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 In carbohydrate analysis, challenges arise in the determination of monosaccharide 

composition due to the isobaric nature of the molecules. Current conventional techniques such as 

GC and LC strive to separate isomers of monosaccharides but have been shown to be inefficient 

and difficult, especially when analyzing underivatized forms. In this thesis, a methodology using 

differential ion mobility (FAIMS) and mass spectrometry was developed to study the 

fundamental capabilities of this method for the analysis of underivatized monosaccharides in 

positive and negative ionization modes. Under the optimal conditions established, the 

investigation of 6 monosaccharides led to the discovery of a wide range of ions originating from 

single monosaccharide samples, which were then assessed for isomer separation. This thesis 

provides proof of principle demonstrating differential ion mobility as a technique capable of 

rapid separation of isomeric monosaccharides otherwise unachievable by conventional methods. 
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1.0 INTRODUCTION 

1.1 Carbohydrate occurrence 

 Carbohydrates exist as one of the most abundant class of compounds in organic masses. 

They are involved in a variety of functional and structural systems, some of which include 

recognition of molecules, modification on protein and lipid conformations, intra-cellular and 

inter-cellular signaling, and existing as common structural components
1
. They simultaneously 

serve as an energy source and as a natural storage of energy in organisms. In plants, 

carbohydrates are generated by the conversion of carbon dioxide and water into organic 

compounds, a process termed photosynthesis, which animals do not process. Thus, animals 

depend on the supply from plants, and biosynthetic pathways in the body process the conversion 

of carbohydrates into other organic material
2
. In both animal and plant organisms, carbohydrates 

contribute to the formation of a variety of components, most notably as part of nucleic acids 

DNA/RNA, and supporting tissues
1
. Also, in many natural products, a percentage of secondary 

metabolites are predominantly saccharides and its derivatives
3
. Originally named according to 

the composition of solely consisting of carbon and water in a 1:1 ratio, carbohydrates have now 

evolved into a general term encompassing compounds derived thereof by reduction, oxidation, 

and replacement of hydroxyl groups by other functional groups
2
. A more common name 

associated with carbohydrates is "sugar", which is often used as a synonym for 

"monosaccharide" or compounds containing monosaccharide units. 

 1.1.1 Classification of monosaccharides 

 Monosaccharides are the simplest carbohydrates, grouped as polyhydroxyaldehydes 

(aldoses) and polyhydroxyketones (ketoses). Classification of monosaccharides is related to the 
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number of carbon atoms present in a chain. Addition of functional groups lead to a subdivision 

of classification where prefixes identify the functional group present with the carbon number at 

which the functional group is located. Sugars containing carbon chains shorter or longer than 5 to 

6 carbons are often less common
2
.
 
Inevitably, the structure and composition of carbohydrates 

induces chirality. With increasing number of carbons in the chain comes increasing number of 

chiral centers, resulting in exponential increase of stereoisomers by 2
n
 (where n represents the 

number of chiral centers). Furthermore, in solid state and solution, monosaccharide chains of 5 

or more carbons tend to form cyclic rings, where the ring exists as a furanose (five member ring) 

or as a more favoured strain-free pyranose (six member ring)
2
.
 
Consequently, the complexity of 

chirality is enhanced with the formation of the ring configuration. For instance, carbohydrates in 

cyclic configuration has an alpha α and beta β isomer configuration in addition to the chiral 

center isomers along the carbon ring, where the difference between the configurations is the 

position of the hydrogen on carbon one 
4
.
 
Beyond the smallest unit of carbohydrates, linkage of 

multiple monosaccharide units by glycosidic bonds result in disaccharides consisting of 2 units, 

polysaccharides consisting of 3 or more units, and oligosaccharides consisting of large number 

units. Each additional monosaccharide unit increases the complexity of the carbohydrate as 

linkage configurations and sequences add to the characteristic of the compound. 

1.2 Occurrence of Campylobacter jejuni 

 The involvement of carbohydrates in many cellular systems gives rise to potential 

approaches using these compounds in the development of medical treatments. Bacterial diarrhea 

has been a worldwide medical issue, which is linked to the effects of Campylobacter jejuni, a 

bacterial species acknowledged as one of the common causes of a variety of bacterial 

gastroenteritis in humans
5,6,7,8

. Contaminated food and water exposure exists as the most 
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prominent route of C. jejuni infection, with estimations up to 60% of young children in the 

developing world to become symptomatically infected at least once during early years of life
5
. 

Repeated infections in children, as well as recurrent enteritis among individuals with HIV 

associated with Campylobacter are not uncommon
5
. An assemblage of available data in regards 

to the population infected by the species propose Campylobacter control as a global public health 

priority
5,6,7,8

. Strategies involving the enforcement of food safety, education and practices are 

currently employed; however, the prospect of the practicability of capsule polysaccharide 

vaccines against C. jejuni directs an alternative approach in resolving the medical issue.  

 1.2.2 Capsular polysaccharides analysis for glycoconjugated vaccines 

 C. jejuni, a Gram-negative bacteria species, is distinctive by its production of capsule 

polysaccharides (CPS) and lipooligosaccharides (LOS) evident as cell surface carbohydrate 

components, uncommon among intestinal pathogens
5,6,7,8

. Exclusive structural indicators are 

expressed as heptose units, or 7 carbon monosaccharide units, occasionally of unusual 

configurations, and the presence of O-methyl phosphoramidate moieties along the CPS
5,8

. The 

evidence of serum resistance involvement by LOS and CPS of C. jejuni and serum antibodies 

raised against the CPS implied the prospect of utilizing the antigens to induce immune responses 

in a vaccine
8
. In previous medical incidences involving encapsulated bacteria, CPS-based 

vaccine approach demonstrated successful decline of infection
9
. Studies have been done by the 

Monteiro group encompassing the viability of the capsule conjugate vaccine approach against C. 

jejuni induced diseases, as well as identification of capsular polysaccharides on C. jejuni 

serotypes. Initial studies involving the synthesis of C. jejuni CPS-CRM197 applied 

subcutaneously to mice provided positive results indicating the generation of antibodies 

defending against the capsule
6
. Ensuing studies applied to Aotus nancymaae, shown to mimic 
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human illness with C. jejuni, demonstrated the success of enteric disease protection by means of 

capsule conjugate vaccine and addressed the relation of the capsule with virulence
6
. With the 

corroborating indications of the potential of CPS-based vaccine approach against C. jejuni, the 

next stage of research involves the identification of CPS types required to provide ample 

coverage against a widespread of C. jejuni strains, as serotypes of the species expresses a 

difference in CPS sugar composition and linkage.  

1.3 Analysis of carbohydrates 

 The natural ubiquity of carbohydrates and their significant roles in the industry draws 

attention to the importance of analysis of these compounds. The challenge of the analysis of 

these compounds is the overall complexity, which exceeds that of other biomolecules such as 

proteins and nucleic acids. The chemistry of carbohydrates is complex due to the variations in 

branching and linkage possibilities, and multiple isomers resulting from multiple chiral 

centers
10,11

. A complete analysis of carbohydrates strive to determine: the identification of 

monosaccharide units, sequence of monosaccharides, linkage type, stereochemistry of 

monosaccharide unit, anomericity of bonds, and modifying groups present
12,13

. Combining all 

these characteristic information obtained from analyses provides the structural determination of a 

complex sugar. Starting with the identification of the constituent monosaccharides in a 

carbohydrate alone already proposes as a challenge resultant of the isobaric nature of 

monosaccharides. Therefore, methodologies continue to be investigated for the analysis of these 

simplest forms of sugar since the structural identification along with absolute configuration of 

these single building blocks is critical information for complex sugar analysis.  
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 1.3.1 Derivatization of carbohydrates 

 Derivatives of non-volatile compounds, such as monosaccharides, are necessary for 

analysis by gas chromatographic methods and other techniques which require the sample 

compounds to be volatile as separation occurs in the gas phase
14,15

. Prior to analysis, 

carbohydrate samples may undergo derivatization depending on the analytical technique used 

and the information expected to be obtained. It is often desirable to prepare derivatives of 

carbohydrates as it improves sensitivity by increasing hydrophobicity of the analyte, 

subsequently increasing ionization efficiency
1,16

. Furthermore, derivatization assists in structural 

determination as it yields characteristic fragmentation patterns reliably
1,16

. Derivatives can also 

be performed to assist in the differentiation of isomeric carbohydrates in a separation 

technique
17

. There are approaches that do not require carbohydrates to be derivatized in order for 

analysis such as FAB, MALDI, and ESI coupled to MS. Nonetheless, in many situations, 

derivatives are favoured for analysis as they provide structural information that can be deduced 

from characteristic fragmentation behaviours associated with the derivatization, although time 

consuming
18

.  

 1.3.2 Current techniques in carbohydrate analysis 

 A vast collection of analytical techniques have been applied to the analysis of 

carbohydrates, each providing sufficiently informative results that hold advantages in utilizing 

specific techniques. As technology advances, sensitivity of methods for the analysis of 

carbohydrates continue to increase
19

. There has not been a technique that can provide all the 

information required for a complete analysis of a complex sugar. However, when the techniques 

are coupled together, it broadens the range of informative data acquirable from the analytical 

method
19

. Over decades, Nuclear Magnetic Resonance (NMR) and chromatographic methods 
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such as gas chromatography (GC) and liquid chromatography (LC) have been used in the 

analysis of monosaccharides
20

. NMR has been established to possess the ability to provide 

sequencing and anomeric configurations of monosaccharide units reliably, while 

chromatographic methods have been widely studied for the separation of isomeric units. The 

structural identification of monosaccharides is achievable by the mass spectrometry (MS) 

technique, which provides structural information by acquiring intact molecular ion masses as 

well as fragment ion masses
19

. The capabilities of MS renders it a popular choice to couple with 

chromatographic separation methods such as GC 
3
. The high reproducibility and availability of 

comprehensive mass spectra libraries makes GC-MS a powerful technique for complex mixtures; 

however, unlike LC, due to the conditions at which GC operates, compounds that are polar, 

hydrophilic, low volatility, and thermally sensitive cannot be subjected to direct analysis
21

. 

Application of the GC technique requires appropriate derivatization and pre treatment procedures 

as mentioned previously. Therefore, over the last 20 years, development on LC-MS methods 

have been increasingly studied to provide improvement in quickness and convenience, while 

increasing sensitivity by separation phase advancements
22

. Another analytical technique which 

has been used in monosaccharide analysis is the Fast atom bombardment (FAB) usually 

interfaced with MS, which has shown to discriminate among anomers for identification
21,23

.
 

Recent studies on analytical techniques for carbohydrate analysis start to focus on the separation 

and detection of non-derivatized saccharides, ultimately developing rapid and simple procedures, 

which is a great advantage compared to traditional methods
22,24

. 
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 1.3.3 Limitations in conventional analytical techniques 

 As more analytical methods are being developed, each technique provides corroborative 

information towards the analysis of carbohydrates. There are no reports on a specific method that 

is highly reliable and robust for every saccharide studied as each method has its limitations
22

. 

NMR has been considered, and still is, the standard tool for the analysis of carbohydrates
25

. 

However, limitations of NMR method pose as a problem due to overlapping proton signals, and 

the requirement of relatively larger sample quantities
3
. Although extensive use of mass 

spectrometry and tandem mass spectrometry (MS/MS) techniques towards structural analysis has 

been done, even with multiple isolation and dissociation steps, unambiguous identification of 

isomeric saccharides is limited by the isomeric mixture of precursor ions, suggesting that a 

separation technique is essential
11

.  While heterogeneity of precursor ions can be addressed by 

separation techniques such as LC, GC, and electrophoresis, these techniques can be time 

consuming. Furthermore, it can be difficult due to the narrow polarity difference range and the 

natural similarity of molecular size of carbohydrates, which cannot guarantee that coincidental 

co-elution of compounds does not occur
12,11

. An approach to achieve separation while decreasing 

analysis time, increasing resolving power and improve reproducibility incorporates ion mobility 

spectrometry (IMS)
11

. IMS has shown great promise in differentiating ions having identical mass 

to charge (m/z) values as well as multiple structural configurations when coupled to MS 

analyzers
11

. This gives rise to further research on ion mobility separation methods such as 

FAIMS, which will be further discussed in this thesis, as a separation technique for 

monosaccharide analysis. 
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1.4 Novel analytical method for the analysis of carbohydrates 

 An emerging analytical method with potential in carbohydrate analysis is Electrospray 

Ionization High Field Asymmetric Waveform Ion Mobility Spectrometry Mass Spectrometry 

(ESI-FAIMS-MS), which is the focus of my thesis.  Not only can this method provide sufficient 

spectral information for the identification of sugars, ESI-FAIMS-MS shows potential in 

separation of isomeric compounds. Prior research by our group demonstrated that the ESI-

FAIMS-MS has unique capabilities of detecting fragile and labile contaminants in drinking 

water, and provide sufficient spectral information for the identification of non-target compounds 

at trace concentrations, which cannot be established by other analytical methods
26,27

. In a 

previous study, the ESI-FAIMS-MS method achieved rapid differentiation between isomeric 

disaccharides
28

, which led to my research in the application of ESI-FAIMS-MS towards the 

analysis of monosaccharides.  The ESI-FAIMS-MS is composed of three essential techniques: 

generation of ions by Electrospray ionization (ESI), separation of generated ions by High Field 

Asymmetric Waveform Ion Mobility Spectrometry (FAIMS), and detection of ions proceeding 

separation by Mass Spectrometry (MS). 

 1.4.1 Nano-electrospray ionization 

 Electrospray ionization is a technique in which gas phase ions are generated from a liquid 

sample via a conductive capillary with an electrically charged tip. Nano-electrospray/nanospray 

ionization is the same technique but proceeding at significantly lower flow rates at µL/min. 

Benefits of a nanoflow system is that it allows for higher ionization efficiency with decreased 

flow rates in comparison to direct original ESI techniques, thus improving sensitivity
29

. 

Furthermore, it is advantageous when the availability of sample for analysis is limited as the 

consumption of analyte sample is lower when using the nanospray. The ESI system is capable of 
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generating both positive and negative ions depending on the conditions at which it is set, where 

protonation of the analyte results in positively charged ions and deprotonation results in 

negatively charged ion. ESI techniques are non-destructive techniques where protonation or 

deprotonation of the molecular analyte will preserve its molecular ion formation without 

fragmentation under suitable conditions. Moreover, ionization by ESI source provides the benefit 

of ionizing non-volatile polar compound capabilities, which gives prospect towards the analysis 

of non-derivatized carbohydrates
25,29

. To generate ions, a high voltage electric field is applied to 

the nano-electrospray capillary as a drop of the analyte flows through the tip, as shown in Figure 

1.1. The high voltage results in solution droplets that are multiply charged, followed by 

desolvation, which increases the charge density on the droplets until it explodes into charge 

concentrated gas phase ions of the analyte
29

. The generated ions are directed at an angle to the 

entrance of FAIMS to ensure proper entry of the ions between the electrodes.  

 

Figure 1.1: (A) ESI Capillary angled to the entrance of FAIMS; (B) Charged ion formation by 

ESI (adapted from
29

). 
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 1.4.2 High field asymmetric waveform ion mobility separation (FAIMS) 

 Ion mobility describes the travel of an ion through buffer gas in the presence of an 

electric field, where the mobility of the ion is dependent on size, mass, charge, and characteristic 

behaviours of the ion, which influences the interaction of the ion with the carrier gas. Ion 

mobility separation (IMS) is based on the measurement of the ion size as its cross section, a 

characteristic and intrinsic physical property affecting the migration of the ion through the buffer 

gas, which makes it reliable in reproducibility. Combination of IMS and MS has demonstrated a 

fast, sensitive and convenient method, applicable towards isomer resolution and multi 

configuration differentiation of single compounds
11

.  

Further investigation on IMS led to the discovery that a factor that influences ion 

mobility is the application of a high electric field. At low electric fields less than 1000V/cm, the 

ion mobility is independent of the applied electric field as the ion travels through. In contrast, at 

high electric fields greater than 1000V/cm, the ion mobility is no longer constant and becomes 

dependent on the applied field. Thus, the same ion subjected to a high electric field will have a 

different mobility than when a low electric field is applied. This occurrence became the principle 

of differential ion mobility separation, as the difference in ion mobility at high and low electric 

fields for an ion is a characteristic property. Ions can be grouped into three types (Fig. 1.2) 

according to their ratio of differential ion mobility at high electric fields (Kh) to mobility at low 

electric field (K)—ions with increased mobility at high electric fields (shown as A), ions with 

decreased mobility at high electric fields (C), and ions with unpredictable mobility change at 

high electric fields (B). 
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Figure 1.2: Differential ion mobility at high and low electric field conditions as a function of 

electric field strength (adapted from
30

). 

 

   

 

Figure 1.3: The motion of an ion travelling between parallel plates during the application of an 

asymmetric waveform in FAIMS (adapted from
30

). 
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The principle of FAIMS is based on the relative difference in mobility of ions at a high 

electric field and low electric field
31

. Ions carried by carrier gas migrating between two 

electrodes of FAIMS experience a high electric field for a short duration followed by an 

oppositely directed low electric field for a long duration
31

. The difference in mobility of the ion 

in these fields results in a constant drift towards one electrode (Fig. 1.3). In order for the ion to 

reach the mass analyzer, a compensation voltage is applied to keep the ion of interest in a 

focused trajectory through FAIMS
31

. This technique is a continuous ion filtering technique that 

allows for the removal of background ions that complicate the mass spectra, while easily coupled 

to the source of the mass analyzer
32

. Our research utilizes a cylindrical FAIMS where two 

concentric cylinder electrodes are kept at a small distance apart as shown in Figure 1.4.  

 

Figure 1.4: Side cross section view of a cylindrical FAIMS analyzer (adapted from
33

). 
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 The outer electrode is held at a small DC potential while the high asymmetric wave and 

compensation voltage are applied to the inner electrode. Benefits of the cylindrical shape are the 

longer residence time of the ions in the device, which improves resolution, as well as the 

focusing effect of the device, which increases ion transmission and ultimately sensitivity
33

. 

However, simultaneously, the focusing effect limits resolution as a range of ions are focused 

rather than a specific ion, which produces possible overlap of peaks
33

. Nonetheless, the 

advantages of FAIMS accounts for its limits, as it can potentially resolve isobaric compounds 

while improving signal to noise ratio
31

. The resolving powers similar to ion mobility separation 

(IMS) can be achieved by FAIMS under optimal conditions
31,34

. Furthermore, compared to IMS, 

and other separation methods, data acquisition in FAIMS is simplified due to the continuous 

availability of selected ions that can be subjected for analysis, and the short residence time of 

ions in FAIMS accounts for rapid separation and data acquisition
31,32,33,34

. 

 1.4.3 Time of flight mass spectrometry 

 MS techniques are based on the possible generation of ions from neutral molecules into 

the gas phase, where MS instruments transmit ions of different mass-to-charge ratios (m/z) to a 

detector, resulting in mass spectra of abundance plotted against m/z. Mass analyzers incorporate 

a series of applied and controlled voltages to generate electric fields that direct and filter 

introduced ions towards a mass detector
18

. There are a variety of combinations of separation 

techniques and ionization techniques coupled with MS used in a broad range of research areas. 

MS technique is widely applied to carbohydrate analyses to provide information such as 

molecular mass, monosaccharide constituents, sequencing, linkage determination, 

stereochemistry, anomericity, branching, modifications, and quantitative details
18

.  
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It offers more precise results and higher sensitivity with increased dimensions of separation 

when coupled with it. Since as early as 1960, electron impact mass spectrometry (EI-MS) has 

been utilized to define sugar composition and linkage analysis
16

. Later on, introduction of soft 

ionization procedures led to the use of fast atom bombardment (FAB) in 1980 for structure 

determination, as it was determined that softer ionizations preserves the intact molecular ion
16

. 

Matrix assisted laser desorption ionization (MALDI) MS and ESI-MS further expanded 

carbohydrate analysis with potentially higher sensitivity and applications towards larger 

biomolecules
16,35

. In our research, following ESI and separation by FAIMS, the ions are 

introduced into a Quadrupole Time of Flight mass analyzer QTOF-MS. This hybrid instrument, 

as shown in Figure 1.5, consists of two mass analyzers operating in combination to provide the 

capability of tandem mass spectrometry. Ensuing ion introduction from the source, the first mass 

analyzer in which the ions transmits through is a series of quadrupoles, then proceeds to the 

second mass analyzer which is the time-of-flight mass spectrometer. The quadrupole component 

functions as a transmitter of the ions to be analyzed towards a hexapole collision cell, and can 

also function as an ion filter. During the analysis of carbohydrates maintaining its molecular ion, 

low collision energy is applied to the cell to avoid fragmentation induction as the hexapole 

provides the function of ion transmission
36

. In tandem mass spectrometry analysis, the 

quadrupole functions to select the ion of interest while fragmentation of the ion by collision 

induced dissociation (CID) occurs within the hexapole collision cell. High energy applied at the 

hexapole triggers CID in the presence of a collision gas, as the parent ions located in the cell 

fragment into daughter ions prior to transmission towards the entrance of TOF
36

. The time of 

flight component of the instrument functions as the mass analyzer and detection.  
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A reflectron is incorporated in the TOF mass analyzer, which improves the resolution of the 

instrument
36,37

. The reflectron operates as an ion reflecting device that re-directs and focuses the 

ions towards the detector, while simultaneously accommodating for the spread of flight times of 

equivalent m/z ions, resulting from the spread of kinetic energy applied to the ions as measured 

from the entrance of the mass analyzer
36

. The detection of the analyte ions is accomplished by 

the micro-channel plate (MCP) detector in which the reflectron directs towards. 

 

Figure 1.5: A schematic diagram of the QTOF mass spectrometer. 
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1.5 ESI-FAIMS-MS method in monosaccharide analysis 

 In my research, the fundamental capabilities of the ESI-FAIMS-MS method were 

demonstrated for the analysis of standard underivatized monosaccharides which has been a 

continuous challenge for conventional methods. Separation of isomeric monosaccharides using 

differential ion mobility has been established to provide rapid and reliable separation in 

comparison to gas liquid separation techniques, which utilizes the polarity and boiling points as 

separation variables
11,28

. In this thesis, the optimal conditions for the operation of the ESI-

FAIMS-MS method in positive and negative mode for monosaccharide composition analysis 

were established. Under the established conditions, six standard monosaccharide samples 

including rhamnose, glucose, galactose, mannose, N-acetyl glucosamine, and N-acetyl 

galactosamine were analyzed to investigate the capabilities of the methodology to detect and 

separate simple monosaccharides. 

2.0 DEVELOPMENT OF THE ESI-FAIMS-MS METHOD FOR MONOSACCHARIDE 

ANALYSIS  

 As mentioned in the introduction, the isobaric nature of saccharides contributes to the 

challenge of carbohydrate analysis. Although MS has been established to be useful in the 

structural identification of monosaccharides, the limit in spectral differentiation of isomers 

influenced the increased investigation on analytical techniques that would be capable of isomer 

separation. The leading separation techniques such as LC and GC has been successfully used, but 

the chromatographic techniques have their limitations, which gives rise to utilizing gas phase ion 

separation as a potential technique for carbohydrate analysis.    
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2.1 Monosaccharide analysis by ESI-FAIMS-MS 

  The standard tools for carbohydrate analysis that have been conventionally used are 

NMR and GC-MS. Although the separation of analytes in monosaccharide composition analysis 

is possible by GC, the technique requires carbohydrate samples to be derivatized prior to 

analysis, which is time consuming. New analytical separation techniques developed have been 

shown to possess capabilities of separating monosaccharides in the non-derivatized form to 

minimize time consumption and complexity of derivative preparation
38,25

. Presented in this thesis 

will be comprehensive studies on the development of a new analytical method for 

monosaccharide analysis, which incorporates nano-electrospray ionization (ESI) and differential 

ion mobility separation (FAIMS) coupled with mass spectrometry detection (QTOF-MS). As the 

ESI-FAIMS-MS technique has not been formerly applied to the analysis of monosaccharides, 

each stage of the analytical process has to be addressed. In this chapter, I will explicate the 

optimization of the ESI-FAIMS-MS method using common monosaccharides to establish the 

most favourable conditions for the investigation of these compounds. 

 2.1.1 Sample preparation of simple sugars 

 The first step in an analytical process is sample preparation, which may be the most time-

consuming in conventional methods. For instance, in common separation methods, derivatization 

of carbohydrates is done as a necessity in order for the analytical method to be applicable. 

Although it is often desirable to prepare derivatives prior to analysis as it yields characteristic 

fragmentation patterns, the ESI-FAIMS-MS technique does not require this extensive process for 

analysis.  
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In my study, six standard monosaccharides were selected for experiments consisting of 

glucose, galactose, mannose, N-acetyl glucosamine, N-acetyl galactosamine, and rhamnose. 

These compounds were chosen due to their ubiquity and common occurrence in many 

carbohydrate-related samples.  

 

 

Figure 2.1: Structures of six monosaccharides used in research. 

 

Each standard was prepared to the concentration of 20µM using methanol buffer (90%methanol, 

10% water) containing 0.1mM ammonium acetate. This concentration was established after a 

series of trials to determine the optimal signal intensity for the analytes under stable ionization 

conditions. The addition of methanol and ammonium acetate in the solvent assisted in the 

ionization process, where methanol provided a reduced surface tension and relatively minute 

quantities of ammonium promoted electrospray current
39

. 
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 2.1.2 Ionization process by nanospray ionization source 

 The prepared samples were individually introduced to an Ultra Performance Liquid 

Chromatography system (Waters, UK), in which the column was replaced by a series of 

capillaries, altering the use of the UPLC system as a pump to provide a steady flow of sample 

through the connected nanospray ionization source (Waters, UK). 50 µL of the monosaccharide 

sample was introduced into the injection loop, where it was steadily delivered to the nanospray 

by the UPLC pumping system at a flow rate of 0.400 µL/min. This allowed for a continuous 

injection of the sample for 2 hours. This flow rate was previously determined in our lab to be the 

optimal flow rate at which to operate the electrospray.  

The nanospray source is capable of generating positive and negative ions depending on 

the mode of operation. In order to maintain a uniform spray, the electrical potential at the 

nanospray was set to a range between 4 to 5 kV in the positive mode, and -3 to -4 kV in the 

negative mode. Adjustments to the voltages were made accordingly to ensure a steady spray for 

each monosaccharide sample. To minimize potential contamination from the electrospray to the 

entrance of FAIMS, the position of the nanospray probe was arranged to be at an angle to the 

FAIMS entrance. The optimal position of the nanospray probe relative to the FAIMS device was 

previously determined through a series of experiments and has been applicable in previous and 

continued research in our lab. 
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 2.1.3 Differential ion mobility separation process by FAIMS 

 The process of separation of monosaccharide ions in my research was achieved by the 

FAIMS technique. Our research group utilizes an Ionalytics Selectra FAIMS analyzer in a 

cylindrical geometry, where introduced ions drift between two concentric cylinder electrodes 

kept at a small distance apart. Prior to my research, the optimal conditions at which the FAIMS 

was being operated were determined to be the maximal dispersion voltage of 4000 V, bias 

voltage of 150 V, and 20% CO2 in N2 carrier buffer gas at a flow rate of 1.3 L/min. These 

conditions were used as a reference point for my research in determining the optimal conditions 

for the analysis of monosaccharide samples. A series of experiments was conducted where all 

conditions were kept consistent except one, to study the influence of a change in the parameter 

towards the transmission of detectable ions through FAIMS.  

 2.1.4 Mass detection by quadrupole time of flight mass spectrometry (QTOF-MS) 

 Ions transmitted through FAIMS were introduced into a Quadrupole Time of Flight mass 

spectrometer (QTOF micro) (Waters, UK) which was responsible for mass spectral detection. 

Prior to my research, the mass spectrometer parameters were optimized to "gentle conditions" for 

the analysis of fragile and labile analytes in drinking water
27

, which was also suitable for the 

analysis of monosaccharides. Under the previously set FAIMS conditions and gentle mass 

spectrometer parameters, a preliminary total ion compensation voltage (TICV) spectrum was 

acquired for a glucose sample (Fig. 2.2A).  
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Figure 2.2: The analysis of a glucose sample by ESI-FAIMS-MS in the positive ion mode. (A) 

The total ion compensation voltage (TICV) spectrum; (B) The mass spectrum acquired at CV 

6.4V; (C) The mass spectrum acquired at CV 6.4 V. 
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A TICV spectrum, although comparable to a total ion chromatogram (TIC), presents a 

different distribution of detected ions than that of TIC since they are based on different 

separation principles. To acquire a TICV spectrum, a range of compensation voltage (CV) was 

scanned uniformly with intervals of 0.5 V/min, while simultaneously detecting ions that have 

been transmitted through FAIMS at each CV by the mass spectrometer. The compensation 

voltage at which most of the transmitted ions were detected in a glucose sample was in the 

negative CV range, with an isolated peak in the positive CV range at 6.4 V as shown in Figure 

2.2A. From the mass spectrum acquired at the highest intensity at -6.6 V, the detected ions 

corresponded to larger complex ions which will be further discussed in chapter 3. The mass 

spectrum acquired at the isolated peak at 6.4 V (Fig 2.2B) revealed the monomeric ammonium 

adduct formation of glucose [Glc+NH4
+
]

+
 with a m/z value of 198. Looking at the isotopic 

pattern of the abundant peak shown in Figure 2.2B, m/z 199 corresponded to the C
13

 isotope of 

the m/z 198 ion, and the relative abundance of the peak suggested the presence of 6 carbons 

which corresponded with glucose. The presence of ion m/z 180 and 203 also transmitted at CV 

6.4 (Fig 2.2B) corresponded to the ammonium adduct of glucose with a subsequent loss of water 

molecule [Glc+NH4
+
]

+
 -H2O and the sodium adduct formation of glucose [Glc+Na

+
]

+
 

respectively, further concluding the presence of glucose ions at CV 6.4 V.  

From these observations, it was established that monomer ion species of 

monosaccharides were isolated in the positive CV range. Therefore, the proceeding series of 

experiments to determine the influence of adjustable conditions of FAIMS and mass 

spectrometer parameters towards spectral intensity were focused on the transmission of ions in 

the positive CV range. 
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2.2 Optimization conditions of FAIMS  

 The adjustable variables on the FAIMS device that influences spectral intensity and 

differential ion mobility of the analyte ions include bias voltage, gas flow rate, carrier buffer gas 

composition, and dispersion voltage
40

. Through a collection of experiments to acquire TICV 

spectra for each adjustment made to each variable, optimal conditions were established for the 

application of FAIMS technique to monosaccharide samples. A series of TICV spectra were 

acquired through a scan of CV from 0 to 10 V, and consequently observing the impact of 

adjusting the FAIMS device parameters. It was determined that the bias voltage influenced the 

intensity of total transmitted ions
40

, where the optimal total intensity was achieved at a bias 

voltage of 130 V. Similarly, total gas flow rate also affected the intensity of transmitted ions
40

, 

and the optimal flow was determined to be 2.0 L/min.  

 Figure 2.3 shows the TICV spectra acquired in the positive mode, while detecting ion 

transmission when there was a change in carrier buffer gas composition. The TICV spectrum for 

glucose when the gas composition was 20% CO2 in N2 gas (Fig. 2.3A) shows the maximal 

intensity of detected ions at CV 6.4. When the percentage of CO2 was lowered to 12% (Fig. 

2.3B), the total intensity of detected ions decreased as did the CV values at which the ions were 

transmitted. Furthermore, as the presence of CO2 in the carrier buffer gas continued to decrease, 

the defined single peak at CV 6.4 when CO2 was at 20% began to resolve into two peaks (Fig 

2.3C). From the mass spectra acquired at each CV peak at 4% CO2, it was established that the 

mass spectrum at both CV values were similar as shown in Figure 2.3 D and E.  
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Figure 2.3: Results of ESI-FAIMS-MS analysis of the same glucose sample at the same 

experimental conditions except for CO2 percentage in carrier gas composition. (A) TICV 

spectrum when the carrier gas composition was 20% CO2 in N2; (B) TICV spectrum when the 

carrier gas composition was 12% CO2 in N2; (C) TICV spectrum when the carrier gas was 4% 

CO2 in N2; (D) Mass spectrum (MS) acquired at CV 5.9 V; (E) MS acquired at CV 6.4 V.  
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In a study by Li et al, partially resolved mobility peaks similar to that observed in my 

research suggested that there were structure variants and different anomeric configurations 

originating from an individual monosaccharide sample which were resolvable by IMS 
11

. This 

suggested that the lower concentration of CO2 in the composition of carrier gas could be a good 

separation condition of anomers and different configurations using our technique. However, CO2 

has been known to improve reproducibility of FAIMS separation as CO2 will inhibit the potential 

formation of ion clusters of other volatile molecules and water vapour present at trace quantities 

in FAIMS with the analyte ions 
26

. In the absence of CO2, the ion clusters formed with the 

analyte ion and trace molecules will vary the differential ion mobility, resulting in inconsistent 

results and disturbed transmission of analyte ions
41

. Furthermore, the addition of CO2 to the 

carrier gas increased total ion intensity as it assisted in maintaining the integrity of labile 

molecular ions which would have dissociated through collision with N2 gas molecules
26,42

. 

Moreover, the lower CV values indicated that the differential ion mobility of the analyte 

decreased (i.e. the difference between the ion mobility at high electric field and low electric field 

deceased). With a separation technique based on differential ion mobility, decreased differential 

mobility will limit the separation range of different sugars. Thus, although lower CO2 

concentrations in the carrier gas may be beneficial for anomer/configuration separation of the 

same monosaccharide, it was established that the optimal carrier buffer gas composition for the 

analysis of monosaccharide composition containing multiple different monosaccharides to be 

20% CO2 in N2 gas where optimal intensity was achieved and greater differential mobility was 

observed. 
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Lastly, the remaining variable that influences the transmission of analyte ions in FAIMS 

is dispersion voltage, which corresponds to the peak voltage of the asymmetric waveform that is 

applied to the electrodes of FAIMS. Multiple TICV spectra were acquired for the same glucose 

sample introduced to FAIMS where the experimental conditions were all the same except for 

changing dispersion voltage (DV). As DV was increased, ions from the sample were transmitted 

at a higher CV. This observation coincided with the behaviour of the type of analytes that 

experience greater ion mobility at high electric field strengths in comparison to its mobility at 

lower electric fields (type A ions in Figure 1.2). Throughout the periods of the applied 

asymmetric waveform, this type of ion moves proportionately further at high electric field, 

resulting in a net drift towards one of the electrodes as it travels through FAIMS
31

. An increase 

in DV increases the net drift of the ion, thus the applied voltage required to compensate for the 

drift in order to transmit the ion through FAIMS without colliding to an electrode, would also 

increase for this type of ions. Under the same conditions set for acquiring multiple TICV spectra 

of glucose, a galactose sample was introduced through the same manner to acquire a series of 

TICV spectra for the comparison of the behaviour of the galactose ions with glucose. It was 

determined that monosaccharides are all grouped as the same type and behaved similarly with 

the change in DV. Nonetheless, higher field strengths improves ion separation of a variety of 

analytes with an increase of differential ion mobility, and higher DV provides good CV spectra
41

, 

thus the optimal DV was established to be kept at 4000 V, which was the highest setting possible 

in the device.  
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 In summary, the conditions at which were found to be optimal for maximal spectral 

intensity and detection, while achieving reproducible differential ion mobility separation, were 

bias voltage of 130 V, dispersion voltage of 4000 V, 20% CO2 in N2 carrier buffer gas 

composition at a flow rate of 2.0 L/min. 

2.3 Optimization of the interface at the entrance of QTOF 

 As ions were transmitted from FAIMS to the mass spectrometer, they pass through an 

interface at which the pressure changes. Figure 2.4 illustrates the interface at which ions 

transmitted through FAIMS enter the QTOF mass spectrometer, generally called the source. 

 

Figure 2.4: A schematic diagram of the interface (source) at the entrance of the QTOF mass 

spectrometer. 
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 The ions travel through two plates—the sample cone plate and extraction cone plate, 

where the pressure is gradually reduced in the regions between the plates kept under vacuum 

conditions by a series of pumps. At this interface, a potential applied between the sample cone 

and extraction cone assists in the transmission of the charged ions. The potential applied between 

the plates can be adjusted by changing the voltages at each plate using a software that controls 

the parameters of operation for the mass spectrometer. There are recommended conditions which 

have been optimized for the application of the instrument to encompass a wide spread of 

analytes, based on optimal sensitivity, resolution, and mass accuracy
43

. Although the 

recommended conditions are seldom altered, the applied potential in a region of relatively high 

pressure at the interface (compared to high vacuum conditions in MS) could influence the 

dissociation of monosaccharide samples, and was necessary to be investigated for the unique 

method of ESI-FAIMS-MS. 

 A parameter that was previously altered in our lab was the sample cone voltage. The 

recommended voltage setting for the sample cone by the manufacturer is between 30 to 70 V, 

while the extraction cone voltage is kept between 0 to 2 V
43

. These parameters set the potential 

between the two cone plates, and it was determined that it significantly influenced the 

dissociation of fragile molecular ions. To determine the optimal ion transmission of 

monosaccharide samples, with minimal fragmentation of the molecular ion, a series of 

experiments was performed to investigate the effect of a change to the recommended settings for 

sample cone voltage. Figure 2.5 shows the results of the experiments in optimizing the source 

(interface) for ESI-FAIMS-MS analysis of glucose. The mass spectra were all obtained from the 

same glucose sample, under the optimized experimental FAIMS conditions, and optimal QTOF 

conditions recommended by the manufacturer except for the change in the sample cone voltage.   
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Figure 2.5: Results of ESI-FAIMS-MS analysis of the same glucose sample at the optimized 

FAIMS conditions and optimal recommended QTOF conditions except for changes to the sample 

cone voltage. (A) MS at CV 6.4 with a sample cone voltage (SCV) of 16 V; (B) MS at CV 6.4 

with the recommended minimum SCV of 30V; (C) MS at CV 6.4 with a SCV of 40V. 
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 FAIMS was set at the CV of 6.4 V where glucose ions were transmitted, to isolate the 

analyte of interest for investigation over a prolonged period of time. When the sample cone was 

set at a voltage in the recommended range of operation, 30 V (Fig 2.5B) and 40 V (Fig 2.5C), 

ions with lower masses were detected originating from the dissociation of the molecular ion as 

indicated by the loss of H2O and NH3. Under the recommended settings, the molecular ion was 

detected at low intensity or not detected at all.  With lowered sample cone voltage, fragment ions 

with higher masses were detected, indicating that fragile molecular ions were preserved. At 

sample cone voltage 16 V (Fig 2.5A) the optimal intensity of the molecular ion m/z 198 

corresponding to ammoniated glucose was obtained. The results of this experiment showed that 

monosaccharide ions were susceptible to dissociation at the interface of the mass spectrometer 

under the recommended conditions set by the manufacturer. Therefore, in order to minimize 

dissociation and loss of ion transmission through the interface of the mass spectrometer, the 

sample cone voltage has been optimized to 16 V, while keeping the extraction voltage at 1 V. 

2.4 Optimization of the mass analyzer parameters 

 The QTOF mass spectrometer is a hybrid instrument, as shown in Figure 1.5 in the 

introduction, consisting of two mass analyzers operating in combination to provide the capability 

of tandem mass spectrometry. Ensuing ion introduction from the source (interface), the first mass 

analyzer in which the ions transmits through is a series of multipoles, and then they proceed to 

the second mass analyzer which is the time-of-flight mass spectrometer. 

 In my research, the QTOF-MS was utilized in two modes of operation—MS mode, and 

tandem MS (MS/MS) mode. The difference between the two operations relied on the different 

roles of the multipoles (Q1, Q2, Q3). In MS experiments, the series of multipoles operated 

together to focus and transmit ions from one multipole to another and finally towards the time of 
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flight mass analyzer for detection. A focused beam of ions at the center of the multipole was 

achieved by applying a radio frequency (RF) voltage to the device
36

. The parameters significant 

to the focusing of the ions have been optimized and recommended settings were established by 

the manufacturer to provide optimal sensitivity and resolution. Due to the complexity of the 

optics in the mass spectrometer, the recommended settings for these parameters are seldom 

changed
43

. In MS/MS experiments, the ions were focused and transmitted by the first quadrupole 

(Q1) to the following quadrupole (Q2), which functioned to select the ion of interest to undergo 

fragmentation in the hexapole collision cell (Q3). A DC voltage applied across the hexapole 

collision cell triggered collision induced dissociation (CID) in the presence of a collision gas 

(argon). The parent ions located in the cell fragment into daughter ions prior to transmission 

towards the TOF mass analyzer. The application of the DC voltage at the collision cell was 

established to be the controlling factor of the fragmentation of the parent ions. The parameter 

that corresponded to the DC voltage applied to the cell was the collision energy in the tuning 

software for the instrument. A prior series of experiments determined that optimal detection of 

fragile ions was obtained in MS experiments when the collision energy was kept at a low voltage 

of 4 V
27

. This condition was used in my research to minimize dissociation of the molecular ions 

transmitted through the analyzer during MS experiments. When the mass spectrometer was 

operating in MS/MS mode, the collision energy was gradually adjusted to obtain the mass 

spectrum of the fragmentation of the parent ion. Figure 2.6 illustrates how the extent of 

fragmentation by CID could be controlled by adjusting the collision energy. When the collision 

energy was high (Fig. 2.6C), smaller fragments ions were detected indicating a higher degree of 

fragmentation; when the collision energy was low (Fig. 2.6A), larger fragment ions were 

detected indicating the molecular ions were preserved. 
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Figure 2.6: Fragment ion detection of isolated analyte ion with m/z 198 in a glucose sample with 

change in collision energy (CE) settings. (A) MS/MS spectrum acquired at low CE 4V; (B) 

MS/MS spectrum acquired at CE 12V; (C) MS/MS spectrum acquired at CE 20V. 
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 The capability to control the extent of fragmentation by CID of the parent ion led to the 

ability to study the sequence of fragmentation of the parent ion, which would be beneficial in the 

identification of unknown analytes such as modified monosaccharides. From the results of my 

experiment, it was determined that the molecular ions of monosaccharides were fragile, thus 

gentle conditions such as lowered sample cone voltage and low collision energies were optimal 

for the analysis of these compounds.  

2.5 Conclusion 

 From thoroughly assessing the influence of adjustable parameters in the ESI-FAIMS-MS 

instrument, the most favourable conditions at which to operate the instrument for the analysis of 

monosaccharides were established. The results from altering the applied voltage at the source 

and within the MS suggested that monosaccharide ions were fragile and required low voltage 

settings such as 16 V sample cone voltage and 4 V collision energy to preserve the molecular 

ion. Under the optimized conditions for FAIMS—bias voltage of 130 V, gas flow rate of 2.0 

L/min, DV of 4000 V, and carrier gas composition of 20% CO2 in N2—experimental parameters 

for the investigation of monomer ions of monosaccharides was determined to be in the positive 

CV range as monomer species were isolated in this range. The following experiments were 

performed under the established conditions and parameters demonstrated in this chapter.   
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3.0 ANALYSIS OF STANDARD MONOSACCHARIDES IN POSITIVE IONIZATION 

MODE USING ESI-FAIMS-MS  

 Subsequent to the optimization of the ESI-FAIMS-MS conditions, a method for the 

detection and separation of molecular ions of monosaccharides has been established. In recent 

studies, the differentiation of non-derivatized monosaccharides was achievable by implementing 

tandem mass spectrometry and sequential MS techniques. Although isomeric monosaccharides 

present similar fragmentation patterns, they were distinguishable by the relative abundance of the 

fragment ions and the sequence of fragmentation
38

. However, these techniques, although 

successful in differentiation, could only be applicable if the monosaccharide was analyzed as an 

isolated species. In other words, if the sample was a mixture of isomeric monosaccharides, prior 

separation of the analytes is necessary to precede MS techniques. In my research, the 

fundamental capability of the ESI-FAIMS-MS method to provide the separation of analyte ions 

preceding mass detection and analysis was investigated.  This chapter will present the results of 

the application of ESI-FAIMS-MS method to standard monosaccharides in the positive 

ionization mode. 

3.1 Formation, separation and detection of monosaccharide ions in ESI-FAIMS-MS 

 Total ion compensation voltage spectra were obtained for monosaccharide samples 

acquired individually under optimized conditions in positive mode. Figure 3.1A shows the TICV 

spectrum of a glucose sample acquired by scanning from CV -10 to 10 V while detecting ions 

transmitted at each CV value.  
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Figure 3.1: Results of the analysis of a glucose sample by an optimized ESI-FAIMS-MS method 

in positive ionization mode. (A) TICV spectrum; (B) MS at CV 6.4 V; (C) MS at CV -1.1 V;  

(D) MS at CV -7.3 V. 
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 Figure 3.1B, C, and D are mass spectra acquired when the CV was at 6.4 V, -1.1 V, and  

-7.3 V, respectively. It was discovered that a wide range of ions originating from a single 

monosaccharide sample was detectable. Among the detected ions are different ionization agents 

adducted to the neutral monosaccharide molecule, which will be further discussed in section 3.2. 

The abundant ions detected at positive CV value 6.4V have relatively low m/z values compared 

to the abundant ions detected at negative CV values -1.1 V and -7.3 V. The lower m/z ions 

corresponded with adduct formations of monomeric glucose such as ammoniated glucose ions 

with m/z 198 and the subsequent loss of water resulting in m/z 180 ions as shown in Figure 3.1B. 

The absence of larger ion masses at CV 6.4 V (Fig 3.1B) indicated the isolation of monomeric 

species in the positive CV range, while larger mass ions were detectable in addition to the 

monomer ions only in the negative CV range (Fig 3.1C and D). These ions with higher m/z 

values corresponds to multiple neutral monosaccharide molecules clustered together with an 

ionization agent, referred as cluster ions or multimers. During the electrospray ionization 

process, carbohydrates have the tendency to form clusters as shown below via hydrogen 

bonding, and the multiple hydroxide groups present enhances the formation
44

.  

M   +   M  +   H
+
  ----- >  [2M+H

+
]
+
 

M   +   M  +   NH4
+
  ----- >  [2M+NH4

+
]

+
  dimers 

M   +   M  +   Na
+
  ----- >  [2M+Na

+
]

+
 

 

M   +   M  +   M   +   H
+
  ----- >  [3M+H

+
]
+
 

M   +   M  +   M   +   NH4
+
  ----- >  [3M+NH4

+
]

+
 trimers 

M   +   M  +   M   +   Na
+
  ----- >  [3M+Na

+
]

+
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 Several analytical methods have also shown to present the same phenomenon of detecting 

non-covalent dimers formed during the ionization process
3
. In Figure 3.1C, the m/z 383 ion 

corresponds to sodiated dimer ion [2Glc+Na
+
]

+
, and the m/z 203 ion at relatively low intensity 

corresponds to the sodiated monomer ion [Glc+Na
+
]

+
, which originated from the dissociation of 

the dimer. Observations supporting the origin of the monomer ions will be further discussed later 

in this section. In Figure 3.1D, traces of trimer ions such as m/z 563 ions corresponding to 

[3Glc+Na
+
]

+
 were detectable  at CV -7.3 V in addition to dimers and monomers, which again 

originated from the dissociation of the larger ion, thus resulting in the low intensity of trimer 

species.  

 Selecting the detection of a specific m/z value can filter the TICV spectrum to show the 

CV values at which the selected m/z ions were transmitted through FAIMS. Figure 3.2B and C 

show the selected ion CV spectra (SICV) for the transmission of m/z 383 and 203 ions, 

respectively from the same glucose sample. Upon comparison of the SICV spectra of both ions, 

the transmission of monomers such as [Glc+Na
+
]

+
 with m/z 203 in the negative CV range 

coincide with the transmission of dimers such as [2Glc+Na
+
]

+
 with m/z 383. This observation 

suggested that the monomer ions detected at negative CV values were product ions of the 

dissociation of dimers after transmission through FAIMS, resulting in simultaneous detection of 

monomer ions with intact dimer ions. Similarly, at negative CV values ranging from -10 to -4 V, 

the simultaneous transmission and detection of trimer, dimer and monomer ions suggest that the 

origin of dimer and monomer ions was from the dissociation of larger multimer ion species.   
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Figure 3.2: Simultaneous transmission of monomer and non-covalent dimers through FAIMS in 

the negative CV range. (A) TICV spectrum of a glucose sample; (B) SICV spectrum of sodiated 

glucose dimer ion with m/z 383; (C) SICV spectrum of sodiated glucose monomer ion with m/z 

203.  
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Although not shown in the figure, SICV spectra for the transmission of m/z 378 and 198 

ions, corresponding to ammonium adduct dimer [2Glc+NH4
+
]

+
 and ammonium adduct monomer 

[Glc+NH4
+
]
+
 respectively, presented a similar pattern where the monomers and dimers were 

transmitted at coinciding negative CV values. These results supported that cluster ions were 

detectable as product dimer and monomer ions proceeding FAIMS separation. Larger multimer 

complexes are less stable than smaller unit complexes and are more susceptible to dissociation 

upon transmission through the mass spectrometer. According to previous studies, trimeric cluster 

ions usually dissociate to form dimeric complexes with the elimination of an analyte as a neutral 

species upon collisions
45

. The discovery of multiple CV values at which product dimer and 

monomer ions were transmitted in the negative CV range suggests that larger multimer 

complexes from which these product ions originate remained intact during transmission through 

FAIMS. The product ions resultant from the dissociation post FAIMS transmission indicated the 

CV values at which the fragile multimers were originally isolated when intact. According to the 

observed pattern of detecting larger ions at lower CV values, it was concluded that increasingly 

larger multimer complexes were transmitted through FAIMS at increasingly negative CV values, 

and were increasingly fragile, thus they would not be detected as intact multimer complexes, but 

rather as smaller units detected at those CV values. The proof of principle of multimerization and 

the capability of separating the intact multimer species was demonstrated for the first time in my 

research and adds to the fundamental capability of the ESI-FAIMS-MS method for the analysis 

of monosaccharides. 
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Similar occurrences were observed for each monosaccharide sample. Figure 3.3A-C 

shows the TICV spectra acquired, scanning from -10 V to 10 V, for individual samples of a 

pentose, hexose, and acetylated amino sugar. Although the spectra showed different ion intensity 

distributions for each sample, the separation of monomers from multimer complexes by FAIMS 

was observed, where isolated monomeric species were transmitted for rhamnose, galactose, and 

n-acetylated glucosamine in the positive CV range without the presence of larger ions. This led 

to the possibility of investigating isomeric monosaccharides using just monomer species, 

focusing in the positive CV value range (which is discussed in section 3.3 of this chapter). 

Although the presence of cluster ions and its product ions complicate the analysis of 

monosaccharides, the ability to isolate cluster ions is considered useful for carbohydrate 

stereochemistry investigation
11,46

. With the capability to separate cluster ions and their product 

ions from monomer ions using our analytical method, the analysis of monosaccharides has been 

simplified with the focus on monomer species and further investigation on multimer ions was 

made possible for potential future work.  



41 
 

 

Figure 3.3: Different ion distributions for monosaccharide samples analyzed by ESI-FAIMS-MS 

under the same conditions in positive mode. (A) TICV spectrum of rhamnose; (B) TICV 

spectrum of galactose; (C) TICV spectrum of N-acetyl galactosamine; (D) MS of rhamnose 

acquired at CV 6.9 V; (E) MS of galactose acquired at CV 6.3 V; (F) MS of N-acetyl 

glucosamine acquired at 4.2 V.  
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3.2 Adduct ions of monosaccharides 

 3.2.1 Formation of adduct ions in the positive mode of ESI 

 A common phenomenon associated with utilizing electrospray ionization in an analytical 

technique is the formation of adduct ions. This occurrence is resultant of various ions present in 

solution promoting adduct formation via electrostatic and van der Waals bonding to an analyte 

molecule
47

. It has been known that monosaccharides are reactive towards alkali ions and would 

generate stable quasi-molecular ions
46

. A variety of ionic species may form adducts with analyte 

molecules during electrospray ionization, but the nature of the analyte favours adduction 

formation with certain ionic species over others present in solution. Generally, in positive ion 

analyses, the most common adduct ion is the protonated analyte ion [M+H
+
]

+
. Depending on the 

content of the solution in which the sample is prepared, commonly observed metal adduct ions 

are single-charged sodium [M+Na
+
]

+
 and potassium adducts [M+K

+
]

+
. Operation of ESI in the 

positive mode to analyze carbohydrates in previous studies followed adducts formed with 

metallic ions such as Li
+
, Na

+
, K

+
, Cs

+
 or ammonium ions

48
. In my research, the buffer solution 

used for sample preparation consists of ammonium acetate, thus resulting in the possible adduct 

formation of the analyte molecule with ammonium ions [M+NH4
+
]
+
.   

 3.2.2 Adduct ions of standard monosaccharides 

 Figure 3.4A-C shows the total ion mass spectra for rhamnose, glucose, and N-acetyl 

glucosamine acquired during a scan from CV 0 to 10 V for each monosaccharide sampled 

individually.  
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Figure 3.4: Positive ions detected in positive CV values acquired for standard monosaccharide 

samples analyzed individually by ESI-FAIMS-MS. (A) MS of ions detected in positive CV range 

for rhamnose; (B) MS of ions detected in a glucose sample; (C) MS of ions detected in an  

N-acetyl glucosamine sample. 
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 In Figure 3.4B, the most abundant ions with m/z 198 in glucose corresponds to the 

ammonium adduct of the analyte molecule [Glc+NH4
+
]
+
. In addition to the ammonium adduct, 

sodium adducts [Glc+Na
+
]

+
 and potassium adducts [Glc+K

+
]

+
 were also observed with m/z 

values 203 and 219, respectively. Ions with m/z value of 181 would relate to the protonated 

analyte ion [Glc+H
+
]

+
 which can be generated in ESI, but could also be resultant of the loss of 

ammonia NH3 from the ammonium adduct. The simultaneous CV transmission of both the 

ammonium adduct and protonated ion suggested the latter was more probable in describing the 

presence of trace m/z 181 ions, where the loss of NH3 occurred after FAIMS, similar to the 

simultaneous transmission of dimer and monomer ions discussed previously.  Ions with m/z 180 

were detected as the result of the loss of water from ammonium adducts [Glc+NH4
+
]

+
 -H2O, 

commonly observed in mass spectra of non-derivatized monosaccharides
49

. As previously 

mentioned, the ammonium ions present in solution originate from the addition of ammonium 

acetate to the buffer solution during sample preparation
24

. The metal adducts were detected due 

to sodium ions and potassium ions that generally originate from glassware in trace quantities
50

. 

The relatively low abundance of protonated molecular ion and alkali metal adducts established 

that ammonium adduct formation was more favourable under the set conditions. However, 

introduction of different agents during sample preparation can change the favoured adduct since 

the formation of certain adducts are induced by higher concentrations of the ionization agent. 

  In the mass spectrum for rhamnose (Fig. 3.4A), the most abundant ion with m/z 182 

corresponds to the ammonium adduct [Rha+NH4
+
]
+
, which was the favoured adduct formation in 

comparison to the protonated analyte molecule [Rha+H
+
]

+
 observed at low intensity with m/z 

165. The ion with m/z 165 could also be generated by the loss of ammonia from the ammonium 

adduct [Rha+NH4
+
]

+
 -NH3, resulting in the same protonated species. Additionally, low 
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abundances of sodium adduct and potassium adduct were also detected with m/z 187 and 203, 

respectively. Relatively high intensity of the ion with m/z value 164 correlating to ammonium 

adduct with a loss of water [Rha+NH4
+
]

+
 -H2O indicated that rhamnose adduct ions were readily 

susceptible to the loss of water even at gentle conditions set for our technique. 

 Figure 3.4C illustrates the monomer ions detected for glucosamine, acetylated at the 

amine group. The most abundant ion observed had a m/z value of 222, corresponding to the 

protonated molecular ion [GlcNAc+H
+
]

+
. Low intensities for m/z 244 and 260 related to sodium 

and potassium adducts, respectively. Unlike non-derivatized hexose and pentose samples, the 

ammonium adduct ion which would have a m/z 239 was not observed in the positive CV range 

for acetylated amino sugar samples, concluding that the protonated molecular ion was the 

favoured adduct formation for samples in this category. Following the characteristic dissociation 

of monosaccharides, the subsequent loss of water from the sugar ion resulted in the detection of 

m/z 204 ions [GlcNAc+H
+
]

+
 -H2O.  

 The following tables summarize the m/z values of the ions detected for each individual 

monosaccharide sample with their corresponding adduct ion species. Table 3.1 lists the monomer 

ions detected in the positive CV range from 0 to 10 V, while Table 3.2 lists the multimer ions 

detected in negative CV range from -10 to 0 V. The m/z value with the highest abundance for 

each monosaccharide sample is labelled with an asterisk.   
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Monosaccharide Sample Adduct Ion  m/z Value 

Rhamnose 
 

 

 [M+K
+
]
+ 

203 

 [M+Na
+
]

+ 
187 

 [M+NH4
+
]

+ 
182* 

 [M+NH4
+
] -NH3 or [M+H

+
]

+ 
165 

 [M+NH4
+
] -H2O

 
164 

Mannose/Glucose/Galactose 
 

 

 [M+K
+
]
+ 

219 

 [M+Na
+
]

+ 
203 

 [M+NH4
+
]

+ 
198* 

 [M+NH4
+
] -NH3 or [M+H

+
]

+
 181 

 [M+NH4
+
]

+
 -H2O

 
180 

N-acetyl glucosamine/N-acetyl galactosamine 
 

 

 [M+K
+
]
+ 

260 

 [M+Na
+
]

+ 
244 

 [M+H
+
]
+ 

222* 

 [M+H
+
]
+
 -H2O

 
204 

 

Table 3.1: A list of observed positive monomer ions detected in the positive CV range for 

standard monosaccharides analyzed using the ESI-FAIMS-MS method. (*Most abundant ion) 
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Monosaccharide Sample Adduct Ion  m/z Value 

Rhamnose 
 

 

 [2M+K
+
]
+ 

367 

 [2M+Na
+
]

+ 
351* 

 [2M+NH4
+
]

+ 
346 

Mannose/Glucose/Galactose 
 

 

 [2M+K
+
]
+ 

399 

 [2M+Na
+
]

+ 
383* 

 [2M+NH4
+
]

+ 
378 

 [3M+Na
+
]

+ 
563 

 [3M+NH4
+
]

+ 
558 

N-acetyl glucosamine/N-acetyl galactosamine 
 

 

 [2M+K
+
]
+ 

481 

 [2M+Na
+
]

+ 
465* 

 [2M+NH4
+
]

+ 
460 

 [2M+H
+
]
+ 

443 

 [3M+K
+
]
+ 

702 

 [3M+Na
+
]

+ 
686 

 [3M+NH4
+
]

+ 
681 

 

Table 3.2: A list of observed positive cluster ions detected in the negative CV range for standard 

monosaccharides analyzed using the ESI-FAIMS-MS method. (*Most abundant ion) 
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 3.2.3 Separation of monosaccharide adduct ions using FAIMS 

 Proceeding the determination of detectable adducts formed with monosaccharides, the 

transmission of adducts through FAIMS was assessed. This was established by acquiring SICV 

spectra for specifically selected ions in each sample. Figure 3.5A presents the TICV spectrum for 

a glucose sample acquired by scanning through CV 0 to 10V, with an inset displaying the total 

ions detected. Figure 3.5B-D are SICV spectra for the transmission of ammonium, sodium and 

potassium adducts of the same glucose sample, respectively. 

 The results show that the ion which contributed the most to the peak intensity at 6.4 V in 

the TICV spectrum was the ammonium adduct ion with m/z 198, which was transmitted at the 

highest intensity at 6.4 V (Fig. 3.5B). Sodium adduct ions were transmitted at the highest 

intensity at CV 6.7 V, while potassium adducts were transmitted at 8.9 V. The differential 

mobilities of the adduct ions through FAIMS were expected to be different from one another as 

the species differ in collisional cross sections
51

. The transmission at different CV suggested that 

adducts were formed during electrospray ionization, and there was no exchange of ionization 

agents during and proceeding FAIMS separation.    
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Figure 3.5: Results showing the transmission of different adduct ions from the same glucose 

sample. (A) The TICV spectrum; (B) SICV spectrum of ammoniated glucose ion with m/z 198; 

(C) SICV spectrum of sodiated glucose ion with m/z 203; (D) SICV spectrum of potassiated 

glucose ion with m/z 219. 
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 The SICV spectra of detected adduct forms were compared for each monosaccharide 

sample and they showed similar results where ammonium, sodium and potassium adducts were 

separable by FAIMS. Although the SICV spectrum for the protonated ion was not shown for 

glucose in Figure 3.5, the CV values at which m/z 181 ions were transmitted through FAIMS 

were the same as ammonium adduct ions. This supported that the protonated ion originated from 

the loss of ammonia from ammonium adducts [M+NH4
+
]

+
-NH3 as mentioned previously. The 

overlap of SICV for these adducts suggested that the loss of ammonia occurred after FAIMS 

separation during the ion’s travel through the mass spectrometer. Likewise, comparison of SICV 

spectra of dimer adduct ions transmitted in the negative CV range from -10 V to 0 V revealed 

similar separation of different adduct forms, even for multimers. 

3.3 Separation of isomeric monosaccharides in positive mode 

 3.3.1 Separation of isomeric non-derivatized monosaccharides by FAIMS 

 Subsequent to the establishment of the capability of FAIMS to separate multimers and 

adduct ions, it was applied to the investigation of isomer separation. In this section, the 

fundamental capability of FAIMS to separate isomeric monosaccharides by compensation 

voltage is presented through comparisons of the SICV of selected monomer and dimer ion 

species acquired in the positive CV range for monomers and in the negative CV range for 

dimers. 
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Figure 3.6 shows the SICV of selected adduct forms for three isomeric hexoses—

mannose, glucose, and galactose—individually analyzed. Each spectrum was acquired from CV 

0 to 10 V, considering that monomer adduct ions are isolated in this CV range.  Figure 3.6A 

shows the SICV spectra of the most abundant ammonium adduct ion with m/z 198 for mannose, 

glucose, and galactose. Mannose could be separated from glucose and galactose to almost 

baseline resolution; however, the ammonium adduct ions of the remaining two were transmitted 

through FAIMS at very similar CV values. Therefore, separation of glucose and galactose 

ammonium adducts was unachievable under the conditions established.  

 Mannose is an epimer of glucose differing at carbon 2 (C2), while galactose is an epimer 

of glucose differing at carbon 4 (C4). The significant separation of mannose from the remaining 

two hexoses suggests that the position of the hydroxyl group at C2 significantly affects the 

differential ion mobility of the ammonium adduct ion, whereas differential ion mobility is 

slightly affected by the position of the hydroxyl group at C4. 
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Figure 3.6: Comparison of the SICV spectra of adduct ions in mannose, glucose, and galactose 

samples analyzed individually by ESI-FAIMS-MS. (A) SICV spectra of the ammonium adduct 

with m/z 198; (B) SICV spectra of the sodiated adduct with m/z 203; (C) SICV spectra of 

potassium adduct with m/z 219.  
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Figure 3.6B and C are SICV spectra for the transmission of selected sodium and 

potassium monomer adducts with m/z 203 and 219 for the three hexoses. It is shown that the 

ability to separate mannose from glucose and galactose was less resolved using sodium and 

potassium adducts. However, the difference between the CV values at which these adducts were 

transmitted for glucose and galactose were relatively greater compared to ammonium adduct. For 

instance, glucose and galactose potassium adducts were transmitted at CV 8.9 and 8.3 V, 

respectively, differing by 0.6 V (Fig. 3.6C), whereas ammonium adducts were transmitted at a 

difference of 0.1 V (Fig. 3.6A). The introduction of metal cations form adducts with 

carbohydrate ions that changes the collisional cross section, which influences ion mobility and 

has been implicated in the development of IMS to resolve isomeric carbohydrates
52

. The results 

promote the possibility of improved separation of glucose and galactose by introducing alkali 

metal agents to the solution during sample preparation to encourage metal adduct formation that 

could enhance isomer separation.  

 Figure 3.7 presents SICV spectra for mannose, glucose and galactose, acquired from CV 

-10 to 0 V for selected dimer ions transmitted in this CV range. From the results shown, 

separation of glucose and galactose dimer ions could be achieved for sodium and potassium 

adducts as the CV values at which the adducts are transmitted were significantly different for the 

two isomers (Fig. 3.7 B and C). For instance, the abundant dimer ion with m/z 383 

corresponding to sodiated hexose dimer, is transmitted in a glucose sample at -1.1 V, while 

transmission in the galactose sample is at -2.7 V (Fig. 3.7B). The potassium dimer ions has the 

largest CV value separation for glucose and galactose at CV -0.9 V and -3.3 V, respectively  

(Fig. 3.7C). The differing size and shape of the ion due to the stereochemically dependent 

interaction contributes to the enhanced separation of the adducts
11

.  
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Figure 3.7: Comparison of SICV spectra acquired in the negative CV range detecting positive 

dimer ions from mannose, glucose and galactose samples analyzed individually. (A) SICV 

spectra of ammoniated dimer with m/z 378; (B) SICV spectra of sodiated dimer with m/z 383; 

(C) SICV spectra of potassium dimer with m/z 399. 
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 Although it is shown in Figure 3.7 that the CV values for the transmission of isomeric 

hexose dimers were separable, this was only achievable when the monosaccharides were 

individually introduced to the technique. The dimers detected were homodimers, where the 

neutral monosaccharide units were the same species. In the circumstance of a mixture of 

isomeric monosaccharides, heterodimers could form, where the neutral monosaccharide units are 

different species, in addition to homodimers with the same m/z value. Therefore, the CV values 

at which the dimers are transmitted for a mixture sample would be resultant of a mixture of 

hetero- and homodimers, increasing the complexity of separation and identification of dimer 

species. However, with extensive investigation, structural heterogeneity of sugar cluster ions can 

be distinguished as accomplished in a previous study by Li et al
11

. 

 3.3.2 Separation of isomeric acetylated amino sugars 

 In order to investigate the capability of ESI-FAIMS-MS to separate isomeric acetylated 

amino sugars, a series of SICV spectra of N-acetyl glucosamine and N-acetyl galactosamine for 

the transmission of m/z 222, 244, and 260 ions in the positive CV range were acquired 

individually for comparison, shown in Figure 3.8. Separation was achievable to baseline 

resolution using the transmission of the protonated ion (m/z 222), where protonated N-acetyl 

glucosamine ions were transmitted at CV 4.2 V and N-acetyl galactosamine at 2.4 V (Fig. 3.8A). 

Contrary to non-derivatized hexose samples, the separation of the isomers was less resolved 

using metal adduct species (Fig. 3.8B and C). 
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 N-acetyl glucosamine and N-acetyl galactosamine differ structurally at carbon 4. Unlike 

the underivatized glucose and galactose where a difference at C4 did not induce a significant 

change in differential ion mobility for separation, the acetyl group present in the amino sugars 

enhanced the influence of C4-epimer difference towards differential ion mobility, leading to the 

successful baseline separation of the isomeric ions. Derivatization has always been pursued in 

the analysis of monosaccharides since it improves differentiation of isomers and provides 

characteristic fragmentation patterns. The better separation of acetylated monosaccharides 

observed in my results supports the benefit of derivatization. 

 In the negative CV range, the transmission of selected dimer ions was compared for N-

acetyl glucosamine and N-acetyl galactosamine. Figure 3.9 shows the SICV spectra for m/z 443, 

460, 465, and 481 ions acquired through CV -10 to 0 V for the two isomeric monosaccharides. 

However, it was shown that separation of the dimer adducts in the negative CV range was not 

attainable, as the adduct forms for each sample were transmitted at very similar CV values under 

the set conditions.  
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Figure 3.8: Comparison of SICV spectra of N-acetyl glucosamine and N-acetyl galactosamine 

adducts analyzed individually by ESI-FAIMS-MS. (A) SICV spectra of protonated ion with m/z 

222; (B) SICV spectra of sodium adduct ion with m/z 244; (C) SICV spectra of potassium 

adduct ion with m/z 260.  
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Figure 3.9: Comparison of SICV spectra of positive dimer adducts of N-acetyl glucosamine and 

N-acetyl galactosamine. (A) SICV spectra of protonated dimer with m/a 443; (B) SICV spectra 

of ammonium adduct dimer with m/z 460; (C) SICV spectra of sodium adduct dimer with m/z 

465; (D) SICV spectra of potassium adduct dimer with m/z 481.  
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 A summary of the CV values at which selected adduct forms of each standard 

monosaccharide analyzed were transmitted is presented in the following tables. 

Adduct formation Analyte ion m/z Value CV value (V) 

Protonated ion 

   

 

[Rha+H
+
]

+ 
165 6.9 

 

[Gal+H
+
]

+ 
181 6.3 

 

[Glc+H
+
]

+ 
181 6.4 

 

[Man+H
+
]

+ 
181 4.6 

 

[GalNAc+H
+
]

+ 
222 2.4 

 

[GlcNAc+H
+
]

+ 
222 4.2 

Ammoniated ion 

   

 

[Rha+NH4
+
]

+ 
182 7.0 

 

[Gal+NH4
+
]
+ 

198 6.3 

 

[Glc+NH4
+
]
+ 

198 6.4 

 

[Man+NH4
+
]
+ 

198 4.6 

Sodiated ion 

   

 

[Rha+Na
+
]

+ 
187 7.8 

 

[Gal+Na
+
]

+ 
203 6.4 

 

[Glc+Na
+
]

+ 
203 6.7 

 

[Man+Na
+
]

+ 
203 6.4 

 

[GalNAc+Na
+
]

+ 
244 5.7 

 

[GlcNAc+Na
+
]

+ 
244 4.8 

Potassiated ion 

   

 

[Gal+K
+
]

+ 
219 8.3 

 

[Glc+K
+
]

+ 
219 8.9 

 

[Man+K
+
]

+ 
219 7.3 

 

[GalNAc+K
+
]

+ 
260 4.6 

  [GlcNAc+K
+
]

+ 
260 6.0 

 

Table 3.3: The CV values at which detectable adduct monomer ions were transmitted for six 

standard monosaccharides individually analyzed by ESI-FAIMS-MS in positive ionization mode. 
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Adduct formation Analyte ion m/z Value CV value (V) 

Protonated ion 

    

 

[2(GalNAc)+H
+
]

+ 
443 -2.5 

 

 

[2(GlcNAc)+H
+
]

+ 
443 -2.5 

 Ammoniated ion 

    

 

[2(Gal)+NH4
+
]

+ 
378 -3.3 (-5.2) 

 

[2(Glc)+NH4
+
]

+ 
378 -4.4 

 

 

[2(Man)+NH4
+
]

+ 
378 -4.1 

 

 

[2(GalNAc)+NH4
+
]

+ 
460 -2.4 

 

 

[2(GlcNAc)+NH4
+
]

+ 
460 -2.6 

 Sodiated ion 

    

 

[2(Rha)+Na
+
]

+ 
351 -0.7 

 

 

[2(Gal)+Na
+
]

+ 
383 -1.9 (-2.7) 

 

[2(Glc)+Na
+
]

+ 
383 -1.1 

 

 

[2(Man)+Na
+
]

+ 
383 -1.9 

 

 

[2(GalNAc)+Na
+
]

+ 
465 -2.7 

 

 

[2(GlcNAc)+Na
+
]

+ 
465 -2.8 

 Potassiated ion 

    

 

[2(Gal)+K
+
]

+ 
399 -3.3 

 

 

[2(Glc)+K
+
]

+ 
399 -0.9 

 

 

[2(Man)+K
+
]

+ 
399 -2.4 

 

 

[2(GalNAc)+K
+
]

+ 
481 -2.4 

   [2(GlcNAc)+K
+
]

+ 
481 -2.4   

 

Table 3.4: The CV Values at which detectable adduct dimer ions were transmitted for six 

standard monosaccharides individually analyzed by ESI-FAIMS-MS in positive ionization mode. 
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3.4 Analysis of a standard monosaccharide mixture by ESI-FAIMS-MS in  

positive mode 

 Subsequent to determining the CV values at which selected adduct ions are transmitted 

by acquiring for each monosaccharide individually, a mixture of standard monosaccharides 

containing Rha, Glc, Gal, Man, GlcNAc, and GalNAc was prepared using the same buffer 

solution at the same concentrations to investigate the capability of ESI-FAIMS-MS to separate a 

mixture of isomeric monosaccharides. Figure 3.10A represents the TICV spectrum of the 

mixture of standard monosaccharides acquired from CV 0 to 10 V. The total ion mass spectrum 

is shown in Figure 3.10B where the abundant ions for rhamnose, hexose, and acetylated amino 

sugars were detected with m/z 182, 198, and 222, respectively. Selecting for the transmission of 

m/z 222 ions, the CV values at which protonated acetylated amino sugar ions [HexNAc+H
+
]

+
 

were transmitted were at CV 2.1 V and 4.1 V (Fig. 3.11B). It was established that the m/z 222 

ions transmitted at 2.1 V corresponded to N-acetyl galactosamine, while the isobaric ions 

transmitted at 4.1V corresponded to N-acetyl glucosamine, according to Table 3.3. Figure 3.11C 

shows the SICV spectrum for the transmission of m/z 198 ions, which were transmitted at 5.1 V 

and 6.4 V, where mannose corresponded to the ammonium adduct ions at 5.1 V according to the 

relative distribution of ions established in Table 3.3. The ammonium adduct ions transmitted at 

6.4 V were glucose and galactose ions. Separation was unattainable as expected. 

 From the analysis of the mixture sample in the positive CV range where monomers were 

isolated under the established conditions, ESI-FAIMS-MS has the capability to separate mannose 

from isomeric hexoses, and separate N-acetyl glucosamine from N-acetyl galactosamine to 

baseline resolution.   
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Figure 3.10: Results of the analysis of a mixture of standard monosaccharides by ESI-FAIMS-

MS under optimized conditions. (A) TICV spectrum; (B) MS of total ions detected from CV 0 to 

10 V.  



63 
 

 

Figure 3.11: Separation of isomeric monosaccharides by FAIMS. (A) TICV spectrum of a 

mixture of monosaccharides; (B) SICV spectrum of protonated acetylated amino sugars with m/z 

222; (C) SICV spectrum of ammoniated hexose ion with m/z 198.  
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 Figure 3.12A represents the TICV spectrum of the mixture sample acquired from the CV 

range -10 to 0 V. Figure 3.12B is the MS spectrum of all detected ions in this range, where the 

presence of each monosaccharide was confirmed using the ions detected. As previously 

mentioned, a mixture of monosaccharides can form heterodimers, which was evident by the 

presence of m/z 419 and 424 ions corresponding to dimers containing hexose and acetylated 

amino sugar with an ionization agent, [Hex+HexNAc+NH4
+
]

+
 and [Hex+HexNAc+Na

+
]

+
 

respectively. Therefore, m/z values that correspond to homodimers of hexose such as 

[2Glc+Na
+
]

+
 with m/z 383 could also correspond to heterodimers of hexoses such as 

[Glc+Gal+Na
+
]

+
 with the same m/z value. As a result, the SICV spectra of the selected m/z for 

dimers presented broad unresolved peaks that were a combination of the homodimers and 

heterodimers, not useful for isomer separation. 
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Figure 3.12: Results of the analysis of a mixture of standard monosaccharides by ESI-FAIMS-

MS under optimized conditions. (A) TICV spectrum acquired from CV -10 to 0 V; (B) Total 

ions detected from CV -10 to 0 V.  
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3.5 Conclusion 

 As demonstrated in this chapter, the fundamental capability of the ESI-FAIMS-MS 

method operating in positive mode was investigated under the established conditions from 

chapter 2. Following the discovery of monomer species isolation in the positive CV range, 

investigation on the larger mass ions only detectable in the negative CV range identified these 

ions as cluster ions consisting of multiple neutral monosaccharide units with an ionization agent. 

The result of my research was the first proof of principle of intact multimer separation by 

FAIMS prior to dissociation due to fragile ion instability. In addition to the capability of 

multimer separation, different adduct forms detected for a single monosaccharide sample were 

transmitted through FAIMS at different CV values which promotes the potential of purposefully 

introducing specific ionization agents to induce specific adduct formation to enhance separation. 

In comparing the transmission of selected monomer adduct ions for isomeric monosaccharides, 

the ESI-FAIMS-MS method achieved baseline separation for isomeric acetylated amino sugars 

using the protonated ion [HexNAc+H
+
]

+
, and differentiated mannose from glucose and galactose 

using the ammonium adduct ion [Hex+NH4
+
]

+ 
in the positive CV range. However, glucose and 

galactose was not separable under the set conditions. The presence of heterodimers in addition to 

homodimers in the negative CV range complicated the SICV spectra of selected dimer adduct 

ions for isomer separation. Therefore, it was concluded that the negative CV range would not be 

a useful parameter for the separation of isomers, whereas the positive CV range shows great 

promise.   
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4.0 ANALYSIS OF STANDARD MONOSACCHARIDES IN NEGATIVE IONIZATION 

MODE USING ESI-FAIMS-MS  

 The ESI-FAIMS-MS technique is capable of analysis in negative mode when nanospray 

ionization is set to generate negative ion species. Analysis of both positive and negative ions can 

provide complementary information on monosaccharides. However, mass spectrometric 

investigations of negative monosaccharide ions are studied to a lesser extent in comparison to 

positive ions of such compounds
53

. Nonetheless, past studies have determined that isomeric 

aldohexoses, deoxyaldohexoses, as well as substituted sugars were differentiable by negative 

ions and fragmentation patterns using FAB
53

. To investigate thoroughly the fundamental 

capability of our analytical technique, standard monosaccharides were also analyzed by ESI-

FAIMS-MS in the negative mode. Optimization of the ESI-FAIMS-MS method for the analysis 

of negative monosaccharide ions was established in the same manner presented for positive ions 

in chapter 2.0. The optimal FAIMS conditions for negative ion analysis of monosaccharides 

were determined to be bias voltage of -130 V, dispersion voltage of -4000 V, 20% CO2 in N2 

carrier buffer gas composition at a flow rate of 2.0 L/min, while sample cone voltage and 

collision energy were set similarly to positive ion optimization. This chapter will present the 

results demonstrating the capabilities of the ESI-FAIMS-MS method applied to the analysis of 

standard monosaccharides when operating in negative ionization mode. 

4.1 Formation, separation and detection of negative monosaccharide ions in  

ESI-FAIMS-MS 

 In the analysis of a single monosaccharide sample by ESI-FAIMS-MS in negative mode, 

a wide range of ions was detected including monomer adduct ions as well as non-covalent 

multimer complexes. The larger mass ions which were multiple neutral monosaccharides with an 
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ionization agent were formed via hydrogen bonding due to the natural structure and composition 

of sugar compounds
54

. In the previous chapter, it was shown that our instrument was capable in 

the separation of positively charged cluster ion species from monomer ions when operating in 

positive mode. It was expected that ESI-FAIMS-MS operating in negative mode would be able 

to isolate negatively charged monomer ions from multimer ions likewise. 

 Figure 4.1 shows the TICV spectrum of a glucose sample acquired by scanning from  

CV -10 to 10 V while detecting negative ions transmitted at each CV value. Similar to the 

analysis of positive ions of a glucose sample, larger mass ions were separated from monomer 

species, and were detected only in the negative CV range. The absence of higher m/z ions in the 

positive CV range demonstrated in Figure 4.1B, which shows the MS spectrum acquired at CV 

5.9, indicated the isolation of monomer species in this range. In Figure 4.1C and D, the detected 

ions with m/z 359 corresponded to a dimer ion consisting of a neutral glucose molecule with a 

deprotonated glucose ion [2Glc-H]
-
. As observed in positive mode, the simultaneous detection of 

negative dimer ions with monomer ions suggested that the origin of the monomers was from the 

dissociation of dimers post transmission through FAIMS. Although the trimer ions were not 

detected at CV -6.7 V, following the pattern established for positive mode analysis, it was 

predicted that the detected dimers and monomers at this CV value originated from the 

dissociation of fragile larger multimers that could not remain intact for detection post 

transmission through FAIMS.  
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Figure 4.1: Results of the analysis of a glucose sample by ESI-FAIMS-MS method in negative 

ionization mode. (A) The TICV spectrum; (B) MS acquired at CV 5.9 V; (C) MS acquired at  

CV -1.9 V; (D) MS acquired at CV -6.7 V.  
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 According to Figure 4.2B, presenting SICV spectra for the transmission of deprotonated 

dimer ion [2Glc-H]
-
 with m/z 359 and deprotonated monomer ion [Glc-H]

-
 with m/z 179, the 

coinciding SICV spectra in the negative CV range further supports that the origin of 

simultaneously transmitted monomers and dimers were from the dissociation of larger multimer 

ions transmitted in this range.  

Figure 4.2: Comparison of the transmission of dimer and monomer adduct ions for the same 

glucose sample. (A) TICV Spectrum; (B) SICV spectra of deprotonated dimer ion with m/z 359 

and deprotonated ion with m/z 179. 
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Figure 4.3: Different ion distributions for different monosaccharide samples analyzed by ESI-

FAIMS-MS under the same conditions in negative mode. (A) TICV spectrum of rhamnose; (B) 

TICV spectrum of glucose; (C) TICV spectrum of N-acetyl glucosamine.  
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The TICV spectra acquired individually for a pentose, hexose, and acetylated amino 

sugar by scanning from CV -10 to 10 V when operating in negative mode are shown in Figure 

4.3. The mass spectral data obtained at positive CV values shown in the insets for each sample 

revealed that although ion intensity distributions differed for each sample, the isolating of 

monomers in the positive CV range happened for each monosaccharide sample. 

4.2 Adduct ions of monosaccharides in negative mode 

 4.2.1 Formation of adduct ions in the negative mode of ESI 

 Operation of ESI in the negative ionization mode promotes negative adduct species. 

Early applications of negative ionization techniques on simple monosaccharides revealed 

relatively intense peaks due to [M-H]
-
 deprotonated ions.  However, in comparison to ions in 

positive mode, the signal intensities of ions in the negative mode appeared lower according to 

previous studies. Subsequently, the stability of the deprotonated ion was rendered weak with the 

detection of fragment ions derived from the dissociation of the deprotonated carbohydrate ion
53

. 

Studies show that signal intensity of carbohydrates in negative mode improved with the 

introduction of acid radicals to enhance anion adduct formation
55,56

. Numerous methods using 

ESI in negative mode have been found to present adducts generated with acetate, halogens such 

as Cl
-
, Br

-
, and I

-
, as well as nitrate, sulfate, or phosphate ions

48
. Depending on the nature of the 

sample and solvent preparation, another commonly observed adduct ion is the formate adduct 

ions [M+CHO2
-
]

-
. In my research, the buffer solution used for sample preparation consists of 

ammonium acetate, thus resulting in the possible adduct formation of the analyte molecule with 

acetate ions [M+CH3COO
-
]

-
.   
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 4.2.2 Negative adduct ions of standard monosaccharides 

 Figure 4.4A-C show the total ion mass spectra for rhamnose, glucose, and N-acetyl 

glucosamine acquired during a scan from CV 0 to 10 V for each monosaccharide sample 

individually. The most abundant ion in rhamnose with m/z 163, glucose with m/z 179 and N-

acetyl glucosamine with m/z 220 corresponded to the deprotonated ion [Rha-H]
-
, [Glc-H]

-
  and 

[GlcNAc-H]
-
 respectively. Additionally, the acetate adduct [M+CH3COO

-
]
-
 and formate adduct 

[M+CHO2
-
]

-
 were also observed for each sample with m/z values 209 and 223 in Rhamnose, m/z 

225 and 239 in Glucose, and m/z 266 and 280 in N-acetyl glucosamine, respectively. Acetate 

adducts were expected to be observed at relatively high intensities in comparison to other anion 

adducts since the buffer solution used in sample preparation introduces acetate ions. In addition 

to the formation of [M-H]
-
 ions during ESI, the loss of acetic acid from the acetate adduct ion 

[M+CH3COO
-
]

-
 -CH3COOH could result in the deprotonated ion, thus contributing to the high 

signal intensity observed for deprotonated ions. In order to determine whether deprotonated ions 

were derived from acetate adduct ions, SICV spectra for the deprotonated and acetate adduct 

ions were compared and will be discussed in the next section (section 4.2.3). 
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Figure 4.4: Negative ions detected in positive CV values acquired in standard monosaccharide 

samples analyzed individually by ESI-FAIMS-MS. (A) MS of ions detected in rhamnose sample; 

(B) MS of ions detected in glucose sample; (C) MS of ions detected in N-acetyl glucosamine.  
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 The following tables summarize the observed m/z values for each individual 

monosaccharide sample with corresponding adduct ion species. Table 4.1 lists the monomer 

species detected in the positive CV range from 0 to 10 V, while table 4.2 lists the multimer 

species detected in the negative CV range from -10 to 0 V. The m/z value with the highest 

abundance for each monosaccharide sample is labelled with an asterisk.   

Monosaccharide Sample Adduct Ion m/z Value 

Rhamnose   

 [M-H]
-
 163* 

 [M+CHO2
-
]

- 
209 

 [M+CH3COO
-
]

- 
223 

Mannose/Glucose/Galactose   

 [M-H]
-
 179* 

 [M+Cl
-
]

- 
215 

 [M+CHO2
-
]

- 
225 

 [M+CH3COO
-
]

- 
239 

N-acetyl glucosamine/N-acetyl galactosamine   

 [M-H]
-
 220* 

 [M+CHO2
-
]

- 
266 

 [M+CH3COO
-
]

- 
280 

 

Table 4.1: A list of observed negative monomer ions detected in the positive CV range for 

standard monosaccharides analyzed using the ESI-FAIMS-MS method. (*Most abundant ion) 
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Monosaccharide Sample Adduct Ion m/z Value 

Rhamnose 
 

 

 [2M-H]
- 

327* 

Mannose/Glucose/Galactose   

 [2M-H]
-
 359* 

 [2M+Na
+
-2H]

-
 381 

 [2M+Cl
-
]

-
 395 

N-acetyl glucosamine/N-acetyl galactosamine 
 

 

 [2M-H]
- 

441* 

 [2M+Na
+
-2H]

- 
463 

 [2M+Cl
-
]

- 
477 

 

Table 4.2: A list of observed negative cluster ions detected in the negative CV range for 

standard monosaccharides analyzed using the ESI-FAIMS-MS method. (*Most abundant ion) 

 

 4.2.3 Separation of negative monosaccharide adduct ions using FAIMS 

 The most abundant monomer species detected were determined to correspond with 

deprotonated ions. With the presence of acetate adduct ions, there was a possibility that the 

deprotonated ion originated from the dissociation of acetate adduct ions. Similar to the 

investigation of the origin of the monomer ions in the negative range previously demonstrated, to 

determine whether the deprotonated ion was product ions of the acetate adduct, a comparison of 

the SICV spectra of the ions was assessed. As it was shown in the previous chapter for operation 

in positive mode, adduct ion separation was achievable by FAIMS. Figure 4.5 illustrates the 

SICV spectra for the m/z 179 ion which was the deprotonated ion, m/z 225 which was the 

formate adduct, and m/z 239 which was the acetate adduct ions for glucose acquired from CV 0 

to 10 V.  
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Figure 4.5: Results showing the transmission of different negative adduct ions from the same 

glucose sample. (A) TICV spectrum in the positive CV; (B) SICV spectrum of deprotonated ion 

with m/z 179; (C) SICV spectrum of formate ion with m/z 225; (D) SICV spectrum of acetate 

ion with m/z 239. 
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 The results show that the ion which contributed the most to the peak at CV 5.9 V in the 

TICV spectrum was the deprotonated ion m/z 179, which was transmitted at the highest intensity 

at 5.9 V (Fig 4.5B). Formate adduct ions were transmitted at CV 6.6 V, while acetate adducts 

were also transmitted at 5.9 V (Fig 4.5C and D). Acetate adduct ions were transmitted through 

FAIMS at the same CV value as deprotonated ions, which suggests that the deprotonated ions 

were derived from the dissociation of acetate adduct post transmission through FAIMS, resulting 

in the detection of both ions simultaneously.   

4.3 Separation of isomeric monosaccharides in negative mode 

 4.3.1 Separation of isomeric non-derivatized monosaccharides by FAIMS 

 The ability to separate isomeric monosaccharides using the transmission of negative ions 

through FAIMS was studied by comparing SICV spectra of isomeric ions acquired individually 

for monosaccharide samples. The results are shown in Figure 4.6, comparing the CV values at 

which adduct ions of three isomeric hexoses— mannose, glucose, and galactose —were 

transmitted when each sample was acquired individually. With the establishment of negative 

monomer ions isolated in the positive CV range, the SICV spectra for the detectable monomer 

ions were acquired in the experimental parameter of CV 0 V to 10 V. 
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Figure 4.6: Comparison of the SICV spectra of adduct forms in mannose, glucose and galactose 

samples analyzed individually by ESI-FAIMS-MS. (A) The SICV spectra of deprotonated ion 

with m/z 179; (B) The SICV spectra of formate adduct ion with m/z 225; (C) The SICV spectra 

of acetate adduct ion with m/z 239.  
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 Starting with the most abundant ions, the deprotonated ion with m/z 179 transmitted at 

CV 5.4, 5.9, 6.5 V for mannose, glucose, and galactose, respectively. Knowing that the 

deprotonated ion originated from the acetate adduct, it was expected that the separation of 

acetate adducts through FAIMS would be the same, as proven in Figure 4.6C. In contrast to the 

results from the investigation of isomeric hexose using positive ions, the separation of mannose 

from glucose and galactose using negative ions was less resolved in the negative mode. 

However, better separation was observed for glucose and galactose in negative mode compared 

to the overlap observed in the positive mode. This suggested that the shape and configuration 

established by the formation of acetate adduct ion was influenced by the position of the hydroxyl 

group at C4, resulting in a greater difference in differential ion mobility for glucose and 

galactose through FAIMS. 

 Figure 4.6B is the SICV spectrum for the transmission of the formate adduct ion with m/z 

225 for the three hexoses. It is shown that separation of glucose and galactose was less distinct 

using the transmission of formate adducts. For instance, glucose and galactose formate adducts 

were transmitted at CV 6.6 and 7.0 V, respectively, differing by 0.4 V, whereas deprotonated 

ions and acetate adduct ions were transmitted at CV 5.9 and 6.5 V with a difference of 0.6 V. 

The results proposed that ESI-FAIMS-MS was capable in separating glucose and galactose in the 

negative mode.  
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 Similar to positive mode, the separation of isomer cluster ions transmitted in the negative 

CV range was applicable only when the monosaccharides were individually analyzed and 

acquired for comparison. In a mixture of isomeric monosaccharides, heterodimers formed in 

addition to homodimers were transmitted at different CV values although possessing the same 

m/z value. The potential of overlapping CV transmissions would increase the complexity of the 

separation and identification of these species. Therefore, the use of dimers and monomers 

transmitted in the negative CV range would again not be the choice for isomer differentiation 

unless structural heterogeneity of the sugar cluster ions was further investigated using ESI-

FAIMS-MS. 

 4.3.2 Separation of isomeric acetylated amino sugars 

 Following the same experimental procedures to study the separation of isomeric 

acetylated amino sugars in positive mode, SICV spectra of N-acetyl glucosamine and N-acetyl 

galactosamine were acquired individually by ESI-FAIMS-MS operating in negative mode. 

Figure 4.7A-C shows the comparison of SICV spectra for m/z220, 266 and 280 ions 

corresponding to deprotonated ion, formate adduct, and acetate adduct ions for acetylated amino 

sugars, respectively. Unlike the results obtained in positive mode, baseline separation was not 

achievable under the experimental conditions set for ESI-FAIMS-MS operating in the negative 

mode using any adducts formed.  
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Figure 4.7: Comparison of SICV spectra of N-acetyl glucosamine and N-acetyl galactosamine 

adducts analyzed individually by ESI-FAIMS-MS. (A) SICV spectra of deprotonated ions with 

m/z 220; (B) SICV spectra of formate ions with m/z 266; (C) SICV spectra of acetate ions with 

m/z 280.  
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 The following table summarizes the CV values at which the detectable negative adduct 

ions were transmitted using the ESI-FAIMS-MS in negative mode. 

Adduct formation Analyte ion m/z Value CV Value (V) 

Deprotonated ion 

    

 

[Rha-H] 
- 

163 6.2 (7.4) 

 

[Gal-H] 
- 

179 6.5 

 

 

[Glc-H] 
- 

179 5.9 

 

 

[Man-H] 
- 

179 5.4 

 

 

[GalNAc-H] 
- 

220 3.6 

 

 

[GlcNAc-H] 
- 

220 3.8 

 Acetate adduct ion 

    

 

[Rha+CH3COO
-
]
 - 

223 6.2 

 

 

[Gal+CH3COO
-
]

 - 
239 6.5 

 

 

[Glc+CH3COO
-
] 

- 
239 5.9 

 

 

[Man+CH3COO
-
]

 - 
239 5.4 

 

 

[GalNAc+CH3COO
-
] 

- 
280 3.6 

 

 

[GlcNAc+CH3COO
-
]

 - 
280 3.8 

 Formate adduct ion 

    

 

[Rha+CHO2
-
] 

- 
209 7.3 

 

 

[Gal+CHO2
-
] 

- 
225 7.0 

 

 

[Glc+CHO2
-
] 

- 
225 6.6 

 

 

[Man+CHO2
-
] 

- 
225 6.2 

 

 

[GalNAc+CHO2
-
] 

- 
266 4.1 

 

 

[GlcNAc+CHO2
-
] 

- 
266 4.1 

 Chloride adduct ion 

    

 

[Gal+Cl
-
] 

- 
215 7.8 

 

 

[Glc+Cl
-
] 

- 
215 7.5 

 

 

[Man+Cl
-
] 

- 
215 6.9 

 

 

[GalNAc+Cl
-
] 

- 
256 4.6 

   [GlcNAc+Cl
-
] 

- 
256 4.8   

 

Table 4.3: The CV values at which detectable adduct monomer ions were transmitted for six 

standard monosaccharides analyzed individually by ESI-FAIMS-MS in negative ionization mode. 

 
  



84 
 

Adduct formation Analyte ion m/z Value CV Value (V) 

Deprotonated ion 

    

 

[2(Rha)-H] 
- 

327 -0.5 

 

 

[2(Gal)-H] 
- 

359 -1.4 

 

 

[2(Glc)-H] 
- 

359 -1.4 

 

 

[2(Man)-H] 
- 

359 -1.7 

 

 

[2(GalNAc)-H] 
- 

441 -1.3 

 

 

[2(GlcNAc)-H] 
- 

441 -0.7 (-1.9) 

Acetate adduct ion 

    

 

[2(Gal)+CH3COO
-
] 

- 
419 -2.0 

 

 

[2(Glc)+CH3COO
-
] 

- 
419 -1.8 

 

 

[2(Man)+CH3COO
-
] 

- 
419 -4.0 

 Sodium adduct ion 

    

 

[2(GalNAc)+Na
+
-2H]

 - 
463 -1.9 

   [2(GlcNAc)+Na
+
-2H] 

- 
463 -1.7   

 

Table 4.4: The CV values at which detectable adduct dimer ions were transmitted for standard 

monosaccharides analyzed individually by ESI-FAIMS-MS in negative ionization mode. 

 

 

4.4 Analysis of a standard monosaccharide mixture by ESI-FAIMS-MS in  

negative mode 

 Proceeding with the determination of the transmission of ions for each monosaccharide 

acquired individually, a mixture of the standard monosaccharides containing rhamnose, glucose, 

galactose, mannose, N-acetyl glucosamine and N-acetyl galactosamine was prepared using the 

same preparation methods to investigate the capability of ESI-FAIMS-MS in the analysis of a 

mixture of monosaccharides. Figure 4.8A represents the TICV spectrum of the mixture of 

standard monosaccharides acquired from CV 0 to 10 V. The total ion mass spectrum is shown in 

Figure 4.8B where the abundant ions for rhamnose, hexose, and derivatized amino sugars are 

detected at m/z 163, 179, and 220, respectively. As expected, formate adducts and acetate 

adducts were also observed for each monosaccharide.  
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Figure 4.8: Results of the analysis of a mixture of standard monosaccharides by ESI-FAIMS-

MS under optimized conditions. (A) TICV spectrum; (B) MS of total ions detected from CV 0 to 

10 V. 
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 To observe the separation of hexoses acquired simultaneously, a SICV spectrum for the 

transmission of m/z 179 ion was acquired (Fig. 4.9B) as well as for the transmission of m/z 239 

ions (Fig. 4.9C). In both spectra, the separation of glucose and galactose was attainable where 

glucose was transmitted at CV 5.9 V, while galactose transmitted at 6.4 V and beyond. Although 

less resolved, the transmission of mannose could be distinguished at 5.4 V and lower. N-acetyl 

glucosamine and N-acetyl galactosamine were determined to be not separable by CV 

transmission as shown by the previous section and the detection of a single peak in the SICV 

spectrum for the transmission of m/z 220 ions corresponding to [HexNAc-H]
-
 (Fig. 4.9D).  

 The TICV spectrum of the mixture sample acquired from the negative range of CV -10 to 

0 V is shown in Figure 4.10A, with the total ions detected shown in a mass spectrum shown in 

Figure 4.10B. Dimers detected had m/z values of 359, 441, and 400, corresponding to [2Hex-H]
-
, 

[2HexNAc-H]
-
 , and [Hex+HexNAc-H]

- 
respectively. As previously mentioned, a mixture of 

monosaccharides could form heterodimers, which was evident with the presence of m/z 400 ions. 

Therefore, m/z 359 and m/z 441 ions could be either homodimers or heterodimers consisting of 

isobaric monosaccharide units. A mixture of heterodimers and homodimers with similar CV 

values increases the complexity of the separation and assignment of monosaccharide 

identification based on the CV transmission of selected m/z ions. However, the heterogeneity 

could serve as an analytical property for the identification of stereoisomers when structural 

assignments are made with extensive investigation, as shown in a study by Li et al
11

. In the 

meantime, under the conditions established for the ESI-FAIMS-MS method operating in 

negative mode, the separation of isomeric monosaccharides was unattainable using the 

transmission of dimer ions in the negative CV range. 
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Figure 4.9: Separation of isomeric monosaccharides by FAIMS. (A) TICV spectrum of a 

mixture of monosaccharides; (B) SICV spectrum of deprotonated hexose ions with m/z 179; (C) 

SICV spectrum of acetate hexose ions with m/z 239; (D) SICV spectrum of deprotonated amino 

sugars with m/z 220. 
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Figure 4.10: Results of the analysis of a mixture of standard monosaccharides by ESI-FAIMS-

MS under optimized conditions. (A) TICV spectrum acquired from CV -10 to 0 V; (B) Total 

ions detected from CV -10 to 0 V. 
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4.5 Conclusion 

 As demonstrated in this chapter, the fundamental capability of the ESI-FAIMS-MS 

method operating in negative mode was investigated under established instrumental conditions. 

Similar discoveries made in positive mode were demonstrated in the negative mode. From the 

results, the capability of FAIMS to separate negative multimers was demonstrated as monomer 

ions could also be isolated in the positive CV range when the method was operating in negative 

mode. In addition to the deprotonated ions commonly observed in the analysis of 

monosaccharides, various ions were detected from a single monosaccharide sample such as 

acetate adducts [M+CH3COO
-
]

-
 and formate adducts [M+CHO2

-
]

-
, which were transmitted at 

different CV values for each monosaccharide sample. In comparing the transmission of acetate 

adduct ions and deprotonated ions of isomeric hexoses (mannose, glucose and galactose), 

differentiation of glucose and galactose by the CV values at which each monosaccharide was 

transmitted through FAIMS was accomplished and verified when the separation of glucose and 

galactose was observed for a mixture of these sugars. Although the separation of mannose from 

glucose and galactose was less resolved using negative ions relative to using positive ions, 

differentiation was still attainable. On the contrary, N-acetyl galactosamine and N-acetyl 

glucosamine which were separated at baseline resolution in positive mode was not separable by 

the ESI-FAIMS-MS method operating in negative mode. Lastly, the detection of homodimers 

and heterodimer ions complicate the separation of isomers in the negative CV range, thus it was 

concluded that the experimental parameters in negative mode for the separation of 

monosaccharide isomers was the positive CV range under the set conditions for  

ESI-FAIMS-MS.  
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5.0 SIGNIFICANCE AND FUTURE WORK 

 A classic example of a challenging group of molecules for analysis, yet one of the most 

involved biomolecules in a widespread of biological activities and structures, would be 

carbohydrates. The ubiquity of this class of compound in a variety of industries emphasizes the 

essential need to develop efficient and reliable methods of analysis to understand the complex 

structural composition of saccharides. One important characteristic that carbohydrate analysis 

strives to identify is the monosaccharide composition of the complex sugar. As the use of mass 

spectrometry towards structural identification and differentiation of monosaccharides using 

fragmentation patterns continue to advance, the isomeric nature puts forward an undeniable 

question of whether the precursor ion associated with the dissociation pattern observed was in 

fact just one isomer. This uncertainty accentuates the importance of a separation technique in the 

analytical method which is crucial in the analysis of mixture samples containing isomeric 

monosaccharides. Conventional chromatographic separation techniques such as LC and GC have 

the ability to resolve monosaccharide isomers preceding mass spectral analysis; however, 

complicated multi-step sample preparation, difficult reproducibility with precision among 

laboratories, and limited sample throughput using these methods gives way for potential 

techniques such as differential ion mobility separation
11

.  Our research anticipated to contribute 

to the advancement of monosaccharide composition analysis using a unique analytical method 

incorporating the generation of ions by ESI, separation by FAIMS, and mass detection through 

QTOF-MS. 

 From the results of my research, the fundamental capabilities of the ESI-FAIMS-QTOF-

MS instrument, which is a relatively new technique in regards to monosaccharide analysis, was 

demonstrated when operating in positive and negative mode. Favourable conditions and 
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adjustable settings to operate the instrument for the analysis of monosaccharide sample were 

established in my research. Under the determined conditions, the discovery of a wide range of 

ions originating from a lone monosaccharide sample including ions containing neutral molecules 

with an ionizing agent demonstrated the capability of this methodology to preserve fragile 

compounds. Following the identification of monomer monosaccharide ions, the transmission 

through FAIMS of these monomer species was found to be isolated from larger mass ions in the 

positive CV range. Thus, the experimental parameters for the investigation of monomer species 

was determined to be in the CV range from 0 V to 10 V. In the negative CV range from -10 V to 

0 V, larger mass ions were detected in addition to monomers. Further investigation on the ions 

with higher m/z values, only detected in the negative CV range, revealed the capability of our 

method to detect and separate multimer ions consisting of multiple neutral monosaccharide units 

agglomerated with an ionizing agent, such as dimer and trimers. The proof of principle of fragile 

intact multimer separation by FAIMS prior to dissociation resulting in simultaneous detection of 

dimer and monomer ions in the negative CV range was demonstrated for the first time in my 

research. 

 Subsequent to the discovery of the capability of FAIMS to separate multimer species by 

differential ion mobility, the separation of different adduct ion forms of monomers was 

investigated. The results of my research showed the transmission of adduct forms through 

FAIMS differs with ionizing agents. Using the transmission of selected adduct forms in the 

positive CV range corresponding to monomer species, such as ammoniated hexose ions 

[Hex+NH4
+
]

+
, mannose was separable from glucose and galactose in a mixture sample by ESI-

FAIMS-MS operating in positive mode. Furthermore, isomeric N-acetyl glucosamine and N-

acetyl galactosamine was separable under the same conditions to baseline resolution.  
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When ESI-FAIMS-MS was operating in negative mode, the separation of mannose from isomer 

hexoses was less resolved, and acetylated amino sugar isomers were not separable. However, 

better separation of glucose and galactose was observed under the established conditions. 

Therefore, through the investigation of the fundamental capabilities of the ESI-FAIMS-MS 

method, it was concluded that this method was capable of rapid separation of underivatized 

monosaccharide isomers which has been a continuous challenge for conventional techniques.  

 Among results that demonstrated the capabilities of FAIMS, there were observations that 

propose future work for further investigation. When operating in positive mode, it was observed 

that alkali metal adduct forms, such as sodiated monomer ions [M+Na
+
]

+ 
and potassiated 

monomer ions [M+K
+
]
+
, provided better separation of isomeric monomer ions. This suggests that 

future work can be done to investigate the introduction of specific ionization agents during 

sample preparation to induce the generation of specific adduct forms which can potentially 

enhance separation resolution. Throughout my research, the analysis of acetylated amino sugar 

samples demonstrated that not only can the ESI-FAIMS-MS method separate underivatized 

isomers, it can also detect and separate modified monosaccharides. The separation of 

monosaccharides acetylated at a single location was better resolved by the method relative to 

underivatized isomers in the positive mode. This led to the prediction that this methodology 

would be capable of separating derivatized monosaccharides, which are fully acetylated, at even 

better resolution. By broadening the variety of monosaccharides sampled, underivatized and 

derivatized, it could further build on the list of fundamental capabilities of the ESI-FAIMS-MS 

method towards monosaccharide analysis. 

 The instrument used in my research was a relatively older prototype. Current 

advancements and development on differential ion mobility separation devices have 
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accomplished enhanced resolution. With the established fundamental capabilities of FAIMS 

demonstrated in my research, it is anticipated that current up-to-date devices hold potential for 

the analysis of monosaccharides with improved performance. The next challenge of 

monosaccharide composition analysis that still prevails today is the detection and identification 

of modified monosaccharides. Considering the capabilities of the ESI-FAIMS-MS method 

shown in my research, the methodology shows great promise for the analysis of modified sugars. 

Recently in our research group, a study incorporating ESI-FAIMS-MS in the separation of 

isomers of the same monosaccharide phosphorylated at different carbon positions revealed 

successful resolution of peaks corresponding to the isomers. Future works of the ESI-FAIMS-

MS method for monosaccharide analysis could assist in providing corroborative information 

towards the mass determination, structural characteristics, and decrease identification 

ambiguities during monosaccharide composition analysis of saccharides isolated from bacterial 

cell surfaces. The research will expand the knowledge of specific modifications existent on 

capsular polysaccharides, which will consequently assist with the development of a conjugated 

vaccine encompassing the identified sugars.
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