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Abstract

lon mobility spectrometry (IMS) is a widely used analytical technique for rapid molecular
separations in the gas phase. Though IMS alone is useful, its coupling with mass spectrometry
(MS) and front-end separations is extremely beneficial for increasing measurement sensitivity,
peak capacity of complex mixtures, and the scope of molecular information available from
biological and environmental sample analyses. In fact, multiple disease screening and
environmental evaluations have illustrated that the IMS-based multidimensional separations
extract information that cannot be acquired with each technique individually. This review
highlights three-dimensional separations using IMS-MS in conjunction with a range of front-end
techniques, such as gas chromatography, supercritical fluid chromatography, liquid
chromatography, solid-phase extractions, capillary electrophoresis, field asymmetric ion mobility
spectrometry, and microfluidic devices. The origination, current state, various applications, and
future capabilities of these multidimensional approaches are described in detail to provide insight
into their uses and benefits.
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INTRODUCTION

The use of ion mobility spectrometry (IMS) in analytical measurements has skyrocketed
over the last decade, with applications ranging from national security analyses, patient
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screening, and environmental monitoring (1-8). IMS separates ions based on the balance of
two forces that impact the ion movement, namely, the electric field pulling force and the
frictional drag force due to collisions with the buffer gas molecules (9, 10). Different ways
of applying the electric field and stationary state of the buffer gas have given rise to multiple
IMS-based platforms, such as drift tube IMS (DTIMS) (11-14), traveling wave IMS
(TWIMS) (15), trapped IMS (TIMS) (16), overtone IMS (OIMS) (17, 18), differential IMS
(DIMS) (19), field asymmetric IMS (FAIMS) (20-22), and transversal modulation IMS
(TM-IMS) (23). Although each form has proven to be powerful for separating ions in
diverse applications, this review mainly focuses on DTIMS and occasionally indicates where
the other techniques have been applied.

Despite the fact that interest in DTIMS has greatly increased over the last decade, it is not a
new analytical technique. In fact, its foundation and that of mass spectrometry (MS) can be
traced back to the X-ray experiments of Thomson and Rutherford in the late 1800s (24, 25).
In classical DTIMS, ions are pulled through a drift tube filled with gas using a weak electric
field, and the ions collide with the stationary buffer gas molecules. These interactions cause
compact ions with smaller collision cross sections to drift faster than extended ions with
large collision cross sections (Figure 1). The charge of the ion also has an effect on its drift
time because the electric field pulls ions with more charges faster, allowing highly charged
ions to travel faster than 1+ ions of the same molecular class. Because separate peaks are
observed for each ion shape, DTIMS has several attractive features. First, it is able to resolve
sequence and structural isomers that are indistinguishable in MS measurements (26-29).
Second, peak congestion at the detector is reduced by distributing the ions on the basis of
their shape and charge state differences. Third, structural identification of known and
unknown molecules is possible by calculating each ion’s experimental collision cross
section (CCS) for comparison with molecular modeling calculations (28-30). Finally, the
rapid DTIMS measurements are easily coupled with time-of-flight MS instruments for
nested data acquisition of both shape and /m/zinformation into a single DTIMS-MS
experiment (31). This review outlines the basic method of injected-DTIMS-MS and then
describes multidimensional approaches that have a front-end separation coupled to DTIMS-
MS.

INJECTED-DRIFT TUBE ION MOBILITY SPECTROMETRY-MASS
SPECTROMETRY

Currently, many DTIMS-MS measurements are performed by directly infusing or injecting
the sample of interest into the IMS drift cell without a front-end separation. Injected-
DTIMS-MS analyses are extensively used for the separation of many different types of
molecules, with applications ranging from characterizing proteins to evaluating lipid extracts
(32-35). Through significant technical developments during the late 1990s and early 2000s,
higher-sensitivity DTIMS-MS instruments were created and made commercially available to
the public (24). Two of the greatest challenges addressed for DTIMS in the last 10-20 years
were its low-duty cycle and sensitivity. In DTIMS, the low-duty cycle occurred because ions
are traditionally only pulsed into the drift cell after those from the previous packet exit so
that only a small percentage of ions created in the source are utilized. To address this
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constraint, a multiplexing approach based on the Hadamard transform was developed,
allowing multiple discreet ion packets to coexist in the drift cell as long as they do not
overlap due to diffusional broadening (36). This approach enabled a much higher DTIMS
duty cycle, a significant increase in measurement sensitivity, and a dramatic reduction in
spectra noise due to deconvolution of the pseudorandom sequence. Multiplexing thus
provided a much higher signal-to-noise ratio for the resulting spectra and greatly increased
measurement duty cycle (37).

The DTIMS low sensitivity challenge was partially due to the low-duty cycle addressed with
multiplexing, but mainly originated at the source and MS interface designs. Because DTIMS
can be performed at pressures ranging from a few torr to above atmospheric pressure,
interface optimization is extremely important when coupling the drift tube to the source and
mass spectrometer. In atmospheric DTIMS instruments, the source interface does not need
as much consideration as low-pressure DTIMS instruments because the pressures are
equivalent. However, in low-pressure DTIMS, the pressure differences in the atmospheric
source and low-pressure drift tube can cause significant ion losses if not correctly
constructed. Thus, both single and dual ion funnel designs have been implemented prior to
the low pressure IMS drift tube to reduce the high source pressure and refocus the ions prior
to DTIMS separation (38). The drift tube exit can also have huge losses because the ions
diffuse as they separate and they must be transported to the MS, which operates at very low
~1077 torr pressures. Therefore, an ion funnel is also often used after the drift tube to
refocus the diffused ions prior to their transport through multiple transfer regions that
decrease the pressure and allow detection by MS. The sensitivity gains provided by ion
funnels have shown that they are essential for coupling IMS drift tubes with many different
types of sources and mass spectrometers to create essentially lossless DTIMS-MS
instruments (14).

The use of multiplexing and ion funnels have greatly improved DTIMS sensitivity and duty
cycle, enabling faster DTIMS-MS measurements that can be coupled with various front-end
separation techniques to achieve even higher peak capacity (39). In fact, many different
front-end separation techniques, such as gas chromatography (GC), supercritical fluid
chromatography (SFC), liquid chromatography (LC), solid-phase extractions (SPE),
capillary electrophoresis (CE), FAIMS, and microfluidic devices, have been coupled with
DTIMS-MS to date (Figure 1). These diverse three-dimensional (3D) measurements provide
the ability to gain more information from environmental and biological analyses, but each
have limitations (Table 1). In this review, we present the current state of these 3D
techniques, illustrate their use in various applications, and speculate on their future
capabilities.

GAS CHROMATOGRAPHY-DRIFT TUBE ION MOBILITY SPECTROMETRY—
MASS SPECTROMETRY

GC was one of the first separation techniques coupled to DTIMS (11) and has important
characteristics, such as highly reproducible chromatography and the ability to analyze
compounds not possible with LC. GC separations usually take minutes to hours and are used
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to analyze volatile compounds that can be vaporized without decomposition. Although GC
is similar to LC, it has two noticeable differences. First, the separation occurs between a
stationary phase coating and a gas mobile phase, whereas in LC the stationary phase is a
solid and the mobile phase is a liquid. Second, the GC column is located in an oven, whereas
LC is normally performed at much cooler column temperatures. In the earliest coupling of
DTIMS and GC, DTIMS was used as a detector for GC (11). These two-dimensional (2D)
GC-DTIMS analyses proved to be more powerful than each technique alone due to the
combination of the highly reproducible GC retention times and drift time information
available for each ion as well as greater peak capacity. Furthermore, the GC separation
allows ions to arrive separately to the ionizer for decreased charging effects (40). GC-
DTIMS has been applied in the detection of explosive and volatile compounds in complex
samples and for medical analyses (41-45). GC has also been coupled with other IMS
techniques. For instance, GC-DMS was recently installed on the International Space Station
for real-time analysis of samples and for spaceflight water quality monitoring (46).
Separately, GC-FAIMS was used to detect volatile organic compounds (47).

In 1970, the first 3D GC-DTIMS-MS configuration was reported by Cohen & Karasek (11)
for organic chemical analysis with numerous applications occurring since then. One recent
application of interest was a novel GC-DTIMS-MS platform, illustrated by Crawford et al.
(48), which used secondary electrospray ionization (SESI) to enable more detailed and
comprehensive investigations of complex mixtures (Figure 2). In this study, the GC was
connected to DTIMS-MS via a heated transfer line so gaseous analytes could be introduced
into the reaction region of the IMS. These GC preseparated analytes were subsequently
ionized by SESI, pulsed into the IMS drift region for mobility separation, and detected by
MS. Figure 2b shows 3D data obtained from the GC-DTIMS-MS analysis of lavender oil.
The highlighted peaks (in white boxes) illustrate the separation of analytes by GC only,
DTIMS only, and both GC and DTIMS. This 3D technique illustrates the greater degree of
separation for a complex mixture compared to one-dimensional (1D) and 2D analyses (48).
With the growing interest in small-molecule studies for many applications, we believe that
GC-DTIMS-MS analyses of biological and environmental samples will greatly increase in
the coming years.

SUPERCRITICAL FLUID CHROMATOGRAPHY-DRIFT TUBE ION MOBILITY
SPECTROMETRY-MASS SPECTROMETRY

SFC was invented by Klesper et al. in 1962 (49) to extend the capability of GC by
supporting the analysis of heavier compounds that require high temperature for elution but
risk thermal decomposition at these elevated temperatures. In SFC analyses, carbon dioxide
is used as the principle mobile phase solvent and is mixed with other cosolvents such as
methanol to form the gradient. Over the last few years, there has been a growing interest in
pharmaceutical analysis with SFC and SFC-MS due to recent technological advancements
making the SFC instruments more sensitive (50-52). DTIMS was first coupled with SFC in
the 1980s by Hill and coworkers (53-56) and used as a detector for organic compounds.
Unfortunately, SFC limitations, such as difficulties analyzing polar compounds and the
inherent low sensitivity, reduced its utility. These same challenges have limited other
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applications of SFC-DTIMS-MS, with only one other study reported to date. This study
sought to characterize nonsteroidal-selective androgen receptor modulators and detect
enobosarm in bovine urine; however, results were very promising and showed the utility of
SFC-DTIMS-MS if the limitations could be addressed (57). Thus, SFC-DTIMS-MS
analyses are expected to increase, especially because SFC can provide an orthogonal
separation capability comparable to LC.

LIQUID CHROMATOGRAPHY-DRIFT TUBE ION MOBILITY
SPECTROMETRY-MASS SPECTROMETRY

To date, LC is the technique most coupled with DTIMS-MS. Although LC separations
require minute- to hour-long timescales, they also allow greater molecular separations and
higher peak capacity measurements. The earliest use of LC dates back to 1855 when filter
paper impregnated with chemicals was used to separate dyes and create unique color
patterns due to differential adsorption. Modern LC separations are normally utilized to
separate molecules by various physicochemical properties using different column packing
materials and mobile phase buffers. In the early 1990s, poor electrospray ionization (ESI)
stability discouraged efforts in the hyphenation of the LC solution phase separation with the
gas-phase DTIMS and MS techniques. However, technology developments in the mid-1990s
solved these ESI problems and enabled LC to be coupled with DTIMS, TWIMS, and
FAIMS for the acquisition of 3D spectra with LC elution times, IMS drift times (or CCS
values), and /m/z ratios for all detected ions in a sample (Figure 3) (39, 58).

The power of LC-DTIMS-MS was first illustrated in 2001 by Clemmer and colleagues (60)
for a proteomic study of tryptic peptides arising from the digestion of five proteins (bovine
and pig albumin, horse cytochrome c, and dog and pig hemoglobin). The results from this
and several other LC-DTIMS-MS proteomic studies have illustrated three main advantages
over traditional LC-MS studies (39, 61, 62). First, the chemical noise interferences in
congested spectra decrease due to the DTIMS separation, which allows for higher-sensitivity
measurements and the detection of low-abundance ions even in the presence of species with
much greater intensities (39, 61, 62). Second, long LC separation times can be reduced due
to the multiple orthogonal separations, while still retaining the same or additional features as
LC-MS (39). Finally, more information on each peptide feature is available for library
matching due to the three dimensions resulting in fewer false positive hits (59). These
advantages all point to the potential use of LC-DTIMS-MS in targeted and global omic
applications. Consequently, LC-DTIMS-MS and LC-TWIMS-MS have been used to
separate metabolites (63, 64), lipids (65, 66), proteins (67), peptides (39, 60, 62, 68-71), and
glycans (72) in complex biological and environmental samples. Furthermore, to add even
more peak capacity, 2D LC applications, such as those with strong cation exchange and
reversed-phase gradients or high- and low-pH reverse-phase gradients, have been combined
with DTIMS-MS for four-dimensional measurements and even better coverage of complex
mixtures (73, 74). Overall, the multidimensional LC and 2D LC-DTIMS-MS platforms have
greatly improved the analytical sensitivity and specificity of LC-MS analyses. In addition,
they have enhanced the measurement dynamic range and provided reliable identification and
quantitation of low-abundance analyte species in complex biological matrices. Although
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these benefits are very exciting, analysis of the multidimensional data is challenging and
limits the full utility of these measurements. However, the recent incorporation of IMS drift
time and CCS information into bioinformatics tools such as Skyline (75) has shown great
promise for deconvolving the data obtained from these complex multidimensional studies.

SOLID-PHASE EXTRACTION-DRIFT TUBE ION MOBILITY
SPECTROMETRY-MASS SPECTROMETRY

Due to the long analysis times required for LC separations, recent automated SPE
techniques are of great interest for low-peak capacity LC separations with much higher
throughput. SPE is one of the most frequently employed procedures to clean up, extract,
fractionate, and preconcentrate biological and environmental samples (76). SPE is also
useful in desalting, derivatizing, and buffer exchanging samples. Recently, online and
automated SPE techniques have become popular for high-throughput studies in which the
analyte class of interest is retained on a specific column or cartridge, eluted with the
appropriate solvents, and measured in the eluate (77, 78). The main attraction of online SPE
is that it greatly reduces sample preparation time and enables automation of conditioning,
washing, elution, and reequilibration, thus increasing sample throughput. Analyte losses by
evaporation are also often eliminated, and the solvent consumption is much lower, reducing
the risk of the exposure to infectious samples or toxic solvents. In addition, online SPE
cartridges are often reusable for thousands of samples, greatly decreasing material costs (77,
78).

One specific high-throughput automated SPE system is the Rapidfire SPE platform, which
was originally introduced by BIOCIUS Life Sciences, Inc. and later acquired by Agilent
Technologies (Santa Clara, CA). Briefly, the Rapidfire SPE system contains specially
designed equipment, including an autosampler, LC pumps, SPE cartridges, and switching
valves for ultrafast online sample preparation in which 5-10 uL of sample is directly
aspirated from 96- or 384-well assay plates and loaded onto the microscale SPE cartridge
using specific buffers. The analytes of interest are retained in the cartridge while the salts
and buffers are washed away. A valve is then switched to send the flow path to the mass
spectrometer, and appropriate organic solvents are delivered to elute the compounds off the
cartridges for MS analysis. Because the typical cycle time including loading, wash, elution,
and reequilibration is normally 10 s or less, these analyses are two to three orders of
magnitude faster than conventional GC or LC techniques. The SPE cartridges can also be
packed with different materials, such as C4, C8, C18, graphitic carbon, cyano, phenyl, and
HILIC, providing broad extraction for various analytes in complex environmental and
biological samples, such as urine and plasma. To date, the Rapidfire SPE system has been
applied in several MS studies for ultrafast and high-throughput biological, biomedical, and
drug discovery studies (79-86). Recently, this SPE system was coupled with DTIMS,
demonstrating the first high-throughput online SPE-DTIMS-MS platform for fast sampling
and multidimensional separations (87). This method also allowed simultaneous targeted and
global measurements for the detection of thousands of endogenous metabolites and
xenobiotics in complex human biofluids in <1 min total analysis time even when several
cartridge types were used (Figure 4). Overall, the SPE-DTIMS-MS platform provides an
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appealing tool to quickly screen for disease-specific molecules and monitor environmental
exposures in large sample sizes (87).

Miniaturization of SPE to improve sample preparation efficiency was also demonstrated
with solid-phase microextraction (SPME). SPME is performed when a fiber is coated with a
thin layer of sorbent material, integrating extraction, concentration, and sample introduction
into a single step (88). SPME was used in combination with GC-, LC-, and CE-MS and
applied in environmental analysis, food chemistry, and biological fluids (89-92). SPME-
DTIMS was also applied in explosive detection, degradation of chemical warfare agents in
the environment, drug analysis, and biological studies and shows great utility in future
multidimensional analyses (93-97).

CAPILLARY ELECTROPHORESIS-DRIFT TUBE ION MOBILITY
SPECTROMETRY-MASS SPECTROMETRY

CE shares several commonalities with IMS separations, and in Revercomb & Mason’s 1975
review (98), DTIMS was even referred to as gaseous electrophoresis. Similar to DTIMS, the
separation efficiency of free-solution electrophoresis or capillary zone electrophoresis (CZE)
is proportional to the applied electric field and inversely proportional to the diffusion
coefficient of the analytes. Specifically, in DTIMS, an ion’s mobility depends on its charge
and is inversely proportional to its reduced mass and CCS, whereas in CZE, an ion’s
mobility is proportional to the net charge of the ion and inversely proportional to its friction
coefficient in solution, which is related to the mass, shape, and hydrodynamic radius of the
ion in solution. Physical properties of the separation buffer, such as pH, viscosity, dielectric
strength, ionic strength, and temperature also impact the separation efficiency and selectivity
in CZE (99-102). Not surprisingly, DTIMS-MS and CE also share common applications and
are recognized as orthogonal to LC (103). Despite these commonalities, only a few cases of
CE and DTIMS-MS as complementary or comparative techniques exist (104, 105). The first
attempt to couple CE and DTIMS was performed by the Hill group in 1989 (106) with their
newly developed ESI source for the IMS instrument (107). However, spray instability made
this coupling difficult and hindered its initial application. Also during that time, issues with
CE operational robustness, electrical circuit closure, and sample dilution limited the
sensitivity of CE and hampered its widespread use with MS. In 2004, a CE-FAIMS-MS
analysis of lipopolysasscharides indicated the promise of coupling these technologies, with
CE separating the ions, FAIMS reducing the background noise, and MS determining the
species present. All three separations attained three orders of magnitude linear dynamic
range and provided highly informative data for the sample (Figure 5) (108, 109).

One challenge with CE and DTIMS is that their orthogonality has not been carefully
evaluated thus far. However, despite certain similarities in their separation mechanisms, the
orthogonality can be manipulated by the choice of CE separation buffers, voltage polarity,
capillary surface charge, stacking techniques, and sheath liquid compositions. With these
options for increasing the orthogonality of CE and DTIMS and the multiple technical
advances over the last decade addressing the constraints in coupling liquid phase separations
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with DTIMS (110-114), one can expect an increase in online CE-DTIMS-MS technologies
in the near future.

FIELD ASYMMETRIC-AND DRIFT TUBE ION MOBILITY SPECTROMETRY—-
MASS SPECTROMETRY

Although FAIMS is performed after ionization and cannot reduce ionization suppression, it
is another high-throughput separation that shows potential for the rapid analysis of complex
samples when coupled with DTIMS. FAIMS is a scanning technique that originated during
the early 1980s as a portable tool for chemical detection (115). Over the past two decades, it
has emerged as a powerful analytical device for noise reduction in complex samples and
targeted analyses (116). In FAIMS, ions oscillate between two electrodes as they travel
through the device, alternately experiencing asymmetric strong and weak electric fields.
After a number of cycles of the asymmetric waveform, if the mobility of an ion is greater in
one direction than in the other, the ion will be lost as it deflects and collides with the
electrode. However, an ion can be transmitted through the FAIMS device when a
compensation field (CF) is superimposed to offset the ion’s trajectory, so for each
measurement the CF is scanned to selectively transmit ions from each sample (22, 117).

FAIMS is significantly different from conventional DTIMS in many ways (116, 118). The
main differences are that FAIMS is a scanning technique, and not all ions can be observed
under the same conditions as in DTIMS. Furthermore, unlike DTIMS that utilizes a constant
low electric field, FAIMS operates at a wide range of E/N values (ratio of the electric field
strength to the gas number density). Whereas the separation in DTIMS is based on an ion’s
CCS-to-charge ratio, the separation in FAIMS results from the mobility difference of the
analyte and buffer gas interactions in both strong and weak electric fields. FAIMS has been
utilized for pharmaceutical analyses (119), separating charge states (120, 121), and recently,
its power to distinguish isobars (122), isomers (123), isotopomers (124), and protein
conformers (125) has been highlighted. Both DTIMS and FAIMS have shown great potential
in enhancing biological analyses when coupled with MS platforms by reducing chemical
noise and detecting low-abundance analytes in complex biological matrices (126). DTIMS
and FAIMS are also appealing because they offer analysis speeds that exceed condensed-
phase separations by two to three orders of magnitude for rapid proteomic (127-129),
lipidomic (130, 131), and other molecular analyses (109, 132).

The high-throughput nature and orthogonality of FAIMS and DTIMS drove the hyphenation
of these two gas-phase separation techniques, with the initial 3D FAIMS-DTIMS-MS
peptide analyses demonstrating a peak capacity of ~500 (133). However, this platform
lacked measurement sensitivity due to the filtering nature of FAIMS and ion losses at the
interface. Technological advances in the sensitivity of the ultra-FAIMS (UFAIMS) by the
Owilstone firm (134, 135) prompted an additional evaluation of FAIMS-DTIMS-MS for 3D
analyses of a bovine serum albumin tryptic digest and the separation of isomeric compounds
(136). Although puFAIMS greatly improved the sensitivity of measurements, especially when
utilizing a helium/nitrogen gas mixture as shown in Figure 6, its small size offered limited
resolving power. In general, these studies showed that although coupling FAIMS with
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DTIMS-MS can be challenging because of the losses in sensitivity, it can truly be a high-
throughput analytical platform that offers multidimensional biological separations. However,
to increase its future utility in complex sample studies, rapidly scanning FAIMS devices
with higher sensitivity and resolution are needed to analyze samples quickly, while also
gaining more measurement peak capacity in this short analysis period.

MICROFLUIDICS-DRIFT TUBE ION MOBILITY SPECTROMETRY-MASS
SPECTROMETRY

Another technique that has not been extensively coupled with DTIMS-MS but shows great
future promise is microfluidics. Microfluidics, or lab-on-a-chip technology, is a
multidisciplinary field spanning engineering, physics, chemistry, biology, and
nanotechnology and is applied to design analytical systems for small sample sizes,
molecular biology, and biomedical research (137). Miniaturized chip-based devices utilize
very low volumes of reagents and provide the benefit of easier sample and fluid handling
and better experimental control, as well as lower costs for reagents and samples. With these
numerous advantages, microfluidics has achieved many successes in automation, high-
throughput screening, and in vitro diagnosis (137, 138). Coupling microfluidic devices with
MS has also greatly enabled applications requiring fast analysis times, higher sensitivity, and
higher throughputs. Moreover, multiple functions can be integrated onto just one chip, such
as sample extraction, enzymatic digestion, derivatization, and separation, greatly simplifying
operation procedures in high-throughput MS analyses (139-141).

Although microfluidic devices have greatly improved MS applications, their coupling to
DTIMS-MS has been limited to only a few applications in protein/ligand binding (142) and
real-time cellular studies (143, 144). The McLean group (143, 144) was the first to couple a
mul-titrap nanophysiometer (MTNP) microfluidic device to TWIMS-MS in 2010. MTNP is
used as a miniature reactor to study the real-time response of small cellular amounts to drugs
and other perturbations. In the study by the McLean group (143), the microfluidic-TWIMS-
MS analyses were used to monitor real-time cellular response to paracrine signals, changes
in metabolite levels, and the delivery of drugs and toxins. Results from the measurements
illustrated the possibility of not only detecting small amounts of biomolecular material but
also measuring the materials with a temporal resolution of <5 min (143). A more mature
platform integrating the MTNP microfluidic device with an online dual-column SPE desalter
and TWIMS-MS platform further showed its capability of detecting cellular responses to
microenvironmental stimuli, highlighting the potential for metabolite discovery applications
(Figure 7) (144). Even though the SPE desalting process decreased the concentration of the
metabolites from the small populations of cells, making the detection of lower concentration
species difficult (144), the measurements obtained by coupling microfluidic devices with
IMS-MS were quite exciting. Thus, we feel that given the advanced developments currently
occurring in microfluidic technologies, there is a great possibility for more microfluidic
devices being combined with DTIMS-MS in the near future.
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DRIFT TUBE ION MOBILITY SPECTROMETRY-MASS SPECTROMETRY
FUTURE DIRECTIONS

In this review, we summarize several currently used 3D techniques coupling DTIMS-MS
with front-end separations, such as GC, SFC, LC, SPE, CE, FAIMS, and microfluidic
devices. Although the origin of many of these techniques dates back 20-30 years, new
technological developments for each separation are providing higher sensitivity and higher
throughput measurements and enabling better 3D biological and environmental analyses
compared to the 1D and 2D methods. However, to further benefit these 3D analyses and
even increase the utility of DTIMS and DTIMS-MS studies, one challenge that must be
addressed is the low DTIMS separation power of current measurements.

Low DTIMS separation power is a key drawback of the technique, as it limits the ability to
distinguish many structurally similar molecules. This challenge restricts the range of
molecular coverage possible, and in many cases, initiates the use of additional separation
techniques as reviewed here. Higher DTIMS resolution would improve analysis coverage,
separate structurally similar isomers, and increase the overall dynamic range of DTIMS
measurements. Because the DTIMS resolving power is proportional to the square root of the
drift field and length (145), these parameters have been investigated extensively. However,
until recently, increasing drift cell length resulted in either large ion losses, low sensitivity,
or a very limited molecular coverage due to the narrow mobility range that could be studied
(146). Kemper et al. (147) built a 2-m DTIMS that achieved a resolving power of >100 to
address this challenge; however, more length was still needed to separate many structurally
similar isomers. Increasing the drift tube length past 2 m unfortunately requires extremely
high voltages and long chambers, making it impractical for many laboratory spaces. To
address this challenge, Merenbloom et al. (146) constructed a cyclic multipass drift tube in
2009. One constraint limiting their design was that the measureable mobility range
decreased with every cycle needed to achieve greater separation. More recently, a cyclic
design was developed based on the use of TWIMS, avoiding the high voltages needed in
DTIMS but still limited by the cyclic path length (148). A promising new approach using
structures for lossless ion manipulations (SLIM) was recently implemented to enable long-
path DTIMS and TWIMS separations followed by MS analyses (Figure 8) (149, 150). This
approach allowed the construction of a 13-m serpentine TWIMS drift path that provided
previously unachieved resolution for biomolecules and more effective ion utilization, and it
significantly improved characterization of very small sample sizes (149). These results
demonstrated the potential for high-resolution proteomic, lipidomic, glycomic, and
metabolomic IMS measurements. Furthermore, SLIM IMS technology developments are
being performed to implement longer path lengths for even better separations, build ion
reaction chambers for enhanced molecular characterizations, and increase the mobility
window of analysis in high-resolution studies by using ion compression (151). Moreover,
even though the serpentine path results to date have used TWIMS, it is expected that future
developments will also allow DTIMS serpentine paths even if the higher voltages make it
more challenging.
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The ongoing technology developments to improve DTIMS resolution, manipulability,
sensitivity, and duty cycle will continue to increase its future utility. Moreover, the rapid
nature of DTIMS and its ability to be readily coupled with many techniques makes 1D, 2D,
and multidimensional DTIMS-based analyses of great interest for difficult biological and
environmental studies. To date, there are many complex problems that need the extensive
molecular coverage and rapid perturbation sampling possible with the fast and highly
sensitive DTIMS measurements. Single-cell analyses and microbial community studies are
two areas that demand enormous technological improvements and provide many
opportunities for DTIMS studies describing the numerous molecules present in each sample
and varying under specific conditions. Additional applications, such as understanding the
molecular causes of disease, assessing the effects of chemical exposure, and providing
answers to new environmental and biological problems, are also expected to utilize DTIMS
analyses extensively over the next decade.
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Figure 1.

A schematic showing three-dimensional analyses, where different front-end separation
techniques are performed prior to the IMS separation and MS detection. This enhances
multi-omic analyses of complex biological and environmental samples. Abbreviations: CE,
capillary electrophoresis; GC, gas chromatography; IMS, ion mobility spectrometry; LC,
liquid chromatography; MS, mass spectrometry; SFC, supercritical fluid chromatography;
SPE, solid-phase extraction.

Annu Rev Anal Chem (Palo Alto Calif). Author manuscript; available in PMC 2017 October 04.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Zheng et al.

Page 21

b

.- KIME
- retentor u
(€} ~

Heated transfe

| Separated “ | 2 - Separated'
bylGE by/IMS P

Figure2.
(a) A diagram of the instrumental setup for the GC-DTIMS-MS experiments and (6) the

spectra for lavender oil illustrated with GC retention time (in minutes), DTIMS drift time (in
milliseconds), and total ion intensity (in arbitrary units). The peaks highlighted in white
boxes were only separated by the dimensions defined in the figure. Reproduced with
permission from Reference 48. Copyright 2010, Springer. Abbreviations: DTIMS, drift tube
IMS; GC, gas chromatography; IMS, ion mobility spectrometry; MS, mass spectrometry;
SESI, secondary electrospray ionization; TOFMS, time-of-flight MS.
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Figure 3.
(&) The 1-h LC-DTIMS-MS separation of human serum shown as a function of LC elution

and DTIMS drift time. (&) Three different 1-s DTIMS-MS spectra extracted from those in
panel aat 12, 32, and 52 min to exemplify the many different peptides detected as a function
of LC elution time, DTIMS drift time, and 1/ z ratios. Reproduced with permission from
Reference 59. Copyright 2013, Elsevier. Abbreviations: DTIMS, drift tube ion mobility
spectrometry; LC, liquid chromatography; MS, mass spectrometry.
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Figure 4.

The 5-s SPE-DTIMS-MS analyses of (&) human plasma and (6) urine extracts with the
spiked xenabiotics, including 1 nM of tiabendazole. Thousands of small molecule features
were detected simultaneously in the discovery analyses, and isomeric features were well
separated, as shown in panel g, for m/z= 327.197. Features with the same nominal mass
were also distinguished by DTIMS (/m/z= 138.054 and 138.129), as shown in panel 6,
which is very important for preselection prior to MS/MS analyses with wide selection
windows. Additionally, the 1-nM concentration of tiabendazole was detected in both human
plasma and urine extracts with similar signal intensities, indicating no matrix effects for the
different biofluids. Reproduced with permission from Reference 87. Copyright 20186,
Elsevier. Abbreviations: IMS, ion mobility spectrometry; MS, mass spectrometry; SPE,
solid-phase extraction.

Annu Rev Anal Chem (Palo Alto Calif). Author manuscript; available in PMC 2017 October 04.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Zheng et al.

a CE MS Max ngloﬁcps
60x10°F 1
S0x 1001 4.85
40 %106 |i
4 rk_/‘\-\.. A~ M .H——~—f‘-"’""‘\., )
30x 1061 -
20x10°F m.-‘29625 "
. 10%105k ot ggnnd it i
3 !U 20 30 40 50 60 ?O 80 9.0 100
J
= Time (min)
ﬁ R15-7525 Max. 1.3 % 10%cps
£ 1axiesf 675 T Ra %25
[ : 10035
"':' 1.0x104
= 60x10
20x10°
1.4 %104 — r r T Max.1;3x10“q;lus
10%10° ﬁ}’&fil‘k@ﬁ“@ s %25
2 L YOy ahad, 1 ]
60x10° ) Vil Vot My "
20x10° L L L L
600 700 800 900 1,000 1,100 1,200
miz
Figureb.

Page 24

b CE-FAIMS-MS

26% 105}
20x10%}
14x105F
80x10°
20104

Max, 2.6 % 105 cps

6.67

miz 962.5 N

10 20 30 40 50 60 7.0 80 90 100
Time (min)
Max. 3.1 % 10%cps

30x10°
24 %10
1.8x 104}
1.2x10%
6.0 % 10°

"962.5

0485 1003 |
ﬁlq 1
7.5 l
. Al " L

in

Max. 5.0 % 10° cps

AP Pl
[=T=lelele]
HKAEAXXK
33333

925

a5 IWS;
908.5
aal .I \-L 3%{ 4 o

600

700 800 900 1,000 1,100 1,200
miz

(a) CE-MS and () CE-FAIMS-MS spectra of 1 ng/uL of O-deacylated LPS from
Haemophilus influenzae strain 375. The top panels show the total ion extraction for m/z
600-1,200, with the extracted ion chromatogram for /m/2962.5 also shown for CE-MS. The
middle panels show the extracted mass spectra for 6.5 to 7.1 min. The bottom panels
illustrate the extracted mass spectra for 6.8 to 7.1 min. Reproduced with permission from
Reference 108. Copyright 2004, American Chemical Society. Abbreviations: CE, capillary
electrophoresis; cps, counts per second; FAIMS, field asymmetric ion mobility
spectrometry; LPS, lipopolysasscharides; MS, mass spectrometry.
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Figure 6.
The PFAIMS-DTIMS-MS three-dimensional separations of bovine serum albumin tryptic

digest at () a DF of 150 Td with He/N, and (¢) a DF of 250 Td with N5 as curtain gases.
The x dimension represents the CF FAIMS dimension, and the ) axis shows the DTIMS
dimension. To further illustrate the DTIMS-MS two-dimensional spectra, panels band dare
extracted with DTIMS on the x axis and with MS on the yaxis. The red boxes in panels 6
and dillustrate the feature sensitivity differences between the two gas compositions.
Reproduced with permission from Reference 136. Copyright 2015, Royal Society of
Chemistry. Abbreviations: CF, compensation field; DF, dispersion field; DTIMS, drift tube
IMS; FAIMS, field asymmetric IMS; He, helium; IMS, ion mobility spectrometry; MS, mass
spectrometry; Ny, nitrogen; Td, Townsend.
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A microfluidic-TWIMS-MS platform utilizing an MTNP-SPE-nanoESI-IMS-MS platform
for the real-time analysis of cellular response to drugs and perturbations. Reproduced with
permission from Reference 144 under the terms of the Creative Commons Attribution 4.0
International License, http://creativecommons.org/licenses/by/4.0. Abbreviations: ESI,
electrospray ionization; IMS, ion mobility spectrometry; MeOH, methanol; MS, mass
spectrometry; MTNP, multitrap nanophysiometer; SPE, solid-phase extraction; TWIMS,
traveling wave IMS.

Annu Rev Anal Chem (Palo Alto Calif). Author manuscript; available in PMC 2017 October 04.


http://creativecommons.org/licenses/by/4.0

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Zheng et al.

Page 27

200 400 600

€ Pentasaccharide isomers 0 0

OH OH OH OH
o OH .0 0
Hao A/— OHO &,—/0 \ K‘f_o H?mm &IOH
-0
OH OH S1H oH HO™y m’w‘
3 % OH [

OH

Cellopentaose Maltopentaose Branched mannopentaose

90-cm DTIMS 13.6-m SLIM IMS
o Individual standards Individual standards
297 T y i y T T
c
1]
R
£
T
N
®
£
50
2 30 32 34 36 460 480 500 520 540

Drift time (ms)

Figure8.
(a) A schematic and photograph of the serpentine 13-m SLIM IMS-MS platform. (6) The

two-dimensional nested IMS-MS spectrum from the SLIM platform showing DT versus mlz
for the peptide/carbohydrate/lipid mixture analyzed. Different molecular classes typically
separate by different trend lines due to the distinct backbone structures of each molecule
type, with the 2+ peptides arriving first (red), followed by 1+ glycans (b/ue), 1+ peptides
(green), and finally the 1+ lipids (pink). (¢) Comparison of IMS separations of isomeric
oligosaccharides by the 90-cm DTIMS and 13-m SLIM IMS. Reproduced with permission
from Reference 149. Copyright 2016, John Wiley & Sons. Abbreviations: DC, direct
current; DT, drift time; DTIMS, drift tube IMS; ESI, electrospray ionization; IF, ion funnel;
IFT, ion funnel trap; IMS, ion mobility spectrometry; MS, mass spectrometry; RF, radio
frequency; SLIM, structure for lossless ion manipulations.
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Advantages and disadvantages of different front-end separation techniques

Technique Analysistime Advantages Disadvantages
GC Minutes to hours Allows high peak capacity small-molecule Is limited to volatile compounds; high
analyses; chromatography is highly temperature can induce decomposition
reproducible
SFC Minutes Provides fast separations; is orthogonal to Works best for nonpolar molecules
reverse-phase LC
LC Minutes to hours Is applicable to many molecule types; allows Has limited throughput because long separation
high peak capacity small-molecule analyses times provide the best measurements
SPE Seconds to minutes Provides ultrafast separations; is ideal for Has low or no peak capacity, so it is similar to
sample desalting and molecular class direct infusion
extraction
CE Minutes Has low sample consumption Lacks orthogonality with DTIMS
FAIMS Milliseconds to seconds | Allows high-throughput analyses; reduces Experiences large ion losses due to its scanning
noise and interferences characteristics; separation occurs after ionization,
which does not help ionization suppression
problems
Microfluidics | Seconds to hours Is automatable; allows high-throughput Loading large amounts of samples is difficult,

analyses; requires minimal sample

resulting in lower sensitivity for abundant
samples

Abbreviations: CE, capillary electrophoresis; DTIMS, drift tube IMS; FAIMS, field asymmetric IMS; GC, gas chromatography; IMS, ion mobility
spectrometry; LC, liquid chromatography; SFC, supercritical fluid chromatography; SPE, solid-phase extraction.
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