 Iso 3 [M+H]+ 1050.7061 1050.7078 -1.62 339.3 336.2 
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* CCS values from Lipid CCS predictor 

** CCS values from CCS compendium 

- No CCS values due to their low peak intensities 

˟ No CCS values from CCS compendium 

 

[PG (32:0)-H]-, and [PG (33:0)-H]- [151]. The PG lipids were found across the 5 Bacillus species 

but in different intensities, while the surfactins were found in all the 5 Bacillus species except B. 

thuringiensis. The mass spectra recorded in the positive ion mode were rich in information with 3 

main adducts, protonated, sodium, and potassium adducts. As shown in (Figure 4.8B), the mass 

spectra of the 5 Bacillus species were predominated by surfactins except for B. thuringiensis in the 

positive ion mode. The detected ions present three homologue sets with different carbon chain 

lengths, i.e., they differ in a repeating chemical unit with a characteristic difference in mass of 14 

which is attributed to the molecular weight of a CH2 group. The first group [M+H]+ contained m/z 

  Iso2  [M+H]+    338.4 

  Iso 1 [M+H]+    336.9 

  Iso 3 [M+Na]+ 1072.688 1072.6848 2.98 339.4 

338.0   Iso2  [M+Na]+    337.4 

  Iso 1 [M+Na]+    335.8 

  Iso2  [M+K]+ 1088.6619 1088.6628 -0.82 340.7 
˟ 

  Iso 1 [M+K]+    337.6 

(C15) C53H93N7O13 Iso 3 [M+H]+ 1036.6904 1036.6898 0.58 336.8 

333.5   Iso2  [M+H]+    334.2 

  Iso 1 [M+H]+    331.9 

  Iso 3 [M+Na]+ 1058.6724 1058.6693 2.93 336.2 

334.7   Iso2  [M+Na]+    334.3 

  Iso 1 [M+Na]+    332.5 

  Iso2  [M+K]+ 1074.6463 1074.6446 1.5819 335.9 336.7 

328.0   Iso 1 [M+K]+    333.7 

(C14) C52H91N7O13 Iso2  [M+H]+ 1022.6748 1022.6726 2.15 329.4 
330.6 

  Iso 1 [M+H]+    328.3 

  Iso 3 [M+Na]+ 1044.6567 1044.6537 2.87 331.0 

332   Iso2  [M+Na]+    328.9 

  Iso 1 [M+Na]+    326.8 

  Iso2  [M+K]+ 1060.6306 1060.6312 -0.566 332.8 
˟ 

  Iso 1 [M+K]+    329.1 

(C13) C51H89N7O13  [M+H]+ 1008.6591 1008.6577 1.39 - 327.1 

  Iso2  [M+Na]+ 1030.6411 1030.6413 -0.19 328.7 
329.8 

  Iso 1 [M+Na]+    325.9 

   [M+K]+ 1046.615 1046.6155 -0.478 - 332.1 

(C12) C50H87N7O13  [M+H]+ 994.6435 994.6432 0.30 - 323.7 

   [M+Na]+ 1016.6254 1016.6228 2.56 325.4 ˟ 

   [M+K]+ 1032.5993 1032.5984 0.8716 - ˟ 
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1022.67, 1036.69, 1050.70 while the second group [M+Na]+ contained m/z 1044.65, 1058.67, and 

1072.69, and the third group [M+K]+ included m/z 1074.65 and 1088.66 (Table 4.5). 

        

4.3.3. Species-level discrimination of Bacillus species by Ion Mobility Spectrometry 

Results from previous studies have shown poor separation and overlap between bacteria at 

the species level when discrimination was solely based on mass spectra  [57, 139, 152]. This can 

be attributed to the limitation of mass spectrometry in differentiating biomarkers with identical 

chemical formulas or the same m/z. The limited specificity of mass spectrometry can be enhanced 

by coupling it to ion mobility spectrometry which enables isomer separation through collisions 

with inert buffer gas under an electric field [86]. Phospholipids found in Bacillus cell membranes 

can exist as different isomers, such as acyl-chain isomers, positional isomers (e.g., sn- and double 

bond positional isomers), and stereoisomers (e.g., cis/trans isomers) [64, 153]. As shown in Figure 

4.8A, m/z 721. 51 (PG (32:0)) was detected in high abundance in the mass spectra profiles of B. 

altitudinis, B. pumilus, and B. thuringiensis while its intensity was low in B. subtilis and B. 

velezensis. Careful investigation of the drift time spectra of the 5 Bacillus species obtained from 

our PS-IM-MS studies revealed different isomeric forms of PG 32:0. The number of the resolved 

IM peaks (Figure 4.9A) observed for the PG 32:0 across the 5 species was 3 for B. thuringiensis, 

2 for B. subtilis and B. velezensis, and 1 for B. altitudinis and B. pumilus. CCS values obtained 

through IM measurements have been previously used to improve identification confidence, reduce 

false-positive identification, and identify co-eluting metabolites that have similar MS/MS spectra. 

Therefore, we measured the CCS values of the detected lipid biomarkers and compared them to 

those obtained from the widely available lipid CCS database (Lipid CCS predictor) [154]. Using 

single-field measurement, we estimated the IM peaks at 33.25 ms, 33.56 ms, and 33.99 ms to have 
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CCS values of 262.2 Å2, 263.3 Å2, and 264.8 Å2 respectively. We confirmed their identities as PG 

(16:0/16:0), PG (15:0/17:0), and PG (14:0/18:0), respectively by comparing the measured and 

predicted CCS values. The percentage difference between the measured and predicted values was 

less than 0.8% (Table 4.5). These results indicate that PG (15:0/17:0) was present in all the Bacillus 

species, the PG (16:0/16:0) was present in 3 of the 5 Bacillus species; B. thuringiensis, B. subtilis, 

and B. velezensis, while PG (14:0/18:0) was unique to B. thuringiensis.  

 

 

Figure 4.9. PS-IM-MS and PS-MS/MS spectra obtained in the negative ion mode of the 5 Bacillus 

species where (A) Ion mobility spectra revealed the presence of various lipid isomers of m/z 721.51 

(PG (32:0)) and (B) Tandem mass spectra (MS/MS) spectra of m/z 721.51 which support the 

identification of the lipid isomers by the IM spectra. 

 

In addition, we used tandem mass spectrometry measurements to further confirm the 

identities of phospholipids using fragmentation patterns. The fragmentation mechanisms of PGs 

have been extensively described previously, with the loss of two fatty acyl side chains ([RCH2CO2 

sn-1]
- and [RCH2CO2 sn-2]

-) dominating the product ion spectra [65]. Careful investigation of the 

tandem mass spectra revealed characteristic fragment ions of the PG 32:0 distinctively present in 
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each species (Figure 4.9B). For instance, the CID spectrum of m/z 721.51 (PG 32:0) in B. 

thuringiensis shows abundant product ions at m/z 227, 241, 255, 269, and 283, respectively; they 

correspond to the carboxylate anions of C14:0, C15:0, C16:0, C17:0, and C18:0 fatty acids. Hence, 

the product ions spectra of the B. thuringiensis confirm the presence of the 3 acyl chain isomers 

identified by the IM separations and CCS measurements. Similarly, the CID spectrum of m/z 

721.51 in B. altitudinis and B. pumilus confirmed the presence of PG (15:0/17:0) isomer as 

accurately identified by IM. In addition, the MS/MS spectrum of m/z 721.51 in B. subtilis, and B. 

velezensis confirmed the presence of PG (15:0/17:0) and PG (16:0/16:0) isomers as accurately 

identified by IM.  

 

 

Another example of discriminating lipid isomers between the bacteria species is m/z 693.47 

(PG (30:0)) which was present in all the 5 Bacillus species as PG (15:0/15:0), while in B. 

(B) (A) 

(C) 

Figure 4.10. PS-IM-MS and PS-MS/MS spectra obtained in the negative ion mode of the 5 

Bacillus species where (A) Ion mobility spectra revealed the various lipid isomers of m/z 693.47 

(PG (30:0)) and (B) Tandem mass spectra (MS/MS) spectra support the identification of the lipid 

isomers by the IM spectra. (C) Structure of the acyl chain lipid isomers.  
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thuringiensis it was present as PG (14:0/16:0) and PG (13:0/17:0) in addition to PG (15:0/15:0), 

as was confirmed by the MS/MS spectra shown in Figure 4.10. Of note, MS/MS spectra wouldn’t 

be able to resolve geometric isomers which will increase the importance of performing IM 

measurements in identifying the structures of key biomarkers [86]. 

The bacterial cyclic lipopeptides (surfactins) present in Bacillus species are β-hydroxyl 

cyclic heptapeptides with possibilities of leucine (Leu), isoleucine (Ile), or valine (Val) amino acids 

present at positions 2, 4, and 7 while positions 1, 3, 5, and 6 are fixed [155]. In addition to the 

changes in the peptide chain, another source of surfactins’ structural diversity can be introduced 

by their lipid chain configurations; their lipid chains can have a linear configuration and be 

branched, with iso and anteiso configurations [156]. The peptide diversity with different 

configurations of the lipid chains results in numerous variants or isoforms of the surfactins. We 

examined the IM spectra of m/z 1050.71 [C54H95N7O13+H]+ which was found to be common to B. 

altitudinis and B. pumilus (Figure 4.11A). We found a different number of surfactin isoforms 

discriminating the two species. For instance, the IM peaks at 41.92 ms and 42.32 ms were common 

to both species while the IM peak observed at 42.70 ms was unique to B. pumilus. Using single 

field measurement, we estimated the CCS values of the IM peaks at 41.92 ms, 42.32 ms, and 42.70 

ms to be 336.9 Å2, 338.4 Å2, and 339.3 Å2, respectively. Of note, the experimental CCS values 

showed good agreement (less than 1% difference) when compared to empirical values from CCS 

compendium (Table 4.5) [157]. In addition, the IM peak at 43.13 ms in the drift spectra of B. 

altitudinis was considered to be an artifact because of the lack of the [M+1] and [M+2] 

monoisotopic peaks [95]. Similarly, we detected the presence of 2 surfactin isoforms in m/z 

1044.65 (IM peaks at 41.19 ms and 41.48 ms) present in B. velezensis and B. subtilis, while the 

isoform at the IM peak of 41.95 ms was unique to B. velezensis (Figure 4.11C). Using MS/MS 
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measurements, we further characterized the surfactin isoforms identified by the IM studies. The 

CID spectrum of the m/z 1050.71 as shown in Figure 4.11B indicated two peptide sequences. The 

series of b+ ions at m/z 937→824→709→596→483→370 can be associated with β-OH FA-Glu1-

Leu/Ile2-Leu/Ile3-Leu/Ile4-Asp5-Leu/Ile6-Leu/Ile7, while the second series of b+ ions at m/z 

937→824→709→610→497→384 can be associated with β-OH FA-Glu1-Leu/Ile2-Leu/Ile3-Val4- 

Asp5-Leu/Ile6-Leu/Ile7 (Figure 4.11D). The m/z 699 corresponds to the total mass of ion fragments 

containing+H2(Leu/Ile2-Leu/Ile3-Leu/Ile4-Asp5-Leu/Ile6-Leu/Ile7) OH, while the m/z 685  

 

 

Figure 4.11. PS-IM-MS and PS-MS/MS spectra in the positive ion mode (A) IM spectra of 

surfactin ion at m/z 1050.71 showing different isomeric forms in B. altitudinis and B. pumilus. 

(B) MS/MS spectrum obtained by CID of m/z 1050.71. (C) IM spectra of surfactin ion at m/z 

1044.65 showing different isomeric forms in B. subtilis and B. velezensis.(D) Structural variation 

in the peptide amino acid sequence and lipid chain configuration 
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corresponds to the total mass of ion fragments containing +H2(Leu/Ile2-Leu/Ile3-Val4-Asp5-

Leu/Ile6-Leu/Ile7)OH. The presence of m/z 699 and 685 demonstrates the existence of two isoforms 

of the m/z 1050.71 which are C15-[Leu4] and C16-[Sur] where the first discovered surfactin 

sequence (Glu-Leu-Leu-Val-Asp-Leu-Leu) was denoted as [Sur] and any changes in the peptide 

sequence were indicated with the abbreviation and position of the altered amino acid, i.e. in C15-

[Leu4], Val at position 4 is replaced by Leu [158].  

Previous studies reported the loss of 42 and 28 from β-OH FA-Glu+ to be associated with 

iso and anteiso configurations, respectively (Figure 4.11D) [155]. Meanwhile, anteiso can only be 

found in odd carbon chain lengths, iso can be found in odd and even- numbered carbon chain 

length [156]. The m/z 342 can be associated with loss of 42 from m/z 384 RGlu+ of C16-[Sur] and 

28 from m/z 370 RGlu+ of C15-[Leu4] which suggests two additional isomers: iso-C16-[Sur] and 

anteiso-C15-[Leu4]. In addition, the m/z 328 can be associated with loss of 42 from m/z 370 RGlu+ 

of C15-[Leu4] indicating the presence of iso-C15-[Leu4]. Hence 5 isomers; C15-[Leu4], iso-C15-

[Leu4], anteiso-C15-[Leu4], C16-[Sur], and iso-C16-[Sur] can be potentially associated with m/z 

1050.71. Of note, differentiating isomers based on their MS/MS spectra was challenging due to 

overlapping fragmentation patterns showing similar product ions such as m/z 937, 824, and 709 

which were observed in the 5 potential isomers of surfactin at m/z 1050.71.  

Similarly, 4 isomers; C14-[Sur], C15-[Val7], anteiso-C15-[Val7], and iso-C15-[Val7] can be 

potentially associated with m/z 1044.65 as shown in the CID spectrum (Figure 4.12). It is evident 

that the ion mobility separation can effectively be utilized to identify discriminating isomers 

between bacteria species. However, the analytical complexity of the surfactin isoforms would 

require higher resolution to fully resolve the potential isomers. 
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4.3.4. Statistical Analysis 

Multivariate statistical analysis was conducted to illustrate and quantitate the differences 

in the spectra obtained from PS-IM-MS and PS-MS/MS experiments of Bacillus spp. in negative 

and positive ion modes. The mass spectral profiles of the 5 Bacillus species were combined with 

LDA was performed to quantify the separation shown in the PCA score space. The prediction rates 

in the negative and positive ion modes were 92.4% and 97.6%, respectively. Upon including the 

IM separation data, the average prediction rates increased significantly in negative and positive 

ion modes to be 99.7% and 100.0%, respectively. The increased prediction rates can be attributed 

to the capability of IM to provide a clear separation between the diagnostic isomers based on their 

structures leading to an enhanced species’ discrimination. Figure 4.13A and Figure 4.13B show 

that the B. altitudinis and B. pumilus are separated along the PC3 axis, indicating biochemical 

similarity between the two species. In the positive mode (Figure 4.13B), B. subtilis and B. 

velezensis were closer together than to B. thuringiensis due to the predominating effect of the 

(A) (B) 

Figure 4.12. PS-IM-MS spectra in the positive ion mode of B. velezensis (A) MS/MS spectrum 

obtained by CID of m/z 1044.65. (B) Structural variation in the peptide amino acid sequence and 

lipid chain configuration. 
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surfactins in the positive ion mode. Moreover, the CV confusion matrix reported in Table 4.3 and 

Table 4.4 show that B. altitudinis and B. thuringiensis was perfectly classified under both positive 

and negative ion modes, whereas B. subtilis had relatively lower classification rates in the negative 

ion mode when ion mobility information was excluded, i.e., utilizing the data obtained from PS-

MS/MS only. 

 

 

 

4.4. Conclusions 

This work demonstrates successful bacteria discrimination at the species level by high-

resolution PS–IM–MS and PS–MS/MS analyses with only 4 hours incubation time and 2 minutes 

analysis time. Upon including the IM separation dimension data into the PS-MS/MS workflow, 

the prediction rates increased significantly in negative and positive ion mode from 92.4% and 

97.6% to 99.7% and 100.0%, respectively. The increased prediction rates can be associated with 

(A) (B) 

Figure 4.13. PCA plot of the 5 Bacillus species utilizing ion mobility, mass spectrometry, and 

tandem MS from PS-IM-MS and PS-MS/MS experiments in the (A) Negative and (B) Positive 

ion modes. Species are indicated by color and shape as follows: B. altitudinis (blue triangle 

pointing up), B. pumilus (red square), B. subtilis (green circle), B. thuringiensis (black diamond), 

B. velezensis (pink triangle pointing down).  
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the capability of IM to provide a clear separation between the diagnostic isomers leading to an 

enhanced species’ identification. Our results support a proof-of-concept for the application of PS-

IM-MS in the rapid species-level discrimination of microorganisms. In addition, the high success 

rate of the species-level discrimination of the 5 Bacillus bacteria using high-resolution PS–IM–

MS and PS–MS/MS data suggests the capability of the newly developed IM-based methods in 

strain-level differentiation.  
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Chapter 5. Strain-Level Discrimination of Bacteria by Liquid Chromatography and Paper 

Spray Ion Mobility Mass Spectrometry 

 

 

5.1. Introduction 

    Each year in the United States, E. coli infections cause approximately 265,000 illnesses, 

3,600 hospitalizations [159], and about 100 deaths [160]. Different E. coli strains share a close 

genetic identity but are associated with different diseases and antibiotic susceptibility profiles 

[161]. Therefore, effective treatments would depend on rapid and accurate identification of the 

causative strain, leading to strain-specific therapy that would shorten hospitalization periods, 

improve patient recovery, and lower antibiotic resistance. Bacterial dentification using MALDI-

TOF MS is most reliable at the species level; however, it has a reduced discriminatory power at 

the strain level due to limiting factors such as (i) dependence on comparing the mass spectral 

profiles of the bacteria and the reference library [53, 162], (ii) reduced dynamic sensitivity, i.e., 

lowered detectability of protein signals over a wide concentration range [38, 163], and (iii) 

relatively low selectivity due to the inability of MS to separate isomers [36]. These limitations 

highlight the need for a more selective and sensitive technique for strain discrimination.  

In this study, we used LC-IM-MS/MS and PS-IM-MS/MS separately as multidimensional 

analytical techniques combined with chemometric data analysis methods to discriminate seven 

non-pathogenic E. coli strains. The integrated techniques were used to provide complementary 

separations and multidimensional characterizations of various isomer types needed for accurate 

identification of lipid isomer biomarkers and clear discrimination of E. coli strains. Lipid isomers’ 

annotation based on experimental CCS values was validated using computational approaches such 
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as molecular dynamics and lipid CCS predictor [117]. Due to the high dimensionality of the LC-

IM-MS/MS and PS-IM-MS/MS data, classification was performed using the multivariate analysis 

methods of principal component analysis (PCA), which reduced the dimensionality of the data, 

followed by linear discriminant analysis (LDA), which classified all PCA-reduced spectra into 

independent categories according to the similarities and differences in the molecular composition 

of the bacterial strains.  

 

5.2. Experimental 

5.2.1. Materials 

Ultrapure acetonitrile (ACN) and water (H2O) solvents were purchased from Agilent 

Technologies (Santa Clara, CA). LC-MS grade isopropanol (IPA) and ammonium acetate were 

purchased from Sigma-Aldrich (St. Louis, MO USA). LC-MS grade chloroform (CHCl3) was 

purchased from VWR Chemicals (Radnor, PA) while LC-MS grade methanol (MeOH) was 

purchased from Honeywell (Muskegon, MI). 1,2-dioleoyl-sn-glycero-3-phospho-(1’-rac-glycerol) 

(sodium salt) PG (18:1(Δ9)/18:1 (Δ9))-Cis, 1,2-dielaidoyl-sn-glycero-3-phospho-(1’-rac-glycerol) 

(sodium salt) PG (18:1(Δ9)/18:1 (Δ9))-Trans, and E. coli Polar Lipid Extract (ATCC 11303) were 

purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). Moreover, a low-concentration ESI 

tuning mix was purchased from Agilent Technologies (Santa Clara, CA). All reagents and 

chemicals were used without additional purification.  

Stock solutions of these standards (1 µg µL-1) were prepared in CHCl3: MeOH (2:1, v/v) 

and stored at -20 ℃. Then, the stock solutions were diluted in IPA: ACN: H2O (2:1:1, v/v/v) to a 

final concentration of 5 ng µL-1 for the E. coli Polar Lipid Extract and 0.5 ng µL-1 for the geometric 

lipids’ isomers. 
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5.2.2. Culturing conditions and lipid extraction from bacteria 

 Isolates of seven non-pathogenic E. coli strains (K-12, C41, BL21, CSH23, DH10B, 

DH5α, and S17-1 λpir) were gifted by Dr. Steven Mansoorabadi (Department of Chemistry and 

Biochemistry, Auburn University) and Dr. Mark Liles (Department of Biological Sciences, Auburn 

University) and stored at -80 ℃. The bacteria were aliquoted from frozen glycerol stocks into 

Luria broth (LB) using sterile pipette tips. The liquid cultures were incubated in a forced air 

incubator (VWR, Chicago, IL) under shaking conditions (220 rpm) at 37 ℃ for 16 h. The number 

of bacterial cells was measured through absorbance measurements to be 8.10 ± 0.35 x 108 CFU/mL 

(Table 5.1) [164]. All bacterial culturing activities were performed in a biological safety cabinet 

(Labconco, Kansas City, MO), and biohazardous materials were autoclaved.  

 

Table 5.1 Colony-forming units of the E. coli strains. 

E. coli strains (cells/mL) × 108 

K12 8.71 

CSH23 8.38 

BL21 7.77 

C41 8.29 

S17-1 λpir 7.77 

DH5α 7.90 

DH10B 8.11 

 

Lipids were extracted from bacterial cells according to the Folch method [165]. Briefly, 2 

mL of chilled CHCl3/MeOH (2:1) was added to the bacterial suspension and vortexed for 3 

minutes. Then, 0.5 mL of chilled water was added to the suspension to induce phase separation, 

followed by another 1 minute of vortexing followed by centrifugation at 2,800 rpm for 8 minutes. 

The CHCl3-rich (bottom) phase containing the phospholipids (PLs) was then removed with a 

sterile pipette tip. The extraction step was repeated twice, and the collected organic phase was 

diluted with IPA: ACN: H2O (2:1:1, v/v/v) for analysis.  
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5.2.3. LC–IM–MS/MS Analyses 

All experiments were performed using the Agilent 1290 Infinity LC system and the Agilent 

6560 IM-QTOF MS (Agilent Technologies, Santa Clara) instrument described in chapter 2. The 

separations of the lipid isomers using the reversed-phase (RP) LC were performed by injecting 3 

µL of the sample onto a Zorbax RRHD Extend C18 column ((50.0 mm × 2.1 mm i.d., 1.8 µm 

particle size; Agilent Technologies, Santa Clara, CA) at 45 ℃). Mobile phase A consisted of 

ACN/H2O (60:40, v/v), while mobile phase B comprised IPA/ACN (90:10, v/v). Both mobile 

phases A and B contained 10 mM ammonium acetate for increased signal intensity [166]. Gradient 

elution was maintained at 55% B for the first 5 minutes and gradually increased to 98% B over the 

next 5 minutes at a flow rate of 0.4 mL/min, after which the column was equilibrated to baseline 

conditions for 2 minutes before the next injection, resulting in a total run time of 12 minutes. The 

same chromatographic conditions were used for both positive and negative ion modes. 

The effluent from the RPLC separation was directed to the ESI source of the Agilent 6560 

IM-QTOF MS. The conditions for the ESI source were as follows: Drying gas temperature and 

flow rate, 325 ℃, and 5 L/min; nebulizer gas pressure, 30 psi; sheath gas temperature and flow 

rate, 275 ℃, and 12 L/min; capillary voltage, 3500 V; nozzle voltage, 1000 V; fragmentor, 400 V; 

octopole RF, 750 V. The instrument was operated in all-ion IM-MS/MS mode, with ion mobility 

spectra acquired using a pseudorandom 5-bit sequence (multiplexing mode). In the multiplexing 

mode, several ion packets are pulsed into the drift tube during each data acquisition cycle, 

increasing the efficiency of ion utilization within the same dwell time [93]. Ions exiting the drift 

tube are refocused through the rear funnel into the quadrupole mass filter, allowing total ion 

transmission into the collision cell for fragmentation. Ion mobility and product ion (MS/MS) scans 

were acquired in two alternating frames: the low fragmentation frame at 0 V and the high 
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fragmentation frame at 35 V. The overlapping spectra of the IM data files were deconvoluted using 

the PNNL PreProcessor software package, version 4.0 (2021.10.27) [167], and further processed 

using the High-Resolution Demultiplexing (HRdm) tool (v2.0.118) to increase the IM resolving 

power from ~60 to ~250 [93]. Both low (IM) and high fragmentation (MS/MS) data were exported 

from the IM-MS Browser (v10.0.1) after averaging the ion mobility tandem mass spectrum, while 

the LC data were analyzed with MassHunter qualitative software (v10.0) and further processed 

with Mass Profiler (v10.0.2) to export the relevant LC information (retention time, abundance, 

m/z) for multivariate analysis. The LC-IM-MS/MS data were acquired in positive and negative ion 

modes in the range of m/z 100 - 1700, with the TOF operated in high sensitivity mode at ∼20,000 

resolution. The IM-MS/MS settings are listed in Table 5.2. CCS measurements of abundant lipid 

isomers were performed using the single-field method (calibrant-dependent) with a drift field of 

18.5 V/cm [85]. 

 

 Table 5.2. Electrospray ionization (ESI) source and all ions – ion mobility fragmentation (IM-

MS/MS) settings. 

  

 

Parameter Value Units 

Trap Fill Time 1000 µs 

Trap Release Time 100 µs 

Frame Rate 0.8 Frames/sec 

IM Transient Rate 19 IM Transients/Frame 

Max Drift Time 60 ms 

TOF Transient Rate 621 Transients/ IM Transients 

Drift Tube Entrance 1700 V 

Drift Tube Exit 250 V 

Rear Funnel Entrance 240 V 

Rear Funnel Exit 43 V 

Pulsing Sequence Length 5  bit 

Low fragmentation frame 

collision energy 

0 V 

High fragmentation frame 

collision energy 

35 V 
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5.2.4. Lipid Identification 

The LC-IM all ions fragmentation data were annotated to specific lipids using MS/MS in 

silico spectra matching with MassHunter Lipid Annotator software (Agilent Technologies, Santa 

Clara, CA) [168]. Glycerophospholipid classes searched for in positive and negative ion modes 

included phosphatidylethanolamines (PE), phosphatidylglycerols (PG), and cardiolipins (CL) 

using the data processing parameters given in Table 5.3. Molecular lipids were annotated with the 

number of carbon atoms and double bonds of the fatty acid in the sn-1 position, followed by the 

number of carbon atoms and double bonds of the fatty acid in the sn-2 position. The confidence 

level of the tentative annotation list was increased by using the lipid CCS predictor to reduce false 

identifications based on CCS values [117]. The SMILES structure of the molecular lipid was 

inputted into the CCS predictor and CCS values for [M+H]+, [M+Na]+, and [M+NH4]
+ were 

searched in positive ion mode and for [M-H]- in negative ion mode. 

 

Table 5.3. MassHunter Lipid Annotator data processing parameters settings. 

 

 

5.2.5. Paper spray ambient ionization 

We reported in Chapter 3 that the PS ambient ionization method can be used to successfully 

discriminate various bacteria species rapidly and accurately. In the current study, 8 mL of the 

cultured bacteria in LB were filtered through a glass fiber filter paper using a Büchner funnel, and 

the filter paper was allowed to dry at ambient temperatures for about 15 minutes. Then, the filter 

Identification parameters  

Mass deviation  ≤ 5 ppm 

Fragment score ≥ 30 

Report dominant constituent if relative abundance differential ≥ 10 % 

Library parameters  

Positive ion +H, +Na, +NH4 

Negative ion  -H 
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papers were cut into several triangles of approximately 8 mm base width and 10 mm height and 

placed at an optimal distance (~6 mm) from the IM-MS inlet. Spray solvent and high voltage were 

then applied to generate an electrospray-like plume [86]. Forty microliters of the spray solvent 

were added, which enabled the extraction of various analytes and efficient paper spray ionization. 

Afterward, the ions were transported into the IM-MS inlet because of the pressure and voltage 

gradients, followed by data acquisition in all-ion IM-MS/MS mode, with IM spectra acquired using 

a pseudorandom 5-bit sequence (multiplexing mode). Post- processing of the IM and MS/MS data 

for multivariate statistical analysis is performed as in the steps described above for the LC-IM all-

ion fragmentation data. 

 

5.2.6. Multivariate statistics 

Linear scaling was employed to normalize all tandem mass spectra, and high-resolution 

IM, LC, and PS data from each replicate. The range of mass is 0~1400 m/z, 0~60 ms for drift time, 

and 0~10 minutes for retention time. Our multivariate statistical analysis was performed on the 

spectra obtained from LC-IM-MS/MS and PS-IM-MS/MS experiments. The MS data associated 

with LC-IM-MS/MS experiments were compiled into a matrix (56 by 100561 for positive ion 

mode, 56 by 808806 for negative ion mode). To reduce the redundant information, m/z and drift 

time selections were successively carried out from IM data. Specifically, for each dataset with IM 

data, we performed peak identification for mass spectra over all 56 replicates by extracting the 

most abundant 100 peaks and recorded the corresponding “m/z” values. Then, we kept all the ions 

that were identified in at least 4 replicates. For each selected mass spectrum, we removed the drift 

time when the abundance was extremely small, i.e., less than 5% of the largest abundance value. 

For each selected mass spectra and drift time, we recorded the corresponding abundance values. 
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Therefore, each value in the reconstructed IM data matrix denotes the intensities of bacteria strains 

with specific drift spectra and mass spectra (56 by 18380 for positive ion mode, 56 by 18011 for 

negative ion mode). Similarly, peak identification, mass selection, and elimination of extremely 

small abundance peaks were performed on LC data. Each value in the reconstructed LC data matrix 

denotes the intensity of bacteria strains with specific retention times and m/z (56 by 2421 for 

positive ion mode, 56 by 2318 for negative ion mode). 

Table 5.4. List of E. coli strains and their corresponding number of measurements investigated 

with LC-IM-MS/MS and PS-IM-MS/MS in the negative and positive ion modes. 

 

PCA was applied to the datasets listed in Table 5.4. PCA compressed the original data 

matrix into a set of independent PCs, which were linear combinations of variables in the original 

datasets. The similarities among the seven E. coli strains and the importance of the original 

variables in each PC were visualized by a biplot, which overlays a score plot with a loading plot. 

Besides, based on the proportion of variance explained by each PC, the first three PCs were 

selected as new variables for subsequent classification. LDA is a widely used statistical 

classification method, which attempts to differentiate classes using a linear combination of 

independent variables. In this study, LDA was implemented to distinguish different strains using 

the new variables generated by PCA in the previous step. To avoid overfitting, we used stratified 

cross-validation (CV), a popular resampling technique for evaluating models’ performance. In this 

E. coli strains LC-IM-MS/MS PS-IM-MS/MS 

 Negative  Positive Negative  Positive  

E. coli BL21 8 8 8 7 

E. coli C41 8 8 8 8 

E. coli CSH23 8 8 8 8 

E. coli DH10B 8 8 8 8 

E. coli DH5α 8 8 8 8 

E. coli K12 8 8 8 8 

E. coli S17-1 λpir 8 8 8 8 
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study, one replicate was chosen at random from each strain to form the testing set (approximately 

13% of the dataset), and the rest formed the training set (approximately 87% of the dataset). The 

LDA model was trained on the training set and tested on the testing set. Furthermore, the stratified 

CV was repeated 400 times to avoid sampling bias, and the classification accuracies were averaged 

across all stratified CVs. The model performance was summarized in the confusion matrices (Table 

5.5 and Table 5.6). To improve the classification of strains with the PS-IM-MS/MS method, the 

positive and negative ion mode data were used in conjunction via data fusion. Specifically, the 

fusion data (56 by 6) was constructed by the combination of extracted PCs from positive and 

negative ion mode data. 

Table 5.5. Confusion matrices associated with LC-IM-MS/MS analysis in the (A) Negative and 

(B) Positive ion modes. 

 (A)  Negative ion mode 

 

(B) Positive ion mode 

Total: 56 samples 
                Actual 

Predicted    
BL21 C41 CSH23 DH10B DH5α K12 S17-1 λpir 

BL21 1 0 0 0 0 0 0 

C41 0 1 0 0 0 0 0 

CSH23 0 0 1 0 0 0 0 

DH10B 0 0 0 1 0 0 0 

DH5α 0 0 0 0 1 0 0 

K12 0 0 0 0 0 0.86 0.14 

S17-1 λpir 0 0 0 0 0 0.14 0.86 

Total: 56 samples 
                Actual 

Predicted    
BL21 C41 CSH23 DH10B DH5α K12 S17-1 λpir 

BL21 1 0 0 0 0 0 0 

C41 0 1 0 0 0 0 0 

CSH23 0 0 1 0 0 0 0 

DH10B 0 0 0 1 0 0 0 

DH5α 0 0 0 0 1 0 0 

K12 0 0 0 0 0 1 0 

S17-1 λpir 0 0 0 0 0 0 1 
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Table 5.6. Confusion matrices associated with PS-IM-MS/MS data obtained in the (A) Negative 

ion mode (B) Positive ion mode (C) Data fusion. 

(A) Negative ion mode 

 

(B) Positive ion mode 

 

(B) Data fusion 

  

Total: 56 samples 
                Actual 

Predicted    
BL21 C41 CSH23 DH10B DH5α K12 S17-1 λpir 

BL21 1 0 0 0 0 0 0 

C41 0 1 0 0 0 0 0 

CSH23 0 0 0.15 0.07 0.04 0 0.19 

DH10B 0 0 0.34 0.40 0.15 0.19 0.30 

DH5α 0 0 0.15 0.27 0.61 0.09 0.01 

K12 0 0 0 0 0 0.72 0 

S17-1 λpir 0 0 0.36 0.26 0.20 0 0.50 

Total: 55 samples 
                Actual 

Predicted    
BL21 C41 CSH23 DH10B DH5α K12 S17-1 λpir 

BL21 0.86 0 0 0 0 0 0 

C41 0.14 0.88 0 0 0 0 0 

CSH23 0 0.08 0.28 0 0.49 0 0 

DH10B 0 0.04 0.04 0.85 0 0.12 0.12 

DH5α 0 0 0.68 0 0.51 0 0 

K12 0 0 0 0 0 0.88 0 

S17-1 λpir 0 0 0 0.15 0 0 0.88 

Total: 55 samples 
                Actual 

Predicted    
BL21 C41 CSH23 DH10B DH5α K12 S17-1 λpir 

BL21 1 0 0 0 0 0 0 

C41 0 0.90 0 0 0 0 0 

CSH23 0 0 0.34 0 0.34 0 0 

DH10B 0 0.10 0.06 0.85 0 0 0.12 

DH5α 0 0 0.60 0 0.66 0 0 

K12 0 0 0 0 0 1 0 

S17-1 λpir 0 0 0 0.15 0 0 0.88 
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5.2.7. Computational methods 

Classical molecular dynamics (MD) simulations were performed to model and predict the 

structural changes of the lipid conformers in vacuum. The simulations were performed using a 

large-scale atomic/molecular massively parallel simulator (LAMMPS). NVT (constant number, 

volume, and temperature) molecular dynamics simulations were performed using a Nosé-Hoover 

thermostat at 300 K [92]. The system was pre-equilibrated for 100 ps, and the conformations were 

sampled every 1 ps from the 200 ps simulations. The trajectory method using the IMoS software 

package was used to compute the CCS values of the 200 structures at 3.95 Torr and 300 K [91]. 

Single-point energy calculations at the B3LYP/6-31G(d,p) level were used to calculate the energies 

of the 200 structures.  

 

5.3. Results and Discussion 

5.3.1. Complementary separations of lipid isomers and conformers 

Since lipids are significant disease biomarkers, effective separation of lipid isomers is 

crucial to knowing the lipid isomer composition for accurate diagnosis of diseases. Geometric 

isomers, particularly trans isomers, unlike cis isomers, are associated with metabolic disease and 

colon cancer, highlighting the need for efficient separation. Since conventional MS measurements 

cannot distinguish geometric isomers, we interfaced a complementary separation method, LC, with 

the MS technique to provide orthogonal separation. A mixture of PG (18:1(9Z)/18:1 (9Z))-Cis and 

PG (18:1(9E)/18:1 (9E))-Trans isomers was analyzed (Figure 5.1A).  

The LC dimension provided a baseline separation of the cis and trans isomers (resolution 

(r) ~ 2.1, Figure 5.1B). The cis double bond geometry causes more kinks in the lipid backbone 
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than the trans configuration, resulting in reduced surface hydrophobicity of the cis isomer. This 

results in the cis isomer being more polar than the trans isomer. Since the separation mechanism 

in reversed-phase LC (RPLC) depends on polarity, the cis and trans isomers were effectively 

separated. 

IM, a post-ionization separation technique, in contrast to LC, a pre-ionization separation 

technique, provides the ability to use ionization adducts to influence separation to different 

degrees. The cis/trans isomers were observed predominantly in the negative ion mode as the 

deprotonated species, [M-H]-. The two isomers were nearly baseline resolved. They showed a drift 

time difference (which reflects the degree of separation) of 0.72%, as observed in Figure 5.1C. Of 

note, the IM-based resolution obtained here is significantly higher than that obtained previously 

(Figure 3.10D) which elucidates the resolution enhancement upon implementing HRdm. The 

Figure 5.1.  A) Structure of PG (36:2) cis and trans geometric isomers. Separation of a mixture of 

PG (36:2) cis and trans isomers with (B) LC separation and Ion mobility using (C) [M-H]- (D) 

[M+H]+ (E) [M+2Na-H]+ (F) [M+Na]+ ions. (G) Tandem MS spectrum of PG 36:2 cis and trans 

[M+Na]+ adducts.   
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double bonds with cis orientation curved the backbone more than those with trans orientation, 

resulting in a difference in the corresponding size and shape leading to an effective IM separation 

of the two geometric isomers. In the positive ion mode, the predominantly observed ions include 

[M+H]+, [M+Na]+, and [M+2Na-H]+. Cationization with alkali metals such as sodium and 

potassium has been reported to improve the separation of isomeric compounds [169, 170]. As 

illustrated by the arrival time distributions (ATDs) presented in Figure 5.1D and Figure 5.1E, the 

drift time differences between the two geometric isomers were 0.36% and 0.42% for their [M+H]+ 

and [M+2Na-H]+ adducts, respectively. The effect of metal adduction is more pronounced in the 

[M+Na]+ adducts of the geometric isomers as two new conformations of the cis and trans isomers 

were revealed and baseline separated. The drift time difference between the two new conformers 

of the cis isomer is 2.0% (Figure 5.1F, black trace). Similar observations were made with 

the trans isomer, as shown in the extracted ion mobilogram (EIM) (Figure 5.1F, blue trace). These 

observations suggest that the sodium adduct interacts with the fatty acid moieties of the geometric 

isomers [170], and consequently leads to a more pronounced change in lipid ion structure, resulting 

in each isomer adopting two new conformations that are more easily distinguished by their drift 

times.  

As shown in Table 5.7, the experimental CCS values of the two conformations of the [cis + 

Na]+ are Ω1 = 279.8 ± 0.5 Å2 and Ω2 = 284.5 ± 0.6 Å2 and the [trans + Na]+ are Ω1 = 280.3 ± 0.4 

Å2 and Ω2 = 285.5 ± 0.5 Å2. We performed MD simulations to assign theoretical structures to the 

experimental CCS values of the cis and trans conformers. As shown in Figure 5.1, two new 

conformers of cis and trans isomers revealed by IM separation were inseparable with LC and 

undistinguishable with tandem MS (Figure 5.1G). These results demonstrate the advantage of 
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using complementary separation methods for complete characterization and separation of lipid 

isomers and conformers. 

Table 5.7. Experimental and theoretical CCS values of the sodiated geometric isomers of PG 

(36:2) lipids 

 

The MD simulations trajectories of the sodiated cis and trans lipids showed that the two 

acyl chains undergo large structural fluctuations due to the thermal energy at 300 K. Similar to 

previous studies, no clear subset of geometry through the whole set of MD simulations was 

observed in the scatter plot of collision cross sections versus the conformations (Figure 5.2) [86, 

171]. Hence, we considered the theoretical structures closest in CCS values to the experimental 

CCS values. The theoretical CCS of the two MD simulated conformers of [cis + Na]+ closest to 

the experimental values are Ω1 = 285.5 Å2 and Ω2 = 288.5 Å2 and those of [trans + Na]+ are Ω1 

=291.2 Å2 and Ω2 = 293.9 Å2. We observed good agreement between the experimental and 

theoretical CCS values, as the difference is less than 4%. The zero-point energy structures of the 

two conformers of [cis + Na]+, as shown in Figure 5.3A, indicate that the two acyl chains of the 

small conformer are more folded inwardly than those of the large conformer i.e., the small 

conformer has a more globular-like conformation than the large conformer. The degree of folding 

of the two acyl chains is the major structural difference between the two MD simulated 

conformations of [trans + Na]+. The small conformer of the [trans + Na]+ has the two acyl chains 

wrapped more inwardly than the large conformer (Figure 5.3B). 

Species   Experimental 

CCS (Å2) 

Theoretical CCS  

(Å2) 

% Difference 

Cis [M+Na]+  279.8 285.5 2.0 

  284.5 288.5 1.4 

Trans [M+Na]+  280.3 291.2 3.8 

  285.5 293.9 2.9 
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Figure 5.2. Scatter plots of collision cross section values vs. conformations for 200 structures 

sampled from MD simulations for (A) PG (18:1(9Z)/18:1 (9Z))-Cis and (B) PG (18:1(9E)/18:1 

(9E))-Trans. 

Figure 5.3. Molecular dynamics (MD) simulated conformations of the sodiated [M+Na]+ adduct 

of the geometric isomers for (A) PG (18:1(9Z)/18:1 (9Z))-Cis and (B) PG (18:1(9E)/18:1 (9E))-

Trans. 
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5.3.2. Multidimensional characterization and separation of lipid isomers in E. coli lipid extract 

The lipidome of bacteria exhibits an abundance of lipid isomers that serve as biomarkers 

for accurate disease diagnosis. Due to the structural complexity associated with lipid isomers, we 

used a complementary LC-IM-all ions fragmentation method to provide multidimensional 

separation to resolve various lipid isomers in E. coli extracts. The LC separation shown in Figure 

5.4A indicates that the major lipid species in E. coli membranes are phosphatidylethanolamines 

(PEs, rt: 3.5 - 6.5 min), followed by phosphatidylglycerols (PGs, rt: 2 - 4 min) and cardiolipins 

(CLs, rt: 2-4 min, Figure 5.5). 

 

 

Figure 5.4. (A) RPLC separation of lipids in E. coli polar lipid extract (B) Tandem MS spectrum 

of [PE 35:1-H]- showing 2 lipid isomers: PE (16:0/cy19:0) and PE (17:0/18:1)  (C) IM separation 

of PE (32:0), PE (34:1), and PE (36:2) (D) Tandem MS spectrum of [PG 32:1-H]- showing 2 lipid 

isomers: PG (16:0/16:1) and PG (14:0/18:1). Drift spectra of (E) of PG (32:1) ([M-H]- top panel) 

and ([M+H]- bottom panel) (F) [M+Na]+ of PG (32:1). (G) Tandem MS spectrum of PG (32:1) cis 

and trans [M+Na]+ adducts.   
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We structurally annotate the lipids using MS/MS in silico spectra matching with further 

manual identification using fragmentation mechanisms of glycerophospholipids (PEs, PGs, CLs) 

described in detail in previous studies [39, 172]. For instance, the CID spectrum of m/z 730.54 

shown in Figure 5.4B revealed characteristics of fragment ions at m/z 255.23, 269.24, 281.25, and 

295.26, corresponding to the carboxylate anions of C16:0, C17:0, C18:1, and Ccy19:0, 

respectively [39]. The characteristic ion at m/z 140.01 is [C2H7O4NP]-, which is a head group, 

confirmed the identity of the lipid as PE. Therefore, we confidently annotated the lipid 

ion m/z 730.54 as PE (16:0/cy19:0) and PE (17:0/18:1). Moreover, tandem mass spectrometry 

measurement was used to accurately annotate the isomers of PGs and CLs, while their sum 

composition was reported in the LC chromatogram. To confidently improve the identification of 

the lipid isomers in the E. coli extract, we utilized single-field measurements to estimate the CCS 

of the lipid isomers. The CCS of five ions of the lipid isomers were experimentally estimated, 

which include [M-H]- for negative ionization and [M+H]+, [M+Na]+, [M+NH4]
+, and [M+2Na-

H]+ for positive ionization (Table 5.8). For instance, the CCS values of [M-H]-, [M+H]+, [M+Na]+, 

and [M+NH4]
+ of PE (17:0/18:1) are 269.1, 278.8, 282.5, and 281.2 Å2, respectively, which differ 

less than 0.6% from the theoretical CCS values, 267.6, 279.2, 280.8, and 280.5 Å2, respectively 

(Table 5.8). Not only do the CCS values support the annotation of the lipid structures, but they 

also effectively remove potential false identifications from m/z, retention time, and MS/MS 

matches. Using the four-dimensional data of retention time (LC), CCS (IM), m/z, and MS/MS, 34 

acyl chain lipid isomers containing 18 PEs, 13 PGs, and 3 CLs were identified confidently in the E. 

coli lipid extract.  

After comprehensive characterization of the lipid isomers, we used the orthogonal 

separation from the complementary LC-IM-MS/MS method to resolve co-eluting lipid isomers 
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conformers in the E. coli extract. PE (32:0), PE (34:1), and PE (36:2) differ respectively by one 

ethylene unit co-eluted in the LC dimension (rt: ~5.2 min, Figure 5.4A). Increasing double bonds 

has been shown in previous studies to increase lipid polarity and consequently decrease their 

retention times, whereas increasing side chain length increases lipid hydrophobicity and therefore 

increases their retention times [39]. From PE (32:0) to PE (34:1), there is an increase in both the 

side chain length and the number of double bonds. Hence, the increasing lipid polarity (decreasing 

rt) nullifies the increasing lipid hydrophobicity (increasing rt), resulting in the co-elution of these 

LC peaks. However, the IM dimension was very effective, providing a baseline separation of the 
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Figure 5.5. Extracted ion chromatogram of the cardiolipins detected in the E. coli polar lipid 

extract using reversed phase liquid chromatography. 
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three LC co-eluted peaks (Figure 5.4C). The lipid species PE (32:0), PE (34:1), and PE (36:2) 

differ respectively by one ethylene unit, which corresponds to a drift time difference of 2.0%. 

Consequently, they are baseline-resolved since IM separation depends on structure and size in 

contrast to LC which depends on polarity. We further demonstrate the integrated method, LC-IM-

MS/MS, to provide complementary and multidimensional separation of acyl chain lipid isomers 

and conformers in E. coli extract. The [M-H]- adduct of PG (32:1) (m/z 719.49) was annotated as 

PG (14:0/18:1) and PG (16:0/16:1) using tandem MS (Figure 5.4D). The characteristic fragment 

ions at m/z 227.20 and 281.25 correspond to the carboxylate anions of C14:0 (sn-1) and C18:1 (sn-

2), while m/z 255.23 and 253.22 correspond to the carboxylate anions of C16:0 (sn-1) and C16:1 

(sn-2). However, the two PG acyl chain isomers were unresolved in the LC dimension (rt: 2.0 min, 

Figure 5.4A) and IM dimension (drift time: 32.96 ms, negative ion mode, Figure 5.4E, top panel). 

In the positive ionization mode, the [M+H]+ adduct of the PG (32:1) (m/z 721.51) shows a single 

IM peak indicating that the two PG acyl chain isomers are unresolved (Figure 5.4E, bottom panel). 

However, the [M+Na]+ spectrum shows two major IM peaks which were suggested to present two 

isomers or conformers of the acyl chain isomers due to the interaction of the sodium adduct with 

the fatty acyl moieties (Figure 5.4F). We could not distinguish the two conformations using tandem 

mass spectrometry as their MS/MS show similar fragmentation patterns (Figure 5.4G). The 

predominant product ions observed from the tandem MS spectrum at m/z 549.48 and 195.00 

correspond to the protonated diglyceride-like ion and sodiated polar head group ion, respectively. 

The ion at m/z 571.79 corresponds to a sodium ion attached to the diglyceride-like ion. This result 

demonstrates the advantage of complementary separation techniques in an integrated fashion to 

resolve and characterize lipid isomers as diagnostic biomarkers for bacterial diseases. 
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Table 5.8. Isomeric lipids present in E. coli and their experimental m/z and CCS values in 

comparison to their corresponding theoretical values. 

 Formula Isomers Adducts Theoretical 

m/z 

Experiment

al m/z 

m/z 

error 

(ppm) 

Exp. 

CCS 

(Å2) 

Lipid 

CCS* 

(Å2) 

% Diff. 

PG 37:2 C43H81O10P (18:1/19:1) [M-H]- 787.5495 787.5476 2.41 280.3 276.3 1.45 

PG 36:2 C42H79O10P (18:1/18:1) [M-H]- 773.5338 773.5318 2.59 277.1 273.6 1.28 

   [M+H]+ 775.5484 775.5467 2.19 287.9 286.9 0.35 

   [M+Na]+ 797.5303 797.5286 2.13 - 288.4 - 

   [M+NH4]
+ 792.5749 792.5732 2.14 288.7 288.1 - 

   [M+2Na-H]+ 819.5122 819.5105 1.01 287.8 - - 

PG 36:1 C42H81O10P (18:0/18:1) [M-H]- 775.5495 775.5484 1.42 278.5 275.1 1.24 

   [M+H]+ 777.5640 777.5630 1.28 - 289.6  

PG 35:1 C41H79O10P (16:0/19:1) [M-H]- 761.5338 761.5313 3.28 275.4 272.1 1.21 

   [M+H]+ 763.5484 763.5472 1.57 - 286.0  

   [M+Na]+ 785.5303 785.5291 1.20 - 287.5  

   [M+NH4]
+ 780.5749 780.5736 1.66 - 287.2  

PG 35:2 C41H77O10P (17:1/18:1) [M-H]- 759.5182 759.5156 3.42 274.1 270.2 1.44 

   [M+H]+ 761.5327 761.5313 1.84 - 283.0 - 

   [M+Na]+ 783.5147 783.5125 2.81 - 284.6 - 

   [M+NH4]
+ 778.5593 778.5571 2.83 - 284.2 - 

PG 34:1 C40H77O10P (16:0/18:1) [M-H]- 747.5182 747.5169 1.74 272.1 269.3 1.04 

   [M+H]+ 749.5327 749.5314 1.73 285.4 283.5 0.67 

   [M+Na]+ 771.5147 771.5130 2.20 - 285.0 - 

   [M+NH4]
+ 766.5593 766.5577 2.09 286.1 284.7 - 

   [M+2Na-H]+ 793.4977 793.4947 3.78 282.4 - - 

PG 34:2 C40H75O10P (18:1/16:1) [M-H]- 745.5025 745.4992 4.43 270.8 267.7 1.16 

   [M+H]+ 747.5171 747.5160 1.47 - 280.6 - 

   [M+Na]+ 769.4977 769.4975 1.91 - 282.1 - 

   [M+NH4]
+ 764.5436 764.5419 2.22 - 281.7 - 

PG 33:1 C39H75O10P (16:0/17:1) [M-H]- 733.5025 733.5003 3.00 268.1 265.6 1.47 

   [M+H]+ 735.5171 735.5154 2.31 - 279.7 - 

   [M+Na]+ 757.4990 757.4973 2.24 - 281.3 - 

   [M+NH4]
+ 752.5436 752.5420 2.13 - 280.9 - 

PG 32:0 C38H75O10P (16:0/16:0) [M-H]- 721.5025 721.4996 4.02 267.5 264.2 1.25 

   [M+H]+ 723.5171 723.5159 1.64 - 280.4 - 

   [M+Na]+ 745.4990 745.4979 1.47 - 282.0 - 

   [M+NH4]
+ 740.5436 740.5427 1.22 - 281.6 - 

PG 32:1 C38H73O10P (16:0/16:1) [M-H]- 719.4869 719.4839 4.17 265.8 262.6 1.22 

   [M+H]+ 721.5014 721.5001 1.80 - 277.3 - 

   [M+Na]+ 743.4834 743.4819 2.00 - 278.8 - 

   [M+NH4]
+ 738.5280 738.5264 2.16 - 278.5 - 

   [M+2Na-H]+ 765.4664 765.4634 3.91 - - - 

  (14:0/18:1) [M-H]- 719.4869 719.4839 4.17 265.8 263.3 0.99 

   [M+H]+ 721.5014 721.5001 1.80 - - - 

   [M+Na]+ 743.4834 743.4819 2.00 - - - 

   [M+NH4]
+ 738.5280 738.5264 2.16 - - - 

   [M+2Na-H]+ 765.4664 765.4634 3.91 - - - 

PG 30:0 C36H71O10P (16:0/14:0) [M-H]- 693.4712 693.4707 0.72 261.7 258.2 1.36 

   [M+H]+ 695.4858 695.4863 0.71 - 274.2 - 

   [M+Na]+ 717.4677 717.4672 0.69 - 275.8 - 

   [M+NH4]
+ 712.5123 712.5122 0.14 - 275.4 - 

   [M+2Na-H]+ 739.4507 739.4478 3.92 - - - 

PG 30:1 C36H69O10P (14:0/16:1) [M-H]- 691.4556 691.4537 2.75 - 256.5 - 

   [M+H]+ 693.4701 693.4717 2.30 - 270.9 - 

   [M+Na]+ 715.4521 715.4527 0.84 - 272.5 - 

   [M+NH4]
+ 710.4967 710.4974 0.98 - 272.1 - 

   [M+2Na-H]+ 737.4351 737.4320 4.20 - - - 

PE 37:2 C42H80NO8P (18:1/19:1) [M-H]- 756.5549 756.5524 3.30 273.7 272.2 0.55 

   [M+H]+ 758.5694 758.5681 1.71 282.75 282.7 0.02 

   [M+Na]+ 780.5514 780.5501 1.66 - 272.5 - 

   [M+NH4]
+ 775.5960 775.5946 1.80 - 284.0 - 

   [M+2Na-H]+ 802.5344 802.5320 2.99 - - - 
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PE 36:2 C41H78NO8P (18:1/18:1) [M-H]- 742.5392 742.5375 2.29 270.4 269.4 0.37 

   [M+H]+ 744.5538 744.5530 1.07 277.7 280.1 -0.86 

   [M+H]+ 744.5538 744.5530 1.07 279.7 280.1 -0.14 

   [M+H]+ 744.5538 744.5530 1.07 281.3 280.1 0.42 

   [M+Na]+ 766.5357 766.5342 1.95 282.43 281.7 0.26 

   [M+NH4]
+ 761.5803 761.5811 1.05 - 281.3 - 

   [M+2Na-H]+ 788.5188 788.5158 3.80 - 282.6 - 

  (cy19:0/cy17:0) [M-H]- 742.5392 742.5375 2.29 270.4 269.7 0.26 

   [M+H]+ 744.5538 744.5530 1.07 277.7 280.1 -0.86 

   [M+Na]+ 766.5357 766.5342 1.95 282.4 281.7 0.26 

   [M+NH4]
+ 761.5803 761.5811 1.05 - 281.3 - 

   [M+2Na-H]+ 788.5188 788.5158 3.80 - 282.6 - 

PE 36:1 C41H80NO8P (18:0/18:1) [M-H]- 744.5549 744.5518 4.16 272.1 270.9 0.44 

PE 35:1 C40H78NO8P (16:0/cy19:1) [M-H]- 730.5392 730.5390 0.27 269.1 268.0 0.41 

   [M+H]+ 732.5538 732.5527 1.50 278.8 279.2 -0.14 

   [M+Na]+ 754.5357 754.5342 1.98 282.5 280.8 0.59 

   [M+2Na-H]+ 776.5188 776.5163 3.21 283.1 - - 

  (17:0/18:1) [M-H]- 730.5392 730.539 0.27 269.1 267.6 0.56 

   [M+H]+ 732.5538 732.5527 1.50 278.8 279.2 - 

   [M+Na]+ 754.5357 754.5342 1.98 282.5 280.8 - 

   [M+NH4]
+ 749.5803 749.5823 3.21 281.2 280.5 - 

  (18:0/cy17:0) [M-H]- 730.5392 730.5390 0.27 269.1 267.6 0.56 

   [M+H]+ 732.5538 732.5527 1.50 278.8 - - 

   [M+Na]+ 754.5357 754.5342 1.98 282.5 - - 

   [M+2Na-H]+ 776.5188 776.5163 3.21 - - - 

PE 35:2 C40H78NO8P (17:1/18:1) [M-H]- 728.5236 728.5222 1.92 267.4 266.0 0.53 

PE 34:2 C39H74NO8P (16:1/18:1) [M-H]- 714.5079 714.5062 2.38 263.9 263.3 0.23 

   [M+H]+ 716.5225 716.5218 0.90 271.1 273.2 -0.77 

   [M+H]+ 716.5225 716.5218 0.90 273.9 273.2 0.25 

   [M+H]+ 716.5225 716.5218 0.90 275.6 273.2 0.87 

   [M+Na]+ 738.5044 738.5031 1.76 276.9 274.9 0.73 

   [M+NH4]
+ 733.5490 733.5494 0.54 - 274.5 - 

   [M+2Na-H]+ 760.4875 760.4850 3.28 - - - 

  (cy17:0/cy17:0) [M-H]- 714.5079 714.5062 2.38 263.9 263.0 0.34 

   [M+H]+ 716.5225 716.5218 0.90 - - - 

   [M+Na]+ 738.5044 738.5031 1.76 - - - 

   [M+NH4]
+ 733.549 733.5494 0.54 - - - 

   [M+2Na-H]+ 760.4875 760.485 3.28 - - - 

PE 34:1 C39H76NO8P (16:0/18:1) [M-H]- 716.5236 716.5225 1.54 265.6 265.0 0.23 

   [M+H]+ 718.5381 718.5374 0.97 275.2 276.6 -0.51 

   [M+Na]+ 740.5201 740.5188 1.75 279.5 278.2 0.46 

   [M+2Na-H]+ 762.5031 762.5006 3.27 278.4 - - 

PE 33:1 C38H74NO8P (16:0/17:1) [M-H]- 702.5079 702.5065 1.99 262.8 261.3 0.57 

   [M+H]+ 704.5225 704.5219 0.85 272.6 272.4 0.06 

   [M+Na]+ 726.5044 726.5036 1.10 273.0 274.1 -0.4 

   [M+Na]+ 726.5044 726.5036 1.10 275.8 274.1 0.62 

   [M+2Na-H]+ 748.4875 748.4851 3.20 276.8 - - 

PE 32:0 C37H74NO8P (16:0/16:0) [M-H]- 690.5079 690.5051 4.05 260.0 259.9 0.04 

   [M+H]+ 692.5225 692.5213 1.71 272.3 273.3 -0.37 

   [M+Na]+ 714.5044 714.5034 1.39 - 275.0 - 

   [M+NH4]
+ 709.5490 709.5483 0.98 - 274.6 - 

   [M+2Na-H]+ 736.4875 736.4849 3.53 - - - 

PE 32:1 C37H72NO8P (16:0/16:1) [M-H]- 688.4923 688.4912 1.60 259.1 258.2 0.35 

   [M+H]+ 690.5068 690.5062 0.86 268.3 269.8 -0.54 

   [M+Na]+ 712.4888 712.4875 1.82 273.0 271.5 0.55 

   [M+NH4]
+ 707.5334 707.5309 3.53 - 271.1 - 

   [M+2Na-H]+ 734.4718 734.4694 3.26 271.6 - - 

PE 31:1 C36H70NO8P (15:0/16:1) [M-H]- 674.4766 674.4759 1.04 257.0 254.9 0.82 

   [M+H]+ 676.4912 676.4898 2.06 - 265.5 - 

   [M+Na]+ 698.4731 698.4717 2.00 - 267.2 - 

   [M+2Na-H]+ 720.4562 720.4549 1.80 - - - 

  (14:0/17:1) [M-H]- 674.4766 674.4759 1.04 257.0 255.2 0.71 

   [M+H]+ 676.4912 676.4898 2.06 - 265.5 - 

   [M+Na]+ 698.4731 698.4717 2.00 - 267.2 - 

PE 30:0 C35H70NO8P (14:0/16:0) [M-H]- 662.4766 662.4745 3.17 254.9 253.7 0.47 

   [M+H]+ 664.4912 664.4900 1.80 266.47 266.6 0.05 
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- collision cross section values not found 

 

5.3.3. Differentiation of E. coli strains by LC–IM–MS/MS 

The close biological relationship between the E. coli strains is strongly reflected in their 

lipidomic profiles, showing high similarity in their mass spectral profiles, as observed in Figure 

5.6 and Figure 5.7. This challenge highlights the need for a highly selective method, in this case, 

LC–IM–MS/MS for accurate discrimination of the strains. We utilized seven E. coli strains, 

including BL21, C41, CSH23, DH10B, DH5α, K12, and S17-1 λpir, to demonstrate the high 

discriminatory power of this integrated technique. In the negative ionization mode, the 

predominant ionic species observed was the deprotonated [M-H]- species. The most abundant [M-

H]- ions observed across the seven E. coli strains are m/z 674.48, 688.49, 702.51, 716.53, 728.53, 

730.54, 733.51, and 742.54 assigned to be [PE (31:1)-H]-, [PE (32:1)-H]-, [PE (33:1)-H]-, [PE 

(34:1)-H]-, [PE (35:2)-H]-, [PE (35:1)-H]-, [PG (33:1)-H]-, and [PE (36:2)-H]-, respectively (Figure 

5.6). The annotation of these lipids was confirmed by CCS measurements, isotopic abundances, 

and exact mass measurements. For instance, using single-field measurements, the experimental 

CCS values of m/z 716.53 [PE (34:1)-H]- is 265.6 Å2 which differs by 0.23% from the Lipid CCS 

predictor value, 265.0 Å2 (Table 5.8). 

   [M+Na]+ 686.4731 686.4714 2.47 270.4 268.3 0.78 

PE 30:1 C35H68NO8P (14:0/16:1) [M-H]- 660.4610 660.4584 3.94 253.0 252.0 0.40 

   [M+H]+ 662.4755 662.4738 2.56 - 263.0 - 

   [M+Na]+ 684.4575 684.4563 1.75 - 264.6 - 

CL 66:2 C75H142O17P2  [M-2H]2- 687.4788 687.4794 -0.87 - - - 

   [M+2H]2+ 689.4934 689.4945 -025 - - - 

CL 66:3 C75H140O17P2  [M-2H]2- 686.4710 686.4713 -0.44 - - - 

CL 68:3 C77H144O17P2  [M-2H]2- 700.4867 700.4865 0.29 - - - 
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Figure 5.6. Mass spectra of the seven E. coli strains: BL21, C41, CSH23, DH10B, DH5α, K-12, 

and S17-1 λpir obtained by LC-IM-MS/MS analysis in the negative ion mode. 
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Figure 5.7. Mass spectra of the seven E. coli strains: BL21, C41, CSH23, DH10B, DH5α, K-12, 

and S17-1 λpir obtained by LC-IM-MS/MS analysis in the positive ion mode. 
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.       

Careful examination of the drift time spectra of the E. coli strains reveals a single IM peak for PE 

(34:1) across all seven E. coli strains. However, LC separation revealed different isomeric forms 

of PE (34:1), as shown in Figure 5.8A. The number of resolved LC peaks observed for PE (34:1) 

across the seven strains was 1 for E. coli BL21 and C41 and 2 for E. coli CSH23, DH10B, DH5α, 

K12, and S17-1 λpir. Using tandem mass spectrometry, we were able to confirm the isomer types 

in these LC peaks based on fragmentation patterns. By examining the tandem MS analysis of E. 

coli BL21 and C41 (Figure 5.8B, top panel), the CID spectrum of the LC peak at a retention time 

of 5.9 min (m/z 716.53, PE (34:1)) shows abundant product ions at m/z 255.23 and 281.25 

Figure 5.8. LC-IM-MS/MS spectra obtained in the negative ion mode of the seven E. coli strains 

where (A) liquid chromatography and ion mobility spectra revealed the presence of various lipid 

isomers of m/z 716.53 (PE (34:1)) and (B) Tandem mass spectra of m/z 716.53 which support the 

identification of the lipid isomers by the LC and IM spectra. The spectra associated with the 

analysis of E. coli BL21 and C41 are presented in the top panels while those associated with the 

analysis of E. coli CSH23, DH10B, DH5α, K12, and S17-1 λpir are presented in the bottom 

panels. 
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corresponding to C16:0 and C18:1, respectively. These fragment ions indicate the presence of PE 

(16:0/18:1). In E. coli CSH23, DH10B, DH5α, K12, and S17-1 λpir, the CID spectra of the LC 

peak at retention time 6.3 min (m/z 716.53, PE 34:1) (Figure 5.8B, bottom panel) reveals 

characteristic fragment ions at m/z 241.22, 267.23, 269.25, and 295.27 corresponding to 

carboxylate anions of C15:0, C17:1, C17:0, and C19:1, respectively. These product ions confirm 

the presence of PE (15:0/19:1) and PE (17:0/17:1). In addition, the presence of abundant product 

ions at m/z 255.23 and 281.25 corresponding to C16:0 and C18:1, respectively indicate the 

 

Figure 5.9. LC-IM-MS/MS spectra obtained in the negative ion mode of the seven E. coli strains 

where (A) liquid chromatography and ion mobility spectra revealed the presence of various lipid 

isomers of m/z 688.49 (PE (32:1)) and (B) Tandem mass spectra of m/z 688.49 which support the 

identification of the lipid isomers by the LC and IM spectra. The spectra associated with the 

analysis of E. coli BL21 and C41 are presented in the top panels while those associated with the 

analysis of E. coli CSH23, DH10B, DH5α, K12, and S17-1 λpir are presented in the bottom panels. 
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presence of PE (16:0/18:1). These results indicate that PE (16:0/18:1) was present in all the E. 

coli strains, while PE (15:0/19:1) and PE (17:0/17:1) were unique to E. coli CSH23, DH10B, 

DH5α, K12, and S17-1 λpir. Another example of discriminating lipid isomers between the E. 

coli strains is m/z 688.49 (PE (32:1)), which was present as PE (16:0/16:1) and PE (14:0/18:1) in 

all the seven E. coli strains, and PE (15:0/17:1) in five of the strains, as shown in Figure 5.9. 

The positive ionization MS spectra of the seven E. coli strains also show high spectral 

similarity like the negative ionization mode as observed in Figure 5.7. Four positive ionization 

adducts [M+H]+, [M+Na]+, [M+NH4]
+, and [M+2Na-H]+ were detected across the spectra, 

however, the most predominant ion was the protonated [M+H]+ adducts. As shown in Figure 5.7, 

the m/z  at 676.49, 690.50, 692.52, 704.52, 716.52, 718.53, 730.53, 732.54, 744.55, and 758.56 

were characterized as [PE (31:1)+H]+, [PE (32:1)+H]+, [PE (32:0)+H]+, [PE (33:1)+H]+, [PE 

(34:2)+H]+, [PE (34:1)+H]+, [PE (35:2)+H]+, [PE (35:1)+H]+, [PE (36:2)+H]+, and [PE 

(37:2)+H]+, respectively.  

The identification of these lipid ions was confirmed by CID, isotopic abundances, and exact 

mass measurements. For example, the product ion spectrum of m/z 716.51 [PE (34:2)+H]+ (Figure 

5.10B) shows a base peak of m/z 575.51 [M+H-141]+ corresponding to the neutral loss of the polar 

head group (C2H8O4NP), confirming the identity of the lipid as PE. The fragment ions 

at m/z 237.22 and 265.25 correspond to C16:1 and C18:1, which are sn-1 and sn-2 fatty acids 

(FAs), respectively, of [PE (34:2)+H]+, identifying the lipid as PE (16:1/18:1). The successive 

neutral loss of sn-1 (m/z 236) and sn-2 (m/z 264) FAs from the base peak ion (m/z 575.50) leads to 

the fragment ions at m/z 338.28 (M+H-141-sn-1)+ and 311.26  (M+H-141-sn-2)+, respectively, 

which further support the identification of the lipid as PE (16:1/18:1). This indicates that [PE 

(34:2)+H]+ is present in all seven E. coli strains as PE (16:1/18:1). Careful examination of the 
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extracted ion chromatogram (EIC) of PE (16:1/18:1) showed a single LC peak at a retention time 

of 4.6 min in all seven E. coli strains (Figure 5.10A). However, the EIM revealed different 

conformers of PE (16:1/18:1), as shown in the drift spectra of the seven E. coli strains (Figure 

5.10A). This implies that neither LC nor tandem MS can distinguish the lipid conformers revealed 

by IM since PE (16:1/18:1) has a single LC peak and the same fragmentation pattern in all seven 

E. coli strains (Figure 5.11). 

 

 

 

 

Figure 5.10. LC-IM-MS/MS spectra obtained in the positive ion mode of the seven E. coli strains 

where (A) liquid chromatography and ion mobility revealed the presence of various lipid 

conformers of m/z 716.51 (PE (34:2). The spectra associated with the analysis of E. coli BL21, 

C41, CSH23, and DH5α are presented in the top panel while those associated with the analysis of 

E. coli DH10B, K12, and S17-1 λpir are presented in the bottom panel. (B) Tandem mass spectra 

of m/z 716.50 [PE (34:2)+H]+. 
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Using single-field CCS measurement, we measured the IM protonated peaks of PE 

(16:1/18:1) at 33.17, 33.57, and 33.82 ms, as shown in Figure 5.10A, yielding CCS values of 271.1, 

273.9, and 275.6 Å2, respectively. Remarkably, these experimental CCS values showed good 

agreement (less than 1% difference) with the theoretical values obtained by the Lipid CCS 

predictor (273.2 Å2). Of the three conformers of PE (16:1/18:1) detected, two conformers 

(conformers 1 and 2 (IM peaks at 33.17 and 33.57 ms) are present in all seven E. coli strains, while 

the conformer with the IM peak at 33.83 ms (conformer 3) is present in only three of the E. 

coli strains (DH10B, K12, and S17-1 λpir). PE (18:1/18:1) like PE (16:1/18:1), has a single LC 

peak and the same product ion spectrum in all the E. coli strains, as shown in Figure 5.12, but exist 

200 400 600 800

200 400 600 800

200 400 600 800

[M+H-141]+

[M+H]+

[M+H-141-C18:1]+

[M+H-141-C16:1]+
C18:1

C16:1

Conformer 1

338.29

311.26

265.25
237.22

716.51
[M+H]+

716.51

Conformer 2

Conformer 3

575.51

575.51

575.51

716.51

[M+H]+

In
te

n
s
it
y
 (

a
rb

. 
u
n

it
s
)

m/z

Figure 5.11. Tandem mass spectra of m/z 716.51 [PE (34:2) + H]+ as conformers 1, 2, and 3 
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as three different conformers in BL21, C41, and DH10B strains. This shows that lipid conformers 

revealed by IM analysis can be used to distinguish the E. coli strains. Moreover, these results 

demonstrate that multidimensional techniques such as LC-IM-MS/MS provide high selectivity and 

discriminatory power for accurate discrimination of bacteria strains.  

 

 

5.3.4. Discrimination of E. coli strains by paper spray–IM–MS/MS 

Although the LC-IM-MS/MS could accurately distinguish the seven E. coli strains, this 

method is labor-intensive and time-consuming, primarily because of the extensive sample 

preparation and long LC acquisition times. Therefore, alternative techniques with minimal sample 

preparation and rapid analysis are needed as early detection of bacteria allows quick clinical 

intervention. For this purpose, we used paper spray (PS)-IM-MS/MS, in which the bacterial culture 

was filtered through a glass filter paper, and after applying spray voltage and solvent, the IM and 

Figure 5.12. LC-IM-MS/MS spectra obtained in the positive ion mode of the seven E. coli strains 

where (A) liquid chromatography and ion mobility revealed the presence of various conformers 

of m/z 744.54 (PE (36:2)).  (B) Tandem mass spectra of m/z 744.54 [PE (36:2)+H]+.  
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tandem MS spectra of the seven E. coli strains were recorded in both ionization modes . In the 

negative ionization mode, the deprotonated [M-H]- adduct of lipid isomers in the seven E. 

coli strains was characterized by CCS and exact mass measurements. For instance, m/z 733.51 in 

Figure 5.13 was characterized as PG (33:1) because the experimental CCS value, 268.1 Å2, shows 

good agreement (less than 2% difference) with the theoretical CCS value, 265.6 Å2 (Table 5.8). 

Interestingly, careful examination of the EIM of the [PG (33:1)-H]- across the seven E. coli strains 

revealed a single IM peak at the drift time of 35.04 ms (Figure 5.13A). However, its CID spectrum 

showed several characteristic fragment ions that can serve as diagnostics biomarkers for 

distinguishing the seven E. coli strains (Figure 5.13B). The fragment ions at m/z 255.23 and 

267.23 in the CID spectrum of [PG (33:1)-H]- in E. coli BL21, C41, DH10B, and DH5α 

correspond to C16:0 and C17:1, respectively. The additional product ions at m/z 241.22, 253.22, 

269.24, and 281.25 in E. coli CSH23, K12, and S17-1 λpir correspond to C15:0, C16:1, C17:0, 

and C18:1, respectively. This result indicates that PG (16:0/17:1) is present in all seven E. 

Figure 5.13. PS-IM-MS/MS spectra obtained in the negative ion mode of the seven E. coli strains. 

(A) ion mobility spectrum of the m/z 733.51 (PG (33:1)) and (B) Tandem mass spectra (MS/MS) 

of m/z 733.51which revealed the presence of various isomers of PG (33:1).   
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coli strains, while PG (15:0/18:1) and PG (16:1/17:0) are present only in three of the E. coli strains 

(CSH23, K12, and S17-1 λpir).  

In the positive ionization mode, IM effectively separates diagnostic lipid conformers 

indistinguishable by tandem mass spectrometry. For example, m/z 726.51, characterized as 

[PE(33:1)+Na]+, has multiple IM peaks in the drift spectra of the seven E. coli strains (Figure 

5.14A). Meanwhile, its CID spectrum is similar in all seven E. coli strains (Figure 5.14B). The 

product ion scan of m/z 726.51 [PE(33:1)+Na]+ in the E. coli strains shows a characteristic ion 

at m/z 164.00 ([C2H8O4NP]+Na)+ corresponding to the polar head group, ethanolamine, 

confirming the identity of the lipid as PE. The neutral loss of the polar head group leads to the 

fragment ions at m/z 563.50 [M+H-141]+ and 585.49 [M+Na-141]+ corresponding to a proton and 

sodium attached to the diglyceride-like ion. The product ions at m/z 239.24 and 251.25 correspond 

to C16:0 and C17:1, which represent the sn-1 and sn-2 FAs of the [PE(33:1)+Na]+, respectively, 

and accurately characterize the lipid as PE (16:0/17:1). 

However, the IM dimension revealed different conformers of [PE(33:1)+Na]+, which can 

serve as fingerprints to distinguish the seven E. coli strains. The two conformers of 

[PE(33:1)+Na]+ at drift time of 34.61 and 35.13 ms (conformers 1 and 2), as shown in Figure 

5.14A, have CCS values of 273.0 and 275.8 Å2, respectively, showing good agreement (less than 

1% difference) with the theoretical CCS value of 274.1 Å2. Of the two conformers of 

PE(16:0/17:1) detected, the IM peak at 35.13 ms (conformer 1) is present in all seven E. 

coli strains, whereas the conformer at the IM peak of 34.61 ms (conformer 2) is present in only 

two of the E. coli strains (K12 and S17-1 λpir). The complementary separation of IM and tandem 

MS was effectively used to reveal lipid isomers and conformers that serve as diagnostic biomarkers 

to distinguish E. coli strains, while the paper spray was used to rapidly analyze each bacteria strain 
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in less than 2 minutes. These findings demonstrate PS-IM-MS/MS can act as an effective analytical 

technique to provide rapid detection and accurate discrimination of bacteria strains. 

 

5.3.5. Multivariate statistics 

Integration of two orthogonal separation methods (LC and IM) with tandem mass analysis, 

as demonstrated in our bacterial strain discrimination, allowed multidimensional complementary 

separation, and increased peak capacity. Isomeric lipid biomarkers discriminating E. coli strains 

were resolved in at least one separation dimension. Therefore, using multivariate statistical 

analysis, spectral information from LC, IM, and MS/MS was used to reveal biochemical 

differences and group E. coli strains based on their corresponding spectral fingerprints. The high 

selectivity of LC-IM-MS/MS is reflected in the PCA score plots, which show a clear separation 

between the seven E. coli strains in negative and positive ion modes (Figure 5.15A and Figure 

Figure 5.14. PS-IM-MS/MS spectra obtained in the positive ion mode of the seven E. coli strains 

where (A) Ion mobility spectra revealed the presence of various lipid conformers of m/z 726.51 

([PE (33:1)+Na]+) and (B) Tandem mass spectra of m/z 726.51 ([PE (33:1)+Na]+). 
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5.15B, respectively). Quantification of separation using LDA resulted in 96.1% and 100% 

prediction rates in the negative and positive ion modes, respectively, as shown in the CV confusion 

matrix (Table 5.5), which shows a high classification rate of the strains. These rates show that the 

multidimensional LC-IM-MS/MS is very effective in discriminating closely related bacteria 

strains. As depicted in Figure 5.15A and Figure 5.15B, two and three clusters were observed along 

the PC1 axis of the negative and PC3 axis of the positive ion data, respectively. One of the clusters 

in both modes contains DH10B, DH5α, K12, and S17-1 λpir indicating biochemical similarity 

between these strains. In the positive ion data, as shown in Figure 5.15B, BL21 and C41 appeared 

separated by the cluster group (DH10B, DH5α, K12, and S17-1 λpir), suggesting that they share 

several lipid conformation biomarkers with the other strains.  

 

 

To theoretically investigate the genomic relatedness of the E. coli strains, we used genome 

assemblies of the strains for comparative genome analysis. The genome assemblies of six strains 

Figure 5.15. PCA plots of the seven E. coli strains in the (A) negative and (B) positive ion modes 

of the LC-IM-MS/MS method. The E. coli strains are indicated by color and shape as follows: 

BL21 (Black circles), C41(Red triangles pointing up), CSH23 (Blue triangles pointing down), 

DH10B (Green diamonds), DH5α (Magenta squares), K12 (Orange stars), and S17-1 λpir (Wine 

hexagons). 



117 

 

(BL21, C41, DH10B, DH5α, K-12, and S17-1 λpir) available in the NCBI reference sequence 

database [173] were downloaded and compared for genetic variability by counting the single 

nucleotide polymorphisms (SNPs) between the strains using the CSIPhylogeny webtool [174]. 

SNP calling was performed with default settings, using the E. coli K12 strain as a reference. The 

result shows the highest variation between strains K12 and C41, followed by strains K12 and BL21 

based on the SNP count between strains (Table 5.9). Interestingly, the variation in SNP counts 

between strains DH10B, DH5α, K12, and S17-1 λpir, is lower, indicating the high genetic 

similarity of these four E. coli strains. Comparative genomic analysis shows good agreement with 

our experimental findings, as DH10B, DH5α, K12, and S17-1 λpir clustered in the PCA score plot 

in both ion modes (Figure 5.15A and B), and with less variation in SNP number. However, the 

proximity of these four strains to each other differs in the negative and positive ion modes. BL21 

and C41 appear to have high SNP counts based on comparative genomic analysis. The bulk of our 

experimental analysis is supported by comparative genome analysis. Therefore, our results show 

that multidimensional LC-IM-MS/MS is a highly selective and sensitive discrimination technique 

for bacterial strains. 

Table 5.9. Comparative genome analysis of the E. coli strains. 

 

The PS-IM-MS/MS rapidly discriminates the seven E. coli strains with a prediction rate of 

62.5% and 73.5% in the negative and positive ion modes, respectively, as quantified by LDA. The 

 DH10B S17-1 λpir DH5α BL21 C41 Reference (K12) 

DH10B 0 704 304 15268 40169 102 

S17-1 λpir 704 0 829 14994 40377 625 

DH5α 304 829 0 15432 40314 240 

BL21 15268 14994 15432 0 43701 15216 

C41 40169 40377 40314 43701 0 40099 

Reference (K12) 102 625 240 15216 40099 0 
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negative ion mode PCA score plot shows a clear separation between BL21, C41, and K12 

highlighting the high genomic disparities between these strains as shown in Figure 5.16.  

 

  

 CSH23, DH10B, DH5α, and S17-1 λpir appear unseparated in the negative PCA score plot, 

however, the positive mode PCA plot showed improved separation of these four strains along the 

PC3 axis (Figure 5.16B). The separation along the PC1 axis of the positive mode of the PS-IM-

MS/MS indicates that DH10B, DH5α, K12, and S17-1 λpir, are highly genetically similar to one 

another in comparison to BL21 and C41 as confirmed by the LC-IM-MS/MS PCA score plots and 

the comparative genome analysis. The low predictive ability of the PS-IM-MS/MS in comparison 

Figure 5.16. PCA plots of the seven E. coli strains in the (A) negative ion mode and (B) positive 

ion mode of the PS-IM-MS/MS method. (C) Data fusion of the extracted PCs of the negative and 

positive ion modes of the PS-IM-MS/MS. The E. coli strains are indicated by color and shape as 

follows: BL21 (Black circles), C41(Red triangles pointing up), CSH23 (Blue triangles pointing 

down), DH10B (Green diamonds), DH5α (Magenta squares), K12 (Orange stars), and S17-1 λpir 

(Wine hexagons). 
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to LC-IM-MS/MS can be attributed to the ionization suppression from matrix effects [175], and 

the absence of chromatographic separation.  

Previous studies have demonstrated that fusing the chemical information present in the 

negative ion mode with that of the positive ion mode can increase classification rates [53]. The 

fusion of the extracted PCs from the negative and positive ion data increased the separation among 

the seven E. coli strains, as visible in the PC1 versus PC4 score plot (Figure 5.16C). Indeed, the 

prediction rates significantly increased to 80.5% as quantified through LDA. These results 

illustrate the capabilities of PS-IM-MS/MS as a rapid, highly selective, and sensitive 

discrimination technique for bacterial strains.  

 

5.4. Conclusions  

This work demonstrates successful strain-level discrimination of bacteria using LC-IM-

MS/MS and PS-IM-MS/MS. The complementary separations from the multidimensional LC-IM-

MS/MS were used to reveal acyl chain lipid isomers and conformers in lipid standards, E. coli 

lipid extract, and strains. Prediction rates of 96.1% and 100% were achieved with LC-IM-MS/MS 

in negative and positive ion modes, respectively, highlighting the high accuracy and selectivity of 

the LC-IM-MS/MS method. Tandem MS and LC separation proved effective in discriminating 

lipid isomers in the negative ionization mode, while IM separation was more effective in resolving 

lipid conformational biomarkers in the positive ionization mode. Due to the clinical importance of 

early detection for rapid medical intervention, a faster technique, PS-IM-MS/MS, was used to 

discriminate E. coli strains with a prediction rate of 80.5% after the fusion of the negative and 

positive ion data. Lipid isomers and conformers were detected, which served as strain-indicating 

biomarkers. 
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Chapter 6. Conclusions and Future Outlooks 

 

 

6.1. Conclusions 

Determining bacterial identity is crucial to clinical diagnostics, environmental monitoring, 

food safety surveillance, and public health concerns.  Millions of hospitalizations and thousands 

of deaths are reported annually according to CDC because of foodborne illnesses, Urinary tract 

infections, waterborne illnesses, etc. If this issue is left unaddressed, 10 million deaths per year 

would be reported by 2050 mainly due to antimicrobial resistance. Towards providing rapid and 

accurate diagnostics to reduce hospitalizations, deaths, and antimicrobial resistance, we developed 

paper spray – ion mobility – tandem mass spectrometry (PS – IM – MS/MS) technique. Bacterial 

infections diagnosis depends on the microbial biomarkers for accurate detection, however, these 

biomarkers which can be metabolites, lipids, peptides, etc., are structurally diverse, having several 

forms of isomerism which require a highly selective analytical technique for accurate separation. 

We utilized the PS – IM – MS/MS to differentiate two constitutional isomers rapidly and 

accurately; propazine and terbuthylazine and two geometric isomers; cis and trans isomers. 

Sample introduction using the paper spray and data acquisition which include both drift time and 

MS/MS were accomplished in less than a minute for each run. The PS – IM – MS/MS proves to 

be highly effective for separating isomeric compounds in a timely manner, hence, we used the 

method to differentiate five Bacillus species through isomeric biomarker discovery. The five 

Bacillus species were accurately distinguished within 4 hours of incubation time. Using only the 

PS – MS/MS information, we obtained a prediction rate of 92.4% and 97.6% in the negative and 

positive ion information, respectively. Upon including the IM separation dimension data into the 

PS – MS/MS workflow, the prediction rates increased significantly in negative and positive ion 
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mode from 92.4% and 97.6% to 99.7% and 100.0%, respectively. We associated the increased 

prediction rates to the capability of IM to provide a clear separation between the diagnostic isomers 

leading to an enhanced species’ identification.  

Upon successful species’ discrimination of the Bacillus microorganisms, we challenged 

the PS – IM – MS/MS method for strain level differentiation. Using the PS – IM – MS/MS method, 

we achieved the prediction rates of 62.5% and 73.5% respectively for negative and positive ion 

modes. Furthermore, the strategy of numerical data fusion of negative and positive ion data 

increased the classification rates of PS - IM - MS/MS to 80.5%. These rates were not considered 

high enough for accurate discrimination as clear separation and unequivocal identification is 

needed for bacterial disease diagnosis. Hence, liquid chromatography instead of paper spray was 

interfaced with ion mobility and tandem mass spectrometry for the strain level discrimination of 

E. coli strains. Prediction rates of 96.1% and 100% were achieved with LC – IM – MS/MS in 

negative and positive ion modes, respectively, highlighting the high accuracy and selectively of 

the LC – IM – MS/MS method. These high prediction rates from the multidimensional LC – IM – 

MS/MS demonstrates the capability of the method for not only strain discrimination but also for 

more challenging discrimination such as antibiotics resistant bacteria versus non-resistant bacteria, 

pathogenic bacteria strains against non-pathogenic strains and so much more.  

 

6.2. Future Outlooks  

The genetic similarities of bacteria increase from species to strains to serotypes, 

highlighting the need for highly selective and sensitive analytical techniques and approaches. For 

instance, the chromosome size of E. coli O157:H7 is 5.5 Mb, it contains a 4.1 Mb backbone 

sequence that is conserved in all E. coli strains, emphasizing the high genetic similarity of these 



122 

 

strains. While the research work in this dissertation has achieved species and strain discrimination, 

it is highly recommended that different types of strains and serotypes differentiation should be 

investigated for the main purpose of improving bacterial identity, reducing hospitalization times 

and number of deaths, and reducing antimicrobial resistance. Some of the future research that 

should be conducted to improve the rapid and accurate discrimination of bacteria are listed below.  

6.2.1. Pathogenic and Non-pathogenic Strain Discrimination 

Most E. coli strains colonize the gastrointestinal tract of humans and animals harmlessly 

as normal flora. However, there are some strains that have evolved into pathogenic E. coli through 

the acquisition of virulence factors via plasmids, transposons, bacteriophages and/or pathogenicity 

islands [176]. This pathogenic E. coli can be categorized based on serogroups, pathogenicity 

mechanisms, clinical symptoms or virulence factors [176]. Serotyping of pathogenic E. coli based 

on their surface antigen profiles includes O (somatic), H (flagellar) and K (capsular) [177]. Some 

studies suggest that 20 to 50% of all enterohemorrhagic (EHEC) infections are caused by non-

O157 serotypes, which appear to be less virulent than the O157 serotypes [177]. The most common 

non-O157 serotypes associated with human disease include O26:H11, O103:H2, O111NM and 

O113:H21 [176]. The similarity of their genetic make-up and the thousands of diseases caused in 

humans require a highly selective and sensitive method to distinguish them. When differentiating 

between the various strains based on their pathogenicity, one of the many objectives should be the 

detection of target genes encoding virulence factors or the detection of target metabolites, peptides 

and lipids that are expressions of the target genes. 

6.2.2. Antibiotic-resistance and non-resistance bacteria strain discrimination 

In recent years, the emergence of antibiotic-resistant bacteria has become a global problem. 

One of the main drivers for the emergence of antibiotic-resistant bacteria is the excessive or 
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inappropriate use of antibiotics [178]. In some cases, these antibiotic-resistant bacteria have 

remarkable ability to acquire resistance to multiple antibiotics [179]. The emergence of penicillin-

resistant Staphylococcus aureus (S. aureus) was reported within 2 years of the introduction of 

penicillin [180]. Methicillin-resistant S. aureus (MRSA) was first reported in 1961, shortly after 

the semisynthetic antibiotic methicillin was first introduced [181]. MRSA is a significant clinical 

threat with high morbidity and mortality, much higher than those of methicillin-susceptible S. 

aureus (MSSA) [179]. Hence, a rapid and highly accurate diagnostic method needs to be urgently 

developed for distinguishing not only MSSA and MRSA but also other resistant bacteria from non-

resistant bacteria. The method should be highly sensitive such that the bacteria can be detected 

without culturing and highly selective such that the discrimination is not affected by environmental 

or other factors.  

6.2.3. Influence of Growth Condition and Media on Bacterial Identity  

One of the achieved objectives in this dissertation is the detection of microbials at early 

incubation time (4 hours) with the utmost objective of detecting bacteria without the requirement 

for culturing [182]. We compared the mass spectra obtained from PS – MS analysis of bacteria 

cultured for 4, 8, 12, and 16 hours and found that the same ions were detected irrespective of the 

culturing time [182]. We concluded that the progression of the culture through its growth cycle 

may be responsible for the observed spectral variation in the relative intensities of biomarkers, 

while the overall qualitative differences in the MS spectra may be due to the ionization 

phenomenon and bacterial metabolism at the time of sampling [183, 184]. Previous studies have 

reported that MS spectral variability due to culture time and conditions does not affect bacterial 

identification by mass spectrometry [183]. However, these previous studies were all conducted for 

species-level identification and discrimination using MALDI-MS which utilizes mainly ribosomal 
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proteins for identification [179, 183]. Hence further investigation should be conducted to evaluate 

the influence of culturing time, media, and sample preparation on the discrimination of bacteria 

strains using ambient ionization ion mobility mass spectrometry techniques such as PS – IM – 

MS/MS.  

6.3. Recommended Strategies for improving bacterial detection and discrimination 

Accurate identification and discrimination of bacterial strains and serotypes is highly 

dependent on the selectivity of the analytical techniques and methodology used. Some of the 

recommended approaches for improving bacterial detection and discrimination at the strains and 

serotypes levels that will enhance clinical diagnostics and improve food safety, etc. are discussed 

below;  

6.3.1. Whole organisms’ fingerprint  

Bacterial species and strains have been successfully detected and differentiated using lipids 

[77], peptides [7], metabolites [185], proteins [186], and so on. The gold standard method for 

bacteria strain detection is Pulse Field Gel Electrophoresis (PFGE) which is a powerful genotyping 

technique used for the separation of large DNA molecules (entire genomic DNA), however, it is 

time consuming and expensive [8, 187]. While MALDI-MS is the method of choice for bacterial 

identification at clinical microbiology laboratories largely due to its robust analysis as it largely 

measures the ribosomes, which are always present irrespective of how the bacteria are cultures, its 

discriminatory power remains questionable at the strain level [8, 77]. A multidimensional PS – IM 

– MS/MS and LC – IM – MS/MS has been utilized to accurately discriminate seven E. coli strains 

based on the organisms lipidomic profiles [77], however, it would be expected that the 

discriminatory power of these techniques would decrease as the number of bacteria strains 

increase. Hence, an all-omics approach would be considered a significant solution as it would 
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provide a holistic view of the molecules making up an organism. The approach would be primarily 

aimed at the global detection of genes (genomics), mRNAs (transcriptomics), proteins 

(proteomics), lipids (lipidomic) and metabolites (metabolomics) in a biological sample. Towards 

all omics approach for accurate bacteria strain discrimination, we are using peptides, lipids, and 

metabolites to differentiate six non-pathogenic and five pathogenic E. coli strains as a proof of 

concept for all-omics approach to provide accurate discrimination of bacteria strains and serotypes 

[188].  

6.3.2. Machine Learning  

Advances in technology and computing power have made machine learning methods more 

accessible, especially through open-source computing languages such as Python [189], R [190], 

and Julia [191]. This has led to a sharp increase in the successful application of machine learning 

to problems in the field of bioinformatics. Machine learning has been applied to the identification 

of microorganisms [192] and the diagnosis of ovarian cancer among others [193]. Random forest 

classification (RFC), k-nearest neighbor (KNN), multilayer perceptron (MLP) and convolution 

neural network (CNN) are examples of classifiers that extract the most informative features for 

accurate classification [194]. Machine learning can be used in combination with different 

analytical techniques to develop biomarkers for the detection and differentiation of bacterial strains 

and serotypes. The unique list of metabolites, lipids, peptides, and other significant biomarkers 

discovered by the machine learning can then be used to detect a specific bacterial strain in an 

unknown biological sample. 

6.3.3. High-Resolution Ion Mobility Instrument  

The standard resolution (Rp) of Agilent 6560 IM-QTOF used in this dissertation is ~ 60 

which begins to resolve peaks at ~2% difference in drift times or CCS values [77, 93].  With the 
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introduction of the HRdm technique, the accessible resolution of the DTIMS is extended to ~ 180 

to 250 which increases its isomer separation capability up to the sub-1% range [77, 93]. Isomers 

including acyl-chain, sn-positional, double-bond positional, geometric, and constitutional isomers 

have <1% drift time difference [195]. Some of these isomers have been found to be present in E. 

coli strains and would not be resolved by the traditional DTIMS (Rp, ~60) [77]. With the 

introduction of the HRdm technique, we could resolve some lipid isomers and conformers which 

proved to be effective biomarkers for the discrimination of seven non-pathogenic E. coli strains 

[77]. However, acyl chain lipids isomers annotated by the tandem MS dimension were inseparable 

in the IM dimension even with the utilization of the HRdm technique [77]. This implies that a 

higher resolution IM instrument such as structure for lossless ion manipulations (SLIM, separation 

power ~ 1860) is needed to provide better separation of isomers than the current technology 

(HRdm) used in this dissertation [196, 197]. Using IM platforms with higher resolution will allow 

the identification of more biomarkers, which in turn will lead to the discrimination of wide sets of 

microorganisms.  

6.3.4. Portable and Standalone Ion Mobility instrument 

Rapid diagnostic tests (RDTs) are increasingly used in clinical practice to provide 

actionable information for patient care in a timely manner, ideally at the time and location of the 

patient’s interaction with health care system. RDT (often referred to as point-of-care tests (POCT) 

when deployed near-patient) are often simple to use and therefore can offer diagnostic support in 

resource-limited settings or away from more sophisticated diagnostic laboratory support, for 

example in primary care. The long-term goal of this project is to develop a portable and standalone 

IM instruments capable of providing rapid diagnostics tests for a wide variety of infectious 

diseases such that it can be easily used by nurses at the hospital, or by individuals at home, etc. 
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Towards this goal, the development of these devices should incorporate whole organisms 

fingerprinting, machine learning, and high-resolution IM capabilities to provide accurate and rapid 

detection and discrimination of various types of infectious diseases. In addition, it should be cost 

effective and easily used by all individuals regardless of their education levels.  
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