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ABSTRACT 
 

 
      In order to differentiate the C1- and C2-13C labeled glucose isotopomers for 

metabolism studies in mosquitoes, a derivatization method is applied to chemically 

modify the glucose molecules. Then the derivatized C1 and C2 labeled glucose can be 

differentiated by tandem mass spectrometry, even though they have the same molecular 

weight. Based on the fragmentation mechanism of the derivatized glucose, a multiple 

reaction monitoring method is developed to quantify the C1- and C2-13C labeled glucose, 

with deuterated glucose as the internal standard. Considering this “isotopic effect”, a 

correction factor is introduced to make the quantification more accurate. 

       Based on the fragmentation of cross-linked amino acids (pyridinoline (PYD) and 

deoxypyridinoline (DPD)), a precursor ion scan method is developed to detect DPD and 

PYD from a complex matrix. DPD is detected in a hydrolyzed mouse ventricle collagen 

sample using the precursor ion scan method. The study shows the potential to investigate 

the relation between cross-linking in ventricle collagen and heart disease by using mass 

spectrometry. 

        A desorption electrospray ionization (DESI) source is constructed. A series of 

peptides and proteins are successfully ionized by it, although ionization is less efficient 

for large proteins. The charge distribution and peak width in a DESI mass spectrum is 

condition sensitive, and it is quite different from that in an ESI mass spectrum. The 

investigation of the sample surface effect shows that self assembled monolayer (SAM) 

surfaces produce the best signal, while bare gold surfaces produce the worst. It is 

proposed that this is due to the lower electron transfer on SAM film which allows more 

ions  to survive.  
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Chapter 1  

INTRODUCTION 

 

1.1 Overview 

The research presented in this thesis falls into the field of analyzing biomolecules by 

mass spectrometry (MS) and tandem mass spectrometry (MS/MS). Specifically, the 

research focuses on the following three areas: 1) Differentiation and quantification of 

13C-labeled glucose molecules for metabolism studies in mosquitoes; 2) Characterization 

of cross-linked collagen proteins by analysis of their cross-linked amino acids; 3) 

Analysis of peptides and proteins by desorption electrospray ionization (DESI) mass 

spectrometry. 

How to differentiate and quantify the various 13C-labeled carbohydrate molecules is 

an important and challenging problem in studies of biological metabolism pathways, 

because the metabolism studies of mosquitoes might be used develop a bio-rational 

method to control the mosquito populations. A mild chemical derivatization method is 

applied to modify the 13C-labeled glucose in order to make C1 labeled glucose 

distinguishable from C2 labeled glucose by MS/MS. Based on the fragmentation patterns 

of derivatized glucose, a quantification method is developed to quantify those 

isotopomers by running multiple reaction monitoring scan mode (MRM) on a Q-trap 

mass spectrometer. Although C1 labeled glucose and C2 labeled glucose have the same 

molecular weight and molecular structure, derivatization at C1 yields a structure for 

which fragmentation distinguishes C1 labeled from C2 labeled glucose. 
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Collagen proteins are the most abundant proteins in the human body, and their most 

important function is to provide mechanical support for tissues and organs. The proper 

functioning of collagen proteins is strongly related to the extent and structure of cross-

linking in the collagen protein. An HPLC-MS method on a Q-TOF mass spectrometer is 

applied to analyze the intact collagen protein. An MS/MS method on a Q-trap instrument 

is developed to characterize the cross-linked amino acids in the protein. Overall, the 

study shows an example of how mass spectrometry can be used to characterize protein 

cross-linking features and expands the understanding of collagen protein structures. 

A Desorption electrospray ionization (DESI) source makes it possible to introduce 

biomolecules into gas phase under ambient pressure from a surface. A DESI source is 

designed and constructed in our lab. It is used to analyze several peptides and proteins 

deposited on different substrate surfaces. The initial results obtained from the 

experiments are valuable for further investigations of ionization mechanisms of DESI and 

coupling DESI to an electromigration separation technique based on the silica colloids. 

 

1.2 Introduction to Mass Spectrometry 

Because the research in the thesis uses mass spectrometry as the major analytical 

tool, a brief introduction to mass spectrometry is provided. Mass spectrometry has 

become one of the most widely used analytical tools in chemistry, biological sciences, 

medical sciences and related industries today since its invention by Joseph J Thomson in 

1912, and especially since the introduction of soft ionization techniques two decades ago. 

Mass spectrometry is capable of providing critical information about molecular weight, 

chemical composition, molecular structure, quantitative composition of complex mixtures, 
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isotope ratios and more for both small and large molecules. Mass spectrometry also bears 

the advantages of high sensitivity and high speed analysis [1]. 

A single-stage mass spectrometer is composed of three parts: an ionization source 

that introduces the sample into the gas phase; a mass analyzer that separates the ions that 

form at the source based on their mass-to-charge (m/z) ratio; and a detector that counts 

the number of ions. The more advanced tandem mass spectrometer is more powerful for 

obtaining structural information about the sample. A tandem mass spectrometer has two 

mass analyzers, and a collision cell between the two mass analyzers where ions from the 

first mass analyzer collide with neutral gas molecules and get fragmented. The fragments 

are analyzed by the second mass analyzer, which can provide detailed structural 

information based on the mass-to-charge ratio of the fragment pieces. 

1.2.1 Soft Ionization Methods 

Electrospray ionization (ESI) and matrix-assisted laser desorption ionization 

(MALDI) are two of the most important soft ionization methods today in modern mass 

spectrometry. The invention of ESI and MALDI has brought mass spectrometry into a 

new era.  

 

FIGURE 1.1. A schematic diagram of an electrospray ionization source (ESI) 
interface (figure from www.bris.ac.uk/nerclsmsf/techniques/hplcms.htmL) [6]. 

http://www.bris.ac.uk/nerclsmsf/techniques/hplcms.html
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John Fenn, the co-recipient of the 2002 Nobel Prize in Chemistry, made significant 

contributions to the development of ESI [2]. At present, ESI is the most heavily applied 

atmospheric pressure ionization (API) method and the method of choice for liquid 

chromatography mass spectrometry (LCMS) coupling that has become a key analytical 

technology in chemistry, biology, medicine and industry [1, 3]. The mechanism of ESI 

has been widely studied [1, 4, 5]. The most critical question is how analytes are 

transformed from the solution phase to the gas phase in a mass spectrometer. In ESI, ions 

are formed directly from the sample solution to the mass spectrometer under atmospheric 

pressure through a capillary where a high voltage (2~5 kV) is applied relative to the 

sample inlet, as shown in Figure 1.1. It is accepted that highly charged droplets can be 

formed from the sample solution under a strong electric field. However, there are 

different models to describe what happens after the highly charged droplets have been 

formed. An early model called the charged-residue model (CRM), assumes that the 

successive loss of all solvent molecules under heat through evaporation would shrink the 

size of the droplet until the droplet is small enough to contain just one analyte molecule. 

The charges of the ultimate small droplet are then retained by the molecule, and the gas-

phase ion is formed [7-9]. A later theory, ion evaporation model (IEM), describes the 

formation of ions as direct evaporation from the surface of highly charged microdroplets 

[10, 11]. In IEM model, the droplets keep shrinking through evaporation, resulting in 

increasing charge density on the droplet surface, which causes the ions to escape from the 

solution phase before the droplet breaks up into small ones [12].  
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One of characteristics of ESI is that ions formed from ESI can be multiply charged, 

which expands the mass range of analyte that can be detected by the analyzers with a low 

limit of mass-to-charge (m/z) ratio. This feature is especially useful for the analysis of 

large proteins [13]. ESI is also a “soft” ionization source, which means that the non-

covalent interactions in complexes could be preserved, making ESI suitable to study 

protein complexes [14, 15]. Besides large proteins, ESI is widely used in the analysis of 

small molecules [16], metal complexes [17], DNA and RNA [18], oligosaccharides [19] 

and more. Because ESI is capable of ionizing the sample from the solution, it is often 

coupled with chromatographic separations such as high performance liquid 

chromatography (HPLC) or capillary electrophoresis (CE) [20]. ESI can be operated 

under either positive mode or negative mode. The presented research is done under 

positive mode. 

Another commonly used ionization source without introducing extensive 

fragmentation is MALDI (Figure 1.2). In MALDI, the analyte is co-crystallized with 

organic matrix molecules, usually conjugated aromatic compounds, like sinapinic acid, 

dithranol, nicotinic acid and so on [22]. The matrix is believed to serves as the proton 

donor or acceptor to ionize the analyte under either positive or negative mode, 

respectively, as well as to absorb light of the wavelength which is used for the laser 

source [23], for example, 337 nm for nitrogen laser. The mechanism of MALDI is not 

completely clear yet. A recent model called the “cluster model” proposes that charged 

clusters containing analytes, matrix molecules and contaminants are formed upon laser 

desorption, and the clusters will evaporate in a short time by neutral loss of matrix 

molecules, hence analyte ions are formed through ion-ion or neutral-ion interactions in 
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the clusters [24]. MALDI usually generates singly charged ions, although doubly charged 

ions are formed occasionally. Because the matrix peaks also appear in the mass spectra, 

MALDI is not suitable to study molecules below ~ 800 Da due to the potential 

interference from the matrix peaks. It is worth noting that MALDI is especially useful for 

the analysis of synthetic polymers, because the repeated pattern in the mass spectrum can 

be used unambiguously to determine the mass of the repeating unit, ending group and the 

mass distribution of the polymer [25, 26]. 

 

FIGURE 1.2. A schematic diagram of matrix assisted laser desorption ionization 
(figure from http://www.chm.bris.ac.uk/ms/theory/maldi-ionisation.htmL) [21]. 
 

    A more recently developed ionization called “desorption electrospray ionization” 

(DESI) is able to desorb and ionize samples from a surface. And the DESI-MS spectrum 

has similar features to those of the ESI-MS spectrum. A more detailed introduction of 

DESI will be delivered in Chapter IV (Section 4.1). 
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1.2.2 Mass Analyzers 

The mass analyzer is a key part of a mass spectrometer. There are numerous mass 

analyzers available to satisfy different purposes. In the present study, multiple mass 

spectrometers are used, so a brief introduction of the mass analyzers is included below. 

 

Linear quadrupole mass analyzer and triple quadrupole mass spectrometer 

A linear quadrupole mass analyzer (Figure 1.3) is composed of two parallel pairs of 

metal rods. Its capacity for filtering mass is achieved by applying both DC and RF on the 

rods. Positive DC is applied on one pair, and negative DC is applied on the other. RF is 

applied on all rods with the same amplitude but 180o out of phase. The amplitude of DC 

and RF is gradually increasing in order to pass the ions at different m/z values, since the 

ion of a particular m/z value can be transmitted at a given DC and RF voltage. During the 

scan, the ratio of DC and RF is kept constant in order to keep the same resolution. 

Usually a linear quadrupole mass analyzer has an upper m/z limit of ~ 4000. Because a 

linear quadrupole mass analyzer is a continuous mass analyzer, it is very convenient to 

couple it with an ESI source and HPLC [28].  
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FIGURE 1.3. A schematic diagram of a quadrupole mass analyzer (figure from 
http://www.ivv.fraunhofer.de/ms/ms-analyzers.htmL) [27]. 

 

A tandem mode of linear quadrupole mass analyzers called triple quadrupole mass 

spectrometer (QqQ) is often used due to its versatile scan modes available for various 

purposes. A typical triple quadrupole mass spectrometer consists of three quadrupole 

mass analyzers, namely Q1, Q2 and Q3. Q1 and Q3 serve as normal quadrupole mass 

analyzers, while Q2 operates in RF only mode and can be filled with collision gas and 

acts as a collision cell to fragment the ions from Q1 (Figure 1.4). A QqQ instrument can 

perform the following scan modes: product ion scans (MS2), precursor ion scans, neutral 

loss scans and multiple reaction monitoring scans (MRM). The present research took 

advantage of all those scan modes. 

 



 20

 

FIGURE 1.4. A schematic diagram of a triple quadrupole mass spectrometer (figure 
from http://www.waters.com) [29]. 

 

In a product ion scan, DC and RF are fixed for Q1 in order for an ion of a particular 

m/z value to pass through. The selected ion is then fragmented in the collision cell by 

colliding with neutral gas molecules, and Q3 scans to analyze the fragment ions. The 

resulting spectrum will be a typical MS/MS spectrum. This scan mode is very useful to 

study the fragmentation behavior of a certain ion of interest. 

A precursor ion scan fixes the DC and RF of Q3 to ensure that only a fragment ion 

of a particular m/z value will be transmitted. Q1 scans to transmit ions with a range of 

m/z values into the collision cell. Only the ions that produce that specific fragment ion 

will show up in the resulting spectrum. This scan mode is usually employed to extract 

some targets from a complex matrix that can generate a specific fragment structure. 

In a neutral loss scan, both Q1 and Q3 scan and transmit ions, however, the mass 

offset between Q1 and Q3 is fixed, hence only the ions that can produce a specific neutral 

loss will finally lead to a signal at the detector. This scan mode is especially useful to 

search a series of analytes that bear some identical structural features. For example, when 

phosphorylated peptides or proteins get fragmented, they tend to produce a neutral loss of 

the phosphate group (96 Da). The neutral loss scan is widely used in studies of post 

translational modification (PTM) of peptides or proteins [30]. 
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In a multiple reaction monitoring (MRM) scan or selected reaction monitoring 

(SRM) scan, Q1 and Q3 are synchronized to transmit the specific ion pairs of interest. A 

signal is detected only when both precursor ion and fragment ion match the set m/z 

values. The advantage of MRM is that it is able to study multiple fragmentation pathways 

but largely exclude the interferences from the unwanted contaminant ions. The present 

study applied the MRM scan to quantify the 13C-labeled glucose isotopomers. 

 

Quadrupole ion trap (QIT) and linear ion trap mass analyzers (LTQ) 

A quadrupole ion trap mass analyzer is made up of a hyperbolic ring electrode and 

two hyperbolic end-cap electrodes (Figure 1.5). Ions can be trapped in the central area by 

applying a three-dimensional electric field with the assistance of collisional cooling by 

helium gas. In MS mode, RF is applied on the ring electrode. Ions of different m/z values 

are ejected out sequentially from low m/z to high m/z by increasing the amplitude of the 

RF voltage. In collision-induced dissociation (CID), ions are activated resonantly by 

applying an additional RF voltage on the end-cap electrodes [31]. QIT mass analyzers are 

relatively small, cheap and easy to use, with unit resolution. However, the QIT has an 

intrinsic low mass cutoff so that ions below a certain m/z values cannot be trapped.  And 

usually, QIT also has an upper m/z limit of ~ 2000 [32]. The linear ion trap (LIT) has 

much better sensitivity, resolution and mass accuracy compared with a QIT mass 

analyzer [34]. The replacement of Q3 in a QqQ instrument with a scanning LIT (QqLIT) 

enhances its sensitivity and offers new modes of operation such as MSn. Many 

experiments in the present study were performed on an Applied Biosystem Q-Trap 

instrument. 
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FIGURE 1.5. A schematic diagram of quadrupole ion trap mass analyzer (QIT) 
(figure from http://www.ivv.fraunhofer.de/ms/ms-analyzers.htmL) [33]. 
     

Time-of-flight (TOF) mass analyzer and quadrupole time-of-flight (QTOF) instrument 

Time-of-flight (TOF) mass analyzers (Figure 1.6) have become popular since the 

availability of the pulsed ionization source. In a MALDI-TOF instrument, ions are 

formed at the source and get accelerated by an acceleration voltage (10-30 kV) to gain 

high kinetic energy (keV). Then the ions will enter a field-free drift tube, where ions with 

the same kinetic energy but different m/z are separated during flight time. The TOF 

analyzer has a theoretically unlimited dynamic range and a high resolution (up to 18,000) 

[36], which allow it to be used to perform exact mass measurements. However, the 

spatial distribution and kinetic energy distribution of the ions upon formation will 

decrease the resolution of the instrument. To solve this problem, delayed extraction and a 

reflectron are applied [37, 38]. Commercially available tandem mass spectrometers that 

use TOF analyzers include TOF-TOF and QTOF (Figure 1.7) with a collision cell placed 

between the two analyzers, where ions of interest are selected in the first analyzer and 
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fragments are analyzed by the second mass analyzer. In the present research, a QTOF 

instrument is employed to study the collagen proteins. 

 

FIGURE 1.6. A schematic diagram of a MALDI-TOF instrument (figure from 
http://edoc.hu-berlin.de/dissertationen/xie-jing-2003-12-
15/HTML/chapter2.htmL)[35] 

 

 

FIGURE 1.7. A schematic diagram of a MALDI-QTOF mass spectrometer (figure  
fromhttp://edoc.hu-berlin.de/dissertationen/xie-jing-2003-12-
15/HTML/chapter2.htmL) [39]. 
 

Fourier transform ion cyclotron resonance (FT-ICR) mass analyzer 

http://edoc.hu-berlin.de/dissertationen/xie-jing-2003-12-15/HTML/chapter2.html
http://edoc.hu-berlin.de/dissertationen/xie-jing-2003-12-15/HTML/chapter2.html
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When ions enter a strong magnetic field, they will take circular motion 

perpendicular to the direction of the magnetic field. The cyclotron frequency is inversely 

proportional to the ions’ m/z ratios. When the applied RF field matches a certain 

cyclotron frequency, the ion can absorb energy from the field resulting in an increasing 

velocity of the ion and increasing the radius of motion. The coherent motion of the ions 

can generate a capacitor current or image current. The image current is collected as a 

function of time, and the time-domain signal is converted into frequency-domain signal 

by Fourier transform. The frequency-domain signal carries the information about the m/z 

values of the ions. The FT-ICR mass analyzer is the analyzer with the highest resolution 

(hundreds of thousand to millions) and mass accuracy (ppm) [40]. The major 

disadvantages of FT-ICR are its large size, high expense, and low speed. A schematic 

diagram of one FT-ICR mass analyzer is shown in Figure 1.8 for a cubic cell; modern 

cells are typically cylindrical. 

 

FIGURE 1.8. A schematic diagram of a FT-ICR mass analyzer (figure from 
http://www.ivv.fraunhofer.de/ms/ms-analyzers.htmL) [41]. 
 

1.2.3 Detectors in Mass Spectrometry 

http://www.scimedia.com/chem-ed/ms/graphics/ftms.gif
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Although FTICR detection is based on measurement of an image current, most other 

mass spectrometers use impact of ions in an electron multiplier design. The common 

detectors include Faraday cup, discrete dynode electron multiplier, channel electron 

multiplier, microchannel plate, and focal plane detector. Channel electron multiplier 

(CEM) and microchannel plate (MCP) will be briefly discussed here. 

The inner surface of the channel electron multiplier (CEM) tube is an emissive layer 

of silicon dioxide overlying a conductive layer of lead oxide on the supporting heavily 

lead-doped glass [42]. When an incident beam hits the inner surface of the tube, a number 

of secondary electrons will be generated, and all emitted electrons will be accelerated 

under the applied DC voltage (typically 1-2 kV) towards and hit the surface where they 

cause more secondary electrons. Straight CEMs can achieve a signal in the magnitude of 

104, while curved CEMs can achieve up to 108. A CEM detector is present in the Q-trap, 

QTOF and LCQ instruments used for the present study. 

The microchannel plate (MCP) is dedicated for a TOF analyzer. An MCP, typically 

a 2-5 cm diameter plate, consists of millions of channels with a diameter between 10 and 

100 μm. It is analogous to a bundle of mini CEMs. The gain of an MCP is 103-104, much 

lower than that of a CEM, so two MCPs are often sandwiched together (Chevron plate) to 

obtain gains of 106-107. Occasionally, three MCPs are stacked together to get a gain up to 

108 [43]. The reason MCP is an excellent detector for TOF analyzer is mainly because of 

its short response time (in the range of nanoseconds), and its fixed ion path length that is 

extremely important for time-of-flight measurement. However, MCP is not suitable for 

quantitative analysis, since the microchannel is very easily saturated. 
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1.2.4 Tandem Mass Spectrometry and Activation Methods 

As discussed in Section 1.2.2, mass analyzers can be coupled together to form a 

tandem mass spectrometer. The purpose of doing so is to take advantage of different 

mass analyzers and combine them together in a single machine. A tandem mass 

spectrometer has a greater power for structural analysis, quantification and more [44]. 

The hybrid mass spectrometer started with the magnetic sector-quadrupole instrument, 

like BqQ [45], EBqQ or BEqQ [46, 47]. Now more tandem instruments are commercially 

available such as QqQ [48], QITTOF [49], QqLIT [50], and QqTOF [51]. There are two 

types of tandem mass spectrometers, “tandem-in-space” and “tandem-in-time”. Tandem-

in-space is performed in two discrete mass analyzers, like QqQ or QqTOF, while the 

latter is performed in the same mass analyzer, like quadrupole ion trap mass analyzer or 

linear ion trap mass analyzer. 

The greatest advantage of tandem mass spectrometry over single-stage mass 

spectrometry is that ions of interest can be selected, activated and fragmented to provide 

critical structural information. Several activation methods have been applied in tandem 

mass spectrometry, including collision induced dissociation (CID), surface induced 

dissociation (SID), blackbody infrared radiative dissociation (BIRD), infrared multi-

photon dissociation (IRMPD), electron capture dissociation (ECD) and electron transfer 

dissociation (ETD). Combination of spectra from different activation methods may 

provide complementary structural information. CID is most widely used nowadays and is 

applied for the present study. In CID, ions collide with the neutral gas molecules like 

helium, nitrogen, argon and more. During the multiple collision process, some of the 

kinetic energy of the ion is converted into internal vibrational energy. The distribution of 
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the internal energy results in the vibration of the chemical bonds in the ion, and then 

causes the dissociation of the ion [52]. 

 

1.3 Overview of Metabolomics 

1.3.1 Origin of Metabolomics 

Identification and elucidation of the structures of metabolites, as well as the 

quantification of the metabolites play major roles in understanding the functions of 

proteins and biochemical pathway regulation in cells, and in drug discovery and 

development of new pharmaceutical compounds.  

Traditionally, radiolabeled parent compounds are used for identification of 

metabolites due to the highly selective detection of radioactivity. However, synthesis of 

radiolabeled compounds is expensive and time-consuming, and it is difficult to monitor 

hundreds of metabolites efficiently with a radioactive detector. In today’s life science, it 

is becoming more and more desirable to have a fast and reliable method to handle 

hundreds or even thousands of metabolites to obtain a full picture of the entirety of the 

metabolites within a biological system. For example, 1,170 metabolites have been 

reported for Escherichia coli [53], and more than 200,000 metabolites are expected for 

plants [54]. The growing demands have made metabolomics develop into a valuable and 

fast-growing tool in life sciences. Simply speaking, metabolomics deals with the 

identification, qualitative and quantitative analysis of the metabolites acting in a 

biochemical network [55]. A detailed definition of metabolomics is described by Fiehn as 

a multi-functional tool, subdivided into 1) target analysis, quantitative analysis of the 

metabolites of a target protein; 2) metabolic profiling, quantitative analysis of a pre-
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defined metabolite family; and 3) metabolomics, aiming at an unbiased overview of 

whole-cell metabolic patterns [56]. 

 

1.3.2. Analytical Methods in Metabolomics 

Many analytical tools have been applied for metabolite analysis, for example, 

nuclear magnetic resonance (NMR) [57], gas chromatography (GC) [58], high 

performance liquid chromatography (HPLC) [59], direct infusion mass spectrometry (MS) 

[60] and more. But none of them alone is the perfect method for metabolomics studies. 

This is due to the challenges of metabolomics: First, most metabolites typically are in low 

concentrations, which can be down to picomolar range [61]; second, the metabolites 

cannot be concentrated by ultrafiltration which is a common method used in proteomics, 

because of the low molecular weight of the metabolites; and third, metabolites exist in a 

complex matrix that can surpress the metabolite signals [62]. Metabolomics thus needs a 

sensitive, selective, reliable method to handle a large number of compounds available 

small quantities. 

Currently, MS serves as the central technique for metabolomics studies. Coupled 

with a chromatographic setup, like HPLC, GC or CE, it provides an even more powerful 

analytical system. To achieve higher resolution and sensitivity, tandem mass 

spectrometry or two-dimensional chromatography is applied, such as LC-MS/MS [63, 

64], or GC-GC-MS [65]. Since MS has the great advantage of being able to distinguish 

isotopes, the 13C metabolic flux analysis has become a popular method to determine 13C-

labeled proteinogenic amino acids after a feeding of a 13C-labeled substrate (i.e. 13C-

glucose). With the development of LC-MS/MS methods, it is now possible to determine 
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labeling information of intra-cellular central metabolites, as reported for the first time 

using E. coli as a model system [66]. This MS-based isotope method can be applied to 

other biologically relevant isotopes, like 2H, 18O and 15N. To perform quantification, an 

external standard (ES) or internal standard (IS) is usually added. An IS can correct for 

matrix effects and provide valid metabolite concentrations. One big challenge for 

metabolomics is the data processing, such as peak assignment and integration. The 

retention time may vary significantly after the matrix background is changed, which will 

cause false peak identifications. The data processing software supplied with MS is not 

powerful enough to analyze the metabolomic data, so the improvement of software has 

been put into progress [67, 68].  

The present study aims to differentiate and quantify 13C-labeled glucose isotopomers 

for the purpose of investigating metabolism in mosquitoes.  
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Chapter 2  

DIFFERENTIATION AND QUANTIFICATION OF C1 AND C2 13C-

LABELED GLUCOSE BY TANDEM MASS SPECTROMETRY 

 

2.1 Introduction 

The mosquito is one of the most common disease-transmitting insects, and it causes 

millions of deaths worldwide every year. Mosquitoes can transmit diseases like West 

Nile virus, yellow fever, malaria and more [1]. Figure 2.1 shows an example of the 

distribution of West Nile virus cases in the United States in 2003. The situation is much 

worse in many developing countries. However, the traditional control strategies have 

become more and more ineffective, so some bio-rational methods need be developed to 

control the populations of mosquitoes. In particular, bio-rational methods can be built on 

the basis of a clear understanding of the mosquito metabolism pathways. The present 

study is collaboration with Dr. Patricia Scaraffia and Dr. Roger Miesfield. The aim is to 

study the carbon metabolism in mosquitoes by feeding with isotope labeled compounds 

(Section 1.3). 
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FIGURE 2.1. Distribution of West Nile virus cases in the United Stated in 2003 
[1].(Figure from www.mosquito.org) 

 

We first focus on glucose, the major fuel of most organisms, which is a core 

compound in carbohydrate metabolism studies. In order to understand and reveal in detail 

how glucose is metabolized into different metabolites or from different upstream 

metabolites, it is highly desirable to develop a sensitive, rapid and reliable method that 

allows identification of the individual carbon atoms in the D-glucose molecule (Figure 

2.2). 

 
FIGURE 2.2. Structure of D-glucose and the numbering of its carbon atoms. Figure 
from reference [21]. 
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      Traditionally, gas chromatography coupled with mass spectrometry (GC-MS) has 

been widely used for carbohydrate analysis [2]. However, the major disadvantage of this 

method is that traditional chromatography cannot always distinguish between the labeled 

and unlabeled isotopes, or between isotopomers labeled by 13C atoms at different 

positions. Moreover, these methods cannot perform accurate quantification of each 

isotopomer, although the intensities of the fragment peaks in EI-MS spectra can provide 

some relative 13C enrichment information. Alternatively, nuclear magnetic resonance 

(13C-NMR) is able to distinguish the compounds that are 13C labeled at different positions, 

thus it has also been applied to study dynamic carbohydrate metabolism [3]. However, 

the low inherent signal-to-noise ratio weakens its sensitivity and increases the time for 

data collection. Therefore it is difficult to accurately quantify the amount of each 

metabolite rapidly, although 13C NMR is able to follow the 13C atom in the metabolic 

pathways. 

Tandem mass spectrometry (MS/MS) has been used as a sensitive, rapid, reliable and 

effective method to perform metabolism studies, for example, identification and 

quantification of amino acids in blood for the detection of diseases [4-9], because the 

multiple reaction monitoring (MRM) scan mode in tandem mass spectrometry can 

identify and quantify multiple compounds in one measurement with high sensitivity but 

without previous purification (Section 1.2.2). This is a great advantage for studying 

complex biological samples, such as neonatal blood [10], whole body mosquitoes [11] 

and intracellular folates [12]. However, there is no established MS/MS method available 

to differentiate and quantify the glucose molecules that are 13C labeled at different 

positions for metabolic study purposes. 
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This chapter will present results obtained for the differentiation and accurate 

quantification of C1 and C2 labeled glucose molecules based on a mild derivatization 

method [13] and the fragmentation patterns of those isotopomers in tandem mass 

spectrometry.  

 

2.2 Experimental 

Reagents 

The labeled isotopes D-Glucose-1-13C, D-Glucose-2-13C, D-Glucose-1,2-13C2, , D-

Glucose-D7 (1,2,3,4,5,6,6-D7), and D-Glucose-D2 (6,6-D2) were purchased from 

Cambridge Isotope Laboratories (Andover, MA, USA). D-Glucose, methylamine solution 

(ca. 40w/v%), borane-dimethylamine complex (97%), boric acid, sodium tetraborate, 

methanol and toluene were obtained from Sigma-Aldrich (St. Louis, MO, USA).  

 

Glucose Derivatization 

The derivatization of glucose was performed according to a modification of a 

method previously developed by Honda et al. [13] for ultramicroanalysis of reducing 

carbohydrates by capillary electrophoresis with laser-induced fluorescence detection. 

Stock solutions were prepared by dissolving unlabeled or labeled 13C-Glc or D7-Glc in 1 

M methylamine solution containing 0.2 M dimethylamine–borane complex adjusted to 

pH 4.5 with acetic acid. Only 10 µL of the stock solutions (0.1 mM) were incubated at 

40ºC for 30 minutes and the solvents evaporated to dryness under nitrogen atmosphere at 

60ºC. The residue was treated with 100 µL of methanol and 100 µL of toluene and then 

the solvents were evaporated to dryness under nitrogen atmosphere at 60ºC. The last 
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operation was repeated twice more. The residue of methylglucosamine was stored at -

20oC until utilized.  

  

Low-Energy Collision-Induced Dissociation (CID) 

Low-energy CID experiments were performed on an Applied Biosystem Q-trap 4000 

mass spectrometer (Foster City, CA) with a nanospray ionization source in the positive 

ion mode (Section 1.2.2). Underivatized and derivatized samples were dissolved in a 

solution of H2O: MeOH (30:70, v/v) containing 1% acetic acid to reach a concentration 

of 20 µM. In some cases, an appropriate amount of Li2CO3 (100 µM final concentration) 

was added to the underivatized sample solution to improve the quality of the spectra. The 

solutions were then sprayed into the mass spectrometer with a flow rate of ca. 2.0 μL/min. 

The applied ionization voltage was between 2.2 kV and 2.5 kV, and the capillary 

temperature was maintained at 200oC. Nitrogen served as the collision gas, and a 

laboratory collision energy of 25 to 35 eV was used to produce extensive fragments from 

the precursor ion, and the collision cell pressure was about 8 millitorr. Monoisotopic 

precursor ion was selected at unit mass resolution in order to avoid ambiguities from 

isotope contributions. 

 

2.3 Results and Discussion 

2.3.1 Fragmentation Spectra of Underivatized and Derivatized Glucose 

The mass spectrum of underivatized glucose shows that the major ion formed is 

[Glc+Na]+, for the base peak appears at m/z = 203 (data not shown). The Na+ ion could 

be from chemical impurities or glass containers. When [Glc+Na]+ ion is fragmented, the 
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quality of the MS/MS spectrum is poor (data not shown), it might be because the 

dominant fragment ion is Na+, but we did not detect that low mass. It has been reported 

that addition of lithium ion improves the fragmentation of different carbohydrates such as 

disaccharides and oligosaccharides [14-17]. Thus, lithium carbonate was added to the 

spray solution, which exclusively produced the [Glc+Li]+ ion (m/z = 187). The 

corresponding MS/MS spectrum of m/z = 187 shows a clear fragmentation pattern of 

high quality (Figure 2.3). Therefore Li2CO3 solution was added into all the other 

underivatized glucose samples. 

 
FIGURE 2.3. MS/MS spectra of [Glc+Li]+ (m/z = 187). The collision used was 35 eV. 
       

          The spectrum shows a major mass loss of 60 Da from the molecular ion peak at 

m/z = 187; therefore, it is very likely to be a loss of C2H4O2, because the elemental 

composition is consistent with it. However, the MS/MS spectrum of unlabeled glucose 

alone does not provide enough information to determine which two carbon atoms among 

the six carbons in glucose account for the carbon loss. Glucose, 13C-labeled at C1 or C2, 
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as well as simultaneously at both C1 and C2, was also fragmented under the same 

conditions. The MS/MS spectra of those three compounds reveal that the two carbon 

atoms in the loss of C2H4O2 must be C1 and C2, because C1 or C2 13C-labeled glucose 

lost 61 Da (188  127), while C1 and C2 13C-labeled glucose lost 62 Da (189  127) 

(Figure 2.4a-c), which indicates that the cleavage of the C-C bond between C1 and C2 is 

not a favored fragmentation pathway, and the loss of the C1 and C2 together is the major 

one in the pathway of C2H4O2 loss. Therefore, C1 13C-labeled glucose cannot be 

distinguished from C2 13C-labeled glucose by tandem mass spectrometry without 

derivatization. 
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FIGURE 2.4. MS/MS spectra of 13C-glucose. a) [Glc-1-13C+Li]+ (m/z = 187); b) [Glc-2-13C+Li]+ (m/z = 
187); and c) [Glc-1, 2-13C+Li]+ (m/z = 188). The collision energy used was 35 eV. 
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FIGURE 2.5. Derivatization of glucose and the structure of the product 
methylglucosamine (Glc-MA). 
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             The structure of the methyglucosamine (Glc-MA), a derivatized product from the 

reaction of glucose with methylamine is shown in Figure 2.5. Compared with glucose, the 

C1 in the product is connected to a methylamine group. We speculated that bonding 

NHCH3 to C1 might favor the cleavage of the C-C bond between C1 and C2 by forming 

a stable product ion CH2NHCH3
+ (m/z = 44) containing only C1. The MS/MS spectrum 

of unlabeled Glc-MA shows a huge product ion peak at m/z = 44 by loss of 152 Da 

(C5H12O5) from the precursor ion m/z = 196 (Figure 2.6a), implying that the chemical 

modification turns the cleavage of C-C bond between C1 and C2 into the most favored 

fragmentation pathway. The MS/MS spectra of 13C-labeled Glc-MA molecules further 

confirm that the major product ion CH2NHCH3
+ contains C1 only and that the C-C bond 

between C1 and C2 is cleaved (Figure 2.6b-d): C1 13C-labeled Glc-MA (Glc-1-13C-MA) 

produces a fragment ion at m/z = 45 from its precursor ion at m/z = 197 upon activation 

(197  45). C2 13C-labeled Glc-MA (Glc-2-13C-MA) generates a fragment ion at m/z = 

44 from its precursor ion at m/z = 197 (197  44), whereas the Glc-MA labeled at C1 

and C2 (Glc-1,2-13C-MA) shows a fragment ion at m/z = 45 from its precursor ion at m/z 

= 198 (198  45). Therefore, the derivatized glucose molecules labeled at C1 or C2 and 

C1 plus C2 can be distinguished by tandem mass spectrometry. Glc-D7-MA or Glc-D2-

MA can serve as an internal standard for quantification by MRM. When fragmented, Glc-

D7-MA produces a strong fragment ion at m/z = 45 from the precursor ion at m/z = 203 

(203  45) (Figure 2.6e), while Glc-D2-MA produces its counterpart at m/z = 44 from 

the precursor ion at m/z = 198 (198  44) (Figure 2.6f). 
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FIGURE 2.6. MS/MS spectra of [Glc-MA+H]+: a) [Glc-MA+H]+ (m/z=196); b) [Glc-1-13C-MA+H]+ 
(m/z=197); c) [Glc-2-13C-MA+H]+ (m/z=197); d) [Glc-1,2-13C-MA+H]+ (m/z=198); e) [Glc-D7-MA+H]+ 
(m/z=203) f) [Glc-D2 (6, 6 D2)-MA+H]+ (m/z = 198). 
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2.3.2 Possible Fragmentation Pathways 

A possible mechanism for the neutral loss of 60 Da of underivatized glucose is 

shown in Scheme 2.1. There is an equilibrium between the cyclic glucose and its linear 

form. The carbonyl oxygen is more basic than the hydroxyl oxygen so if Li+ affinities 

track proton affinities, the added lithium would first be located at the carbonyl oxygen. 

However, during collision induced dissociation, the lithium ion could be intra-

molecularly transferred to the hydroxyl oxygen upon activation to initiate cleavage. 

Scheme 2.1 illustrates the possible processes for the neutral loss of 60 Da (C2H4O2) and 

formation of the fragment ion at m/z = 127 (C4H8O4Li+): 1) the migration of hydrogen 

from the hydroxyl group to the carbonyl oxygen through a six-member ring structure 

forms a neutral C2H4O2, and the charge is retained at the other fragment forming the 

fragment ion at m/z = 127; 2) the neutral C2H4O2 is rearranged to a more stable form. 

This hydrogen migration process is similar to the McLafferty rearrangement, and occurs 

to metal adducts of peptide esters [18]. The proposed mechanism for the neutral loss of 

60 Da results in the simultaneous loss of C1 and C2 in glucose, which is consistent with 

the experimental data (Figure 2.3b). 
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SCHEME 2.1. Possible mechanism for the formation of ion m/z = 127 by 
fragmenting the ion m/z = 187 after a NL of 60 for glucose. 

 

 Scheme 2.2 shows a possible fragmentation pathway to cleave the C-C bond 

between C1 and C2 in the derivatized glucose (Glc-MA) and to form a dominant 

fragment ion at m/z = 44: the added proton will be located on the amine group due to the 

high proton affinity of the amine group. The hydrogen on the amine would migrate to the 

hydroxyl oxygen upon activation on C3 via a six-member ring structure, causing a neutral 

loss of H2O (18 Da). In the meantime, the C-C bond between C1 and C2 is cleaved and 

two new double bonds are formed between C2 and C3, and between C1 and the amine 

group. Thus, a stable fragment ion (C2H6N+, m/z = 44) containing C1 is produced, and 

the neutral molecule containing C2 is rearranged to a more stable form (134 Da). Due to 

the stability of the product ion, the peak intensity is very strong, which will greatly 

benefit the quantification of glucose by the multiple reaction monitoring (MRM) scan in 

mass spectrometry.   
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SCHEME 2.2. Possible mechanism for the formation of ion m/z = 44 by fragmenting 
the peak m/z = 196 after a NL of 152 for Glc-MA. 

 

2.3.3Differentiation and Quantification of C1 and C2 13C-Labeled Glucose by Multiple 

Reaction Monitor Scans 

The chemical modification performed to glucose makes the C-C bond between C1 

and C2 more susceptible to cleavage, so Glc-1-13C-MA and Glc-2-13C-MA show 

different MS/MS spectra, even though they have the same molecular weight. The 

different product ion masses make it possible to differentiate those two compounds from 

a mixture without separation or purification, and quantify them with a known amount of 

Glc-D7-MA or Glc-D2-MA added into the sample as an internal standard. In the multiple 

reaction monitoring (MRM) scan mode, the first quadrupole mass analyzer is set to select 

the precursor ions, namely m/z = 197 for Glc-1-13C-MA and Glc-2-13C-MA, m/z = 203 

for Glc-1,2,3,4,5,6,6-D7-MA, and m/z=198 for Glc-C1-2-13C-MA and Glc-6,6-D2-MA; 

the third quadrupole mass analyzer transmits their corresponding neutral loss product 
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ions, namely m/z = 45 for Glc-1-13C-MA, Glc-C1-2-13C-MA and Glc-,2,3,4,5,6,6-D7-MA, 

m/z = 44 for Glc-2-13C-MA and Glc-6,6-D2-MA (Table 2.1). In this way, the tandem 

mass spectrometry in the MRM scan mode identifies those two isotopic species, and 

provides a strategy to monitor each of those two carbon atoms separately. In addition, the 

result also provides important quantitative information, because the resulting peak 

intensity ratio between 13C labeled Glc-MA and deuterium labeled Glc-MA is 

proportional to the original concentration ratio between them in the sample. 

Table 2.1 Precursor ion and fragment ion pairs for methylglucosamine 

 
Glc-MA 

 

 
Precursor Ion 

 
Neutral Loss 

 
Precursor/Fragment Ion Pair 

Glc-MA 196 152 196  44 
Glc-1-13C-MA 197 152 197  45 
Glc-2-13C-MA 197 153 197  44 

Glc-C1-2-13C-MA 198 153 198  45 
Glc-1,2,3,4,5,6,6-D7-MA 203 158 203  45 

Glc-6,6-D2-MA 198 154 198  44 
 

Deuterium-labeled compounds are commonly used as internal standards for amino 

acid quantification [19], but usually the isotopic effect was not taken into account, 

because it is not significant if the deuteriums are not involved in reaction. However, it 

may affect the accuracy of the quantification if it exists [20], because isotopic substitution 

may greatly change the reaction rate, which is the rate of the fragmentation of CID in 

mass spectrometry. It is observed that when Glc-MA, Glc-1-13C-MA, Glc-2-13C-MA, 

Glc-1-2-13C-MA, Glc-D7-MA and Glc-D2-MA with the same concentration were 

fragmented under the same conditions, the peak intensity ratios between the fragment ion 

CH2NHCH3
+ (its m/z value varies with the species accordingly, Table 2.1) and its 

precursor ion are slightly different (Figure 2.7). It means that the concentrations of 13C 
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labeled species would be overestimated if Glc-D2-MA is used as the internal standard but 

the peak ratio difference shown in Figure 2.7 is not considered. To make the 

quantification more accurate, a “correction factor” is introduced. We consider the 

correction factor for Glc-D2-MA as 1, the correction factors for other species are 0.771 

for Glc-MA, 0.805 for Glc-1-13C-MA, 0.916 for Glc-2-13C-MA, 0.783 for Glc-1-2-13C-

MA, and 1.556 for Glc-D7-MA, which are calculated based on Figure 2.7. 

 
FIGURE 2.7. Peak area ratio between the fragment ion CH2NHCH3

+ and its 
precursor ion for Glc-MA, Glc-1-13C-MA, Glc-2-13C-MA, Glc-C1-2-13C-MA, Glc-
1,2,3,4,5,6,6-D7-MA and Glc-6, 6-D2-MA. 
 

           To test the performance of the MRM method and the correction factor, a mixture 

containing the same amount of Glc-1-13C-MA, Glc-2-13C-MA, Glc-C1-2-13C-MA and 

Glc-D2-MA was measured using the MRM method. Then the amount of, Glc-1-13C-MA, 

Glc-2-13C-MA and Glc-1-2-13C-MA was calculated and corrected by the correction factor 

using Glc-D2-MA as the internal standard. The results are listed in Table 2.2, showing 

that the introduction of the correction factor improves the accuracy of the quantification.  
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TABLE 2.2.  
Calculated amounts of Glc-1-13C-MA, Glc-2-13C-MA and Glc-C1-2-13C-MA using MRM 
method, with and without correction 

  
True Amount 

Calculated Amount 
(without correction) 

 
Error 

Calculated Amount 
(with correction) 

 
Error 

Glc-1-13C-MA 0.20 nmol 0.234 nmol 18.9 % 0.192 nmol 4.3 % 

Glc-2-13C-MA 0.20 nmol 0.215 nmol 7.4 % 0.197 nmol 1.6 % 

Glc-1-2-13C-MA 0.20 nmol 0.262 nmol 31.2 % 0.205 nmol 2.7 % 

Glc-D2-MA 0.20 nmol -- -- -- -- 

    

           It has to be pointed out that the correction factor is different from the general 

concept of “isotopic effect”. The correction factor only considers the peak intensity ratio 

of two particular peaks of interest, but “isotopic effect” may affect the intensities of other 

peaks. To investigate the isotopic effect, the ratio between total fragment ion intensity 

and total ion abundance (Figure 2.8a) and the ratio between CH2NHCH3
+ ion intensity 

and the total ion abundance is obtained (Figure 2.8b). The peak ratio in Figure 2.8a is 

almost the same between all the derivatized glucose molecules, implying that there is no 

significant isotopic effect among those species overall. However, the peak ratio pattern in 

Figure 2.8b is very similar to that in Figure 2.7. Combining the information from Figure 

2.7 and Figure 2.8b, it can be concluded that the fragmentation pathways to form the 

CH2NHCH3
+ ion from derivatized glucose is affected by the 13C or deuterium labeling. 

Glc-2-13C-MA, Glc-D7-MA and Glc-D2-MA have more significant isotopic effect than 

Glc-1-13C-MA and Glc-1-2-13C-MA. 
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FIGURE 2.8. a)The ratio between total fragment ion intensity and total ion abundance; b) the ratio 
between CH2NHCH3

+ ion intensity and the total ion abundance for Glc-MA, Glc-1-13C-MA, Glc-2-
13C-MA, Glc-C1-2-13C-MA, Glc-D7-MA and Glc-D2-MA. 

  

2.4 Conclusions and Future Directions 

          It is observed in this study that adding lithium ions into the spray solution improves 

the quality of MS/MS spectra of underivatized glucose in CID. However, C-C bond 

between C1 and C2 atoms in glucose is not cleaved, and C1 and C2 tend to be lost 

together in CID, so the fragmentation cannot differentiate C1 13C-labeled glucose from 

C2 13C-labeled glucose. To resolve this problem, we chemically modified the glucose 

molecule into methyglucosamine, which makes the C-C bond between C1 and C2 in 

glucose the most favored bond cleavage site with CID by forming a stable product ion 

containing only C1. Therefore, the chemical derivatization makes it possible to 

distinguish the C1 and C2 13C-labeled glucose molecules by tandem mass spectrometry, 

which allows following each of them separately in different metabolic pathways. Based 

on the fragmentation patterns of derivatized glucose, we developed a MRM method to 

identify C1 and C2 labeled glucose molecules and quantify each isotopomer using Glc-

D2-MA or Glc-D7-MA as the internal standard. The “isotopic effect” is considered in the 
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study and a correction factor is introduced in order to make the quantification more 

accurate. The high speed, high sensitivity and reliability of tandem mass spectrometry 

make this novel method a promising one to follow the metabolic pathways of carbon 

atoms in glucose and quantitatively study the kinetics of the transformations of the 

isotopomers in biological systems. 

          In future studies, we plan to apply the developed quantitative method to the 

analysis of mosquito samples. We will be able to identify and quantify the isotopomers 

individually in mosquito bodies as a function of time. We will combine this method with 

other quantitative MRM method to monitor the metabolism pathways and kinetics 

between glucose and other metabolites (i.e. alanine, arginine etc.). Once we figure out the 

critical metabolism pathways and the involved enzymes, a bio-rational method may be 

developed to control the mosquito populations. 
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Chapter 3 

CHARACTERIZATION OF CROSS-LINKED COLLAGEN AND ITS 

CROSS-LINKS BY MASS SPECTROMETRY 

 

3.1 Introduction 

        Collagen is the most abundant protein in mammals, accounting for 30% of all 

proteins; it serves as the major source of extracellular support for multicellular animals 

[1]. Collagen is localized primarily in the extracellular matrix and it usually forms fibril 

structures (type I, II, III, V, or XI).  Fibril-forming collagens of type I, III, and V are 

found in human tissue and are made up of three linear α-chains of approximately 100 kDa 

each (approximately 1,000 amino acid residues each) in molecular weight, which forms a 

closely coiled left-handed triple helices structure (γ), stabilized by hydrogen bonding 

involving hydroxyproline  residues in different chains [2, 3]. The arrangement of amino 

acids in collagen molecule follows the repeating sequence pattern of Gly-X-Y, where X 

and Y can be proline, hydroxy-proline, alanine, arginine, lysine and other amino acid 

residues.  

        Type I collagen was the only mammalian collagen identified prior to 1969. It is 

composed of three chains, two identical, termed α1 chains or α1(I); and one different 

from the other two, termed α2 chain or α2(I). Type I collagen is the most abundant in 

skin, tendons, ligaments, bone, and the cornea, where it comprises between 80% and 99% 

of the total collagen [4]. Type II collagen usually exists in a variety of cartilages, which is 

made up of three identical α chains, called α1(II). Cartilage can be found in many places 

in the body including joints, ear and the nose. The most significant features of type II 
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collagen are its high hydroxylysine content and the presence of glycosidically bound 

carbohydrates. It can contain up to fivefold more of hydroxylysine than those α chains 

from skin [5]. Type III collagen is very similar to Type I collagen, but it contains a 

relatively high content of hydroxyproline and glycine, and it can form intramolecular 

disulfide bonds involving two cysteine residues close to the C-terminal region of the 

triple helix. The ratio of Type I and III collagens in skin can vary with age [6, 7]. The 

ability to isolate and distinguish different types of collagen involves the use of solvents of 

different ionic strength and pH followed by differential salting out [8]. The precipitated 

fraction of collagen is usually analyzed by identification of its intact α chains or CNBr 

digested peptides by polyacrylamide gel electrophoresis [9].  

        Collagen fibrils provide the mechanical support that enabled large multicellular 

animals to evolve on earth [10]. The mechanical strength of collagen depends on the 

formation of covalent intermolecular cross-links between the individual protein subunits, 

for crosslinking renders the collagen fibers stable and provides them with an adequate 

degree of tensile strength and viscoelasticity to perform their structural role. The degree 

of crosslinking, the number and density of the fibers, including their orientation and 

diameter, dictate the function and the type of collagen [11]. Almost all fibril-forming 

collagens are cross-lined through a mechanism based on the reaction where aldehydes are 

generated from lysine or hydroxylysine side-chains by lysyl oxidase (Figure 3.1). 

Crosslinking starts with the conversion of specific lysine or hydroxylysine residues in 

collagen to peptide-bound aldehydes, which involves the oxidative deamination of ε-

carbon of lysine or hydroxylysine [12]. Incubation of purified enzyme-bound collagen at 

370C, neutral pH and physiologic ionic strength can cause additional aldehyde formation 
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in vitro. The enzymatic activities can be inhibited by β-aminopropionitrile, EDTA, D-

penicillamine and other carbonyl reagents. If the crosslinking occurs between two residue 

side chains, it is called divalent crosslinking, while if three side chains are involved, it is 

called trivalent or mature crosslinking. It is also worth noting that different collagen types 

can crosslink with each other heterotypically in the assembly of multi-component fibrils 

[13]. Other mechanisms of collagen crosslinking include the cysteine disulfide 

mechanism, gamma-glutamyl lysine cross-links, and tyrosine-derived cross-links. [14]. 
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FIGURE 3.1. Diagram of hydroxylysine cross-linking pathway. Hydroxylysine 
residues are the source of aldehydes formed by lysyl oxidase for intermolecular cross-
linking reactions. (Figure from Reference [14] with permission) 
 

           In the past decade, significant attention has been paid to the clinical importance of 

collagen cross-linking by measuring pyridinolines or cross-linked telopeptides in body 
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fluids as molecular markers [15-17]. For example, higher level of pyridinolines cross-

links and hydroxylysine than normal in bone has been used as an indicator of 

osteogenesis imperfecta [18]. Specific fragments from cartilage type II collagen have 

been identified and targeted for immunoassay as a biomarker of cartilage breakdown [19]. 

It has also been found that extracellular matrix (ECM) fibrillar collagen synthesis and 

degradation and collagen cross-linking by lysyl oxidase (LOX) may lead to heart failure 

when ECM composition undergoes remodeling as a response to hypertension [20, 21]. In 

a more recent mouse study conducted by the Larson group at the University of Arizona, 

the total cardiac fibrillar collagen, the percentage of fibrillar collagen cross-linking, and 

the activity of cross-linking enzyme lysyl oxidase varied significantly in response to 

increasing blood pressure. Additionally, it was revealed that gene expression, enzymatic 

activity, and LOX mediated collagen cross-linking, are associated with ventricular 

stiffness [22].  

        Statistics show that hypertension causes five million premature deaths worldwide 

each year and accounts for 13% of global fatalities. 19,250 people died from 

hypertension in the United States in 2001 [23]. So study of the relationships among heart 

collagen cross-linking, stiffness of heart ventricle, enzyme activity and gene regulations 

has great scientific significance with high application potential. In the present study, we 

aim to develop a reliable method to identify and quantify some of the important cross-

linked amino acids in collagen protein using mass spectrometry. Then it allows us to 

compare the difference in the speciation and extent of cross-linking between the collagen 

proteins from hearts in different states – for example, it would let a healthy heart be 

differentiated from a diseased heart. Once an observed relationship between cross-linking 
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and diseased states is understood, the long-term focus would be to take advantage of that 

knowledge in order to control and cure the heart disease by chemically or biologically 

regulating the enzyme activities that are responsible for the cross-linking processes. This 

thesis will mostly focus on the development of a tandem mass spectrometry method for 

identification of pyridinoline (PYD) and deoxypyridinoline (DPD), two common cross-

linked amino acids in collagen proteins. 

       Pyridinoline (PYD) has been known as the major trivalent cross-link in mature 

cartilage. Deoxypyridinoline (DPD) has been found almost exclusively in bone collagen 

[24]. Most literature focuses on their use as biomarkers in collagen metabolism; 

specifically their detection in urine has been used to monitor bone diseases [25]. However, 

the role of PYD and DPD in heart collagen is not well understood; the initial motivation 

for the present research is to determine this role. This is a collaborative research project 

with Dr. Larson’s group at the University of Arizona Saver Heart Center. All collagen 

samples extracted from mouse are provided by the Larson group. The author is 

responsible for the majority of method development and sample analysis.  

 

3.2 Experimental 

Reagents 

       Pyridinoline (PYD) and deoxypyridinoline (DPD) were purchased from Quidel (San 

Diego, CA). Collagen Type I rat tail was purchased from BD Biosciences (Bedford, MA). 

HPLC grade methanol, H2O, acetonitrile, acetic acid, Trifluoacetic acid (TFA) were 

purchased from Sigma-Aldrich (St. Louis, MO).  
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Sample Preparation 

       Extraction, purification and hydrolysis of mouse ventricle collagen is performed by 

Larson group. The procedure is described briefly below.  

Isolation of Collagen 

       Mice were anesthetized with isoflurane and sacrificed using cervical dislocation. 

Hearts were dissected out and a dissecting microscope was used to remove atria, valves, 

right ventricle, and papillary muscles.  The hearts were weighed and immediately the left 

ventricles were put into a 1.5 mL tube of cold 0.1M NaOH in a 2 mL tube. Left ventricles 

were minced with scissors as thoroughly as possible. The mixture was pipeted into a 

larger tube and 10 volumes of cold NaOH was added. After 24 hours at 4 0C, collagen 

was removed from mixer and was ultracentrifuged for 20 minutes at 10,000 RPM. 

Supernatant was removed and collagen was put into a 20 mL tube with 10 volumes of 

cold 0.1 M NaOH.  The mixer was put in the cold room (4 °C) for another 24 hours. 

After the final wash, the supernatant was poured off and the collagen was transferred to a 

2 mL tube, and 1 mL cold nanopure water was added.  Then it was vortexed and spined 

for 10 minutes at 10,000 RPM, 4° C in a microcentrifuge and washed with water for three 

more times.  The collagen sample was stored at -20 0C. 

Borohydride Reduction of Collagen 

      The collagen sample was weighed. A weight of NaBH4 equal to 1% of the sample 

weight was dissolved in 0.0001 M NaOH. The NaBH4/NaOH mixture was added to 

sample and let it sit out at room temperature for 3 hours with mixing occasionally. 

Glacial acetic acid was added to the sample (only a couple of drops until it begins to 

bubble) until pH reached about 2. Then it was spined for 10 minutes at 10,000 RPM, 4° C, 
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and the supernatant was removed. 1 mL nanopure H2O was added, and then it was 

vortexed, spined again and washed for two more times. Samples were transferred to 

scintillation vials and lyophilized with speedvac. 

Acid Hydrolysis of Collagen 

1 mL of 6 N HCl was added to 5 mg of sample. The mixture was put in oven at 110° C 

for 24 hours. Then the hydrolyzed sample was put in a -20° C freezer. 

 

Low-Energy Collision-Induced Dissociation (CID) 

       Low-energy CID experiments were performed on an Applied Biosystem Q-trap 

4000 mass spectrometer (Foster City, CA) with a nanospray ionization source using the 

positive ion mode (Section 1.2.2). PYD and DPD standard were diluted 10 times using 

MeOH:H2O (70:30 v/v).  Two hundred microliters of MeOH:H2O (70:30 v/v) was added 

into hydrolyzed collagen samples, and the mixture was then sonicated and centrifuged, 

and the supernatant was taken out for dilution and further analysis. The sample solutions 

were then sprayed into the mass spectrometer with a flow rate of approximately 2.0 

μL/min. The applied ionization voltage was between 2.0 kV and 2.2 kV, and the capillary 

temperature was maintained at 200oC. Nitrogen served as the collision gas, and a 

laboratory collision energy of 25 to 45 eV was used. The pressure in collision cell is 

maintained about 8 millitorr in MS/MS experiments. Unit mass of the monoisotopic 

precursor ion was selected in order to avoid ambiguities from isotope contributions.  

The intact collagen protein analysis was performed with a LC-MS system based on a 

micro Q-TOF mass spectrometer (Manchester, UK). The LC column is a C4 revered 
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phase column (Micro-Tech Scientific, Vista, CA ). The mobile phases in HPLC used 

were water and acetonitrile, both of which contain 0.05 % of TFA. 

 

3.3 Results and Discussion 

3.3.1 Fragmentation Spectra of PYD and DPD 

       PYD and PDP have very similar chemical structure (Figure 3.2), and their molecular 

ion peaks appear at m/z = 429 and m/z = 413 in a MS spectrum (data not shown).  

N

R3

OH

R1

R2

R1 = CH2CHNH2

CH2OOH

R2 = CH2CH2CHNH2

COOH

R3 = CH2CHCH2CH2CHNH2

OH/ COOHH  
FIGURE 3.2. Chemical Structures of pyridinoline (PYD) and deoxypyridinoline 
(DPD). They naturally exist as cations.  
 

       The MS/MS spectrum of PYD cation is shown in Figure 3.3a. The molecular ion 

shows up at m/z = 429. Upon activation, several fragmentation pathways have been 

observed. First, a neutral loss of ammonia (17 Da) leads to a fragment ion at m/z = 412. 

The cleavage of N-alkylated R3 side chain (R3 + 16 Da) forms the fragment ion at m/z = 

267. A water loss of m/z = 267 ion produces the fragment ion at m/z = 249. The fragment 

ion at m/z = 146 is the R3
+ ion. The m/z = 128 ion is the product of water loss (18 Da) of 

R3
+ ion, and the m/z = 100 is the product of HCOOH (46 Da) loss of R3

+ ion, and finally 

the m/z = 82 is the [H2O+HCOOH] neutral loss of R3
+ ion.  
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FIGURE 3.3. MS/MS spectra of a) pyridinoline (PYD) and b) deoxypyridinoline (DPD). N2 is used 
as collision gas, and the collision energy is 45 eV. 

 

       The MS/MS spectrum of DPD cation is shown in Figure 3.3b, whose molecular ion 

appears at m/z = 413. DPD undergoes the similar fragmentation pathways to PYD. 

Briefly, an ammonia (17 Da) neutral loss leads to the product ion at m/z = 396. There is 

also an R3
+ fragment ion (m/z = 146) formed, followed by a HCOOH (46 Da) loss to 

form a product ion at m/z = 84. It is very worth noting that DPD also shows the N-

alkylated R3 side chain cleavage and the following water loss, leading to the formation of 

m/z = 267 and m/z = 249 ions, which is identical to that in PYD.  

         Comparing the fragmentation spectra of PYD and DPD, we can see that PYD and 

DPD undergo similar fragmentation pathways. The fragmentation pathway of DPD is 

simpler, because DPD does not have an OH group on R3 side chain (Figure 3.2), and thus 

it cannot perform as many H2O losses as PYD. 

 

3.3.2 Precursor Ion Scan MS Spectra of PYD and DPD 
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         Precursor ion scan mode of a triple quadrupole mass spectrometer is a very 

powerful tool when used to identify a target molecule from a complex mixture. Precursor 

ion scan fixes the DC and RF of Q3 to ensure that only a fragment ion of a particular m/z 

value will be detected. Q1 scans to transmit the ions with a range of m/z values into the 

collision cell. Eventually, only the ions that produce that specific fragment ion will show 

up in the resulting spectrum (Section 1.2.2). In the present study, the hydrolyzed collagen 

samples contain a mixture of amino acids and cross-linked amino acids. Since it is very 

difficult to purify PYD and DPD from the mixture by normal HPLC or other separation 

techniques, precursor ion scan mode is suitable to identify PYD and DPD in the mixture 

if there are any present.  

        The fragmentation behaviors of PYD and DPD are similar, and more importantly, 

they both generate the fragment ion at m/z = 267. This peak can be used as the fingerprint 

peak for either the PYD or DPD cross-links in precursor ion scan experiments, because 

the formation of this peak involves the opening of the ring structure, which is more 

unique than other fragmentation pathways like H2O or NH3 neutral loss. And another 

advantage of choosing this peak instead of others is that it allows for the identification of 

PYD and DPD in one measurement. The precursor ion scan MS spectrum of the PYD and 

DPD standard is shown in Figure 3.4. Two peaks at m/z = 429 and 413 rise up in the 

spectrum almost exclusively, corresponding to PYD and DPD respectively. The 

exclusiveness of those two peaks indicates that the selectivity of the precursor ion scan of 

m/z = 267 is very high, and the interference from other ions is small. However, it is 

noticeable that there are still signals although very weak from other precursor ions, such 

as m/z = 423 and 388, implying that it could be a potential problem for the hydrolyzed 
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mouse ventricle collagen, because the concentration of PYD and DPD is expected to be 

significantly lower than that in the PYD and DPD standard, thus the contaminant effect 

could be greater, which will lower the selectivity of the method. 

 
FIGURE 3.4. The precursor ion scan MS spectrum of PYD and DPD standard. Q1 is 
scanning to transmit all the ions formed at the ESI source, and Q3 is fixed at m/z = 
267. N2 is used as the collision gas, and the collision energy is 45 eV.  
 

       To find the best fingerprint fragment ion for detection of PYD and DPD, we also 

tested other peaks in precursor ion scan experiments: the smallest product ions of PYD 

and DPD that are m/z = 82 and m/z = 84, respectively (Figure 3.2). Another necessity  to 

test the performance of the precursor ion scan of those two product ions lies in the fact 

those two ions are part of the lysine/hydroxylysine residue (Figure 3.2), so other cross-

linked amino acids might also be able to generate those two product ions upon 

fragmentation. So those two peaks (m/z = 82 and 84) might be used as fingerprint peaks 

for identification of more cross-linked amino acids besides PYD and DPD. 
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       The precursor ion scan MS spectra of m/z = 84 and 82 for the PYD and DPD 

standard are shown in Figure 3.5. In the precursor ion scan of m/z = 84 (Figure 3.5a), a 

strong peak appears at m/z = 413, meaning that DPD contributes most to the formation of 

the m/z = 84 peak. However, a group of peaks in the lower mass range (m/z = 180 ~ 240) 

also show a relatively strong intensity. And a small peak at m/z = 429 can be observed 

too, which implies that the method is not selective enough. The similar situation is true 

for the precursor ion scan of m/z = 82 (Figure 3.5b). Besides the strongest signal at m/z = 

429 for PYD, other peaks can be also observed including a small peak at m/z = 413. The 

group of peaks in the lower mass range does not belong to any of the fragmentation peaks 

from PYD or DPD (Figure 3.5 and 3.3), which excludes the possibility of secondary 

fragmentation leading to the formation of m/z = 84 and 82 ions. The lower selectivity of 

the precursor ion scan of m/z = 84 or 82 than that of m/z = 267 can be explained as the 

fragmentation pathway of forming m/z = 84 or 82 ion is less unique; and there is more 

chance to form a smaller product ion than a bigger one just by probability. The precursor 

ion scans of m/z = 267, 84 and 82 illustrate that m/z = 267 is the best fingerprint peak to 

identify PYD and DPD. 
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FIGURE 3.5. The precursor ion scan spectra of PYD and DPD standard. a) Q3 is fixed at m/z = 84; b) Q3 
is fixed at m/z = 82. N2 is used as the collision gas, and the collision energy is 45 eV. 

 

3.3.3 MS Spectrum and Precursor Ion Scan for Hydrolyzed Mouse Ventricle Collagen 

        The hydrolyzed mouse ventricle collagen contains free amino acids and cross-linked 

amino acids and may contain other contaminants if the sample is not pure. The MS 

spectrum of the hydrolyzed collagen is shown in Figure 3.6. The MS spectrum is very 

noisy due to the extreme complexity of the sample. The expected peaks at m/z = 413 and 

429 cannot be seen clearly (Figure 3.6a). It is noticed that there is a peak at m/z = 175 

which matches the molecular ion of arginine. Compared with literature [29], the MS/MS 

spectrum of m/z = 175 confirms the identity of arginine (Figure 3.6b). The detection of 

arginine at least confirms that the sample is hydrolyzed protein, which is important 

because the extraction of collagen protein from a mouse ventricle is a very dedicated 

operation.  
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FIGURE 3.6. a) MS spectrum of hydrolyzed mouse ventricle collagen. b) MS/MS spectrum of the peak at 
m/z = 175 in Figure 3.6a. N2 is used as the collision gas, and the collision energy is 25 eV. 

 

       The precursor ion scan MS spectrum of hydrolyzed mouse ventricle collagen is 

shown in Figure 3.7. The spectrum is not as clean as that of the PYD and DPD standard 

due to its complexity (Figure 3.4); nevertheless, the signal for DPD at m/z = 413 still can 

be observed.  There is no PYD signal detected. It is not surprising that PYD cannot be 

detected, because PYD is found almost exclusively in bone collagen [26]. In the spectrum, 

there are many other peaks that can contribute to the formation of m/z = 267 ion. It is a 

positive sign that the signal at m/z = 413 is the highest among all peaks, which 

strengthens the conclusion that DPD is detected in the hydrolyzed mouse ventricle 

collagen.  
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FIGURE 3.7. The precursor ion scan spectrum of hydrolyzed mouse ventricle 
collagen. Q3 is fixed at m/z = 267. N2 is used as the collision gas, and the collision 
energy is 45 eV. 
 

       Because the DPD signal intensity is not very high (~ 3200 cps), it might be thought 

that the signal is mostly from noise or contaminants. To ensure the reproducible signal is 

from the hydrolyzed mouse ventricle sample, the hydrolyzed mouse ventricle sample is 

measured multiple times on different days, and the same result is obtained (data not 

shown). Additionally, the same precursor ion scan experiment is performed when only 

MeOH:H2O (70:30 v/v) is sprayed into the mass spectrometer. The precursor ion scan 

MS spectrum of solvent shown in Figure 3.8. In the spectrum, no signal is present at m/z 

= 413, and more importantly, the signal intensity is only about 300 cps. The comparison 

between the hydrolyzed sample and solvent background further confirms that the signals 

detected, especially the DPD’s response at m/z = 413 in Figure 3.7, are indeed from the 

hydrolyzed mouse ventricle sample. 
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FIGURE 3.8. The precursor ion scan spectrum of solvent. Q3 is fixed at m/z = 267. 
N2 is used as the collision gas, and the collision energy is 45 eV. 
 

3.3.4 LC-MS Analysis of Intact Type I Rat Tail Collagen 

        One of the major objectives of the present research project is to study the structure 

and quantification of cross-linked amino acids in heart collagen. Besides examining the 

cross-linked amino acids PYD and DPD as discussed previously, we also tried to solve 

the problem by analyzing intact collagen protein, which could possibly also provide some 

useful information about the cross-linking in collagen protein. This section will focus on 

some LC-MS results obtained for Type I rat tail collagen, a model system for mouse 

ventricle collagen. Both rat tail collagen and mouse ventricle collagen are composed of 

three coiled α chains, two of which are identical called α(1), and the other is called α(2). 

Theoretically in an LC-MS experiment, the protein is denatured when eluting out the 

column with the mobile phase solvents, therefore the mass spectrometer is expected to 

detect the single α chains, as well as di-cross-linked dimers (β) and tri-cross-linked 

trimers (γ) with molecular weights expected to be roughly 100 kDa, 200 kDa and 300 
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kDa, respectively. The goal is to determine if these species can be well separated, and if 

so, the corresponding peak intensities can be used to reveal some quantitative information 

about the species present. This method can be used to characterize the extent of cross-

linking of collagen, although it cannot provide the information about what cross-links are 

involved. 

        The chromatogram from an LC-MS run of rat tail collagen as shown in Figure 3.9a 

has several distinct peaks. By examining the mass spectrum under each chromatogram 

peak, we can get the molecular weight information of the corresponding species. The 

mass spectrum of peak 1 is shown in Figure 3.9b. The multiple charged peaks reveal that 

the molecular weight is about 95 kDa that matches the mass of one single α chain. 

However, when exploring the mass spectra under other chromatogram peaks, the MS 

spectra appear to be irresolvable, which is probably due to the fact that the complex 

mixture are not well separated by HPLC. At present, we think the mixtures contain 

dimers and trimers, but they cannot be well separated by HPLC. Previous studies [27] 

also demonstrated the difficulties of separating denatured collagen proteins by HPLC due 

to the similarity of the hydrophobicity of the dimer and trimer.  
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FIGURE 3.9. a) Liquid Chromatogram of rat tail collagen protein; b) Mass spectrum of peak 1 in Figure 
3.9a. 

 

       The detection of single α chains suggests that the collagen protein has been 

denatured in HPLC run, to some extent. Literature [28] shows that heating would help 

completely denature the collagen protein. To test this, the heated rat tail collagen (600C, 1 

hour) was also analyzed by LC-MS under the same condition as the unheated protein. 

The chromatogram is shown in Figure 3.10a. The chromatogram shows more peaks than 

that of unheated collagen proteins, which indicates that heating may further denature the 

protein and produce more species. However, only the MS spectrum of peak 1 is 

resolvable showing that the molecular weight is about 95 kDa corresponding to α chains 

(Figure 3.10b). 
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FIGURE 3.10. a) Liquid Chromatogram of heated rat tail collagen protein; b) Mass spectrum of peak 1 
in Figure 3.10a. 

 

       We also tried to analyze the mouse ventricle collagen extracted from mouse heart by 

LC-MS method described above. However, the sample contains undissolvable white 

pieces even after heating, which is suspected to be mouse ventricle collagen, because it is 

known that mouse ventricle collagen may have lower water solubility than rat tail 

collagen due to its higher level of cross-linking. The supernatant of the sample does not 

show any protein or peptide signal in the LC-MS analysis. To examine whether the 

supernatant contains any protein and check the complexity of the rat tail collagen, 1D gel 

electrophoresis was used to analyze the protein samples (Figure 3.11). The blank lanes of 

8 and 9 indicate that there is no detectable protein in the supernatant of the sample. This 

does not necessarily mean the extraction procedure had failed, because amino acids and 

DPD have been detected in the hydrolyzed mouse ventricle sample. Clearly, a way to 

introduce the undissolvable mouse ventricle collagen into solution phase in future LC-

MS measurements must be determined. All the rat tail collagen protein samples show 
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many bands in a wide mass range, indicating complexity of the rat tail collagen protein 

samples, which makes it more difficult for HPLC to separate them efficiently. 

 
FIGURE 3.11. 1D gel electrophoresis of collagen proteins. Lane1 Standard 2 μL; 
Lane2 Rat Tail Collagen (powder) 10 μL;Lane3 Rat Tail Collagen (powder) 20 μL; 
Lane4 Rat Tail Collagen (solution) 10 μL; Lane5 Rat Tail Collagen (solution) 20 μL; 
Lane6 Heated (600C 1h)Rat Tail Collagen (solution) 10 μL; Lane7 Heated (600C 
1h)Rat Tail Collagen (solution) 20 μL; Lane8 Mouse Ventricle 10 μL; Lane9 Mouse 
Ventricle 20 μL. * Powder means the sample was purchased as powder, and solution 
means the sample was purchased as solution. 
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3.4 Conclusions and Future Directions 

       The fragmentation patterns of pyridinoline (PYD) and deoxypyridinoline (DPD) are 

investigated in the study. Based on the MS/MS spectra of PYD and DPD, m/z = 267 ion 

is chosen to be the fingerprint peak for the identification of PYD and DPD. Precursor ion 

scan of m/z = 267 is applied to identify PYD and DPD from a mixture. This precursor ion 

scan mode shows high selectivity for PYD and DPD. We have successfully detected DPD 
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in the hydrolyzed mouse ventricle collagen, but PYD is not detected. LC-MS is applied to 

examine the intact collagen protein. The denatured rat tail collagen protein or subunits 

can be separated by HPLC into several subgroups, but only α chains can be identified by 

MS at this stage. 

       In the future, we need to figure out how to introduce the undissolvable mouse 

ventricle collagen into solution phase, and then we can employ LC-MS or other 

separation techniques to study the intact mouse ventricle collagen. Our group has started 

to digest the mouse ventricle collagen sample by various enzymes, and use an LC-MSMS 

method to analyze the peptides. Recent work has shown potential to be a plausible 

method to study the mouse ventricle collagen. Meanwhile, we would like to develop 

methods to detect more cross-linked amino acids besides PYD and DPD. More cross-

linked amino acid standards are desired to study their fragmentation patterns and set up 

corresponding precursor ion scan modes for them. In general, a better extraction and 

enrichment method for mouse ventricle collagen is likely to considerably improve the 

ability to analyze the sample via mass spectrometric analyses. 
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Chapter 4 

CONSTRUCTION OF A DESI SOURCE AND ITS APPLICATION IN 

PEPTIDES AND PROTEINS ANALYSIS 

 

4.1 Introduction 

       The development of soft ionization such as electrospray (ESI) and matrix-assisted 

laser desorption/ionization (MALDI) has expanded the application of mass spectrometry 

into the analysis of large biomolecules (Section 1.2.1). However, time-consuming sample 

preparation is often required for ESI-MS or MALDI-MS, because they are not suitable 

for the analysis of samples directly under ambient conditions. 

       Novel ambient techniques that require minimal sample preparation include direct 

analysis in real time (DART) [1] and atmospheric solid analysis probe (ASAP) [2]. 

However, they are not capable of ionizing high molecular weight biomolecules. Recently, 

the desorption electrospray ionization (DESI) technique emerged to allow the analysis of 

samples including larger biomolecules directly from a surface under ambient conditions 

[3]. In DESI-MS, a fine spray of charged droplets formed under high electric field hits 

the surface of interest, where it extracts small organic molecules or large biomolecules, 

ionizes them, and delivers the ions into the mass spectrometer (Figure 4.1).  

       Since its introduction, the use of DESI-MS has been reported in many research fields. 

One is the analysis of explosives from surfaces that are common in possession of air 

passengers, like TNT [5]. Pharmaceuticals like drug tablets and soft creams have also 

been analyzed [6]. Metabolites have also been analyzed by DESI-MS because DESI has 

the ability to detect analytes from a complex matrix without losing time-sensitive 
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information during sample preparation [7]. In addition to being coupled with mass 

spectrometry, DESI has also been coupled with thin-layer chromatography (TLC) [8] and 

ion mobility spectrometry [9]. More recently, more attention has been paid to analysis of 

peptides, proteins, and protein complexes by DESI, because this is an important 

component of proteomic research, including protein identification, post-translational 

modification, etc. There are literature reports on the DESI analysis of peptides and 

proteins [10, 11], intact biological tissues [12] and enzyme-substrate complexes [13]. 

However, there are still problems for protein analysis by DESI, for example, it has not 

been successful to ionize very large proteins (> 100 kDa), and how to increase the signal-

to-noise ratio is another challenge.  

FIGURE 4.1. A diagram of desorption electrospray ionization source (Figure from 
reference [4] with permission).  
 

       As more and more applications of DESI have been developed, it is necessary to 

better understand the fundamental mechanism of the DESI process. Several mechanisms 

have been proposed. One is called “chemical sputtering”, which refers to charge and 

momentum transfer during reactive projectile/surface collisions. It hypothesizes that 
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compounds with a high vapor pressure may react with free ions above the surface or with 

the droplet close to the surface and become incorporated into the liquid droplet [14, 15]. 

Another model is referred to as the “droplet pick-up” model. It is believed that droplet 

pick-up occurs during the brief contact time when droplets collide with the sample 

surface and analytes are extracted into the leaving liquid droplets. After droplet pick-up, 

ionization happens through the common ESI process, i.e. charge residue model (CRM) or 

ion evaporation model (IEM) (Section 1.2.1) [15]. It is generally believed that ionization 

of peptides and proteins is accounted for by the “droplet pick-up” model, while low mass 

compounds may be ionized by “chemical sputtering”. However, a more recent study 

shows that chemical sputtering cannot take place because the velocity of the droplet that 

is less than 200 m/s is not high enough to cause the chemical sputtering [16]. So far, there 

is not a perfect model available to describe the DESI process. 

       In the present study, we aimed to build a DESI source and couple it to a mass 

spectrometer. We used the home-built DESI source to successfully ionize several 

peptides and proteins. Then we planed to couple DESI-MS to a surface based separation 

technique to characterize the separated proteins in a timely fashion. We also investigated 

the surface effect on the signal intensity. Finally, we compared the MS spectra obtained 

by DESI and ESI to shed some light on the mechanism of DESI. In all, the present study 

tries to improve the fundamental understanding of DESI and its application in peptide 

and protein analysis. 

 

4.2 Experimental 

Materials 
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       All peptide and protein standards were purchased from Sigma-Aldrich (St. Louis, 

MO) and used without further purification. Methanol, water, acetic acid (AcOH) were all 

HPLC grade. Poly(methyl methacrylate) (PMMA) plates were purchased from 

Professional Plastics (Fullerton, CA). C12F10 self assembled monolayer 

(CF3(CF2)9(CH2)2SH) on gold substrate and C16 self assembled monolayer 

(CH3(CH2)15SH) on gold substrates were prepared according to reference [17].  

        

DESI Source Set-up and Mass Spectrometry 

       The set-up of our home-made DESI source is shown in Figure 4.2. The electrospray 

emitter is composed of a Swagelok T-piece and two coaxial sections of fused silica 

capillary tubing (Polymicro Tech LLC, Phoenix, AZ). The outer capillary has an outer 

diameter (OD) of 360 μm and an inner diameter (ID) of 250 μm. The internal capillary 

has an OD of 150 μm and an ID of 50 μm. Nebulizing gas (N2) flows through the space 

between the internal and outer capillary tubing. The central leg of the T-piece is 

connected to the N2 tank. The pressure of the gas tank can be varied from 0 psi to 200 psi. 

The internal capillary tubing is extended through the T-piece and connected to a syringe 

pump that supplies the spray solvent to the sprayer at a rate of ~2 μL/min. The emitter 

end of the internal capillary tubing is extended 0.5 mm beyond the outer capillary tubing. 

A potential between 4 kV and 5 kV is applied from the mass spectrometer to the 

stainless-steel needle of the syringe. The DESI source is installed on an LCQ Deca mass 

spectrometer or an LTQ mass spectrometer (Thermo-Finnigan, San Jose, CA). 
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FIGURE 4.2. The set-up of DESI source used in the present study. 
        

       In the following DESI-MS experiments, peptides and proteins were dissolved in 

water with a concentration of 50 μM. Protein solutions were deposited on surfaces and 

dried slowly. MeOH:H2O:AcOH (49.5:49.5:1) was used as the spray solution. In the 

NanoESI-MS experiment, cytochrome c was dissolved in the spray solution to reach a 

concentration of 1 μM before being introduced into the mass spectrometer. 

  

Optimum DESI-MS conditions 

        The positions and angles of the DESI spray were adjusted to get the strongest and 

long-lasting signal (Figure 4.3). The optimum conditions are listed below for a number of 

variables: the pressure of the gas tank is set at 140 psi; α (sprayer to surface angle) is 

between 50 and 60 degrees; and β (surface to MS inlet angle) is less than 10 degrees. The 

distance between the inner solvent capillary and the sample distance is about 1 mm; and 

the distance between the sample surface and the MS inlet is less than 1 mm.        
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FIGURE 4.3. A diagram of DESI sprayer. (Figure from Reference [16] with 
permission) 
 

4.3 Results and Discussion 

4.3.1 Mass Spectra of Peptide and Proteins by DESI-MS 

       We evaluated the capacity of our DESI source for the detection of peptides and 

proteins with a series of standards ranging in molecular weight from 1 kDa to 66.4 kDa. 

Figure 4.4 shows the DESI mass spectra for those standards. Bradykinin (1.06 kDa), 

cytochrome c (12.3 kDa) and lysozyme (14.3 kDa) show well defined multiple charged 

patterns. (It should be noted that while bradykinin was run in he initial test, several other 

peptides have been tested with our DESI source, many of these are included below for the 

analysis of surface composition.) However, BSA (66.4 kDa) generates a poorly defined 

mass spectrum. The results indicated that there might be a molecular weight limitation of 

sample desorption and ion transfer for the current DESI design. The peak widths of those 

DESI-MS spectra are generally wider than normal MS spectra obtained by an ESI source. 

We suspect that the peak widening might be due to the solvent adducts that did not 

evaporate completely before the ions were delivered into the mass spectrometer. 
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FIGURE 4.4. DESI mass spectra of intact peptide and protein standards under optimum conditions: a) 
bradykinin (1.06 kDa); b) cytochrome c (12.3 kDa); c) lysozyme (14.3 kDa) and BSA (66.4 kDa). The 
peptide and proteins (~ 1 μM) were deposited on a PMMA surface. 

        

       We also observed that the charge distribution and peak width of the DESI-MS 

spectra can easily change depending on the experimental conditions. Figure 4.5 illustrates 

how the distance between the sprayer and mass spectrometer inlet would affect the 

spectra quality. Figure 4.5a of cytochrome c was collected under the optimum conditions; 

and Figure 4.5b was collected with the sprayer and the sample surface much closer to the 

mass spectrometer inlet (due to the simple set-up of our DESI source, we were not able to 
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measure the exact distance). One significant difference is that when the sprayer and the 

sample surface get closer to the mass spectrometer inlet, the peak width becomes much 

wider. It might be because the solvent molecules did not have enough time to evaporate 

from the charged droplets as they entered the mass spectrometer. In addition, Figures 

4.5b shows a greater abundance of lower charge state ions than Figure 4.5a. Based on ion 

evaporation model (IEM) of ESI (Section 1.2.1), this trend could be explained by the fact 

that the charge density of the droplets is lower if the droplet size is larger upon entering 

the MS capillary.  

  

FIGURE 4.5. DESI mass spectra of cytochrome c: a) The spectrum was collected under optimum 
condition; b) the spectrum was collected when the sprayer and sample surface are much closer to the 
mass spectrometer inlet. 

 

       The differences between DESI-MS and ESI-MS were investigated by measuring 

cytochrome c with the two sources. Figure 4.6a and 4.6b show the DESI-MS spectrum 

and the NanoESI-MS spectrum of cytochrome c, respectively. It is clear that higher 

charged ions are dominant in the DESI-MS spectrum, and the charge distribution looks 

like a Gaussian distribution. However, lower charged ions are favored in the ESI-MS 
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spectrum, and the [M+9H]9+ ion is dominant compared with other charged species. The 

comparison indicates that there might be differences in charge transfer and ion formation 

between DESI and ESI sources, which need further investigations.  

FIGURE 4.6. a) DESI mass spectrum of cytochrome c; b) NanoESI mass spectrum of cytochrome c. 
All mass spectrometry parameters remain the same for those two measurements. 

 

4.3.2 Surface Effect on DESI-MS 

       DESI is a desorption ionization method, so the ionization process (desorption and 

charge transfer) can be affected by the properties of sample surfaces.  We investigated the 

influence of surface composition on the spectra quality and ion signal in order to make 

the best choice of surface, as well as to improve our understanding of the mechanism of 

DESI ionization. 
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FIGURE 4.7. DESI-MS spectra of YGGFL, YGGFLR and angiotensin3 (RVYIHPF) mixture: a) bare 
gold; b) PMMA; c) C16 self assembled monolayer on gold; and d) C12F10 self assembled monolayer 
on gold. 

 

       Figure 4.7 shows the DESI-MS spectra of a peptide mixture of YGGFL (m/z =556, 

dimmer m/z = 1111), YGGFLR (m/z = 712) and angiotensin3 (RVYIHPF) (m/z = 931). 

The surfaces we used were bare gold, PMMA, a C16 self assembled monolayer (SAM) 

on gold and a C12F10 self assembled monolayer (SAM) on gold. All peptides can be 

detected from all of the four surfaces. Besides the peptide signals, we observed a peak at 

m/z = 631 in all cases, which is not from the sample. The m/z = 631 peak lasted during 
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the whole experiment and even when no sample was deposited on the surface, so we 

consider it as the contaminant inside the instrument that day. So we used the peak 

intensity ratio of YGGFLR (m/z = 712) and m/z = 631 to roughly represent the “S/N 

ratio” of the spectra.  Figure 4.8 illustrates the ratio for the four surfaces. The “S/N ratio” 

increases in the order of bare gold surface, PMMA surface, C16 SAM surface and 

C12F10 SAM surface, implying that C12F10 SAM surface might be the better surface to 

assist peptide ionization in DESI-MS. The observed trend might be related to the electron 

transfer (neutralization) on the surface. It is believed that SAM films provide an 

insulating layer that reduces electron transfer from the gold surface, with the extent of 

electron transfer being lower for a fluorocarbon than a hydrocarbon one [17]. Thus more 

ions are believed to survive after impact with the FSAM surface. Another reason might 

be that the morphology on SAM surfaces may affect the sample distribution and 

crystallization on the surfaces. 
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4.4 Conclusions and Future Directions 

       We investigated the ionization capacity of our home-made DESI source for peptides 

and proteins. Peptides and small proteins (< 20 kDa) can be easily ionized and generate 

well-defined mass spectra. However, BSA (66.4 kDa) generates a poor defined mass 

spectrum, which indicates that there might be a molecular limitation for the current 

design of the DESI source. We discovered that the distance between the DESI sprayer 

and mass spectrometer inlet is critical, because the charge distribution, peak width and 

signal intensity can be significantly varied by changing the distance. In addition, the 

difference between the DESI-MS and ESI-MS spectra implies the differences in charge 

transfer and ion formation processes between those two ionization sources. Finally, we 

found that SAM surfaces may assist the ion formation in DESI, probably due to the 

decreased electron transfer on SAM surfaces. 

        In the future, we plan to couple the DESI source to a protein electroseparation 

technique based on silica colloid crystal developed by Dr. Wirth’s group at the University 

of Arizona [18]. MALDI-MS has been employed to detect the separated proteins in the 

crystals, but DESI has the advantage of forming multiple charged ions and it does not 

suffer from matrix interference. Another direction of DESI would be molecular imaging. 

A DESI source with an automated surface stage capable of x, y translational motion has 

become a growing tool for 2D chemical imaging. There have been reports on forensic 

imaging [19] and tissue imaging [20], but it seems the sensitivity and resolution can be 

still improved.  
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