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PFO 2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-Pentadecafluoro-1-Octanol 

RF Radio Frequency 

SEC Size Exclusion Chromatography 

SV Separation Voltage 

TEM Transmission Electron Microscopy 

TIMS Trapped Ion Mobility Spectrometry 

TOF Time-of-Flight 

TWIMS Travelling Wave Ion Mobility Spectrometry 

UV Ultraviolet 

UVPD Ultraviolet Photodissociation 

  



18 

 

ABSTRACT 

Author: Wang, Nan. PhD 

Institution: Purdue University 

Degree Received: May 2019 

Title: Ion/Ion Reaction Facilitated Mass Spectrometry and Front-End Method Development 

Committee Chair: Scott McLuckey 

 

Mass spectrometry is a versatile analytical tool for chemical and biomolecule identification, 

quantitation, and structural analysis. Tandem mass spectrometry further expands the applications 

of mass spectrometry, making it more than a mere detector. With tandem mass spectrometry, the 

mass spectrometer is capable of probing reaction mechanisms, monitoring reaction processes, and 

performing fast analysis on complex samples. In tandem mass spectrometry, after activation the 

precursor ions fragment into small fragment ions through one or more pathways, which are 

affected by the ion’s inherit property, the ion type, and the activation method. To obtain 

complementary information, one can alter the fragmentation pathway by changing the ion via ion 

charge manipulation and covalent modification to the ion. Gas-phase ion/ion reactions provide an 

easy approach to changing ion type and facile modification to the analyte ions. It has been 

extensively used for spectrum simplification and analyte structural studies. In this dissertation, 

ion/ion reaction facilitated mass spectrometry methods are studied, and explorations into the 

method development involving front-end mass spectrometer are discussed. 

The first work demonstrates a special rearrangement reaction for gas-phase Schiff-base-

modified peptides. Gas-phase Schiff-base modification of peptides has been applied to facilitate 

the primary structural characterization via tandem mass spectrometry. A major or minor fragment 

pathway related to the novel rearrangement reaction was observed upon in-trap collisional 

activation of the gas-phase Schiff-base-modified peptides. The rearrangement reaction involves 
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the imine of the Schiff base and a nucleophile present in the polypeptide. The occurrence of the 

rearrangement reaction is affected by several factors, such as ion polarity, identity of the 

nucleophile in the peptide (e.g., side chains of lysine, histidine, and arginine), and the position of 

the nucleophile relative to the imine. The rearrangement reaction does not affect the amount of 

structural information that can be obtained by collisional activation of the Schiff-base-modified 

peptide, but when the rearrangement reaction is dominant, it can siphon away signal from the 

structurally diagnostic processes. 

Efforts have also been put into the method development of peptide and protein aggregation 

detection via electrospray ionization mass spectrometry (ESI-MS). People have studied peptide 

and protein aggregation processes to understand the mechanism of amyloid-related diseases and 

to control the quality of the peptide and protein pharmaceuticals. ESI-MS is suitable for solution 

aggregation studies because of its compatibility with solution samples and the straightforward 

result of the analyte’s oligomeric state on the mass spectrum. However, peak overlap issue and 

nonspecific aggregation in the ESI process can obscure the result. Here, the application of proton 

transfer ion/ion reaction to the analyte has been found useful to reduce or eliminate the peak 

overlap issue. A statistical model based on Poisson statistics has been proposed to deal with the 

ESI-induced nonspecific aggregation in the droplet and to differentiate the solution-phase 

aggregation from the droplet-induced aggregation. Factors that affect the accuracy of the statistical 

model have been discussed with MATLAB simulations. 

In the era of biological system studies, sample complexity is a challenge every analytical 

chemist has to face. The analysis of complex sample can be facilitated by the combination of 

separation techniques outside the mass spectrometer (such as differential mobility spectrometry 

(DMS)) and ion structure probing techniques inside the mass spectrometer (such as tandem mass 
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spectrometry and gas-phase ion/ion reactions). Here the coupling method between DMS and 

ion/ion reaction is developed and tested with model peptide systems to demonstrate its possible 

application in complex sample characterization such as isomer identification. 

  



21 

 

 INTRODUCTION 

1.1 Mass Spectrometry 

Nowadays the chemical identification and quantitation, which analytical chemistry mainly 

deals with, plays an important role in everyday life and scientific discoveries. [1, 2] Among all the 

analytical chemistry techniques, mass spectrometry stands out due to its merits of high sensitivity, 

low detection limit, fast analysis speed and diversity of its applications. [3, 4] 

Since the first mass spectrometer, the cathode ray tube invented by J. J. Thomson in the 

1897, [5] the instrumentation and application of mass spectrometry has evolved tremendously. 

While mass spectrometers were mostly used for small particle and small molecule analysis for 

almost a century, [6] the advent of new ionization methods like electrospray ionization (ESI) [7, 

8] and matrix assisted laser desorption ionization (MALDI) [9] in the late 1980s has empowered 

mass spectrometers with a broader sample compatibility. At the moment the mass spectrometry 

has been applied more to large molecule detection and structural analysis, [10] especially 

biomolecules such as peptides and proteins, [11] carbohydrates, [12] oligosaccharides, [13] and 

even viruses. [14-16] 

Another trend in the development of mass spectrometry is the coupling (or hyphenation) 

between mass spectrometry and other analytical techniques. [17] The advantage is obvious: by 

coupling two or more analytical techniques together, the functions of all the techniques coupled 

together are utilized at the same time and more complex samples can be analyzed. One example is 

the hyphenation between mass spectrometry and chromatography. In the early 1950s people first 

built gas chromatography – mass spectrometry (GC-MS) instruments. [18] Later as GC-MS was 

developed more, liquid chromatography – mass spectrometry (LC-MS) coupling started to arise. 

[19] In the beginning of the 21st century, LC-MS and GC-MS has become two mature analytical 
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methods widely used in the pharmaceutical, clinical, and environmental areas. [19] Another 

coupling example is between the ion mobility spectrometry (IMS) and mass spectrometry (MS). 

Unlike GC and LC, which separate analytes by their different fractionation in the stationary phase 

and the mobile phase, [19] IMS uses the different gas-phase ion mobility to separate the analytes. 

[20] Currently IMS-MS has been used a lot in the structural studies of large biomolecules. [21, 22] 

1.1.1 Principles 

Mass spectrometer is an analytical instrument that measures the mass-to-charge ratio (m/z) 

of ions. [4] It can be considered as a “molecular balance” because mass of the analyte molecule 

can be calculated from the m/z of the analyte ions detected by the mass spectrometer. [23] 

Generally, mass spectrometers consist of three parts: an ion source that generates ions from 

the sample, a mass analyzer that measures the m/z of the ions, and a detection and data collection 

system that collects the mass spectrum. [24] The ion source determines what analytes can be 

ionized from the sample (e.g., small molecules with molecular weight less than 500, large 

molecules like proteins, etc.) and their ion type (e.g., singly protonated, doubly deprotonated, 

radical with one electron loss, etc.). [3] It also determines how efficiently the analytes are turned 

into ions, which is directly related to the sensitivity of the method. [25] The mass analyzer 

determines how accurately the m/z is measured (accuracy), the m/z range of the ions that can be 

detected (mass range), and how well different ions can be resolved (resolution). [26] Some 

analyzers can be used by itself or in sequence with other mass analyzers to achieve multiple stages 

of mass spectrometry (tandem mass spectrometry), where structural information of the analyte 

ions could be obtained through ion fragmentation. [3, 27-28] The detection and data collection 

system, though not discussed in detail in this dissertation, is very important since it is related to 
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several of the instrument’s figures of merit, such as sensitivity, resolution and the speed of 

detection. [29] 

There is a huge variety of ion sources, analyzers and detectors, [3] but only ion sources and 

analyzers related to this dissertation shall be introduced in detail to let the readers better understand 

the content of the dissertation. 

1.1.2 Ion Source: Electrospray Ionization (ESI) 

Electrospray Ionization (ESI) is an ionization method that generates ions from the solution. 

[3] The idea was proposed by Dole in 1968, [30] but it was first successfully established on mass 

spectrometers in the John Fenn group in 1984 [7] and four years later, when they presented results 

showing the application of ESI to large protein ionization on the ASMS annual conference, [8, 31] 

ESI was rapidly welcomed by the whole mass spectrometry world. [6] It is now widely used in 

biomolecule analysis, not only because it efficiently and softly generates ions directly from the 

solution, where most biomolecules exist in the nature, [32] but also due to its ability to generate 

multiply charged ions, which lowers the m/z range requirement of mass analyzers for the detection 

of high-mass biomolecules. [25] Furthermore, the analyte ion series with multiple charges on the 

spectrum help people to obtain an accurate molecular weight of the unknown analyte, either by 

solving the two unknown variables (charge 𝑧  and molecular weight 𝑀𝑊 ) from the multiple 

equations for the m/z ratios of the ion series, or by mass spectrum deconvolution. [33] 

Even though the development of the ESI source went from solvated cations [7] and anions, 

[34] to small molecules and peptides, [35] to medium-size polymers, [36] and finally to large 

proteins, [8] when ESI first drew people’s great attention in 1988, most people immediately 

recognize its value in large protein molecule ionization [37] and in online coupling interface of 

MS with other techniques such as capillary zone electrophoresis [38] and liquid chromatography. 
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[35] For now ESI has been applied to a lot of sample types [3] and to reaction monitoring. [39] It 

is also an important online HPLC/MS interface and is widely used in plenty of areas such as 

pharmaceutical quantitation [40] and clinical disease screening. [41] 

1.1.2.1 ESI Source Setup 

Electrospray is generally operated by applying a high voltage (a few kilovolts relative to 

the inlet of mass spectrometer) to the solution flowing through a capillary (Figure 1.1(a)). [3] One 

problem ESI could have is the difficulty in releasing the ions from the charged droplet. To assist 

the ion generation process, multiple modifications have been developed. For example, nebulizer 

gas [42] and heat [43, 44] has been applied to speed up the solvent evaporation process (Figure 

1.1(b)). [45] Capillaries with smaller inner diameter (i.d.) have been utilized to generate smaller 

droplets, which helps in salt reduction and analyte ion release. [46] Compared to a typical ESI 

capillary i.d. of 100 μm, [47] the tip size has been further reduced with nano-electrospray 

ionization (nESI, Figure 1.1(c)), which uses µm to sub-µm tips to generate even smaller droplets. 

[48] The smaller droplets produced by nESI greatly increase the sensitivity for non-surface-active 

compounds such as oligosaccharides and glycoproteins. [48] Unlike conventional ESI, nESI 

normally doesn’t require a back pressure on the sample to get a constant spray. [48] Another issue 

ESI may have is the electrochemical reaction (redox reaction) caused by the high voltage applied 

to the solution. To reduce the solution redox reactions, inductive nESI (Figure 1.1(d)) has been 

developed to induce electric field inside the borosilicate capillary to spray samples. [49, 50] 

1.1.2.2 Mechanism 

The description below is a widely accepted general explanation on how the droplets turn 

into ions (Figure 1.2(a)). [3, 25, 51-53] When a high electric field is applied to the sample solution 

in the ESI source, charges of the same polarity as the electric field will be driven to the tip of the 
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ESI capillary. As the charge accumulates, when the Coulomb repulsion exceeds the solution’s 

surface tension, a Taylor cone would form and charged droplets are generated from the tip of the 

Taylor cone. Due to Coulomb repulsion, all the excess charge would spread on the surface of the 

droplet. The solvent of the charged droplets would be evaporated on its way to the mass 

spectrometer, which makes the charged droplets shrink in volume. As the volume decreases, the 

charge density on the surface increases, which makes the Coulomb repulsion on the surface 

increase to a point when it equals to the surface tension of the droplet. At this point, which is called 

the Rayleigh limit, the number 𝑧𝑅 of charges on the droplet follows the equation below: 

 𝑧𝑅 =
8𝜋

𝑒
√𝜀0𝛾𝑅3 (1.1) 

where 𝑒 is the elementary charge, 𝜀0 is the vacuum permittivity, 𝛾 is the surface tension, and 𝑅 is 

the droplet radius. [54, 55] To relieve the tension caused by the Coulomb repulsion, the charged 

droplet reduces its surface charge by either fissioning into smaller charged droplets, or ejection of 

the ions on the droplet surface. By repeating the evaporation / fission or evaporation / ejection 

process, ions are generated and finally enter the mass spectrometer. 

Even though the general explanation on how the droplets turn into ions is widely accepted, 

however, in terms of the detailed ion release process, multiple theories have been proposed and 

supported by different experimental observations. Up to now, there are three main models for 

ionization mechanism of ESI (Figure 1.2(b)-(d) [56]): Ion Evaporation Model (IEM), [57] Charge 

Residue Model (CRM) [30, 58] and Chain Ejection Model (CEM). [59, 60] Although generally 

they apply to different scenarios, a lot of times it’s hard to tell for sure by what mechanistic model 

the ions of interest are ionized. [56] Therefore, when explaining experimental results by ESI 

mechanisms, it’s very important to consider the three models collectively. 
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1.1.2.2.1 Ion Evaporation Model (IEM) 

Ion Evaporation Model (IEM, Figure 1.2(b)) was proposed by Iribarne and Thomson in 

1976. [57] In the IEM, the ions are formed by evaporation from the droplet surface. That requires 

a large Coulomb repulsion on the droplet surface, which only exists for very small droplets. 

Generally, when the charged droplets are below 10 nm in diameter, the ion formation mechanism 

is considered to be IEM, and ion evaporation would happen before another Rayleigh fission occurs. 

Another important factor for the IEM mechanism is the size or molecular weight of the ions, as 

only solvated low mass ions (such as Na+ and Cl−) could be ejected from the surface. 

Experimentally, Iribarne and Thomson found that the spray-produced ions must be singly 

charged small ions based on their mobility spectra and the diffusion coefficient, which supports 

the IEM picture of the evaporation of one charge surrounded by some solvent molecules. [57] 

They later used a mass spectrometer with an atmospheric pressure source to confirm that the ions 

are coming from the electrolyte sample droplets via IEM mechanism. [61] Besides, de la Mora 

group experimentally measured the charge and size of the solid residue after complete evaporation 

of the solvent in the electrospray process, whose results support the IEM theory. [62] 

In summary, the IEM works well for small ions, but it does not apply to large molecules 

like proteins. For large molecules like proteins, the Charge Residue Model (CRM) is more suitable. 

1.1.2.2.2 Charge Residue Model (CRM) 

Charge Residue Model (CRM, Figure 1.2(c)) was first proposed by Dole in 1968. [30] In 

CRM, the analyte molecules stay in the droplet as the droplet go through the solvent evaporation 

and Rayleigh fission process. As the droplet fissions into smaller droplets, the analyte molecules 

are also distributed in the smaller droplets, resulting in one or a couple of analyte molecule(s) per 

small droplet depending on the analyte concentration. When all the solvent is evaporated, the 
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charges and the salt in the droplet condense onto the analyte and thus the analyte ion forms. It is 

widely accepted that large molecules go through the CRM mechanism, such as proteins with a 

molecular weight larger than 10 kDa. [63] Theoretically, the solvation energy of large globular 

molecules is so large that it’s impossible for the large molecules to overcome the energy barrier 

and get evaporated from the droplet surface. 

CRM has been supported by a lot of experimental evidence. According to CRM, the 

droplets should only fission near or at the Rayleigh limit, which means the charge state of the 

CRM-formed analyte ions should follow the Rayleigh limit equation (Equation 1.1). The 

speculation of the relationship between protein charge state and the theoretical charge state 

calculated from Rayleigh limit is confirmed by the data summary and analysis from the de la Mora 

group. [64] Moreover, theoretically large protein ions formed by CRM should have salt adduction, 

because all the salt in the final droplet should condense onto the analyte ion. Experimentally salt 

adduction is often observed on the mass spectrum for proteins using ESI-MS. [65] To reduce the 

salt adduction phenomenon, volatile salts such as ammonium acetate are favored in the ESI spray 

of large proteins. [66, 67] 

1.1.2.2.3 Chain Ejection Model (CEM) 

Chain Ejection Model (CEM, Figure 1.2(d)) was proposed by the Konermann group in 

2012 based on the molecular dynamics simulations and experimental data. [59， 60] Like CRM 

this model also applies to large molecules, but unlike CRM where the analytes stay in the compact 

globular form, CEM mainly discuss about analytes that extend like a chain, such as linear polymers 

and unfolded proteins. In the CEM, to relieve the Coulomb repulsion in the droplet, the analyte 

unfolds and gets ejected as a chain full of charges from the droplet. Two driving forces may exist 

in the chain ejection process. Electrostatically, if we think of the droplet as a smooth sphere, the 
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ends of the chain-shaped analyte would serve as a sharp point on the surface, where charges are 

most likely to be concentrated and released. Another possible driving force for the chain ejection 

is the hydrophobicity of the exposed unfolded parts in the chain (like in the case of unfolded 

protein). The hydrophobic parts of the unfolded analyte can cause the analyte being repelled to the 

droplet surface, and the subsequent release of the unfolded analyte can be entropically favored.  

Experimentally the CEM theory is supported by the striking signal difference between 

protein sprayed in the native condition (pH=7) and denatured condition (pH=2) [59] and the charge 

state distribution of the proteins under denatured condition. [60] The analogies between the CEM 

picture and the well-recognized charge partition in the dissociation of multiprotein assemblies back 

up the CEM theory as well. [56, 60] 

1.1.3 Mass Analyzer: Quadrupole and Linear Quadrupole Ion Trap (LQIT) 

Quadrupole and quadrupole ion traps are very important mass analyzers for the analysis of 

small to medium size molecules. The mass range of quadrupole can go up to a couple of thousands 

and it provides unit resolution. [3] Because of quadrupole’s robustness, ease in manufacture 

process, and flexibility in tandem mass spectrometry, quadrupole is widely used in commercial 

instruments. [68, 69] 

Quadrupole, as its name indicates, is composed of four rods (Figure 1.3(a)). The rods can 

be hyperbolic or circular in shape, but they have to be parallel. Two out-of-phase RF waveforms 

(and two opposite DC voltages if necessary) are applied to the two pairs of opposing rods to create 

a quadrupolar field. [3] By solving the ion motion equations for the quadrupole, a Mathieu stability 

diagram (Figure 1.3(b) [70]) can be plotted for the parameters 𝑎𝑢 and 𝑞𝑢: 

 𝑎𝑢 =
8𝑧𝑒𝑈

𝑚Ω2𝑟0
2 (1.2) 
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 𝑞𝑢 =
4𝑧𝑒𝑉

𝑚Ω2𝑟0
2 (1.3) 

where 𝑧 is the number of charges, 𝑒 is the elementary charge, 𝑈 is the potential for the applied DC 

voltage, 𝑉 is the zero-to-peak potential for the RF voltage, 𝑚 is the mass of the ion, Ω is the 

driving RF frequency, and 𝑟0 is the effective radius between electrodes. The ions would be stable 

in the quadrupole’s 𝑢 axis (𝑢 stands for x or y) if its calculated 𝑎𝑢 and 𝑞𝑢 values are within the 

stable region (unshaded region in Figure 1.3(b)). When two DC potentials with the same polarity 

as the ions are applied to the lenses on both ends of the quadrupole (L1 and L2 in Figure 1.3(c)), 

the quadrupole with the lenses is considered as a linear quadrupole ion trap (LQIT), because ions 

are trapped both in the x-y dimensions by the driving RF and in the z dimension by the two DC 

potentials. [71] Because 3D quadrupole ion trap [72] is not used in the projects in this dissertation, 

only the linear ion trap will be introduced here. 

When doing mass analysis with LQIT, ions with different m/z ratios are ejected from the 

LQIT at different time to get detected by the detector. There are two common ways to eject the 

ions by moving the ions out of the stable region on the Mathieu stability diagram, which are 

frequently used in 3D quadrupole ion trap. [73] One way, called boundary ejection, is to simply 

ramp the driving RF amplitude 𝑉 to make the 𝑞𝑢 of each ion reach the instable region one by one 

across the boundary of the Mathieu stability diagram. The other way, called resonance ejection, is 

to have a supplemental AC waveform on the rods with the driving RF amplitude ramp. When the 

ion’s secular frequency matches with the supplemental AC frequency, the ion would absorb the 

energy from the AC waveform, move with a large displacement from the center on the x-y 

dimensions, and get ejected in the end. With resonance ejection, the ions are being ejected faster 

and usually it leads to higher resolution due to faster ejection. As for the ion ejection from LQIT, 

two modes have been developed with resonance ejection: mass selective axial ejection (MSAE) 
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[74] and radial ejection. [71] In MSAE, AC waveforms are applied to the quadrupole rods and the 

exit lens, and ions close to the exit lens are ejected axially by the fringe field. In radial ejection, 

two slits are cut in two opposite rods, and the AC waveform applied onto the cut rods would eject 

the ions through the slits. 

Quadrupole is also capable of ion isolation via ejecting out the ions of no interest, either 

by having a suitable RF-DC combination to push the 𝑎𝑢 and 𝑞𝑢 of the ion of interest to the climax 

of the Mathieu stability diagram, [70] or by resonance ejection of all the irrelevant ions. [75, 76] 

Ions could also be excited in the quadrupole by the supplemental AC waveform as described above, 

[73] which is why quadrupole is often used for ion activation and dissociation. The feature of ion 

isolation and activation in the quadrupole is very beneficial for tandem mass spectrometry. 

1.1.4 Mass Analyzer: Time of Flight (TOF) 

Time of flight (TOF) is a mass analyzer that has high speed, high resolution, great mass 

accuracy and theoretically no upper m/z limit. [77] It pulses the ions at the same time with the 

same voltage 𝑉 to give the ions initial kinetic energy and measures the arrival time of each ion 

species at the detector. The relationship between the m/z of the ions and the arrival time 𝑡 is 

 
𝑚

𝑧
= (

2𝑒𝑉

𝐿2
) 𝑡2 (1.4) 

where 𝑚 is the mass of the ion, 𝑧 is the number of charges, 𝑒 is the elementary charge, 𝑉 is the 

pulsing voltage, 𝐿 is the length of the TOF ion path. [78] Since a higher m/z of the ion leads to a 

lower initial velocity of the ion, and thus a longer arrival time (also see Equation 1.4), the large 

ions can be detected as long as the wait time is long enough and the detector is sensitive enough. 

The resolution of TOF is directly related to its ion traveling length 𝐿. Therefore, to elongate the 

ion traveling length for resolution purposes and to reduce instrument size at the same time, 
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different TOF geometries have been designed, including but not limited to straight tube, [78] V-

shape geometry, [79] W-shape geometry [80] and multi-turn geometry. [81] In the curved TOF 

geometries, reflectrons are commonly used to reflect the ions along another direction without 

interfering with the ions’ arrival time. [79, 80] Electrostatic sectors are another choice for building 

curved TOF geometries. [81, 82] 

TOF is widely used in high mass ion detection, such as native mass spectrometry where 

large proteins are analyzed. [83] Typically, TOF has a much higher resolution than quadrupole, 

[77] so when the experiment requires the differentiation of isobaric ions or exact mass 

measurement, it’s better to do it on a TOF instrument than a quadrupole mass spectrometer.  

1.2 Tandem Mass Spectrometry 

Tandem mass spectrometry (MS/MS, or MSn, where n is the number of MS events) is 

developed to further study the structure of analytes. [84, 3] In the first stage MS, intact mass of the 

analyte ion is obtained. In the sequential n stages of MS, as the ions are fragmented in the mass 

spectrometer, the fragment ions would tell us the connections of different moieties in the molecule 

or complex, which can be used for structural analysis, analyte identification and quantification.  

Usually the tandem mass spectrometry starts with an m/z scan of the sample, where the 

first stage MS spectrum is collected. Then the ion of interest is isolated, activated by the method 

of choice, and the product ions of the activation are detected to generate the second stage MS 

spectrum. Similarly, if the nth stage of MS is performed, the ion of interest in the (n-1)th stage MS 

would be isolated, activated and its product ions being detected.  

In a fragmentation event, the ion that’s being fragmented is called the precursor ion, and 

the fragments are called product ions. The fragmentation pattern or pathway of the precursor ion 

is determined by three factors: the nature of the precursor ion, the form of the precursor ion, and 
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the activation method. [85] By nature, each molecule has its own strong bonds and weak bonds. 

The weak bonds are the places where fragmentation is more likely to happen. The same analyte 

with different ion types (e.g., protonated, deprotonated, metallated, radical) can have different 

fragmentation patterns, [85] because different charge types and locations would weaken different 

bonds and activate different pathways. The activation method changes how much, how fast and in 

what way the energy is input into the system, which determines the structure of the activated ion 

and its fragmentation pathway. Therefore, in order to probe the analyte structure comprehensively, 

people have utilized various methods to give complementary structural information, such as 

change of analyte chemical nature by chemical modification, [86] change of the ion type and 

number of charges, [87, 88] and change of the activation method. [89] 

A large amount of activation methods has been developed, such as collision induced 

dissociation (CID), electron transfer dissociation (ETD) and electron capture dissociation (ECD), 

and photodissociation (ultraviolet photodissociation (UVPD) or infrared multiphoton 

photodissociation (IRMPD)). [85] CID will be discussed in detail in this section because of its 

extensive usage in this dissertation. A brief introduction of UVPD is also provided for the readers 

to better understand the material in the following chapters. Since most of the tandem mass 

spectrometry used in the following chapters are about peptides and proteins, the common 

fragmentation patterns of peptides and proteins are also explained. 

1.2.1 Collision Induced Dissociation (CID) 

Collision induced dissociation (CID) is currently the most common activation method. [3, 

90] It is achieved by the collisions between accelerated analyte ions and neutral molecules. When 

the ions are having collisions with the neutrals, some of the translational energy is converted into 

internal energy, until eventually the internal energy reaches the energy barrier for complex 
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dissociation or bond breakage. [91] CID does not change ion type during the activation process. 

Based on how the analyte ions are accelerated, CID can be categorized into three types: in-trap 

resonance CID, dipolar direct current CID, and beam-type CID. 

1.2.1.1 In-Trap Resonant Collision Induced Dissociation 

In the in-trap resonant CID, ions are trapped in the ion trap, usually in an LQIT. An 

excitation AC waveform at a frequency in resonance with the ions of interest is applied to the 

apparatus. Since the frequency of the ion and the AC waveform are in resonance, ions would 

absorb the energy from the excitation AC waveform and move with larger displacement from the 

trap center. [92] The increased “RF-heating” with larger off-center displacement leads to more 

collisions between the ions and the neutrals, which eventually causes ion fragmentation. [93,94] 

Generally, in-trap resonance CID is a slow-heating process and the ion has time to redistribute the 

energy and change its conformation. [95] 

To reach the resonant frequency, the frequency of the applied AC waveform should be the 

same as the ion motion secular frequency 𝜔0,𝑢, which is defined by Equation 1.5 in the case of 

dipolar excitation (which is more commonly used for in-trap resonant CID):  

 𝜔0,𝑢 =
𝛽𝑢Ω

2
 (1.5) 

where 𝛽 is a stability related parameter, 𝑢 is the axis of interest, and Ω is the driving RF frequency. 

[72] Parameter 𝛽𝑢 can be calculated from the Mathieu stability diagram parameters 𝑎𝑢 and 𝑞𝑢, 

using the following approximation equation (for 𝑞𝑢< 0.4) 

 𝛽𝑢 ≅ √𝑎𝑢 +
𝑞𝑢

2

2
 (1.6) 
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For precise 𝛽𝑢 calculation without approximation, the calculation equation for 𝛽𝑢 is a continued 

fraction expression and can be found in the literature. [72, 96] 

In-trap resonant CID is especially useful for fragmentation of a single ion species. because 

the frequency of the excitation AC waveform and the voltage of the driving RF are usually fixed, 

which can only excite ions of a certain m/z. This is also beneficial as the product ions are not 

excited with the precursor ion. Of course, there are ways that can do a broadband excitation with 

in-trap resonant CID, either by ramping the driving RF amplitude or by ramping the excitation AC 

waveform frequency, [97, 98] but they are not that frequently used compared to single ion 

excitation. 

1.2.1.2 Dipolar Direct Current (DDC) Collision Induced Dissociation (CID) 

Different from in-trap resonant CID, dipolar direct current (DDC) CID is usually a 

broadband excitation method. [99, 100] By applying a dipolar DC on the opposing rods of a 

quadrupole, the entire ion cloud in the quadrupole ion trap can feel the electric force from the 

dipolar DC field and is shifted off-center in the x-y plane of the trap. When the ions are off-center, 

they pick up the energy from the stronger RF field and higher order fields (if exist) inside the 

quadrupole ion trap and experience more RF heating there. Thus, more collisions between the ions 

and the neutrals in the trap are induced and finally result in ion fragmentation. DDC CID is still a 

slow-heating process, where ions can redistribute the energy obtained and change their 

conformation before their dissociation. [99-101] 

When ions undergo DDC CID, their elevated temperature in a linear quadrupole ion trap 

is given by: 

 Δ𝑇𝑘 =
𝑚𝑔Ω2𝑟0

2

24𝑘𝑏
(

𝑉𝐷𝐷𝐶

𝑉𝑅𝐹
)

2

 (1.7) 
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where 𝑚𝑔 is the mass of the neutral, Ω is the drive RF frequency, 𝑟0 is the effective radius between 

electrodes, 𝑘𝑏 is the Boltzmann constant, 𝑉𝐷𝐷𝐶 is the dipolar DC voltage, and the 𝑉𝑅𝐹 is the drive 

RF zero-to-peak amplitude. [100-102] From the equation we can see that when the instrument 

condition remains the same, a higher DDC voltage relative to the drive RF amplitude would lead 

to a higher elevated temperature. 

The advantages of DDC CID are the broadband activation and its ease of use compared to 

in-trap resonant CID (no frequency calculation is required). It’s very useful in cases where 

broadband activation is needed, such as the salt removal process by a little activation. [102] 

Recently the combination of DDC and electron transfer process has been developed to further 

dissociate the ETnoD products, which enhances the protein identification. However, this technique 

introduces a high-mass cutoff. Upon the application of DDC CID, the approximate average 

displacement 𝑟𝑒 of the ion from the center of the LQIT is proportional to the m/z of the ion: [100, 

102] 

 𝑟𝑒 =
𝑟0

3Ω2

4𝑒

𝑚

𝑧

𝑉𝐷𝐷𝐶

𝑉𝑅𝐹
2  (1.8) 

and the limit is reached when 𝑟𝑒 = 𝑟0. Therefore, to extend the high-mass cutoff from DDC, one 

should have a higher driving RF amplitude to decrease the 𝑟𝑒 for the high m/z ions, and apply a 

higher DDC voltage to reach the same elevated temperature. 

1.2.1.3 Beam-Type Collision Induced Dissociation 

Beam-type CID is another broadband excitation method, which utilizes the potential 

difference between two MS elements. [103, 104] A high potential difference along the ion path 

speeds up the entire ion cloud and high-speed ions get fragmented by the collisions with neutrals. 

It is a transmission CID method and does not require the ions being trapped in the ion trap. 
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Compared to in-trap resonant CID and DDC CID, beam-type CID is the fastest activation and 

dissociation method among the three CID techniques. [105] 

1.2.2 Ultraviolet Photodissociation (UVPD) 

Photodissociation is a way to activate ions by the application of photons. When the energy 

of one photon or multiple photons matches with the energy difference between the ions’ vibrational 

or electronical states, the ions would absorb the photon(s), gain energy, and release the energy by 

direct fragmentation, fragmentation after intramolecular vibrational energy redistribution (IVR), 

or other relaxation processes like fluorescence. [106-108] 

Ultraviolet photodissociation (UVPD) specifically uses UV photons to fragment ions. 

Except for high-absorption density UV wavelengths such as 193 nm and 157 nm, UVPD usually 

requires the ions to have light-absorbing moieties or functionalities at the specific UV wavelength. 

[109] For example, at 266nm only tryptophan- and tyrosine-containing peptides exhibit some 

absorption, and at 355 nm chromophore is required to show any absorption. Since UV photons 

have a very high energy, UVPD events are usually single photon events. This makes the UVPD 

process very fast and gives no room for the excited ion to change its conformation. [106, 109] 

Therefore, UVPD is especially useful to probe analyte with its original conformation. The 

fragmentation pattern of UVPD is usually different from that of CID, so people often use UVPD 

as a complementary method to CID. [106-110] 

1.2.3 Peptide and Protein Fragmentation 

Tandem mass spectrometry has been extensively applied to peptide and protein analysis. 

For peptides, because their structure is comparably simple, direct sequence analysis can be done 

by tandem mass spectrometry. [111] For proteins, due to its complexity, three types of structural 

analysis have been developed: bottom-up, top-down and middle-down. [112, 113] Bottom-up 
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proteomics use complete enzyme digestion to hydrolyze the proteins into small peptides, and then 

use tandem mass spectrometry to sequence the protein. Top-down proteomics directly use tandem 

mass spectrometry on intact proteins, and structural information is obtained by fragmentation of 

proteins in the gas phase. Middle-down methods use enzymes to partially digest the proteins, and 

then use tandem mass spectrometry to the partially digested protein moieties to gain both sequence 

and structural information. 

When peptides and proteins are fragmented in the mass spectrometer, there are backbone 

cleavages, side-chain losses, and small neutral losses such as water and ammonia. [114] Three 

commonly observed types of backbone cleavage and their fragmentation nomenclature are shown 

in Figure 1.4. [115] The letter a/b/c/x/y/z refers to the cleavage bond type and which ion is 

generated at the cleavage site. The subscript n refers to the position of the cleavage site relative to 

the N- or C-terminus. Proposed structures of each type of fragment ions for peptide and protein 

cations are listed in Figure 1.4 as well. There is a debate on the structure of b ions, [116, 117] but 

only one of them is shown here. The b ions are found to go through a process called “peptide 

scrambling” by the formation of a ring structure on the two ends of b ions. [118] Therefore, the 

subsequent fragment ions of the b ion could have a “scrambled” sequence compared to the original 

peptide or protein. Oftentimes b/y ions are generated by CID and IRMPD, a/x ions by UVPD, and 

c/z ions by ECD or ETD, but the type of fragment ion is also related to the nature of the ion itself. 

[115] 

1.3 Ion/Ion Reactions in Gas Phase 

The nature of ion and ion type is very important in the ion fragmentation process, as 

discussed in Section 1.2. Different structural information can be obtained through chemical 

modification of the ion structure or change of the ion type. An example of the chemical 
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modification is the crosslinking of the target functional group (e.g., amine) on proteins. 

Fragmentation of the crosslinked protein gives us the spatial relationship between different lysine 

residues, which helps to shed light on the 3D structure of the protein. [119] As for the example of 

ion type change, cations and anions of the same peptide oftentimes breaks at different bond 

locations after CID, which is good for peptide sequencing. [85] 

People have used solution-phase methods to modify the analyte or change the ion type. 

[120, 121] However, due to the solvation of reactants in the solution, reactions usually need to 

overcome a high reaction barrier, which greatly affects the reaction rate. [122] The reduced yield 

of the solution-phase reactions or methods due to solvent-involved side reactions may be an issue, 

and further purification is usually required as the reaction solvent conditions may not be MS 

compatible. 

Ion/ion reaction is very useful to change the ion type or to chemically modify the analyte 

ion. [123] As gas-phase reactions, ion/ion reaction shares the advantage with ion/molecule 

reactions that there is no solvent in the gas phase, so the collisions between the reactants are easier 

to happen and requires less energy. [124] Due to the electrostatic attraction between cations and 

anions, they tend to come together and form a complex, which creates an environment for ion/ion 

reaction. The energy released by the complex formation is an autogenous energy source for the 

reaction to happen. A low-energy ion/ion reaction, such as proton transfer reaction, can happen 

without external excitation of the electrostatic complex, while for some more complicated 

reactions, such as gas-phase covalent modification reactions, they often require a supplemental 

energy input to help overcome the reaction energy barrier. [125] 
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1.3.1 Instrumentation for Ion/Ion Reaction 

The instrumentation for ion/ion reaction has two requirements: 1. Two ion sources that can 

generate both polarities of ions; 2. An MS element that ions with both polarities can stay. The ion 

source is usually not the problem, because the ion source is the element outside the vacuum.  

The first ion/ion reaction inside the vacuum was performed on a 3D quadrupole ion trap 

system. [126] The 3D trap is usually operated by keeping the end caps at ground and having a 

driving rf on the ring electrode, which inherently is an operation mode that can trap ions of both 

polarities. [72] However, 3D trap has low trapping efficiency, limited trapping capacity and is 

more prone to the space charge issue. [127] Linear quadrupole ion trap has better trapping 

efficiency and capacity than 3D trap, but unlike 3D trap, linear quadrupole ion traps trap ions by 

the DC potential on the two lenses outside the quadrupole (Section 1.1.3), which can trap only one 

polarity along the z axis. [128] The other polarity ions would be attracted to the end lenses and get 

ejected. Later people find that when AC waveforms are added to the end lenses, ions of each 

polarity are trapped by half of the AC waveform at the same polarity. [129, 130] Since the AC 

waveform is changing the polarity of the potential rapidly, ions of both polarities can be trapped. 

Besides the instrumentation for trapping ions of both polarities, another way to do ion/ion 

reaction is the transmission ion/ion reaction. [131] This only needs one polarity of ions being 

trapped when the ions of the other polarity pass through the trapped ions and react. Proton transfer 

and electron transfer ion/ion reactions have been done with transmission ion/ion reaction. [131-

133] However, in transmission mode the time of reaction is very short and is hard to control. 

Therefore, instrument configurations for trapping mode ion/ion reaction are preferred for most 

ion/ion reaction studies. 

The instruments for the ion/ion reactions in the following chapters are modified QqQ and 

QqTOF systems, as shown in Figure 1.5. [129, 134] Two AC waveforms are added on the end 
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lenses IQ2 and IQ3 of q2, where ions of both polarities are mutually stored and reacted. The 

generation of ions of both polarities are achieved with two standalone nESI sources, placed at an 

angle in front of the mass spectrometer. The injection of cation or anion into q2 is performed by 

sequential injection. 

1.3.2 Thermodynamics and Kinetics of Ion/Ion Reactions 

Before the development of ion/ion reactions, ion/molecule reactions were more prevalent, 

while thermodynamically and kinetically ion/ion reaction is more favorable than ion/molecule 

reaction. [135, 136] Therefore, the thermodynamics and kinetics of ion/ion reaction is discussed 

here in comparison with the ion/molecule reactions. 

Proton transfer reaction is used here as an example to compare ion/ion reaction and 

ion/molecule reaction for multiply charged ions. The ion/ion and ion/molecule reactions are listed 

in Equations 1.9 and 1.10: 

 (𝑀 + 𝑛𝐻)𝑛+ + 𝑌− → (𝑀 + (𝑛 − 1)𝐻)𝑛−1 + 𝐻𝑌 (1.9) 

 (𝑀 + 𝑛𝐻)𝑛+ + 𝐵 → (𝑀 + (𝑛 − 1)𝐻)𝑛−1 + 𝐵𝐻+ (1.10) 

where B represents a strong neutral gaseous base. The generic energy diagram for the two reactions 

are shown in Figure 1.6, with the reaction coordinate proceeding from left to right. [135, 136] For 

ion/ion proton transfer reaction, the entrance channel is dominated by the long-range electrostatic 

attraction between the cation and the anion, while the exit channel is dominated by short-range 

ion-dipole and ion-induced dipole potentials since the products are an ion and a neutral. For 

ion/molecule proton transfer reaction, the entrance channel is dominated by short-range attractive 

polarization force, while the exit channel is dominated by long-range electrostatic repulsion from 

the two same-charge product ions. The Coulomb repulsion in the ion/molecule reaction exit 

channel raises an energy barrier and makes ion/molecule reaction less efficient than ion/ion 
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reaction. From the enthalpy change of the two reactions, we can see that ion/ion reaction is more 

exothermic and favored thermodynamically. 

Kinetically, for the dependence of reaction rate on the charge state of multiply charge 

ion/ion reaction, a model [135, 136] has been proposed based on the following assumptions: 1. 

The rate constant for reaction is the same as the rate constant for forming a stable orbiting complex 

𝑘𝑐; 2. The cation and anion will react immediately when they form a complex due to the high 

exothermicity of the ion/ion reaction; 3. The long-range interaction between the cation and the 

anion is Coulomb attraction only. If the assumptions above are met, the rate constant for reaction 

(complex formation) is  

 𝑘𝑐 = 𝜈𝜋 [
𝑍1𝑍2𝑒2

𝜇𝜈2
]

2

 (1.11) 

where 𝜈  is the relative velocity of the oppositely charged ions, 𝜇  is the reduced mass of the 

collision partners, 𝑍1  and 𝑍2  are the charges of the oppositely charged ions, and 𝑒  is the 

elementary charge.  

Although this model is not perfect because it doesn’t consider the distance limit required 

for an ion/ion reaction to happen, the charge-squared dependence of the ion/ion reaction rate has 

been experimentally confirmed by reaction rates measured under pseudo-first order kinetics 

conditions. The charge-squared relationship indicates that ions at higher charge states react much 

faster than ions at lower charge states. Compared to ion/molecule reaction, where the reaction rate 

decreases much faster for lower charge state ions, ion/ion reaction is more suitable for the reaction 

of ions at low charge states. It is also worth mentioning that due to the charge-squared dependence 

of the ion/ion reaction rate, ions of very different initial charge states can be neutralized in a similar 

time frame for proton transfer reactions. [137] 
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1.3.3 Charge Transfer Reactions 

Charge transfer reactions are a common type of ion/ion reactions that involves the transfer 

of small charged particles (proton, electron, metal ion, etc.). Such reactions may happen via two 

possible mechanisms. [136, 138] One mechanism is that the particle “hops” onto the other reactant 

ion when the two reactant ions fly by each other without the formation of a long-lived complex. 

The other is that the two reactant ions form a long-lived complex and during that time the particle 

transfers among them. Based on the charges of the reactants and products, charge transfer reactions 

can be categorized into charge reduction reactions and charge inversion reactions. In the charge 

reduction reactions, the charges of the analyte ion of interest are reduced by the reagent. In the 

charge inversion reactions, the polarity of the analyte ion is inverted by the reagent. 

Proton transfer reaction is analogous to acid/base reaction in solution. It has been widely 

used for spectrum simplification, [139] reactant ion concentration via ion parking, [140] optimized 

protein identification and structural analysis at specific charge states, [88] and molecular weight 

measurement for large biomolecules. [141] Electron transfer reaction is similar to the redox 

reactions in solution. It’s mostly used for complimentary structural information of the analyte and 

detection of the post translational modification sites such as phosphorylation. [142] Metal transfer 

reaction and metal switching reaction is often applied to generate metallated analyte ion, which 

gives special cleavage sites and fragmentation pathways. [143] 

1.3.4 Gas-Phase Covalent Modification Reactions 

Ion/ion reaction can also achieve gas-phase covalent modification on the analyte ions. [85, 

123, 136] This type of reaction usually requires the formation of electrostatic complex and external 

energy input so that the reactants have enough proximity and energy to go through a reaction. The 
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efficiency of the covalent modification via ion/ion reaction is affected by competing reactions like 

proton transfer reactions and metal transfer reactions. 

Gas-phase covalent modification reactions are developed mostly for the purpose of 

providing more structural information, either by gas-phase labeling of specific functional group, 

or by altering the fragmentation pattern after the covalent modification. Up to now multiple 

covalent modification reactions via ion/ion reaction have been developed. Examples of gas-phase 

covalent modification reactions include the reactions between N-hydroxysuccinimide (NHS) 

esters and nucleophiles like primary amines, [144] guanidine groups [145] and carboxylates; [146] 

Schiff base formation between formyl-benzenesulfonic acids and primary amines; [147] 

carboxylic acid group labelling with carbodiimide reagents; [148] and gas-phase oxidation of 

peptides with periodate or persulfate derivatives. [149, 150] 

1.4 Ion Mobility: Differential Mobility Spectrometry (DMS) 

Ion mobility spectrometry (IMS) devices are instruments that separate ions by their 

mobility in the carrier gas. Since both MS and IMS are studying ions in the gas phase, the 

hyphenation of the two techniques has given people more insights to gas-phase ion structures. 

According to their working mechanism, currently IMS devices can be categorized into the 

following four types: drift tube IMS (DTIMS), travelling wave IMS (TWIMS), trapped IMS 

(TIMS), and differential mobility spectrometry (DMS). [151] Compared to other IMS techniques, 

DMS has the advantages of its application in ambient environment and small device size. Though 

due to the complexity of the influencing factors in DMS separations, structural information like 

collisional cross section cannot be obtained from DMS results, DMS is more widely used in ion 

separation before entering the MS and there is a possibility that DMS can substitute LC for fast 

preliminary analyte separation. [152] 
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The principle of DMS was first proposed by the Soviet Union in the early 1980s. [153] A 

lot of efforts have been put into the development of these sensors in the early days so that they can 

be used to detect land mines in the conflict in Afghanistan at that time. [154] Later two routes of 

development gradually appeared. The Gorshkov’s team went after the cylindrical geometry DMS 

device, which was named as High Field Asymmetric Waveform Ion Mobility Spectrometry 

(FAIMS) a few years later. [154-156] One purpose of the cylindrical geometry is to utilize the ion-

focusing effect of the inhomogeneous field from the curved electrodes. The other route is the planar 

geometry, which is referred more as Differential Mobility Spectrometry (DMS). [157] The planar 

geometry DMS is developed to let all ions transmit through the DMS device without 

discrimination when the separation fields are turned off, which cannot be achieved by cylindrical 

geometry. Nevertheless, the physical principles of FAIMS and DMS are the same. Nowadays the 

DMS interface for MS is commercially available, with SCIEX working on the planar DMS [158] 

and Thermo Scientific on the cylindrical FAIMS. [159] 

1.4.1 Configuration of the DMS Interface  

The DMS device used in this dissertation is the commercial planar DMS by SCIEX. [158] 

The configuration of the DMS interface is demonstrated in Figure 1.7(a). [160] Two sources of 

gas are provided in the DMS cell. One is the curtain gas inlet, which provides the curtain gas and 

the carrier gas. The other is the modifier gas, which can introduce modifier gas if needed. The ions 

generated from the nESI source are dried by the curtain gas, then undergo DMS separation in the 

DMS cell, and finally enter the mass spectrometer. Separation voltage (SV) and compensation 

voltage (CV) are applied to the DMS electrodes. The DMS cell is heated to temperatures higher 

than room temperature, ranging from 75oC to 225oC. [158] 
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1.4.2 Separation Mechanism 

DMS separates ions by its mobility difference in the high and low field. [161] As shown in 

Figure 1.7(b), [152] separation voltage (SV) and compensation voltage (CV) are applied to the 

DMS electrodes. The SV is a square wave whose amplitude alternates between a positive high-

field voltage 𝑉ℎ𝑖𝑔ℎ and a negative low-field voltage 𝑉𝑙𝑜𝑤. The square wave is set to make the net 

voltage-time integration equals to zero, viz., 𝑉ℎ𝑖𝑔ℎ𝑡ℎ𝑖𝑔ℎ + 𝑉𝑙𝑜𝑤𝑡𝑙𝑜𝑤 = 0. [162] For a specific ion 

that enters the DMS cell, when only SV is applied to the DMS electrodes, due to the different 

mobility of the ion in the high and low field, it may follow the dashed ion path labeled in red and 

hit the electrode before exiting the DMS cell. The CV is applied to compensate for the ion’s 

displacement caused by the SV. When the right CV is applied, the ion should exit the DMS cell 

by the solid ion path in purple and successfully enter the mass spectrometer. 

Multiple factors can affect the mobility of the ion. Empirically, the relationship between 

the mobility of an ion at field E and the mobility of the same ion at zero field can be expressed by: 

 𝐾 (
𝐸

𝑁
) = 𝐾(0) [1 + 𝛼 (

𝐸

𝑁
)] (1.12) 

where 𝐾 is the ion mobility coefficient at condition 𝐸/𝑁, 𝐸 is the electric field, 𝑁 is the volume 

density of neutral particles, 𝐾(0) is the ion mobility coefficient under low-field conditions, and 

𝛼(𝐸/𝑁) ≪ 1 is a normalized function that describes how mobility changes with 𝐸/𝑁. [162, 163] 

Three general shapes of alpha curves are shown in Figure 1.7(c). [152] For type A ions, ion 

mobility increases constantly with the separation field, which can be explained by ion-neutral 

clustering in the low field and ion-neutral declustering in the high field. For type C ions, ion 

mobility decreases constantly as the separation field increases, which may mean no clustering 

happens in the separation process. The ion mobility of type B ions is a combination of type A and 

type C ions, which corresponds to a type A cluster/decluster mechanism in the lower electric field 
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and a type C no-clustering mechanism in the higher electric field. Ion-neutral polarization 

mechanism [164] and dipole alignment theory [165] are also proposed to explain the mobility trend 

of type B ions. 

From the discussion above we can see that the separation process is dominated by gas-

phase chemical interactions, especially for type A and type B ions. Macroscopically, the separation 

can be affected by the mobility property of the ion itself, SV and CV setting, ionization source, 

carrier gas, temperature, pressure and shape of DMS device. [166] 

1.4.3 Effect of Modifier in Analyte Separation 

The introduction of modifier into the DMS cell changes the neutral composition and thus 

affects the separation. It not only inherently affects the mobility of the ion due to the change of 

collisional cross section of the neutral molecules, but also alters the ion-neutral cluster/decluster 

interactions. Though the actual effect of a specific modifier on a sample system have to go with a 

trial and error method due to the complexity of the DMS separation mechanism, some general 

trends have been summarized based on previous experiments. The introduction of polar vapor is 

found to promote type A mobility phenomenon. [167] A relatively high modifier concentration 

(e.g., >1%) was found beneficial to maximize the improvement of separation by modifier and to 

reduce the irreproducibility from uneven gas compositions. [168] Modifiers with high gas-phase 

proton affinity tend to cause proton transfer from the analyte ions and may affect the signal of the 

ion. [169] For now isopropyl alcohol has been found to be a good modifier to improve peak 

capacity and is recommended as the starting modifier in the SCIEX DMS user manual. [158] 
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1.5 Conclusions 

Mass spectrometry is a powerful tool that is applied to chemical identification, 

quantification, and structural analysis. With soft ionization techniques such as ESI and MALDI, 

native ions with high molecular weight can be generated and analyzed, which is especially 

beneficial to the studies of large biomolecules. The development of mass analyzers enables ion 

analysis with higher resolution and higher mass range. Tandem mass spectrometry has been proved 

to be critical in probing ion structure and other applications such as gas-phase synthesis and 

chemical quantification. Ion/ion reactions have been used in various applications from spectrum 

simplification by proton transfer reactions to biomolecule structural analysis by gas-phase covalent 

modification reactions. Differential mobility spectrometry adds an orthogonal separation 

dimension to the mass spectrometry analysis, which makes it possible to analyze more complicated 

samples.  
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Figure 1.1 Cartoon schematics for different ESI setups. (a) conventional ESI, (b) ESI with auxiliary 

gas and heat, (c) nano-electrospray ionization (nESI), (d) inductive nESI. The abbreviation “+kV” 

is short for “positive kilovolts”. “GND” is abbreviated for “Ground”. 
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Figure 1.2 Schematic drawings for the general process and the three main models for ionization 

mechanism in ESI. (a) General fissioning process of ESI charged droplet; (b) Ion Evaporation 

Model (IEM); (c) Charge Residue Model (CRM); (d) Chain Ejection Model (CEM). The circle is 

the droplet; the pink filled circle or chain is the analyte; the plus signs are the positive charges. 
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Figure 1.3 Schematics for quadrupole and quadrupole ion trap. (a) Cartoon of quadrupole. (b) 

Mathieu stability diagram, with the darker shade meaning more unstable region of the ions. (c) 

Cartoon of the 2D quadrupole ion trap. Figure (b) is reprinted with permission from J. Exp. Theor. 

Phys. 115, 194-200 (2012) © 2012 Pleiades Publishing, Inc. 

  



63 

 

 

 

 

 

Figure 1.4 Nomenclature of common peptide backbone cleavages and structures of their 

corresponding fragment ions. 
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Figure 1.5 Instrument schematics for the ion/ion reactions in the dissertation. (a) QTRAP 4000 

(SCIEX, Concord, Canada), modified for ion/ion reactions. (b) TripleTOF 5600 (SCIEX, Concord, 

Canada), modified for ion/ion reactions. 
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Figure 1.6 Generic energy diagram for (a) ion/ion proton transfer reaction and (b) ion/molecule 

proton transfer reaction  
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Figure 1.7 Schematic for (a) DMS setup with detailed gas flow, (b) DMS mechanism explanation, 

and (c) three general shapes of alpha curves. OR is short for orifice. SV is abbreviated for 

Separation Voltage. CV is abbreviated for Compensation Voltage. 
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 GAS-PHASE REARRANGEMENT REACTION OF 

SCHIFF-BASE-MODIFIED PEPTIDE IONS 

A version of this chapter has been published by Rapid Communications in Mass Spectrometry © 

2018 John Wiley and Sons, Ltd. 

2.1 Introduction 

Tandem mass spectrometry is widely used to probe ion structures by generating 

informative product ions via fragmentation. [1-3] Fragmentation patterns can be highly sensitive 

to ion type (e.g., protonated molecule versus radical cation) such that complementary information 

can be obtained by interrogating different analyte ion types. [4, 5] As an approach to the 

transformation of an analyte from one ion type to another within the mass spectrometer, gas-phase 

ion/ion reactions have been developed. [6, 7] Small particle transfer ion/ion reactions, e.g., proton 

and electron transfer reactions, change the analyte charge state, which can open up different 

fragmentation pathways. [8, 9] Gas-phase covalent modification ion/ion reactions are functional 

group specific reactions that selectively target particular functional groups and thereby alter 

fragmentation pathways. [6, 7] Moreover, unique chemistries have been observed via gas-phase 

ion/ion reactions compared to the solution phase. [7, 10] Examples of gas-phase covalent 

modification reactions include the reactions between N-hydroxysuccinimide (NHS) esters and 

nucleophiles like primary amines, [11] guanidine groups [12] and carboxylates; [13] gas-phase 

oxidation of peptides with periodate [14] or persulfate derivatives; [15] carboxylic acid group 

labelling with carbodiimide reagents; [16] and the Schiff base formation between formyl-

benzenesulfonic acids and primary amines. [17]  
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The gas-phase modification of bio-ions via Schiff base formation was first described in 

2009. [17] Formation of Schiff base is achieved by the reaction between a primary amine (i.e., the 

N-terminus or ε-amine group of a lysine residue) in a peptide analyte ion and the formyl group in 

the 4-formyl-1,3-benzenedisulfonic acid (FBDSA) reagent. Gas-phase collisional activation of the 

Schiff-base-modified analyte ions has been noted to result in a higher sequence coverage compared 

to the unmodified peptides in several scenarios. [17-20] Cotham et al. took advantage of the 

benzene chromophore in FBDSA and modified the analyte peptide in solution with this reagent to 

enhance the ultra-violet photodissociation (UVPD) efficiency. [21] They also found that the Schiff 

base modification of phosphopeptides with FBDSA helps retain the phosphate group during the 

fragmentation process. Fragmentation of the unmodified phosphopeptide often results in loss of 

the phosphate functionality and thereby precludes identification of the phosphate position. In the 

case of Schiff-base-modified peptides, on the other hand, the sulfonate group on the reagent 

disrupts the phosphate neutral loss process and stabilizes the phosphate group when collision-

induced dissociation (CID) is applied. [22]  

Studies of Schiff-base-modified polypeptide ions via tandem mass spectrometry using CID 

have resulted predominantly in b/y-type fragment ions, [17-22] in analogy with unmodified ions. 

[23] However, in this study, we focus on fragmentation products generated via CID that are unique 

to the Schiff-base-modified peptide. This work has revealed the existence of a fragmentation 

pathway that is specific to the Schiff base modification, which should be recognized when using 

this modification for structural characterization purposes. Possible mechanisms are proposed. 
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2.2 Experimental 

2.2.1 Materials.   

HPLC-grade water and methanol were purchased from Fisher Scientific (Waltham, MA, 

USA). 4-formyl-1,3-benzenedisulfonic acid (FBDSA) and 2-formyl-benzene(mono)sulfonic acid 

(FBMSA) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Model peptides 

KGAGGKGAGGKL, RARARAA, AHAAAHA and HAHAHAA were synthesized by 

NeoBioLab (Cambridge, MA, USA); KAKAKAA was synthesized by Pepnome Ltd (Shenzhen, 

China). All peptide solutions for electrospray were prepared in 50/50 (v/v) methanol/water (~ 0.2 

mM). The FBDSA and FBMSA reagent solutions for electrospray were prepared in water (~ 3 

mM). 

2.2.2 Mass Spectrometry.   

All experiments were performed on a QTRAP® 4000 hybrid triple quadrupole/linear ion 

trap mass spectrometer (SCIEX, Concord, ON, Canada) previously modified for ion/ion reactions, 

[24] unless specifically noted. Alternately pulsed nano-electrospray (nESI) [25] allowed for 

sequential injections of reagent and analyte ions, which were sequentially isolated in the Q1-mass 

filter prior to their injection into the q2 reaction cell. After a defined mutual storage reaction time, 

the product ions were then transferred to Q3. The ions then underwent further probing via MSn 

using ion trap collisional activation and mass analysis via mass-selective axial ejection (MSAE). 

[26] The exact mass measurement experiments were performed on a TripleTOF® 5600 mass 

spectrometer (SCIEX, Concord, ON, Canada) previously modified for ion/ion reactions. [24] 
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2.3 Results and Discussion 

2.3.1 Novel Fragmentation Pathway from Schiff-Base-Modified Lysine-Containing Peptides. 

Gas-phase Schiff base formation has been demonstrated as an approach to provide 

structural information complementary to that derived from unmodified species in the tandem mass 

spectrometry of polypeptide ions. [17-22] It involves the reactivity between a peptide primary 

amine group, either on the N-terminus or the lysine side chain, and the formyl group on the reagent 

ion. The reagents used in this study are 4-formyl-1,3-benzenedisulfonic acid (FBDSA) and 2-

formyl-benzene(mono)sulfonic acid (FBMSA) (structures shown in Scheme 2.1(c)). Each reagent 

contains a benzaldehyde reactive group and one or two sulfonate group(s).  

The Schiff base modification and ion trap CID of the Schiff-base-modified peptide ion are 

illustrated by the spectra provided in Figure 2.1. Using a model peptide of sequence KAKAKAA, 

the doubly protonated peptide, [M + 2H]2+, was formed via positive nESI and reacted with singly 

deprotonated FBDSA, [FBDSA − H]−, resulting in an electrostatically bound complex, [M + 

FBDSA + H]+, and a proton transfer product, [M + H]+, as seen in Figure 2.1(a). Upon CID of the 

complex (see Figure 2.1(b)), a signature water loss from the complex reflects the formation of a 

Schiff-base-modified peptide cation, [M + H + ♦]+, where the black diamond (♦) depicts the mass 

shift caused by the modification (+248 Da). Further CID of the Schiff-base-modified species (see 

Figure 2.1(c)) gives rise to b/y fragment ions, both modified (e.g., b6
♦ and y6

♦) and unmodified 

(e.g., b3 and y4), which implies different Schiff base modification sites, either the N-terminus or 

any one of the lysine side chains. Besides the b/y fragment ions, a highly abundant peak, labelled 

as [M + H + ◊]+, was observed 267 Da lower in mass than the peak from the Schiff-base-modified 

peptide [M + H + ♦]+, which is inconsistent with commonly observed neutral losses from peptide 

ions. The hollow diamond (◊) in Figure 2.1(c) refers to the mass shift of the novel product, −267 

Da from the precursor [M + H + ♦]+, or an apparent −19 Da from the mass of the protonated peptide, 
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[M + H]+. Similarly, there are peaks that are observed −267 Da lower in mass than the modified b 

ions (b6
♦, b5

♦, b4
♦, and b3

♦), which are also labeled with the hollow diamond (as in b6
◊, b5

◊, b4
◊, and 

b3
◊). 

Evidence for an analogous reaction is noted in the negative mode (Figure 2.1(d)-(f)). The 

singly protonated peptide was charge inverted by the doubly deprotonated FBDSA to form a 

negatively charged complex, [M + FBDSA − H]− (Figure 2.1(d)). CID of the electrostatically 

bound complex generates a Schiff-base-modified peptide anion [M – H + ♦]− (Figure 2.1(e)). As 

above, the solid diamond (♦) indicates the mass shift of the Schiff base modification (+248 Da). 

CID of the Schiff-base-modified peptide anion [M – H + ♦]− mainly leads to backbone fragment 

ions, including modified b/y and c fragment ions (e.g., b5
♦, y5

♦ and c2
♦) and unmodified backbone 

fragment ions (e.g., a5) (Figure 2.1(f)). In previous negative mode Schiff base modification studies 

[18-20], another common CID fragmentation product from [M – H + ♦]− is deprotonated FBDSA 

[FBDSA − H]− (m/z 265 Da). The precursor [M – H + ♦]− population can consist of both Schiff-

base-modified peptides and the unreacted electrostatic complex of FBDSA and peptide with one 

water loss from somewhere else in the peptide. The latter type of [M – H + ♦]− ion can give rise to 

the [FBDSA − H]− CID product. In Figure 2.1(f), however, no [FBDSA − H]− peak (m/z 265) was 

observed. Rather, there are two dominant singly negatively charged peaks of m/z 266 (i.e., the peak 

labeled with [NL − H]− in red) and m/z 249 (the peak labeled with * in red) in the lower mass 

region. These two fragments are inconsistent with any common peptide fragment pathways. 

Considering that the neutral loss (NL), i.e., the mass difference between the unidentified peak and 

the Schiff-base-modified peptide, is 267 Da, the m/z 266 product ion was assigned as [NL − H]−, 

and the m/z 249 product was assigned as [NL – H – NH3]− due to the 17 Da difference. Activation 

of the m/z 266 Da ion ([NL − H]−) formed in the CID spectrum of the Schiff-base-modified 
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KAKAKAA anion with FBDSA leads exclusively to ammonia loss, as shown in the Figure 2.3(c), 

which implies that the neutral loss structure contains an amine group.  

Analogous results were obtained using singly deprotonated FBMSA in reaction with 

doubly protonated KAKAKAA. The Schiff-base-modified peptide product, [M + H + ♦]+ (♦ = 

+168 Da), was directly formed upon ion/ion reaction along with the proton transfer product, [M + 

H]+ (Figure 2.2(a)). Upon activation of the [M + H + ♦]+ product, the resulting product ion 

spectrum (Figure 2.2(b)) contained a dominant [M + H + ◊]+ product that is −187 Da from the [M 

+ H + ♦]+ ion, and b/y ions with the same mass shift (b3
◊, b4

◊, b5
◊, and b6

◊), all of which are labeled 

with the hollow diamond (◊ = −19 Da). Other backbone fragmentation products were observed in 

the spectrum in relatively low abundances. The 187 Da mass loss in the case of the FBMSA reagent 

is 80 Da less than that observed from the reactions with the FBDSA reagent, which is consistent 

with the difference in mass between FBMSA and FBDSA. 

The [M + H + ◊]+ ions generated from Schiff-base-modified KAKAKAA cations with 

FBDSA and FBMSA were subjected to CID (Figure 2.3(a) and (b)). The essentially identical 

dissociation patterns for the two spectra indicate that the [M + H + ◊]+ ions generated from 

modified peptides with different reagents are of the same structure or mixture of structures. The 

fragment peaks with the same mass shift (◊ = −19 Da) are mostly b ions (b2
◊, b3

◊, b4
◊, b5

◊, b6
◊) and 

some y ions (y5
◊, y6

◊). Their fragmentation sites and abundance ratios are similar to the modified 

b/y fragment ions (b2
♦, b3

♦, b4
♦, b5

♦, b6
♦, y5

♦, y6
♦) in Figure 2.1(c), which indicates that the mass 

shift is related to the Schiff base modification. Unmodified b/y fragment ions were also observed.  

Experiments analogous to those performed for the KAKAKAA peptide were also 

performed with the peptide KGAGGKGAGGKL and reagent FBDSA (see Figure 2.2(c), Figure 

2.2(d), Figure 2.3(d), and Figure 2.3(e)) leading to similar results. For example, the same loss of 
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267 Da from activation of Schiff-base-modified peptide cation, [M + H + ♦]+ (♦ = +248 Da), 

leading to a dominant [M + H + ◊]+ product (◊ = −19) was noted (Figure 2.2(c)). Activation of 

Schiff-base-modified peptide anion [M − H + ♦]− (♦ = +248 Da) gave rise primarily to modified 

backbone fragment ions (e.g., b11
♦, y11

♦), as shown in Figure 2.2(d). However, the m/z 266 ion 

(labeled as [NL – H]− in red) was also observed, but in much lower relative abundance compared 

to those in the CID spectrum of Schiff-base-modified KAKAKAA anion (Figure 2.1(f)). The 

results for the KGAGGKGAGGKL peptide ions indicate that the unusual products noted here arise 

from a process with at least some generality. 

2.3.2 Proposed Reaction and Mechanism.   

The general experimental steps and observations in positive mode and negative mode with 

FBDSA as the reagent are summarized in Scheme 2.1(a) and Scheme 2.1(b), respectively. The 

formation of the unusual product ions and the neutral losses implies a previously unidentified 

reaction and fragmentation pathway when at least some Schiff-base-modified peptides are 

subjected to ion trap collisional activation. Considering that the neutral losses for Schiff-base-

modified KAKAKAA with FBDSA and FBMSA are 267 Da and 187 Da, respectively, which has 

the same 80 Da mass difference as the two reagents, it is clear that the neutral loss has the partial 

structure of the reagents. As mentioned above, the existence of singly negatively charged ions at 

m/z 266 ([NL − H]−) and m/z 249 ([NL – H − NH3]−) in the product ion spectra of the modified 

KAKAKAA and KGAGGKGAGGKL anions generated with FBDSA (Figure 2.1(f) and Figure 

2.2(d)) indicates the presence of a relatively acidic site on the 267 Da species. The loss of 17 Da 

in the CID of [NL−H]− (Figure 2.3(c)) suggests the presence of an amino group. Considering these 

observations collectively, the neutral loss is proposed to be 4-(aminomethyl)benzene-1,3-

disulfonic acid (AMBDSA, 267 Da) for FBDSA or 2-(aminomethyl)benzene(mono)sulfonic acid 
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(AMBMSA, 187 Da) for FBMSA (structures in Scheme 2.1(c)). An exact mass measurement of 

the m/z 266 ([NL − H]−) and m/z 249 ([NL – H − NH3]−) ions using a quadrupole/time-of-flight 

(QTOF) instrument verified the elemental composition of the proposed product. We note that 

while the m/z 249 ion can be generated from ammonia loss from deprotonated AMBDSA, a 

mechanism for the direct formation of the product at m/z 249 (Scheme 2.2) might also contribute 

to at least some of the m/z 249 signal. 

Based on the structures of the neutral loss species, proposed mechanisms for the 

rearrangement of lysine-containing Schiff-base-modified peptides are shown in Scheme 2.3. The 

amino groups on the N-terminus and on the ε-amino group of the lysine side chain are used here 

as an example. Either amino group could be modified with the imine bond. The lone electron pair 

on the nitrogen of the amine attacks the electrophilic carbon of imine to form an eight-membered 

ring. Further proton transfer and ring rearrangements generate a more stable six-membered ring. 

Finally, the leaving group is eliminated with a proton to form the neutral loss amine and thus the 

rearranged peptide product with a ring imine.  

Based on the proposed mechanism for the rearrangement reaction, the imine (on the N-

terminus or the lysine side chains) could react with amino groups (unmodified N-terminus or lysine 

side chain amino groups), which is consistent with the CID spectra of [M + H + ◊]+ and [M – H + 

◊]− ions derived from the peptides KAKAKAA and KGAGGKGAGGKL (Figure 2.3). Note that 

analogous experiments with the model peptide AKAAAKA (Figure 2.4) showed the 

rearrangement reaction taking place at significantly lower levels than with the N-terminal lysine-

containing model peptides, which suggests that a lysine at the N-terminal position is particularly 

reactive.  
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2.3.3 Reactivity of Histidine- or Arginine-Containing Schiff-Base-Modified Peptides.   

Previous studies have indicated that initial Schiff base formation takes place primarily at 

neutral primary amines to generate the imine. However, the other common basic residues (i.e., 

nucleophiles), histidine and arginine, might also be able to engage in a rearrangement process 

involving the imine via mechanisms analogous to those provided in Scheme 2.3. To compare with 

KAKAKAA results, model peptides RARARAA and HAHAHAA were chosen to study the effect 

of amino acid residue type. The experimental data are summarized in Figure 2.5. 

For positive mode Schiff base modification of RARARAA, doubly protonated RARARAA 

was subjected to ion/ion reaction with deprotonated FBDSA anions to generate an ion/ion complex 

of the form [M + H + FBDSA]+. Activation of this complex resulted in the signature water loss to 

generate the covalently modified product [M + H + ♦]+. Further activation of this product yielded 

dominant formation of the rearrangement product, viz., [M + H + ◊]+, indicated in red in Figure 

2.5(a), which is similar to the results from Schiff-base-modified peptide KAKAKAA (Figure 

2.1(c)). Since methanediimine loss from the arginine side-chain (labeled with solid square) 

generates an ornithine residue, [27] which contains an amino group, the rearrangement products 

with ornithine-containing fragments could also arise from reactions with the ornithine side-chain. 

Other fragments derived from neutral losses (e.g., ammonia and water) as well as backbone 

cleavages (e.g., y3, y4, y5, y6, and b6
♦) were observed at lesser abundances. Furthermore, the 

presence of the modified b6
♦ ion and lack of any modified y-ions indicate that the FBDSA is 

covalently attached to the N-terminal region of the peptide, which is consistent with Schiff-base 

reactivity at a primary amine. The neutral arginine side chain could react with the imine bond 

through a similar mechanism, as shown in Scheme 2.4(a). In the example of arginine in the N-

terminus position, the lone pair on the nitrogen of the guanidine group attacks the imine carbon 

and forms a nine-membered ring. Rearrangement of the ring and further proton transfer leads to 
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the formation of the imine ring structure along with the loss of neutral AMBDSA or AMBMSA. 

When the arginine side chain is protonated, a similar process could occur, as shown in Scheme 

2.4(b).  

As for negative mode Schiff base modification, singly protonated RARARAA reacted with 

doubly deprotonated FBDSA anions to form an electrostatic complex [M − H + FBDSA]−, which 

upon activation generated the signature water loss peak [M − H + ♦]−. Activation of [M − H + ♦]− 

species formed mainly neutral loss fragments (e.g., ammonia and methanediimine losses) and 

deprotonated FBDSA [FBDSA – H]− (Figure 2.5(b)), which indicates that the water loss from the 

electrostatic complex is partly due to water loss from the peptide itself and not coming from the 

formation of the imine bond. [18-20] The m/z 249 Da peak was also seen (labeled with 249 in red). 

No abundant peptide rearrangement product ions were seen, which is consistent with the low signal 

for the m/z 249 ion. The attack from the imine to the guanidinium group in the positive mode may 

be more facile than that from the neutral guanidine group to the neutral imine group in the negative 

mode (Scheme 2.4) but further studies would be required to make such a generalization. We note, 

however, for the limited set of peptide ions examined in this work, peptide anions generally 

showed notably less contribution from ions generated by the rearrangement reactions described 

here than the corresponding positive ions. 

The Schiff-base-modified histidine-containing peptides generated by reaction with FBDSA 

ions showed a different neutral loss associated with a rearrangement (330 Da) than the lysine and 

arginine containing peptides (267 Da) upon activation (Figure 2.5(c) and (d)). The doubly 

protonated peptide HAHAHAA reacted with singly deprotonated FBDSA in the positive mode to 

form an ion/ion complex [M + H + FBDSA]+, which upon CID gave the signature water loss 

indicating formation of Schiff base modification product [M + H + ♦]+. Further activation of the 
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Schiff-base-modified peptide generated backbone cleavages (e.g., b6
♦ and y5) as well as a peak 

labeled as [M + H + ♠]+ (♠ = −82 Da) that is 330 Da lower in mass than the precursor ion [M + H 

+ ♦]+ (Figure 2.5(c)). In the negative mode, mutual storage of the singly protonated peptide 

HAHAHAA and the doubly deprotonated FBDSA led to the formation of a complex [M – H + 

FBDSA]− and upon CID of the complex the signature water loss peak [M − H + ♦]− was generated. 

Activation of the ion generated by water loss (Figure 2.5(d)) gave rise predominantly to modified 

backbone fragment ions (e.g., b6
♦) and neutral losses (e.g., CO2 losses). [FBDSA – H]− ions were 

also observed, along with the m/z 249 Da ion (labeled as 249 in red) and an m/z 329 ion (labeled 

as [NL(♠) – H]− ), which presumably is the deprotonated species derived from the 330 Da molecule 

that was observed to be lost in the positive mode experiment described above. The m/z 249 ion can 

also be generated from the m/z 329 ion through a mechanism shown in the Scheme 2.2. 

The rearrangement reaction between the histidine side chain and the imine bond differs 

from those of the primary amine and guanidine groups because of the ring structure of the 

imidazole group. The AMBDSA neutral loss observed with lysine and arginine could not form 

through a similar process for histidine. Instead, the 330 Da neutral loss could be explained by the 

reaction between the imine bond and the histidine side chain, as shown in Scheme 2.5. With the 

rearrangement, the histidine side chain moiety transfers to the original imine carbon, and the imine 

bond shifts to the other carbon connected to the imine nitrogen. Further activation of the rearranged 

structure could lead to the 330 Da neutral loss. This mechanism is especially favored if the histidine 

residue is located on the N-terminus of the peptide, since that location enables the rearrangement 

to occur with a 6-membered ring transition state structure. When histidine is not present at the N-

terminus, the mechanism just mentioned is apparently not particularly competitive, as indicated 

with the analogous experiment performed with doubly protonated AHAAAHA. Activation of the 
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Schiff-base-modified peptide AHAAAHA in the positive mode (Figure 2.6) yielded abundant 

backbone cleavages (e.g., b6
♦ and y4) but no discernable 330 Da neutral loss, in contrast with the 

modified HAHAHAA ion (Figure 2.5(c)). Interestingly, the AMBDSA neutral loss rearrangement 

product was seen in low abundance in the spectrum of Figure 2.6, which could implicate the 

rearrangement reaction involving the imine and amide nitrogen (Scheme 2.6), albeit with lower 

probability due to the lesser nucleophilicity of an amide nitrogen relative to a primary amine. 

2.4 Conclusions 

Rearrangement of gas-phase Schiff-base-modified peptides has been observed and 

characterized using tandem mass spectrometry. Evidence for the reaction is provided by the 

appearance of a product ion that is nominally 19 Da lower in mass than that of the protonated or 

deprotonated peptide upon collisional activation of the Schiff-base-modified peptide. Sequence 

ions with the same −19 Da mass difference may also be observed at relatively low abundance. 

Upon casual inspection, these products could be mistaken as arising from a water loss but the mass 

is off by 1 Da. The results are consistent with a nucleophilic attack on the imine site generated via 

Schiff base formation. The side chains of lysine, arginine, and histidine all show evidence for 

participation in the rearrangement reaction. Based on the experimental results, Schiff-base-

modified peptides of positive polarity more readily undergo the rearrangement reaction compared 

to the corresponding negatively charged ions. Plausible mechanisms were proposed for the 

rearrangement reactions between the imine bond and the amine, guanidine and histidine side chain 

groups. The possible contribution from this rearrangement reaction, at least under ion trap 

collisional activation conditions, should be taken into account in any work flow involving the 

Schiff base modification of polypeptide ions.  
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Figure 2.1 Spectra illustrating the gas-phase Schiff base modification of KAKAKAA with FBDSA 

and its special fragmentation pathway. Positive mode (a) ion/ion reaction between doubly 

protonated peptide cation [M+2H]2+ and singly deprotonated FBDSA [FBDSA−H]−, (b) CID of 

the ion/ion complex [M+FBDSA+H]+ forming a Schiff-base-modified peptide [M+H+♦]+, (c) Ion-

trap CID of [M+H+♦]+. Negative mode (d) ion/ion reaction between singly protonated peptide 

cation [M+H]+ and doubly deprotonated FBDSA [FBDSA−2H]2−, (e) CID of the ion/ion complex 

[M+FBDSA−H]− forming a Schiff-base-modified peptide [M−H+♦]−, (f) ion-trap CID of 

[M−H+♦]−. Degree symbols (o) denote water losses (−18 Da). Asterisks (*) denote ammonia losses 

(−17 Da). Solid diamonds (♦) denote ion mass shift with Schiff base modification (+248 Da). 

Hollow diamonds (◊) denote the special fragmentation products (−19 Da) and all products in the 

special fragmentation pathway are labeled in red. 
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Figure 2.2 Spectra illustrating the gas-phase Schiff base modification and rearrangement reaction 

of KAKAKAA with FBMSA ((a) and (b)) and KGAGGKGAGGKL with FBDSA ((c) and (d)). 

KAKAKAA and FBMSA in positive mode: (a) ion/ion reaction between doubly protonated 

KAKAKAA, [M+2H]2+, and singly deprotonated FBMSA [FBMSA−H]−, (b) Ion trap CID of the 

Schiff-base-modified peptide [M+H+♦]+. KGAGGKGAGGKL and FBDSA in both modes: ion 

trap CID of (c) the Schiff-base-modified peptide [M+H+♦]+ in positive mode and (d) the Schiff-

base-modified peptide [M−H+♦]− in negative mode. Degree symbols (o) denote water losses (−18 

Da). Asterisks (*) denote ammonia losses (−17 Da). Solid diamonds (♦) denote ion mass shift with 

Schiff base (♦=+168 Da for FBMSA, ♦=+248 Da for FBDSA). Hollow diamonds (◊) denote 

peptide rearrangement products (−19 Da) and all products in rearrangement pathway are labeled 

in red. 

  

100%

50%

100%

50%

200 300 500400 600 700

a)

b) 855

m/z

[M + H + ◊]+

b4
◊

y5y4
b3

◊
b4

b5
◊

b6
◊

R
e

la
ti
v
e

 A
b
u
n
d
a

n
c
e

o*
o*

o*

[M + H + ♦]+

[M + H]+

[M + H + ♦]+

b6
♦

y6
♦

b5
♦

y5
♦

b4
♦

b3
♦b2

♦

800 900

100%

50%

1267

1249

c)

o/*

[M + H + ♦]+

y11
♦ b11

♦

y9
♦

b10
♦

b7
♦

b6
♦

y6b6

b11
◊

[M + H + ◊]+

100%

50%

200 400 800600 1000 1200

1265

1247

d)

1400

[M − H + ♦]−

[M + FBDSA − H]−

y11
♦ b11

♦

y10
♦

y9
♦

[M − H + ◊]−

b8
♦

y6
♦

b6
♦

y4
♦

b5
♦

b4
♦

b2
♦

[NL−H]−

*

b3
♦

b3
o♦

m/z



84 

 

 

 

 

Figure 2.3 Ion trap activation of the ions generated via rearrangement for Schiff-base-modified 

KAKAKAA and KGAGGKGAGGKL, including (a) [M + H + ◊]+ generated from CID of Schiff-

base-modified KAKAKAA cation [M + FBDSA + H − H2O]+, (b) [M + H + ◊]+ generated from 

CID of Schiff-base-modified KAKAKAA cation [M + FBMSA + H − H2O]+, (c) [NL – H]− 

generated from CID of Schiff-base-modified KAKAKAA anion [M + FBDSA − H − H2O]−, (d) 

[M + H + ◊]+ generated from CID of Schiff-base-modified KGAGGKGAGGKL cation [M + 

FBDSA + H − H2O]+, and (e) [M – H + ◊]− generated from CID of Schiff-base-modified 

KGAGGKGAGGKL anion [M + FBDSA – H − H2O]− (spectrum y-axis zoomed in 10 times to 

reduce the noise peak). Degree symbols (o) denote water losses (−18 Da). Asterisks (*) denote 

ammonia losses (−17 Da). Hollow diamonds (◊) denote peptide rearrangement products (−19 Da) 

and all products in rearrangement pathway are labeled in red. The peak labeled with an orange 

solid circle (581 Da) is proposed to be a ring cleavage fragment (proposed structure in Scheme 

2.7).  
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Figure 2.4 Ion trap CID of the gas-phase Schiff-base-modified peptide ions formed using 

deprotonated FBDSA and doubly protonated AKAAAKA. Degree symbols (o) denote water losses 

(−18 Da). Black solid diamonds (♦) denote ions with Schiff base modification (+248 Da). Hollow 

diamonds (◊) denote peptide rearrangement products (−19 Da) and all rearrangement products are 

labeled in red. 
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Figure 2.5 Ion trap CID of the gas-phase Schiff-base-modified peptides formed using (a) singly 

deprotonated FBDSA and doubly protonated RARARAA, (b) doubly deprotonated FBDSA and 

singly protonated RARARAA, (c) singly deprotonated FBDSA and doubly protonated 

HAHAHAA, and (d) doubly deprotonated FBDSA and singly protonated HAHAHAA. Degree 

symbols (o) denote water losses (−18 Da). Asterisks (*) denote ammonia losses (−17 Da). Black 

solid diamonds (♦) denote ions with Schiff base modification (+248 Da). Solid squares (■) denote 

the arginine side chain methanediimine (H2N=C=NH2) losses to form ornithine (−42Da). Solid 

hearts (♥) denote carbon dioxide losses (−44 Da). Hollow diamonds (◊) denote peptide 

rearrangement products (−19 Da) with the formation of the AMBDSA neutral loss. Solid spades 

(♠) denote histidine-specific rearrangement products (−82 Da) with the formation of the 330 Da 

neutral loss. All rearrangement related products are labeled in red. 
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Figure 2.6 Ion trap CID of the gas-phase Schiff-base-modified peptide ions formed using 

deprotonated FBDSA and doubly protonated AHAAAHA. Degree symbols (o) denote water losses 

(−18 Da). Asterisks (*) denote ammonia losses (−17 Da). Black solid diamonds (♦) denote ions 

with Schiff base modification (+248 Da). Hollow diamonds (◊) denote peptide rearrangement 

products (−19 Da) and all rearrangement products are labeled in red. The water losses in 

parentheses denote that the peaks could be assigned both ways and it is not determined which one 

is the more accurate assignment. 
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Scheme 2.1 Reactions for Schiff base modification and fragmentation in (a) positive mode and (b) 

negative mode with FBDSA as an example. (c) Structures of Schiff base modification reagents 

(FBDSA, FBMSA) and proposed neutral loss structures (AMBDSA and AMBMSA). Solid 

diamonds (♦) denote ion mass shift with Schiff base modification (+248 Da for FBDSA). Hollow 

diamonds (◊) denote the mass shift of the special fragmentation products (−19 Da). 
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Scheme 2.2 Proposed mechanisms for the formation of the 249 Da peak from the fragmentation 

of the neutral losses, or from the fragmentation of the Schiff-base-modified peptide itself. N-

terminal Schiff base modification was shown here as an example. 
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Scheme 2.3 Proposed mechanism for the rearrangement of the lysine-containing Schiff-base-

modified peptides between an amino group and (a) a neutral imine group, or (b) a protonated imine 

group. N-terminal lysine residue is used here as an example. 
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Scheme 2.4 Proposed mechanism for rearrangement reaction of arginine-containing Schiff-base-

modified peptides between an imine group and a) a neutral guanidine group or b) a protonated 

guanidinium group. N-terminal arginine residue is used here as an example. 
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Scheme 2.5 Proposed mechanism for rearrangement reaction of histidine-containing Schiff-base-

modified peptides between an imine group and a neutral imidazole group. N-terminal histidine 

residue is used here as an example. 
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Scheme 2.6 Proposed mechanism for rearrangement reaction of Schiff-base-modified peptides 

between an amide group and (a) an imine group, or (b) a protonated imine group. Imine formed 

on the N-terminus is used here as an example. 

  



94 

 

 

 

 

 

 

 

 

 

Scheme 2.7 Proposed cleavage site of the rearrangement peptide product to form the orange dot 

labeled ambiguous peak in Figure 2.3. The top part with the negative charge would be the peak 

with 581 Da mass and one negative charge. 
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 DISTINCTION OF NON-SPECIFIC AGGREGATION IN 

ESI FROM SOLUTION-PHASE AGGREGATION: THEORETICAL 

CONSIDERATIONS 

3.1 Introduction 

Electrospray ionization mass spectrometry (ESI-MS) has been widely used in biomolecule 

identification, quantitation and structural analysis. [1] Its potential in aggregation detection is 

especially promising, because more and more pharmaceuticals are biomolecule solutions that 

contain biomolecules like peptides and proteins, which can suffer from the aggregation problem 

in its manufacture, transportation, and storage processes. [2, 3] Since ESI is an ionization method 

that directly ionize analytes from solutions, and MS directly measures the m/z of the analyte 

species to know the analyte’s oligomeric state, ESI-MS is a competitive approach for aggregation 

detection. [4] 

In the application of ESI-MS to aggregation detection, the non-specific aggregation 

phenomenon can affect the accuracy of the measurement. [5] Non-specific aggregation in ESI 

refers to the non-covalent clustering of the analytes in the ESI process. [6] As the charged droplets 

are formed from the ESI spray, they undergo solvent evaporation and fissions at the Rayleigh limit, 

which produces smaller progeny droplets. [7] If the analyte ions are ejected from the droplet via 

Ion Evaporation Model (IEM) or Chain Ejection Model (CEM), it is unlikely for the analytes to 

be ejected as analyte clusters. [8] However, if the analyte ions are formed through Charge Residue 

Model (CRM), because the analyte ions stay inside the droplet, there exists the possibility that 

more than one analyte molecules stay in the same final droplet. [9] The multiple analyte molecules 

would then get the charges together and show up as an aggregate ion of the analyte on the spectrum.  
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The non-specific aggregation in the ESI process has been recognized by the ESI-MS 

society and confirmed by experimental data. [5, 10, 11] Due to the characteristics of the ion 

generation process via CRM, people have used Poisson statistics to describe the quantitative 

relationship among the non-specific aggregates. [10] Theoretically, because in CRM analyte 

molecules tend to stay in the droplet solution phase and are not favorably ejected by other special 

pathways, the distribution of the analyte molecules in the droplets can be considered as random 

distribution. [9] Statistically, for a random distribution, the possibility of having a certain number 

of analytes in a defined volume should follow Poisson statistics. [12] 

The application of Poisson statistics to differentiate non-specific aggregation in ESI and 

solution-phase aggregation has been explored by multiple research groups. The Benesch group 

used random distribution of analyte to calculate the actual number of analyte molecules in a 

defined volume via Monte Carlo calculations. [13] Even though they didn’t mention Poisson 

statistics in their paper, their calculation of the number of analyte molecules in a defined volume 

is actually an attempt to simulate Poisson statistics. [6] The Zachariah group used Poisson statistics 

to deduce theoretical calculation equations of the ratio among monomer, dimer and trimer 

generated in the ESI process. [6] Afterwards they applied the theoretical equations to measure the 

extent of non-specific aggregation in the ESI process versus the solution-phase aggregation. [6, 14] 

They also applied the theoretical equations to protein concentration measurement. [14, 15] 

Here, a new method based on Poisson statistics of the non-specific aggregation for analytes 

formed by CRM in the ESI process is proposed to distinguish the solution-phase aggregation from 

the ESI-droplet non-specific aggregation. This method does not require Monte Carlo simulations 

like the Benesch group, nor does it require the theoretical equation deduction like the Zachariah 

group. 
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3.2 Experimental 

3.2.1 Materials 

Human insulin, zinc acetate, ammonium chloride and ammonium acetate were purchased 

from Sigma Aldrich (St. Louis, MO, USA). Water (Optima LC/MS grade) and ammonium 

hydroxide (certified ACS plus grade) was purchased from Fisher Chemical (Waltham, MA, USA). 

Acetic acid was purchased from Macron Fine Chemicals (Center Valley, PA, USA). Phenol was 

purchased from Mallinckrodt Chemicals (Center Valley, PA, USA). The insulin hexamer solution 

was prepared in an aqueous solvent with 20 μM Zn(OAc)2, 10 μM NH4Cl, 5 mM phenol and 300 

mM NH4OAc adjusted to a pH of 7.4. 

3.2.2 Mass Spectrometry 

All mass spectrometric experiments were performed on TripleTOF 5600, a hybrid 

quadrupole / time of flight (TOF) mass spectrometer (SCIEX, Concord, Canada) previously 

modified for ion-ion reactions. [16] The sample solutions were sprayed using positive nano-

electrospray ionization (nESI). The analyte cations were transferred to q2 and trapped there. If it 

was a direct analysis of the analyte, the analyte cations would be transferred to the TOF analyzer 

for m/z determination. If an ion-ion reaction was performed, when the analyte cations were trapped 

in q2, the reagent anions would be sprayed using negative nESI and transferred to q2. The analyte 

cations and reagent anions were mutually stored in q2 for 100-500 ms to allow the ions react and 

then the product ions were transferred to the TOF for m/z analysis. The instrument parameters 

were adjusted to be as soft as possible (i.e., minimal potential gradients along the ion path) so that 

the aggregates were not destroyed during the transmission of ions from the ion source to the 

detector. 
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3.2.3 Data Analysis 

The abundances of ions in the m/z region for the monomer and each aggregate species were 

each summed to calculate the area of each species with baseline subtraction. For droplet-size-

measurement solutions, after obtaining the area of each species, the experimental percentages of 

the oligomer species were calculated. Then a theoretical Poisson distribution was generated from 

a guess 𝜇 (average number of analyte molecules/droplet, see below in 3.3.2 Theory for Model) 

value, with the theoretical percentages calculated for each oligomer size. A Poisson fitting was 

done via minimizing the squares of the differences between the experimental and theoretical 

percentages by changing the guess 𝜇 value. Then the fitted 𝜇 value can be used to calculate droplet 

size using Equation 3.2. A list of symbols and abbreviations are listed in Table 3.1. 

For sample aggregation detection, the sum of squares of the differences between theoretical 

and experimental aggregate distributions was calculated to see if any sample aggregation in 

solution can be detected. If the sum of squares for the sample solution is larger than that for the 

droplet-size-measurement solutions, then the sample is considered to have a measurable degree of 

aggregation in solution. 

3.2.4 MATLAB Simulations 

3.2.4.1 Droplet Size Distribution 

The droplet diameter distribution is assumed to be a Gaussian distribution [17, 18] with an 

average droplet diameter of 𝜇𝐺 (nm) and a standard deviation of 𝜎𝐺 (nm). The concentration of the 

non-aggregating solution is set to be 𝑐 (mol/L). The diameters included in the simulation range 

from 0 to 2𝜇𝐺 with a step size of 0.1 nm. For each droplet diameter, a Poisson distribution of 

aggregates from dimer to hexamer was calculated. The observed aggregate distribution was then 

obtained by summing together all the Poisson distributions for each droplet size. After that, the 
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observed aggregate distribution is fitted to a Poisson distribution by least squares fitting to obtain 

the experimentally measured Poisson distribution parameter 𝜇𝑃 . The experimental droplet 

diameter 𝑑0was calculated from 𝜇𝑃 and 𝑐. 

3.2.4.2 Concentration Error 

The observed concentration of solution is set to be 𝑐0  (mol/L). The percentage of the 

difference between actual concentration and the observed concentration relative to the observed 

concentration is set to be 𝐴% . The true droplet diameter is set to be 𝑑 . Using the actual 

concentration in the solution 𝑐0(1 − 𝐴%) and the droplet diameter 𝑑, a Poisson distribution was 

generated as the observed aggregate distribution. Then the observed aggregate distribution was 

fitted to Poisson distribution by the least squares fitting to obtain the experimentally measured 

Poisson distribution parameter 𝜇𝑝. After that the experimental droplet diameter 𝑑0 was calculated 

from 𝜇𝑃 and 𝑐0.  

3.2.4.3 Aggregation in Droplet-Size-Measurement Solution 

The analytical concentration of analyte is set to be 𝑐0  (mol/L). The percentage of the 

monomers aggregated is set to be 𝐴%. The true droplet diameter is set to be 𝑑. The aggregation 

product is set to be either dimer only or trimer only, and its concentration 𝑐𝑎𝑔𝑔 is calculated based 

on 𝑐0 and 𝐴%. Using the actual concentrations of each species in the solution and the droplet 

diameter 𝑑, Poisson distributions of monomer and the aggregated product was generated. For cases 

of different species staying in the same droplet, the probability was calculated by the multiplication 

of the possibility of each species because the two species staying in the same droplet are considered 

independent events. Then the probabilities with the same number of analytes in the droplet were 

combined to generate the observed aggregate distribution. Later the observed aggregate 
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distribution was fitted to Poisson distribution by the least squares fitting to obtain the 

experimentally measured Poisson distribution parameter 𝜇𝑝 . Then the experimental droplet 

diameter 𝑑0 was calculated from 𝜇𝑃 and 𝑐0. 

3.3 Results and Discussion 

3.3.1 Issue of Droplet-Induced Non-specific Aggregation in ESI-MS 

ESI-MS analysis works with solution samples. In ESI, a high voltage is applied to the 

solution to generate charged initial droplets. Due to solvent evaporation and charge repulsion, the 

droplets shrink in size on their way to the mass spectrometer and will break into smaller progeny 

droplets. In the end, ions form from the final droplets for subsequent mass analysis. [19] 

Ideally, the gas-phase ions detected by the mass spectrometer reflect the identities and 

abundances of the analyte species in the solution phase. However, as the droplets break down in 

the ESI process, it is possible to have multiple analytes present in the same final-stage droplet. It 

is therefore possible for oligomerization to occur via the concentration that occurs as the solvent 

disappears. An example of the issue is shown in Scheme 3.1. A trimer observed in the mass 

spectrum can be formed from one trimer in the solution, or from three monomers in the same final 

droplet. Only when we distinguish the two sources of aggregates will we be able to determine if 

there is aggregation in the solution. 

3.3.2 Theory for Model 

3.3.2.1 Poisson Statistics and Its Relationship with ESI Process 

Based on the principles of statistics, people have long used Poisson statistics to describe 

the non-specific aggregation in the ESI droplet. [20, 21] If the analyte ions are formed through the 
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Charge Residue Model (CRM), i.e., the distribution of the analytes in the droplet is random, then 

the possibility of having 𝑥 analytes in the final droplet should follow a Poisson distribution: 

 𝑃(𝑥, µ) =
𝑒−𝜇𝜇𝑥

𝑥!
 (3.1) 

where 𝑃(𝑥, 𝜇)  is the probability of having 𝑥  analytes in the final droplet, 𝑥  is the number of 

analytes in the final droplet and 𝜇 is the average number of analytes per droplet. The average 

number of analytes per droplet is related to the concentration of analyte in the droplet, which is 

connected with the concentration of analyte in the bulk solution. [22] As a first-order 

approximation, we use the bulk-solution concentration as an approximation to the analyte 

concentration in the droplet, such that: 

 
𝜇

𝑉𝑑𝑟𝑜𝑝
= 𝑐𝑏𝑢𝑙𝑘 (3.2) 

where 𝑉𝑑𝑟𝑜𝑝 is the volume of the final-stage droplet and 𝑐𝑏𝑢𝑙𝑘 is the analyte concentration in the 

bulk solution. Therefore, the Poisson distribution of the analytes in the final droplet is affected by 

the bulk solution concentration 𝑐𝑏𝑢𝑙𝑘 and droplet volume 𝑉𝑑𝑟𝑜𝑝 via Equation 3.1 and Equation 3.2. 

3.3.2.2 Qualitative Application of Poisson Statistics to Aggregation Detection 

Since each species in the solution goes through the ESI process generating a Poisson 

distribution of its droplet-induced aggregates, the final aggregate distribution in the mass spectrum 

would comprise a convolution of the Poisson distributions of all the species in the solution, 

including mixed aggregates. (An implicit assumption is that the conditions for sampling and 

transmission of ions does not destroy aggregates.) If only one analyte exists in the solution, then 

the mass spectrum would show a Poisson distribution of its aggregate species. On the other hand, 

if there are aggregates in the solution, the final aggregate distribution would not follow Poisson 

distribution. In this way, we can determine if there is solution-phase aggregation.  
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For example, the MS analysis of 5 μM insulin in an aqueous solvent with 20 μM Zn(OAc)2, 

10 μM NH4Cl, 5 mM phenol and 300 mM NH4OAc adjusted to a pH of 7.4 showed abundant 

hexamer peaks aside from the monomer and dimer peaks (Figure 3.1). No intermediate oligomeric 

states (trimer, tetramer and pentamer) are observed on the spectrum. Compared to common 

Poisson distributions (Figure 3.2), where a consecutive increase or decrease of the probability is 

observed with an increase of 𝑥, the distribution of monomer, dimer and hexamer in the insulin 

solution doesn’t follow the Poisson distribution and is a good indication of hexamer formation in 

the solution. 

However, in early-stage aggregation, the non-Poisson distribution may not be as apparent 

as the Figure 3.1 example. Therefore, a quantitative approach of the model is necessary for more 

accurate determination of solution-phase aggregation.  

3.3.2.3 Quantitative Application of Poisson Statistics to Aggregation Detection 

For the distinction between solution-phase and ESI-process-induced aggregation, a 

quantitative model based on Poisson statistics is proposed here. If we obtain the distribution of the 

aggregates from the experimental data and compare it with the theoretical Poisson distribution 

from the ESI process, we would know if the distribution of aggregates is considered Poisson or 

non-Poisson. The comparison can be quantitatively completed by calculating the sum of squares 

of the differences between the theoretical and experimental distributions for the aggregates.  

The experimental distribution of aggregates can be obtained by summing the intensities of 

peaks that belong to the same oligomeric state. The theoretical Poisson distribution can be 

calculated from Equation 3.1 if the 𝜇 for the analyte is known. To calculate the 𝜇, the concentration 

of the analyte and the droplet size are needed (Equation 3.2). Usually the concentration is known, 

so the droplet size needs to be determined first before we obtain the value of 𝜇.  
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There are multiple methods proposed to measure or to calculate the droplet size for the ESI 

process, [23, 24] but they are suitable only to the initial droplets and not to the progeny droplets 

or final-stage droplets. Here, a method that indirectly measures the effective droplet size of the 

ESI process is proposed. If there is no aggregation in a solution, the aggregate distribution on the 

mass spectrum is directly the Poisson distribution of the analyte from the ESI process. Therefore, 

we can fit the experimental distribution to Poisson distribution and obtain the 𝜇 value for the non-

aggregating solution. With a known concentration, the effective final-stage droplet size 𝑉𝑑𝑟𝑜𝑝 of 

the ESI method can be calculated and used for other solutions. 

As a result, the quantitative approach of the model consists of two steps: droplet size 

determination and sample solution-phase aggregation detection (Scheme 3.2). In the droplet size 

determination step, we first take the mass spectrum of a non-aggregating solution with known 

concentration (labeled as 𝑐 in the flow chart). The aggregates in the mass spectrum of the non-

aggregating solution all come from the ESI process. Therefore, the distribution of aggregates from 

the non-aggregating solution is calculated by summation of the intensities of their corresponding 

peaks, and then is fit to Equation 3.1 to obtain the 𝜇 of the non-aggregating solution. With 𝜇 and 

𝑐 of the non-aggregating solution known, Equation 3.2 is used to calculate the droplet size of our 

method (𝑉𝑑𝑟𝑜𝑝 ). A sum of squares of the difference between experimental ESI-induced non-

specific aggregate distribution (from experimental data) and the theoretical ESI-induced aggregate 

distribution (from fitted 𝜇 of experimental data) is calculated as the standard value to determine 

when the system should be considered as non-Poisson statistics. 

Then in the solution-phase aggregation detection step, the mass spectrum of the sample 

solution is obtained. The oligomer distribution is the combination of solution-phase aggregation 

(if any) and ESI droplet-induced aggregation. The ESI droplet-induced aggregate distribution can 
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be calculated from the 𝑉𝑑𝑟𝑜𝑝 and the sample concentration (𝑐𝑠) using Equation 3.1 and Equation 

3.2. Finally, the actual oligomer distribution and the ESI droplet-induced aggregate distribution 

are compared by calculating the sum of squares of their differences for each oligomer size. If the 

difference of the two distributions is larger than the difference for the non-aggregating solution, 

then solution-phase aggregation in the sample is indicated. 

3.3.3 Factors that Affect Droplet Size Determination (MATLAB Simulations) 

An accurate droplet size measurement is the key to obtaining the ESI aggregate distribution 

of the sample solution. Several sources of error are identified and studied using MATLAB 

simulations, including droplet size distribution, concentration error, and aggregation in the droplet-

size-measurement solution. Knowing how each factor plays a role in the droplet size determination 

assists in the proper design of the experiment for droplet size measurement and aggregation 

detection.  

3.3.3.1 Droplet Size Distribution 

Studies have shown that the droplet size is not uniform for different initial droplets [5, 23] 

and the fissioning process is not identical for each droplet either. [25-27] If the droplet size 𝑉𝑑𝑟𝑜𝑝 

is different for each droplet, then the analytes in each droplet will have different 𝜇’s and follow 

different Poisson distributions, leading to a distorted Poisson distribution in the mass spectrum. 

Often in theoretical discussions, a narrow droplet size distribution is assumed. [5, 6, 14, 15] Here 

the influence of non-uniform droplet size distribution on the droplet size measurement is discussed 

using MATLAB simulations. 

In the MATLAB simulation, a Gaussian distribution of droplet diameter is assumed. With 

a set concentration 𝑐, an “observed aggregate distribution” was simulated by the sum of all the 

Poisson distributions of each droplet diameter. Then the “observed aggregate distribution” is fitted 
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with Poisson distribution, mimicking the actual experimental data analysis process. Using the 𝜇 

from the Poisson fitting, a droplet diameter is calculated from 𝜇 and 𝑐 based on Equation 3.2. The 

calculated droplet diameter is compared with the original average droplet diameter to see the effect 

of droplet size distribution. 

In Figure 3.3, the relationship between the width of the droplet size distribution and the 

accuracy of the calculated droplet size is shown. Based on the simulation results, broader droplet 

size distribution (i.e., a large 𝜎𝐺 ) leads to a larger error in the calculated droplet diameter. 

Furthermore, measurement of a larger average droplet diameter (𝜇𝐺) is less prone to the error 

caused by the spread of droplet size. For example, for 𝐸𝑟𝑟𝑜𝑟(𝜇𝐺 , 𝜎𝐺) = 𝐸𝑟𝑟𝑜𝑟(10, 1) = 0.57 and 

𝐸𝑟𝑟𝑜𝑟(𝜇𝐺 , 𝜎𝐺) = 𝐸𝑟𝑟𝑜𝑟(20, 2) = 0.27 , even when the standard deviation of droplet size 

distribution is the same relative to the average value (10%), a smaller error in the droplet size 

measurement is found for a larger average droplet size. 

3.3.3.2 Concentration Error 

Due to apparatus limitations and dilution errors, there could be concentration error in our 

analysis. Aggregation in the solution could also lead to concentration error, as we usually consider 

the analytical concentration as the monomer concentration in the solution. Since concentration is 

directly involved in the droplet size calculation process, the effect of concentration error is 

discussed here.  

Define the true uniform droplet diameter to be 𝑑 , the true concentration to be 𝑐 , the 

observed concentration to be 𝑐0, the relative error of that observed concentration value to be 𝑒𝑟𝑟𝑐%, 

the calculated 𝜇  from the simulated observed distribution to be 𝜇𝑃 , and the measured droplet 

diameter to be 𝑑0. The percent error of concentration is calculated to be  
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 𝑒𝑟𝑟% = (
𝑐0

𝑐
− 1) × 100% (3.3) 

So the relationship between 𝑐0 and 𝑐 should be  

 𝑐 =
𝑐0

1 + 𝑒𝑟𝑟𝑐%
 (3.4) 

Since the observed distribution is an ideal Poisson distribution generated from 𝑑 and 𝑐, the 𝜇𝑃 

would be the same as the 𝜇 for the solution with the true concentration, which is  

 𝜇𝑃 = 𝑐 ∙ 𝑉𝑑𝑟𝑜𝑝 =
𝑐0

1 + 𝑒𝑟𝑟𝑐%
∙

𝜋𝑑3

6
 (3.5) 

The experimental droplet volume 𝑉𝑑𝑟𝑜𝑝0 was then calculated from 𝜇𝑝 and 𝑐0 by the equation  

 𝑉𝑑𝑟𝑜𝑝0 =
𝜇𝑃

𝑐0
=

1

1 + 𝑒𝑟𝑟𝐶%
∙

𝜋𝑑3

6
  (3.6) 

Therefore, the calculated droplet diameter 𝑑0 would be  

 𝑑0 = (
1

1 + 𝑒𝑟𝑟𝑐%
)

1
3

∙ 𝑑 (3.7) 

with the relative error of the droplet diameter measurement to be  

 𝑒𝑟𝑟𝑑% = [(
1

1 + 𝑒𝑟𝑟𝑐%
)

1
3

− 1] × 100% (3.8) 

With Equation 3.8, we can plot the relationship between 𝑒𝑟𝑟𝑑% and 𝑒𝑟𝑟𝑐%, as shown in 

Figure 3.4. From the figure, we could see that larger absolute concentration error leads to larger 

error of droplet size measurement. The increasing rate of the droplet size error is different though 

with positive or negative concentration error. When the same absolute concentration error is 

induced, larger error in droplet size measurement is expected from a negative concentration error, 

i.e., calculated concentration lower than the true concentration. The MATLAB simulation results 

with different concentration errors match with the results obtained from the equations above. 
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3.3.3.3 Aggregation in the Droplet-Size-Measurement Solution 

The selection of the droplet-size-measurement solution, or the non-aggregating solution, is 

very important as it sets up a standard on what should be called as an aggregating solution. The 

analyte and the solvent condition in the non-aggregating solution is preferred to be similar to or 

the same as the analyte in the sample solution, as that would reduce the ESI-MS response 

difference between different analytes. [28, 29] In this study, the freshly made solutions of the target 

aggregation-prone analyte are used as the droplet-size-measurement solutions. However, if there 

is already aggregation in the droplet-size-measurement solution, then the droplet size measured 

would not be accurate and it can further influence the aggregation detection. 

In the simulation, the analytical concentration of monomer 𝑐0, the droplet diameter 𝑑, the 

percentage of monomer that aggregated 𝐴%, and the ratio of the aggregated species were defined. 

The observed distribution of aggregates was generated by summation of the Poisson distributions 

of the different aggregate species. Then the observed distribution was subject to Poisson fitting 

and droplet size calculation. 

The effects of aggregation in droplet-size-measurement solutions are more complicated 

than the previous two factors. When the monomers aggregate, the apparent error it introduced is 

the positive error of the monomer concentration, which leads to a negative error on the droplet size 

measurement as discussed above. On the other hand, the Poisson distributions of the aggregated 

species would lead to a positive error to the droplet size measurement because it technically 

increases the percentage of the less likely species. 

Both trends are reflected in the MATLAB results (Figure 3.5). The droplet diameter was 

set to 15 nm. From the figure we can see that the measured droplet size dropped down a little when 

only considering the monomer concentration change due to aggregation (the errc% bars), with a 

larger decrease on droplet size by the monomer concentration change from the 10% aggregation. 
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Adding aggregated species in the simulations increases the measured droplet size compared to the 

ones that only consider the monomer concentration drop. The influence of aggregation in solution 

on droplet size measurement is more severe in lower concentrations, which indicates that a high 

concentration solution is preferred for droplet size measurement, while a low concentration 

solution is better for sample aggregation detection. The aggregation of monomer into larger 

oligomers lead to a larger error on the measured droplet size, so it is preferred to minimize 

aggregation in the droplet-size-measurement solutions as much as possible. 

3.4 Conclusions 

A Poisson-statistics-based model that distinguishes the non-specific aggregation in the ESI 

process and the solution-phase aggregation was proposed and discussed from a theoretical point 

of view. Qualitative and quantitative applications of the model are discussed with their detailed 

steps being developed. As a critical step in the model for aggregation detection, droplet size 

measurement and its influencing factors are discussed using MATLAB simulations. Based on 

MATLAB simulation results and theoretical deductions, a larger error of droplet size measurement 

can be observed with a broad ESI droplet size distribution, a high absolute concentration error 

(especially when the observed concentration is lower than the actual concentration), and more 

analyte aggregation in the non-aggregating solution. These theoretical discussions tell us that a 

uniform droplet spray with an accurate concentration and no solution-phase aggregating is 

beneficial for droplet size measurement and thus for solution phase aggregation detection. 

Solutions with high concentrations are less prone to the influence of solution-phase aggregation, 

which is more suitable to droplet size measurement, while solutions with low concentrations are 

more sensitive to the solution-phase aggregation and are better used in solution-phase aggregation 

detection solutions.  
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Figure 3.1 Mass spectrum of 5 μM insulin in an aqueous solvent with 20 μM Zn(OAc)2, 10 μM 

NH4Cl, 5 mM phenol and 300 mM NH4OAc adjusted to a pH of 7.4 to show the non-Poisson 

distribution of monomer, dimer and hexamer. The inset is a zoomed-in mass spectrum for the m/z 

range of 1500 – 4000 to show that no intermediate oligomer sizes (i.e., trimer, tetramer or pentamer) 

were observed on the spectrum. 
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Figure 3.2 Poisson distributions at different 𝜇 values. 
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Figure 3.3 The relationship between the spread of droplet size distribution and the error of the 

calculated diameter. 𝜇𝐺  denotes the average droplet diameter for the Gaussian distribution of 

droplet size. (𝑑0 − 𝜇𝐺) denotes the error of the calculated diameter from the true average droplet 

diameter. 𝜎𝐺 refers to the standard deviation of the Gaussian droplet diameter distribution.  
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Figure 3.4. Relationship between relative error of concentration (𝑒𝑟𝑟𝑐%) and that of droplet 

diameter measurement (𝑒𝑟𝑟𝑑%). The curve was plotted from Equation 3.8. 
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Figure 3.5 Simulated measured droplet diameter when 1% and 10% monomers aggregated into (a) 

dimers or (b) trimers. The analytical concentration of the solution is 1000μM, 500μM and 100μM 

respectively. The measured droplet sizes with the same monomer concentration error but no 

aggregation are listed on the left to show how aggregation-caused concentration change affects the 

measured droplet size. 
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Scheme 3.1 A demonstration of solution-phase aggregation and droplet-induced aggregation. Each 

black dot in the scheme denotes one analyte molecule. The charges on the droplet or the analytes 

are not drawn for simplicity. 
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Scheme 3.2 Flow chart of the quantitative approach of solution-phase aggregation detection. 𝜇 and 

𝑐 are the average number of analytes per droplet and the analyte concentration (no subscript: non-

aggregating solution; subscript s: sample solution). 𝑉𝑑𝑟𝑜𝑝 is the droplet volume for the ESI-MS 

method. 

  



119 

 

Table 3.1 List of symbols and abbreviations and their definitions 

Symbol or 

abbreviation 
Definition Example / Comment 

sizecharge 

Monomer or oligomer with n 

monomers and m charges, which has 

an m/z of [n*M(monomer)+m*H]m+ 

13+: [M+3H]3+ 

26+: [2M+6H]6+ 

𝜇𝐺 
Average of the simulated Gaussian 

droplet diameter distribution (nm) 
/ 

𝜎𝐺 

Standard deviation of the simulated 

Gaussian droplet diameter 

distribution (nm) 

/ 

𝐴% 

The difference between actual 

concentration and the observed 

concentration relative to the 

observed concentration, i.e., 
𝑐 − 𝑐0

𝑐0
× 100% 

𝐴% could also be the percentage of 

the monomers that aggregate in the 

solution 

𝑐 = 𝑐0(1 − 𝐴%) 

𝑐 

True concentration of the non-

aggregating solution, or the true 

concentration of the analyte 

monomer (mol/L) 

/ 

𝑐0 
Observed solution concentration, or 

the analytical concentration of the 

analyte (mol/L) 

/ 

𝑐𝑎𝑔𝑔 
True concentration of aggregate 

species with an oligomer size of n 

(Mn) 
𝑐𝑎𝑔𝑔 =

𝑐0 × 𝐴%

𝑛
 

𝑐𝑏𝑢𝑙𝑘 
Analyte concentration in the bulk 

solution 
/ 

𝑐𝑠 Sample concentration / 

𝑑 
True droplet diameter (no droplet 

size distribution considered) 
/ 

𝑑0 

Calculated droplet diameter from the 

Poisson fitting in the simulation 

(nm) 

/ 
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Table 3.1 List of symbols and abbreviations and their definitions (continued) 

𝐸𝑟𝑟𝑜𝑟(𝜇𝐺 , 𝜎𝐺) 

The error of obtained droplet 

diameter compared to the true 

average droplet diameter when the 

Gaussian distribution of droplet 

diameter has an average diameter of 

𝜇𝐺 and a standard deviation of 𝜎𝐺 

𝐸𝑟𝑟𝑜𝑟(𝜇𝐺 , 𝜎𝐺) =
𝐸𝑟𝑟𝑜𝑟(10,1) = 0.57  means 
when 𝜇𝐺 =10 nm and 𝜎𝐺 =1 
nm, the measured diameter is 
10.57 nm, with an error of 
0.57 nm compared to the true 
value of 10 nm 

𝑒𝑟𝑟𝑐% 

Relative error of the observed 

concentration to the true value, i.e.,  
𝑐0 − 𝑐

𝑐
× 100% 

𝑐 =
𝑐0

1 + 𝑒𝑟𝑟𝑐%
 

𝑒𝑟𝑟𝑑% 

Relative error of the measured 

droplet diameter to the true value, 

i.e., 
𝑑0 − 𝑑

𝑑
× 100% 

𝑑 =
𝑑0

1 + 𝑒𝑟𝑟𝑐%
 

𝑃(𝑥, 𝜇) 
The possibility of having 𝑥 analytes 

in the final droplet 
𝑃(𝑥, µ) =

𝑒−𝜇𝜇𝑥

𝑥!
 

𝑥 
Number of analytes in the final 

droplets 
/ 

𝜇 
Average number of analytes per 

droplet 
/ 

𝜇𝑃 

Fitted Poisson statistics parameter 

to the simulated experimental 

distribution, which means the 

experimental average number of 

analytes per droplet in the 

simulation 

/ 

𝜇𝑠 
Average number of analytes per 

droplet for the sample solution 
/ 

𝑉𝑑𝑟𝑜𝑝 Volume of the final droplet 
𝜇

𝑉𝑑𝑟𝑜𝑝
= 𝑐𝑏𝑢𝑙𝑘 

ESI-MS 
Electrospray Ionization Mass 

Spectrometry 
/ 
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 EARLY DETECTION OF SOLUTION-PHASE 

AGGREAGTION OF SMALL PEPTIDES AND PROTEINS 

4.1 Introduction 

Peptide and protein aggregation is an important process in pathology and pharmaceutical 

development. For example, amyloid-related diseases, such as Alzheimer’s disease and Parkinson’s 

disease, are characterized by amyloid fibril formation from misfolding proteins. [1] To decipher 

the mechanism and to develop early diagnosis and treatment of such diseases, the aggregation 

mechanism(s) of related proteins and peptides are widely studied. [2] On the other hand, 

aggregation of peptide and protein pharmaceuticals leads to low drug efficiency. For example, 

since insulin is only active in monomeric form, the aggregation of insulin would lead to lower drug 

efficiency. [3] The larger size of drug aggregates also causes lower drug delivery efficiency and a 

higher risk of inducing immune responses. Both cases point to the need for methods to detect early-

stage aggregation. 

Multiple techniques are used to study aggregation. For example, imaging methods like X-

ray crystallography, AFM and TEM have been applied to study the structure of fibrils or crystals, 

[4-6] which are relevant to late-stage aggregation. Fluorescence measurements [7] and laser light 

scattering techniques [8] can be used to detect smaller aggregates, but remain limited for early 

stage aggregation due to insufficient detection limits. Mass spectrometry, with its ability to observe 

monomer and small oligomeric species with relatively high sensitivity, high specificity, and wide 

dynamic range, lends itself as a strong candidate to study the early-stage aggregation process.  

Electrospray ionization mass spectrometry (ESI-MS) is widely used for biomolecule 

samples due to the ability to detect high mass molecules and non-covalently-bound complexes 

thereof as well as direct compatibility with solution samples. [9] Multiply charged ions are 
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commonly formed from polymeric species in the ESI process, which enables the detection of large 

molecules in solution. [9] However, two main issues remain for ESI-MS in its application to 

aggregation detection. First, since ions are multiply charged, different aggregates can have the 

same mass to charge (m/z) ratio after ESI and appear at the same position on the m/z scale, which 

produces overlap peaks [10] that complicate oligomer size assignment. The other issue is that non-

specific aggregation can take place during the ESI process itself as the ESI droplets shrink and 

break into smaller droplets, [11] which further complicates the determination of solution-phase 

aggregation from mass spectra. In this project, we explore the use of ion-ion proton transfer 

reactions to reduce or eliminate the charge state overlap issue, and application of the statistical 

model to differentiation of the aggregation in the solution from that in the ESI process. 

4.2 Experimental 

4.2.1 Materials 

Peptide NNQQNY was synthesized by GenScript (Piscataway, NJ, USA). Human insulin, 

glucagon, ammonium acetate and 2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-pentadecafluoro-1-octanol (PFO) 

were purchased from Sigma Aldrich (St. Louis, MO, USA). Water (Optima LC/MS grade), 

acetonitrile (Optima grade), methanol (Optima grade) and ammonium hydroxide (certified ACS 

plus grade) was purchased from Fisher Chemical (Waltham, MA, USA). Acetic acid was 

purchased from Macron Fine Chemicals (Center Valley, PA, USA). Sodium chloride was 

purchased from Mallinckrodt Chemicals (Center Valley, PA, USA). Hydrochloric acid was 

purchased from J. T. Baker (Center Valley, PA, USA). NNQQNY solution was prepared in 

water/methanol 50/50. Insulin and glucagon solutions were prepared in 4% acetic acid (aqueous) 

unless particularly specified. PFO solutions were prepared to be 5 mM in 

water/methanol/ammonium hydroxide 49.5/49.5/1. 
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4.2.2 Mass Spectrometry 

All mass spectrometric experiments were performed on TripleTOF 5600, [12] a hybrid 

triple quadrupole / time of flight (TOF) mass spectrometer (SCIEX, Concord, Canada) previously 

modified for ion-ion reactions. [13] Droplet-size-measurement solutions or sample solutions were 

sprayed using positive nano-electrospray ionization (nESI). The analyte cations were transferred 

to q2 and trapped there. If it was a direct analysis of the analyte, the analyte cations would be 

transferred to the TOF analyzer for m/z determination. If an ion-ion reaction was performed, when 

the analyte cations were trapped in q2, the reagent PFO anions would be sprayed using negative 

nESI and transferred to q2. The analyte cations and reagent anions were mutually stored in q2 for 

100-500 ms to allow the ions react and then the product ions were transferred to the TOF for m/z 

analysis. The instrument parameters were adjusted to be as soft as possible (i.e., minimal potential 

gradients along the ion path) so that the aggregates were not destroyed during the transmission of 

ions from the ion source to the detector. 

4.2.3 Data Analysis 

The abundances of ions in the m/z region for the monomer and each aggregate species were 

each summed to calculate the area of each species with baseline subtraction. If peak overlap 

happened, a correction described under “Mass spectrum overlap correction” would be performed.  

For droplet-size-measurement solutions, after obtaining the area of each species, the 

experimental percentages of the oligomer species were calculated. Then a theoretical Poisson 

distribution was generated from a guess 𝜇  (average number of analyte molecules/droplet, see 

below in Section 4.3.2.2) value, with the theoretical percentages calculated for each oligomer size. 

A Poisson fitting was done via minimizing the squares of the differences between the experimental 

and theoretical percentages by changing the guess 𝜇 value. Then the fitted 𝜇 value can be used to 
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calculate droplet size using Equation 4.2. A list of symbols and abbreviations are listed in Table 

4.2. 

For sample aggregation detection, the sum of squares of the differences between theoretical 

and experimental aggregate distributions was calculated to see if any sample aggregation in 

solution can be detected. If the sum of squares for the sample solution is larger than that for the 

droplet-size-measurement solutions, then the sample is considered to have a measurable degree of 

aggregation in solution. 

4.2.4 Mass Spectrum Overlap Correction 

The overlap peaks were processed through averaging the non-overlap isotopic peaks to 

recover the area of overlapped oligomer. Figure 4.1 presents an example of the overlap of 

monomer and dimer peaks. Usually in the overlap region, there are two cases: peaks with overlap 

(blue shading) and without overlap (yellow shading). The peaks without overlap would be directly 

assigned, as in this example to be 26+ (dimer at 6+ charge state) adduct peaks. For the peaks with 

overlap, the overlap peak area of 26+ under the 13+ isotopic peaks is approximated by the average 

of neighboring 26+ non-overlap isotopic peaks (labeled as 1-8 on the spectrum). Therefore, the 26+ 

peak area in the blue shade would be calculated as  

①

2
+ ① +

① + ②

2
+ ② +

② + ③

2
+ ③ + ⋯ + ⑦ +

⑦ + ⑧

2
+

⑧

2
 

= 2(① + ② + ③ + ④ + ⑤ + ⑥ + ⑦ + ⑧) 

with the non-overlap isotopic peak area denoted by peak number in circle. Similarly, if the overlap 

peaks are 13+ and 39+ peaks, then the 39+ peak area would be 3/2 of the non-overlap isotopic peak 

area. 
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4.2.5 Size-Exclusion Chromatography (SEC) Protocol 

Agilent 1200 Series HPLC system and Agilent Advanced Bio 130Å SEC column (MW 

range 100 Da – 120 kDa) were used for SEC separation. The mobile phase was prepared with 16.7% 

acetic acid, 25% acetonitrile, 1.67% concentrated ammonium hydroxide (to adjust the pH to 3) 

and water, based on Agilent application note conditions. [14] The flow rate was set to 0.5 mL/min. 

Mobile phase and samples were filtered with 0.45-μm filter before use. 

4.2.6 Insulin Stress Conditions 

Three insulin stress conditions were used in this project, including: a) 3.4 mg/mL insulin 

in SEC mobile phase in 60oC for 6 hours; [14] b) 1 mg/mL insulin in 10 mM HCl in room 

temperature for 5 days; and c) 10 mg/mL insulin in 0.1 M NaCl and 10 mM HCl at 300 rpm at 

37oC for 48 hours. These conditions are mainly used for SEC experiment, as they are not all MS-

compatible.  

The adjusted MS-compatible stress conditions are: a) 3.4 mg/mL insulin in 4% acetic acid 

in 60oC for 6 hours, b) 3.4 mg/mL insulin in a mobile-phase-like solvent (20% acetic acid, 30% 

acetonitrile and some ammonium hydroxide to adjust the pH to 3); c) 10 mg/mL insulin in 97mM 

ammonium acetate and 6.8% acetic acid at 300 rpm at 37oC for 48 hours. 

4.3 Results and Discussion 

4.3.1 Peak Overlap Reduced or Eliminated by Ion/Ion Reaction 

When the sample is directly analyzed using ESI-MS, the analyte monomers and oligomers 

of different sizes, which may have the same m/z, can overlap in the spectrum. For example, in 

Figure 4.2(a), the mass spectrum of peptide NNQQNY has overlap peaks that are assigned with 

multiple species. The peaks are assigned based on the isotope spacings, as shown in Figure 4.2(b). 
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The m/z spacings between adjacent isotope peaks, which differ in mass nominally by 1 Da, 

indicates the charge of the species. The size of the oligomer can then be deduced from the mass 

calculated from the m/z and charge. From the NNQQNY example, we can see that the assignment 

of the overlap peaks requires the overlap species to be abundant enough so that they can be 

distinguished from the dominant peak. The ESI-MS instrument also must have a high resolution 

sufficient to resolve the overlap isotope peaks for peak assignment. 

Upon ion-ion reaction with deprotonated PFO, [15] a proton transfer reagent, charge states 

of the NNQQNY cations are reduced and initially overlapped peaks are separated in m/z space 

(Figure 4.2(c)). Low charge states obtained from the ion-ion reaction (such as +1 or +2 charge 

states) can be easily assigned on instruments with lower resolution. Since the peaks are no longer 

overlapping, the species with lower abundances are apparent, such as the octadecamer in Figure 

4.2(c). Therefore, more confident peak assignment and better quantitation can be achieved for the 

mass spectra after ion-ion reaction. 

4.3.2 Differentiation between Solution-Phase and Droplet-Induced Aggregation 

4.3.2.1 Non-Specific Aggregation in ESI-MS 

Non-specific aggregation refers to the non-covalent clustering of analytes in the ESI 

process. The non-specific aggregation phenomenon is largely related to the ESI mechanism. In 

ESI-MS, charged droplets are formed from the high voltage applied to the sample solution. As the 

droplets fly closer to the mass spectrometer, solvent evaporates from the droplet, and the increasing 

Coulomb repulsion from the charges on the droplet surface makes the droplet fission into smaller 

progeny droplets. [9] At last ions form from the final droplets and enter the mass spectrometer. 

When there are more than one analyte molecules in the final droplets, the analyte cluster would 

have all the charges on the final droplet and get detected as an “aggregate” of the analyte. 
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The non-specific aggregation in ESI-MS is problematic especially for aggregation 

detection using ESI-MS. When an oligomer is observed on the mass spectrum, people need to 

identify the source of the aggregate before making conclusions on the aggregation status of the 

solution. 

4.3.2.2 Poisson-Statistics Based Model to Analyze Solution-Phase Aggregation 

For the distinction between solution-phase and ESI-process-induced aggregation, the 

statistical model proposed in CHAPTER 3 can be used. Here is a brief introduction to the statistical 

model in CHAPTER 3. Poisson statistics (Equation 4.1) can be used to describe the non-specific 

aggregation in the ESI process: 

 𝑃(𝑥, µ) =
𝑒−𝜇𝜇𝑥

𝑥!
 (4.1) 

where 𝑃(𝑥, 𝜇) is the probability of having x analytes in the final droplet, 𝑥  is the number of 

analytes in the final droplet and 𝜇 is the average number of analytes per droplet. The average 

number of analytes per droplet 𝜇 in the Poisson statistics equation is related to the concentration 

of analyte in the bulk solution under first order approximation: 

 
𝜇

𝑉𝑑𝑟𝑜𝑝
= 𝑐𝑏𝑢𝑙𝑘 (4.2) 

where 𝑉𝑑𝑟𝑜𝑝 is the volume of the final-stage droplet and 𝑐𝑏𝑢𝑙𝑘 is the analyte concentration in the 

bulk solution. 

If the droplet size and the analyte concentration is known, a theoretical Poisson distribution 

from the ESI process can be generated and compared with the experimental data to determine if 

there is solution-phase aggregation. This can be done quantitatively through two steps: droplet size 

determination and sample solution-phase aggregation detection (Scheme 3.2).  
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In the droplet size determination step, we first take the mass spectrum of a non-aggregating 

solution with known concentration (labeled as 𝑐 in the flow chart). The distribution of aggregates 

is fit to Equation 4.1 to obtain the 𝜇 of the non-aggregating solution, because all the aggregates 

come from the ESI process. Using fitted 𝜇  and known 𝑐  of the non-aggregating solution, the 

droplet size of our method (𝑉𝑑𝑟𝑜𝑝) can be calculated from Equation 4.2. A sum of squares between 

the Poisson distribution calculated from fitted 𝜇 and the experimental distribution obtained from 

the mass spectrum of the non-aggregating solution is calculated as the standard to determine the 

aggregation status of the sample solution below. 

Then in the solution-phase aggregation detection step, the mass spectrum of the sample 

solution is obtained. The oligomer distribution on the mass spectrum is the convolution of solution-

phase aggregation (if any) and ESI droplet-induced aggregation. The theoretical non-specific 

aggregate distribution can be calculated from the 𝑉𝑑𝑟𝑜𝑝 and the sample concentration (𝑐𝑠) using 

Equation 4.1 and Equation 4.2. Finally, the actual oligomer distribution and the theoretical non-

specific aggregate distribution are compared by calculating the sum of squares of their differences 

for each oligomer size. If the difference of the two distributions is larger than that of the non-

aggregating solution, then solution-phase aggregation exists in the sample. 

4.3.2.3 Experimental Droplet Size Determination 

The droplet size determination with the method proposed above was done with freshly 

made insulin solutions, because insulin is the model molecule to study the aggregation process. 

Based on the simulation results (Section 3.3.3), high concentrations (100 to 1000 µM) were used 

for droplet size determination. The mass spectra of the analyte (insulin) solutions with different 

concentrations were taken. Then the summation of the peaks of each monomer or oligomer species 

were calculated from the spectrum. For example, the intensities between 968 Th and 1043 Th were 
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summed to get the ion count of monomer and its adducts at +6 charge state. If there are overlap 

peaks in the spectrum and could be identified from isotope spacing, the overlap peak intensities 

were recovered by the summation of the non-overlap isotopic peaks (details in Experimental 

section 4.2.4). Percentage of each species were calculated based on the peak intensity summation. 

Then the percentage was fitted with Poisson distribution to obtain the 𝜇 value of the system, after 

which the droplet size was calculated with Equation 4.2.  

The results for insulin and glucagon droplet size measurement are listed in Table 4.1. For 

insulin solutions in 4% acetic acid, the droplet size was determined to be 16±2 nm in diameter 

when using the nanoelectrospray ionization (nESI) source and 4-µm nESI tips. The scale of 

measured droplet diameter matches with calculation models for ESI mechanism studies. [16] For 

10-µm nESI tips and the same solution condition, the droplet size was measured to be 22±1 nm, 

which makes sense since larger initial droplets are generated from larger tips.  

To test if a measured droplet size can be applied to another system, a cross-system 

measurement was made between insulin and glucagon (results in Table 4.1). For 3-µm nESI tips 

and 4% acetic acid as solvent, droplet diameters for insulin and glucagon were measured to be 

17±2 nm and 14±2 nm respectively, which is very close and shows the possibility of applying 

measured droplet size of one analyte to another system. 

4.3.2.4 Application of Model on Stressed Insulin System 

To verify the practicality of the proposed method, insulin under different stress conditions 

were monitored with both MS and size exclusion chromatography (SEC, as an orthogonal method). 

Three stress conditions of low pH, high temperature and elevated temperature with agitation were 

tested, with detailed stress conditions described in the Experimental section 4.2.6. The MS and 
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SEC results both showed insulin signal decrease, but no apparent aggregate ratio change was 

observed.  

For the low pH stressing at pH 2 with acetic acid, no change was observed. For high 

temperature stressing at 60oC, the decrease of insulin signal and the appearance of insulin 

fragments was observed, as flocculent precipitate was observed during the stressing process. 

However, no apparent aggregate ratio change was observed in the MS data. Under the condition 

of elevated temperature with agitation, insulin solution would gradually become opaque and hard 

to be filtered by the 0.45-µm filter. Insulin signal decrease was observed but still with no apparent 

aggregate ratio change.  

In the SEC separation, only covalent insulin dimer was separated from the insulin monomer, 

as shown in Figure 4.3. Two insulin species were separated on the SEC. MS analysis of the two 

insulin fractions show one species to be monomer and the other species to be dimer with ammonia 

loss (Figure 4.3 (c)-(f)). The insulin dimer with the loss of ammonia was assigned as a covalent 

dimer based on the support from literature [18] and the fact that it is not easy to break apart upon 

collisional activation in the mass spectrometer. No non-covalent aggregates were separated by the 

SEC yet. The ratio between the covalent dimer and the monomer remains almost constant in the 

stressing process. 

This is probably due to the aggregation reaction being too fast and we failed to catch the 

very early stage of aggregation. When the late-stage aggregation starts, the monomers will directly 

attach to the large aggregates and they will soon become precipitates and not suitable for ESI-MS 

or SEC detection. 
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4.3.2.5 Application of Model on Concentration Recovery from ESI-MS Spectra 

To test if the MS result is similar to SEC result quantitatively, the ratio of the covalent 

dimer to the monomer was calculated based on MS result. On the mass spectrum, for the peaks of 

the covalent dimer (two insulin molecules minus ammonia), it may come from solution-phase 

covalent dimer, but it can also be a non-specific aggregation in the droplet by one insulin and one 

insulin with ammonia loss. Therefore, the droplet-induced non-specific aggregation needs to be 

subtracted from the experimental result to determine the actual ratio of the covalent dimer to the 

monomer in the solution. 

If we assume that the occurrences of monomer and monomer-NH3 in the droplet are 

independent events, then the probability of having droplet-induced dimer-NH3 would be   

 𝑃(𝑑𝑖𝑚𝑒𝑟 − 𝑁𝐻3) = 𝑃(𝑚𝑜𝑛𝑜𝑚𝑒𝑟) ∙ 𝑃(𝑚𝑜𝑛𝑜𝑚𝑒𝑟 − 𝑁𝐻3) (4.3) 

Then if we assume that both insulin monomer and monomer-NH3 molecules are following the 

Poisson statistics model, and only their concentrations are affecting their 𝜇 in the Poisson statistics, 

then the areas of them on the mass spectrum would be a direct reflection of their actual probability: 

 
𝑃(𝑚𝑜𝑛𝑜𝑚𝑒𝑟 − 𝑁𝐻3)

𝑃(𝑚𝑜𝑛𝑜𝑚𝑒𝑟)
=

𝐴(𝑚𝑜𝑛𝑜𝑚𝑒𝑟 − 𝑁𝐻3)

𝐴(𝑚𝑜𝑛𝑜𝑚𝑒𝑟)
 (4.4) 

And since the Equation 4.3 could be rewritten as 

 𝑃(𝑑𝑖𝑚𝑒𝑟 − 𝑁𝐻3) =
𝑃(𝑚𝑜𝑛𝑜𝑚𝑒𝑟 − 𝑁𝐻3)

𝑃(𝑚𝑜𝑛𝑜𝑚𝑒𝑟)
∙ 𝑃2(𝑚𝑜𝑛𝑜𝑚𝑒𝑟) (4.5) 

After plugging in the Equation 4.4 expression, the probability of having droplet-induced dimer-

NH3 is 

 𝑃(𝑑𝑖𝑚𝑒𝑟 − 𝑁𝐻3) =
𝐴(𝑚𝑜𝑛𝑜𝑚𝑒𝑟 − 𝑁𝐻3)

𝐴(𝑚𝑜𝑛𝑜𝑚𝑒𝑟)
∙ 𝑃2(𝑚𝑜𝑛𝑜𝑚𝑒𝑟) (4.6) 

Therefore, as long as we have the probability of insulin monomer and the area ratio between the 

monomer-NH3 and monomer, we could calculate the probability of droplet-induced dimer-NH3. 
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On the mass spectrum of human insulin in 4% acetic acid, peak areas of monomer, dimer, 

trimer, monomer-NH3, and dimer-NH3 were calculated. A Poisson distribution fitting of the area 

percentage of monomer, dimer and trimer was performed to obtain 𝜇 value. The probability of 

monomer 𝑃(𝑚𝑜𝑛𝑜𝑚𝑒𝑟)  was calculated using Equation 4.1. Then using Equation 4.6 the 

probability of droplet-induced dimer-NH3 was calculated, and 
𝑃(𝑑𝑖𝑚𝑒𝑟−𝑁𝐻3)

𝑃(𝑚𝑜𝑛𝑜𝑚𝑒𝑟)
 was obtained. Then it 

was compared with experimental value of 
𝑃(𝑑𝑖𝑚𝑒𝑟−𝑁𝐻3)

𝑃(𝑚𝑜𝑛𝑜𝑚𝑒𝑟)
 to calculate the solution portion of 

𝑃(𝑑𝑖𝑚𝑒𝑟−𝑁𝐻3)

𝑃(𝑚𝑜𝑛𝑜𝑚𝑒𝑟)
. Since the solution-phase dimer-NH3 would still show up as Poisson distribution on 

the mass spectrum, the actual concentration ratio of dimer-NH3 to monomer was calculated using 

the model and it was determined to be 0.00146. 

On the SEC chromatogram, the area ratio between the dimer-NH3 and the monomer was 

0.00273. Considering a theoretically twice absorbance of the dimer-NH3 than the monomer, the 

concentration ratio of dimer-NH3 to monomer would be 0.00137. The obtained concentration 

ratios were very close for MS and SEC results, which supports the consistency between MS and 

SEC analysis. It also confirmed the possibility of applying the Poisson distribution model to 

quantify the species in the solution phase. 

4.4 Conclusions 

ESI-MS is a promising tool for early-stage aggregation detection, because it measures the 

mass of the analyte and it works with solution samples. Two issues have been identified in the 

application of ESI-MS to aggregation detection: the peak overlap issue and the non-specific 

droplet-induced aggregation issue. Ion-ion reaction was found to help reduce or eliminate peak 

overlap. A model based on Poisson distribution of the ESI droplet-induced aggregation was 

proposed and tested with experimental data. Future work will focus on the exploration of 
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aggregation conditions and systems so that we can capture the very early stage of aggregation with 

MS and SEC. Theoretical discussion of the droplet partitioning and the effect of concentration 

difference between the bulk solution and the droplets will be further explored. The application of 

the Poisson statistics model to analyte concentration determination, binding constant measurement 

and ESI mechanism studies will also be investigated. 
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Figure 4.1 Zoomed-in mass spectrum of 196 μM insulin solution. The region in blue shading has 

overlap peaks of 13+ (oligomer sizecharge) and 26+, with the non-overlap isotopic peaks of 26+ 

labelled in number. The region in yellow shading has 26+ adduct peaks only. 
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Figure 4.2 Comparison between mass spectra before and after ion-ion reaction. (a) mass spectrum 

of peptide NNQQNY not subjected to ion-ion reaction with PFO, with the peak assignment labeled 

as (oligomer size)charge; (b) zoomed-in mass spectrum of the shaded labeled peak in spectrum (a) 

to show how overlap peaks are assigned based on isotope spacing; (c) mass spectrum of peptide 

NNQQNY subjected to ion-ion reaction with PFO, with an inset showing the zoomed-in spectrum 

for m/z range 5000 to 15000. 
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Figure 4.3 SEC separation of 3.4 mg/mL insulin in mobile phase and its corresponding MS spectra 

of the SEC fractions. (a) SEC separation of insulin (zoomed-out). (b) Zoomed-in SEC 

chromatogram highlighting the main insulin fraction at 17.8 min and the small covalent insulin 

dimer fraction at 16.2 min. (c) MS spectrum of the 17.8-min fraction, with only monomers at 

different charge states observed. (d) MS spectrum of the 16.2-min fraction, with a tiny peak of 

covalent dimer (26+-NH3) observed. (e) Zoomed-in spectrum of the monomer at 3+ charge state 

from spectrum (c). (f) Zoomed-in spectrum of the covalent dimer at 6+ charge state from spectrum 

(d), with the peak position of the noncovalent insulin dimer labeled by the red dash line. 
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Table 4.1 Droplet size measurement results summary for insulin and glucagon 

Analyte Condition Droplet diameter (nm) 

human insulin 4% AcOH; 4-µm nESI tips 16±2 

human insulin 4% AcOH; 10-µm nESI tips 22±1 

human insulin 4% AcOH; 3-µm nESI tips 17±2 

glucagon 4% AcOH; 3-µm nESI tips 14±2 
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Table 4.2 List of symbols and abbreviations and their definitions 

Symbol or 

abbreviation 
Definition Example / Comment 

sizecharge 

Monomer or oligomer with n 

monomers and m charges, which has 

an m/z of [n*M(monomer)+m*H]m+ 

13+: [M+3H]3+ 

26+: [2M+6H]6+ 

𝑐 

True concentration of the non-

aggregating solution, or the true 

concentration of the analyte 

monomer (mol/L) 

/ 

𝑐𝑏𝑢𝑙𝑘 
Analyte concentration in the bulk 

solution 
/ 

𝑐𝑠 Sample concentration / 

𝑃(𝑥, 𝜇) 
The possibility of having 𝑥  analytes 

in the final droplet 
𝑃(𝑥, µ) =

𝑒−𝜇𝜇𝑥

𝑥!
 

𝑥 
Number of analytes in the final 

droplets 
/ 

𝜇 
Average number of analytes per 

droplet 
/ 

𝜇𝑠 
Average number of analytes per 

droplet for the sample solution 
/ 

𝑉𝑑𝑟𝑜𝑝 Volume of the final droplet 
𝜇

𝑉𝑑𝑟𝑜𝑝
= 𝑐𝑏𝑢𝑙𝑘 

PFO 
2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-

pentadecafluoro-1-octanol 
/ 

ESI-MS 
Electrospray Ionization Mass 

Spectrometry 
/ 
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 FACILITATED ISOMER DETECTION WITH 

DIFFERENTIAL MOBILITY SPECTROSCOPY AND ION-ION 

REACTION 

5.1 Introduction 

Proteomics, [1] lipidomics [2] and metabolomics [3] are the three frontier areas that rapidly 

grow in the last three decades. One important aim for the development of the three areas above is 

to directly analyze the biomolecules in their native environment so that accurate description of 

biological processes is obtained. [4] Mass spectrometry (MS) is a powerful tool in biomolecule 

analysis due to its high sensitivity, fast speed, and versatile applications. [5] With the help of soft 

ionization methods such as electrospray ionization (ESI), samples can be directly analyzed from 

solution phase, where most biomolecules exist in nature. [6] However, sample matrix often affects 

the ionization efficiency of target analytes or complicates the mass spectrum by contaminant noise 

like salt cluster peaks. [7, 8] Not only sample matrix creates a dimension of sample complexity, 

but also the analyte itself is a source of complexity. Take proteomics as an example. The protein 

database SWISS-PROT contains 559228 entries (checked on 2/25/2019) for all the proteins with 

reviewed known sequence, among which human-source proteins have 20417 entries. [9] Proteins 

without known sequence are not even counted in the numbers above. There are also many 

structural variations for the same protein species, such as immunoglobulin G (IgG). [10] Moreover, 

the analysis methods can introduce sample complexity as well. For example, the enzyme digestion 

of one protein can generate tens to hundreds of peptide fragments. [11] Therefore, in order to 

analyze biological samples and to study biological processes, the sample complexity is an issue 

that everyone needs to confront. [12] 
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Separation of analytes before they enter the mass spectrometer is a good way to deal with 

the issue of sample complexity. Various techniques have been developed to separate the analytes 

outside the mass spectrometer. As a representative chromatography method, High Pressure Liquid 

Chromatography (HPLC) is widely used in biological sample preparation and separation. [13] 

Based on their separation mechanism, HPLC can be further categorized into normal-phase HPLC 

(NP-HPLC), reverse-phase HPLC (RP-HPLC), Hydrophilic Interaction Chromatography (HILIC), 

Hydrophobic Interaction Chromatography (HIC), Size Exclusion Chromatography (SEC), and Ion 

Exchange Chromatography (IEC). [14] The categories above are achieved by a great selection of 

HPLC columns and mobile phases, and different dimensions of separation are provided. Despite 

the various types of separation dimensions and applications, HPLC still has its drawbacks when 

it’s coupled to MS. The time it takes to do HPLC separation is much longer (in minutes to hours) 

compared to MS analysis timeframe (in seconds to minutes). The compatibility of the HPLC 

mobile phase with MS methods may be another issue. 

Differential Mobility Spectrometry (DMS), also called High Field Asymmetric Waveform 

Ion Mobility Spectrometry (FAIMS), is an uprising separation technique coupled to mass 

spectrometers. [15] It is an analytical technique that separates ions in the carrier gas based on their 

mobility difference in high electrical field and low electrical field, [16] so there is no solvent 

compatibility issue. The DMS separation is very fast (in seconds) [17] and its apparatus is small. 

[18] Because it’s an ambient separation technique, the DMS apparatus can be directly coupled to 

the mass spectrometer interface. Up to now DMS has been mostly applied to separate peptides, 

[19] proteins, [20] lipids, [21] isomers [22] and molecules with different conformations. [23] 

The other route to solve the sample complexity issue is to increase the separation capability 

inside the mass spectrometer. On top of the analytes’ mass-to-charge ratio (m/z) difference, which 
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is the first dimension of separation inside the mass spectrometer, tandem mass spectrometry (MSn) 

provides a second dimension of separation through the fragmentation of analytes upon ion 

activation. [24] For isobaric or isomeric analytes, they can be distinguished by their different 

fragmentation patterns. The fragmentation pattern of the analyte can be altered by the ion structure, 

ion type and the activation method. [25] For an MS with fixed capability of activation method, the 

separation by tandem mass spectrometry can be further facilitated by altering the ion’s structure 

and ion type through charge state manipulation and covalent modification. [25, 26] 

Ion/ion reaction is a great way to change ion type and alter ion structure in the gas phase. 

[27] It’s fast compared to solution-phase reactions, and it’s thermodynamically and kinetically 

favored compared to ion/molecule reaction in the gas phase. [28] Charge transfer and charge 

exchange ion/ion reactions, such as proton transfer reaction, [29] electron transfer reaction, [30] 

and metal cation exchange reaction, [31] have been extensively used for spectrum simplification, 

reactant ion concentration, and complementary structural information probing. Covalent 

modification ion/ion reactions have also been applied to locate specific functional group in the 

analyte and to obtain more structural information by altering fragmentation pathways. [32] 

As the complexity of the system studied increases, more and more samples require both 

ways of separation (outside / inside MS) to be analyzed. Taking advantage of the two techniques, 

the hyphenation of DMS and ion/ion can meet the need of more complicated systems and get the 

different species identified. Here, the DMS-Ion/Ion coupling method is developed and a model 

isomeric peptide system is used to demonstrate its capability in complex sample analysis. 
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5.2 Experimental 

5.2.1 Materials 

Methanol was purchased from Mallinckrodt (Phillipsburg, NJ). Peptides KAGK(AG)3 and 

K(AG)4K were custom synthesized by CSC Scientific (Fairfax, VA). Reagent 4-formyl-benzene-

1,3-disulfonic acid (FBDSA) was obtained from Sigma-Aldrich (St. Louis, MO). All peptide 

solutions were prepared in 50/50 (v/v) methanol/water (~ 0.2 mM). The FBDSA reagent was 

dissolved in water (~ 3 mM). 

5.2.2 Mass Spectrometry 

Analyses of peptides were performed on QTRAP® 4000, a hybrid triple quadrupole / linear 

ion trap mass spectrometer (SCIEX, Concord, ON, Canada), previously modified for ion/ion 

reactions. [33] Alternately pulsed nano-electrospray ionization (nESI) sources allow for sequential 

injections of reagent and analyte ions, which are sequentially isolated in the Q1-mass filter prior 

to their injection into the q2 reaction cell. After a defined mutual storage reaction time, the product 

ions are then transferred to Q3, where the ions undergo further mass analysis via MSn and get 

detected by mass-selective axial ejection (MSAE). 

DMS related experiments were performed on TripleTOF® 5600, a hybrid quadrupole / time 

of flight (TOF) mass spectrometer (SCIEX, Concord, ON, Canada), previously modified for 

ion/ion reactions. [34] After injections of analyte or reagent ions by alternately pulsed nESI, the 

ions are first separated by the DMS device, then isolated in the Q1 mass filter and injected into the 

q2 reaction cell. Mutual storage time in q2 allows for ion/ion reaction. The ions then undergo 

further mass analysis via MSn and get detected by TOF analysis. For details of the DMS-Ion/Ion 

setup, please refer to section 5.3.1. 
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5.3 Results and Discussion 

5.3.1 Setup of DMS-Ion/Ion Scan Function 

Since the DMS-Ion/Ion experimental procedure is different from conventional DMS 

experiment or conventional ion/ion experiment, a detailed explanation on the setup of DMS-

Ion/Ion is described here. The DMS device in use is a commercial SelexION® DMS cell (SCIEX, 

Concord, ON, Canada), which is directly coupled with the interface of the TripleTOF® 5600 mass 

spectrometer (SCIEX, Concord, ON, Canada), a QqTOF system modified for ion/ion reactions. 

The DMS cell consists of two planar electrodes, two gas sources, a temperature control module, 

and a power supply (Figure 1.7(a)). [35, 36] 

Under normal operation conditions, when the DMS is in use, the DMS cell would be 

mounted onto the instrument interface. A constant spray of sample, either by electrospray 

ionization (ESI) or nano-electrospray ionization (nESI), is provided to the entrance inlet of DMS. 

A separation voltage (SV) of periodically alternating 𝑉ℎ𝑖𝑔ℎ and 𝑉𝑙𝑜𝑤 is constantly applied to the 

two electrodes in order to separate the ions based on their different ion mobility in high and low 

electric fields. The compensation voltage (CV) is applied to the electrodes to compensate for the 

vertical displacement caused by SV. The CV can either be applied at a constant value to allow for 

only one type of ions to go through, or be a ramp from a low value (CVlow) to a high value (CVhigh) 

with a certain step size. At each CV step, ions that can go through the DMS cell will be detected, 

and a total ion current (TIC) shall be calculated and saved with the mass spectrum at that CV step. 

After the completion of the CV ramp, an array of mass spectra with their TIC values is saved with 

their corresponding CV voltages. From the array of mass spectra, and their corresponding TIC 

values and CV voltages, three types of spectrum can be obtained. The overall ionogram can be 

obtained by plotting the TIC values at different CV steps with the CV voltages. The averaged mass 

spectrum can be calculated by averaging the array of mass spectra. The extracted ionogram for an 
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m/z range can also be calculated from the array of mass spectra, where the sum of intensities for 

that specific m/z range from each mass spectrum are plotted with their corresponding CV voltages. 

Typically, ion/ion reactions are performed using the following procedure. The analyte ions 

are sprayed by source A, injected into the mass spectrometer, isolated in Q1 if necessary, 

transferred to q2 and trapped there. Then the reagent ions are sprayed by source B, injected into 

the mass spectrometer, isolated in Q1 if necessary, transferred to q2 and react with analyte ions 

when they are mutually trapped in q2. Then the product ions from the ion/ion reaction undergo 

MSn and get detected. 

To establish the DMS-Ion/Ion method, we need to consider where the DMS can be 

incorporated into the ion/ion scan function. To start with, since the reagent ion for ion/ion reaction 

is usually fixed, only the DMS for the analyte ions is needed. Therefore, in the analyte injection 

step, a fixed DMS SV and a CV ramp is needed. For the injection of reagent, the DMS voltages 

can be changed to ground so that the injection of reagent is the same as a conventional ion/ion 

experiment process, which will be called 1D DMS-Ion/Ion process. Another way to do this is to 

set the DMS voltages to certain values in the reagent injection step so that the reagent ion can go 

through efficiently, which will be called 1.5D DMS-Ion/Ion process.  

In the 1D DMS-Ion/Ion process, the experiment is done with the following steps: 

1. Set DMS SV to be 𝑉𝑆𝑉. Set DMS CV to be 𝑉𝐶𝑉 = 𝐶𝑉1.𝐶𝑉1 means the first CV voltage in the 

CV voltage ramp.  

2. Spray analyte ions (e.g., cations) using nESI with the instrument parameters set to transmit 

analyte ions (e.g., parameters for cation transmission).  

3. Analyte ions that can go through the DMS device are trapped in q2.  

4. Change SV and CV settings to zero.  
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5. Spray reagent ions (e.g., anions) using nESI with the instrument parameters set to transmit 

reagent ions (e.g., parameters for anion transmission).  

6. All reagent ions can go through the DMS device. They are subject to Q1 isolation and then 

mutually trapped with analyte ions in q2, where ion/ion reaction happens.  

7. The ions in q2 are subject to tandem MS operations and the final product ions are detected by 

TOF. The mass spectrum is saved with its TIC and CV values.   

8. Repeat Step 1 to Step 7 with the CV voltage set to the next voltage in the CV ramp (e.g., 𝑉𝐶𝑉 =

𝐶𝑉2 for the second round, 𝑉𝐶𝑉 = 𝐶𝑉3 for the third round, etc.), until all the voltages in the CV 

ramp are completed.  

In the 1.5D DMS-Ion/Ion process, the experiment is done with the following steps: 

1. Run a normal DMS scan for the reagent ions to learn at what CV voltage the reagent ions are 

best transmitted through the DMS device. The CV voltage with the climax reagent ion transmission 

is called 𝐶𝑉𝑟𝑒𝑎𝑔𝑒𝑛𝑡 in the following steps.  

2. Set DMS SV to be 𝑉𝑆𝑉. Set DMS CV to be 𝑉𝐶𝑉 = 𝐶𝑉1.𝐶𝑉1 means the first CV voltage in the 

analyte CV voltage ramp.  

3. Spray analyte ions (e.g., cations) using nESI with the instrument parameters set to transmit 

analyte ions (e.g., parameters for cation transmission).  

4. Analyte ions that can go through the DMS device are trapped in q2.  

5. Keep SV the same. Change CV voltage to 𝐶𝑉𝑟𝑒𝑎𝑔𝑒𝑛𝑡.  

6. Spray reagent ions (e.g., anions) using nESI with the instrument parameters set to transmit 

reagent ions (e.g., parameters for anion transmission).  

7. The reagent ions that can go through the DMS device at 𝐶𝑉𝑟𝑒𝑎𝑔𝑒𝑛𝑡  shall enter the mass 

spectrometer. They are subject to Q1 isolation and then mutually trapped with analyte ions in q2, 
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where ion/ion reaction happens.  

8. The ions in q2 are subject to tandem MS operations and the final product ions are detected by 

TOF. The mass spectrum is saved with its TIC and CV values.   

9. Repeat Step 1 to Step 7 with the analyte CV voltage set to the next voltage in the CV ramp (e.g., 

𝑉𝐶𝑉 = 𝐶𝑉2 for the second round, 𝑉𝐶𝑉 = 𝐶𝑉3 for the third round, etc.), until all the voltages in the 

analyte CV ramp are completed.  

Although the 1D DMS-Ion/Ion experiment is very similar to 1.5D DMS-Ion/Ion one, each 

of them has their own advantages and disadvantages. For 1D DMS-Ion/Ion, because the SV and 

CV voltages are grounded when the reagent ions are injected, there is no reagent ion loss in this 

process. However, the electronics that apply SV voltage may require some warm-up time to 

provide a stable SV output, [36] so grounding the SV in the middle of the experiment may affect 

the SV output in the following CV ramp steps. Similarly, for 1.5D DMS-Ion/Ion experiment, the 

advantage is a stable SV output, but there could be reagent ion loss due to the DMS separation of 

the reagent ions. 

5.3.2 Application of 1D DMS-Ion/Ion Method to a Model Peptide Isomer System 

One application of the DMS-Ion/Ion method is to distinguish isomers in a sample, using 

both the separation capability of DMS and that of the ion/ion reaction. Isomeric peptides 

KAGK(AG)3 and K(AG)4K are chosen as the model system to demonstrate the need of combining 

DMS and ion/ion reaction in order to separate and identify each of the component in a mixture.  

5.3.2.1 Exploration on Isomer Identification by CID Only 

The two isomeric peptides are very similar in structure. Their only difference is the position 

of the second lysine residue in the peptide sequence, one in the fourth position to the N-terminus, 

and the other in the tenth position to the N-terminus. One common solution to the identification of 
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the two isomers with mass spectrometer is to apply CID on the two species, and they should be 

distinguished by their unique fragmentation. However, these two isomeric model peptides are not 

easily distinguished with only mass isolation and CID. The complexity of the system not only 

comes from their similarity in the peptide sequence, but also relates to the coincidence that the 

mass of peptide residue AG is isobaric to the residue K. Those two factors result in very little 

difference in the mass of their fragment ions (Table 5.1) and hence their CID spectra (Figure 5.1).  

Table 5.1 compares the mass of common CID fragment ions (b/y ions) of the two peptides. 

Fragment ions with the same exact mass between the two peptides are filled with red shade and 

they cannot be used for isomer identification. Fragment ions that have isobaric mass between the 

two peptides are filled with yellow shade. The isobaric fragment ions in yellow shade have less 

than 0.05 Da mass difference, which is not preferred for general identification of the two isomers 

because they can only be distinguished with high resolution instrument. For the fragment ion in 

green shade (b4 fragment ion of K(AG)4K), even though it seems unique to the peptide K(AG)4K, 

the other peptide KAGK(AG)3 can still form this fragment through sequential fragmentation of its 

scrambled b ions, so it’s not safe to distinguish one peptide from another through the fragment ion 

in green shade. Therefore, only the fragment ions without shade are easily distinguishable on the 

spectrum, which leaves b9 and y1 for KAGK(AG)3 and y6 for K(AG)4K as the unique peaks in the 

CID spectrum. Since y1 of KAGK(AG)3 is usually below the low mass cutoff setting of the 

instrument and barely seen on the spectrum, there are only two unique fragment ions left: the b9 

of KAGK(AG)3 and y6 of K(AG)4K.  

Figure 5.1 demonstrates the CID spectra of the two peptide isomers respectively. In 

aqueous solution under neutral pH, the two peptides are mainly in doubly protonated form, though 

singly protonated peptide ions are also observable with lower intensities. As a result, CID on the 
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doubly protonated peptide [M+2H]2+ and singly protonated peptide [M+H]+ are performed. The 

comparison of the CID spectrum on the doubly protonated peptides is shown on the left two panels 

((a) and (c)) in Figure 5.1. The two spectra are very similar in overall pattern. The unique fragment 

peaks are labeled with a red dot, which are much lower in intensity than the other dominant 

fragment ions and may not be good for peptide identification in a mixture. The CID spectra on the 

singly protonated peptides are shown in the right panel ((b) and (d)) of Figure 5.1. Similar to the 

previous comparison spectra, the unique peaks are labeled with red dots. From the spectra we can 

see that the y6 fragment ion of K(AG)4K still has a low intensity. Even though the b9 fragment ions 

and its water loss peaks in the CID spectrum of singly protonated KAGK(AG)3 is quite obvious, 

it is not straightforward to tell whether there is a low concentration of K(AG)4K in the 

KAGK(AG)3 sample. Therefore, a direct distinction of the two peptides is not easy to achieve with 

mere CID fragmentation. 

5.3.2.2 Exploration on Isomer Identification by Ion/Ion Reaction 

Gas-phase Schiff-base modification can be applied to the two model peptides via ion/ion 

reaction. After mutual storage of the doubly protonated analyte ions [M+2H]2+ with the singly 

deprotonated FBDSA ions [FBDSA−H]−, an electrostatic complex [M+FBDSA+H]+ would form. 

CID on the electrostatic complex ions generates a signature water loss peak, which indicates the 

formation of Schiff-base modified peptide ions [M+H+♦]+ (♦ denotes the +248 Da mass shift 

caused by the Schiff-base modification). [37] The fragmentation patterns of the two Schiff-base 

modified peptide ions show more difference than the CID spectrum of their unmodified 

counterparts, as shown in Figure 5.2. Due to the covalent modification to the amine group (either 

on the N-terminus or the lysine side chain) on the isomeric peptides, more unique fragment ions 

can be identified with K(AG)4K. Compared to peptide KAGK(AG)3, the second lysine being the 
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C-terminus residue makes all the modified y ions after y6 (including modified y6) and unmodified 

b ions after b6 (including unmodified b6) unique fragments for FBDSA-modified K(AG)4K, as 

shown in Figure 5.2(a). For peptide KAGK(AG)3, no new unique fragment ion species are added. 

The only unique fragment ions are still b9 related, and since all the amine groups are on the N-

terminal side of b9 position for KAGK(AG)3, all the b9 ions should be modified ions, as shown in 

Figure 5.2(b). 

Although with the help of ion/ion reaction, the two peptide isomers can be better identified, 

there are still cases where one of the isomers may be not easily distinguished from the other peptide. 

For example, since the unique fragment ions for K(AG)4K are still not the dominant fragment ions, 

chances are when the concentration of K(AG)4K is very low in a mixture of K(AG)4K and 

KAGK(AG)3, its unique fragment ions may not be apparent enough for its identification. 

5.3.2.3 Exploration on Isomer Identification with DMS Only 

With DMS only, where no tandem MS or ion/ion reaction is involved, the two peptide 

isomers can be separated well at an SV setting of 4000V, as shown in Figure 5.3. Isomer standard 

solution of each peptide is sprayed, and the ions are separated with normal DMS. The extracted 

CV ionograms of the doubly protonated peptide peak are shown in Figure 5.3. The peptide 

K(AG)4K go through the DMS at a CV voltage of 20.3V (Figure 5.3(a)), while its isomer 

KAGK(AG)3 go through the DMS at a CV voltage of 27.7V (Figure 5.3(b)). For a mixture of the 

two isomers, the [M+2H]2+ ions for each isomer are still well separated, as what they do in the 

standard solutions. The two CV traces are well separated for each ion, and their corresponding CV 

at climax DMS transmission stay in the same position as the two standard solutions, which allows 

for the unambiguous assignment of each species in the peptide mixture. 



152 

 

Clearly if we have the standard solutions of the two isomers, the DMS by itself can identify 

the two isomeric species by comparing the DMS CV ionograms. However, not all of the isomers 

in real life have standard solutions, which makes it harder to do isomer identification by DMS only. 

It also complicates the sample preparation process, since each of the isomers need a standard 

solution. Besides, with the powerful capability of tandem MS to decipher the structural information 

of molecules, the dissociation spectra of the isomers are a good way of structural confirmation and 

they may provide further explanations on their separation by the DMS device. 

5.3.2.4 Exploration on Isomer Identification with 1D DMS-Ion/Ion 

Following the steps in Section 5.3.1 for 1D DMS-Ion/Ion experiment, the K(AG)4K and 

KAGK(AG)3 standard solutions are sprayed and separated with DMS. The K(AG)4K and 

KAGK(AG)3 still have their climax DMS transmission at a CV voltage of 20.3V and 27.7V 

respectively, when the SV is set to 4000V. Their DMS separation is followed by ion/ion reaction 

with isolated FBDSA reagent ions, isolation of the electrostatic complex, and fragmentation of the 

electrostatic complex to generate the MS3 mass spectrum. One limitation for our current DMS 

setting is that under the DMS CV scanning mode, the DMS data cannot be averaged. Therefore, 

due to the low ion statistics in the MS3 experiment, the MS3 mass spectra in Figure 5.4 were taken 

with a fixed CV for the analyte peptide and a fixed CV for the reagent, in which the mass spectrum 

can be saved after 100 averages for better ion statistics. On the mass spectra, the unique fragment 

peaks (labeled with red dots) remain on the mass spectrum for clear isomer identification, though 

the ions are fragmented at a higher pressure in q2 of TripleTOF® 5600 for the DMS experiments 

than the CID in the low pressure Q3 of QTRAP® 4000 in Section 5.3.2.2. 

For the isomer mixture, they are well separated by DMS, with their corresponding climax 

DMS transmission CV voltages at 20.0V and 28.0V (SV=4000V). Similar to the standard solutions, 
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the MS3 mass spectra were taken for 100 averages with a fixed CV for both analyte and reagent 

ions. The MS3 mass spectrum for the CV=20.0V isomer in the mixture experiment (Figure 5.4(c)) 

matches with that of the K(AG)4K isomer (Figure 5.4(a)) with the unique fragment ions clearly 

shown on the spectrum. Similarly, the CV=28.0V isomer in the mixture (Figure 5.4(d)) can be 

identified to be KAGK(AG)3 from its identical fragmentation pattern to the standard solution 

(Figure 5.4(b)) and the existence of the unique b9
♦ ion on the mass spectrum. 

From the application of DMS-Ion/Ion to the model peptide isomer system of K(AG)4K and 

KAGKAGAGAG, it can be inferred that the combination of DMS and ion/ion is suitable for the 

identification of complex isomer system, especially when they are not easy to be distinguished by 

only one of the techniques. Compared to mere CID, ion/ion reaction can facilitate the analyte 

identification by adding more structural features to the analytes. With DMS, the separation of the 

analyte isomers can be achieved to simplify the subsequent tandem MS spectrum. As for the 1D 

DMS-Ion/Ion experiment, the possible drawback of unstable SV voltage is not reflected on the 

mass spectra, which show reproducible CV voltages at the climax DMS transmission.  

5.3.3 Application of 1.5D DMS-Ion/Ion Method to a Peptide Mixture System 

Another possible application of DMS-Ion/Ion is to simplify the post-ion/ion mass spectrum 

for the ion/ion reaction of a mixture. The ion/ion reaction applied to a mixture can be used for 

isomer identification, analyte labeling in a complex sample, and rapid reactivity examination of 

ion/ion reaction. Here a peptide mixture of ARAAAKA, AHAAAHA, GRGMGRGMGRL and 

K(AG)4K and a reagent ion of periodate (IO4
−) is used as an example to perform 1.5D DMS-

Ion/Ion experiment. 

The ion/ion reagent periodate can be applied to selectively oxidize antioxidant residues 

(such as methionine and tryptophan), neutral basic residues (lysine, arginine and histidine) and 
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disulfide bond linkage in the peptide by adding an oxygen to the residue after activation of the 

electrostatic complex ion. [38-40] In the peptide mixture, we intentionally selected peptides that 

contain antioxidant residues (GRGMGRGMGRL) and peptides that contain basic residues 

(ARAAAKA, AHAAAHA, K(AG)4K) so that a comparison of the reactivity between the periodate 

and different peptide species can be made. 

In the direct spray of the analyte peptide mixture via positive nESI, the mass spectrum 

(Figure 5.5(a)) showed multiple charge states of each of the peptide analytes, which makes the 

mass spectrum a bit complicated. Extracted CV ionograms of the doubly protonated peaks of the 

four peptide components demonstrated well separation of the four ion species by DMS separation, 

(Figure 5.5(b)) and this is confirmed by the mass spectra at each of the climax transmission CV 

voltages (data not shown). 

In the normal DMS separation of the reagent periodate ion (IO4
−) via negative nESI, the 

climax transmission CV voltage for periodate ion is −11.3V (Figure 5.5(d)). With a fixed CV 

voltage at −11.3V, the mass spectrum for the periodate ion (Figure 5.5(c)) is much cleaner and 

contains only the periodate ion, so no isolation was performed after the DMS separation. 

The 1.5D DMS-Ion/Ion experiment was performed as described in Section 5.3.1, with the 

CV ramp for the peptide analytes in the positive mode and a fixed CV value of −11.3V for the 

transmission and separation of the periodate ion in the negative mode. After the mutual storage 

step, ion/ion reaction products are formed and detected by the TOF. For ARAAAHA and 

AKAAAKA, the ion/ion reaction generated [M+H]+ proton transfer products (data no shown). For 

K(AG)4K, [M+H]+ of proton transfer reaction and an electrostatic complex of [M+IO4+2H]+ was 

observed (data not shown). For GRGMGRGMGRL, only the electrostatic complex of 

[M+IO4+2H]+ was observed (data not shown). A broadband activation of all the ion/ion reaction 
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products via DDC CID was performed to see what species was oxidized by the periodate. Their 

corresponding MS2 mass spectra are shown in Figure 5.5(e)-(h). For ARAAAKA (Figure 5.5(g)) 

and AHAAAHA (Figure 5.5(h)), their proton transfer product [M+H]+ remained with almost no 

fragmentation. For K(AG)4K, the complex [M+IO4+2H]+ all transformed into proton transfer 

product [M+H]+, and no oxidized product was observed (Figure 5.5(f)). For antioxidant residue 

containing peptide GRGMGRGMGRL (Figure 5.5(e)), the oxidized product [M+H+O]+ was 

formed with full conversion, which is as expected since methionine is a residue readily to be 

oxidized. 

In summary, the 1.5D DMS-Ion/Ion experiment was successfully applied to the peptide 

mixture system with periodate. DDC CID is very useful in 1.5D DMS-Ion/Ion experiment as it 

provides broadband excitation on all the ion/ion reaction products. The fixed DMS voltage applied 

to the reagent ion not only helps stabilize the SV voltage by not having to turning off the SV 

voltage, but also filters the reagent ions with reduced background noise. The possibility of reagent 

ion loss after the application of DMS still remains, though in this example the amount of reagent 

periodate ion is sufficient enough that the ion loss is not that obvious. 

5.4 Conclusions 

A method of combining DMS with ion/ion reaction is discussed here. With the different 

DMS application to the reagent ions, the DMS-Ion/Ion experiment can be done through either 1D 

mode or 1.5D mode. The 1D DMS-Ion/Ion experiment was successfully applied to the system of 

KAGK(AG)3 and K(AG)4K mixture, with the isomeric peptides well separated by the DMS and 

clearly identified with ion/ion reaction and tandem MS. The 1.5D DMS-Ion/Ion experiment was 

tested with the peptide mixture and the periodate reagent to show its application in simplification 

of post-ion/ion results. The DMS-Ion/Ion method could also be used in other systems, such as 
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proteins and lipids. Future work would focus on more complicated systems, like lipid isomers that 

differs by double bond locations or by cis- and trans-conformation of the double bond, protein 

mixture, or even larger and trickier systems. Besides, the extension of 1D and 1.5D DMS-Ion/Ion 

modes to 2D DMS-Ion/Ion modes can be tuned in hope of better component analysis for 

complicated systems. 
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Figure 5.1 CID on [M+2H]2+ and [M+H]+ of K(AG)4K and KAGK(AG)3. Top: K(AG)4K; Bottom: 

KAGK(AG)3; Left: CID of [M+2H]2+; Right: CID of [M+H]+. The red dot labels the unique peaks 

that distinguish the two peptides. 
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Figure 5.2 CID spectra of FBDSA-modified (a) K(AG)4K and (b) KAGK(AG)3. Degree symbols 

(o) denote water losses (−18 Da). Asterisks (*) denote ammonia losses (−17 Da). Solid diamonds 

(♦) denote ion mass shift with Schiff base modification (+248 Da) and all Schiff-base modified 

ions are labeled in blue. Hollow diamonds (◊) denote the rearrangement products (−19 Da) and all 

products in the Schiff base rearrangement pathway are labeled in green. The red dot labels the 

unique peaks that distinguish the two peptides. 
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Figure 5.3 Compensation Voltage (CV) of [M+2H]2+ ion in a DMS CV scan. Solution: a) 

K(AG)4K, b) KAGK(AG)3, and c) mixture of the two peptides. 
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Figure 5.4 CID on Schiff bases formed by K(AG)4K and KAGK(AG)3 with FBDSA. a) K(AG)4K, 

CV=20.3V. b) KAGK(AG)3, CV=27.7V. c) Mixture, CV=20.0. d) Mixture, CV=28.0. Degree 

symbols (o) denote water losses (−18 Da). Solid diamonds (♦) denote ion mass shift with Schiff 

base modification (+248 Da) and all Schiff-base modified ions are labeled in blue. Hollow 

diamonds (◊) denote the rearrangement products (−19 Da) and all products in the Schiff base 

rearrangement pathway are labeled in green. The red dot labels the unique peaks that distinguish 

the two peptides. 
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Figure 5.5 The application of 1.5D DSM-Ion/Ion method on the peptide mixture of ARAAAKA, 

AHAAAHA, GRGMGRGMGRL, and K(AG)4K. (a) Averaged mass Spectrum of direct spray of 

the peptide mixture with a DMS CV ramp of −5V to 35V. (b) Extracted CV ionograms of the 

doubly protonated peptides, with their corresponding climax CV voltage labeled with the same 

color coding as the legend in panel (a). (c) Mass spectrum of the periodate ion with a DMS CV 

ramp of −25V to 5V. (d) Extracted CV ionogram of the periodate ion. (e)-(h) Post-ion/ion and 

DDC-CID (35V DDC) mass spectra at the respective climax CV voltage for each analyte peptide 

ion, with their climax CV voltages labeled using the same color coding as the legend in panel (a). 

All the DMS experiments are done with an SV setting of 4000V and at a DMS temperature of 

150oC. The x-axis of DMS CV ionograms are shown in time (min) due to the software limitation 

of recording CV voltages in the DMS-Ion/Ion mode, but the CV voltages can be converted from 

the time using the CV voltage ramp range. 
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Table 5.1 Fragment ion mass of KAGK(AG)3 and K(AG)4K 

KAGK(AG)3 K(AG)4K 

Seq # B Y # (+1) Seq # B Y # (+1) 

K 1 129.1028 787.4427 10 K 1 129.10283 787.44267 10 

A 2 200.14 659.3477 9 A 2 200.13995 659.34771 9 

G 3 257.1614 588.3106 8 G 3 257.16141 588.31059 8 

K 4 385.2564 531.2891 7 A 4 328.19852 531.28913 7 

A 5 456.2935 403.1942 6 G 5 385.21999 460.25202 6 

G 6 513.315 332.1571 5 A 6 456.2571 403.23055 5 

A 7 584.3521 275.1356 4 G 7 513.27856 332.19344 4 

G 8 641.3735 204.0985 3 A 8 584.31568 275.17197 3 

A 9 712.4106 147.077 2 G 9 641.33714 204.13486 2 

G 10 769.4321 76.0399 1 K 10 769.4321 147.1134 1 

Note: Red shade means they have the exact mass. Yellow shade means their mass is so close that 

on the spectrum they may not be distinguishable. Green shade means even though it is not b or y 

fragment ion for the other peptide, the other peptide could still go through a certain fragmentation 

pathway and get the same mass fragment. 
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