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Abstract

Ion mobility-mass spectrometry (IM-MS) combines complementary size- and mass-selective 

separations into a single analytical platform. This chapter provides context for both the 

instrumental arrangements and key application areas that are commonly encountered in 

bioanalytical settings. New advances in these high-throughput strategies are described with 

description of complementary informatics tools to effectively utilize these data-intensive 

measurements. Rapid separations such as these are especially important in systems, synthetic, and 

chemical biology in which many small molecules are transient and correspond to various 

biological classes for integrated omics measurements. This chapter highlights the fundamentals of 

IM-MS and its applications toward biomolecular separations and discusses methods currently 

being used in the fields of proteomics, lipidomics, and metabolomics.
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1 Origins of Biomolecular Analysis by Ion Mobility-Mass Spectrometry

Ion mobility-mass spectrometry (IM-MS) is an integrated chemical separation technique 

which combines complementary size- and mass-selective separations into a single analytical 

platform. IM-MS is capable of separating individual chemical compounds on the 

millisecond time scale and as such is considered a high-throughput technique, and IM-MS is 

currently used in numerous chemical analysis applications including those of biological 

origin. A timeline of historical developments in IM and IM-MS is provided in Fig. 1. Ion 

mobility traces its roots back to experiments by Rutherford and Thomson in the late 1890s 

[1] and was further improved by Tyndall in the 1920s using pure drift gases [2, 3], before 

being paired with mass spectrometry in the 1960s [4, 5]. Electrospray ionization (ESI) and 

laser ionization were first used with IM in 1968 [6, 7] and 1982 [8], respectively, with 

Bowers demonstrating matrix-assisted laser desorption/ionization (MALDI) with IM-MS in 

the mid-1990s [9]. In the late 1990s onward, both MALDI and ESI ionization techniques 

were utilized with custom- and home-built IM-MS instruments by several laboratories, 

establishing IM-MS as highly sensitive technique for biomolecular analysis [10–14]. These 

soft ionization techniques were readily paired with IM-MS and enabled the analysis of large, 

intact molecules [15], and the growth in the application of IM-MS to biomolecules is 

illustrated in the timeline in Fig. 2 [16]. In 2006, a commercially available ion mobility-mass 
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spectrometer well suited for biomolecular analysis was developed by Waters Corporation, 

named the Synapt HDMS (“High Definition” MS), which combined the soft ionization of 

ESI and liquid chromatography-ESI with the rapid separation of traveling wave-based IM 

technology and time-of-flight MS. The traveling wave IM technique was improved 

significantly in 2011 and the platform subsequently supported other optional analytical 

capabilities including MALDI and MS imaging, as well as integration with a variety of other 

ion sources and accessories [17–19]. This first commercial offering enabled a larger 

scientific community access to IM-MS which otherwise was only available to researchers 

with the capability to build their own instruments. Subsequently, other vendors entered the 

market with their own commercial IM-MS offerings, including Agilent Technologies in 

2014 (drift tube IM) [20] and Bruker Corporation in 2016 (trapped IM) [21]. With the 

availability of versatile commercial instrumentation, biomolecular analysis using IM-MS 

flourished and continues to be a rapidly growing field providing fundamental insight into 

some of our most important biological questions.

2 Biomolecular Separation and Analytical Utility of IM-MS

IM-MS has found great utility for biomolecular separation due to its broad sample 

compatibility, resolution, and sensitivity. It has been used to separate and analyze a wide 

range of masses, from small molecules to large protein complexes [22–29]. The analytical 

importance of IM is summarized in Table 1 [16]. IM provides a broad range of analytically 

valuable enhancements, including increasing peak capacity when coupled with other 

separation stages (chromatography, MS, etc.), enhancing low abundance signals of 

importance by reducing interference from chemical noise, and allowing for structural 

characterization of analytes through the measurement of their gas-phase cross-sectional area. 

Furthermore, it has been demonstrated that biomolecular classes maintain different 

molecular packing efficiencies in the gas phase, which results in class-specific correlations 

in 2-dimensional IM-MS spectra (Fig. 3) [20, 30, 31]. Notably, the canonical biochemical 

classes (lipids, peptides, carbohydrates, and nucleotides) align themselves into unique 

regions of IM-MS analytical space, which reflect their conformational preferences. Within 

each of these broad biochemical class correlations, subclass trends may also exist. As a 

prominent example, lipids have a characteristic behavior in IM-MS indicative of their 

primary class and structure [32]. Specifically, lipid packing efficiency is affected by both 

headgroup identity and modifications within their acyl tail(s), forming different correlations 

of gas-phase collision cross section (CCS) versus mass. Current research is considering the 

effects of degree of unsaturation and carbon chain length on lipid packing efficiency and 

correlation behavior in IM-MS [33–35]. Novel approaches such as ozonolysis paired with 

IM-MS are now also being used in lipidomics to allow for determination of double-bond 

location in lipids [36, 37]. For broad-scale identification of unknowns, empirically derived 

databases of mass and CCS are being assembled for a variety of biomolecular compounds 

[16, 24, 29, 38–44]. In addition to specific chemical class information, IM can address the 

challenge of resolving and identifying isobaric compounds that are unresolvable by 

conventional MS. In many cases, isobaric species including isomers and conformers can be 

distinguished in the IM dimension due to the different conformations they adopt in the gas 

phase, whether peptides, carbohydrates, or lipids [45–50]. Collectively, the capability to 
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rapidly resolve biochemicals based on both structure and mass has made IM-MS an 

invaluable analytical tool for biomolecular analysis.

3 Instrumentation Considerations

3.1 Chromatography

The inclusion of a chromatographic separation prior to IM-MS provides added peak capacity 

while enhancing the analytical sensitivity of both the IM and MS stages by reducing ion 

suppression resulting from the simultaneous infusion of multiple analytes. Liquid 

chromatography (LC) is commonly implemented with IM-MS due to its ability to use a wide 

variety of flow rates, column choices, and solvents that pair well with ESI ion generation 

[51, 52]. Since the IM separation occurs postionization, all of the LC conditions which work 

in LC-MS are also compatible with IM-MS, including both normal- and reverse-phase LC 

columns and numerous solvent systems [53]. Autosampler systems are also commonly 

utilized with LC to facilitate automated, high-throughput LC-IM-MS workflows [54]. Other 

chromatographic separation techniques such gas chromatography (GC) and supercritical 

fluid chromatography (SFC) have also been demonstrated with IM-MS [55–57], although 

these are less common due to the more limited analytical space that these techniques 

encompass (e.g., volatile and nonpolar analytes, respectively). Figure 4 illustrates the 

compatibility of timescales for chromatography with IM-MS [5]. While chromatography 

operates on a timescale of minutes, the downstream analytical strategies such as IM and MS 

operate on the order of milliseconds to microseconds, allowing further separation of 

components eluting from the chromatographic dimension without affecting the overall 

sample throughput.

3.2 Ion Sources

Two of the most common methods for ionization of biomolecules are MALDI and ESI. 

These so called “soft” ionization techniques impart minimal energy to molecules during the 

ionization process, which helps to maintain the analyte’s structural integrity during transfer 

to the gas phase, which is crucial for the analysis of fragile biomolecules [9, 15]. MALDI is 

performed on solid samples using a laser to desorb and generate ions and tends to generate 

low charge states in a narrow distribution, which simplifies the mass spectra [58, 59]. The 

use of a laser also facilitates operating MALDI in an imaging mode, allowing spatially 

resolved mass information to be obtained [60]. MALDI-based MS imaging (MSI) has been 

utilized to determine analyte location in tissue samples [61], and MSI has also been coupled 

with IM-MS to provide a high-dimensional separation strategy that can simultaneously 

separate analytes based on spatial location, size, and mass [62, 63]. MALDI, however, is not 

conducive to direct analysis of liquid samples such as the effluent stream originating from 

LC, which requires offline sample fraction collection for MALDI analysis. Liquid sample 

analysis is, however, readily facilitated by ESI, which generates a continuous flow of ions 

from liquid-phase samples. ESI has enabled high-throughput LC-MS experiments and has 

been used to combine LC with IM-MS. In contrast to the low charge states observed in 

MALDI, ESI typically generates multiply charged ions. Since mass spectrometers measure 

ions as a mass-to-charge ratio, higher charge states effectively increase the practical mass 

range accessible to a mass spectrometer, facilitating analysis of proteins and other high mass 
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analytes alongside small molecules in a complex biological sample [64, 65]. Multiply 

charged ions have also improved detection limits for Fourier transform MS (FTMS) 

techniques [66, 67], improved the ion fragment yields for traditional collisional activation 

experiments (collision-induced dissociation, CID) [68], and have enabled electron-induced 

fragmentation techniques such as electron capture dissociation (ECD) and electron transfer 

dissociation (ETD) to be implemented [69, 70]. Specifically for IM analysis, the various 

charge states generated from ESI are readily resolved into distinct correlations of cross 

section and mass, which facilitates the separation and identification of multiply charged 

species [10].

3.3 Time-Dispersive Ion Mobility Techniques

Two ion mobility techniques that are commonly used are drift tube ion mobility 

spectrometry (DTIMS) and traveling wave ion mobility spectrometry (TWIMS) (Fig. 5) [5]. 

TWIMS was one of the first IM techniques to be used in a commercially available IM-MS 

platform. In TWIMS, ion separations result from a series of dynamically pulsed voltages (an 

electrodynamic field) which creates a traveling wave potential that transfers ions through the 

drift region in a mobility-selective mode. TWIMS separations are similar to DTIMS 

separations and can access similar resolving powers [71]. Although DTIMS combined with 

MS was implemented commercially several years after TWIMS, it is an older technique and 

considered the standard and classically most accurate method for CCS determination. Unlike 

TWIMS, DTIMS separates ions using a constant voltage gradient (a uniform electric field) 

which allows the measured ion drift times to be related directly to CCS via the kinetic theory 

of gases, commonly referred to as the Mason–Schamp relationship [72, 73]. On the other 

hand, TWIMS-derived CCS values are determined via an empirical calibration relationship 

between TWIMS measured drift times and known CCS values obtained from DTIMS [27, 

32, 74]. Due to the fact that TWIMS does not require high voltages for separations, it is 

readily scalable to longer path lengths, which fundamentally improves instrument resolution. 

In contrast, high operational voltages must be utilized in order to increase the path length in 

DTIMS. Next-generation TWIMS instruments are taking advantage of this scalability, 

producing high resolving power platforms based on serpentine and cyclic designs [45, 75].

3.4 Mass Spectrometry Considerations

Mass spectrometry is routinely conducted after IM separations to provide mass measurement 

on ion mobility separated ions. In this IM-MS configuration, most of the chemical 

separation occurs in the mass dimension due to the high resolving power (>10,000) 

accessible by modern mass spectrometers; however, the added IM dimension provides 

improved peak capacity and the capability for resolving isomeric compounds based on 

structural differences [76]. IM is commonly coupled with time-of-flight (TOF) mass 

spectrometry due to its ability to rapidly analyze a wide mass range simultaneously and with 

high resolution. The timescale of the TOF is on the order of microseconds, pairing well with 

an upstream IM which is on the order of milliseconds per separation. Quadrupole MS is also 

commonly used with IM-MS as an added mass-filtering stage for tandem MS/MS 

experiments, which can further aid in analyte identification and characterization.
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Fragmentation methods have been utilized with great success in tandem mass spectrometry 

and in IM-MS, where it can be initiated between the IM and MS stages (IM-MS/MS) or 

prior to IM-MS either with a front-end mass filter, or without, as is the case with in-source 

ion activation [77]. Collision-induced dissociation (CID) is commonly used to fragment ions 

as it is readily implemented with existing ion optics. CID is implemented through ion 

collisions with an inert background gas (such as nitrogen or argon) under elevated voltage 

conditions. CID is considered an ergodic process where energy is restributed within the 

molecule and the weakest bonds are preferentially cleaved, which leads to predictable and 

reproducible fragmentation of ions. The analysis of CID fragmentation spectra has been 

used with IM-MS to identify isobaric species which exhibit different bond energies. The 

CID method is commonly used in proteomics to determine the amino acid sequence of 

peptides. While highly predictable, CID does not preserve weak bonds typical of 

noncovalent complexes and post-translational modifications, and is less effective at 

fragmenting large molecules, such as intact proteins. To address these deficiencies, electron 

capture dissociation (ECD) and electron transfer dissociation (ETD) have been used, both of 

which fragment the ion in a nonergodic process and thus creating different but informative 

fragments compared to CID. ECD requires simultaneous trapping of ions and free electrons 

and has only been implemented in ion cyclotron resonance MS. ETD and CID have been 

used simultaneously with IM-MS for glycoproteomics [78–80]. This allows a variety of 

fragments to be determined for a given precursor ion, in particular for preserving informative 

labile bonds when obtaining fragmentation information. Combining the ion drift time, 

precursor mass, and fragment mass information can facilitate confident identification of the 

precursor molecular.

IM-MS holds an important and ever increasing role in biomolecular analyses. The ability of 

IM-MS to integrate with a wide variety of chromatographic techniques, ion generation 

methods, fragmentation methods, and mass analyzers results in a versatile and power 

technique for biomolecular analysis, particularly in the omic sciences (i.e., proteomics, 

lipidomics, metabolomics, etc.) where deriving biological answers requires high sensitivity 

and high-confidence identifications. Additionally, IM improves peak capacity compared to 

standalone MS and is compatible with other analytical stages such as LC separations and 

tandem ion fragmentation. In this context, IM can differentiate isobaric species and provides 

an additional descriptor (ion drift times or gas phase CCS) for the identification of 

unknowns. The following sections describe current trends in specific applications of IM-MS 

to biomolecular analyses.

4 Current Trends in IM-MS for Biomolecular Analyses

The confident identification of small molecules continues to be one of the most difficult 

challenges in omic studies. While advances in proteomics have streamlined IM-MS-based 

identification efforts for peptides and proteins [38, 81, 82], metabolomic and lipidomic 

identification capabilities have generally lagged behind [83, 84]. One reason for this is that 

while the structure of peptides consists of translationally assembled amino acid building 

blocks which can often be elucidated through ion fragmentation strategies, metabolites and 

lipids are less predictable and contain a wide array of substructural units. Additionally, the 

prevalence of isobaric species in lipidomics complicates feature identification, and 
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metabolomics studies often encounter features of redundant mass that lack unique 

fragmentation patterns, which further confounds attempts at identification by MS alone. 

Therefore, a combination of analytical techniques is required for high-confidence lipidomics 

and metabolomics. As shown in Fig. 6, gas chromatography, liquid chromatography, or 

another front-end separations can be readily combined with IM and MS analysis to provide 

high-dimensional data sets which can be partitioned into specific omics workflows [53, 84]. 

The IM analysis provides charge state and chemical class-specific separations based on 

differences in intrinsic gas phase packing, as well as quantitative size information via CCS 

measurement which can be used as a reproducible measurement for identification purposes 

[84].

5 Integrating Ion Mobility for Omics Analyses

IM-MS provides a fast separation of chemically unique biological groups with the added 

benefit of measuring collision cross section concurrently with mass-to-charge ratio [31, 82, 

85]. This capability is important for omics studies utilizing complex biological samples 

which routinely require extensive sample purification strategies to isolate molecules of 

interest from undesirable compounds that would otherwise make MS analysis difficult (e.g., 

salts, detergents, and other types of chemical noise) [81, 86]. Sample preparation strategies 

have the potential to chemically alter molecules of interest, for example, by oxidation, 

reduction, conversion to a secondary metabolite, or loss of a post-translational modification 

in peptides. Integrating IM with MS can help offset some of the burden of chemical 

separation and alleviate the need for extensive sample handling. In certain cases where 

fragmentation occurs postmobility, either intrinsically or intentionally, IM-MS also allows 

the alignment of precursor and product ions which can further aid in identification [83, 87]. 

The following sections provide examples of how ion mobility has been integrated in 

proteomic, lipidomic, and metabolomic analyses. Although each analysis is discussed 

separately, it should be noted that ion mobility allows for simultaneous analysis of these 

individual omic classes via chemical class separation, providing a truly integrated multiomic 

experiment.

5.1 Proteomics

Proteomics, the large-scale study of proteins, has been a driving force in systems biology 

and has increased our understanding of diseases and human health. Proteins serve as the 

machines for all cellular processes; thus proteomic studies are one of the most crucial tasks 

in systems biology. MS-based proteomics is a major component to the advancements in the 

field [88, 89]. Proteins encompass a large dynamic range of concentrations, necessitating 

separation techniques to enhance lower abundance species prior to mass analysis. Common 

separation methods for proteomics include gel electrophoresis, liquid chromatography, and, 

in a growing number of instances, ion mobility [90–92].

Ion mobility has been utilized extensively in structural proteomics [82, 93]. Proteins of 

similar or exact mass, such as protein conformers, can be separated by IM due to differences 

in their gas phase structure [94]. Figure 7 illustrates IM separations for ions of protein 

complexes of different sizes and configurations, but similar mass-to-charge ratio [93]. The 
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majority of multiprotein complexes have been analyzed on TWIMS instruments, and it has 

been demonstrated that incorporation of TWIMS with MS analysis can increase proteome 

coverage by up to 60% [95].

In addition to separating proteins, IM is used to probe structural information [93]. 

Temperature-controlled ESI sources and heated ion transfer capillaries have been used prior 

to IM-MS to rapidly heat proteins and monitor their controlled denaturation [11, 96, 97]. In 

addition, thermally induced protein conformational transformations as well as protein–

ligand interactions are able to be observed. In these ways and others, IM-MS progresses 

from a separation strategy to a structural measurement technique to broaden our 

understanding of how protein clusters are formed and stabilized [96, 97].

5.2 Lipidomics

Lipids comprise a large portion of the small molecules extracted from organisms. They have 

three major functions in biological systems: energy storage, cellular signaling, and structural 

functions. Lipids can be divided into eight major categories (fatty acids, glycerolipids, 

glycerophospholipids, sphingolipids, sterols, prenols, saccharolipids, and polyketides) with 

many different structural motifs ranging from fused cyclic molecules to long-chain fatty 

acids. Lipids cover a large range of m/z ratios, and while mass spectrometry has been a 

powerful tool in lipidomics, the numerous isomeric lipid species which can exist make lipid 

structural characterization by MS challenging [98–100]. Contributing to lipid structural 

complexity are the numerous potential double-bond positions, geometric (cis/trans), 

constitutional (linear and branched), and stereochemical orientations that a lipid can adopt 

which are all isobaric in mass. Identifying complex lipid structures has been a struggle in the 

field of lipidomics, one that ion mobility is well-suited to address [99–102]. Lipid 

identifications in MS-based lipidomics utilize the exact mass measurement, as well as 

characteristic fragmentation patterns obtained from tandem MS/MS experiments to assign 

confidence to structural identifications. As many lipids are chemically and structurally 

similar, lipids can be challenging to separate using LC alone, making it difficult to correlate 

fragment ions with their precursor ion forms. As demonstrated by Paglia et al., ion mobility 

can be used to align fragmentation spectra with precursor parent ions to increase the 

confidence in lipid identification (Fig. 8). In this study, ion mobility was also demonstrated 

to be useful in separating coeluting lipid structures with the same m/z ratios [103].

Ozone-induced dissociation has been recently demonstrated with IM-MS to elucidate the 

location of double bonds in the acyl tail region of lipids. Two separate strategies have been 

described: solution-phase ozonolysis of lipids prior to being introduced to the mass 

spectrometer [104], and gas-phase ozonolysis of lipid ions within the MS, the latter 

technique termed OzID. These ozonolysis strategies have been shown to be useful for 

locating the position of double bonds within lipids; however, one shortcoming with this 

approach is that it does not provide any information about the geometry (cis/trans) of the 

double bond prior to ozonolysis [104, 105]. This emphasizes the strength of IM-MS 

analysis, where ion mobility allows for the differentiation of some geometric lipid isomers, 

such as cis versus trans, even when present in a complex biological mixture. Groessl et al. 

demonstrated that CCS differences of 1% or more are sufficient to baseline separate lipids in 
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DTIMS [101]. Although the possibility to use IM for identification purposes was also 

discussed, it was noted that high precision and accuracy are needed to create and populate 

reliable reference data libraries. Recently, Leaptrot et al. reported on an empirical CCS 

database of various sphingolipids and phospholipids incorporating 456 high-precision 

DTIMS measurements (global average RSD of 0.18%), which provides a quantitative means 

of identifying unknown lipids, including isomers, by IM-derived CCS information [33]. As 

these CCS libraries become more available, it is expected that lipidomics using IM-MS will 

continue to grow.

5.3 Metabolomics

Metabolomics is the measurement of the thousands of small molecules in a biological 

system. Unlike genomics and proteomics, metabolomics encompasses a large amount of 

chemical diversity as it consists of molecules from many different biological classes, such as 

carbohydrates, amino acids, hormones, and lipids [106]. There are generally two approaches 

to MS-based metabolomics: (1) targeted analysis, in which a panel of metabolites are 

selected for chemical analysis, and (2) untargeted analysis, in which all small molecules 

present in the sample are analyzed simultaneously [106]. Both approaches have their 

advantages. Targeted studies allows for semiquantitative analysis of small molecules on a 

curated list. Isotope standards can be analyzed concurrently with unknowns and calibrated 

against empirically measured response curves (calibration curves) in order to determine the 

concentration of specific metabolites within a sample. Since only a small number of m/z 
values are prioritized, targeted studies are commonly conducted on MS instrumentation with 

selective ion monitoring capabilities, such as triple quadrupole and ion trap instruments 

where a select m/z can be tuned and monitored in a continuous duration, greatly increasing 

the instrument sensitivity and response reproducibility, which improves quantitative results. 

While targeted approaches provide quantitative information regarding metabolites of 

interest, these studies do not provide detailed information for other small molecules present 

in the sample. On the other hand, untargeted approaches focus on separating and 

comprehensively measuring all of the small molecules present in the sample but lacks robust 

means of quantifying these signals. Also, untargeted studies generally utilize analytical 

methods and settings that attempt to measure a large breadth of molecules, and thus can be 

less sensitive to a specific class or pool of analytes [106–108]. While untargeted studies can 

detect a large number of molecules present in a sample, identifying the oftentimes thousands 

of metabolites observed in a single untargeted study can be an arduous task. For a single m/z 
feature, there can be hundreds of matches to known compounds in various metabolomic 

databases, making an absolute identification difficult [107–109]. Thus in order to improve 

confidence in metabolite identification, multiple dimensions of analytical information are 

generally obtained in untargeted experiments, which can include measurements from front-

end chromatographic separations (analyte polarity and retention times), as well as post-

ionization techniques such as ion mobility (likely chemical class and collision cross 

sections) and tandem MS (ion stability and fragmentation information). Ion mobility in 

particular can provide additional peak capacity, isomeric differentiation, and an additional 

molecular descriptor (CCS) which can help to alleviate some of the difficulties associated 

with confident metabolite identification [107–111].
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As noted in the previous section, IM can improve fragmentation identification in lipidomics, 

and this advantage applies to metabolomics as well. With such chemical diversity found in 

the metabolome, ion isolation is complicated by coeluting species, and thus aligning 

precursor ions with their fragments originating from ion activation experiments is 

challenging. Using IM prior to ion fragmentation allows coeluting small molecules to be 

further resolved following chromatography [107–109]. For example, Wickramasekara et al. 

classified coeluting lipid species based on the differences in their IM drift times (Fig. 9) 

[112]. In addition, the drift time-extracted spectra can be used to align fragment ions to the 

corresponding parent ion, as these signals have identical drift times when conducting the 

fragmentation postmobility. This capability to mobility-align ion precursors and fragments 

can help to collate specific ion fragment information which can then be used with the 

accurate mass measurement to match unknowns to database entries, thus increasing the 

confidence in assigning metabolite identifications.

In addition to utilizing the enhanced separation and fragment alignment capabilities from 

IM, CCS measurements derived from IM experiments can improve metabolite validation 

[109]. CCS is linked to an intrinsic molecular property of the analyte (the microscopic 

molecular cross section) and thus is considered more robust than other conditional 

measurement parameters such as the chromatographic retention time. This property makes 

CCS useful as an additional molecular descriptor that can be used in metabolomic studies 

along with accurate mass and fragmentation information. Currently, there are several 

laboratories attempting to use CCS in metabolite identification workflows. For example, 

Paglia et al. have described a robust analytical workflow incorporating CCS for both 

metabolite and lipid identifications and report a ca. 2% interlaboratory reproducibility of the 

TWIMS-derived CCS [42, 83]. Stow et al. utilized standardized DTIMS instrumentation 

deployed across several international laboratories to achieve an interlaboratory CCS 

reproducibility of better than 0.5% [113], and recent work by Nichols et al. describe the 

utility of DTIMS CCS measurements as a molecular descriptor in untargeted studies of 

primary human metabolites [111]. As more research shifts toward incorporating CCS into 

metabolomic analysis, there is a need for database expansion to support bioinformatic 

strategies. Recent efforts for developing CCS databases to support metabolite identifications 

have included pesticides, pollutants, xenobiotics, and steroids [114–117]. Leveraging the 

standardization efforts for DTIMS, Picache et al. have recently described a “Unified CCS 

Compendium” which compiles over 3800 CCS measurements obtained from different 

studies into a single, self-consistent resource with a global average CCS precision of 0.25% 

RSD [43]. These and other efforts will allow rapid and reliable metabolite identification and 

quantification, which becomes increasingly important as the field shifts toward 

comprehensively characterizing individual metabolomic pathways.

6 Accelerating Advancements in IM-MS Technology

Innovation in IM-MS instrumentation continues at a rapid pace. Various improvements have 

been suggested and novel IM-MS technologies now being described allow for ingenious 

solutions for challenges encountered in biomolecular analysis. For example, a novel 

instrument design approach now being actively developed for IM-MS utilizes a scalable ion 

optical architecture consisting of electrode pads on a printed circuit board (PCB) and driven 
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with electrodynamic (RF) fields that confine ions to a predefined ion optical path. This 

approach, named by R.D. Smith and colleagues as “structures for lossless ion 

manipulations” (SLIM), utilizes a 2-dimensional electrode geometry that is both modular 

and scalable such that various different experiments can be achieved on the same instrument 

platform [45, 118–121]. In SLIM, two PCBs with a mirrored electrode symmetry are placed 

above and below one another to create the ion path of travel in between the boards, and 

dynamic electric fields are used to both contain and guide the ions through the SLIM device 

[122]. SLIM allows high ion transfer transmission through elevated pressure regions, and 

SLIM-based ion mobility separations based on both DTIMS and TWIMS have been 

demonstrated [123, 124]. The ability to print electrodes on a two-dimensional surface allows 

for various ion manipulation modules to be fabricated, including modules to move ions at 

90° angles (elbows and tees) [123, 125]. This facilitates cyclic racetrack and serpentine 

geometries to be fabricated for long path length, high-resolution ion mobility separations, 

and incorporation of “tee” junctions allows selection of a discreet ion mobility region for 

further tandem analysis by either IM or MS. An example of SLIM-based ion mobility 

instrumentation is shown in Fig. 10 [124]. Current designs have created instruments with 

some of the highest IM resolution currently available [71].

In addition to TWIMS and DTIMS, a relatively new ion mobility technique called trapped 

ion mobility spectrometry (TIMS) is currently available in commercial instrumentation [126, 

127]. TIMS performs ion mobility separations by selectively releasing ions trapped in a 

mobility “analyzer” cell combining a gas flow and an opposing electric field [128, 129]. The 

ions trapped in TIMS are released slowly by lowering the electric field barrier, which allows 

a mobility spectrum to be obtained and subsequent MS analysis to be performed. The rate at 

which the electric field is lowered corresponds with IM resolution, with slower scan rates 

leading to higher resolution. TIMS instruments are capable of high IM resolution and are 

very versatile due to its variable scan rate [130]. Either high-throughput or high-resolution 

scan rates may be chosen as needed, or a scan rate may be variable during analysis to allow 

high resolution only for a certain range of mobilities, enabling targeted high-resolution 

experiments to be conducted. This is in contrast to current high-resolution approaches based 

on cyclic or racetrack IM technologies, which relies on selecting a narrow population of 

mobilities for high-resolution analysis, at a cost of rejecting other ions outside of this 

mobility window.

While most efforts have focused on improving IM resolution, some approaches have sought 

to improve sensitivity and throughput. An example of such an approach is a multichannel IM 

spectrometer shown in Fig. 11 [5]. This instrument utilizes eight discrete ion optical paths to 

perform eight ion mobility separations in parallel [5, 131]. Each ion channel can act 

independently, analyzing eight unique samples at a time, improving throughput. 

Alternatively, the multichannel instrument can analyze the same sample simultaneously 

across the eight ion optical paths, increasing the sensitivity of the instrument. As the 

analytical community pushes for rapid extraction of more information from complex 

samples, advancements in high-throughput instrument designs remain crucial.

Additional strategies for improving ion mobility separation have focused on increasing the 

chemical selectivity of existing IM instrumentation by using alternate drift gases [132]. The 
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understanding and application of the effect of drift gas on IM separations and the associated 

CCS measurement are still in early development, but there is now mounting evidence that 

the use of more polarizable drift gases (e.g., CO2, N2O, NO2) can increase the resolution for 

certain ion species [132, 133]. While the hard-sphere interactions between the ion and drift 

gas tend to predominate the mobility of ions in the IM experiment [134], long-range 

interactions also play a role in the observed IM separations and are exploited by varying the 

drift gas polarizability. Improved selectivity can occur between certain ionic species 

depending upon their susceptibility to long-range interactions [135]. The effect on separation 

efficiency by varying the drift gas composition is similar to the effect of varying the solvent 

conditions in capillary electrophoresis to affect separation selectivity. It is common to alter 

the drift gas in some high-field IM techniques, such as high-field asymmetric waveform ion 

mobility spectrometry (FAIMS) and differential mobility spectrometry (DMS) [136–141]. In 

low-field IM techniques, this is less common, but there have been a number of significant 

examples [142, 143]. Using an ambient pressure drift tube, Hill and coworkers showed that 

varying the drift gas polarizability could improve selectivity for various small molecules 

including drugs, carbohydrates, and peptides [132, 133, 144, 145]. Using a reduced pressure 

drift tube, Yost and coworkers reported that carbon dioxide improved resolving power for 

several isobaric steroids [146]. Eberlin and coworkers demonstrated that replacing nitrogen 

with carbon dioxide in a TWIMS instrument could improve separation of a number of 

analytes such as carbohydrates and isomeric haloanilines [50, 147–149]. However, it is 

common for observations of more polarizable drift gases to report minimal improvement to 

overall IM peak capacity or resolution compared to nitrogen or helium [23, 135, 150–152]. 

For example, Fjeldsted and coworkers investigated the separation of various small molecule 

pesticides, isomeric carbohydrates, and fluoroalkyl phosphazenes in a wide variety of drift 

gases, including helium, nitrogen, argon, carbon dioxide, nitrous oxide, and sulfur 

hexafluoride [23]. Generally, it was observed that helium and nitrogen had the highest 

resolution and resolving power, with some of the more polarizable drift gases demonstrating 

better selectivity when comparing certain analyte pairs [23]. To fully evaluate drift gas 

effect, a broader range of masses and biological classes needs to be reported in a variety of 

drift gases across multiple platforms and laboratories. Recently, Morris et al. utilized 

DTIMS operated in a variety of drift gases (helium, nitrogen, argon, and carbon dioxide) to 

study several different classes of compounds (quaternary ammoniums, phosphazenes, 

polypeptides, and carbohydrates) and provided recommended experimental parameters that 

allow for comparable CCS values to be determined among multiple laboratories [153]. 

Currently, the majority of CCS measurements have been reported in either helium or 

nitrogen, hindering the evaluation of IM separation performance in other alternate drift gases 

[16]. As the methods and parameters to perform these variable drift gas experiments become 

standardized, normalized measurements such as CCS will be vital for allowing direct 

comparison of separations conducted on different platforms (e.g., drift tube or traveling 

wave) [16]. The potential analytical importance of drift gas composition on improving IM 

resolution and separation selectivity is significant, and currently this area of research is 

largely unexplored.
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7 Accelerating Advancements in Integrated Omics Analyses

When utilized in various omics studies, IM has been used primarily to partition analytes of 

interest from chemical noise originating from complex samples, resolve ambiguities within 

coeluting features, and align precursor and fragmentation data acquired in data-independent 

strategies. While the majority of IM-MS applications in biomolecular analysis have focused 

on specific omic fields (e.g., proteomics, lipidomics, metabolomics), there is increasing 

interest in utilizing IM-MS for untargeted, multiomic studies which examine a large breadth 

of molecule types simultaneously [154]. A truly, multiomic analytical workflow will 

facilitate the development of system maps which connect relationships between molecule 

types and allow perturbed pathways to be elucidated. To illustrate this concept, Fig. 12 

displays work from Paglia et al. on building pathway maps to track metabolites being 

shuttled between mitochondria and the cytosol [155]. An area that could significantly benefit 

from this type of analysis is the microbiome and chemical communications fields. The 

microbiome has experienced recent and significant attention aimed at understanding the 

integral role that commensal bacteria plays on human health [156–158]. This focus, in large 

part, is due to advancements in sequencing of bacterial communities allowing for whole 

populations to be analyzed simultaneously, facilitating the comparison of healthy versus 

disease states [157, 158]. One challenge that remains in microbiome research is the 

understanding of the mechanisms that lead to disease, which can be addressed at least in part 

by building biochemical inventories of small molecule metabolites observed within the 

samples. MS-based metabolomics can be applied to a variety of sample types, can measure 

thousands of metabolites, requires minute sample quantities, and thus has high potential for 

integration into multiomics investigations. In particular, the ability of IM-MS experiments to 

simultaneously separate and detect multiple biological classes and chemical motifs can 

allow perturbed metabolites to be observed along with changes in the bacterial community. 

Uncovering changes in the metabolomic profile can provide insight into the role that 

particular bacteria plays within the complex interplay of biomolecules associated with the 

microbiome and/or host organisms.

Throughout this chapter, biomolecular analysis by various IM-MS technologies has been 

highlighted. Currently, IM is used primarily to enhance the separation of molecules present 

within complex samples. However, with higher quality IM measurements now being 

reported throughout the community [43], the role of IM for supporting biomolecular 

identifications is poised to make a significant impact in the omics sciences, particularly 

within the metabolomics and lipidomics communities. As technological and experimental 

advances are continuing at an accelerated pace, IM-MS will play an increasingly important 

role in providing deeper levels of information in large-scale biomolecular analysis initiatives 

including those in systems, synthetic, and chemical biology.
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Fig. 1. 
A timeline and histogram summarizing the number of publications published between 1890 

and 2014 as pertaining to ion mobility and ion mobility-mass spectrometry. Specific 

historical milestones in the development of ion mobility and IM-MS instrumentation are 

summarized at the right of the timeline (Figure from May et al. [5])
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Fig. 2. 
A bubble plot summarizing the number of CCS values reported over time for seven chemical 

compound classes. The size of each bubble represents the relative number of CCS values in 

each respective year (Figure from May et al. [16])
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Fig. 3. 
A conceptual depiction of where various biomolecular classes are observed in IM–MS 

conformational space (Figure from Fenn et al. [30])
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Fig. 4. 
The relationship of various analytical timescales based on the respective speed of each 

separation. The total number of possible spectra obtained through nesting the subsequent 

analytical separation dimensions is summarized to the right (Figure from May et al. [5])
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Fig. 5. 
Two conceptual schematic diagrams of commercially-available time-dispersive IM-MS 

instrumentation. (a) An electrostatic drift tube ion mobility spectrometer (DTIMS) coupled 

to a quadrupole-time-of-flight (QTOF) mass spectrometer, and (b) an electrodynamic 

traveling wave ion mobility spectrometer (TWIMS) coupled with a quadrupole mass filter 

and a QTOF. Conceptual experimental sequences are shown in the insets of each panel and 

illustrate the mechanism giving rise to the temporal separation of smaller and larger collision 

cross section ions experimentally observed in each technique (Figure from May et al. [5])
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Fig. 6. 
A conceptual IM-MS analytical workflow incorporating various front-end separation 

techniques (SPE, solid phase extraction; SFC, super critical fluidic chromatography; LC, 

liquid chromatography; CE, capillary electrophoresis GC, gas chromatography). The 

resulting IM-MS analysis yields drift time vs. m/z spectra which can be interpreted for 

relative size-mass information intrinsic to different biochemical classes (Figure adapted 

from Zhang et al. [84])
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Fig. 7. 
Basic principles of IM-MS data acquisition and the resulting spectra. Ions generated in the 

ion source (lower left) are introduced into an IM spectrometer, which is effectively an ion 

guide consisting of a background of neutral gas molecules and a weak electric field. 

Following IM analysis, the ions are introduced into a mass analyzer operated under vacuum. 

The resulting IM and MS data are 3-dimensional, containing ion intensity, size, and mass 

information, and can be projected either as a contour plot (middle, bottom), or 2D selections 

in either drift time or m/z space (lower right) (Figure from Zhang et al. [93])
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Fig. 8. 
Two examples of data-independent acquisition (DIA) using IM-MS instrumentation. (a) 

Conventional DIA where ions are comprehensively fragmented following chromatography, 

(MSE) and (b) MSE coupled with IM (HDMSE). DIA combined with IM separation enables 

mobility-aligned fragmentation spectra, which can increase the specificity and confidence in 

identifying complex lipids (Figure from Paglia et al. [103])
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Fig. 9. 
An example 2D LC-IM spectrum (drift time vs. retention time) showing IM separation of 

different compound classes observed in rat plasma. The encircled regions represent 

compound classes that elute at a similar retention time (26–28 min). Extracted IM spectra 

(bottom) reveal that these two regions of ion signal represent different lipid classes, namely 

Lyso-PC and SM lipids (sphingosine phosphocholines) (Figure from Wickramasekara et al. 

[112])
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Fig. 10. 
(a) A schematic of the multipass SLIM SUPER IM-MS instrument. (b) Photograph of one 

of the two SLIM surfaces which are stacked in mirrored symmetry in the instrumentation, 

and (c) an illustration of an ion switch which is used to direct ions through various stages of 

the experiment (Figure from Deng et al. [124])

Morris et al. Page 31

Methods Mol Biol. Author manuscript; available in PMC 2021 May 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 11. 
An example of a spatial multiplexing strategy for DTIMS using eight individual IM analysis 

channels: (a) simulation of ion trajectories through the interfacing ion funnels and the drift 

tube array, and (b) a cutaway showing component details of the spatially multiplexed IM 

instrument (Figure from May et al. [5])
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Fig. 12. 
(a) Bar charts summarizing the normalized ion signal observed in IM-MS experiments for 

aspartate, malate, citrate, and glutamate obtained from AD (red) and ND control subjects 

(green). (b) N-acetylaspartate (NAA) levels between AD (red) and control subjects (green) 

and MS images obtained from brain sections of both AD and control subjects. (c) 

Mitochondrial shuttles describing the exchange of metabolites between the cytosol and 

mitochondria and the metabolites quantified in the IM-MS experiments (blue dots) of Paglia 

et al. *p < 0.05 (t test) (Figure from Paglia et al. [155])
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Table 1.

Three analytical uses of ion mobility

Analytical use of ion 
mobility

Description Additional requirements Example application areas

  1. Chemical separation Partition signal from chemical 
noise and increase peak 
capacity of the analysis

None Detection of illicit compounds 
(e.g.., drugs and explosives) and 
screening of exogenous metabolites 
(e.g., pesticides and industrial 
chemicals)

  2. Analyte identification 
and characterization

Use CCS measurement to 
characterize unknown by 
correlation

Reference values from databases 
and libraries incorporating 
normalized drift times, reduced 
mobilities, and/or CCS

Emerging omics and small molecule 
discovery initiatives

  3. Structural analysis Utilize the experimental CCS to 
infer structural information

Computational methods to link 
theoretical structure(s) to the 
experimental CCS

Insights into protein complex 
arrangements and structure
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