
ABSTRACT 

BUTLER, KAREN ELIZABETH. Unveiling the Conformational Landscape of Biomolecules via 

Ion Mobility Spectrometry-Mass Spectrometry. (Under the direction of Dr. Erin S. Baker). 

 

Understanding the relationship between protein structure and biological function is of great 

importance in evaluating protein activity within biological systems. This structure-function 

relationship is particularly crucial for assessing how perturbations to the protein structure such as 

those through post/co-translational modifications may have deleterious effects on the system of 

interest. Misfolded proteins have been implicated in a variety of disease states, ranging from 

amyotrophic lateral sclerosis (ALS) to Alzheimer’s disease (AD). Therefore, characterizing the 

conformation of protein modifications in addition to the protein fold state is critical to furthering 

our understanding of these diseases. Herein, ion mobility spectrometry was coupled with mass 

spectrometry (IMS-MS) to investigate the conformational landscape of two classes of 

biomolecules: proteins and glycans. IMS is a gas-phase separation technique whereby ions are 

separated based on their size, shape, and charge and when combined with MS, assessments of both 

an analyte’s mass and shape are possible. IMS-MS was first used to evaluate the folding states of 

Cu/ZN-superoxide dismutase (SOD1), an antioxidant enzyme prevalent in eukaryotic systems, for 

solution conditions ranging from native-like to extensively denaturing. The determined SOD1 

conformations in the gas-phase were found to link directly to both the charge states and metal 

cofactors. Next, a nano-liquid chromatography-IMS-MS (nanoLC-IMS-MS) workflow was 

developed to assess N-linked glycans derivatized using the Individuality Normalization when 

Labeling with Isotopic Glycan Hydrazide Tags (INLIGHT™) strategy. This evaluation allowed 

for the rapid identification of glycans in complex biological samples that exhibited multiple 

conformers and isomers. Relative quantification of INLIGHT™ derivatized glycans was then 

performed using the open-source software Skyline, which provided a rapid novel data analysis 



strategy for these analytes. This overall workflow was then applied to the analysis of N-linked 

glycans that were extracted from brains of dementia patients. Additionally, several high-

throughput screening (HTS) methods were developed to facilitate the analysis of isomeric peptides 

containing either isoaspartic acid or aspartic acid and screen urine for drugs of abuse utilizing a 

novel high resolution demultiplexing (HRdm) approach.  
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CHAPTER 1: Introduction 

1.1 Protein Modifications and Disease 

Understanding the relationship between a molecule’s structure and its biological function 

is a prevalent theme in the examination of many biological systems. This structure-function 

relationship is of particular importance for proteins, a class of biomolecules comprised of chains 

of amino acids that act as the central machinery for many biological processes. Proteins catalyze 

and regulate biochemical reactions in the form of enzymes, act as receptors for both endogenous 

and exogenous molecules to stimulate processes, and perform a variety of other functions 

necessary for life.1 The active form of a protein is very tightly controlled and depends upon the 

protein’s fold state which is encoded by the amino acids comprising its backbone.  1-3 This 

biologically active form is only one of many that can be adopted by the amino acid chain, and 

while it is usually the conformation that is thermodynamically favored, often this fold state is only 

marginally stable within its physiological conditions.2 The misfolding of proteins can lead to some 

severe unintended outcomes, most commonly the promotion of protein aggregation due to changes 

in protein solubility and cohesion. 1, 3, 4 These protein aggregates can have either a toxic gain-of-

function or loss-of-function effect on the system in which they occur,5 and have been linked to a 

variety of disease, particularly neurodegenerative disorders. Thus, understanding the fold state of 

proteins as well as modifications that can promote protein misfolding is of the utmost importance 

in comprehending the roles that they may play in disease onset and progression.    

While the exact etiology of protein misfolding disorders is unknown, it is thought that 

environmental factors such as changes in metal ions, pH, oxidative stress, and increases in the 

concentration of misfolded proteins may promote protein misfolding.6 Thus, one of the protein 

modifications that I investigated relates to changes in metal ions, particularly the loss of metal 
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cofactors. Metal cofactors are used by over 30% of proteins7  to facilitate their biological functions, 

either by helping the protein maintain its biologically active conformation or as acting as the 

catalytic center for some sort of biochemical reaction. 8-13 Changes in protein metalation have been 

demonstrated in several neurodegenerative disorders, ranging from Alzheimer’s disease (AD)14 to 

amyotrophic lateral sclerosis (ALS).15 The protein selected for this investigation was Zn/Cu 

superoxide dismutase, or SOD1. Perturbations of metalation in SOD1, particularly its conversion 

to its apo- form have been associated with a tendency of this otherwise stable protein to aggregate. 

16, 17 Aggregation of SOD1 is a commonly observed hallmark of ALS, and is thought to contribute 

to its gain-of-function toxicity in this neurodegenerative disease.18 Characterization of the different 

fold states of intermediates and mismetallated versions of the SOD1 monomer in particular, are 

crucial to having a full appreciation of the role that each may play in the protein’s propensity to 

aggregate. 

The necessity of assessing protein conformational isomers, or conformers, provides an 

added challenge to evaluating changes to a given protein within a disease state. Conformers do not 

differ in the arrangement of their atoms, but instead are produced by conformational shifts in the 

molecule’s structure, such as a rotation around a bond axis, and thus they share the same mass, 

making their analysis by mass spectrometry (MS) challenging. Typically, proteins such as SOD1 

and their degradation products, mutations, or alternative proteoforms are assessed using 

biophysical techniques such as nuclear magnetic resonance (NMR), X-ray crystallography, or 

cryo-electron microscopy (cryo-EM). 19-22 These techniques facilitate the analysis of intact protein 

structures, but each have their own limitations that may preclude their ability to resolve the fine 

structure of a given proteoform. For example, the analysis of a protein structure by X-ray 

crystallography relies on the use of a highly purified sample that readily adopts a crystal lattice. 
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The crystal structures are an average of all of the conformations present within that sample, which 

can be quite diverse even for a single protein within the same crystal lattice.22 The presence of 

these additional structures can complicate analysis of crystallography data, potentially resulting in 

an X-ray crystal structure that is a composite of several conformers instead of a single protein 

conformation.22 Additionally, the structures observed within these studies may be artifacts of the 

crystallization process itself rather than a true, native protein structure. 23, 24 

In addition to the environmental perturbations that may influence protein misfolding, 

changes in post-translational modifications (PTMs) that help influence their fold state may also 

play a factor in promoting the misfolding of certain proteins. One such PTM is glycosylation, a 

specific co-/post-translational modification where glycan moieties are affixed to a protein or 

peptide backbone. In particular, the type of glycosylation investigated in the work presented herein 

is N-linked glycosylation, where glycans with a specified core structure are affixed to the nitrogen 

of asparagine residues located within the sequence of asparagine-X-serene/threonine, where X is 

any amino acid except for proline.25 N-linked glycosylation plays an important role in performing 

quality control on proteins, including dictating their folding and sorting.  26, 27 Perturbations in N-

linked glycosylation have been implicated in a variety of disease states, including 

neurodegenerative diseases such as AD.28 Thus, having a method to characterize this important 

PTM is imperative to elucidating the potential role aberrant glycosylation may play in these 

disorders.  

 One of the major analytical challenges for assessing glycans is the highly heterogeneous 

nature of this class of molecules. This is because glycans are comprised of isomeric 

monosaccharides that can differ in the conformation of their glycosidic linkages, resulting in many 

isomeric species. NMR is often capable of aiding with structural elucidation of these highly diverse 
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molecules; 29, 30 however, a large quantity of purified glycan is required for this type of analysis.31 

As this is often not the case with complex biological samples, mass spectrometry (MS) has become 

a preferred method for the analysis of glycans, as it requires a small quantity of sample, is readily 

coupled with chromatographic separation, and yields structural information through the use of 

tandem mass spectrometry (MS/MS). However, the use of MS/MS information alone is sometimes 

insufficient for complete characterization of the glycan structure given the large number of 

possible isomers. Alternatively, the use of specific exoglycosidases, or enzymes capable of 

removal of specific monosaccharides with definite linkages from the terminal ends of the glycan, 

can also be used to help with glycan sequencing. These experiments, while highly specific, are 

often time consuming compared to MS analyses and require the availability of the exact 

exoglycosidase, which is not always possible.31 Additionally, some glycosidases do not work well 

on glycans that are still attached to a protein, limiting their utility for investigating the impact of 

specific monosaccharides on protein folding.30 Thus, it is often through a combination of MS/MS 

data and prior knowledge of biosynthetic pathways that glycan structures are predicted.32 In order 

to enrich the amount of information obtained from MS experiments, I have developed an IMS-MS 

method to assess the conformation of N-linked glycans within complex biological samples. 

Through this method, the presence of N-linked glycan isomers can be observed, and the totality of 

this information can better inform future MS/MS studies. 

PTMs can also be attributed to actual changes within the protein structures themselves. 

Under standard physiological conditions, proteins and peptides are capable of undergoing several 

spontaneous chemical reactions, including deamidation, isomerization, and racemization.33 The 

formation of isoAsp is the result of one of those spontaneous processes, in which isoAsp is formed 

through either the deamidation of asparagine (Asn) or the isomerization of aspartic acid (Asp) via 
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the formation of a succinimide intermediate.34 Depending on the conditions under which 

hydrolysis occurs, this succinimide intermediate will either result in the formation of isoAsp or 

Asp within the peptide sequence, with the conversion to isoAsp typically favored. 32, 35 Insertion 

of isoAsp within the protein backbone can result in modifications to the protein structure that have 

serious implications on the functionality of the protein, and has been implicated in several aging-

related disorders, cancers, and decreased autoimmune response. 32, 36-41 The formation of isoAsp is 

also important to the biopharmaceutical industry, particularly surrounding the production and 

monitoring of recombinant monoclonal antibody-based (mAb) therapeutics. These biotherapeutics 

have become a powerful tool for combatting autoimmune diseases such as rheumatoid arthritis,42 

multiple sclerosis,43 Crohn’s disease,44 and certain types of cancer.35 Therapeutics using mAbs 

utilize antibodies that target antigens associated with particular diseases to exhibit higher 

specificity and selectivity than traditional pharmaceutics.35 This is complicated by isoAsp 

insertion, as any changes in protein conformation may alter the antibody structure, resulting in 

protein aggregation and potential decreases in drug potency. Thus, strict procedures to monitor 

mAb therapeutics for evidence of degradation during manufacturing, storage, and in vivo post-

administration are therefore crucial for mAb design and implementation.45 As the isoAsp PTM 

does not produce a change in the mass of a protein, generally lengthy chromatographic separations 

(often exceeding an hour) followed by MS/MS analyses are necessary to screen for these 

degradation products. 46, 47 In order to address the need for higher throughput screening tools for 

this particular PTM, I have developed a DTIMS-MS method to rapidly screen samples for this 

important PTM using a series of isomeric peptides derived from the anti-streptavidin IgG1 mAb. 

Through this method, the presence of isoAsp-containing peptide isomers can be readily observed.  
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These initial methodologies therefore serve as a starting point for these larger studies, in which 

larger peptides or even heat stressed protein digests are examined.  

1.2 Ion Mobility Spectrometry-Mass Spectrometry 

The experiments described herein make use of a commercially available ion mobility 

spectrometry-mass spectrometry (IMS-MS) platform, the Agilent 6560 (Figure 1.1).48 Similar to 

traditional mass spectrometers, this platform has three essential components: ionization source, 

mass analyzer, and detector. However, interfaced between the ionization source and the mass 

spectrometer is a drift tube-based IMS (DTIMS) analysis region allowing structural experiments. 

The DTIMS is also coupled to a mass spectrometer for the evaluation of the mass-to-charge ratio 

(m/z) for a given analyte of interest. For all of the experiments described within this document, 

either electrospray ionization (ESI) or nano-electrospray ionization (nESI or nanoESI) is used as 

the ion source. Following ESI at atmospheric pressure, the ions are transferred through a series of  

Figure 1.1 Diagram of the Agilent 6560 DTIMS-TOF platform. Regardless of the ion source used, 

ions are first focused using a series of electrodynamic ion funnels prior to DTIMS separations. The 

~78 cm drift cell is then used to separate ions based on their size, shape, and charge. Following 

IMS separations, ions are guided into the time-of-flight (TOF) mass analyzer. A quadrupole and 

CID cell are present immediately prior to the TOF mass analyzer, facilitating mass selection and 

mobility-aligned fragmentation. 

 

ion funnels, accumulated within the trapping funnel, and the pulsed into the drift cell to allow for   
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IMS separations at 3.95 Torr under a uniform electric field. The ions are then guided into the time- 

of-flight (TOF) mass spectrometer for mass analysis, where the measurements are conducted under 

a high vacuum (~2x10-7 Torr). Each of the primary components are discussed in detail below.  

1.2.1 Electrospray Ionization (ESI) 

 

Analysis by IMS as well as mass spectrometry (MS) depends on the analyte being in the 

form of a gaseous ion. Thus, a method of ionization is necessary prior to introduction of the sample 

into the IMS-MS instrument. While IMS-MS analyses are compatible with a variety of ionization 

sources, the one most commonly employed for the evaluation of biomolecules is electrospray 

ionization (ESI). ESI was pioneered by John Fenn and coworkers,49 and is a popular choice for 

analysis of large biomolecules by liquid chromatography (LC)-MS. This is in part because it is a 

soft ionization technique that allows for ions to take on multiple charges. Additionally, it is 

compatible with LC analyses, as it is capable of handling flow rates ranging from the nanoliter/min 

regime (termed nanoflow) to milliliters/min (termed macroflow or high-flow) when pneumatically 

assisted. ESI depends on the formation of charged droplets, and thus a potential is applied to the 

solvent as it passes through a capillary tube, commonly referred to as an emitter. This promotes 

either the oxidation (positive mode) or reduction (negative mode) of water in order to generate 

ions, as shown in Equations 1.1 and 1.2 respectively48:  

                                                          2H2O → O2 + 4H+ + 4e-                                                         Equation 1.1 

                                                          2H2O + 2e- → H2 + 2OH-                                                      Equation 1.2 

The potential difference between the electrospray emitter and the inlet of the mass spectrometer is 

usually between 1-2.5 kV and therefore creates a strong electric field in the spray chamber.50 

Charge build up at the surface of the liquid promotes the elongation of the solvent at the emitter 
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tip, forming what is known as a Taylor cone. 51-53 After the build-up of charge sufficiently surpasses 

the Rayleigh limit50, 54 (Equation 1.3), a fine mist of droplets begins to spray from the emitter tip.  

                                                         𝑞𝑟 = √64𝜋2𝜀0𝛾𝑟3                                               Equation 1.3 

The expelled droplets are drawn toward the inlet of the mass spectrometer due to the potential 

difference between the ESI emitter and the inlet of the mass spectrometer. As they travel toward 

the inlet, they undergo evaporation and the droplet is again brought to its Rayleigh limit (Equation 

1.3), where it ultimately undergoes additional Coulombic fission events to produce progeny 

droplets.55 This cycle of desolvation and Coulombic fission is repeated until the droplets reach the 

inlet of the MS as completely desolvated, charged ions. While the exact mechanism for the ESI 

process is still highly contested, the two prevailing models used to explain this process are the 

Charged Residue Model (CRM) proposed by Dole56 and the Ion Evaporation Model (IEM) 

proposed by Iribarne and Thompson.57 Regardless of the specifics of the mechanism, ESI offers 

several advantages for biomolecule analysis beyond its amenability to LC analyses, particularly 

its low limits of detection and soft ionization. However, ESI is prone to ionization suppression and 

does have an inherent bias towards hydrophobic molecules, making the evaluation of hydrophilic 

analytes such as glycans challenging.50,58  

1.2.2 Ion Mobility Spectrometry (IMS)  

 

IMS is a gas-phase separation technique in which ions are separated based on their size, 

shape, and charge. 59-61 The experiments described herein use DTIMS, a form of IMS performed 

using a weak, uniform electric field (E) maintained over a chamber filled with a stationary buffer 

gas, referred to as a drift cell. Ions are pulsed into this drift cell and allowed to collide with the 

buffer gas molecules while under the influence of the electric field. 61, 62 The ion-neutral collisions 

depend on the ion’s rotationally-averaged surface area, as larger, more extended ions will have a 
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higher probability of colliding with the buffer gas molecules compared to smaller, compact ions. 

This ultimately results in each conformation of an ion displaying its own constant velocity through 

the cell, referred to as the drift velocity (vd). The vd of the ion is directly proportional to E as well 

as its mobility (K) through the drift cell, and is related to the effective length of the drift tube (L) 

and the ion’s drift time (td) as shown in Equation 1.4. 61, 62  

                                                            𝑣𝑑 = 𝐾 ∙ 𝐸 =  
𝐿

𝑡𝑑
                                                Equation 1.4 

The mobility (K) of an ion under a constant uniform electric field (E) is also related to the gas 

number density (N), temperature (T), and pressure (P) of the drift cell in which the experiment is 

performed. Often, this mobility is reported as the reduced mobility (K0), where K is normalized to 

the standard gas number density (no) by relating them to standard temperature (T0, 273.16 K) and 

standard pressure (p0, 760 Torr) in order to facilitate comparisons between individual experiments, 

as shown in Equation 1.5. 62, 63  

                        𝐾0 = 𝐾 ∙ (
𝑛

𝑛0
) = 𝐾 ∙ (

𝑇0

𝑇
) ∙ (

𝑝

𝑝0
)   and    𝑣𝑑 = (

𝑉 𝐾0

𝐿 𝑝
) ∙  (

760𝑇

273.16
)            Equation 1.5 

The electric field (E) is considered weak if the average energy acquired by the ion from the field 

is small compared to the thermal energy of the buffer gas molecules, such that no ion heating 

occurs during collisions. This low field limit used in DTIMS experiments allows for the ratio of 

E/N to remain small.63 Within this low field limit, it can be said that the vd of the molecules is 

small in comparison with the much higher thermal velocity of the collision gas molecules, resulting 

in effective collisions that reduce the mobility of the ion compared to its size and shape.64 Thus, 

the reduced mobility of the ion can be effectively expressed by the Mason-Schamp equation 

(Equation 1.6)64 

𝐾0 = (
3𝑒𝑧

16𝑁
) ∙ (

2𝜋

𝜇𝑘𝐵𝑇
)

1/2

∙ (
1

Ω
)                                         Equation 1.6 
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in which µ is the reduced mass of the ion, kB is Boltzmann’s constant, and ez is the charge of the 

ion. The momentum transfer collision integral (Ω), also known as the collision cross section (CCS) 

of the molecule, relates to the transfer of momentum from the ion-neutral collisions occurring 

within the drift cell and serves as an important molecular descriptor for characterization of the 

analytes of interest.65 

Determining the CCS for a given ion is of utmost importance when using IMS to assess its 

conformation, as CCS is often used to predict and assign conformations of biomolecules within 

IMS studies. In particular, for CCS to be utilized effectively as a molecular descriptor for 

molecules, its measurement must be highly reproducible.65 While there are multiple ways of 

determining CCS from the Mason-Schamp equation, the one used throughout this document is the 

single-field method. In this approach, a series of calibrant ions (Agilent tune mix) are first analyzed 

and their respective drift times measured under experimental conditions identical to those utilized 

for the samples. These tune mix ions have been highly characterized and possess well-defined CCS 

values.65 A linear regression derived from the Mason-Schamp equation (Equation 1.7)66  

                                               𝒕𝑨 =  
𝜷

𝒛
 [

𝒎𝒊

𝒎𝜷+𝒎𝒊
]

𝟏
𝟐⁄

𝑪𝑪𝑺 +  𝒕𝒇𝒊𝒙                                     Equation 1.7 

is then used to generate a calibration line correlating observed tune mix ion drift times with their 

CCS values. The resulting calibration line is then used to calculate the CCS values for the analytes 

of interest. 

One of the major limitations of IMS is its low duty cycle in comparison to other techniques. 

The accumulation of ions within the trapping funnel, combined with their diffusion through the 

drift cell can also lead to a loss of signal for low-level analytes. While improvements to the ion 

optics, in particular the use of ion funnels,67 have led to overall improvements in the sensitivity of 

IMS measurements, occasionally there are applications of IMS in which a further increase 
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sensitivity is desired. 68-70 This is often attained through the use of a multiplexed data acquisition 

context. The multiplexing method used for our DTIMS-MS platform employs a Hadamard 

transform in which ions are pulsed in a pseudo-random sequence into the drift cell. 71 Unlike a 

traditional acquisition context where ions are accumulated in the trapping funnel and not released 

into the drift cell until the previous ion packet has reached the detector, multiplexing allows for 

multiple packets of ions to be present within the drift cell simultaneously.72 This means that 

accumulation times are lower than what is traditionally used for a standard DTIMS experiment, 

and thus ions are held for a shorter amount of time within the trap and released more frequently 

into the drift cell, resulting in up to a 50% increase in the duty cycle of IMS measurements.  71, 73 

Following data acquisition, the multiplexed data is subsequently demultiplexed by application of 

the appropriate Hadamard transform, and any signal not present within all eight of the ion packets 

is considered to be noise and discarded.71 This strategy has been particularly useful for improving 

the overall sensitivity of IMS measurements, as the removal of this systematic noise ultimately 

improves the overall S/N ratio.60 

1.2.3 Time-of-Flight (TOF) Mass Spectrometry   

The mass analyzer used by the Agilent 6560 is a time-of-flight (TOF) mass spectrometer. 

TOF mass analyzers couple well with DTIMS platforms, as DTIMS is a pulsed technique and the 

timescales of IMS (millisecond) and TOF (microsecond) measurements are compatible.74 TOF 

analyzers were first introduced in 1946 by W. E. Stephens75 and subsequently commercialized. 

The utility for TOF mass analyzers increased with the advent of matrix-assisted laser desorption 

ionization (MALDI), a pulsed ionization source, and several technological advancements were 

made between the 1980s and 1990s that led to its reemergence as the mass analyzer of choice for 

both pulsed and continuous ion stream instruments. In particular, improvements in the resolving 
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power of TOF mass analyzers was made upon introduction of the reflectron. The reflectron within 

TOF analyzers is generally comprised of a series of lenses connected by voltage dividers. These 

act as an “ion mirror” to reflect ions back toward the detector after they have traversed the flight 

tube. 75, 76 The use of the reflectron in TOF analyzers improves their resolving power by helping to 

compensate for differences in kinetic energy experienced by ions that share the same m/z. As the 

ions “reflect” back towards the detector, those imparted with a higher kinetic energy have a harder 

time turning back toward the detector in the mass analyzer, while those with lower kinetic energy 

turn more readily. This results in the higher kinetic energy ions being delayed by the curve in their 

flight path and similar ions arriving to the detector in much tighter packets. This tightness of arrival 

time at the detector results in sharper peak shape within the mass spectra, leading to an increase in 

the mass analyzer’s resolving power. 76, 77 Current TOF instruments routinely have a mass 

resolving power of somewhere between 30,000-60,000 and have mass accuracy of somewhere 

between 1 to 10 ppm.78 

In general terms, TOF mass analyzers work on the basic principle of monitoring ion flight 

times through a fixed path length when they are initiated with the same amount of kinetic energy. 

The arrival time of these ions at the detector is recorded and is converted into its corresponding 

mass-to-charge ratio (m/z).78 Analysis of ions in a TOF mass analyzer typically begins with a pulse 

of ions into the flight tube using a strong electric field. The energy uptake of these ion (Eel) within 

a given electric field (U) is related to the number (z) of electron charges (e) by the relationship 

shown in Equation 1.878: 

                                                                       𝐸𝑒𝑙 =  𝑒𝑧𝑈                                              Equation 1.8 
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The velocity of these ions within the flight tube is directly related to their kinetic energy (Ekin), and 

the relationship between the ion’s potential energy, ion velocity (v), and mass of the ion (mi) is 

defined by Equation 1.9.78  

                                                        𝐸𝑒𝑙 =  𝑒𝑧𝑈 =  
1

2
𝑚𝑖𝑣2 =  𝐸𝑘𝑖𝑛                                Equation 1.9 

The velocity experienced by the ion is thus related directly to its kinetic energy as shown by solving 

Equation 8 for velocity, is demonstrated to be inversely proportional to the square root of the mass 

of the ion (Equation 1.1075).  

                                                                 𝑣 = √
2𝑒𝑧𝑈

𝑚𝑖
                                                   Equation 1.10 

The relationship between this velocity and the amount of time it takes for the ion to traverse the 

flight tube is related to the mass of the ion as shown in Equation 1.11, where Δx is the change in 

distance and t is the flight time.79 

                                                              𝑡 = 𝛥𝑥√
𝑚𝑖

2𝑒𝑧𝑈
                                                  Equation 1.11 

It is important to note that the flight times observed in TOF are directly proportional to the m/z, 

not the mass of the ion. In general, lighter ions travel faster than heavier ions, and thus have a 

shorter flight time than their larger counterparts. The capability of measuring the flight times of 

very large ions that have obtained multiple charges, such as proteins, has made TOF a popular 

mass analyzer of choice for the analysis of intact proteins. 80, 81 However, one of the major 

drawbacks to the analysis of intact proteins by TOF is their lower resolving power as compared to 

other mass analyzers such as the Orbitrap, making interpretation of spectra where closely related 

proteoforms overlap in the m/z dimension challenging.78 For ion detection, modern TOF analyzers 

make use of microchannel plates. Microchannel plates use the multiplication of electrons to 

intensify signals, facilitating the detection of single particles such as ions.  75 Analog-to-digital 
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converters (ADC) are used to convert these ion signals, which hit the detector within a short 

timeframe into a digital signal that corresponds to the ion intensity.78 Due to the high frequency of 

ions reaching the detector within a short timeframe, these ADCs must be able to handle high 

conversion of this information to a digital signal in a short time frame.78 Current instruments often 

make use of 8-bit ADCs that are capable of quantizing data at a gigahertz frame rate and provide 

a 104-105 dynamic range when summing over tens to hundreds of single spectra.82  

1.3 IMS-MS Investigations of Biomolecules 

Following the advent of ESI, the analysis of biomolecules ranging from small peptides to 

intact proteins by MS became possible, and soon MS became a popular method for determining 

the constituents of complex biological samples. Coupling IMS with MS also provides a unique 

opportunity for the investigations of both the mass and shape. In particular, the ability to 

investigate gas-phase structures of large biomolecules lends IMS as a powerful tool in the field of 

structural biology, where IMS-MS has been used to routinely investigate the conformational 

dynamics of proteins. 83-85 The particular utility of IMS-MS for assessing protein conformations is 

the preservation of intermediate structures within the gas phase that are not readily observed in 

solution state. 86-88 Depending on the environment, this can facilitate measurements of intermediate 

structures other biophysical techniques such as X-ray crystallography or nuclear magnetic 

resonance (NMR) might not detect.85 Additionally, IMS-MS measurements of proteins do not 

require high purity protein samples at high concentrations, as complex samples are separated by 

both mobility and m/z and are readily detected at physiologically-relevant concentrations. 60, 89 60, 

89 These attributes have made IMS-MS a valuable addition to the field of native MS as different 

conformations of proteins with the same m/z are readily differentiated, allowing for the better 

interpretation of protein folding and misfolding. 
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Figure 1.2. The conformational ordering of biomolecules when comparing m/z to their respective 

CCS allows for the putative classification of unknown features within complex biological datasets. 

Adapted from Zheng et al.90  

 

The introduction of ESI also allowed comparable methods already in practice for the 

analysis of biomolecules by LC-MS to be adapted to include IMS.91 The added IMS dimension 

prior to MS analysis readily facilitates analysis of complex biological samples by adding an 

additional degree of separation beyond the LC dimension while simultaneously giving CCS 

information for each feature of interest. This strategy has been particularly useful for advancing 

our understanding of classes of molecules that are highly isomeric in nature, such as 

carbohydrates92-94 or lipids, 95, 96 where differences in CCS can help with more specific assignments 

beyond what may be possible using LC-MS alone. Additionally, compositional differences 

observed within various classes of biomolecules, both in the types of subunits comprising the 

molecules as well as their preferential arrangement, allows diverse classes of biomolecules to take 

on conformations in a relative order where the more sizable molecules, such as lipids and peptides, 

display a larger conformation for their mass relative to smaller biomolecules such as carbohydrates 
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and oligonucleotides. 97, 98 This conformational ordering of biomolecules has been observed in 

DTIMS-MS studies, where plots of m/z vs CCS yield trend lines used to classify molecules based 

on their biological role as shown in Figure 1.2. 90, 98 In many cases these trend lines can be further 

divided to reflect chemical subclass, as has been demonstrated for lipids, 94, 99 oligosaccharides,100 

and environmental contaminants.101 This has been particularly beneficial for classification of 

features within IMS-MS data obtained from complex biological samples, as these molecular trend 

lines have permitted features to be sorted into their putative biological class. Thus, the addition of 

CCS as an added molecular descriptor has enriched the amount of information obtained from a 

biological study as compared to LC-MS analyses alone. 

1.4 IMS-MS as a Platform for High-Throughput Screening 

Given the rapid nature of IMS-MS measurements,60 there is great interest in adapting IMS-

MS platforms for use in high-throughput screening (HTS) applications. Beyond just speed, IMS-

MS has many other benefits for HTS. For example, IMS can separate isomers on the millisecond 

timescale as opposed to using lengthy chromatographic separations for large gains in sample 

throughput, 102, 103 and IMS-MS filters out matrix-associated ions with sufficiently different 

mobilities than analytes of interest. 104, 105 IMS-MS also gives information about the CCS and m/z 

of features observed within samples, which has previously been suggested to provide a higher 

degree of confidence in feature identifications as opposed to other traditional screening tools, such 

as enzyme immunoassays (EIAs) or even MS alone. 106-108 Since IMS-MS can be readily interfaced 

with a variety of direct sample introduction systems, including flow injection analysis, 104, 109 

infrared matrix-assisted laser desorption ionization,110 paper spray,91 and automatic solid-phase 

extraction (SPE) liquid handling systems, 35, 111 it is amenable to online high-throughput screening 

systems that have varied requirements for sample preparation prior to IMS-MS analysis. This is 



   

17 

 

particularly advantageous for clinical and industrial applications where a large number of samples 

exist and numerous isomers are anticipated. In this work, DTIMS-MS was utilized to develop HTS 

methods for two different applications. The first presented is the application of SPE-DTIMS-MS 

to assess whether isomeric peptides contain either asparagine (Asp) or isoasparagine (isoAsp). As 

mentioned previously, the interconversion of Asp to isoAsp is a spontaneous degradation product 

commonly screened for at all phases of development of biotherapeutic agents, particularly those 

derived from monoclonal antibodies (mAbs).35 The insertion of isoAsp into a protein backbone 

can promote “kinks” in its structure that may have detrimental effects on protein-based therapeutic 

safety and efficacy. Thus, high-throughput methodologies are highly desired to screen drug 

candidates at all stages of their development so those that fail to meet criteria set forth by regulatory 

agencies can quickly be discarded in favor of more promising candidates.112 The second 

application investigated is of a more clinical nature, and employs an automated SPE-DTIMS-MS 

workflow to the analysis of opioids in urine. These drugs are commonly monitored as part of urine 

drug screening compliance monitoring by clinicians who prescribe them for pain management for 

both cancer and non-cancer related pain. 113-117 Given their high abuse and addiction potential,  118-

120 the ability to rapidly screen patient urine samples to ensure patients are not diverting 

pharmaceuticals or using additional, non-prescribed substances to supplement their pain 

management regimen is of great importance. 80, 112, 121-124 To address the potential applications for 

IMS-MS for HTS, herein, two separate SPE-DTIMS-MS methods were developed, one for isoAsp 

and Asp containing isomeric peptides, and the other for a panel of 33 opioids and their associated 

metabolites. Each method was aimed at improving the throughput of sample analyses while 

maintaining the necessary specificity to cut-down on the need for confirmatory testing.  
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CHAPTER 2: Utilizing IMS-MS to Investigate the Unfolding Pathway for Cu/Zn 

Superoxide Dismutase (SOD1)  

Reused with permission from: Butler, K. E., Takinami, Y., Rainczuk, A., Baker, E. S., Roberts, 

B. R. Front. Chem. 2021, 9, 614595 © Frontiers Media S.A. 

2.1 Abstract 

Native mass spectrometry has emerged as a powerful tool for structural biology as it 

enables the evaluation of molecules as they occur in their physiological conditions. Ion mobility 

spectrometry-mass spectrometry (IMS-MS) has shown essential in these analyses as it allows the 

measurement of the shape of a molecule, denoted as its collision cross section (CCS). The 

structural information garnered from native IMS-MS provides insight into the tertiary and 

quaternary structure of proteins and can be used to validate NMR or crystallographic X-ray 

structures. Additionally, due to the rapid nature (millisecond measurements) and ability of IMS-

MS to analyze heterogeneous solutions, it can be used to address structural questions not possible 

with traditional structural approaches. Herein, we applied multiple solution conditions to 

systematically denature bovine Cu/Zn-superoxide dismutase (SOD1) and assess its unfolding 

pathway from the holo-dimer to the holo-monomer, single-metal monomer, and apo-monomer. 

Additionally, we compared and noted 1-2% agreement between CCS values from both drift tube 

IMS and trapped IMS for the SOD1 holo-monomer and holo-dimer. The observed CCS values 

were in excellent agreement with computational CCS values predicted from the homo-dimer 

crystal structure, showcasing the ability to use both IMS-MS platforms to provide valuable 

structural information for molecular modelling of protein interactions and structural assessments. 

2.2 Introduction 

The elucidation of precise protein structures and their folding mechanisms are of great 

interest to biochemists and structural biologists, as their specific interactions and arrangements 

have an intimate association with their function. While the conformation of proteins in their native 



   

30 

 

state has traditionally been investigated using biophysical techniques such as X-ray 

crystallography, cryo-EM, and NMR, advancements in native MS have led to its emergence as 

another important tool in native structural assessments. Native MS offers many advantages over 

the more traditional methods as it requires less sample compared to NMR or X-ray crystallography, 

is more tolerant of heterogeneous samples, and allows the analysis of protein structures that fail to 

take on the orderly arrangement necessary for crystallization. 1-3 While native MS is an excellent 

tool for probing protein-ligand complexation or protein binding, MS alone lacks the ability to give 

definite measurements of the relative molecular size of those complexes. Thus, many native MS 

experiments are performed using IMS-MS as it has shown the conformational landscape of many 

proteins, including ubiquitin,4 cytochrome c,5 and amyloid protein.6 Comparisons between 

crystallography and IMS-MS studies have shown correlation between the CCS values predicted 

from crystal structures and those observed in IMS-MS experiments for many proteins, 

demonstrating that tertiary protein structure is conserved during ESI in many cases. 7, 8 

Furthermore, the use of IMS-MS yields structural information beyond what could be inferred from 

charge state distributions alone, as it allows for the analysis of multiple conformers within the 

same charge state.8 The ability to analyze both compact and extended forms of the same protein 

simultaneously has opened many doors for the study of native proteins and has made IMS-MS a 

suitable method for the evaluation of molecular dynamics in protein folding studies.  3, 5, 9, 10 

In this study, the acid-induced unfolding of bovine Cu/Zn-SOD1 was investigated using a 

series of solvent conditions. SOD1 is a ubiquitous antioxidant enzyme that serves to protect cells 

from oxidative damage through the dismutation of superoxide into hydrogen peroxide and 

oxygen.11 In its active form, it is observed to be a highly soluble 32 kDa dimeric metalloprotein 

comprised of two monomers each with a single disulfide bridge. 12, 13 Each monomer binds one 
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copper ion, which acts as a catalyst for the enzyme, and one zinc ion, which primarily promotes 

protein stability. 14, 15 As dysregulation of this protein is implicated in neurodegenerative conditions 

including Parkinson’s disease, 16, 17 AD,18 and ALS, 15, 19, 20 the structure has been heavily 

investigated. In the case of ALS, to date over 150 mutant forms of SOD have been identified as 

potential ALS-promoting mutations (http://alsod.iop.kcl.ac.uk).21 In general, the mutations 

promote a gain in function and although it is not clear which mechanism is responsible for the 

disease phenotype, the mutations do promote protein misfolding, incomplete metalation, and 

aggregation. Thus, the native characterization of the folding behavior of this protein in differing 

degrees of metalation is crucial to understanding its nature in vivo. Due to both the presence of a 

disulfide bridge and metal cofactors, SOD1 is a highly stable metalloprotein. However, if the 

disulfide bridge or presence of the metal co-factors is compromised, the SOD1 monomers are more 

likely to dissociate and lose their metal cofactors. 22, 23 Several research groups have attempted to 

use IMS-MS to probe parts of this unfolding pathway to better characterize intermediates between 

the different protein states. One such study, conducted by Zhuang and coworkers, reported on how 

voltage systematically denatured bovine SOD1 from the holo-dimer, holo-monomer, and apo-

monomer.23 The researchers observed three different dimeric and two monomeric conformers 

when analyzing the samples using IMS-MS/MS, leading them to propose that three separate 

unfolding and dissociation pathways were utilized by the enzyme.24 Additional work by McAlary 

et al. used collision induced unfolding (CIU) combined with IMS-MS to examine several 

mutations of human SOD1 compared with the wild-type SOD1 and found that six of the seven 

mutants unfolded via two unfolding events.10 Herein, DTIMS-MS was utilized to further 

characterize the unfolding of bovine SOD1 by evaluating solution based changes and occurrence 

of the single-metal monomer. To assess the unfolding of SOD1, different solution conditions with 
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increasing concentrations of acid were used to induce systematic denaturation of the SOD1 holo-

dimer into its associated oligomers. This approach is commonly employed in other biophysical 

techniques, including spectroscopic analyses and NMR, to investigate multiple protein folding 

states. Thus, one of the primary goals of this experiment was to use a similar approach in order to 

make CCS measurements of the SOD1 holo-dimer and its associated oligomers that could be 

comparable to those investigated using other biophysical techniques. In using different solvent 

conditions, direct measurements of the CCS of the SOD1 holo-dimer, holo-monomer, single-metal 

monomer, and apo-monomer in their associated solutions were performed without the need for 

instrument modification beyond the base model, such as those needed for CIU. The DTIMS-MS 

platform was used to evaluate SOD1 in the various solution conditions. The unfolding of the holo-

dimer was then examined, and CCS values were reported for the holo-dimer, holo-monomer, 

single-metal monomer, and apo-monomer. 

2.3 Materials and Methods 

2.3.1 Materials 

Lyophilized bovine superoxide dismutase 1 (SOD1) from erythrocytes (S7446-15KU) was 

purchased from Sigma Aldrich (Burlington, MA) and reconstituted in 20 mM ammonium acetate 

to a concentration of 40 µM SOD1 without further modification. LC-MS grade water, acetonitrile 

(ACN), ammonium acetate, and formic acid (FA) were purchased from Fisher Scientific 

(Hampton, NH) and used as received.  

2.3.2 Sample Preparation 

Initially, the SOD1 protein concentration was determined by measuring the characteristic 

absorbance at 258 nm produced by the Cu in the enzyme active site, with an extinction coefficient 

of 10,300 M-1 cm-1.25 Metal content was measured by inductively coupled plasma-mass 
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spectrometry (ICP-MS, 7700s Agilent) by mixing 20 µL of 65.1 µM SOD with 480 µL of 1% 

nitric acid. The metal to protein molar ratios were: 0.86 +/- 0.1 Cu:protein and 0.88 +/- 0.1 

Zn:protein. To prevent the possibility of cosolute formation at the flow rate used for the TIMS-

MS experiments, no additional Cu2+ and Zn2+ were added to the sample solution conditions. For 

the native condition experiments, the reconstituted SOD1 stock solution was diluted to a final 

concentration of 20 µM in 30 mM ammonium acetate buffer. To ensure that the SOD1 holo-

monomer was present, a second SOD1 solution was prepared to a final concentration of 20 µM in 

30% ACN with 100 µM FA. Formation of the SOD1 apo-monomer was promoted in a third sample 

condition by diluting SOD1 to 20 µM in 30% ACN with 25 mM FA. All solutions were analyzed 

immediately after preparation to minimize potential protein denaturation.  

2.3.3 DTIMS-MS Analyses 

For the DTIMS-MS measurements, the SOD solutions were directly infused into the 

Agilent nanospray ion source (Santa Clara, CA) at a rate of 300 nL/min via syringe pump (Harvard 

Apparatus PHD 2000, Holliston, MA) and ionized at 1500 V. The source was interfaced with the 

Agilent 6560 IMS-QTOF MS (Santa Clara, CA) outfitted with a commercial gas kit (Alternate 

Gas Kit, Agilent, Santa Clara CA) and a precision flow controller (640B, MKS Instruments, 

Andover, MA). Instrumental parameters were selected based on a previously published method 

enabling standardized collision cross section (CCS) measurements.25 In this method, the IMS 

separation was performed using nitrogen drift gas maintained at a constant pressure of 3.95 Torr 

and a uniform single electric field of 17.3 V/cm. Mass spectrometry data was acquired in positive 

ionization mode from 100 to 20,000 m/z. A detailed description of source parameters, IMS 

parameters, and TOF settings is given in Appendix A Tables A.1-A.3. 
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The SOD1 holo-dimer, holo-monomer, single metal-monomer and apo-monomer CCS 

values were determined using the single-field method.25 In this approach, a series of calibrant tune 

mix ions (Agilent tune mix) is first analyzed and their respective drift times measured under 

experimental conditions identical to those utilized for the protein samples. These tune mix ions 

have been highly characterized and possess well-defined CCS values. Drift times for the tune mix 

ions and the SOD protein samples were analyzed utilizing the Agilent IM-MS Browser version 

10.0 (Santa Clara, CA). A linear regression derived from the Mason-Schamp equation (eq. 2.1)26  

                                                     𝒕𝑨 =  
𝜷

𝒛
 [

𝒎𝒊

𝒎𝜷+𝒎𝒊
]

𝟏
𝟐⁄

𝑪𝑪𝑺 +  𝒕𝒇𝒊𝒙                                Equation 2.1 

was then used to generate a calibration line correlating observed tune mix ion drift times with their 

CCS values. The resulting calibration line was then used to calculate the CCS values for the SOD1 

holo-dimer, holo-monomer, single metal-monomer and apo-monomer. Theoretical CCS values for 

each SOD complex were then determined using the Ion Mobility Projection Approximation 

Calculation Tool (IMPACT) algorithm27 for comparison with the experimental CCS values.  

2.3.4 TIMS-MS Analyses 

The protein solution was introduced by direct infusion with a syringe pump at 1.5 µL/min 

using an Apollo II Standard ESI Source (Bruker) with nanoBooster (ACN) used to increase the 

ionization efficiency by reducing the interfacial force of the droplets formed by electrospray. The 

mobility scan range was 0.95-1.65 V*s*(cm2)-1 with an accumulation time of 250 ms (100% duty 

cycle), with the IMS funnel 1 RF set to 350 Vpp. Capillary voltage was set to 4500 V, dry gas 2.6 

L/min, and dry temperature set to 180 ̊ C. The mass range analyzed in positive ionization mode 

ranged from 550-6000 m/z. A detailed description of source and TIMS settings can be found in 

Appendix A (Figures A.1-A.6). 
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2.4 Results and Discussion 

IMS-MS is a powerful technique for the comprehensive elucidation of protein folding and 

dynamics in circumstances where other biophysical methods, such as cryo-EM or crystallography, 

fail to detect intermediates, subtle changes, or cannot perform due to low concentrations. In its 

correctly folded form, SOD1 exists as a dimer with both a Zn2+ and Cu2+ metal ion bound to each 

monomer subunit. 28-30 The loss of one or both metal ions is however thought to lead to instability 

of the protein’s secondary structure, but currently only incomplete or artificial structures exist from 

both NMR and X-ray crystallography for these circumstances. Since it has been illustrated that 

acidic31, 32 or high organic environments30 can be used to denature proteins from their native states, 

three different solvent systems were utilized to investigate SOD1 intermediates occurring from the 

holo-dimer to apo-monomer forms. The CCS values for each dimer and monomer complex were 

investigated in the various solutions to determine the relationship between metal cofactors and 

structural stability. 

2.4.1 SOD1 Nested DTIMS-MS Distributions 

The use of multiple solvent systems to probe the unfolding dynamics of proteins, either 

through the use of acidic conditions, 31, 33 chaotropic reagents like guanidine hydrochloride, 32, 34, 35 

or the addition of organic solvents36 has been a common practice for biophysical investigations. In 

this study, the bovine SOD1 holo-dimer was initially investigated in 30 mM ammonium acetate, 

as this solvent system is known to best preserve the native conformation of protein complexes. 

ACN and FA were then utilized for systematic denaturation of the protein complexes. Figure 2.1 

illustrates the nested DTIMS drift time and m/z spectra for SOD1 in three different conditions: 30 

mM ammonium acetate (A), 30% ACN, 100 µM FA and 30 mM ammonium acetate (B), and 30% 

ACN, 25 mM FA solution and 30 mM ammonium acetate (C). The ACN and FA concentrations 
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were selected based on previous work that demonstrated 25 mM FA promoted the formation of 

the apo-monomer, 37, 38 while a less acidic solution was previously used to investigate the SOD1 

holo-monomer.39 

In the native solution (Figure 2.1A), the mass spectrum obtained from the DTIMS platform 

is predominately comprised of the SOD1 holo-dimer with a small amount of holo-monomer. Peaks 

at 3144, 2858, and 2620 m/z were the most abundant and correlate with the 10+, 11+, and 12+ 

charge states of the holo-dimer. Interestingly, overlapping isotopic distributions were observed at 

2620 m/z, but the IMS separation allowed for discrimination between the 12+ holo-dimer and 6+ 

holo-monomer due to their drastically different sizes and charge migration through the drift cell. 

Other SOD1 holo-monomers were also observed at 2246 and 1965 m/z, corresponding to the 7+ 

and 8+ charge states. As proteins in their native form are limited in their amount of surface charge, 

the more monomodal charge state distribution is consistent with a more compact, native protein 

structure. 40-42 Furthermore, the observed range of charge states for the holo-dimer is consistent 

with those previously reported for native MS experiments involving SOD1 analyses. 23, 38, 43 

The second solvent system utilized for the DTIMS assessment was 30% organic solvent 

(ACN) and 100 µM FA in 30 mM ammonium acetate to promote the denaturation of the SOD1 

holo-dimer. This solvent system has previously been used for the direct analysis of SOD1 from 

spinal cord tissue44 and was demonstrated to promote the formation of the monomeric form of 

SOD1. As in the native solution condition, the holo-dimer was observed from the 10+ through 12+ 

charge states (3144, 2858, and 2620 m/z, respectively), but an increased abundance of SOD1 holo-

monomer also occurred (Figure 2.1B). Here, the nested DTIMS-MS spectrum revealed both an 

extended and compact form for the 11+ holo-dimer (Figure 2.1B), in contrast to the native solution 



   

37 

 

which only had a compact form. Similar to the native solution, the holo-monomer was again 

present for the 6+ through 8+ charge states (2620, 2246 and 1965 m/z, respectively) , but additional  

Figure 2.1. Nested DTIMS-MS spectra for bovine SOD1 in (A) 30 mM ammonium acetate; (B) 

30% ACN, 100 µM FA and 30 mM ammonium acetate; and (C) 30% ACN, 25 mM FA and 30 

mM ammonium acetate. In the native solution condition (A), SOD1 primarily existed in its native 

holo-dimer form. Addition of ACN and FA, however, led to the formation of an extended holo-

dimer (B-C), holo-monomer (B-C), single-metal monomer (B), and ultimately the apo-monomer 

(C).  
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peaks were observed at lower m/z, corresponding to higher charge states of the holo-monomer. 

Since higher charge states are typically associated with a more denatured state, these solution 

conditions appeared to greatly affect the protein structure.45 The single-metal form of the holo-

monomer was also detected in this solution condition, however the missing metal co-factor could 

not be readily determined. The masses of 63Cu and 64Zn differ by only 0.999545 Da45 and have 

overlapping isotopic distributions. Furthermore, large proteins often exhibit a broad isotopic 

distribution due to the natural abundance of 13C and other isotopes, making the assessment of metal 

amounts for copper and zinc exceedingly difficult. 38, 46, 47 This was previously observed in single-

metal SOD1 measured from the spinal cord tissue of transgenic mice where the authors were also 

unable to distinguish between copper-containing, zinc-deficient SOD1 and the zinc-containing, 

copper-deficient form of SOD1 due to the overlap of the protein isotopic distribution.37 

The highest FA concentration (25 mM FA) with 30% ACN and 30 mM ammonium acetate 

was then used to further denature SOD1 as shown in Figure 2.1C. This solvent system has 

previously been used to perturb the protein structure to promote the formation of the apo-form of 

SOD1.44 As shown in Figure 1C, this solution condition created the largest disturbance to the 

native SOD1 structure as the holo-dimer was the least abundant protein form detected. The holo-

dimer was however still observed in the 10+ through 12+ charge states, similar to the native 

conditions, and the 11+ holo-dimer had both a compact and extended form, comparable to the 30% 

ACN and 100 µM FA condition (Figure 2.1C). While the holo-monomer was present from the 6+ 

through 8+ charge states, this solution was dominated by the formation of the apo-monomer, which 

also had the greatest charge state range of all conditions (7+ through 16+). As previous research 

has correlated increases in charge state to greater surface area, this solution appears to favor the 

most elongated, denatured version of the protein. 23, 39  
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2.4.2 DTIMS Analysis of the SOD1 Holo-Dimer Complexes 

To unveil more in-depth structural information for SOD1, CCS values for each dimer peak in the 

three solvent systems were assessed with DTIMS. While the SOD1 holo-dimer was detected in all 

three of the solution conditions, its abundance greatly decreased as organic and acid amounts 

increased. Examination of the arrival time distribution (ATD) for the holo-dimer in the native 

solution (30 mM ammonium acetate) showed a compact, monomodal ATD for the 10+ charge 

state with a CCS of 2693 Å² (Figure 2.2A). A slightly larger CCS value of 2743 Å² was noted for  

Figure 2.2. Arrival time distributions (ATD) for the SOD1 holo-dimer in (A) 30 mM ammonium 

acetate and (B) 30% ACN, 25 mM FA and 30 mM ammonium acetate. The native condition holo-

dimer displayed a compact, monomodal ATD for both the 10+ and 11+ charge states. In the 

harshest solution condition applied (B), the observed CCS of the 10+ charge state holo-dimer 

slightly increased and the 11+ charge state showed three monomodal conformations where one 

was similar to that observed in (A), and the two additional structures had a larger CCS values, 

implying the formation of extended holo-dimers.  

 

the 11+ charge state, consistent with previous IMS-MS investigations of proteins as the increased 

charge state causes expansion of the protein due to charge repulsion. While the 10+ charge state 
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maintained its compact, monomodal distribution even in the harshest solution condition (30% 

ACN and 25 mM FA), the CCS value increased to 2716 Å² or ~1% larger than that observed in the 

native solution, illustrating a slight amount of extension. The 11+ holo-dimer ATD was however 

strikingly different in the harshest solution condition as three conformations were present (Figure 

2.2B). Here, the smallest structure was similar to the native form (2735 Å²), but two new extended 

forms (3237 Å² and 3556 Å²) arose. While IMS-MS has not previously been used to investigate 

the impact of acidic and organic solutions on SOD1, the unfolding pathway of the SOD1 holo-

dimer has been studied using CIU and traveling wave IMS-MS (TWIMS-MS). In this study, a 

similar phenomenon in the 11+ holo-dimer in the native solution was observed upon increasing 

the sample cone voltages.48  

2.4.3 DTIMS-MS Analyses of SOD1 Monomers 

The role of metal ligands on SOD1 enzymatic activity and structural stability has also been of great 

interest. Primarily, the copper ion in each SOD1 subunit is responsible for the catalytic activity, 

while the closely coordinated zinc ion maintains its structure. Additionally, the thermodynamic 27, 

4927, 49 and kinetic stability 38 of SOD1 is linked with its metal ligands. Thus, understanding the role 

these metal ions play in contributing to the protein tertiary and quaternary structure of SOD1 is 

integral to understanding their biological implications. Given the importance of the metal cofactors 

in stabilizing SOD1 and the fact the abundance of the monomers increased upon the addition of 

organic and acidic solvent, the ATDs for the holo-monomer, single-metal monomer, and apo-

monomer were assessed. Figure 2.3 depicts the lowest charge state (7+) of the different SOD1 

monomers detected. The SOD1 holo-monomer was observed in both the 30% ACN and 100 µM 

FA (Figure 2.3A) and the 30% ACN and 25 mM FA solutions (Figure 2.3B). Since the holo-

monomer of SOD1 contains one Cu2+ and Zn2+ ion per monomeric unit, it was anticipated it would 
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primarily be in its compact form. This was the case for the 30% ACN and 100 µM FA solution, 

where the holo-monomer was observed to primarily be in its compact form with a calculated CCS 

of 1670 Å². However, increasing the concentration of FA to 25 mM resulted in a difference in both  

Figure 2.3. ATDs for the SOD1 holo-monomer in (A) 30% ACN, 100 µM FA and 30 mM 

ammonium acetate and (B) 30% ACN, 25 mM FA and 30 mM ammonium acetate, as well as the 

single-metal monomer (C) and the SOD1 apo-monomer (D). 

 

the CCS and ATD for the samecharge state (Figure 2.3B). In this condition, the 7+ holo-

monomer exhibited a slight compaction in structure and a prominent extended structure with 

CCS values of 1656 Å² and 2105 Å². This extension of the holo-monomer in the higher acid 
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condition implies further denaturation of the holo-dimer in this solution condition. Additionally, 

the 100 µM FA and 30% ACN also promoted formation of the single-metal SOD1 monomer, but 

as noted previously, the mass resolution of the TOF mass spectrometer was insufficient for 

determining which metal cofactor was lost, 27, 45 so the ATDs and CCS values have been labeled 

ambiguously. However, to determine the impact of the single metal cofactor loss on the subunit’s 

tertiary structure, the CCS and ATDs of the holo-monomer and single-metal monomer were 

compared at the lowest charge state observed for both forms. Similar to the holo-monomer, the 

ATD of the 7+ charge state of the single-metal monomer displayed a compact conformation with 

a CCS of 1697 Å² (Figure 2.3C), which was 2% larger than that of the holo-monomer (1670 Å²) 

in the same solution.  As previously mentioned, addition of 30% ACN and 25 mM FA promotes 

the formation of the apo-monomer. When the equivalent charge state and solution of the SOD1 

holo-monomer and apo-monomer were compared, the apo-monomer had a larger CCS for both 

its extended and compact form, and the extended form was the predominant conformer present 

(Figure 2.3D). Furthermore, the apo-monomer ATD failed to return to baseline between the two 

conformations, indicating the presence of intermediate structures (Figure 2.3D). 

Instability resulting from different degrees of metalation, demonstrated by these data, are 

in strong agreement with information that has been garnered using other biophysical techniques.  

14, 19, 21, 27 However, one of the major advantages of using IMS-MS to characterize protein structure 

is the ability to examine multiple protein states simultaneously, a capability that precludes X-ray 

crystallographic or NMR analyses. Previous examination of the kinetics of acid-induced unfolding 

of SOD1 using fluorescence demonstrated that the apo-protein displays a higher unfolding rate 

than the holo-protein and derives structural stability from the presence of its metal cofactors27 In 

this study by Lynch and co-workers21, the authors observed a series of unfolding phases, 
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particularly for the SOD1 apo-monomer. This is consistent with the ATDs observed for the apo-

monomer, which have apparent intermediate conformers between the compact and extended 

conformations. The presence of metals within the monomer, however, led to the observation of 

monomodal ATDs for the SOD1 monomer at the lowest observable charge state. This finding has 

been corroborated by several additional studies, which indicate that the metal cofactors in SOD1 

play an important role in maintaining the protein structure. 14, 19 Indeed, while Zn2+ appears to be 

the cofactor most responsible for maintenance of protein structure, the loss of a single metal 

cofactor has not been demonstrated to cause complete failure of protein tertiary structure.  21, 50 

Thus, our findings of a single-metal SOD1 monomer with an almost monomodal ATD is 

consistent.  

Figure 2.4. Comparison of the SOD1 ATDs for the holo-monomer and single-metal monomer for 

the 8+, 9+, 10+ and 14+ charge states in the 30% ACN, 100 µM FA and 30 mM ammonium 

acetate. In the 8+ charge state, the compact holo-monomer was slightly smaller than the single-

metal monomer, while the extended states had similar CCS values. As the charge state increased, 

the ATDs of the holo-monomer and single-metal monomer began to overlap illustrating, both 

showing similar extension. 
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To better characterize the relationship between metalation and charge state on the SOD1 

subunits, ATDs for the holo-monomer and single-metal monomer were overlaid and discrepancies 

between the two were explored (Figure 2.4). The discrepancies in ATDs between the holo-

monomer and single-metal monomer at the lower observed charge states, such as the 8+ charge 

state, reveal differences between the two protein forms. At the 8+ charge state, the holo-monomer 

had a monomodal ATD primarily comprised of a compact monomer, while the single-metal 

monomer displayed both a substantial compact and extended form, each with a higher arrival time 

than the holo-monomer. As the charge state increased to 9+, the holo-monomer also exhibited both 

a compact and extended form with CCS values of 1767 Å² and 2267 Å². Additionally, the ATD 

for the holo-monomer did not return to baseline, indicating intermediates between the compact 

and extended SOD1 holo-monomer (Figure 2.4). The single-metal monomer had a similar ATD 

at this charge state, showcasing a compact and extended conformation and numerous 

intermediates. Ultimately as the charge state increased, the holo- and single-metal monomer began 

to converge. As seen in Figure 2.4, the ATD for the 10+ charge state shifts to a more appreciable 

overlap for the two forms of SOD1 and remained true for the remainder of the higher charge states. 

An example of this increased overlap can be seen in the 14+ charge state where the CCS values 

for the holo-monomer and the single-metal SOD1 monomer were within instrumental error of each 

other (~0.3%). Furthermore, the charge state repulsion at the higher charge states appears to 

overcome any structural benefit that the metal cofactor may attribute to the structure of the single-

metal or holo-monomer, allowing the protein to elongate into its extended conformation regardless 

of the degree of metalation. 
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Figure 2.5. The ATDs for the SOD1 apo-monomer observed in 30% ACN with 25 mM FA for 

the detected charge state range of 7+ to 16+. The lower charge states revealed both extended and 

compact structures with evidence for intermediates (denoted by the gray bars). Furthermore, after 

the 10+ charge state, unimodal extended conformers were observed. 

 

To continue examination of metal effects, the increasing charge state ATDs of the apo-

monomer were examined (Figure 2.5), revealing similar results to the single-metal monomer and 

holo-monomer (Figure 2.4). At the lower charge states (7+ and 8+) for the apo-monomer, there is 

a clear differentiation between the compact and extended form with intermediate conformations 

between the two distributions, as denoted by the grey bar (Figure 2.5). As the charge state increase, 

apo-monomer exhibited equal abundance between the compact and extended conformations (11+) 

and then a shift to the extended conformation (>11+), where at the 16+ charge state the most 

extended state of the apo-monomer measured 3608 Å² was observed.  

2.4.4 Unfolding Pathway for SOD1 

 

To fully understand the unfolding intermediates and pathway occurring in SOD1, 

experimental CCS values obtained with the differing solution conditions and charge states were 

plotted for all SOD1 complexes (Figure 2.6). The lowest charge state observed for the SOD1 holo- 
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Figure 2.6. CCS versus charge state trends for the SOD1 complexes illustrating its unfolding 

regimes. The lowest observed charge states (considered to be the compact form) for the holo-dimer 

and holo-monomer are denoted by horizontal lines and extension are illustrated by the different 

circled regions. For the SOD1 monomer, four separate elongation regions were observed as charge 

state increased (E1 through E4), indicating elongation is a stepwise process. The extended holo-

dimer CCS values also showed that upon denaturation, it can exist in two other forms. 

 

dimer (10+) was attributed to be its native, compact form (horizontal line denoted in Figure 2.6). 

However, upon denaturing conditions, the 11+ charge state departed from the compact form as 

denoted by the orange boxes (Figure 2.6). Trends in the monomer were then examined. As 

anticipated, the lowest observed charge state for the holo-monomer (6+, denoted by the horizontal 

line in Figure 2.6) had the smallest observable CCS. However, upon denaturation and increase in 

charge state, four separate elongation regions were observed for the holo-monomer (noted as E1 

through E4 in Figure 2.6). This trend began at the 9+ charge state, where a shift away from the 

compact form of the SOD1 and first elongation region of SOD1 was observed. Additionally, while 

both the single-metal and apo-monomer were observed from the 7+ through 9+ charge states in 

both an extended and compact form, their extended form fell within the second elongation region 
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of the monomer. As the charge state continued to increase, the CCS of the holo-monomer, single-

metal monomer, and apo-monomers also increased. As observed in the ATDs for the single-metal 

and holo-monomer in Figure 2.4, after the 10+ charge state, the ATDs for the different monomers 

begin to coincide, and the difference in the CCS for the two was within instrumental error. At this 

point, it appears that elongation of the monomers is primarily driven by Coulombic repulsion in 

the gas phase. The largest observed CCS was the 16+ apo-monomer with a CCS of 3608 Å². This 

form of the SOD1 apo-monomer is the most unfolded conformation of the SOD1 monomer most 

likely due to both gas-phase Coulombic repulsion and the lack of metal cofactors. These 

experimental CCS values may serve as a starting point for molecular dynamics simulations to 

further elucidate the structural changes associated with the increasing charge states.  

The unfolding data observed in Figure 2.6 and order of appearance of the different 

oligomers within the solution conditions (Figure 2.1A-C), allowed for the elucidation of a general 

unfolding pathway of SOD1 (Figure 2.7) when these solution conditions are used. This pathway 

begins with the SOD1 holo-dimer, which is the most abundant in native solution condition. 

Elongation of the holo-dimer was then observed at the 11+ charge state and dissociation of the 

dimer into monomeric SOD1 units as the solution was modified from native conditions. In the 

intermediate pH and organic condition (30% ACN with 100 µM FA), an increased amount of the 

holo-monomer was observed, along with the formation of the single-metal monomer. Harsher 

solution conditions (additional FA) then promoted the formation of the apo-monomer. The 

unfolding pathway proposed here is consistent with other research regarding unfolding of the 

SOD1 holo-dimer, which proposes a multi-step denaturation pathway for the protein. 34, 51, 52 The 

dissociation of the holo-dimer is shortly followed by the loss of the metal cofactors, which further 

destabilized the protein monomers, ultimately resulting in formation of the apo-protein. 38, 50, 53 It 
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is important to note that under other solution conditions, additional means of dissociation and 

elongation of this protein may be attained. Thus, while this data demonstrates a potential unfolding 

pathway for the SOD1 holo-dimer, it is possible that the unfolding pathway is solution-dependent. 

Regardless, the ability to directly measure the intermediate cross section may serve to aid in the 

elucidation of the structural changes that contribute to disease states such as ALS. Furthermore, 

several of the forms observed in this unfolding pathway have previously been measured directly 

from the spinal cord tissue of transgenic mice using MS.54 In particular, the metal-deficient forms 

are of great interest as this state is thought to be the unstable intermediate that results in the toxicity 

observed in ALS.38  

Figure 2.7. An overview of the unfolding pathway of SOD1 as observed from the DTIMS CCS 

data. The native structure of SOD1 is a holo-dimer comprised of two monomers, each containing 

one Zn2+ and one Cu2+ ion. After addition of acid to the solution, the SOD1 holo-dimer elongated 

and dissociated into holo-monomers. The holo-monomers were further denatured from their native 

state by loss of a metal ligand, leading to the formation of a single-metal monomer. Further loss 

of the additional metal ion led to the formation of the apo-monomer, which extended to the largest 

CCS values observed for all protein structures. 
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2.4.5 Comparison of CCS Values Using DTIMS-MS and TIMS-MS  

Since this application shows the great utility of IMS for protein conformational analyses, 

two IMS techniques, the Agilent DTIMS and Bruker TIMS platforms were utilized to examine 

SOD1 in native conditions (30 mM ammonium acetate). The use of DTIMS to measure the CCS 

of large molecular complexes has a rich foundation in scientific literature including the 

investigation of the native structure of numerous proteins such as ubiquitin, 5, 55 amyloid-β,56 

cytochrome C, 55, 57 and myoglobin.58 In stark contrast, the application of TIMS instruments for the 

analysis of native proteins is rather recent. This technique provides unique challenges for native 

MS analyses, as it depends upon rf confinement to trap ions, decoupling their mobility from the 

time domain.59 The use of rf confinement lends to a higher potential for rf heating of ions to occur, 

which could alter the conformation of proteins from their native state.26 Thus, in this study 

parameters for the Bruker TIMS were carefully selected such that rf heating of SOD1 and 

associated oligomers was minimized. Upon comparison of the CCS values both instruments 

showed excellent correlation with one another. In the assessment of the 7+ holo-monomer in 30 

mM ammonium acetate, DTIMS reported a DTCCSN2 value of 1653 Å², while TIMS was only 

slightly larger (0.7%), measuring 1663.5 Å². The CCS for the 10+ SOD1 holo-dimer using DTIMS 

was 2694 Å² and 2629 Å² with TIMS, 2.4% smaller. Experimental values from both the DTIMS 

and TIMS platforms were then compared with computational CCS values calculated from the SOD 

crystal structure using IMPACT.60 IMPACT is an algorithm that more rapidly calculates CCS form 

protein structures compared to other approaches such as MobCal, making it an attractive option 

for structural proteomics studies. IMPACT can provide theoretical CCS values using both the 

projection approximation and the trajectory method. For these experiments, the standard settings 

for IMPACT were used to calculate theoretical CCS values based on NMR and X-ray crystal 
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structures obtained from the PDB, and the resulting trajectory method predicted CCS values were 

compared to experimentally-obtained single-field CCS measurements. In order to assess the 

relationship between our experimental values and those obtained from IMPACT, it was necessary 

to first examine the native SOD1 holo-dimer. As the holo-dimer is the native form of bovine SOD1, 

both NMR and crystallography data regarding the protein structure is available from the Protein 

Data Bank (PDB) (https://www.rsbc.org).61 The structures used for computational CCS 

calculations were PDB ID: 1E9P for the crystallography data62, and 1L3N for NMR comparison.63 

The experimental and theoretical values for the CCS of the SOD1 holo-dimer at its lowest observed 

charge state are shown in Table 2.1. Trajectory method (TJM) results for the 10+ SOD1 holo-

dimer using IMPACT predicted a CCS of 2701 Å² when using the crystal structure (PDB ID: 

1E9P) for CCS prediction. In comparison with experimental results from the DTIMS platform, the 

theoretical CCS differed by 0.3%, while the TIMS CCS value was 2.7% smaller. The CCS 

predicted from the NMR structure was slightly larger than that predicted by the crystallography 

data, measuring at 2722 Å². This showed similar agreement with the DTIMS and TIMS 

experimental data, which differed by 1% and 3.5% respectively. However, it is worth noting that 

the SOD1 holo-dimer NMR structure used for this calculation was actually an average of several 

structures that make up the ensemble of structures that fit the NMR data, thus the higher difference 

between the experimental and computational CCS values may be attributed to poorly constrained 

structures. Similarly, there is a NMR structure of the apo-state of SOD1 (PDB ID: 1RK7)38, which 

was demonstrated to have a 2.3% difference with the measured structure from the DTIMS 

platform, however since only the native solution measurements were done with TIMS, no apo-

monomer CCS value was available for comparison. 
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Table 2.1. Comparison of Computational CCS values predicted crystallography and NMR data 

with experimental data from the DTIMS and TIMS platforms for the SOD1 holo-dimer. 

Computational CCS values were determined using the trajectory method (TJM) using IMPACT. 
Holo-Dimer 

PDB 

Structure 

Analytical 

Method 

Calculated 

CCS- 

TJM a 

Measured 
TIMSCCSN2 (Å²) 

% Diff 

TJM 

Measured 
DTCCSN2 (Å²)b 

% Diff 

TJM 

1E9P Crystallography 2701 (9) 2629 (1) 2.7 2693.5 (5) 0.3 

1L3N NMR 2722 (20) 2629 (1) 3.5 2693.5 (5) 1.0 

Apo-Monomer 

PDB 

Structure 

Analytical 

Method 

Calculated 

CCS- 

TJM a 

Measured 
TIMSCCSN2 (Å²) 

% Diff 

TJM 

Measured 
DTCCSN2 (Å²)b 

% Diff 

TJM 

1RK7 NMR 1751(26) N.D. N.D 1711 (5) 2.3 

 

2.5 Conclusion 

In this study, IMS-MS was utilized to study both the structure and unfolding of SOD1 and 

assess pathways that could not be studied with other bioanalytical techniques. By applying 

multiple solution conditions to systematically denature the holo-dimer, first elongation was 

observed, followed by dissociation into holo-, single-metal, and apo-monomeric SOD1 units. Loss 

of the metal cofactors was found to further destabilize the protein monomers, ultimately resulting 

in formation of extremely extended apo-monomers. The results obtained from IMS-MS in these 

study are extremely important as perturbations observed from SOD1 in disease states may not be 

readily measured by NMR or X-ray crystallography if present in low concentrations or convoluted 

by the potential presence of multiple conformers. Thus, IMS-MS may have particular utility for 

examining samples from patients with certain disease states, including ALS. In addition, 

combining the ability to directly probe SOD under native conditions directly from tissue 21, 64 

allows for the measurement of structural properties of the enzyme without lengthy purification 

process that may alter the state of the enzyme. Combined with collision induced unfolding this 

opens up the possibility of directly probing the stability and structural properties of SOD1 from 

human familial ALS tissue and mouse models. Furthermore, IMS-MS has the potential to explore 
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the biophysical properties of purified proteins or recombinant systems and rapidly compare 

mutations, drug binding or other parameters thought to disturb structure of a protein and loosely 

relate this to NMR and crystallographic data, and thus provides complementary information to 

these more conventional solution-based experiments. As there are currently over 150 known 

mutations of human SOD1, and it is thought that loss of the metals from the holo-dimeric protein 

result in the apo-protein and contribute to the formation of plaques observed in ALS, the ability to 

assess the unfolding characteristics with IMS-MS may facilitate an understanding of how they 

alter protein dynamics. 
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3.1 Abstract 

Glycosylation is a ubiquitous co- and post-translational modification involved in the 

sorting, folding, and trafficking of proteins in biological systems; in humans, > 50% of gene 

products are glycosylated with the cellular machinery of glycosylation compromising ~2% of the 

genome. Perturbations in glycosylation have been implicated in a variety of diseases including 

neurodegenerative diseases and certain types of cancer. However, understanding the relationship 

between a glycan and its biological role is often difficult due to the numerous glycan isomers that 

exist. To address this challenge, nanoflow liquid chromatography, ion mobility spectrometry, and 

mass spectrometry (nLC-IMS-MS) were combined with the Individuality Normalization when 

Labeling with the Isotopic Glycan Hydrazide Tags (INLIGHT™) strategy to study a series of 

glycan standards and those enzymatically released from the glycoproteins horseradish peroxidase, 

fetuin, and pooled human plasma. The combination of IMS and the natural (NAT) and stable-

isotope label (SIL) in the INLIGHT™ strategy provided additional confidence for each glycan 

identification due to the mobility aligned NAT and SIL labeled glycans and further capabilities for 

isomer examinations. Additionally, molecular trend lines based on the IMS and MS dimensions 

were investigated for the INLIGHT™ derivatized glycans, facilitating rapid identification of 

putative glycans in complex biological samples. 

3.2 Introduction 

Glycosylation, or the affixing of carbohydrate moieties to proteins, is a co- and post-

translational modification linked to host-pathogen interactions,1 immune system response,2 and 

protein folding, sorting, and stability within eukaryotic systems. 3, 4 While glycans can be either N- 
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or O-linked, to date N-linked are the most commonly studied due to their specific locations and 

conserved core structure.5  For example, N-linked glycans are commonly affixed to the sequon N-

X-S/T, where N is asparagine, S/T are either serine or threonine, and X is any amino acid except 

for proline.. Since up to 70% of proteins are estimated to contain this sequon, N-linked 

glycosylation is thought to be highly prevalent in eukaryotic systems.6 Their common core 

structure allows them to be targeted and readily cleaved using the enzyme peptide N-glycosidase 

F (PNGase F), making their study easier than that of O-linked glycans which have a  variable 

structure.6 However, N-linked glycans follow a non-template driven synthesis, resulting in a highly 

heterogeneous class of molecules.7 The manner in which the individual monosaccharides in N-

linked glycans are linked to one another is also variable, either through α or β linkages, contributing 

to the enormous complexity of this molecular class. As glycosylation has been implicated in the 

onset and progression of multiple diseases and even COVID-19, 8-11 studies are needed to better 

define the precise structures of both N- and O-linked glycans and ultimately relate them to function. 

Efforts towards elucidating the relationship between glycan structure and function have 

primarily been hampered by the lack of analytical tools capable of characterizing the glycosidic 

linkages and individual monosaccharides. Mass spectrometry (MS) has become a preferred 

method for the analysis of glycans, as it requires a small quantity of sample, is readily coupled 

with chromatographic separation, and yields structural information using different fragmentation 

strategies. However, fragmentation information alone is often insufficient for complete 

characterization of glycan structure given the large number of isomeric monosaccharides and 

diversity of glycosidic linkages.12 Thus, it is often through a combination of liquid chromatography 

(LC) separations, MS fragmentation data, and knowledge of biosynthetic pathways that glycan 

structures are predicted.13 Analysis of glycans using LC is challenging as they are exceedingly 
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hydrophilic molecules which precludes LC separation with reversed-phase LC (RPLC) without 

derivatization. Therefore, hydrophilic interaction liquid chromatography (HILIC) and porous 

graphitic carbon (PGC) are popular options for glycan LC separations.  14, 15  

The hydrophilicity of glycans also complicates MS analyses when using an electrospray 

ionization (ESI) source, as ESI is inherently biased towards hydrophobic analytes.  16, 17 To 

overcome this challenge, several types of derivatization chemistry have been employed to increase 

the overall hydrophobicity of N-linked glycans and improve their detection in both MS and 

spectroscopic methods. One of the more commonly employed derivatization approaches is 

permethylation. In permethylation, the hydroxyl, amino, and carboxylic acid groups located on the 

glycan structure are chemically modified to their corresponding methyl-ether. 18-20 This 

significantly increases the non-polar surface area (NPSA) of the molecule, resulting in an increase 

in hydrophobicity that facilitates RPLC and increases ESI abundances. Alternatively, the use of 

derivatization reagents with a reductive amination mechanism, such as 2-aminobenzoic acid (2-

AA) and 2-aminobenzamide (2-AB), also enhance N-linked glycans using both MS and 

spectroscopic means.21 Oxime formation by means of aminooxy reagents, such as Tandem Mass 

Tags (TMT)™22, or derivatization methods that use hydrozone formation23, 24 have also become 

an attractive option for labeling glycans. While all derivation strategies enhance the number of 

glycans observed by MS, the unpredictability of inefficient derivatization complicates the 

identifications in complex biological samples and hinders quantification. Most of these methods 

also require time-consuming clean-up steps, decreasing throughput. 

The Individuality Normalization when Labeling with Isotopic Glycan Hydrizide Tags 

(INLIGHT™) strategy is a derivatization method previously used to examine N-linked glycans in 

complex biological samples.25 In this strategy, N-linked glycans enzymatically released from 
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glycoproteins by PNGase F are derivatized using hydrazide chemistry at the reducing GlcNAc 

residue with either natural (NAT) or stable-isotope (13C6) label (SIL) 4-phenethylbenzohydrazide 

(P2GPN) reagent. 22, 24 This reagent has 95% derivatization efficiency and also increases the 

glycan’s nonpolar surface area (NPSA).24 The use of both a NAT and 13C6 incorporated SIL in 

INLIGHTTM enables the relative quantification of N-linked glycans in complex biological samples 

as the NAT and SIL INLIGHT™ tags have an exact mass difference of  6.0201 Da.24 Additionally, 

the use of 13C6 prevents overlapping isotopic distributions, which may skew quantitative 

assessments. 16, 22, 23 and allows for LC co-elution of the NAT and SIL glycans. 23-26 Furthermore, 

this derivatization method does not require significant sample clean-up and has been demonstrated 

to work well within a filter-aided N-glycan sample (FANGS) preparation strategy.27  

Due to its ability to distinguish isomeric molecules, ion mobility spectrometry-mass 

spectrometry (IMS-MS) has previously been explored to investigate the structure and function of 

glycans in biological systems. 28, 29 The IMS-MS investigations have shown discrimination of 

glycan and glycopeptide epimers30 in samples ranging from simple systems such as standards and 

glycans enzymatically released from glycoproteins31 to complex applications in patients with liver 

cancer and cirrhosis.32 These studies and the ability of IMS-MS to resolve native isomeric glycans 

have expanded our knowledge of glycan structural diversity. 33-35 IMS-MS has also been applied 

to the analysis of derivatized N-linked glycans. 30, 35, 36 Specifically, the study of permethylated 

glycans and glycopeptides by Glaskin et al. resulted in a CCS database for permethylated N-linked 

glycans from several commonly used glycoprotein standards, including bovine fetuin and α-1-acid 

glycoprotein.37  

Herein, we present the first application of drift tube IMS (DTIMS)-MS to N-linked glycans 

derivatized using the INLIGHT™ strategy. The collision cross sections (CCS) values determined 
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with DTIMS relate directly to the size of the molecule and enabled a deeper characterization of 

the glycans in addition to their LC retention times, m/z values and fragmentation patterns. 38, 39 

Furthermore, since the incorporation of 13C does not significantly alter the shape of the glycans, 

rapid identification and relative quantification of putative glycans in complex biological samples 

is possible by both their distinctive isotopic distribution and the drift time alignment of the NAT 

and SIL derivatized glycans. In this work, nLC-IMS-MS was combined with the INLIGHT™ 

strategy to assess a series of glycan standards and those enzymatically released from the 

glycoproteins horseradish peroxidase, fetuin, and pooled human plasma and the identification, 

quantification and trends are reported. 

3.3 Materials and Methods 

3.3.1 Materials  

Maltoheptaose (≥ 60%, HPLC), 7 glycan standards ((GlcNAc)2Man5, (NeuNAc-Gal-

GlcNAc)3Man3(GlcNAc)2, (Gal-GlcNAc)2Man3(GlcNAc)2, (GlcNAc)2Man9, (NeuNAc-Gal-

GlcNAc)2Man3(Fuc)(GlcNAc)2, GalGlcNAc2Man3 GlcNAc2glycan, and 

(GlcNAc)2Man3(Fuc)(GlcNAc)2 glycan) , and 2 glycoprotein standards (horseradish peroxidase 

and fetuin), as well as ammonium bicarbonate, iodoacetamide, and dithiothreitol (DTT) were 

purchased from Sigma Aldrich (St. Louis, MO). Human plasma (K2 EDTA, male and female) 

used in this study was obtained from Golden West Biologicals (Temecula, CA). INLIGHT™ 

P2GPN reagents (NAT and SIL) were purchased from Cambridge Isotope Laboratories 

(Tewksbury, MA). PNGase F was purchased from Bulldog Bio (Portsmouth, NH). Methanol, 

water, acetic acid, formic acid, and acetonitrile (Optima LC-MS grade) were purchased from 

Fisher Scientific (Hampton, NH). All reagents were used as received, unless otherwise specified.  

 



   

64 

 

3.3.2 Preparation of Biological Glycoprotein Standards 

The glycoprotein standards, horseradish peroxidase and bovine fetuin, and human plasma 

samples were prepared using a modified FANGS procedure, as described previously.  16, 25, 40 

Briefly, 250 µg of glycoprotein were added to a 10-kDa molecular weight cut-off filter. 

Glycoproteins were denatured using 2 µL of DTT diluted in 200 µL of 100 mM ammonium 

bicarbonate solution (digest buffer), vortexed briefly, and allowed to incubate at 56 °C for 30 mins. 

Following incubation, the proteins were alkylated through the addition of 50 µL of 1 M 

iodoacetamide then incubated for 60 mins at 37 °C. The denatured and alkylated proteins were 

concentrated on the filter using centrifugation for 40 mins at 14,000 × g at 20 °C. The samples 

were subsequently washed in triplicate by first adding 100 µL of digest buffer to the filter, and 

then concentrated on the filter by centrifuging for 20 mins. Prior to enzymatic separation of glycans 

from glycoproteins, the filters containing the washed glycoprotein samples were transferred to 

new, clean vials to prevent contamination during the collection of the cleaved glycans. Two 

microliters of PNGase F (1,000 units) were added to each filter and subsequently diluted in 98 µL 

of digest buffer. Samples were mixed by aspirating on the filter, then incubated at 37 °C for 18 

hrs. Following incubation, the released glycans were collected by centrifuging for 20 mins at 

14,000 × g. Samples were then washed in triplicate by adding 100 µL digest buffer followed by 

centrifugation at 14,000 × g for 20 mins at 20 °C. After the washes were completed, the samples 

were incubated at -80 °C until completely frozen, then subsequently dried to completion in a 

vacuum concentrator at 55 °C. Enzymatically-released glycans were stored at -20 °C until 

subsequent derivatization.  
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3.3.3 INLIGHT™ Derivatization 

Prior to derivatization, glycan standards and maltoheptaose were reconstituted in LC-MS 

grade water. Ten to 50 micrograms of each glycan standard or 50 µg of maltoheptaose were placed 

in a vacuum concentrator until completely dry. The enzymatically released glycans, 50 µg 

maltoheptaose and 10-50 µg of the N-linked glycan standards were derivatized with natural (NAT) 

and stable-isotope labeled (SIL) INLIGHT™ reagents using a slight modification of a protocol 

that has been described previously.41 The INLIGHT™ reagents were solubilized in 1 mL of LC-

MS grade methanol and vortexed for ten minutes to ensure complete solubilization of the 

derivatization reagent, ensuring a final concentration of 1 mg/mL. Given the fundamental nature 

of these studies, both the NAT and SIL INLIGHT™ reagent were added to each sample in a 1:1 

ratio at a concentration of 0.1 µg/µL prior to incubation to reduce analytical variability. The 

samples were then diluted in a solution of 45:55 (v:v) acetic acid:methanol. After briefly vortexing 

and centrifuging (ca. 5 secs), the samples were allowed to incubate at 37 °C for 1.75 hrs. The 

derivatization reaction was quenched by drying the samples to completion in a vacuum 

concentrator at 55 °C. Derivatized glycans were stored at -20 °C until analysis. The derivatized 

glycans were reconstituted in 50 µL of mobile phase A immediately prior to analysis.  

3.3.4 nLC-IMS-MS Analysis of INLIGHT™ Derivatized Glycans 

The nanoflow liquid chromatography (nLC) measurements were conducted using a 

Thermo Fisher Scientific EASY nLC 1200 (Waltham, MA) coupled with an Agilent 6560 IMS-

QTOF (Santa Clara, CA). The RPLC separation of the derivatized glycans was performed using a 

Thermo Fisher Scientific (West Palm Beach, FL) Acclaim PepMap C18 analytical column (75 µm 

× 25 cm, 3 µm, 100 Å) preceded by a Thermo Scientific (West Palm Beach, FL) Acclaim PepMap 

C18 trap column (100 µm × 2 cm; 5 µm, 100 Å). Mobile phase A was comprised of 98% water, 
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2% acetonitrile, and 0.1% formic acid. Mobile phase B was comprised of 80 % acetonitrile, 20 % 

water, and 0.1 % formic acid. The gradient used for RPLC began with 5% B, then increased to 

35% over two minutes, then steadily ramped to 70 % B over 40 mins, sharply increased to 95% B 

over one minute, held at 95% B for six minutes, then decreased over one minute to 5% B at 300 

nL/min. This mobile phase composition was held for 10 minutes, giving a total gradient length of 

60 minutes per sample. Five microliters of sample was injected for each glycan analysis.  

3.3.5 IMS-MS Analysis of INLIGHT™ Derivatized Glycans 

DTIMS-MS measurements were conducted using an Agilent 6560 IMS-QTOF (Santa 

Clara, CA) instrument thoroughly characterized in previous publications. 42 42 Briefly, ionization 

was performed using the Agilent nanoESI source in positive ionization mode with a capillary 

voltage of 2100 V.  DTIMS measurements were collected under a uniform electric field of 17.3 

V/cm with nitrogen buffer gas at a constant pressure of 3.95 torr. DTIMS data was acquired in a 

4-bit multiplexing mode, with a trap fill time of 3.9 ms and release time of 100 µs. Mass analysis 

was conducted over an m/z range of 100-3,200 m/z. Additional instrumental parameters are 

included in Appendix B (Tables B.1-B.3). 

3.3.6 Calculation of CCS Values of INLIGHT™ Derivatized Glycans 

Multiplexed data files were de-multiplexed using the PNNL Pre-Processor (publically 

available from https://omics.pnl.gov/software/pnnl-preprocessor), then imported into Agilent 

MassHunter IM-MS Browser (version 10.0). CCS values for the INLIGHT™ derivatized glycans 

were calculated using the single-field method, as described previously.42 Briefly, a mixture of 

compounds with known m/z values and well-characterized CCS values (Agilent tune mix) were 

analyzed under conditions identical to that used for the analysis of derivatized glycans. The 
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measured drift times of these compounds were used to make a calibration curve converting drift 

time to CCS using a linear regression derived from the Mason-Schamp equation (Equation 3.1).43  

                                                        𝒕𝑨 =  
𝜷

𝒛
 [

𝒎𝒊

𝒎𝜷+𝒎𝒊
]

𝟏
𝟐⁄

𝑪𝑪𝑺 +  𝒕𝒇𝒊𝒙                              Equation 3.1 

The CCS for the glycans were then calculated using the resulting linear regression and the 

measured drift times of the derivatized glycans.  

For the high-resolution de-multiplexing (HRdm) study, each data file was de-multiplexed 

using the PNNL PreProcessor as described above and previously detailed by May et. al.23  

Following initial de-multiplexing, feature finding was performed using the IM-MS Browser 

(parameters shown in Appendix B Figure B.1). The resulting feature list was saved as a .csv 

within the same folder as the raw, multiplexed file and the de-multiplex file. Each was imported 

into the Agilent HRdm 1.0 software and processed using the medium processing mode available 

with a peak saturation threshold of 0.4.  

3.4 Results and Discussion 

3.4.1 INLIGHT™ Derivatized N-linked Glycans Drift Time Align 

To assess the nLC-IMS-MS workflow for the analysis of N-linked glycans derivatized 

using the INLIGHT™ strategy, initially several N-linked glycan standards ((GlcNAc)2Man5, 

(NeuNAc-Gal-GlcNAc)3Man3(GlcNAc)2, (Gal-GlcNAc)2Man3(GlcNAc)2, (GlcNAc)2Man9, 

(NeuNAc-Gal-GlcNAc)2Man3(Fuc)(GlcNAc)2, GalGlcNAc2Man3 GlcNAc2glycan, and 

(GlcNAc)2Man3(Fuc)(GlcNAc)2 glycan) and maltoheptaose were studied. While maltoheptaose is 

not an N-linked glycan, this oligosaccharide is a reducing sugar and as a result is able to undergo 

the hydrazide chemistry necessary to affix the INLIGHT™ reagent.16 Both the N-linked glycan 

standards and maltoheptaose were derivatized using a 1:1 mixture of the NAT and SIL reagents, 

then resuspended in MPA prior to analysis with nLC-IMS-MS.44 As previously mentioned, 
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glycans derivatized using the INLIGHT™ strategy display two distinctive isotopic distributions 

which is imparted by the use of both a NAT and 13C6 SIL label, facilitating rapid data analysis and 

relative quantitation of labeled glycans. In this study, both the NAT and SIL forms of 

maltoheptaose and the N-linked glycan standards were detected (Figure 1), and their resulting 

CCS values evaluated (see Appendix B, Figure B.4-B.5 for CCS). Maltoheptaose and its other 

related oligosaccharides were primarily observed as singly-charged, protonated ions for both the 

NAT and SIL labeled oligosaccharides (Figure 3.1A). The nested spectra of maltoheptaose in 

Figure 3.1A illustrates both the drift time aligned NAT and SIL-labeled forms. All of the 

INLIGHT™ derivatized maltooligosaccharides were observed to have a single IMS peak in their 

drift spectra, with the exception of maltohexaose, which was observed to have two different IMS 

isomers or conformers (Appendix B, Figure B.2). While the exact annotation of the two IMS 

peaks observed for the derivatized maltohexaose are unknown, it is possible that they are due to 

the flexibility of the joined glycans or differences in linkage connectivity, although it remains 

unclear as to why this was only observed with the hexamer. Additionally, it was observed that both 

the NAT and SIL tags had two conformers (data not shown). In order to assess the impact of this 

on LC-IMS-MS assessments of derivatized N-linked glycans, derivatized N-linked glycan 

standards were also assessed. A nested spectra for a representative N-linked glycan standard is 

shown in Figure 3.1B. The INLIGHT™ derivatized N-linked glycans were observed primarily as 

doubly-charged, protonated ions as shown by Figure 3.1B, which illustrates the typical 

[NAT+2H+]2+ and [SIL+2H+]2+ isotopic distributions for the N-linked glycan standard 

(GlcNAc)2Man3(Fuc)(GlcNAc)2. The monoisotopic peaks for the NAT and SIL labeled NGA2F 

were also observed to be 3.0101 m/z different, or a mass difference of 6.0202 Da, consistent with 

an INLIGHT™ derivatized glycan pair. It was observed that the drift spectra associated with this 
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derivatized glycan pair primarily consisted of a single peak, with the maximum drift time 

corresponding to a CCS of 418.3 Å². A small shoulder at approximately 31 ms was also observed, 

which was less than 10% of the observed abundance of the main drift time distribution of this 

derivatized glycan. The source of this shoulder could not be discerned given our current 

instrumentation, but could be due to the presence of epimeric carbons at the reducing end, the 

conformation of the INLIGHT™ reagent, or impurities within the glycan standard. The nested 

spectra shown in Figure 3.1 also demonstrate that the NAT and SIL derivatized N-linked glycans 

have the same observed drift time, and thus INLIGHT™ derivatized pairs are drift time aligned. 

Consequently, the incorporation of a small number of 13C6 within the SIL does not significantly 

change the glycan structure and results in drift time alignment for our measurements with a 

resolving power of ~60 at the 1+ charge state and slightly higher for the increasing charge states. 

As such, the pairwise drift time alignment and characteristic INLIGHT™ isotopic distributions 

can be used in the nLC-IMS-MS workflow to identify glycans in complex biological samples.  
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Figure 3.1. The IMS-MS nested spectra for INLIGHT™ derivatized (a) maltoheptaose and (b) 

the N-linked glycan (GlcNAc)2Man3(Fuc)(GlcNAc)2 standard, demonstrating isotopic 

distributions for both singly- and doubly- charged INLIGHT™ derivatized oligosaccharides. 

Glycans derivatized using the INLIGHT™ strategy are labeled using both a natural (NAT) and 
13

C
6
 (denoted by asterisks) incorporated stable isotope label (SIL) reagent, and combined in a 1:1 

ratio. This yields two distinctive isotopic distributions for each glycan. The incorporation of 
13

C 

into the SIL label also does not sufficiently change the structure of the molecule, resulting in drift 

time alignment of INLIGHT™ derivatized.  
 

To assess the complementary nature of the INLIGHT™ strategy and the glycoprotein nLC-

IMS-MS workflow, N-linked glycans from horseradish peroxidase and bovine fetuin were 
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enzymatically cleaved using PNGase F, derivatized with INLIGHT™, and analyzed with nLC-

IMS-MS. Since the glycosylation of these two glycoproteins has been investigated thoroughly 45-

4745-47, they are ideal candidates as the resulting list of glycans previously identified could be 

curated and the corresponding INLIGHT™ derivatized NAT and SIL pairs determined. For our 

criteria, glycans were only considered identified if: (1) both the NAT and SIL monoisotopic peaks 

were observed within the mass measurement error of the instrument (<10 ppm); (2) the ratios of 

the NAT: SIL peaks were approximately 1:1; and (3) the NAT and SIL glycans were drift time 

aligned as shown in Figure 3.1. Using these criteria, four N-linked glycans were identified in 

horseradish peroxidase and twelve with bovine fetuin; CCS values were calculated for each (see 

Appendix B, Tables B.6-B.7).  

The utility of IMS for removing noise and cleaning up MS spectra when interfaced within 

a standard LC-MS workflow has been previously demonstrated in both the fields of proteomics 

and glycomics. 48-55 In particular to glycomics, IMS filtering has been applied to the analysis of 

both native55 and derivatized56 glycans, and has even facilitated the analysis of glycans in complex 

matrices without additional sample clean-up. 53, 57 The IMS dimension was also found to be 

extremely helpful in removing noise from other ions in the present study. An example of this for 

INLIGHT™ derivatized N-linked glycans in complex samples is shown in Figure 3.2A, which 

illustrates a portion of the nested spectra in which the protonated, singly-charged NAT and SIL 

pair for (Man)3(GlcNAc)2 was anticipated from horseradish peroxidase but several interfering 

signals occurred within the same m/z space. Drift time filtering using only the area for the aligned 

pairs however removed the interfering signals and a clean distribution was observed as shown in 

Figure 3.2B. The ability of IMS to parse these overlapping distributions into their individual 
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components is extremely useful for complex samples and studies where relative quantitation is 

desired. 

Figure 3.2. IMS allows for the isolation of overlapping isotopic distributions, enabling the 

differentiation of glycans from other interfering signals. The IMS-MS nested spectra observed in 

Figure 3.2A display overlapping isotopic distributions from multiple ions which obscure the 

confident identification of the INLIGHT™ derivatized glycan pair. Figure 3.2B shows the nested 

spectra where the mass spectrum has been filtered by drift time, yielding a clean isotopic 

distribution for the NAT and SIL labeled N-linked glycan (Man)3(GlcNAc)2 in horseradish 

peroxidase.  
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3.4.2 Conformational Ordering of INLIGHT™ Derivatized Glycans 

The compositional differences observed within various classes of biomolecules, both in the 

types of subunits comprising the molecules as well as their preferential arrangement, allows 

diverse classes of biomolecules to take on conformations in a relative order where the more sizable 

molecules, such as lipids and peptides, display a larger conformation for their mass relative to 

smaller biomolecules such as carbohydrates and oligonucleotides. 58-60 This conformational 

ordering of biomolecules has been observed in DTIMS-MS studies, where plots of m/z vs CCS 

yield trend lines used to classify molecules based on their biological role. To investigate the 

relationship between the m/z of INLIGHT™ derivatized glycans with their gas-phase 

conformation, m/z versus CCS plots were generated for the singly- and doubly-charged N-linked 

glycans from the glycoproteins and N-linked glycan standards, as well as the singly-charged 

maltooligosaccharides (Figure 3.3). The resulting trend lines for each series and their associated 

R2 are shown on Figure 3.2. Representative structures from each classification, along with their 

associated trend line, can be found in Appendix B (Figure B.3). As can be seen in Figure 3.3 the 

[M+NAT+H+]+ and [M+SIL+H+]+ maltooligosaccharides (teal diamonds, y= 0.1168x + 167.32) 

and the [M+NAT+H+]+ and [M+SIL+H+]+ derivatized N-linked glycans (green circles, y= 0.1555x 

+ 139.05) illustrated distinct trend lines, different from previously reported underivatized 

oligosaccharides (red squares, y= 0.2238x + 100.15).58 Given that maltoheptaose and its related 

oligosaccharides are linear whereas N-linked glycans maintain a branched arrangement, the 

occurrence of two distinct lines for the N-linked glycans and maltoheptaose is expected.59 It was 

also noted that a majority of the singly-charged [M+NAT+H+]+ and [M+SIL+H+]+ glycans in this 

study contained mannose as their terminal monosaccharide. The conformational ordering of 

doubly-charged INLIGHT™ derivatized glycans was also investigated for the [M+NAT+2H+]2+ 
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and [M+SIL+2H+]2+ both from glycoproteins (orange circles, y= 0.2138x + 235.69) and 

commercially-available N-linked glycan standards (grey squares, y= 0.1987x + 252.29). As shown 

in Figure 3.3, the doubly-charged derivatized glycans fell on a separate trend line from the singly- 

Figure 3.3. CCS versus m/z trend lines for underivatized oligosaccharides (1+, red squares) 61, 

INLIGHT™ derivatized maltooligosaccharides (1+, teal diamonds), and both INLIGHT™ 

derivatized N-linked glycans from glycan standards (2+, grey squares) and those enzymatically 

released from the glycoprotein standards horseradish peroxidase and bovine fetuin (1+, green 

circles and 2+, orange circles). The 2+ charge state trend lines were compared with those observed 

for the permethylated N-linked glycan CCS database previously published by Glaskin et al. and 

shown in with yellow triangles. 62 

 

charged glycans as anticipated since DTIMS separates based on size, shape, and charge.61 

However, in Figure 3.3 the two separate sources (glycoprotein and glycan standards) of 

[M+NAT+2H+]2+ and [M+SIL+2H+]2+ N-linked glycans share the same trend line. The 

INLIGHT™ derivatized glycans were also compared to the same charge state and adduct of 

permethylated N-linked glycans previously reported in a CCS database (yellow triangles, y= 
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0.2514x + 243.64).60 The INLIGHT™ derivatized glycans and their permethylated counterparts 

of the same charge state followed distinct, separate trend lines, allowing the method of 

derivatization for the N-linked glycans to be readily discriminated.  

The ability to further classify and subdivide molecular trend lines into series based on the 

monosaccharides present within the structure has previously been demonstrated using IMS-MS 

for both N-linked glycan fragments and intact glycans.61 Of particular relevance to this 

investigation, Glaskin et al. demonstrated this subclassification for permethylated N-linked 

glycans utilizing DTIMS-MS.61 In this work, the permethylated glycans and glycopeptides 

obtained from trypsin-digested glycoproteins followed distinct molecular trend lines, facilitating 

their analysis in complex biological samples.61 They then investigated the ability of those 

molecular trend lines to subdivide both the glycopeptides and N-linked glycans based on the 

monosaccharides in their branched structures.63 To investigate this potential relationship for 

INLIGHT™ glycans, the glycan standards and those derived from the glycoproteins horseradish 

peroxidase and bovine fetuin were subdivided based on the saccharide units located on their non-

reducing end branches including terminal mannose (Figure 3.4A), terminal galactose (Figure 

3.4B), and terminal sialic acid (Figure 3.4C). Each subclassification was observed to fall along its 

own individual tend line (Appendix B, Figure B.4A). It was observed that the INLIGHT™ 

glycans having a terminal mannose displayed a linear relationship between m/z and their associated 

CCS in both the 1+ and 2+ charge states (Figure 3.4A), with both m/z and CCS increasing as the 

number of mannose within the N-glycan structure increased (Appendix B, Figure B.4B). Linearity 

was also observed for those N-linked glycans containing a terminal galactose (Figure 3.4B) and 

was similarly found to be related to increasing numbers of galactose monosaccharides present 

(Appendix B, Figure B.4C), but the linear relationship for those with terminal sialic acid was not 
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as strong as the other classes (Figure 3.4C). This was in part because many of the N-linked glycans 

observed within this subclass had multiple CCS values for the same m/z potentially indicating 

either the presence of isomeric species or the occurrence of multiple glycan conformers. Further 

investigations are needed to determine whether this is a function of structural differences within 

the glycans or actual changes in conformation. Additionally, all glycans that contained the 

monosaccharide fucose, regardless of the terminal monosaccharide unit, were observed to have a 

linear relationship between their m/z and corresponding CCS (Figure 3.4D). We are currently 

investigating this trend as a way to analytically assign terminal monosaccharides.  

 
Figure 3.4. CCS versus m/z plots for INLIGHT™ derivatized N-linked glycans from both glycan 

standards and enzymatically released from the glycoproteins horseradish peroxidase and bovine 

fetuin using PNGase F. N-linked glycans were grouped based on the terminal monosaccharides 

mannose (Figure 3.4A), galactose (Figure 3.4B), and sialic acid (Figure 3.4C). Additionally, a 

trend line for glycans observed to be fucosylated was also noted (Figure 3.4D).  

 

3.4.3 nLC-IMS-MS N-linked Glycan Conformational Landscape  

Since IMS measurements occur on the millisecond timescale, they nest well within that of 

both LC separations (minutes) and time-of-flight MS assessments (microseconds).64 Furthermore, 
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IMS allows for the evaluation of co-eluting isomers that may not readily separate using LC 

analyses. In the present study, the majority of the glycans detected primarily eluted in a narrow 

elution window, as shown by the extracted ion chromatogram (EIC) for the NAT derivatized N-

linked glycan (Gal)2(GlcNAc)4Man3 from bovine fetuin (Figure 3.5A). Two potential 

isomers/conformers were observed for this particular m/z (939.3692 m/z) within its retention 

window, as shown by the drift time distribution within the inset, with measured CCS of 426.5 Å² 

and 446.7 Å². However, a few of the INLIGHT™ derivatized N-linked glycans detected within 

the glycoprotein samples had multiple elution windows. An example is shown in Figure 3.5B, 

which depicts the EIC for the NAT-labeled N-linked glycan (Gal)3(GlcNAc)5(Man)3(NeuAc)2 

enzymatically released from bovine fetuin. This EIC showed three prominent chromatographic 

peaks. To assess the IMS conformation of the glycan within each retention window, the drift time 

distribution associated with 1413.0335 m/z in each LC window was extracted (Figure 3.5B). The 

drift time distribution for the first LC window, 29.87 min to 30.68 min, showed at least three 

isomers with CCS values of 523.0 Å², 549.2 Å², and 571.3 Å² (with error below 0.4% RSD using 

triplicate measurements). The second LC window, 30.84 min to 31.73 min, had a distinctive 

change in the associated drift time distribution, showing at least two isomers with CCS values of 

525.4 Å² and 549.7 Å². Again, the CCS values change in the third LC window showing at least 

two isomers present with CCS of 526.1 Å² and 554.1 Å². Thus, IMS illustrated multiple species in 

each LC elution window and demonstrates the vast structural complexity for these glycans which 

is beyond the scope of this study.  

As stated previously, one of the limitations of this technique is the ability to discern 

information about structural or linkage isomers as opposed to changes in derivatized N-linked 

glycan conformation. Thus, the data shown in Figure 3.5 was compared with previously published 
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data in order to better understand the variability that we observe in our CCS measurements. Figure 

3.5A, which depicts a narrow elution window for the glycan Gal)2(GlcNAc)4Man3 with two 

potential isomers/conformers. Previous investigations of this glycan using capillary electrophoresis 

and NMR indicated that approximately 90% of the observed galactose linkages for this glycan are 

in the β1-4 in all locations, while approximately 10% have a single branch with a β1-3. 65 65 While 

the current nLC-IMS-MS method currently precludes assignment of linkages, this lends evidence 

to the observation of two conformers/isomers within our bovine fetuin data for this specific glycan, 

particularly given that the two observed drift spectra peaks are in approximately the ratio 

previously reported in the literature. Previously published NMR data for bovine fetuin 65 has 

indicated that the tribranched, sialylated N-linked glycans comprise approximately 83% of the N-

linked glycans within bovine fetuin. However, there is a high degree of complexity within this 

structure, ranging from the observation of β1-4 vs β1-3 linkages for the Gal moieties within the 

branches to the linkage type (α2-3 versus α2-6) and actual location of the Neu5Ac 

monosaccharides on the branched structures. When accounting for the location of the two Neu5Ac 

moieties alone, there at least three possible isomers possible for this same m/z that have been 

previously reported.43 Thus, while we are unable to assign structural and linkage isomers versus 

potential glycan conformers given our current findings, the observation of both multiple 

chromatographic windows combined with multiple apparent peaks within each corresponding drift 

spectra agrees with the high degree of chemical complexity associated with this N-linked glycan 

noted using other techniques.  
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Figure 3.5. The extracted ion chromatogram of the NAT labeled N-linked glycan 

(Fuc)1(Gal)2(GlcNAc)4(Man)3 released from bovine fetuin (Figure 3.5A) exhibited only one 

elution window. The inset shows the IMS drift time distribution associated with the m/z within the 

RT window highlighted by the green box. In contrast, an extracted ion chromatogram of the NAT 

labeled N-linked glycan (Gal)3(GlcNAc)5(Man)3(NeuAc)2 released from bovine fetuin (Figure 

3.5B) illustrating multiple RT elution windows for the single m/z value. Examination of the drift 

time distribution within the labeled retention windows indicate multiple isomers are present in the 

different retention windows observed. The potential changes in glycan structure and conformation 

may explain the multiple retention windows observed for this single m/z but demonstrates the need 

for a deeper understanding of glycan structure and ultimately their function.  
 

Currently, one of the major limitations of many IMS platforms is the lack of resolving 

power possible for closely related structures. As structural changes between related glycan isomers 



   

80 

 

may be subtle, the information obtained from drift time distributions alone may not be able to 

readily differentiate potential glycan isomers. As show in Figure 3.5B, there were some glycans 

observed that not only had multiple elution times, but also had broad drift time distributions 

indicative of additional isomers or conformers that could not be baseline separated within this drift 

tube. To investigate these broad distributions, the data shown in Figure 3.5 was also analyzed 

using a high resolution demultiplexing (HRdm) approach previously demonstrated to improve the 

resolving power of the Agilent 6560 DTIMS-MS platform from ~60 to somewhere between 180 

to 250 without compromising the associated CCS measurements.42 This analysis strategy is 

employed post-acquisition, and consequently can be readily performed on any DTIMS-MS data 

files acquired with multiplexing.  

To investigate the application of the HRdm algorithm for the analysis of the INLIGHT™-

derivatized glycans, IMS-MS data for bovine fetuin (Figure 3.5) was reprocessed using the HRdm 

1.0 at its medium processing power. Currently, HRdm is available with three separate processing 

levels, each with a different average resolving power. To enhance the resolving power while 

minimizing both the potential for artifacts and the reduction of data points, the medium processing 

power was utilized here. The additional parameters used to process the glycan data were 

determined using Agilent tune mix files, also acquired with 4-bit multiplexing and de-multiplexed 

using the PNNL Pre-Processor. The ions from the tune mix display a single, unimodal drift time 

distribution with a highly-characterized CCS value,65 so parameters were optimized to maintain 

this prior to application with more complex glycan data sets. Figure 3.6A illustrates the resulting 

IMS-MS nested spectra obtained for the third chromatographic window (31.80 min to 32.53 min) 

of the N-linked glycan (Gal)3(GlcNAc)5(Man)3(NeuAc)2. Since the NAT and SIL glycans are drift 

time aligned and have identical drift time distributions prior to processing, suggesting that the 
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incorporation of 13C6 does not significantly alter the structure, HRdm was only performed on the 

NAT for direct comparison in the same nested spectra (Figure 3.6B). Interestingly, the resulting 

nested spectra and drift time distribution after HRdm illustrate at least 6 peaks (Figure 3.6C-D) 

as compared to the ~2 before. While the exact composition of the glycan structure cannot be 

assigned from this information alone, these data serve as a starting point for further investigations 

into glycan configuration utilizing this technique. Furthermore, it agrees well with the high degree 

of glycan structural complexity suggested by previous work using other analytical methods.  25, 64  
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Figure 3.6. To assess the HRdm algorithm analysis of INLIGHT™-derivatized N-liked glycans 

from bovine fetuin, the drift time distributions obtained within the third retention window of the 

N-linked glycan (Gal)3(GlcNAc)5(Man)3 (NeuAc)2 was examined. (Figure 3.6A) The NAT-

labeled form was selected for HRdm analysis, as shown in the IMS nested spectra. The resulting 

drift time distribution (Figure 3.6B) illustrated HRdm can be used to better resolve closely-related 

derivatized isomers/conformers, as HRdm predicted at least six potential peaks (NAT with HRdm) 

within the drift time distribution (Figure 3.6C) compared to the two observed without HRdm 

(Figure 3.6D). 
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3.4.4 Application of nLC-IMS-MS to INLIGHT™ Derivatized Glycans in Complex Samples 

The nLC-IMS-MS analytical workflow was applied to enzymatically-released N-linked 

glycans from pooled human plasma to assess its utility to define the glycans in a complex 

biological system. Pooled plasma has previously been assessed using INLIGHT™ on an 

Orbitrap™ mass spectrometer, and therefore a target list exists from this study.25 A representative 

base peak chromatogram (BPC) obtained for INLIGHT™ derivatized N-linked glycans from 

pooled human plasma is shown in Figure 3.7A.  It was observed that a majority of the INLIGHT™ 

derivatized N-linked glycans eluted between 11 to 26 minutes using the current nLC gradient (grey 

box in Figure 3.7A). To show the benefit of IMS within a traditional nLC-MS workflow, the data 

was summed over this chromatographic window and the resulting IMS and MS nested spectra are 

shown in Figure 3.7B. Numerous 2+ ion pairs that displayed the characteristic isotopic distribution 

for INLIGHT™ derivatized glycans were observed (Figure 3.7B and 3.7C). To verify these pairs, 

their m/z was compared to the plasma INLIGHT™ derivatized N-glycan target list based on the 

work by Hecht et al.,5 resulting in the identification of 37 N-linked glycans in the pooled plasma 

samples (see Appendix B Table B.8). After putative identification, each of the INLIGHT™ 

derivatized N-glycans from the pooled plasma was compared to the trend lines observed for the 

1+ and 2+ INLIGHT™ derivatized N-glycans (Figure 3.7D, yellow circles) established by both 

the derivatized N-linked glycan standards as well as those enzymatically released from the 

glycoproteins bovine fetuin and horseradish peroxidase (Figure 3.3). These putative plasma N-

linked glycans mapped onto the m/z vs CCS trend line observed for INLIGHT™ derivatized 

glycans within the same charge state (Figure 3.3), providing increased confidence in these 

identifications. This approach is particularly advantageous for analysis of N-glycans from complex 

biological samples that have not been previously characterized as the paired features observed 
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within nLC-IMS-MS data facilitate more confident identifications beyond those obtained using 

nLC-MS alone.  

 
Figure 3.7. The base peak chromatogram for the nLC-IMS-MS analysis of INLIGHT™ 

derivatized N-linked glycans enzymatically released from human pooled plasma (Figure 3.7A). 

Many drift-aligned peak pairs were observed between 11 and 26 min in the LC gradient (Figure 

3.7B). A zoomed-in view of one selected drift-aligned pair (Figure 3.7C) illustrates a separation 

of 3.0101 m/z, consistent with a 2+ INLIGHT™ derivatized N-glycan. The identified features from 

plasma that displayed the distinctive isotopic distribution of being NAT and SIL labeled in an 

approximate 1:1 ratio and were drift time-aligned were then plotted on the m/z vs. CCS trend lines 

established in Figure 3.3 (Figure 3.7D).  
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3.5 Conclusions  

The combination of nLC-IMS-MS and the INLIGHT™ provides a rapid analysis strategy 

for N-glycans in complex samples. The use of IMS drift time alignment for the NAT- and SIL-

labeled N-glycans, combined with the distinctive isotopic distributions provided by the 

incorporation of the 13C6, facilitates confident identifications of N-linked glycans within complex 

biological samples. Additionally, as the INLIGHT™ labeled glycans appear to have molecular 

trend lines based on m/z and CCS values, as has previously been observed in IMS for other classes 

of biologically relevant molecules, the rapid identification of putative glycans and glycan 

subclasses is possible. This ability lends itself well to the analysis of novel sample types for which 

there is no literature precedence for the N-linked glycans being observed. While further 

investigations into linkage assignments are still necessary, these experimental findings can be used 

with fragmentation data and computational investigations for putative annotations of glycan 

structures. 
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CHAPTER 4: Rapid Relative Quantification of INLIGHT™ Derivatized N-Glycans in 

Complex Samples Using Skyline 

4.1 Abstract 

N-linked glycosylation is an important co- and post-translational modification of proteins 

that serves a variety of biological roles, ranging from dictating host-pathogen interactions to 

facilitating proper protein fold state. Perturbations in N-linked glycosylation have been implicated 

in a variety of disease states, ranging from neurodegeneration to certain forms of cancer. 

Investigations of the N-glycome are paramount to understanding their biological roles; however, 

these efforts are often hindered by a lack of bioinformatics tools capable of providing a rapid 

method of quantification for these important protein modifications. This is exacerbated when using 

drift tube ion mobility spectrometry-mass spectrometry (DTIMS-MS), as this increases the data 

complexity by addition of a further structural dimension for glycan identification. Here, we present 

using Skyline, a freely-available open source software, for the relative quantification of N-linked 

glycans derivatized with the Individuality Normalization when Labeling with Isotopic Glycan 

Hydrazide Tags (INLIGHT™) strategy.  INLIGHT™ employs differential labeling using a natural 

(NAT) and 13C6-incorporated stable-isotope label (SIL) to relatively quantify N-linked glycans. 

The derivatized N-glycan standards as well as those enzymatically released from bovine fetuin, 

and complex biological samples including human pooled plasma and postmortem brain tissue were 

assessed using nano-liquid chromatography coupled with DTIMS-MS (nLC-DTIMS-MS). A 

transition list for derivatized N-linked glycans was curated, and relative quantification was 

assessed with and without drift time filtering. Multiple peaks were observed for the derivatized N-

glycan in the DTIMS separations, facilitating investigations into their conformer- or isomer-

specific biological roles in disease states.  
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4.2 Introduction 

N-linked glycosylation is the attachment of an oligosaccharide with a conserved common 

core structure to the amide nitrogen of an asparagine residue in a protein. Furthermore, these N-

linked glycans are frequently found on proteins that contain a specific amino acid sequon of N-X-

S/T, where N is asparagine, X is any amino acid except for proline, and S/T is either serine or 

threonine.1, 2 Perturbations in N-linked glycosylation have been implicated in a variety of disease 

states, including neurodegenerative diseases and certain types of cancer.3-6 While these 

biomolecules play a variety of important roles, including dictating protein folding and trafficking,7, 

8 host-pathogen interactions,9 and immune response,10 our ability to fully investigate the N-

glycome is often hampered by the lack of analytical tools able to facilitate their identification and 

quantification within complex biological systems. This limitation is in part due to the highly 

heterogeneous nature of these biomolecules. For example, their non-template driven synthesis 

results in a variety of linkage isomers, both in relation to anomeric positioning and location of the 

individual monosaccharides within the branched structure, many of which are also isomers.2 As 

such, advanced analytical techniques are often necessary for investigations to understand the 

perturbations of glycans and their implications in disease states. 

Current efforts towards elucidation and relative quantification of the N-glycome rely 

heavily on the use of liquid chromatography coupled with tandem mass spectrometry (LC-

MS/MS), which provides both qualitative and quantitative information about glycans within a 

biological system of interest. However, the use of fragmentation alone is sometimes insufficient 

for complete characterization of glycan structures given the high degree of isomerization within 

this class of molecules.11, 12 Consequently, ion mobility spectrometry (IMS) has also been coupled 

with LC-MS investigations to facilitate isomeric glycan separations within complex biological 
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systems.13, 14 IMS is a gas phase separation technique where ions are separated based on their size, 

shape, and charge.15, 16 This technique yields information about the gas phase conformation of a 

molecule in the form of an ion-neutral collision cross section (CCS), a molecular descriptor related 

to the rotationally-averaged gas phase surface area of the ion of interest.15, 16 Thus, IMS finds itself 

well suited for evaluating systems in which a high number of isomers occur. Given the high 

structural heterogeneity and the large number of potential glycan isomers, IMS has been 

particularly useful as a compliment to MS data for discriminating both native and derivatized 

isomeric glycans and facilitating our understanding of the structural diversity of these important 

biopolymers.14, 17-24   

MS-based analyses of glycans are most commonly performed following some form of 

chemical derivatization, given the highly hydrophilic nature of glycans. These derivations have 

previously facilitated improved separations and enhanced glycan ionization efficiencies.25-30 

Derivatization methods have also been employed for relative quantification of N-linked glycans, 

most commonly through the implementation of differential labeling strategies which commonly 

employ both a natural (NAT) and heavy stable-isotope label (SIL) to induce a difference in mass. 

These differential labeling strategies have incorporated various heavy-isotopes, including 15N 

(e.g., isotopic detection of amino sugars with glutamine31 and aminoxy tandem mass tags32), 2H 

(e.g., permethylation33, 34), and 13C (e.g., permethylation,29, 35, 36 2-aminobenzoic acid,37 glycan 

reductive isotope labeling,38 duplex stable-isotope labeling,39 and individuality normalization 

when labeling with isotopic hydrazide tags or INLIGHT™28, 40, 41). Of interest for the present study 

is the use of INLIGHT™ for glycan derivatization. The INLIGHT™ strategy makes use of 

differential labeling of samples, resulting in NAT and SIL derivatized glycan pairs that are 

separated in mass by 6.0201 Da. Furthermore, INLIGHT™ has a greater than 95% derivatization 
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efficiency41-44 and increases the non-polar surface area (NPSA) of N-linked glycans, which can 

facilitate the use of reversed-phase (RP) chromatography and improve ion abundance when 

utilizing electrospray ionization (ESI).28, 41-45  

While significant efforts have been made to facilitate data analysis for both native and 

derivatized glycans within complex biological samples, many software tools are unable to 

quantitate multidimensional data containing the IMS dimension.46, 47 Furthermore, glycan 

databases such as GlycoMod,48 GlycoReSoft,49 GlycoWorkbench,50 and GlySeeker51 provide m/z 

and MS/MS fragment match possibilities but often do not include the mass of the derivatization 

reagent. Thus, it is often necessary for users to perform manual searches for differentially-labeled 

N-linked glycan pairs, which is a difficult and time-consuming process. This is particularly 

exacerbated within multidimensional LC-IMS-MS investigations, where the addition of the IMS 

dimension intensifies data analysis complexity beyond just the LC and MS/MS measurements. 

While databases such as GlycoMob52 include CCS as a descriptor for intact and N-linked glycan 

fragments, these libraries do not always include the derivatization reagent being used within a 

given experiment. GlycoHunter,47 which is an open-source program that generates potential 

derivatized peak pairs, provides the most capabilities to evaluating LC-IMS-MS derivatized data. 

However, for the manual multidimensional validation and quantitative comparisons of numerous 

datasets, GlycoHunter is best combined with the freely-available, open-source software platform 

Skyline.53, 54 While Skyline has traditionally been used for proteomic data;53, 54 the addition of a 

small-molecule mode has made glycan assessment possible, but additional capabilities were also 

needed for our derivatization studies.55  

Skyline evaluates MS data by utilizing a targeted list of anticipated of molecules containing 

their anticipated m/z values, and other experimental properties such as LC retention time.53 
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Additionally, Skyline has the capability of evaluating the IMS and using CCS as a filter for 

removing interferences and assigning chromatographic peaks.56 This is particularly useful in 

analysis of complex data sets, where the possibility of co-eluting isomers or overlapping isotopic 

distributions where multiple features within the same chromatographic peak exist. In such cases, 

Skyline uses only the targeted feature and filters out all other signals observed at the same m/z.  

Skyline has also previously been employed for the analysis of N-linked glycans, both as part of a 

PGC library for cardioglycans57 as well as for the targeted analysis of N-linked glycans derivatized 

with INLIGHT™28, 58 However, these studies did not incorporated CCS as a molecular descriptor 

to improve specificity of glycan assignment. Thus, the workflow presented herein enables LC, 

IMS and MS identifications, which are beneficial for elucidating conformer- or isomer-specific 

biological perturbations within complex samples. 

4.3 Experimental 

4.3.1 Materials 

 All N-glycan standards were purchased from Sigma Aldrich (St. Louis, MO) including: 

maltoheptaose, bovine fetuin, ammonium bicarbonate, iodoacetamide, dithiothreitol (DTT), 

tetraethylammonium bromide (TEAB),  tris(2-carboxyethyl)phosphine hydrochloride (TCEP), 

deoxycholate, and cOmplete™ EDTA-free protease inhibitor. The INLIGHT ™ reagents (NAT 

and SIL) were obtained from Cambridge Isotope Laboratories (Tewksbury, MA) and PNGase F 

was acquired from Bulldog Bio (Portsmouth, NH). Finally, Optima LC-MS grade water, methanol, 

acetonitrile, formic acid, and acetic acid were purchased from Fisher Scientific (Hampton, NH). 

Reagents were used as received if not otherwise indicated. For the human samples, male and 

female human pooled plasma (K2 EDTA) were purchased from Golden West Biologicals 

(Temecula, CA). All postmortem brain tissue were performed as part of the human studies 
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protocols approved by the Stanford University Institutional Review Board. Written informed 

consent was obtained from all subjects and all samples were de-identified prior to the study. 

4.3.2 Brain Tissue Homogenization and Protein Quantitation 

To prepare brain tissue for glycan analysis, it was homogenized by first adding 40 µL of 

100 mM TEAB, 8 µL of 0.05 mM TCEP, and 9.6 µL of 10% deoxycholate to each Eppendorf 

sample tube. Samples were briefly vortexed, then centrifuged briefly (~20 sec) using a benchtop 

centrifuge. Homogenization was performed in the original tubes using a Fisherbrand pellet pestle 

for 10-25 sec or until not visible tissue remained. To assess protein content for each sample, an 

A280 assay was performed using a Thermo NanoDrop 2000c. Prior to glycan sample preparation, 

a buffer exchange was performed on each brain sample by adding 95 µg of protein and 400 µL of 

8 M urea onto a 10-kDa molecular weight cut-off filter. Glycoproteins were concentrated on the 

filter by centrifugation at 14,000 x g for 15 min. Complete buffer exchange was ensured by 

repeating addition of urea and centrifugation as described above for a total of three buffer exchange 

steps. This process was then repeated using 400 µL of ammonium bicarbonate solution to ensure 

buffer conditions were suitable for enzymatic N-linked glycan removal using PNGase F as 

described below.     

4.3.3 Glycan and Glycoprotein Sample Preparation  

The biological glycan samples (bovine fetuin, pooled human plasma, and human brain) 

were all prepared using a modified filter-aided N-glycan separation (FANGS) strategy, as 

described previously.24, 28, 40, 59 In summary, 250 µg of each protein (with the exception of the brain 

samples, as described above) were added to a 10-kDa molecular weight cut-off filter and 

subsequently denatured using 2 µL of DTT. Each sample was diluted in 200 µL of 100 mM 

ammonium bicarbonate (digest buffer), briefly vortexed, and subsequently incubated at 56 °C for 
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30 mins. Samples were next alkylated using 50 µL of iodoacetamide, then incubated for an 

additional 60 mins at 37 °C. Denatured and alkylated protein samples were centrifuged for 40 mins 

at 14,000 x g at 20 °C to concentrate them on the filter. These concentrated samples were washed 

in triplicate by addition of 100 µL of digest buffer and centrifugation at 14,000 x g for 20 mins per 

wash step. The filters were then transferred to a clean sample tube prior to enzymatic removal of 

glycans from the glycoproteins. N-linked glycans were enzymatically removed from glycoproteins 

by adding 2 µL of PNGaseF (1000 units) and 98 µL of digest buffer to each sample followed by 

incubate at 37 °C for 18 hrs. After incubation, N-linked glycans were eluted from the filter via 

centrifugation at 14,000 x g for 20 mins. Each sample was again washed in triplicate using 100 µL 

of digest buffer and subsequent centrifugation at 14, 000 x g for 20 mins. N-linked glycans were 

then allowed to incubate at -80 °C until fully frozen, then dried to completion using a vacuum 

concentrator.  

4.3.4 INLIGHT™ Derivatization of N-linked Glycans  

All N-linked glycan standards, maltoheptaose, and the enzymatically released N-linked 

glycans were derivatized as described by Kalmar et al.24, 28 Briefly, the NAT and SIL INLIGHT™ 

derivatization reagents were solubilized in 1 mL of methanol and then vortexed for 10-min to 

ensure a final concentration of 1 mg/mL. To reduce the analytical variability used for this proof of 

concept study, the NAT and SIL reagents were combined in a 1:1 ratio and added to each sample 

at a concentration of 0.1 µg/µL. Each sample was then diluted in a solution of 44:55 (v:v) acetic 

acid:methanol, briefly vortexed (ca 5 secs) and then allowed to incubate for 1.75 hrs at 37 °C. 

Following incubation, the samples were dried in completion in a vacuum concentrator and stored 

at -20 °C until analysis. Reconstitution in 50 µL of mobile phase A (MPA) was performed 

immediately prior to nLC-IMS-MS analysis.  
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4.3.5 nLC-IMS-MS Analysis  

All nLC-IMS-MS experiments were conducted as described previously.24, 28 Briefly, a 

Thermo Fisher Scientific EASY nLC 1200 (Waltham, MA) was coupled with an Agilent 6560 

IMS-QTOF (Santa Clara, CA). INLIGHT™ derivatized N-linked glycans were separated using a 

Thermo Fisher Scientific (West Palm Beach, FL) Acclaim PepMap C18 analytical column (75 µm 

x 25 cm, 3µm, 100 Å) that was preceded by a Thermo Fisher Scientific (West Palm Beach, FL) 

Acclaim PepMap C18 trap column (100 µm x 2 cm, 5 µm, 100 Å). A gradient separation was used 

for reversed-phase liquid chromatographic (RPLC) separations, where (MPA) consisted of 98% 

water, 2% acetonitrile, and 0.1% formic acid, while mobile phase B (MPB) was comprised of 80% 

acetonitrile, 20% water, and 0.1% formic acid. The gradient employed began with 5% MPB, which 

was increased to 35% MPB over 2-min at a flow rate of 300 nL/min. A ramp was then used to 

increase to 70% MPB over 40-mins, followed by a sharp increase to 95% MPB over 1-min. The 

%B was held for 6-min before a steep decrease to 5% MPB over 1-min. These conditions were 

held for 10-min, resulting in a total gradient length of 60-min. The injection volume used for N-

linked glycan analyses was 5 µL.  

IMS-MS measurements were conducted using the Agilent 6560 IMS-QTOF MS (Santa 

Clara, CA).60, 61 Ionization was conducted in positive ionization mode using the Agilent nanoESI 

source, with an applied voltage of 2100 V. All DTIMS measurements were conducted using a 4-

bit multiplexing acquisition context under a uniform field strength of 17.3 V/cm. The associated 

trap fill and release times used were 3.9 ms and 100 µs, respectively. Nitrogen was used as the 

buffer gas and maintained at a constant pressure of 3.95 torr. Additional instrumental parameters 

are included in Appendix C Tables C.1-C.3.  
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4.3.6 HPLC-IMS-MS 

Analysis of INLIGHT™ derivatized enzymatically-released glycans from bovine fetuin, 

pooled plasma, and brain tissue were investigated using an Agilent 1290 UHPLC coupled with the 

Agilent 6560 IMS-QTOF MS. Electrospray ionization (ESI) was performed in positive ionization 

mode using the Agilent JetStream source. High-flow RPLC separations were conducted using a 

Waters (Milford, MA) UHPLC BEH C18 (1.7 µm, 2.1 x 100 mm) column. The chromatographic 

method employed has previously been described by Kalmar et al.28 MPA was consistent with that 

used in the nLC-IMS-MS investigations with MPB consisting of 98% acetonitrile, 2% water, and 

0.1% formic acid. A gradient method was employed beginning with a 1-min hold at 5% MPB and 

a flow rate of 0.1 mL/min, followed by an increase to 35% MPB over 2-min. A shallow ramp to 

37% MPB over 20-min was then employed, followed by a fast ramp to 95% MPB which was held 

for 3-min before a decrease to 5% MPB for 3-min, resulting in a total method time of 30-min. The 

injection volume used for brain tissue N-linked glycan analysis was 17 µL. All IMS-MS 

measurements were conducted using the same method parameters as described previously for 

nLC-IMS-MS above. Additional instrumental parameters are included in Appendix C (Tables 

C.4-C.6).  

4.3.7 Data Analysis  

Prior to Skyline data analysis, all data files were demultiplexed using the PNNL 

PreProcessor62 (available from https://omics.pnl.gov/software/pnnl-preprocessor). Data analysis 

was then conducted following the workflow shown in Figure 4.1.56 In this workflow, Agilent tune 

mix (ATM) was collected with the same experimental parameters used for the glycan samples. 

The drift times associated with the diagnostic ions within the ATM were then related back to the 

anticipated CCS values of the ATM ions using the single-field method.61 The β and tfix for the 
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single-field calibration were determined using Agilent MassHunter IM-MS Browser (Santa Clara, 

CA), and subsequently applied to each glycan data file collected within the same instrumental run 

under identical experimental conditions. Generally, the next step in the analysis pipeline is the 

curation of a target list including the precursor formulae, precursor adducts, anticipated retention 

times, and CCS for each of the analytes being examined. For this investigation, the target list was 

prepared using precursor chemical formulae, adducts, charge states, and single-field CCS values24 

for INLIGHT™ derivatized maltoheptaose and N-linked glycan standards as well as those 

enzymatically released from bovine fetuin and human pooled plasma proteins.24 Each data file was 

then imported into Skyline, and the manually curated target list was used to assess the peak areas 

of the identified N-linked glycans with and without drift-time filtering. Integration of peak areas 

was performed by manual adjustment of peaks picked by Skyline and peak areas were 

subsequently imported into Excel for manual analysis. Peak area corrections to account for  

contributions of overlap between the A+6 peak of the NAT labeled glycans into that of the SIL 

and subsequent relative quantifications were performed as per Walker et al.41  To determine if any 

significant differences in relative quantification were observed between ratios determined with and 

without the application of drift time filtering, a paired t-test was performed using Metaboanalyst 

5.063, 64 with a maximum significance cut-off of p=0.05 and a false discovery rate (FDR) 

correction. 
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Figure 4.1 Workflow of importing IMS-MS data into Skyline. Single-field calibrations are 

performed within the Agilent MassHunter IM-MS Browser software using Agilent tune mix data 

then assigned to N-linked glycan data files collected under identical experimental conditions. Prior 

to analysis in Skyline, a target list, or series of precursor formulae, associated adducts, and 

anticipated CCS values, was generated. The data was then imported into Skyline, using the target 

list to search the data for matching peaks.  

 

4.4 Results and Discussion 

4.4.1 Using Skyline for Qualitative Assessment of INLIGHT™ Derivatized Glycans 

The ability to qualitatively and quantitatively assess glycomics data is of great import, as 

perturbations in N-linked glycosylation have been implicated in a variety of disease states. 

However, one of the major hindrances with assessments of the N-glycome is the lack of available 

tools to facilitate both rapid data analysis and manual peak manipulation.46, 47 This problem is 

particularly exacerbated within LC-IMS-MS experiments, as the additional data dimension 

increases the volume of data that needs to be manually screened for potential glycans. To address 

this need, a rapid relative quantification approach using Skyline was investigated for the analysis 

N-linked glycans derivatized using the INLIGHT™ strategy. Investigations were first performed 

as a proof of concept using malto-oligosaccharides and N-glycan standards derivatized with 

INLIGHT™, as well as glycans enzymatically removed from the well-characterized glycoprotein 

bovine fetuin. The utility of Skyline for relative quantitation of LC-IMS-MS for complex 
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biological samples was then assessed using a pooled human plasma sample. Finally, the resulting 

analysis pipeline was applied to N-linked glycans from differentially-labeled human brain samples 

One of the major advantages to using Skyline for the analysis of differentially-labeled N-

linked glycans is the software’s inherent ability to verify that labeled pairs share the same retention 

window. This is demonstrated by the extracted ion chromatogram (EIC) for maltohexaose shown 

in Figure 4.2. INLIGHT™ derivatization utilizes 13C6 for the heavy labeling of N-linked glycan 

to enable relative quantification and remove retention time shifts often observed using a deuterium 

incorporated heavy label.65, 66 As such, NAT and SIL INLIGHT™ derivatized N-linked glycan 

pairs co-elute. Skyline also verifies that the same chromatographic window is being assigned to a 

single glycan of interest between replicates. If errors are noted here, they could indicate either 

instrumentation errors or incorrect peak annotations, providing data integrity quality analyses and 

the rapid assignment of derivatized N-linked glycans when retention time is known (Figure 4.2). 

Skyline also provides the peak areas for both the NAT and SIL labeled INLIGHT™ glycan pairs, 

which can be readily exported for relative quantification of differentially-labeled glycans (Figure 

4.2).  

One of the major advantages to using IMS within an LC-MS workflow is the ability of 

IMS to act as a filter for unwanted signals or noise. Previous investigations using LC-IMS-MS to 

quantitate peptides within complex mixtures demonstrated that the use of LC-IMS-MS/MS with 

drift time filter facilitated greater linearity and lower limits of detection than observed with LC-

MS/MS alone.56 In the case of INLIGHT™ derivatized glycans, drift time filtering has previously 

been demonstrated to clean-up mass spectra for derivatized N-linked glycans, facilitating their 

identification in complex samples when using a manual data analysis approach.24 To investigate 

the utility of Skyline for automating this type of analysis, target lists for INLIGHT™ derivatized  
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Figure 4.2 Skyline output for INLIGHT™ derivatized NAT and SIL labeled maltohexaose enables 

the rapid assessments of labeled N-linked glycan co-elution (left), retention times between 

replicates (top, right), and assessment of peak areas (bottom, right). The associated data can be 

readily exported for offline analysis using Microsoft Excel or other software programs.  

 

glycans enzymatically released from the well-characterized glycoprotein bovine fetuin and pooled 

human plasma were created using their anticipated chemical formulae, adducts, charge state, and 

CCS. The data was then imported into Skyline and assessed with and without the application of 

drift time filtering. Several instances were observed in which drift time filtering provided a cleaner 

EIC for the derivatized N-linked glycans as compared to MS1 filtering alone. An example of this 

is shown in Figure 4.3A, where the grey trace shows the data for the NAT derivatized form of the 

N-linked glycan H4N3A1 observed within the pooled human plasma when only MS1 filtering was 

applied. Upon application of drift time filtering for this plasma N-linked glycan,24 a single peak 

was observed for this glycan within the complex sample, as shown by the blue trace (Figure 4.3A). 

Examination of the mass spectral and IMS data associated with this chromatographic peak readily 

revealed both the NAT and SIL peaks attributed to this derivatized N-linked glycan (Figure 4.3B). 

The MS data also demonstrated both the correct charge state (2+) and m/z spacing for the putative 
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INLIGHT™ derivatized glycan identifications in addition to the anticipated relative 1:1 abundance 

ratio. The co-drifting IMS data also add support to the MS data, as the incorporation of 13C6 into 

the SIL label does not sufficiently alter the structure or modify the mobility of the SIL-labeled N-

glycan from that labeled using the NAT reagent.24  

Figure 4.3 EIC of the [M+NAT+2H]2+ adduct for the plasma N-linked glycan H4N3A1 (Figure 

4.3 A) filtered by MS1 (grey trace) and MS1 with drift time filtering (blue trace) demonstrates the 

utility of CCS as an additional molecular descriptor for rapid identification of labeled N-linked 

glycans within complex biological systems. Closer examination of the associated MS and IMS 

data reveals correct m/z spacing, charge state, approximate 1:1 ratio, and drift alignment are 

observed for the NAT and SIL labeled forms of this putative N-linked glycan signal, lending 

additional confidence in glycan identification. 

 

 

A

0

0.2

0.4

0.6

0.8

1

1.2

10 15 20 25 30 35 40 45 50

A
b

u
n

d
a
n

c
e
 (

x
1
0

5
)

Retention Time (ms)

0

5

10

15

20

902 902.5 903 903.5 904 904.5 905 905.5 906 906.5 907A
b

u
n

d
a
n

c
e
 (

x
1
0

3
)

m/z

27

28

29

30

902 902.5 903 903.5 904 904.5 905 905.5 906 906.5 907

D
ri

ft
 T

im
e
 (
m

s
)

m/z

[M+1] [M+2] [M+1] [M+2][M] [M]

NAT SIL

Filter by MS1 (902.3506 m/z) 

Filter by MS1 + CCS (411.4 Å²)

B

[M+1][M]

NAT

[M+2] [M+1] [M+2][M]

SIL

H4N3A1

[M+NAT+2H]2+



   

106 

 

4.4.2 Comparison of MS1 and IMS-MS Relative Quantification of INLIGHT™ Derivatized 

Glycans 

In this study the N-linked glycan standards and those enzymatically released from 

glycoproteins were 1:1 derivatization with the NAT and SIL reagent. To determine if 1:1 ratios 

were determined with Skyline, maltooligosaccharides, N-linked glycan standards, and those 

enzymatically released from the well-characterized glycoprotein bovine fetuin, were all evaluated. 

Initially, target lists were generated for each of the anticipated N-linked glycans using their 

chemical formula following derivatization, anticipated adducts, charge states, and CCS values. 

The data imported into Skyline was then filtered using these parameters, providing EICs for each 

of the targets. Since Skyline visually illustrates the chromatographic peaks which it considers the 

best fit for the predefined criteria, these integration boundaries can be manually inspected and 

modified when needed to provide the most accurate peak areas for each target. 

One of the factors considered in evaluating Skyline as a means of performing relative 

quantitation for INLIGHT™ derivatized N-linked glycans is the overlap of the isotopic 

distributions of the NAT and SIL-labeled glycans. While the incorporation of 13C6 into the SIL 

label provides a separation in m/z space for these differentially-labeled N-glycans, the occurrence 

of higher charge states observed within some of the initial results for LC-IMS-MS investigations 

of INLIGHT™ derivatized N-linked glycans lead to a smaller m/z distance between the NAT and 

SIL monoisotopic mass peaks.24 This overlap between the isotopic peaks of the NAT and 

monoisotopic peak of the SIL could falsely increase the abundance observed for the SIL, skewing 

the relative quantitation.41 Previous work utilizing the INLIGHT™ strategy to manually assess 

relative quantitation of derivatized N-linked glycans corrected for this overlap by calculating a 

relative glycan abundance ratio by using a Total Glycan Normalization Factor (TGNF) 
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normalization strategy to improve relative quantitation.41, 45 To account for this within the present 

study, the peak areas determined by Skyline both with and without drift time filtering were 

exported and manually corrected as per Walker et al.41, 58, 67  

Initial comparison of the Skyline peak areas with and without drift time filtering were 

conducted using peaks where a single IMS peak or conformer were observed. The mean and 95% 

percent confidence interval for the NAT: SIL ratio were determined to be 0.987 ± 0.002 for MS1 

only filtering, while that obtained with IMS filtering applied was determined to be 0.992 ± 0.002. 

Thus, only a slight increase towards 1 was noted with IMS filtering of the single peaks, illustrating 

interfere was not readily occurring. Additionally, a paired t-test was performed using 

Metaboanalyst 5.0 with a false discovery rate correction and a p-value significance cut-off of 0.05.  

It was determined that there was no significant difference between the NAT: SIL ratio provided 

by Skyline with or without the use of drift time filtering (p < 0.05) for all single conformer/isomer 

derivatized N-linked glycan standards, maltooligosaccharides, and those enzymatically released 

from bovine fetuin or pooled human plasma samples. It was also noted that the derivatized glycans 

with the lowest p-values, while not significant, were those enzymatically released from the pooled 

human plasma samples (Appendix C, Table C.7). Closer examination of the raw data from the 

plasma samples (Appendix C, Figure C.1) revealed that most of the background signal within the 

chromatographic timeframe where a majority of the glycans eluted was from lower m/z ions than 

our observed N-linked glycans. Thus, while IMS may be useful in situations with high interfering 

analytes, these gains were not particularly beneficial in this particular situation due to the extensive 

sample preparation. 
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4.4.3 Skyline for CCS Specific Relative Quantification of INLIGHT™ Derivatized Glycans 

Beyond just interference remove, another benefits of IMS is the ability to discriminate 

between different isomeric species that share the same retention window and have sufficiently 

different CCS such that they can be resolved. Within the data currently being considered, there 

were many instances in which multiple isomers/conformers were observed for a single glycan 

composition, sometimes within the same chromatographic retention window. Thus it was 

necessary to assess the ability of Skyline to parse out these signals for relative quantification of 

individual conformers/isomers. To address this, target lists were generated in which each 

individual conformer/isomer was treated as a separate entry to facilitate relative quantitation per 

individual drift time window. Drift time filtering was applied based on the CCS value for each of 

the target conformer/isomers listed. An example of this is shown in Figure 4.4, which shows the 

EICs for the NAT (red trace) and SIL (blue trace) of the INLIGHT™ derivatized glycan H6N5A2 

from pooled human plasma, which was observed to have two separate chromatographic windows 

following the application of drift time filtering for the conformer/isomer with a CCS of 549.2 Å². 

Examination of each retention window showed that the first retention time at ~39 min contained 

three conformers/isomers (Figure 4.4 bottom) with CCS values of 522.8 Å², 549.2 Å², and 572.3 

Å², while the second retention time peak at ~40 min only had two observed conformers/isomers 

with CCS of 527.6 Å² and 554.9 Å². Following drift time selection for the 549.2 Å² 

conformer/isomer (indicated by the purple box in Figure 4.4, bottom), Skyline was able readily 

determine peak areas specific to this particular drift window for each pooled human plasma 

replicate, as shown in the inset of Figure 4.4. However, it should be noted that even after drift 

time filtering, the second chromatographic peak (~40 min) was still included within the CCS 

specific EIC for this particular plasma glycan when using the average IMS resolving power (Rp ~ 
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60, ΔCCS/CCS)60, 68, 69 of the Agilent 6560. Furthermore, closer examination of the drift spectra 

associated with this particular drift time window showed that that Skyline was also including the 

derivatized N-linked glycan conformer/isomer with the CCS of 554.9 Å², which has a 1.03% 

difference in CCS (ΔCCS%). Baseline resolution of these two conformers/isomers would require 

a theoretical Rp greater than 300,69 which would currently require the use of alternative 

instrumentation, such as the structures for lossless ion manipulations (SLIM) platform, for 

complete differentiate. Thus, while Skyline is capable of drift time specific peak area extraction, 

it is necessary to carefully examine the data in order to ensure that the correct peak area is being 

selected.  

Figure 4.4 EIC of the 2+ NAT and SIL derivatized plasma N-linked glycan H6N5A1 (top) filtered 

by MS1 and the drift time corresponding to a CCS of 549.2 Å², as shown by the purple filtering 

bar within the IMS heat map (bottom). Drift time specific peak areas were readily calculated by 

Skyline (inset) and exported for further data analysis.  

 

The analysis described above was repeated for all derivatized plasma N-linked observed to 

have multiple conformers/isomers present within a single retention window. Following correction 
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and application of the TGNF, the NAT: SIL ratio when filtered by CCS was determined to have a 

mean and 95% confidence interval of 1.008 ± 0.002, lending evidence to the ability of Skyline to 

facilitate CCS specific relative quantification. This could be particularly beneficial in cases where 

a specific isomer/conformer may be of interest for a given disease state.  

To investigate Skyline for the rapid relative quantification of INLIGHT™ derivatized N-

glycans in complex sample types, the LC-IMS-MS data analysis pipeline was applied to glycans 

released from postmortem human brain tissue of dementia patients. In the example shown in 

Figure 4.5, N-linked glycans enzymatically released from caudate nucleus tissue of female (NAT) 

and male (SIL) dementia patients enabled a comparison of differences in glycosylation due to 

biological sex. Importantly, it was also noted within the raw data files that this particular dataset 

had polymer interferences within the m/z and retention time range in which N-linked glycans were 

observed (Appendix C, Figure C.2). Thus, drift time filtering was employed for the analysis of 

these N-linked glycans to prevent interferences from aberrant signals that may harm their relative 

quantification. As proof of concept, relative quantification using Skyline was performed for both 

a putative N-linked glycan that was observed to have a single conformer (H3N5F1, Figure 4.5 A) 

and a glycan composition that was observed to have multiple conformers/isomers (H5N4A2, 

Figure 4.5 B). The relative quantification for the N-linked glycans observed within this sample set 

were not anticipated to have a 1:1 ratio, as they were derived from different patient 

quantification. As proof of concept, relative quantification using Skyline was performed for both 

a putative N-linked glycan that was observed to have a single conformer (H3N5F1, Figure 4.5 A) 

and a glycan composition that was observed to have multiple conformers/isomers (H5N4A2, 

Figure 4.5 B). The relative quantification for the N-linked glycans observed within this sample set 

were not anticipated to have a 1:1 ratio, as they were derived from different patient samples. In 
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Figure 4.5 EIC of the 2+ NAT and SIL derivatized N-linked glycan H3N5F1 (Figure 4.5A) and 

H5N4A2 (Figure 4.5B) derived from human brain tissue filtered by drift time, as shown by the 

purple filtering bar within the IMS heat map (bottom), facilitating drift time specific relative 

quantification. 
 

 this particular case, the female brain sample was derivatized using the NAT reagent, while the 

male was derivatized using the SIL. The brain extracts were combined in a 1:1 ratio prior to 
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analysis using LC-IMS-MS. Application of the Skyline relative quantification analysis pipeline to 

H3N5F1 when using both MS1 and drift time filtering for its CCS (447.2 Å²) revealed a single 

chromatographic peak (Figure 4.5A), with a NAT: SIL ratio of 1.01.  As shown in Figure 4.5B, 

the putative N-linked glycan with the composition H5N4A2 was observed to have two potential 

conformers/isomers, with CCS of 497.3 Å² and 516.3 Å² for the female and 496.9 Å² and 516.2 

Å² for the male. This allowed for relative quantification to be performed on each individual 

conformer/isomer, which resulted in a NAT: SIL ratio of 0.72 and 0.52, respectively. While 

meaningful conclusions cannot be drawn about the biological implications of these observed 

differences in abundance due to lack of statistical power, these initial investigations serve as a 

strong proof of concept that Skyline could be beneficial for these types of investigations within a 

much larger study, or for other investigations in which conformer/isomer specific relative 

quantitation is desired.  

4.5 Conclusion 

In this chapter, we have presented the first application of Skyline to the rapid relative 

quantification of LC-IMS-MS data for INLIGHT™ derivatized N-linked glycans. Since Skyline 

provides the high-throughput determination of co-elution, drift alignment, and peak areas filtered 

both by MS1 and drift time, it is a powerful software tool for the qualitative and quantitative 

assessment of derivatized N-linked glycans. The use of IMS drift time filtering for peak areas also 

facilitates the ability to remove contaminants and allow isomer/conformer specific quantitation, 

which enables future biological studies in which co-eluting isomers have biological significance.   
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CHAPTER 5: High Resolution Demultiplexing (HRdm) Ion Mobility Spectrometry-Mass 

Spectrometry for Aspartic and isoAspartic Acid Determination and Screening 

5.1 Abstract 

Isomeric peptide analyses are an analytical challenge of great importance to therapeutic 

monoclonal antibody and other biotherapeutic product development. Aspartic acid (Asp) to 

isoaspartic acid (isoAsp) isomerization is a critical quality attribute (CQA) that requires careful 

control, monitoring and quantitation during the drug discovery and production processes.  While 

the formation of isoAsp has been implicated in a variety of disease states such as autoimmune 

diseases and several types of cancer, it is also understood that the formation of isoAsp results in a 

structural change impacting efficacy, potency or immunogenic properties, all of which are 

undesirable. Currently, lengthy ultra-high performance liquid chromatography (UPLC) 

separations are coupled with MS for CQA analyses; however, these measurements often take over 

an hour and drastically limit analysis throughput. In this manuscript, drift tube ion mobility 

spectrometry-mass spectrometry (DTIMS-MS) and both a standard and high-resolution 

demultiplexing approach were utilized to study eight isomeric aspartic and isoaspartic acid peptide 

pairs. While the limited resolving power associated with the standard DTIMS analysis only 

separated three of the eight pairs, the application of HRdm distinguished seven of the eight and 

was only unable to separate DL and isoDL. The rapid high throughput HRdm DTIMS-MS method 

was also interfaced with both flow-injection and an automated solid phase extraction system to 

demonstrate screening capabilities for isomeric peptides in complex samples, resulting in a 

workflow highly suitable for biopharmaceutical research needs.   

5.2 Introduction 

Proteins and peptides are capable of undergoing several spontaneous chemical reactions 

even under standard physiological conditions, including deamidation,1 isomerization,2-4 and 
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racemization.5 These post-translational modifications occur readily in proteins and peptides and 

are extremely challenging to detect and study with mass spectrometry (MS), as several do not have 

mass shifts.6, 7 Of specific interest is the formation of isoaspartic acid (isoAsp, isoD), which can 

be created either through the deamidation of asparagine (Asn, N) or the isomerization of aspartic 

acid (Asp, D) (Figure 5.1).7 The conversion of Asp and Asn to isoAsp has been implicated in 

several aging-related disorders, particularly those of the eyes and brain, as well as cancer and 

decreased autoimmune response due to protein structural changes.6, 8-10 11, 12 During the 

development of biotherapeutics,  including but not limited to mAbs and bispecific antibodies,13, 14 

it is also critical to unequivocally identify and quantify CQAs15-17  that could negatively impact 

the stability and activity of the candidate molecules. Biotherapeutic candidates are therefore 

subjected to a series of forced degradation studies to determine their stability, appropriate shelf 

life, suitable storage and transport conditions, a process known as Molecular Assessment.18  The 

chemical liabilities are also monitored and quantified during late stage product development within 

a current good manufacturing process (cGMP) environment using the multi-attribute method 

(MAM).19 IsoAsp is one of the degradation products routinely screened by biopharmaceutical 

companies since the spontaneous, non-enzymatic conversion of Asp and Asn to isoAsp can 

produce a structural change in the protein structure, resulting in protein aggregation and potential 

decreases in drug potency.2, 4, 20, 21 Conversion of Asp and Asn residues located on the complement 

determining region (CDR) of antibodies has also led to a substantial decrease in potency of  

therapeutics, even for the conversion of a single Asp residue.22 Thus, having an effective, high-

throughput method to screen potential new drug products for this isomerization at each of the 

crucial steps in the research and production pipeline would be greatly advantageous for the 

development of these novel biotherapeutics. 
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Figure 5.1. Isomerization of L-Asp and D-Asp to L-isoAsp or D-isoAsp proceeds through the 

formation of a succinimide intermediate. L-Asn can also be converted to L-Asp or L-isoAsp 

through succinimide intermediate formation. This spontaneous isomerization can occur due to 

fluctuations in pH, temperature, or solution conditions.23 

 

One challenging aspect of performing biotherapeutic characterizations is the development 

of analytical techniques that can rapidly and accurately detect and quantify these isomeric peptides. 

This is in part because they share the same m/z values and similar physicochemical properties, 

making analyses with MS and chromatographic methods non-trivial. Commonly, these 

spontaneous degradation products are detected using a combination of targeted peptide mapping 

followed by lengthy chromatographic separations and MS/MS detection.22 While these standard 

practices are robust, they are extremely low-throughput and preclude screening capabilities. To 

address this limitation, advances have been made in the use of immunoassay and enzymatic-based 

screening tests, as well as bioluminescence and fluorescence assays,21, 24 which exclude 

chromatographic separation and are not as time consuming as other commonly applied methods 

such as peptide mapping. However, while these screening tools are capable of rapidly detecting 

isoAsp, they lack specificity and fail to provide the location of the isomerization on the protein or 

peptide sequence.21, 24  MS detection of isoAsp is therefore preferable for this reason, particularly 
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in pharmaceutical preparations where the location of the isomerization can significantly decrease 

the potency of the mAb-based therapeutics.22  

The majority of MS methods used in the detection of isoAsp rely on fragmentation-based 

dissociation techniques, such as electron capture dissociation (ECD) and electron transfer 

dissociation (ETD), where the presence of isoAsp is verified by certain characteristic ions.22, 25-27 

Recently MALDI-ToF/ToF was demonstrated as an effective alternative to the aforementioned 

electron based fragmentation techniques for Asp and isoAsp differentiation.28 While these 

techniques yielded reproducible results, they are reliant on the assumption that the fragment ions 

will be abundant enough for detection, which may not be the case if isoAsp quantities are low. 

Attempts at modifying isoAsp-containing peptides prior to fragmentation by ECD/ETD have also 

been utilized. In particular, enzymatic labeling of isoAsp with 18O and gas-phase ion chemistry 

with carbidiimide29 30 have shown promise in detecting isoAsp peptides important to mAb-based 

pharmaceuticals. However, while the analytical workflows for the detection and quantification of 

isoAsp exist, the procedures often require peptide fractionation and lengthy (>1 hr) 

chromatographic separation of the Asp and isoAsp containing peptides prior to tandem-MS 

analyses.22 Thus, the development of a robust, high-throughput screening method for isoAsp 

content determination in biotherapeutics would benefit both product development and quality 

control for mAb-based therapeutics. 

Here, we developed a rapid solid phase extraction method coupled with DTIMS-MS (SPE-

DTIMS-MS) to evaluate isoAsp isomerization and facilitate high-throughput screening of peptide 

samples for these degradation products. Since DTIMS-MS is a gas-phase technique capable of 

separating analytes by mass, size and shape,31, 32 it has great utility for separating isomeric 

molecules analyses.33-38 By evaluating eight isomeric peptide pairs containing either Asp or isoAsp 
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modifications found within the anti-streptavidin IgG1 mAb, we assessed the feasibility of SPE-

DTIMS-MS for this screening. The application of both standard DTIMS acquisition and the use 

of a novel high resolution demultiplexing (HRdm) strategy,39 providing an increase in the DTIMS 

resolving power from ~60 to over 200 while still allowing millisecond IMS separation and not 

requiring instrument modifications.  

5.3 Experimental 

5.3.1 Chemicals 

Optima grade methanol, acetonitrile, formic acid, and ammonium acetate were purchased 

from Fisher Scientific (Pittsburgh, PA) and used as received. 18.2 MΩ Millipore deionized water 

was purified using an in-house water filtration system (ELGA PureLab Flex purification system, 

High Wycombe, UK). All synthetic peptides were obtained from Anaspec Inc. (Freemont, CA) 

and prepared in water to a concentration of 10 µM prior to analysis. 

5.3.2 Flow Injection Analysis (FIA)-DTIMS-MS Experiments 

All FIA experiments were performed with electrospray ionization (ESI, Agilent Jetstream) 

using an Agilent 1290 HPLC (Santa Clara, CA) coupled to an Agilent 6560 IM-QTOF MS (Santa 

Clara, CA). This instrument has previously been characterized and consists of a ~78 cm drift cell 

with ~4 Torr of nitrogen drift gas.40, 41 Prior to all experiments, mass calibration of the DTIMS-

MS platform was performed. Experiments to determine CCS values and evaluate separation 

efficiency were performed with FIA using the HPLC to inject 2 µL of each peptide into a stream 

consisting of 50% mobile phase A (MPA) and 50% mobile phase B (MPB) at a flow rate of 0.2 

mL/min. Here 2 different MPAs and MPBs were evaluated for the best ionization of the peptides. 

Our first MP set consisted of MPA1: 5 mM ammonium acetate in deionized water and MPB1: 

95:5 methanol:5 mM ammonium acetate in deionized water. Our second MP set was MPA2: 5 
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mM ammonium acetate in 0.1% formic acid in deionized water and MPB2: 95:5 methanol:5 mM 

ammonium acetate in 0.1% formic acid in acetonitrile. Each peptide standard or mixture was 

analyzed in triplicate using both positive and negative ionization mode over a range of 100 to 1700 

m/z. Standard DTIMS-MS measurements were conducted using a single IMS trap and release 

cycle, with a trap fill time of 40 ms and a release of 100 µs. For HRdm measurements,39 IMS-MS 

data was acquired using a 4-bit multiplexing method, with a trap release time of 3.9 ms and a 

release time of 100 µs. The uniform field strength used for DTIMS separations was between 12-

17 V/cm. Additional parameters used for DTIMS-MS data acquisition are detailed in Appendix 

D (Tables D.1-D.3 for standard IMS acquisition and Tables D.4-D.6 for 4-bit multiplexed 

acquisition).  

5.3.3 SPE-IMS-MS Experiments 

High-throughput screening experiments were performed for both individual peptide 

standards and peptide mixtures using the Agilent RapidFire 365 (Santa Clara, CA) SPE system 

interfaced with the Agilent 6560 IM-QTOF MS. Two types of SPE cartridges (C4 and C18) and 

the two mobile phase compositions from the FIA experiments were used with a 20:80 MPA:MPB 

composition for the elution step. The four main stage for the SPE analysis are aspiration, load, 

elution, and re-equilibration which had times of 0.6, 3, 6, and 1 sec. The solvents and mobile 

phases compositions utilized in the three stage following aspiration consisted of (MPA:MPB): load 

– 100:0, elution – 20:80 and re-equilibration – 100:0. To minimize sample carry-over, the sipper 

and injection valve loops were washed between samples using both water and acetonitrile. All 

SPE-DTIMS-MS measurements were also conducted using the 4-bit multiplexing approach 

described in the previous section.  
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5.3.4 CCS Determination 

Prior to CCS analyses, multiplexed data files were demultiplexed using the PNNL 

PreProcessor42 (v. 3.0 build 2020.11.24, currently in beta, https://omics.pnl.gov/software/pnnl-

preprocessor) and a newly introduced data interpolation feature where 3 points were substituted 

for 1 data point. Additional parameters are described in Appendix D (Figure D.1). CCS value 

determination was performed using the Agilent MassHunter Workstation Software IM-MS 

Browser Version B.10.00 and the single field CCS method which has been described in detail 

previously.41 Briefly, in the single-field approach, a series of calibrant ions (Agilent tune mix) are 

first analyzed under experimental conditions identical to those used to measure samples and a 

linear regression derived from the Mason-Schamp equation is generated correlating the observed 

tune mix ions’ drift times with their CCS values.41 The resulting calibration is then used to 

calculate CCS values for the analytes of interest and has shown interlaboratory deviations of 

<~0.6%.41 In this study, the CCS value obtained for each isomeric peptide ion and its m/z were 

then imported as a transition list into Skyline (MacCoss Lab Software, v. 21.1), which was 

subsequently used to determine peak areas for both the FIA and SPE analyses. 

5.3.5 High Resolution Demultiplexing (HRdm) 

The methods utilized for HRdm have been previously described by May et al. and herein 

were applied to the assessment of isomeric Asp and isoAsp containing peptides.39 Feature finding 

was performed on each data file using the internal feature finding tool in Agilent IM-MS Browser 

v 10.00 (Appendix D, Figure D.2), and the resulting feature list was exported along with the raw 

data file, demultiplexed data file, and resulting feature list into the Agilent High Resolution 

Demultiplexing tool 1.0 (prerelease build 52). This software allows for post-processing resolving 

power enhancement at three separate processing levels (low, medium and high). For the analyses 
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presented herein all three processing levels were assessed for both resolving power enhancement 

and preservation of peak area under the curve (AUC). 

5.4 Results and Discussion 

5.4.1 Investigating the CCS Values of Isomeric Peptide Ions 

To assess standard acquisition and HRdm applied to the DTIMS separation of Asp and 

isoAsp peptide pairs, eight isomeric pairs were evaluated as individual peptide standards and 

isomeric mixtures. The eight pairs were: D/isoDL, LD/isoDA, ALD/isoDGK, AD/isoDGLK, 

ALD/isoDGE, ALD/isoDEK, GD/isoDLLLK, and GLD/isoDLLK. While the isoAsp/Asp 

isomerizations were of primary interest, two pairs of sequence isomers were also included. Both 

pairs contained a sequence isomerization in which the location of the Asp residue within the 

sequence was switched with Leu (L) from the second amino acid from the N-terminus to the third 

residue from the N-terminus (AD/isoDLGK vs. ALD/isoDGK and GD/isoDLLLK vs. 

GLD/isoDLLK). While the vast majority of proteomics work is commonly carried out using only 

positive mode ESI,43, 44 here peptides were assessed using both positive and negative modes to 

compare the separation efficiency of the different ion types. Thus, CCS values were obtained for 

all 16 peptide standards in both ion modes and for each observed ion type. In positive ion mode, 

the peptide ions were observed as both [M+H]+ and [M+Na]+ ions, while in negative ion mode 

[M-H]- and [M-2H+Na]- ions were detected. The single-field CCS values for each peptide ion 

investigated are listed in Appendix D (Tables D.7 and D.8).  

As adduction to metal ions has previously been demonstrated to facilitate IMS separations35, 37, 45-

48 we also evaluated the sodium adducts to understand their potential for adding  
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Figure 5.2. Separation of sequence isomers revealed a potential influence of the isoAsp location 

and the ability of DTIMS to separate the pairs. For example the 4 isomeric pairs on the left illustrate 

that peptides with X-LD-Z sequences (top) had minimal to no DTIMS separation, while those with 

a X-DL-Z sequence (bottom) had more distinct CCS values and baseline separation upon sodium 

adduction (right).  

 

confidence to the measurements. Interestingly, differences in isomeric pair separations were noted 

in the different ion modes and for different ion types in the same ion modes. In several cases, 

adduction to sodium was demonstrated to improve peptide isomer separations compared to 

protonation or deprotonation. Specifically, in the case of peptides having DL and LD sequence 

isomers, investigations into both the deprotonated and [M-2H+Na]- adducts revealed that the 

location of the Asp residue within the peptide chain was influential in differentiating the peptides 

(Figure 5.2). In their deprotonated forms, both peptide pairs containing the generic sequences X-

LD/isoD-Z and X-D/isoDL-Z (where X represents the N-terminus amino acid and Z represents the 

remaining amino acid sequence) displayed either minimal or no separation (Figure 5.2). However, 

upon sodium adduction, the isomeric peptide pair containing the X-D/isoDL-Z sequence was 

baseline resolved, while the peptides containing X-LD/isoD-Z remained unresolved. Adduction of 

sodium in ESI is often associated with the availability of oxygen atoms within a particular 

molecule,49, 50 51 and sequence dependence has been specifically noted for spontaneous isoAsp 
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formation in peptides and proteins.52-55 This is particularly exacerbated by the localization of 

amino acids with smaller, more hydrophilic functional groups, such as glycine (Gly, G), serine 

(Ser, S), and histidine (His, H) on the C-terminus side of Asp and Asn residues.53 Previous work 

has demonstrated that the presence of these less bulky amino acids allows for a certain degree of 

peptide flexibility, making them amenable to succinimide formation.56 In particular, protein 

regions containing the sequence motif Asp-Gly are particularly prone to succinimide formation,53, 

57 particularly in the mildly acidic storage environments most commonly employed for 

antibodies.3, 58, 59 While future studies characterizing peptides containing these sequence isomers 

are necessary, these findings serve as a promising starting point for computational investigations 

into the structure-mobility relationship of these isomeric peptides.  

5.4.2 Characterization of Isomer Separations by ΔCCS%. 

Previous work by Dodds and coworkers investigated the utility of percent difference in 

CCS (ΔCCS%) as a means of assessing difficulty of separation for analytes by IMS and predicting 

separability of compounds at a stated Rp.
60 The Agilent 6560 has an average Rp of 60 (CCS/ΔCCS), 

and as such two analytes need to possesses a ΔCCS% of ~2.3% or greater for half-height 

separation, while those with ΔCCS% above 1.7% attain moderate separation (10% valley), and 

any analytes with less than 1.4% ΔCCS% are not separable or have minimal separation in a mixture 

at this given resolving power (Figure 5.3 top).60 Representative drift spectra from each 

classification are shown in the bottom panel of Figure 5.3.Upon examination of the drift spectra 

and CCS values for the isomeric peptide pairs, varying degrees of separation were observed. The 

resulting ΔCCS% for seven of the eight peptide pairs are illustrated in Figure 5.3 (top). The eighth 

pair, DL and isoDL, was not assessed due to “smearing” in their IMS drift spectra, which is 

commonly attributed to ion multimerization during ESI or ion trapping, followed by the 
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subsequent dissociation within the drift cell.61 This phenomenon was particularly pronounced in 

negative ionization mode (Appendix D, Figure D.3), preventing assessment of DTIMS separation 

for this particular peptide pair. Close examination of the other peptide pairs however revealed that 

only two pairs, GD/isoDLLLK and AD/isoDLGK meet the ΔCCS% threshold necessary for near 

baseline resolution in negative ionization mode at the average Rp of 60, while only GLD/isoDLLK 

were half-height differentiable when using positive ionization. While a majority of the peptide 

pairs had at least one adduct that exceeded the 1.4% ΔCCS% threshold necessary for 10% 

separation, the ability to distinguish isomer pairs at 10% separation in complex mixtures becomes 

challenging and unreliable. 

Figure 5.3. Three distinct categories were used to assign the seven isomeric pairs in this study 

based on the Agilent 6560 standard Rp of 60.  The three separate categories were based on their 

DTIMS CCS differences: <1.4% CCS difference (Minimal Separation), between 1.4% and 2.3% 

difference (Moderate Separation), and >2.3% (Baseline Separation). When not utilizing HRdm, 

only three pairs had >2.3% CCS differences and could be baseline separated in routine operation. 

Ions with a negligible CCS differences are denoted with an asterisk.  
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To address the limited Rp of the standard DTIMS separation used, HRdm was evaluated. 

HRdm has been described in detail previously by May et al, and provides a significant increase in 

effective DTIMS Rp when applied post-acquisition to data acquired in 4-bit multiplexing mode.39 

There are currently three separate modes of HRdm processing termed low, medium, and high. 

Each mode performs a different amount of data fitting with low having the least effect and high 

having the most.39 An example of each of these processing modes applied to one of our isomeric 

peptide pairs is displayed in Figure 5.4A. The lowest available HRdm method provides the least 

improvement in Rp (average of ~ 80 from previous work), and the  highest HRdm improves the 

average Rp to ~210, although values of over 300 have previously been reported.39 However, this 

heightened mode often reduces the number of data points observed within each drift spectra and 

may contribute to poor quantitation (Appendix D, Figure D.4). The medium processing mode 

available yields an average Rp of ~120 and allows for half-height separation of isomers who differ 

in CCS by ~1.2% (Figure 5.4B) but it does not reduce the number of points across the drift spectra 

peak as severely as high mode. To demonstrate the utility of HRdm for the assessment of 

Asp/isoAsp pairs, the three processing modes were applied to each peptide pair. An example of 

this process for the isomeric peptides AD/isoDLGK is illustrated in Figure 5.4A. In their 

deprotonated forms, these analytes possess CCS values of 217.0 Å² and 220.3 Å², with a percent 

difference of 1.5% ΔCCS%. Drift spectra for the individual peptide standards using standard 

multiplexing revealed an Rp of 55 for ADLGK and 54 for AisoDLGK (Figure 5.4A). When 

assessed as an equimolar mixture, DTIMS-MS analysis revealed a single-peak for the associated 

drift spectra, and thus the associated isomers could not be readily differentiated. Post-acquisition 

application of HRdm to the data in its low processing mode, increased the observed Rp of the 

peptide standards to 143 and 151. This enhanced resolving power readily facilitated the separation 
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of these two isomeric peptide standards when in an equimolar mixture, resulting in a 60% 

separation of the peptide pairs. The medium processing mode led to further enhancement of the Rp 

of each drift spectra, with the observed Rp for ADLGK and AisoDLGK increased to 210 and 220 

and resulted in a 90% separation of the peptide pairs. Interestingly, further enhancement using the 

high processing mode maintained the 90% separation of the peptide pairs in the equimolar mixture. 

Examination of each set of peptides revealed that the use of the low processing could separate 

three of out of the seven pairs examined to half-height separations (Figure 5.4B), while both the 

medium and high processing levels were capable of half-height separation for all seven peptide 

pairs. It was also noted that all seven peptide pairs could be separated in negative mode just by 

their deprotonated ions, and five of the seven could be separated in positive mode with their 

protonated ions. Therefore, emphasis for the rapid screening of these peptides was put on 

separation of their deprotonated ions.  

Since deprotonation illustrates such potential for rapid screening of the peptides from this 

study, HRdm enhancement was also applied to the equimolar mixture of all eight isomer pairs. 

Figure 5.5A shows the nested spectra for the m/z window in which the [M-H]- ions for three 

peptide pairs (AD/isoDLGK, ALD/isoDGK, and ALD/isoDGE) were observed after routine 

demultiplexing. To further complicate this m/z area, two of three pairs (AD/isoDLGK, 

ALD/isoDGK) are isomeric and the third pair (ALD/isoDGE) has a nominal m/z value matching 

the [M+1] peak for the others. In this complex mixture, a single peak was observed for both 

AD/isoDLGK and ALD/isoDGK as well as for ALDGE and ALisoDGE (Figure 5.5B). Upon 

application of the medium processing level of HRdm to the same data file, three peaks for the [M-

H]- for AD/isoDLGK and ALD/isoDGK could be observed (Figure 5.5C). This was due not to 

pair overlap, but overlap of AisoDLGK and ALDGK, which share the same CCS of 217Å².  
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However, these two peaks are readily differentiated using their [M-2H+Na]- adduct (Appendix D, 

Figure D.6), which demonstrates the utility of the sodiated adducts for screening candidate 

peptides for this isomerization. The [M-H]- peak for ALD/isoDGE was baseline differentiated, 

with relative peak abundances maintained between routine DTIMS and HRdm DTIMS (Figure 

5.4D).  This was also observed for the [M-2H+Na]- adduct of this pair, as illustrated in Appendix 

D, Figure D6.  

Figure 5.4. Low, medium, and high HRdm processing improved IMS resolving power. A) The 

separation of ADLGK/AisoDLGK illustrates improvements in resolving power based on the 

increasing rigor of the resolving power enhancement applied. The half-height separation was 

determined in terms of percent difference in CCS (ΔCCS%) at the given average resolving 

power (Rp) of each mode of HRdm enhancement. B) Comparison of the low, medium and high 

processing mode showed low separated 5 out of the 7 isomer pairs, while both the medium and 

highest processing levels provide half-height separations for all the investigated isomer pairs.  
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Figure 5.5. HRdm DTIMS-MS analyses for complex mixtures of Asp and isoAsp containing 

peptides. A) Three peptide pairs (AD/isoDLGK, ALD/isoDGK, and ALD/isodDGE) are shown in 

the nested spectra as [M-H]- ions. B) Two separable isomers (ALD/isoDGE) are observed at 

502.2163 m/z and four isomers occur at 501.2684 m/z, but only a single IMS peaks appears in the 

complex mixture at each specified m/z. C) Following medium HRdm processing, the IMS 

separations improved such that two baseline differentiated peaks were observed for ALD/isoDGE 

and three peaks were observed for AD/isoDLGK and ALD/isoDGK. D) Since AisoDLGK and 

ALDGK share the same CCS value, overlap was observed. 
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The significant improvements in DTIMS separations upon application of HRdm 

enhancement are extremely exciting as no additional analysis time is needed and ~60 millisecond 

separations are still possible. However one of the major concerns is the reduction of points across 

the drift spectra peak with increasing HRdm enhancement (Appendix D, Figure D.4). As there 

are strict guidelines for monitoring the formation of isoAsp in biopharmaceuticals, it was necessary 

to determine how severe the impact of this application would be on relative peak area. To 

compensate for the reduction of data points used in this process, the PNNL PreProcessor’s42 data 

interpolation feature was utilized to increase the number of data points across the curve from one 

to three. The ratio of the peak area under the curve (AUC) for each IMS drift spectra of isoAsp to 

Asp peptides was then determined before and after each level of HRdm enhancement. For 

comparison, the percent difference between the routine 4-bit multiplexed drift spectra and those 

obtained using each HRdm enhancement level were found to only differ on average by 2.2% and 

not exceeding 11% for any of the ions assessed (Appendix D, Table D.9). Thus, the reduction of 

data points across the IMS peak does not appear to have significant impacts on the AUC and would 

not preclude quantitation capabilities.  

5.4.3 SPE-IMS-MS for Isomeric Peptide Screening. 

Rapid solid-phase extraction (SPE) systems have been utilized previously in conjunction 

with the DTIMS-MS to develop high-throughput screening methods for isomeric compounds, such 

as glycans and xenobiotics.47, 62 High throughput SPE-MS has also used for assessing levels of 

acrylamide covalent modification to a target sulphydryl residue63 and multispecific antibody clone 

screening.64 In the SPE-DTIMS-MS workflow, sample clean-up was performed by loading the 

sample onto the SPE cartridges which were selected based on the analyte’s compatibility with the 

cartridge stationary phase. After loading, the sample was washed and subsequently eluted for direct 
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DTIMS-MS analysis. This rapid SPE-DTIMS-MS platform performs sample clean-up and 

subsequent DTIMS-MS analysis with a ~10 s sample-to-sample throughput, making it amenable 

for screening pipelines. Since C4 and C18 materials are commonly employed for the analysis of 

small molecules, proteins, and peptides (Figure 5.6), both SPE cartridges were analyzed for the 

best peptide capturing.62, 64, 65 Additionally, two mobile phase systems were investigated to 

determine which solvent conditions resulted in optimal sample clean-up, elution, and ion 

abundance for each peptide. Peak areas were log2 transformed for the protonated ions in each 

condition, and the results are highlighted in Figure 5.6 (for deprotonated adducts, see Appendix 

D, Figure D.7). For both positive and negative ionization, it was observed that the majority of 

peptides retained best on the C18 cartridge and then subsequently eluted with 80:20 0.1% formic 

acid (FA) in water: 0.1% FA in acetonitrile (ACN). However, it should be noted that all peptide 

standards were above the limit of detection, except for D/isoDL due to the smearing mentioned 

previously. Furthermore, adduction to sodium was decreased when using SPE-DTIMS-MS as 

opposed to FIA-DTIMS-MS (Appendix D, Figure D.8). While assessment of the ratio of 

protonated to sodiated species varied slightly, an approximate 1.3:1 ratio was observed for FIA-

DTIMS-MS and 120.0:1 for the comparable SPE-IMS-MS analysis (Appendix D, Table D.10). 

These findings suggest that the SPE step significantly reduces sodium (Appendix D, Figure 

D.8B), which may benefit researchers who require quantitative assessment of unadducted proteins 

and peptides. 
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Figure 5.6. Two different SPE cartridges, C4 and C18, and two mobile phase systems were 

investigated for the peptide standards using SPE-DTIMS-MS. Peak areas for the protonated 

peptides were determined in Skyline using the anticipated m/z and CCS for each peptide 

standard, then log2 transformed to facilitate comparisons between peptides of differing 

abundance. C18 with 0.1% formic acid (FA) and acetonitrile (ACN) provides the best or a 

comparable ion signal for all peptides studied. In triplicate analyzes, all peak areas illustrated 

differences less than 5%. 
 

5.6 Conclusion 

In this work, we utilized a novel HRdm data processing capability with DTIMS to maintain 

millisecond evaluations but greatly improve the resolving power possible for eight isomeric 

peptide pairs containing either Asp or isoAsp residues. Prior to HRdm processing of the data, we 

were only able to separate 3 of 8 isomeric pairs; however, HRdm enabled differentiation of 7 of 

the 8 peptide pairs and facilitated the use of SPE-DTIMS-MS for rapid screening of isoAsp 

formation. This SPE-DTIMS-MS platform therefore provides a promising starting point for use in 

quality screening of isomeric molecules such as peptides containing either Asp or the degradation 

product isoAsp. Furthermore, from a biopharmaceutical perspective, the application of DTIMS for 

Asp and isoAsp characterization is also attractive as it compliments analytical techniques already 

being applied within biopharmaceutical research and development,28, 66 and increases the peak 

capacities possible within traditional LC-MS workflows.67 One can therefore envisage the 

combination of rapid chromatographic68 or electrophoretic66 separation being combined with both 

IMS and an electron based fragmentation method22, 25-27 for unequivocal determination of Asp to 
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isoAsp isomerization.69 Thus, DTIMS-MS shows promise for both LC and SPE coupling in 

biotherapeutic evaluations to provide additional identification confidence and enable screening 

capabilities. 
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CHAPTER 6: A High-Throughput Ion Mobility Spectrometry-Mass Spectrometry 

Screening Method for Opioid Profiling 

6.1 Abstract 

In 2017, the United States Department of Health and Human Services declared the 

widespread misuse and abuse of prescription and illicit opioids an epidemic. However, the U.S. 

Opioid Epidemic began in the 1990s when opioids were extensively prescribed for pain 

management, resulting in widespread patient dependence on these highly addictive 

pharmaceuticals. To date, opioids are still prescribed for acute and chronic pain management, and 

given their abuse potential, rapid screening is imperative for patient treatment. Of particular 

importance is assessing patient compliance in pain management, where evaluating drug use is 

crucial for preventing opioid abuse and potential overdoses. In this work we utilized drift tube ion 

mobility spectrometry coupled with mass spectrometry (DTIMS-MS) to develop a rapid screening 

method for 33 target opioids and opioid urinary metabolites. DTIMS measurements provide 

information on the charge state, size, and shape of each molecule which can ultimately be 

converted to the molecular descriptor referred to as a collision cross section (CCS). CCS values 

were determined for all target molecules using a flow-injection DTIMS-MS method, which 

allowed for simultaneous detection of all compounds and differentiation of 27 out of the 33 opioids 

included in the panel without prior chromatographic separation when utilizing a novel high 

resolution demultiplexing (HRdm) algorithm. Furthermore, an automated solid phase extraction 

(SPE) platform was coupled to DTIMS-MS for ten second sample-to-sample analyses. These SPE-

IMS-MS measurements present a major improvement in sample throughput compared to 

traditional chromatographic analyses coupled with MS which routinely take X minutes sample-to-

sample. Overall, this vast reduction in analysis time facilitates a faster turn-around for patient 

samples, providing great benefits to clinical applications. 
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6.2 Introduction 

Opioids are a class of basic alkaloid substances which are commonly used for their 

analgesic properties.1-5 Structurally, opioids possess a conserved aromatic core structure and can 

be subdivided into categories based on their naturally occurring or synthetic origin as detailed in 

Figure 6.1.1 While the given potencies of opioids may be diverse, they exhibit similar 

pharmacological mechanisms by acting on the central nervous system (CNS), particularly µ, δ, 

and κ opioid receptors, and promoting responses such as analgesia, euphoria, and respiratory 

depression.3, 4 Several of these effects, in particular the analgesic and euphoria-inducing properties 

of these drugs, make them an attractive option for use in a clinical setting, predominantly for 

management of both acute and chronic pain. However, while clear clinical benefits to opioid use 

exist, there are also severe concerns associated with opioid prescription for pain management, 

particularly given the need for increased dosages associated with tolerance developed from long-

term use and their highly addiction properties, which drive physical dependence and opioid 

addiction.6  

Figure 6.1. The chemical structures of various classes of opioids. Naturally-occurring and semi-

synthetic opioids all share the same phenanthrene backbone, while the more synthetic opioids such 

as the phenylpiperidines, cyclohexanoles, and phenylheptylamines deviate from this scaffold but 

maintain the aromatic core necessary to act upon opioid receptors in the central nervous system.  
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The high abuse potential associated with opioids has garnered increasing attention as the 

rate of opioid drug use and abuse in the United States has steadily increased over the past twenty 

years.2, 7 Death rates from drug overdoses have more than tripled since 2000, with a 200% increase 

in deaths connected to opioids.8 Furthermore, at least 65,000 people died from drug overdoses in 

2016, with 66% of those overdoses attributed to opioid use.9 As a result, in 2017 the United States 

Department of Health and Human Services declared opioid abuse a public health crisis, promoted 

by the misuse and abuse of both licit and illicit opioids.2, 7-10 The declaration of this public health 

crisis has served as a major impetus for opioid prescription reform, particularly in the management 

of both acute and chronic pain.2, 7, 9, 11-15  While these efforts have resulted in a significant decline 

in opioid prescriptions since 2017, opioids are still used in pain management programs. Thus, the 

ability to continually monitor their therapeutic use in a clinical setting is vital for ensuring proper 

usage and mitigating the possibility of developing opioid dependency.  

Pain management using opioids is a balancing act for physicians, who must moderate the 

necessary dosage  to ensure patient quality and dignity of life, while monitoring unintended 

adverse effects such as physical dependence or addiction.16 This is frequently complicated by the 

patients as they commonly misrepresent or underreport their drug use habits.17-19 To mitigate these 

challenges, physicians and clinicians typically utilize pain management compliance monitoring 

through urine drug testing, and rely on the toxicological information to determine whether the 

patient is abiding by their prescribed dosages or supplementing with additional, non-prescribed 

drugs.20-22 Preliminary testing is often conducted using enzymatic immunoassays (EIAs), which 

are an attractive option for initial screening because they are relatively inexpensive, non-labour 

intensive, and provide screening of a large number of urine samples.20, 23-27 While all opioids have 

a shared backbone structure, the development of specific opioid EIAs is notoriously challenging 
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due to the increasing number of synthetic opioids currently encountered in patient samples, all of 

which limit the specificity of these tests.20, 23-25, 27, 28 For example, the traditional EIA for opiates 

fails to detect oxycodone, as it has been sufficiently modified from morphine to prevent it from 

interacting with opiate antibodies. Thus, an additional oxycodone-specific EIA is required in 

addition to the commonly utilized opiate panel.20, 26, 28, 29 Moreover, EIAs exhibit limited 

sensitivity, often with high cut-off limits, and are prone to cross-reactivity, which may facilitate 

false positive results.20 Given these limitations, further confirmatory testing is routinely performed 

on urine samples that exhibit positive results. These tests commonly use either gas 

chromatography-mass spectrometry20, 30-32 (GC-MS) or liquid chromatography coupled with 

tandem mass spectrometry (LC-MS/MS), 33-38 both of which possess a higher degree of specificity 

and sensitivity and have a lower frequency of false results. However, chromatographic methods 

are not readily amenable to a high-throughput analysis pipeline, with the typical method for opioid 

detection requiring 6 to 30 min per sample.30, 31, 33, 35  

Drift tube ion mobility spectrometry (DTIMS) has historically been applied to the analysis 

of controlled substances and other forensically-relevant samples.39 DTIMS is a gas-phase 

separation technique in which ions are separated based on their size, shape, and charge.40-42 The 

mobility of the ions through a buffer gas is determined under the influence of a uniform electric 

field. Following this evaluation, a molecular descriptor that provides information about the shape 

of an ion, referred to as their ion-neutral collision cross section (CCS), can be calculated.40-42 

Additionally, IMS separations occur on the millisecond timescale, providing a well nested 

timescale which is readily interfaced to both chromatographic separations (minutes) and MS 

(microseconds).43 When coupled with MS, IMS-MS provides multiple dimensions by which a 

molecule can be identified, as both the analyte’s m/z and CCS can be determined. DTIMS-MS has 
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been used previously for the analysis of at least seven different opioids, including morphine, 

codeine, heroin, and 6-monoacetylmorphine.44-49 Additionally, the rapid nature of IMS-MS 

analyses are uniquely suited for high-throughput applications, as demonstrated previous by 

Manicke et al. using field asymmetric IMS (FAIMS)-MS for direct screening of urine samples for 

3 opioids.50 

Herein, we couple a rapid solid-phase extraction (SPE) liquid handling robot, the Agilent 

RapidFire 365, with DTIMS-MS to enable high specificity and throughput screening of opioid and 

their metabolites in urine. The RapidFire 365 provides online SPE capabilities including sample 

loading, clean-up, and introduction into the DTIMS-MS for a sample-to-sample throughput of ~10 

seconds. As urine drug screening panels often encompass a large number of prescription and illicit 

drugs for comprehensive assessment of a patient’s drug use habits, the current study examined the 

CCS and m/z of 33 opioids associated major urinary metabolites. Furthermore, a recently published 

high resolution demultiplexing (HRdm) strategy51 was also examined to facilitate high resolution 

isomer separations in the complex mixtures. 

6.3 Experimental 

6.3.1 Chemicals  

Optima LC-MS grade methanol, acetonitrile, water, ammonium acetate, ammonium formate, and 

formic acid were purchased from Fisher Scientific (Hampton, NH), and used as received unless 

otherwise specified. Synthetic urine (Sigmatrix Urine Dilutent) was purchased from Millipore 

Sigma (Saint Louis, MO). All opioid and metabolite standard solution aliquots were purchased 

from Cerilliant (Round Rock, TX) and diluted to their stock concentrations in compatible solvents 

(methanol or acetonitrile). Deuterated internal standards (buprenorphine-d4, dihydrocodeine-d6, 

fentanyl-d5, methadone-d9, norbuprenorphine-d3, norfentanyl-d5, and oxycodone-d6) methanol 
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solution aliquots were also purchased from Cerilliant (Round Rock, TX). Working stock solutions 

were prepared to a concentration of 2.5 µg/mL for all opioids and metabolites examined in this 

study. For flow-injection analysis, all working stock solutions were diluted to a concentration of 

500 ng/mL in LC-MS grade water.  

6.3.2 DTIMS-MS FIA Analysis 

A flow-injection analysis (FIA) method was used to assess the CCS for each of the opioids 

and metabolites examined in this panel. FIA-IMS-MS was performed using an Agilent 1290 HPLC 

(Santa Clara, CA) coupled with an Agilent 6560 IMS-QTOF MS (Santa Clara, CA) for DTIMS-

MS analyses. Mobile Phase A (MPA) consisted of 10 mM ammonium formate and 0.1% formic 

acid in LC-MS grade water, and mobile phase B (MPB) was comprised of 0.1% formic acid in 

acetonitrile. Two microliters of each metabolite standard (500 ng/mL) were injected into a mobile 

phase stream consisting of 50% MPA and 50% MPB, with a flow rate of 0.2 mL/min. The Agilent 

6560 DTIMS-MS platform used for IMS-MS measurements has been well-characterized 

previously, 52, 53 and consists of a ~78 cm drift cell that uses 3.95 Torr of nitrogen as a buffer gas. 

The instrument has been outfitted with a commercial gas kit (Alternate Gas Kit, Agilent, Santa 

Clara, CA) and a precision flow controller (640B, MKS Instruments, Andover, MA) to facilitate 

reproducibility of drift time measurements. Parameters for DTIMS-MS measurements were 

chosen based on a previously conducted interlaboratory study to readily facilitate single-field CCS 

determination.53 Each analyte was analysed in triplicate using positive ionization mode over a 

range of 100 to 1700 m/z. IMS-MS measurements were collected using both a standard (single 

pulse) and 4-bit multiplex acquisition context, in which ions were held for either 40 ms or 3.9 ms, 

respectively, with a release time of 100 µs. The uniform field strength applied for IMS separations 

was ~12-17 V/cm, depending on whether high resolution demultiplexing (HRdm)51 was desired. 
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Additional parameters used for the IMS-MS measurements are listed in Appendix E (Tables E.1-

E.6).  

6.3.3 SPE-IMS-MS Experiments 

To investigate SPE-IMS-MS for the high-throughput screening of each opioid parent and 

metabolite in a urine drug screening workflow, both individual standards and mixtures of isomers 

were assessed using the Agilent RapidFire 365 (Santa Clara, CA) solid-phase extraction (SPE) 

system interfaced with the Agilent 6560. All standards were analysed in equivalent concentrations 

spiked into both water and a simulated urine matrix diluted 1:10 with LC-MS grade water prior to 

SPE-IMS-MS analysis. To determine the optimal cartridge and solvent system for the opioid panel, 

each analyte was assessed at a concentration of 500 ng/mL using either a C18 or phenyl cartridge. 

For analyses conducted using the C18 cartridge, each sample was loaded using a mobile phase 

consisting of 0.1% formic acid in LC-MS grade water (v/v) and eluted with 0.1% formic acid, 

49.95% isopropanol, and 49.95% methanol (v/v/v).54 Analyses using the phenyl cartridge were 

conducted by loading samples using a mobile phase comprised of 0.1% formic acid in LC-MS 

grade water (v/v) and elution using 0.1% formic acid in acetonitrile (v/v). Regardless of the solvent 

system employed, the aspiration, load, elution, and re-equilibration times used were 0.6, 3, 6, and 

1 sec, and cartridge re-equilibration was performed using the same solvent conditions used for 

sample loading. The sample loop, injection valves, and sipper were each washed between each 

injection to prevent sample carry-over. Online DTIMS-MS measurements for SPE-IMS-MS were 

all conducted using a 4-bit multiplexing acquisition method to facilitate HRdm analyses. Relative 

quantitative studies for six opioid metabolites (buprenorphine, dihydrocodeine, fentanyl, 

methadone, norbuprenorphine, norfentanyl, and oxycodone) were conducted over a concentration 

range of 2-1,000 ng/mL with a constant internal standard concentration of 500 ng/mL for each 
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analyte. Relative quantification experiments were performed using either water or urine matrix. 

All standards for relative quantification were diluted 1:10 in LC-MS grade water prior to RF-IMS-

MS analysis, using the methods as described above.  

6.3.4 Determination of CCS for Opioid Standards 

CCS values for each opioid and metabolite standard investigated were determined using 

the single-field method.53 Briefly, Agilent tune mix (ATM) which contains a series of well-

characterized phosphazine compounds with defined m/z and CCS values, was analyzed using 

identical experimental parameters to those used to investigate the opioids. The associated m/z and 

drift times for the ATM ions were assessed in Agilent IM-MS Browser (Version 10.0), and a linear 

regression derived from the Mason-Schamp equation53 was used to determine a calibration curve 

that would correlate drift times of the ATM ions with their corresponding CCS values. This 

calibration curve was then applied to determine the CCS values of the opioid and metabolite 

standards assessed in this assay. The obtained m/z and CCS values for each opioid metabolite were 

used to generate a transition list for Skyline (v. 21.1) to facilitate rapid assessment of peak areas 

for both FIA- and SPE-IMS-MS analyses. A one-way ANOVA comparison and t-test were 

completed on the resulting peak areas for all standards across SPE cartridge and matrix using 

Metaboanalyst (version 5.0).  

6.3.5 High Resolution Demultiplexing (HRdm) 

In order to improve the resolving power of the DTIMS separations for the isomeric opioids, 

a previously described high resolution demultiplexing (HRdm) enhancement strategy was 

employed.51 All multiplexed IMS-MS data was demultiplexed using the PNNL Pre-Processor (v. 

3.0 build 2020.11.24, currently in beta), available from https://omics.pnl.gov/software/pnnl-

preprocessor. Demultiplexing was performed using the data interpolation feature in order to 
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facilitate the inherent reduction of data points across the drift peak observed with HRdm 

analyses.51 The parameters used are shown in Appendix E, Figure E.1. Following demultiplexing, 

feature finding was performed using Agilent IM-MS Browser’s ion mobility feature extraction 

(IMFE) function, which determines a given feature’s retention time, m/z, drift time, and 

abundance. Parameters used for feature finding are shown in Appendix E, Figure E.2. HRdm was 

then performed using Agilent’s High Resolution Demultiplexing tool (beta 2.0, 45E), which 

performs a post-processing enhancement to the IMS resolving power (Rp). HRdm enhancement 

can be performed using three separate levels of enhancement, termed low, medium, and high, 

which offer increasingly rigorous enhancement of Rp.
51 To ensure that HRdm enhancement did 

not create artifacts within the data set, it was first applied to the analysis of ATM ions which 

possess a unimodal IMS drift spectra, prior to the opioid data sets. Parameters used for HRdm 

enhancement of opioid standards are shown in Appendix E, Figure E.3.  

6.4 Results and Discussion 

6.4.1 Opioid CCS Evaluations 

In this manuscript, DTIMS-MS was employed to determine the CCS values for 33 common 

opioids and their major urinary metabolites commonly encountered in pain management patient 

samples. As mentioned previously, a molecules’ CCS value is a molecular descriptor that gives 

information about its gas phase ion size and shape. This physicochemical property has previously 

been investigated for use in both targeted and untargeted molecular identification studies. In 

targeted studies, database matching, such as the CCS Compendium from Vanderbilt University,55 

has been found to improve identification confidence, while in untargeted analyses potential feature 

annotations are possible due to CCS versus m/z trendlines.44, 56, 57 In this vein, the current study 

investigated the potential CCS values and CCS versus m/z relationships derived from DTIMS-MS 
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experiments to improve the identification and quantitation of opioids and their metabolites. Thus, 

the CCS and m/z values for each molecule and their associated relative standard deviations are 

compiled in Appendix E, Table E.7.  

All naturally-occurring opioids also only had one conformation while several of the 

synthetic opioids had additional conformers or protomers due to their more flexible backbones. 

For example, in Figure 6.2 the nested spectra for morphine, a naturally-occurring opioid (Figure 

6.2A), and fentanyl, a synthetic opioid (Figure 6.2B) are illustrated. Morphine was determined to 

have a single CCS value of 165.5 Å², which was consistent with a majority of the opioids and 

metabolites investigated in this panel (Appendix E, Table E.7). However, fentanyl (Figure 6.2B) 

was observed to have two distinct CCS values, 181.7 Å² and 187.9 Å², indicating the presence of 

either multiple conformations or multiple protonation sites. Two distinct distributions were also 

observed with the deuterated version of fentanyl, fentanyl-d5, (Appendix E, Figure E.4), 

supporting the potential of this physicochemical property to serve as a molecular descriptor 

distinctive to fentanyl. The only other opioid metabolite included within this study observed to 

have two CCS was norhydrocodone, with CCS of 161.8 Å² and 168.1 Å².However, it should be 

noted that due to unequal abundances of the two observed distributions of fentanyl that in cases 

where this analyte is in low abundance, only the most abundant may be observed. Thus, all 

comparisons with literature fentanyl CCS values were based off the 181.7 Å² distribution, and 

those for norhydrocodone were based off of 168.1 Å². The results obtained in this study were 

within 1% error of previous CCS values for 11 opioids included within this panel in nitrogen using 

either DTIMS44 or TIMS33 (Appendix E, Table E.8). Furthermore, the single-field method for 

determining CCS values typically results in ~0.5% RSD, as validated in a previously conducted 
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interlaboratory investigation.53 These precise results therefore support the utility of CCS as a 

molecular descriptor for adding confidence to the identification of parent and metabolite opioids. 

Figure 6.2. DTIMS-MS nested spectra for (A) morphine and (B) fentanyl, two commonly 

encountered opioids in pain management. The use of both CCS values as well as the m/z for each 

opioid facilitates their identification within complex matrices. In addition, the presence of 

additional conformers/protomers, as observed for fentanyl (B), differentiate targeted molecules 

from other features present in complex mixtures.   

 

6.4.2 HRdm for Opioid Separations 

Since several of the opioids and opioid metabolites included in this study are isomers, they are 

expected to have similar CCS values (Appendix E, Table E.7). Furthermore, given the structural 

similarity observed within each opioid class (Figure 6.1), it was essential to determine the ability 
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of DTIMS-MS to differentiate the isomeric opioids to evaluate this method as a potential screening 

tool. Isomers all share the same monoisotopic mass, making them indistinguishable using MS 

alone and often challenging to separate even with MS/MS. In our 33 molecule opioid panel, 10 

isomer pairs are present. Additionally, the average resolving power (Rp) of the Agilent 6560 is ~ 

60 (CCS/ΔCCS) for 1+ charge state ions.51, 52, 58 In previous investigations, it has been illustrated 

that with this Rp, a pair must possess a difference in CCS (ΔCCS%) of ~2.3% or greater to facilitate 

a half-height separation.58 Conversely, pairs that have less than a 1.4% ΔCCS% are 

indistinguishable at this resolving power. As shown in Figure 6.3A 7 of the 11 pairs had ΔCCS% 

of 1.4% or greater, but only two had ΔCCS% >2.3% for half-height separations. To evaluate this 

further, three representative pairs are illustrated in Figure 6.3. The first pair is O-

desmethyltramadol (ODT) and N-desmethyltramadol (NDT) which are Phase I metabolites of 

tramadol that share the same chemical composition yet differ in the structural arrangement of their 

atoms. ODT and NDT have CCS values of 156.6 Å² and 160.4 Å², resulting in a ΔCCS% of 2.5% 

and are categorized as near-baseline separation (Figure 6.3B, left panel). However, while the 

resultant drift spectra for the mixture was observed to have two peaks; the significant overlap at 

Rp 60 would presumably impact potential quantitation. The next isomer pair was naloxone and 6-

monoacetylmorphine (6-MAM) which had CCS values of 172.8 Å² and 176.3 Å², and a ΔCCS% 

of 1.9%. This pair was categorized as moderately separable but would require a theoretical Rp of 

72 to provide half-height separation (Figure 6.3B, middle panel). Their mixture at Rp 60 also 

shows two peaks but the extensive shouldering would also greatly complicate quantitation. Finally, 

the third pair was hydrocodone and codeine that had a ΔCCS% less than the theoretical 1.4% 

necessary for differentiation and based on their CCS values, a theoretical Rp of 252 was needed to 
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facilitate half-height separation (Figure 6.3B, right panel). Thus, these isomers were categorized 

as having no separation at Rp
 60. 

Since 8 of the 10 isomer pairs had ΔCCS% of <2.3% further investigations into improving 

DTIMS resolving power were needed (Figure 6.3A). One method of great utility for this 

application was a recently published high resolution demultiplexing (HRdm) strategy.51 HRdm 

provides a post-acquisition Rp enhancement when using 4-bit multiplexing but with no required 

instrument modifications, thus it could be easily applied to this data. Additionally, three processing 

modes of HRdm enhancement are available (low, medium and high) with each mode increasing 

the post-processing Rp at the cost of increasing degrees of data reduction, e.g., the number of points 

across the drift spectra. However, the HRdm enhancement does not impact CCS measurements, 

and thus its application does not preclude utilization of CCS databases for improved identification 

confidence.51 Based on previous data, the high enhancement mode was utilized in this study and 

provides an average Rp of ~210 (half-height separation theoretically attainable for ΔCCS% of 

0.67%).51 Therefore, application of the high HRdm resulted in marked improvement in the DTIMS 

separations for many of the isomeric opioids included in this study. Examples of the impact of the 

HRdm enhancement on opioid isomer separations are shown in the bottom row of Figure 6.3B. 

Significant improvements were noted for all pairs except those having ΔCCS% values of ≤0.5%. 

Thus, hydrocodone/codeine were still indistinguishable along with norhydrocodone/norcodeine 

and morphine/hydromorphone. Norhydrocodone, norcodeine, hydromorphone, and morphine all 

greatly challenged the DTIMS analyses as they are all isomers. As shown in Figure 6.3A, the pairs 

of norcodeine/hydromorphone, morphine/norcodeine, norhydrocodone/hydromorphone, and 

norhydrocodone/morphine all had >1.4% ΔCCS% and were distinguishable with HRdm.  

However, norhydrocodone/norcodeine, and morphine/hydromorphone had <1.4% ΔCCS%, thus 
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theoretical resolving powers greater than that obtained using HRdm were required for their 

separation. These results are consistent with those previously reported for the analyses of isomeric 

Figure 6.3. (A) Pairwise comparison of the ΔCCS% for the 11 isomeric opioid pairs investigated 

in this study (left), and the theoretical Rp necessary to provide a half-height separation (Rpp = 0.85) 

(right). Theoretical required Rp are compared with the average effective Rp of the Agilent 6560 

(Rp ~60, CCS/ ΔCCS) and the highest available enhancement provided by HRdm (average Rp 

~210, CCS/ ΔCCS), and that currently provided by the MOBILion SLIM platform (average Rp 

~300, CCS/ ΔCCS). (B) Isomeric opioid were observed to have differing degrees of separations, 

which was related to their ΔCCS%. Those with a larger ΔCCS%, such as O-desmethyltramadol 

(ODT) and N-desmethyltramadol (NDT), had separations near-baseline as opposed to those such 

as hydrocodone and codeine, which had a less than 1% ΔCCS%. With HRdm enhancement, the 

overall separation of the different isomers was improved with the increased Rp for both the near 
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baseline and moderate separation category, but the separations for isomer pairs with≤0.5% 

ΔCCS% was still not observed. 

 

opioids using a TIMS-MS instrument.33, 59 In this study, theoretical candidate structures illustrated 

that the subtle changes, such as the presence or absence of a ketone found between codeine and 

hydrocodone, were insufficient structural modifications (<1.0 Å²) to facilitate their separations.33 

These findings are consistent with the results presented within the present study (Appendix E, 

Figure E.5), and point to the need for further increases in Rp in order to separate these challenging 

isomer pairs. Novel IMS technologies, such as Structures for Lossless Ion Manipulation (SLIM), 

are capable of improving the average Rp to approximately ~300 or greater;60 however, the 

separations with ΔCCS%  of 0.5% or less would still be challenging (Figure 6.3A). Thus, while 

the application of HRdm can provide separations for 7 of the 10 isomer pairs within this panel, 

given the current limitations of these technologies, DTIMS-MS was unable to differentiate 

codeine/hydrocodone, norhydrocodone/norcodeine, and morphine/hydromorphone. Presence 

absence screens could however be utilized and it the peaks were detected, diagnostic screens using 

an appropriate confirmatory method (LC-MS/MS or GC-MS) would be necessary.   

6.4.3 SPE-IMS-MS for Rapid Opioid Analyses in Urine 

Prior to analysis by GC-MS or LC-MS/MS, urine samples are often processed first, by 

either a liquid-liquid extraction or SPE, followed by hydrolysis, and derivatization for GC. This 

results in a lengthy sample preparation strategy that drastically reduces sample throughput.30, 31, 38 

Alternatively, the sample dilution method38 34has become a common practice for LC-MS/MS 

analyses, in which urine samples are diluted in LC-MS grade solvents prior to LC-MS/MS 

analysis. This procedure facilitates the analysis of 6-MAM since it can be readily degraded by acid 

hydrolysis61-63 and reduces the need for sample preparation, but is still prone to matrix 

interferences.36, 38 Developments such as the introduction of automated SPE systems have 
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increased sample throughput for urine analysis by providing automated sample cleanup prior to 

MS analysis.64 In this work, the Agilent RapidFire 365 was selected for online SPE. This platform 

was previously utilized with a standard Q-TOF instrument65 to facilitate on-line qualitative 

analysis of drugs of abuse in blood samples and also with the Agilent 6560 for online sample-

cleanup followed by DTIMS-MS for a variety of small molecules and glycans.54, 66 By coupling 

SPE, DTIMS and MS capabilities into a single platform, rapid sample cleanup, DTIMS 

separations, and mass analysis are all possible in less than ten seconds. This SPE-DTIMS-MS 

platform therefore provides great potential for enabling faster pain management compliance 

screening.  

In this evaluation, the 33 opioids and metabolites were assessed with SPE-IMS-MS using 

two cartridges consisting of either C18 or phenyl packing material. Cartridge selection was based 

on stationary phase chemistries typically employed for both SPE cleanup and chromatographic 

assessment of opioids in biological fluids.35, 67 Each opioid standard was assessed at the same 

concentration (500 ng/mL) in LC-MS grade water or simulated urine to facilitate comparison of 

potential matrix effects. The CCS and m/z standard values were then used to filter the SPE-IMS-

MS data utilizing a Skyline target list for the rapid assessment of peak areas and abundances 

attributed to each molecule.68, 69 The resulting abundances for the representative opioids from each 

generic classification are displayed in Figure 6.4 with additional abundance information for all 33 

opioid standards is shown in Appendix E, Figure E.6.  

General trends observed within the different classes of opioids illustrated that most were 

well retained and eluted from each cartridge except for the glucuronidated metabolites (Figure 

6.4). Given that glucuronidation increases the hydrophilicity of drugs prior to excretion and that 

ESI has an inherent hydrophobic bias, it was not surprising that these metabolites generate the 
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lowest abundances of those included in the panel. MetaboAnalyst (v 5.0)70, 71 was then used to 

evaluate which cartridge was more optimal for the opioids based on a one-way ANOVA with a 

Fisher HSD post-hoc test. This evaluation revealed that the phenyl cartridge had significantly 

higher abundances for all analytes shown in Figure 6.4, except methadone (p =0.08, p-value cut-

off = 0.05) (Appendix E, Table E.9). On the other hand, the C18 SPE catridge showed no 

significant differences between the opioids when spiked in either water or urine upon using a p-

value cut-off of 0.05. This trend was not observed for the phenyl cartridge as oxycodone, naloxone, 

norcodeine, noroxycodone, codeine-6-glucuronide, norfentanyl, O-desmethyltramadol, naloxone-

3-β-glucuronide, hydrocodone, and tapentadol-β-glucuronide all had significantly higher 

abundances (p < 0.05) in the water matrix (Figure 6.4 and Appendix E, Tables E.10 and E.11 

for p-values). Thus, while the phenyl cartridge may provide higher abundances, the C18 was less 

prone to matrix effects thereby enabling the greatest reproducibility of measurements.  

While linearity is not as crucial for screening methods as it is for confirmatory testing, the 

potential for future quantification by SPE-DTIMS-MS was investigated for a select number of 

analytes. Three replicates of nine concentrations, ranging from 2 ng/mL to1,000 ng/mL, were  

Figure 6.4. Examination of peak abundance using different cartridge types for selected opioids 

including phenanthrene-based opioids (natural and semi-synthetic), synthetic opioids, Phase I 

(nor-) metabolites, and Phase II (glucuronidated) metabolites.  
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assessed for six of the opioids (buprenorphine, dihydrocodeine, fentanyl, norfentanyl, methadone, 

and oxycodone) using the SPE-IMS-MS platform. Both light and heavy forms of each opioid were 

utilized and the deuterated internal standards were readily observed within the data, regardless of 

matrix, as they are drift aligned with the analytes natural light isotope form as described previously 

(Appendix E, Figure E.4).72 Peak areas were then determined using Skyline with IMS drift time 

filtering,69 and the resulting calibration curves for buprenorphine and oxycodone in water and urine 

are illustrated in Figure 6.5. Additional calibration curves are included in Appendix E, Figure 

E.7. Linearity was observed for both the water and simulated urine matrices, regardless of analyte 

(Figure 6.5 and Appendix E, Figure E.8) and the drift profiles did not change with matrix or 

with changing concentrations, with one notable exception. Due to the unequal abundances of the 

two observed conformers for fentanyl, only the most abundant conformer was observed at the two 

lowest concentrations in the calibration curve (2 ng/mL and 5 ng/mL). Thus, it is recommended 

that only the more compact, higher abundance conformer (181.7 Å²) be used for quantitative 

assessments. However, the second conformer can still provide validation of fentanyl’s presence at 

higher concentrations. Finally, while full method validation is necessary to reliably implement this 

approach as a quantitative assessment, these results illustrate the utility this technique for 

facilitating rapid screening and quantification of opioids in urine drug samples.  
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Figure 6.5. SPE-DTIMS-MS calibration curves obtained for buprenorphine and dihydrocodeine. 

Both curves show excellent linearity in both the water and simulated urine matrix. L:H ratio refers 

to the natural (L) and deuterated stable-isotope labeled (H) standards. The LOD for the graphs was 

2 ng/mL. 

 

6.5 Conclusion 

In this manuscript, we utilized DTIMS-MS to evaluate the CCS values of 33 parent and metabolite 

opioids commonly analyses in pain management and toxicology evaluations. While many of the 

isomers had very similar CCS values, the use of HRdm facilitated differentiation for a majority of 

the commonly encountered isomeric opioids. The HRdm DTIMS-MS analyses also provided a 

greater degree of specificity than may be encountered when using a comparable tool, such as an 

EIA. Upon differentiation of 27 of the parent and metabolite opioids, a front-end SPE system was 

coupled with the DTIMS-MS instrument. This SPE-IMS-MS platform enabled sample cleanup 

and 10 s sample-to-sample screening capabilities. Linearity in calibration curves for both water 
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has potential applications in the high-throughput screening of urine drug samples, such as pain 

management compliance monitoring or in forensic toxicology laboratories that have a high case 

load. While three pairs of the opioids could not be differentiated with this method, the samples can 

be assessed for presence and absence in the screening studies. If present, the samples can be 

reanalyzed with longer secondary evaluations such as the GC-MS or LC-MS/MS analyses that are 

currently employed. The screening capabilities of the SPE-IMS-MS platform however will change 

measurement analysis capabilities from 1 sample every 8 min to 48 samples every 8 min, greatly 

enabling screening abilities.  
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Appendix A 

Supplemental Information for Chapter 2 

 

Figure A.1. General method screen for the Bruker TIMS-TOF acquisition showing the method 

name. 
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Figure A.2. General mode selection for the Bruker TIMS-TOF method.
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Figure A.3. Parameters for TIMS acquisition within the “Mode” tab of the Bruker TIMS-TOF 

method editor. 
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Figure A.4. Source parameters for Bruker TIMS-TOF IMS-MS data acquisition. 
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Figure A.5. General tune parameters used for acquisition of TIMS-TOF data using the Bruker 

TIMS-TOF. 
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Figure A.6. TIMS-specific tune parameters used for acquisition of TIMS-TOF data using the 

Bruker TIMS-TOF. 
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Table A.2. Source conditions used for acquisition of DTIMS-MS data using the Agilent 6560. 

 

Source Conditions 

Gas Temperature 300 ⁰C 

Drying Gas 5 L/min 

Capillary Voltage 1500 V 

Flow rate (syringe pump) 300 nL/min 

 

Table A.2. IM drift tube settings used for acquisition of DTIMS-MS data using the Agilent 

6560. 

 

IM Drift Tube Settings  

DT Entrance Voltage 1574 V 

DT Exit Voltage 224 V 

 

Table A.3. Data acquisition parameters used for collection of DTIMS-MS data using the Agilent 

6560. 

 

Acquisition Parameters 

Mass Range  100-20,000 m/z 

IM Trap Fill Time 40 ms 

IM Trap Release Time 200 µs 

Max Drift Time 100 ms 

Multiplexing Mode Disabled 
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Bovine SOD (P00442) 

 Chemical Formula        

(10+ Charge State) 

Exact Mass 

Holo Cu, Zn SOD CuZnC672H1081N198O221S4 15715.6903 

Cu-only SOD CuC672H1083N198O221S4 15653.7768 

Zn-only SOD ZnC672H1083N198O221S4 15654.7763 

Apo SOD C672H1085N198O221S4 15592.8628 

Figure A.7. Zoomed in nested IMS-MS spectrum from the Agilent DTIMS-TOF instrument 

showing the holo-monomer and single-metal monomer in the 10+ charge state, observed in the 

30% acetonitrile (ACN), 100 µM formic acid (FA) solution condition. A list of the chemical 

formulas and exact masses for the SOD monomer proteoforms in their 10+ charge state is shown. 

The calculations of chemical formula were done with N-terminal methionine removed and N-

terminus acetylated, one disulfide bond and protons added to reflect the 10+ charge state with 

respect to Cu2+ and Zn2+
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Figure A.8. Data obtained from the Bruker TIMS-TOF platform for the native conditions of 

SOD1. The average mass of the observed SOD1 holo-dimer was calculated to be 31.4 kDa. 
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Figure A.9. Zoomed in mass spectrum from the Bruker TIMS-TOF instrument showing the 

holo-dimer in the 10+ charge state, along with the deconvoluted spectrum.   
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Appendix B 

Supplemental Information for Chapter 3 

Tables B.1. Source conditions for Agilent 6560 data acquisition. 

Source Conditions 

Gas Temperature 300 ⁰C 

Drying Gas 5 L/min 

Capillary Voltage 200 V 

MS-TOF Fragmentor 400 V 

 

Tables B.2. Additional acquisition parameters for Agilent 6560 data acquisition. 

Acquisition Parameters 

Mass Range 100-3,200 m/z 

IM Trap Fill Time 3.9 ms 

IM Trap Release Time 100 µs 

Max Drift Time 60 ms 

Multiplexing Mode 4 bit 

 

Tables B.3. Additional drift tube settings for Agilent 6560 data acquisition. 

IM Drift Tube Settings 

DT Entrance Voltage 1574 V 

DT Exit Voltage 224 V 
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Figure B.1. Feature finding parameters used in IM-MS Browser to facilitate high resolution 

demultiplexing (HRdm) of INLIGHT™ derivatized glycans enzymatically released from bovine 

fetuin.
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Figure B.2. The IMS-MS nested spectra for INLIGHT™ derivatized maltohexaose, which was 

observed to display two peaks within its IMS drift spectra. This was the only 

maltooligosaccharide that was observed to have multiple peaks within its drift spectra of those 

assessed within this study. 
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Figure B.3. Modified version of Figure 3.3, which shows the CCS versus m/z trend lines for 

underiviatized oligosaccharides1, INLIGHT derivatized maltooligosaccharides and N-glycans, and 

permethylated N-glycans2 with associated representative structures for each classification. The  

m/z and CCS values for each of the INLIGHT derivatized maltooligosaccharides and N-linked 

glycans can be found in Appendix B, B.4-B.8.0 
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Figure B.4. Ion mobility trend lines of m/z vs CCS for  INLIGHT™ derivatized N-linked glycans 

from both glycan standards and enzymatically released from horseradish peroxidase and bovine 

fetuin using PNGase F. In Figures B.4A, glycans were grouped based on the terminal 

monosaccharides mannose (green circles), galactose (yellow circles), sialic acid (purple 

diamonds). Additionally, an ion mobility trend line for glycans observed to be fucosylated (red 

triangles) was investigated. A more detailed view with structures (INLIGHT™ label denoted by 

pink X) of the observed N-linked glycans reveals that a linear relationship exists between the m/z 

and CCS with increasing numbers of mannose (Figure B.4B) and galactose (Figure B.4C) 

monosaccharides. 
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Table B.4. Single-field CCS values obtained for maltoheptaose “ladder” derivatized using either 

NAT or SIL INLIGHT™ reagent.  

# of 

Glucose 

Units 

m/z Adduct 
Exact  

m/z 
Error  

(ppm) 
Average S.F. 

CCS* (Å²) 
% RSD 

3 NAT 741.3073 [M+NAT+H]
+
 741.3076 0.4 249.9 0.1 

3 SIL 747.3274 [M+SIL+H]
+
 747.3278 0.5 249.9 0.1 

4 NAT 903.3605 [M+NAT+H]
+
 903.3604 -0.1 275.1 0.1 

4 SIL 909.3837 [M+SIL+H]
+
 909.3806 -3.4 275.3 0.1 

5 NAT 1065.4115 [M+NAT+H]
+
 1065.4133 1.6 293.1 0.1 

5 SIL 1071.4321 [M+SIL+H]
+
 1071.4334 1.2 292.9 0.0 

6 NAT 1227.4666 [M+NAT+H]
+
 1227.4661 -0.4 307.2 0.1 

6 NAT 1227.4666 [M+NAT+H]
+
 1227.4661 -0.4 320.5 0.2 

6 SIL 1233.4903 [M+NAT+H]
+
 1233.4862 -3.3 306.9 0.0 

6 SIL 1233.4903 [M+SIL+H]
+
 1233.4862 -3.3 320.6 0.1 

7 NAT 1389.5177 [M+NAT+H]
+
 1389.5189 0.9 323.6 0.1 

7 NAT 1395.5382 [M+SIL+H]
+
 1395.5390 0.6 323.7 0.0 

*Average of n=3 measurements 
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Table B.5. Single-field CCS values obtained for N-linked glycan standards derivatized using 

either NAT or SIL INLIGHT™ reagent.  

Glycan m/z Adduct 
Exact  

m/z 
Error  

(ppm) 
Average  

S.F. CCS* 
% RSD 

(GlcNAc)2Man5  NAT 736.292 [M+NAT+2H]
2+

 736.2897 -3.2 388.2 0.2 

(GlcNAc)2Man5  NAT 736.292 [M+NAT+2H]
+
 736.2897 -3.2 402.9 0.0 

(GlcNAc)2Man5 SIL 739.304 [M+SIL+2H]
2+

 739.2998 -5.7 388.1 0.0 

(GlcNAc)2Man5 SIL 739.304 [M+SIL+2H]
2+

 739.2998 -5.7 402.9 0.0 

(GlcNAc)2Man3(Fuc)(GlcNAc)2 

NAT 
850.3476 [M+NAT+2H]

2+
 850.3452 -2.9 418.3 0.2 

(GlcNAc)2Man3(Fuc)(GlcNAc)2 

SIL 
853.3566 [M+SIL+2H]

2+
 853.3554 -1.4 418.3 0.2 

GalGlcNAc2Man3GlcNAc2 NAT 931.3723 [M+NAT+2H]
2+

 931.3716 -0.8 419.8 0.0 

GalGlcNAc2Man3GlcNAc2 NAT 931.3723 [M+NAT+2H]
2+

 931.3716 -0.8 430.8 0.1 

GalGlcNAc2Man3GlcNAc2 NAT 931.3723 [M+NAT+2H]
2+

 931.3716 -0.8 462.9 0.1 

GalGlcNAc2Man3GlcNAc2 SIL 934.3829 [M+SIL+2H]
2+

 934.3817 -1.3 419.8 0.0 

GalGlcNAc2Man3GlcNAc2 SIL 934.3829 [M+SIL+2H]
2+

 934.3817 -1.3 430.9 0.1 

GalGlcNAc2Man3GlcNAc2 SIL 934.3829 [M+SIL+2H]
2+

 934.3817 -1.3 463.0 0.1 

(Gal-GlcNAc)2Man3(GlcNAc)2 

NAT 
939.3704 [M+NAT+2H]

2+
 939.3690 -1.5 429.6 0.1 

(Gal-GlcNAc)2Man3(GlcNAc)2 

NAT 
939.3704 [M+NAT+2H]

2+
 939.3690 -1.5 464.6 0.1 

(Gal-GlcNAc)2Man3(GlcNAc)2 

SIL 
942.3808 [M+SIL+2H]

2+
 942.3805 -0.3 429.8 0.1 

(Gal-GlcNAc)2Man3(GlcNAc)2 

SIL 
942.3808 [M+SIL+2H]

2+
 942.3805 -0.3 464.8 0.1 

(GlcNAc)2Man9 NAT 1060.4007 [M+NAT+2H]
2+

 1060.3953 -5.1 460.4 0.1 

(GlcNAc)2Man9 SIL 1063.4075 [M+SIL+2H]
2+

 1063.4054 -2.0 460.5 0.1 

(Neu5Ac-Gal-

GlcNAc)2Man3(Fuc)(GlcNAc)2 

NAT 

1303.4959 [M+NAT+2H]
2+

 1303.4934 -1.9 508.0 0.0 

(Neu5Ac-Gal-

GlcNAc)2Man3(Fuc)(GlcNAc)2 

SIL 

1306.502 [M+SIL+2H]
2+

 1306.5034 1.1 508.0 0.0 

(GlcNAc)2Man5 NAT 1471.5773 [M+NAT+H]
+
 1471.5720 -3.6 364.0 0.1 

(GlcNAc)2Man5 SIL 1477.598 [M+SIL+H]
+
 1477.5918 -4.2 364.1 0.0 

(Neu5Ac-Gal-

GlcNAc)3Man3(GlcNAc)2 NAT 
1549.5782 [M+NAT+2H]

2+
 1549.5730 -3.4 555.1 0.1 

(Neu5Ac-Gal-

GlcNAc)3Man3(GlcNAc)2 NAT 
1549.5782 [M+NAT+2H]

2+
 1549.5730 -3.4 581.0 0.1 

(Neu5Ac-Gal-

GlcNAc)3Man3(GlcNAc)2  SIL 
1552.59 [M+SIL+2H]

2+
 1552.5831 -4.4 555.2 0.1 

(Neu5Ac-Gal-
GlcNAc)3Man3(GlcNAc)2 SIL 

1552.59 [M+SIL+2H]
2+

 1552.5830 -4.5 580.9 0.1 

*Average of n=3 measurements 
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Table B.6. Single-field CCS values obtained for enzymatically-released N-linked glycans from 

horseradish peroxidase (HRP) derivatized using either NAT or SIL INLIGHT™ reagent.  

Glycan m/z Adduct 
Exact  
m/z 

Error  
(ppm) 

Average  
S.F. CCS* 

% 

RSD 

Man3GlcNAc2 NAT 1147.4694 [M+NAT+H]
+
 1147.4664 -2.6 315.9 0.0 

Man3GlcNAc2 SIL 1153.4902 [M+SIL+H]
+
 1153.4865 -3.2 316.1 0.0 

(Xyl)Man3GlcNAc2 NAT 1279.5078 [M+NAT+H]
+
 1279.5086 0.6 340.8 0.1 

(Xyl)Man3GlcNAc2 SIL 1285.5296 [M+SIL+H]
+
 1285.5287 -0.7 340.8 0.1 

(Xyl)Man3(Fuc)GlcNac2 

NAT 
1425.5616 [M+NAT+H]

+
 1425.5665 3.4 371.3 0.0 

(Xyl)Man3(Fuc)GlcNac2 

SIL 
1431.5853 [M+SIL+H]

+
 1431.5866 0.9 371.4 0.0 

(Xyl)Man4GlcNAc2 NAT 1441.5589 [M+NAT+H]
+
 1441.5614 1.7 352.9 0.0 

(Xyl)Man4GlcNAc2 SIL 1447.5783 [M+SIL+H]
+
 1447.5815 2.2 353.0 0.0 

*Average of n=3 measurements 
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Table B.7. Single-field CCS values obtained for enzymatically-released N-linked glycans from 

bovine fetuin derivatized using either NAT or SIL INLIGHT™ reagent.  

*Average of n=3 measurements 
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Table B.7. Continued 

 
*Average of n=3 measurements 
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Table B.7. Continued 

 
*Average of n=3 measurements 
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Table B.8. Single-field CCS values obtained for enzymatically-released N-linked glycans from 

pooled human plasma derivatized using either NAT or SIL INLIGHT™ reagent. Identifications 

based on previously published plasma glycans from pooled plasma derivatized with 

INLIGHT™.3 Glycan nomenclature used is H = hexose, N = hexosamine, A = sialic acid, and F 

= fucose. 

 
*Average of n=3 measurements 
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Table B.8 Continued 

 
*Average of n=3 measurements 
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Table B.8 Continued 

 
*Average of n=3 measurements 

 



   

198 

 

Table B.8 Continued 

*Average of n=3 measurements 
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Table B.8 Continued 

*Average of n=3 measurements 
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Table B.8 Continued 

 
*Average of n=3 measurements 
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Appendix C 

Supplemental Information for Chapter 4 

Table C.1. Source conditions used for acquisition of nLC-DTIMS-MS data using the Agilent 

6560. 

 

Source Conditions 

Gas Temperature 300 ⁰C 

Drying Gas 5 L/min 

Capillary Voltage 200 V 

MS-TOF Fragmentor 400 V 

 

Table C.2. Additional acquisition parameters for acquisition of nLC-DTIMS-MS data. 

 

Acquisition Parameters 

Mass Range 100-3,200 m/z 

IM Trap Fill Time 3.9 ms 

IM Trap Release Time 100 µs 

Max Drift Time 60 ms 

Multiplexing Mode 4 bit 

 

Table C.3. Drift tube settings used for acquisition of nLC-DTIMS-MS data using the Agilent 

6560. 

 

IM Drift Tube Settings 

DT Entrance Voltage 1574 V 

DT Exit Voltage 224 V 
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Table C.4. Source conditions used for acquisition of HPLC-DTIMS-MS data using the Agilent 

6560. 

 

Source Conditions 

Gas Temperature 325 ⁰C 

Drying Gas 11 L/min 

Nebulizer 45 psi 

Sheath Gas Temperature 275 ⁰C 

Sheath Gas Flow 12 L/min 

Capillary Voltage 4000 V 

MS-TOF Fragmentor 400 V 

 

Tables C.5. Additional acquisition parameters for data acquisition using the Agilent 6560 for 

HPLC-IMS-MS analyses. 

Acquisition Parameters 

Mass Range  100-1,700 m/z 

IM Trap Fill Time 3.9 ms 

IM Trap Release Time 100 µs 

Max Drift Time 60 ms 

Multiplexing Mode 4 bit 

 

Tables C.6. Drift tube settings used for acquisition of HPLC-IMS-MS data using the Agilent 

6560. 

IM Drift Tube Settings  

DT Entrance Voltage +/-1274 V 

DT Exit Voltage +/-224 V 
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Table C.7. Results of t-test for ratio of NAT:SIL with and without drift time filtering determined 

using Metaboanalyst 5.0. Significance was determined using a p-value cut-off of 0.05.  
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Table C.7 Continued  
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Figure C.1. Nested spectra demonstrating that INLIGHT™ derivatized N-linked glycans 

enzymatically released from pooled human plasma are within a different m/z space from the 

background ions within the retention window in which most of the derivatized N-linked glycans 

elute.  
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Figure C.2. Nested spectra of INLIGHT™ derivatized N-linked glycans enzymatically released 

from human brain tissue are within the same m/z space from  the background ions within the 

retention window in which most of the derivatized N-linked glycans elute, illustrating the necessity 

for IMS drift time filtering for relative quantification of glycans.  
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Appendix D 

Supplemental Information for Chapter 5 

Table D.1. Source conditions used for acquisition of DTIMS-MS data using the Agilent 6560. 

Source Conditions 

Gas Temperature 325 ⁰C 

Drying Gas 11 L/min 

Nebulizer 45 psi 

Sheath Gas Temperature 275 ⁰C 

Sheath Gas Flow 12.0 L/min 

Capillary Voltage 4000 V 

MS-TOF Fragmentor 400 V 

 

Table D.2. Acquisition parameters for data acquisition using the Agilent 6560 for DTIMS-MS 

analyses. 

Acquisition Parameters 

Mass Range  100-1,700 m/z 

IM Trap Fill Time 40 ms 

IM Trap Release Time 100 µs 

Max Drift Time 60 ms 

Multiplexing Mode None 

 

Table D.3. Drift tube settings used for acquisition of HPLC-IMS-MS data using the Agilent 

6560. 

IM Drift Tube Settings  

DT Entrance Voltage +/-1574 V 

DT Exit Voltage +/-224 V 
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Table D.4. Source conditions used for acquisition of HRdm SPE-DTIMS-MS data using the 

Agilent 6560. 

Source Conditions 

Gas Temperature 325 ⁰C 

Drying Gas 11 L/min 

Nebulizer 45 psi 

Sheath Gas Temperature 275 ⁰C 

Sheath Gas Flow 12.0 L/min 

Capillary Voltage 4000 V 

MS-TOF Fragmentor 400 V 

 

Table D.5. Acquisition parameters for HRdm data acquisition using the Agilent 6560 for SPE-

DTIMS-MS analyses. 

 

Acquisition Parameters 

Mass Range  100-1,700 m/z 

IM Trap Fill Time 3.9 ms 

IM Trap Release Time 100 µs 

Max Drift Time 60 ms 

Multiplexing Mode 4 bit 

 

Table D.6. Drift tube settings used for HRdm acquisition of SPE-IMS-MS data using the Agilent 

6560. 

IM Drift Tube Settings  

DT Entrance Voltage +/-1274 V 

DT Exit Voltage +/-224 V 
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Figure D.1. Parameters used for demultiplexing of 4-bit multiplexed IMS-MS data using the 

PNNL PreProcessor 3.0 (version 2020.11.24).   
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Figure D.2. Parameters used for ion mobility feature extraction (IMFE) feature finding in 

Agilent IM-MS Browser (version 10.00).   
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Table D.7. Single-field collision cross section (CCS) values obtained for aspartic acid (D) and 

isoaspartic acid (isoD)-containing peptides assessed using positive mode electrospray ionization. 

CCS values reported are average of n=3 measurements.  

 

Molecule m/z Adduct Exact m/z S.F. CCS % RSD 

DL 247.1281 [M+H]+ 247.1294 162.9 0.5 

DL 269.1101 [M+Na]+ 269.1113 160.9 0.4 

isoDL 247.1283 [M+H]+ 247.1294 162.9 0.5 

isoDL 269.1104 [M+Na]+ 269.1113 160.8 0.5 

LDA 318.1654 [M+H]+ 318.1665 174.0 0.4 

LDA 340.1479 [M+Na]+ 340.1484 180.0 0.3 

LisoDA 318.1653 [M+H]+ 318.1665 174.0 0.4 

LisoDA 340.1475 [M+Na]+ 340.1484 177.4 0.4 

ALDGK 503.281 [M+H]+ 503.2829 218.8 0.2 

ALDGK 525.2632 [M+Na]+ 525.2649 215.6 0.2 

ALisoDGK 503.2816 [M+H]+ 503.2829 215.6 0.2 

ALisoDGK 525.2639 [M+Na]+ 525.2649 217.2 0.2 

ALDEK 575.3032 [M+H]+ 575.3041 232.6 0.1 

ALDEK 597.2852 [M+Na]+ 597.2860 234.7 0.2 

ALisoDEK 575.3025 [M+H]+ 575.3041 228.8 0.1 

ALisoDEK 597.2846 [M+Na]+ 597.2860 230.1 0.1 

ADLGK 503.2817 [M+H]+ 503.2829 220.4 0.2 

ADLGK 525.2628 [M+Na]+ 525.2649 220.9 0.1 

AisoDLGK 503.2824 [M+H]+ 503.2829 218.2 0.2 

AisoDLGK 525.2636 [M+Na]+ 525.2649 221.0 0.2 

ALDGE 504.2293 [M+H]+ 504.2306 213.0 0.2 

ALDGE 526.2112 [M+Na]+ 526.2125 220.3 0.2 

ALisoDGE 504.2294 [M+H]+ 504.2306 210.2 0.7 

ALisoDGE 526.2109 [M+Na]+ 526.2125 216.0 0.1 

GDLLLK 658.4128 [M+H]+ 658.4139 256.8 0.1 

GDLLLK 680.3951 [M+Na]+ 680.3959 258.1 0.0 

GisoDLLLK 658.4124 [M+H]+ 658.4139 256.3 0.4 

GisoDLLLK 680.3957 [M+Na]+ 680.3958 253.8 0.4 

GLDLLK 658.4125 [M+H]+ 658.4139 252.4 0.1 

GLDLLK 680.3941 [M+Na]+ 680.3959 260.0 0.1 

GLisoDLLK 658.4131 [M+H]+ 658.4139 247.7 0.1 

GLisoDLLK 680.3947 [M+Na]+ 680.3959 252.5 0.2 

 

 

 

 

 



   

213 

 

Table D.8. Single-field collision cross section (CCS) values obtained for aspartic acid (D) and 

isoaspartic acid (isoD)-containing peptides assessed using negative mode electrospray ionization. 

CCS values reported are average of n=3 measurements.  

Molecule m/z Adduct Exact m/z S.F. CCS % RSD 

DL 267.0922 [M-2H+Na]- 267.0957 158.7 0.1 

DL 245.1110 [M-H]- 245.1137 ND ND 

isoDL ND [M-2H+Na]- 267.0957 ND ND 

isoDL ND [M-H]- 245.1137 ND ND 

LDA 316.147 [M-H]- 316.1509 174.4 0.1 

LDA 338.1298 [M-2H+Na]- 338.1328 181.6 0.2 

LisoDA 316.1472 [M-H]- 316.1509 178.4 0.2 

LisoDA 338.1307 [M-2H+Na]- 338.1328 177.9 0.1 

ALDGK 501.2672 [M-H]- 501.2673 217.0 0.3 

ALDGK 523.2478 [M-2H+Na]- 523.2492 217.3 0.3 

ALisoDGK 501.2641 [M-H]- 501.2673 214.4 0.3 

ALisoDGK 523.2474 [M-2H+Na]- 523.2492 216.1 0.2 

ALDEK 573.2867 [M-H]- 573.2884 227.8 0.4 

ALDEK 595.2666 [M-2H+Na]- 595.2703 229.5 0.3 

ALisoDEK 573.2878 [M-H]- 573.2884 224.1 0.3 

ALisoDEK 595.2688 [M-2H+Na]- 595.2703 231.3 0.3 

ADLGK 501.2656 [M-H]- 501.2673 220.3 0.3 

ADLGK 523.2462 [M-2H+Na]- 523.2492 210.2 0.3 

AisoDLGK 501.2650 [M-H]- 501.2673 217.0 0.4 

AisoDLGK 523.2474 [M-2H+Na]- 523.2492 220.9 0.3 

ALDGE 502.2114 [M-H]- 502.2149 205.8 0.3 

ALDGE 524.1935 [M-2H+Na]- 524.1969 210.6 0.2 

ALisoDGE 502.2117 [M-H]- 502.2149 208.5 0.3 

ALisoDGE 524.1943 [M-2H+Na]- 524.1969 214.9 0.3 

GDLLLK 656.3973 [M-H]- 656.3983 247.2 0.5 

GDLLLK 678.3773 [M-2H+Na]- 678.3802 248.3 0.4 

GisoDLLLK 656.3964 [M-H]- 656.3983 253.7 0.4 

GisoDLLLK 678.3782 [M-2H+Na]- 678.3802 258.4 0.4 

GLDLLK 656.3960 [M-H]- 656.3983 255.2 0.4 

GLDLLK 678.3778 [M-2H+Na]- 678.3802 252.2 0.4 

GLisoDLLK 656.3975 [M-H]- 656.3983 252.7 0.5 

GLisoDLLK 678.3774 [M-2H+Na]- 678.3802 251.6 0.5 
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Figure D.3. isoDL analyzed in both positive (A) and negative (B) mode at equal concentrations provide 

very different mobility distributions. Under positive ionization (A), the [M+H]
+
 species was observed to 

have two primary distributions, with a minor degree of smearing, indicative of multimerization. Negative 

electrospray ionization yielded a smeared mobility distribution for the [M-H]
-
 species, which is 

characteristic of peptide aggregation. 
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Figure D.4. Three separate modes of HRdm enhancement were utilized: a low, medium, and high level of 

processing. Initial demultiplexed drift spectra for the peptide pair AisoDLGK and ADLGK had an average 

resolving power (Rp) of 54 for AisoDLGK and 55 for ADLGK. Employment of HRdm to this same data 

file as a post-acquisition enhancement step improved the observed Rp of AisoDLGK and ADLGK to 151 

and 143, respectively, at the lowest level of enhancement available. With increasing levels of HRdm, these 
were increased to greater than 200 for both peptides at both the medium and highest available processing 

level, with the greatest reduction in the number of data points observed for the highest processing mode.    
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Figure D.5. Necessary resolving power (Rp) for separation of isomeric D and isoD-containing 

peptides in their [M-H]-, [M-2H+Na]-, [M+H]+, and [M+Na]+ adducts. The baseline average Rp 

(CCS/ΔCCS) of the Agilent 6560 is 60. Application of high resolution demultiplexing (HRdm) to 

4-bit multiplexed data allows for a post-processing enhancement of resolving power of ion 

mobility spectrometry (IMS) drift spectra to an average Rp to approximately 80, 120, and 210 in 

the low, medium, and high processing mode, respectively.  
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Table D.9. Assessment of influence of HRdm on assessing area under the curve (AUC) of peptide 

drift spectra for the ratio of isoD to D-containing peptides. Values shown are the percent difference 

between the ratio of drift spectra peak AUCs of isoD to D for the standard multiplexed files and 

those obtained for the low, medium, and high enhancement levels of HRdm.   
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Figure D.6. To assess the viability of HRdm IMS-MS analyses for complex mixtures of Asp and 

isoAsp containing peptides, all synthetic peptide standards assessed in this study were combined 

at equimolar concentrations. Three of the peptide pairs (AD/isoDLGK, ALD/isoDGK, and 

ALD/isoDGE) are shown in the nested spectra above in their [M-2H+Na]- adduct. After 

application of the medium processing mode of HRdm, IMS separations were improved such that 

two baseline differentiated peaks were observed for both ADLGK and AisoDLGK as well as 

ALDGE and ALisoDGE. A single peak was maintained for ALDGK and ALisoDGK.      
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Figure D.7. Two different cartridges, C4 and C18, and two mobile phase systems were 

investigated for the assessment of synthetic peptide standards using RapidFire-IMS-MS. Peak 

areas were determined using the anticipated m/z and CCS for each peptide standard in Skyline, 

then log2 transformed to facilitate comparisons between higher and less abundant peptides for 

negative ionization modes. Between the two ionization modes, C18 with 0.1% formic acid (FA) 

and acetonitrile (ACN) provided the best ion signal when compared to the same mobile phase 

system on the C4 cartridge or when using a mobile phase system comprised of 5mM ammonium 

acetate (AA) and methanol (MeOH). Additionally, there were several instances where peptide 

standards were readily observed on both the C4 and C18 cartridges when using the FA/ACN 

mobile phase system, but not always when using the AA/MeOH system. This observation was 

particularly noted for the C18 cartridge and AA/MeOH, which may indicate the peptides do not 

fully elute from the SPE cartridge.   
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Figure D.8. Nested spectra for ALDGK for analysis using both flow injection analysis (FIA) 

(Figure D.8A) and solid-phase extraction (SPE) (Figure D.8B) prior to analysis by IMS-MS. In 

all replicates, the sodiated adduct was observed to be in lesser abundance in the SPE-IMS-MS 

analyses (Figure D.8B) than in FIA-IMS-MS (Figure D.8A) analysis of the same peptide standard 

at equal concentration.  
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Table D.10. Ratio of peak areas for protonated to sodiated peptides observed in flow injection 

analysis (FIA) and RapidFire (RF) IMS-MS experiments. The mobile phase composition used for 

both the FIA and elution of peptides from C18 cartridges consisted of 20% MPA and 80% MPB, 

where MPA was comprised of 0.1% formic acid in water and MPB was comprised of 0.1% formic 

acid in acetonitrile.  

 

Peptide FIA RF 

DL 0.62 15.91 

isoDL 0.78 41.74 

LDA 3.56 32.76 

LisoDA 1.88 74.85 

ALDGK 1.29 120.00 

ALisoDGK 4.47 119.33 

ALDEK 4.15 100.99 

ALisoDEK 3.30 78.01 

ADLGK 5.75 96.35 

AisoDLGK 4.87 72.25 

ALDGE 5.42 43.37 

ALisoDGE 1.75 52.51 

GDLLLK 0.25 279.61 

GisoDLLLK 0.034 282.78 

GLDLLK 57.04 314.58 

GLisoDLLK 5.00 331.84 
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Appendix E 

Supplemental Information for Chapter 6 

Table E.1. Source conditions used for acquisition of DTIMS-MS data using the Agilent 6560. 

Source Conditions 

Gas Temperature 325 ⁰C 

Drying Gas 11 L/min 

Nebulizer 45 psi 

Sheath Gas Temperature 275 ⁰C 

Sheath Gas Flow 12 L/min 

Capillary Voltage 4000 V 

MS-TOF Fragmentor 400 V 

 

Table E.2. Acquisition parameters for data acquisition using the Agilent 6560 for DTIMS-MS 

analyses. 

Acquisition Parameters 

Mass Range  100-1,700 m/z 

IM Trap Fill Time 40 ms 

IM Trap Release Time 100 µs 

Max Drift Time 60 ms 

Multiplexing Mode None 

 

Table E.3. Drift tube settings used for acquisition of DTIMS-IMS-MS data using the Agilent 

6560. 

IM Drift Tube Settings  

DT Entrance Voltage +/-1574 V 

DT Exit Voltage +/-224 V 
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Table E.4. Source conditions used for acquisition of HRdm DTIMS-MS data using the Agilent 

6560. 

Source Conditions 

Gas Temperature 325 ⁰C 

Drying Gas 11 L/min 

Nebulizer 45 psi 

Sheath Gas Temperature 275 ⁰C 

Sheath Gas Flow 12 L/min 

Capillary Voltage 4000 V 

MS-TOF Fragmentor 400 V 

 

Table E.5. Acquisition parameters for data acquisition using the Agilent 6560 for HRdm 

DTIMS-MS analyses. 

Acquisition Parameters 

Mass Range  100-1,700 m/z 

IM Trap Fill Time 3.9 ms 

IM Trap Release Time 100 µs 

Max Drift Time 60 ms 

Multiplexing Mode 4 bit 

 

Table E.6. Drift tube settings used for acquisition of HRdm DTIMS-IMS-MS data using the 

Agilent 6560. 

IM Drift Tube Settings  

DT Entrance Voltage +/-1274 V 

DT Exit Voltage +/-224 V 
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Supplemental Figure E.1. PNNL-PreProcessor parameters used for demultiplexing Agilent 

6560 4-bit multiplexed data. Data interpolation was used to increase the number of peaks across 

the drift spectra.  
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Supplemental Figure E.2. The parameters used for feature finding in IM-MS Browser to enable 

high resolution demultiplexing (HRdm) of isomeric opioids. 
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Supplemental Figure E.3. Parameters used for high resolution demultiplexing (HRdm) analysis 

of isomeric opioids in water and urine.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

227 

 

Table E.7. Single-field DTCCSN2 values obtained for the opioids and metabolites investigated in 

this study. 

Molecule m/z Adduct 
Error 

(ppm) 
DTCCSN2

# 
% 

RSD* 

6-monoacetylmorphine 328.1547 [M+H]+ -1.1 176.3 0.1 

Buprenorphine 468.3109 [M+H]+ -0.2 209.4 0.0 

Codeine 300.1596 [M+H]+ -0.6 169.4 0.1 

Codeine-6-ß-glucuronide 476.192 [M+H]+ -1.0 212.5 0.1 

Dihydrocodeine 302.175 [M+H]+ 0.2 168.9 0.2 

EDDP 278.19 [M+H]+ 1.2 166.1 0.1 

Fentanyl 337.2292 [M+H]+ -5.2 181.7 0.1 

Fentanyl 337.2292 [M+H]+ -5.2 188.0 0.1 

Hydrocodone 300.1582 [M+H]+ 4.1 168.4 0.1 

Hydromorphone 286.1455 [M+H]+ -6.0 164.8 0.1 

Hydromorphone-3-ß-glucuronide 462.1748 [M+H]+ 2.3 205.0 0.2 

Meperidine 248.1648 [M+H]+ -1.2 159.7 0.2 

Methadone 310.2157 [M+H]+ 2.7 176.4 0.1 

Morphine 286.144 [M+H]+ -0.8 165.5 0.2 

Morphine-6-ß-glucuronide 462.1774 [M+H]+ -3.4 207.9 0.0 

Naloxone 328.1529 [M+H]+ 4.4 172.8 0.1 

Naloxone-3-ß-glucuronide 504.186 [M+H]+ 0.8 213.4 0.0 

N-desmethyltapentadol 208.1695 [M+H]+ 0.4 150.0 0.1 

N-desmethyltramadol 250.1805 [M+H]+ -1.4 160.4 0.2 

Norbuprenorphine 414.2637 [M+H]+ 0.4 199.3 0.0 

Norbuprenorphine glucuronide 590.2972 [M+H]+ -2.1 239.7 0.0 

Norfentanyl 233.1651 [M+H]+ -1.1 155.8 0.1 

Norhydrocodone 286.1434 [M+H]+ 1.3 161.8 0.1 

Norhydrocodone 286.1434 [M+H]+ 1.3 168.1 0.1 

Normeperidine 234.1488 [M+H]+ 0.2 155.2 0.1 

Noroxycodone 302.1392 [M+H]+ -1.7 168.4 0.1 

Noroxymorphone 288.1234 [M+H]+ -1.3 165.0 0.0 

O-desmethyltramadol 250.1795 [M+H]+ 2.6 156.6 0.1 

Oxycodone 316.154 [M+H]+ 1.0 169.4 0.3 

Oxymorphone 302.1374 [M+H]+ 4.2 165.9 0.1 

Oxymorphone-3-ß-glucuronide 478.1689 [M+H]+ 3.9 204.9 0.0 

Tapentadol 222.187 [M+H]+ -8.0 151.3 0.1 

Tapentadol-ß-glucuronide 398.2176 [M+H]+ -0.7 191.1 0.1 

Tramadol 264.1953 [M+H]+ 1.9 160.6 0.1 

Norcodeine 286.1447 [M+H]+ -3.3 168.9 0.1 

 
#Average of n=3 measurements 

*%RSD of n=3 measurements 
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Figure E.4. Nested spectra for fentanyl and fentanyl-D5 assessed in a simulated urine matrix, 

which reveals the drift alignment of both observed conformations for these two molecules. Thus, 

incorporation of deuterium into the structure does not appear to significantly alter the mobility of 

fentanyl within the drift cell of the Agilent 6560, making drift alignment a useful characteristic for 

potential relative quantification analyses.  
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Table E.8. Table of DTCCSN2 measured in the present study in comparison with those previously 

reported using TIMSCCSN2 and DTIMSCCSN2. 

Molecule m/z 
Single-

Field 
DTCCSN2 

Lit CCS 
DTCCSN2

1 
Lit CCS 

TIMSCCSN2
2 

%Diff. 

Lit. 
DT

CCS
N2

 

%Diff. Lit. 
TIMS

CCS
N2

 

Tramadol 264.1953 160.5 160.4 NA 0.1 NA 

Norhydrocodone 286.1434 168.1 NA 167.4 NA 0.2 

Morphine 286.144 165.5 164 162.9 0.5 0.8 

Norcodeine 286.1447 168.9 NA 167.9 NA 0.3 

Hydromorphone 286.1455 164.8 NA 163.2 NA 0.5 

Hydrocodone 300.1582 168.4 NA 167.8 NA 0.2 

Codeine 300.1596 169.4 169.3 168.2 0.0 0.3 

Methadone 310.2157 176.4 175.9 NA 0.2 NA 

Naloxone 328.1529 172.8 173 171.1 0.0 0.5 

6-monoacetylmorphine 328.1547 176.3 NA 176.7 NA 0.1 

Fentanyl 337.2292 181.7 181.4 NA 0.1 NA 
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Figure E.5. DTIMS drift spectra for the inseparable pairs of opioid isomers, with the structural 

differences highlighted. The results shown above indicate that the subtle shift from a hydroxyl to 

a ketone is not a significant enough perturbation in structure to promote differences in mobility 

of these closely related isomers.  

 

 

 

 

 

 



   

231 

 

Figure E.6. Examination of peak abundance using different cartridge types for all opioid 

metabolites included on the panel differentiated based on their structures and metabolic phase. 

Included are phenanthrene-based opioids (natural and semi-synthetic), synthetic opioids, Phase I 

(nor-) metabolites, and Phase II (glucuronidated) metabolites.  
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Table E.9. Results of one-way ANOVA with Fishers LSD post-hoc analysis provided by 

Metaboanalyst 5.0. Significance was determined using a p-value cut-off of 0.05.  

Metabolite f.value p.value FDR Fisher's LSD 

Morphine 219.58 5.08E-08 9.65E-07 

C18 Urine - C18 Water; Phenyl Urine - C18 Urine; Phenyl Water - C18 Urine; 

Phenyl Urine - C18 Water; Phenyl Water - C18 Water; Phenyl Urine - Phenyl 

Water 

Dihydrocodeine 128.83 4.13E-07 3.92E-06 

C18 Urine - C18 Water; Phenyl Urine - C18 Urine; Phenyl Water - C18 Urine; 

Phenyl Urine - C18 Water; Phenyl Water - C18 Water; Phenyl Urine - Phenyl 

Water 

Hydrocodone 99.412 1.13E-06 5.52E-06 

C18 Urine - C18 Water; Phenyl Urine - C18 Urine; Phenyl Water - C18 Urine; 

Phenyl Urine - C18 Water; Phenyl Water - C18 Water; Phenyl Water - Phenyl 

Urine 

N-desmethyltramadol 92.454 1.50E-06 5.52E-06 

C18 Water - C18 Urine; Phenyl Urine - C18 Urine; Phenyl Water - C18 Urine; 

Phenyl Urine - C18 Water; Phenyl Water - C18 Water; Phenyl Water - Phenyl 

Urine 

Norfentanyl 92.145 1.52E-06 5.52E-06 

C18 Water - C18 Urine; Phenyl Urine - C18 Urine; Phenyl Water - C18 Urine; 

Phenyl Urine - C18 Water; Phenyl Water - C18 Water; Phenyl Water - Phenyl 

Urine 

Oxycodone 87.129 1.89E-06 5.52E-06 

C18 Urine - C18 Water; Phenyl Urine - C18 Urine; Phenyl Water - C18 Urine; 

Phenyl Urine - C18 Water; Phenyl Water - C18 Water; Phenyl Water - Phenyl 

Urine 

Noroxycodone 85.517 2.03E-06 5.52E-06 

C18 Water - C18 Urine; C18 Urine - Phenyl Urine; Phenyl Water - C18 Urine; 

C18 Water - Phenyl Urine; Phenyl Water - C18 Water; Phenyl Water - Phenyl 

Urine 

Codeine 81.045 2.50E-06 5.94E-06 

C18 Urine - C18 Water; Phenyl Urine - C18 Urine; Phenyl Water - C18 Urine; 

Phenyl Urine - C18 Water; Phenyl Water - C18 Water; Phenyl Water - Phenyl 

Urine 

Tapentadol-β-gluc 72.317 3.88E-06 8.19E-06 

C18 Water - C18 Urine; Phenyl Urine - C18 Urine; Phenyl Water - C18 Urine; 

Phenyl Urine - C18 Water; Phenyl Water - C18 Water; Phenyl Water - Phenyl 

Urine 

O-desmethyltramadol 62.033 6.98E-06 1.33E-05 

C18 Urine - C18 Water; Phenyl Urine - C18 Urine; Phenyl Water - C18 Urine; 

Phenyl Urine - C18 Water; Phenyl Water - C18 Water; Phenyl Urine - Phenyl 

Water 

Tramadol 57.536 9.30E-06 1.61E-05 

C18 Water - C18 Urine; Phenyl Urine - C18 Urine; Phenyl Water - C18 Urine; 

Phenyl Urine - C18 Water; Phenyl Water - C18 Water; Phenyl Urine - Phenyl 

Water 

Naloxone-3-β-gluc 31.436 8.91E-05 0.000131 

C18 Urine - C18 Water; C18 Urine - Phenyl Urine; C18 Urine - Phenyl Water; 

C18 Water - Phenyl Urine; C18 Water - Phenyl Water; Phenyl Water - Phenyl 

Urine 

Naloxone 31.4 8.95E-05 0.000131 

C18 Urine - C18 Water; C18 Urine - Phenyl Urine; Phenyl Water - C18 Urine; 

C18 Water - Phenyl Urine; Phenyl Water - C18 Water; Phenyl Water - Phenyl 

Urine 

Codeine-6-β-gluc 26.496 0.000166 0.000225 

C18 Water - C18 Urine; C18 Urine - Phenyl Urine; C18 Urine - Phenyl Water; 

C18 Water - Phenyl Urine; C18 Water - Phenyl Water; Phenyl Water - Phenyl 

Urine 

Fentanyl 21.227 0.000364 0.000461 

C18 Urine - C18 Water; Phenyl Urine - C18 Urine; Phenyl Water - C18 Urine; 

Phenyl Urine - C18 Water; Phenyl Water - C18 Water; Phenyl Water - Phenyl 

Urine 

Norcodeine 11.975 0.002502 0.002971 

C18 Urine - C18 Water; Phenyl Urine - C18 Urine; Phenyl Water - C18 Urine; 

Phenyl Urine - C18 Water; Phenyl Water - C18 Water; Phenyl Water - Phenyl 

Urine 

Oxymorphone-3-β-

gluc 
6.3904 0.016162 0.018063 

C18 Urine - C18 Water; C18 Urine - Phenyl Urine; Phenyl Water - C18 Urine; 

C18 Water - Phenyl Urine; Phenyl Water - C18 Water; Phenyl Water - Phenyl 

Urine 

EDDP 4.7577 0.034549 0.036468 
C18 Water - C18 Urine; C18 Urine - Phenyl Urine; C18 Urine - Phenyl 
Water; C18 Water - Phenyl Urine; C18 Water - Phenyl Water; Phenyl 

Water - Phenyl Urine 

Methadone 3.2012 0.083604 0.083604 
C18 Water - C18 Urine; C18 Urine - Phenyl Urine; C18 Urine - Phenyl 
Water; C18 Water - Phenyl Urine; C18 Water - Phenyl Water; Phenyl 

Water - Phenyl Urine 
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Table E.10. Results of t-test for C18 cartridge using either water or urine as a matrix in 

Metaboanalyst 5.0. Significance was determined using a p-value cut-off of 0.05.  

Metabolite t.stat p.value FDR 

Noroxycodone -3.6829 0.02115 0.40186 

Codeine 1.3195 0.25745 0.65906 

Oxycodone 1.2627 0.27528 0.65906 

Naloxone 1.2146 0.29131 0.65906 

Morphine 1.1519 0.31354 0.65906 

Methadone -1.1433 0.31669 0.65906 

Oxymorphone-3-β-gluc 1.0969 0.3343 0.65906 

Tramadol -1.0695 0.34509 0.65906 

O-desmethyltramadol 1.0407 0.35679 0.65906 

Dihydrocodeine 1.0325 0.36017 0.65906 

Naloxone-3-β-gluc 0.98232 0.38156 0.65906 

Tapentatdol-β-gluc -0.65606 0.54761 0.86704 

Codeine-6-β-gluc -0.48511 0.65297 0.93071 

Norfentanyl -0.43532 0.68579 0.93071 

Norcodeine 0.26005 0.80766 0.99483 

Fentanyl 0.13507 0.89908 0.99483 

N-desmethyltramadol -0.13501 0.89913 0.99483 

EDDP -0.029977 0.97752 0.99483 

Hydrocodone 0.0068992 0.99483 0.99483 
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Table E.11. Results of t-test for phenyl cartridge using either water or urine as a matrix in 

Metaboanalyst 5.0. Significance was determined using a p-value cut-off of 0.05. 

Metabolite t.stat p.value FDR 

Noroxycodone -20.668 3.24E-05 0.000615 

Naloxone -13.433 0.00017767 0.001688 

Norcodeine -9.3349 0.00073316 0.004643 

Tapentatdol-β-gluc -8.0639 0.0012844 0.006101 

Oxycodone -6.1384 0.0035707 0.013569 

Codeine-6-β-gluc -4.8663 0.008242 0.0261 

Norfentanyl -3.7729 0.019555 0.053079 

O-desmethyltramadol 3.3507 0.028551 0.067808 

Naloxone-3-β-gluc -3.0512 0.037985 0.08019 

Hydrocodone -2.8565 0.046092 0.087575 

Oxymorphone-3-β-gluc -2.5956 0.060326 0.1042 

Dihydrocodeine 2.0696 0.10727 0.16985 

N-desmethyltramadol -1.9001 0.13023 0.19033 

Methadone -1.7003 0.16429 0.22297 

Codeine -1.6193 0.18069 0.22428 

Morphine 1.5817 0.18887 0.22428 

Fentanyl -1.2949 0.26505 0.29623 

EDDP -0.56682 0.60113 0.63453 

Tramadol 0.39648 0.71199 0.71199 
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Figure E.7. Calibration curves obtained from RF-IMS-MS for fentanyl, norfentanyl, methadone, 

and oxycodone, which show linearity for analytes in either water or a simulated urine matrix. 

L:H ratio refers to the natural (L) and deuterated stable-isotope labeled (H) standards. 
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