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Abstract

Ion mobility (IM) separations have a broad range of analytical applications, but insufficient 

resolution often limits their utility. Here, we report on ion mobility separations in a structures for 

lossless ion manipulations (SLIM) serpentine ultralong path with extended routing (SUPER) 

traveling wave (TW) ion mobility (IM) module in conjunction with mass spectrometry (MS). Ions 

were confined in the SLIM by rf fields in conjunction with a DC guard bias, enabling essentially 

lossless TW transmission over greatly extended paths. The extended routing utilized multiple 

passes (e.g., ~1094 m over 81 passes through the 13.5 m serpentine path) and was facilitated by 

the introduction of a lossless ion switch that allowed ions to be directed to either the MS detector 

or for another pass through the serpentine separation region, allowing theoretically unlimited IM 

path lengths. The multipass SUPER IM-MS provided resolution approximately proportional to the 

square root of the number of passes (or total path length). More than 30-fold higher IM resolution 

(~340 vs ~10) for Agilent tuning mix m/z 622 and 922 ions was achieved for 40 passes compared 

to commercially available drift tube IM and other TWIM-based platforms. An initial evaluation of 

the isomeric sugars lacto-N-hexaose and lacto-N-neohexaose showed the isomeric structures to be 

baseline resolved, and a new conformational feature for lacto-N-neohexaose was revealed after 9 

passes. The new SLIM SUPER high resolution TWIM platform has broad utility in conjunction 

with MS and is expected to enable a broad range of previously challenging or intractable 

separations.
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Ion mobility-mass spectrometry (IM-MS) is a powerful and versatile tool for both analytical 

applications and structural characterization.1 IM separates ions in the gas-phase based upon 

size/shape-to-charge ratios. Higher-resolution IM approaches have shown utility for 

separating some conformations2 and isomers,3 for biomolecule structural studies,4 and, 

increasingly, for analysis of “omics” mixtures.5 The recent wider adoption of IM-MS is 

attributed not only to the increasingly available commercial instrumentation, but also to its 

applicability across biomolecular classes (e.g., carbohydrates, lipids, peptides) and analysis 

speed. Indeed, IM separations achieving similar peak capacities as liquid chromatography 

(e.g., ~400 for peptides in a 90 min gradient)6 would potentially be transformative for many 

applications.

While several IM approaches have been reported that can achieve higher resolution 

separations, each has significant limitations. For example, field asymmetric waveform ion 

mobility spectrometry (FAIMS), using a planar electrode geometry,7 a mixture of helium or 

hydrogen with nitrogen as a carrier gas,8 increased field strengths,9 or reduced gas flow rate 

to provide greater separation times10 provides greatly increased resolution, but only in 

conjunction with large ion losses11 as well as with lengthy scanning of the compensation 

voltage.12

Most higher resolution IM platforms separate ions in relatively weak (<20 V/cm) and 

uniform DC electric fields where mobility is not field dependent13,14 and where separation 

times vary linearly with mobility. Drift tube ion mobility (DTIM) generally analyzes ion 

pulses or packets, where the resolution (R) of two peaks is given by
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(1)

where t2 and t1 are the centers of the arrival time distributions for two peaks and fwhm1 and 

fwhm2 are their respective full widths at half maxima. Significant increases in R can be 

achieved by lengthening the device but are limited by the maximum voltage practical. To 

address this limitation, Clemmer and co-workers developed IM-MS instrumentation15–17 

allowing as many as 100 passes of ions through a 1.8 m cyclic drift region and yielding a 

resolving power (RP) of ~1000 for triply protonated substance P.17 However, the sensitivity 

(although improved by multiple injections) was low, owing to ion losses in the drift regions 

and the repeated “chopping” of peak edges. More recently Giles and co-workers reported a 

cyclical (~1 m path) stacked ring ion guide using traveling waves (TW),18 and showed the 

resolution increased as a function of the number of cycles obtaining a collision cross section 

(CCS)-determined RP of ~240 for 12 passes of the singly protonated reversed sequence 

peptides GRGDS and SDGRG.19 Recently, structures for lossless ion manipulations (SLIM) 

have been introduced, which use arrays of electrodes patterned on two planar surfaces to 

create radio frequency (rf) and direct current (DC) ion confining fields. SLIM have been 

used for IM separations in a weak uniform field without loss of sensitivity.20–22 

Additionally, SLIM components have been demonstrated for transmitting ions through 

turns,22 switching ions between two paths,23 and ion storage over long times.24 More 

recently we have developed TWIM-based SLIM25–27 utilizing relatively low traveling wave 

voltages (e.g., 40 V or less) to separate ions based upon their mobility-dependent ability to 

“keep up” with the traveling waves.28–30 The resolution of a TWIM separation is dependent 

on diffusion, similar to uniform drift fields, but is also dependent on the speed (s) of the TW. 

Importantly, the SLIM TWIM approach enabled the introduction of long serpentine path 

lengths, increasing the achievable IM resolution while avoiding the high voltages necessary 

for long path static drift fields.26,31 We have recently demonstrated a 13.5 m path length 

design providing resolution over five times greater than achieved using one meter drift 

tubes.26,31

In the present work we report the initial implementation and application of a SLIM 

serpentine ultra-long path with extended routing (SUPER) high resolution TWIM module in 

conjunction with MS. This SLIM SUPER IM-MS utilizes a similar serpentine long path drift 

length and adds an ion switch at the end of the path to route ions either to the mass 

spectrometer or back to the beginning of the serpentine path. Therefore, the SLIM SUPER 

IM-MS platform reported here provides for much longer IM drift paths while maintaining 

essentially lossless ion transmission.

EXPERIMENTAL SECTION

The schematic diagram of the present multipass SLIM SUPER IM-MS system is displayed 

in Figure 1A. Ions were generated by a nanoelectrospray ionization source (3000 V) using a 

chemically etched emitter (20-µm i.d.) connected to a 30 µm i.d. fused-silica capillary 

(Polymicro Technologies, Phoenix, AZ) through a zero volume stainless steel union (Valco 

Deng et al. Page 3

Anal Chem. Author manuscript; available in PMC 2017 October 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Instrument Co. Inc., Houston, TX). Sample solutions were infused at 0.3 µL/min. Ions were 

introduced into the first stage of vacuum through a heated (130 °C) 500 µm i.d. stainless 

steel capillary (Figure 1A). After exiting the capillary, ions were accumulated in and 

released from an ion funnel trap (IFT, 950 kHz and ~200 Vpp) at 2.45 Torr.32 The inlet 

capillary was offset from the center axis of the IFT by 6 mm to minimize the transmission of 

higher mass particles through the IFT conductance-limiting orifice (2.50 mm i.d.), to the 

SLIM chamber maintained at 2.50 Torr (a 50 mTorr pressure differential, to further 

minimize any transfer of neutral particles from the source region into the SLIM chamber). 

The SLIM chamber was supplied with high-purity nitrogen filtered through hydrocarbon and 

moisture traps, and the pressure was measured using a convectron gauge (Granville-Phillips, 

Boulder, CO). The SLIM multipass TWIM module was designed based upon the 13.5 m 

long serpentine path SLIM we reported previously,26,31 and used the same rf, TW, and guard 

electrode arrangements and the same spacing between two surfaces (2.75 mm). The 

serpentine path utilized 6 rf strips (0.43 mm wide) and 5 TW electrode arrays (0.43 mm 

wide and 1.03 mm long); the gaps between electrodes were 0.13 mm. Guard electrodes (3.00 

mm wide), fixed at 15 V DC for the entire study, were used to laterally confine ions along 

the ion path (Figure 1B). A power supply (GAA Custom Engineering, LLC, Kennewick, 

WA) provided an rf waveform of 822 kHz, 180° out-of-phase to adjacent rf electrodes to 

create pseudopotentials preventing ion loss to surfaces. The TW potential was applied to 

subsets of eight electrodes and repeated across the entire ion path, and involved the 

simultaneous application of a DC potential to 4 sequential electrodes in each subset, while 

the other four electrodes were maintained at ground potential.25 The TW voltages applied 

are then stepped one electrode at a time to create the TW that propagates throughout the 

entire module. An ion switch was located at the end of the serpentine path and allowed ions 

to be routed to either the MS or another pass by applying a repulsive DC voltage to a set of 

electrodes in one of the two arrays (Figure 1C). Ions exit the multipass TW SLIM module 

into a 15 cm long “rear” ion funnel (820 kHz and ~120 Vpp) having a 5 V/cm DC gradient 

that was used to focus ions through a conductance limiting orifice (2.5 mm i.d.) to a 

differentially pumped region (0.34 Torr) containing a short rf-only quadrupole (1 MHz and 

~130 Vpp). The TOF-MS was equipped with a 1.5 m flight tube (6224, Agilent 

Technologies, Santa Clara, CA). The signal from the TOF detector was routed into a 

U1084A 8-bit ADC digitizer (Keysight Technologies, Santa Rosa, CA) and processed using 

in-house control software written in C#. Agilent low concentration ESI tuning mix (Agilent, 

Santa Clara, CA) was directly infused for the evaluation of ion transmission and IM 

resolution. Equimolar (1 µM) oligosaccharide isomers lacto-N-hexaose (LNH, β-D-Gal-

(1→3)-β-D-GlcNAc-(1→3)-[β-D-Gal-(1→4)-β-D-GlcNAc-(1→6)]-β-D-Gal-(1→4)-D-

Glc) and lacto-N-neohex-aose (LNnH, β-D-Gal-(1→4)-β-D-GlcNAc-(1→3)-[β-D-Gal-

(1→4)-β-D-GlcNAc-(1→6)]-β-D-Gal-(1→4)-D-Glc) (Sigma-Aldrich, St. Louis, MO) were 

prepared in 50% MeOH with 0.1% formic acid.

RESULTS AND DISCUSSION

Currently available IM-MS platforms often provide insufficient IM sensitivity and resolution 

for applications of interest. Higher resolution IM measurements in particular can potentially 

benefit a vast array of applications, contributing to their overall effectiveness in the 
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identification and quantification of mixture components. Of interest also is the ability to 

make such measurements with higher sensitivity and greater measurement throughput. 

SLIM TWIM provides a foundation for achieving far greater resolution than feasible with 

DTIM,22,25–27 facilitated by the use of multiple ion passes through a long serpentine path, 

and providing a basis for achieving theoretically unlimited IM resolution. We describe below 

our development and initial evaluation of such SLIM SUPER high resolution IM-MS 

instrumentation.

Lossless Ion Transmission over 1.1 Kilometers

For extended ion paths (with the length increasing with number of passes), ion transmission 

efficiency is critical for ion detection. In SLIM, an ion conduit is created by the rf time-

varying potential from the parallel surfaces and guard bias static fields along ion tracks. Ions 

are moved using TW fields that have a predefined speed and amplitude. Previous studies 

with SLIM22,23,25–27 have shown the potential for lossless ion transmission using ion current 

measurements. In principle, ions could propagate in the direction of TW motion through a 

theoretically infinite long path.

To initially explore extended ion paths we used the Agilent tuning mix ions under moving 

condition (i.e., all ions are moving with TW traps at a specific speed, without ion activation 

and diffusion) where the arrival time is predictable (Figure 2A). We found the peak heights 

were unchanged for up to 81 passes (~1094 m). Consistently, the signal intensities (i.e., peak 

areas) show no significant decrease (i.e., ~10–15% variation) as a function of passes (Figure 

2B). Thus, essentially lossless ion transmission is achievable over greatly extended path 

lengths in SLIM TWIM, potentially providing the basis for previously unobtainable levels of 

resolution.

Relationship between IM Separation Power, Resolution, and Multiple Passes

The resolving power of TWIM separations is dependent on diffusion in the same manner as 

in uniform drift fields, but is also dependent on the speed (s) of the TW. Ion mobilities 

allowing ions to move with the waves result in no separation (ions “surf” the wave), so 

resolving power (RP) is only meaningful when s is greater than the achieved ion velocity. 

The resolving power of DTIM (RPDT) increases with square root of the path length, and 

experimental data has shown that RPDT can extend to ~150 for conventional platforms.33–35 

For DTIM, RPDT is often experimentally determined using a single peak, an approach 

inappropriate for TW-based approaches. For instance, while no separation occurs under 

surfing conditions, the narrow peaks can correspond to very high RP. Since TWIM uses 

electric potential “waves” to propel ions through the ion path, rather than a static electric 

field, the RP achievable needs to be defined differently. Because of the complex nature of 

ion drift in TWs, a calibration curve is typically constructed to convert ion drift times to 

collision cross sections (Ω)36,37 and is related to TW drift time via an exponential function

(2)
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where tD is the TWIM drift time, z is the ion charge, µ is the reduced mass of the ion-neutral 

collision complex, A is a fitting parameter, and X is the exponential calibration factor. 

TWIM data and theory currently indicate that the accuracy of this conversion depends on the 

calibration data set and the instrumental conditions used for the calibration; the complete 

extent of potential Ω variations in TWIM measurements is presently unknown. The 

exponential relationship between Ω and tD leads to different effective RP values in Ω space 

or tD space. For instance, for a quadratic relationship between Ω and tD, the TW collision 

cross section resolving power would be twice the temporal TW resolving power 

( ), where t is drift time and ∆t is the peak fwhm.38 Therefore, to prevent 

misrepresentation of resolving power by using a single peak definition with TWIM we 

introduce the term separation power (SP) to account for these factors. SP is defined as the 

average Ω resolving power for at least two baseline-resolved peaks

(3)

where Ω is the known collision cross section for the peak and ∆Ω is the peak width after 

conversion of the mobility spectrum from arrival time to collision cross section. Separation 

power therefore uses reference compounds with known collisional cross section, allowing 

straightforward comparisons between platforms. Additionally, we note that an estimate of 

SP can be provided for conventional IM separations after converting mobility spectra from 

drift time to Ω units.

In addition, we estimated the observed temporal IM resolution (RTW) with multiple passes 

(Figure 3A) for Agilent tuning mix m/z 622 and 922 ions using , where t922 and 

t622 represent the drift times, and ∆t922 and ∆t622 are the full width at half-maximum (fwhm) 

of the respective peaks. Figure 3B shows the SP of the present multipass SLIM SUPER IM 

module increased as anticipated with the length (or number of passes) for Agilent tuning 

mix m/z 622 and 922 ions. The IM spectra obtained at the same pass for m/z 622 and 922 

ions are plotted with the number of passes ranging from 1 to 10 (because of the large 

mobility difference, the m/z 922 peaks will be lapped by the m/z 622 peak after the first 

pass). The results (Figure 3B) show that RTW increases approximately with the square root 

of number of passes (i.e., length L), consistent with the observations of Giles and co-workers 

for up to 6 passes through a 1 m path.39 In this work we find that after 40 passes through a 

13.5 m path (i.e., 540 m), the RTW increases to ~337, more than 30-fold higher than reported 

using conventional DTIM or TWIM platforms (~10).18,30,40 In this initial work, the 

resolutions and separation powers for other compounds did not necessarily scale precisely 

with the square root of path length at higher pass numbers, and the origins of such 

observations are still subject to investigation. After conversion from drift time to CCS units, 

the SP was ~1860 after 40 passes (Figure 4). We note that the converted CCS resolution 

 is similar to  (337) calculated using drift times. Importantly, 

we note that much greater separation power and resolution should be obtainable with 

sufficiently large numbers of passes.
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SLIM SUPER High-Resolution IM Separations Revealing New Oligosaccharide Features

Glycans are a major class of macromolecules and play an important role in cellular 

signaling, biomolecular interactions, protein structure and function.41 They are composed of 

different monosaccharides arranged in elaborate structures, and even subtle differences can 

modulate protein function. Considerable efforts have been made in developing techniques to 

routinely characterize individual structures in complex glycan mixtures with the majority 

being based on HPLC and LC-MS methodologies.42 However, intrinsic limitations to these 

approaches include their modest resolution and often low throughput nature, as well as the 

fact that tandem MS of their isomers often yield essentially identical fragmentation patterns 

in both positive and negative modes.43

Thus, the present SLIM SUPER high resolution IM-MS platform represents a completely 

new tool for glyco-conjugate analysis. As an initial application in this work, we focused on 

the two human milk oligosaccharide (HMO) isomers lacto-N-hexaose (LNH) and lacto-N-

neohexaose (LNnH). Both structures incorporate the same six monosaccharides and differ 

only in the regiochemistry in the lower antenna region, with the last galactose (Gal) residue 

linked to the penultimate N-acetylglucosamine (GlcNAc) via a β1,3 glycosidic bond in LNH 

and a β1,4 glycosidic bond in LNnH, as shown in Figure 5 left panel. Such a minor 

structural difference makes separation of these isomers difficult using conventional IM 

platforms. The multipass SLIM SUPER IM-MS can effectively differentiate these subtly 

different compounds.

We analyzed an equimolar mixture of LNH and LNnH oligosaccharides after 1 and 9 passes 

(Figures 5A and B), corresponding to 13.5 and 121.5 m, respectively. After 1 pass, the 

doubly charged [M + K + H]2+ species (m/z 556) of LNH (0.140 s) and LNnH (0.133 s) are 

virtually baseline resolved. The peak width (fwhm) of LNnH (2.08 ms) is 0.76 ms wider 

than that of LNH, indicating potentially additional unresolved structural features. Indeed, 

with 3-fold higher IM resolution achievable after 9 passes, a new feature of LNnH was 

observed, which was not previously distinguished using conventional IM instruments.43

CONCLUSIONS

In this work, we have developed and implemented a multipass SLIM SUPER high resolution 

IM-MS platform and initially demonstrated lossless ion transmission over 1.1 km, with the 

separation power proportional to the square root of passes (i.e., pass length), consistent with 

the theoretical predictions.38 A 30-fold increase in IM resolution after 40 passes was 

demonstrated for Agilent tuning mix m/z 622 and 922 ions compared to conventional DTIM 

platforms. The separation power for m/z 622 and 922 ions was estimated to be ~1860, after 

40 passes. In an initial application, two oligosaccharide isomers LNH and LNnH were 

baseline resolved after 1 pass, and a new conformational feature for LNnH was clearly 

distinguished for the first time after 9 passes.

This work highlights the potential of SLIM SUPER IM-MS for fast analyses of biological 

samples and other complex mixtures due to its combined ultrahigh sensitivity and ultrahigh 

IM resolution, and we believe the platform will have broad applicability. We have also 

recently demonstrated separations of lipid isomers44 as well as differentiating isomers of cis/
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trans plant natural products with clinical relevance.45 Additionally, this technique will 

uniquely benefit targeted measurements, with the ability to switch unwanted species out of 

the drift path as well as select ions in regions for accumulation.22 Further increases of IM 

separation power and resolution should be achievable based upon additional passes or the 

implementation of longer path designs due to lossless ion transmission feasible in SLIM. We 

note that the recent development of a TWIM peak compression approach46 based upon 

SLIM effectively mitigates the limitations because of diffusion (i.e., increased peak widths 

and decreased intensities) for greatly extended IM separations. The resolution achievable is 

ultimately limited by either the range of mobilities that can be covered without lapping, and 

where the overall length of the device determines the maximum resolution achievable over a 

given mobility range. The overlapping of lower mobility species by high mobility species at 

high pass numbers can likely be mitigated by the application of a peak compression 

approach46 which we expect to enable complex mixture analysis without deleterious effects 

due to peak overlapping. This work suggests the possibility for SLIM SUPER IM-MS 

applications that have been previously intractable because of insufficient resolution, as well 

as new range of opportunities where the drift gas is modified to allow separations based 

upon ion-molecule interactions far too subtle for existing IM platforms.
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Figure 1. 
(A) Schematic diagram of the multipass SLIM SUPER IM-MS instrument used in this work; 

(B) photo of one of the two SLIM module surfaces; and (C) illustration of an ion switch 

(switch on, ion cycling; switch off, transmit ion to MS).
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Figure 2. 
(A) SUPER IM combined signal for ESI of Agilent tuning mix ions obtained at different 

passes (1–81) under the following surfing conditions: TW speed was 103 m/s, TW 

amplitude was 50 V, TW sequence was 11110000, guard =15 V, rf amplitude of 340 Vpp at 

822 kHz, interboard gap was 2.75 mm, 2.50 Torr pressure. (B) The signal intensity (i.e., 

peak area) calculated plotted against the number of passes from replicate measurements.
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Figure 3. 
(A) SUPER IM-MS separations for Agilent tuning mix m/z 622 and 922 ions acquired with 

1–10 passes under conditions: TW speed was 206 m/s, TW amplitude was 30 V, TW 

sequence was 11110000, guard = 15 V, rf amplitude of 340 Vpp at 822 kHz, interboard gap 

was 2.75 mm, 2.50 Torr pressure. The calculated IM (B) separation power and resolution 

based upon the above IM spectra with 1–40 passes showing the observed IM separation 

power and resolution were both proportional to the square root of number of passes (i.e., 

path length).
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Figure 4. 
Merged SUPER IM spectrum of Agilent tuning mix m/z 622 and 922 ions obtained after 40 

passes (~540 m) under the same conditions as Figure 3. The fwhm in drift time space, the 

separation power for m/z 622 and 922 ions and resolution between two ions were labeled as 

well.
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Figure 5. 
SLIM SUPER IM-MS separation of 1 µM sugar isomers lacto-N-hexaose and lacto-N-

neohexaose were obtained at (A) 1 pass and (B) 9 passes under the optimum conditions: TW 

speed of 206 m/s, TW amplitude of 30 V, guard bias of 15 V, RF amplitude of 340 Vpp at 

822 kHz, and 2.75 mm gap at 2.50 Torr. The structures are illustrated in left panel.
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