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Abstract

The field of ion mobility-based omics studies requires high-quality collision cross section (CCS) 

libraries to effectively utilize CCS as a molecular descriptor. Absolute CCS values with the highest 

precision are obtained on drift tube instruments by measuring the drift time of ions at multiple 

drift voltages, commonly referred to as a ‘stepped field’ experiment. However, generating large 

scale absolute CCS libraries from drift tube instruments is time consuming due to the current lack 

of high-throughput methods. This communication reports a fully automated stepped-field method 

to acquire absolute CCS on commercially available equipment. Using a drift tube ion mobility-

mass spectrometer (DTIM-MS) coupled to a minimally modified liquid chromatography (LC) 

system, CCS values can be measured online with a carefully timed flow injection analysis (FIA) 

experiment. Results demonstrate that the FIA stepped-field method yields CCS values which are 

of high analytical precision (< 0.4% relative standard deviation, RSD) and accuracy (≤ 0.4% 

difference) comparable to CCS values obtained using traditional direct-infusion stepped-field 

experiments. This high-throughput CCS method consumes very little sample volume (20 μL) and 

will expedite the generation of large-scale CCS libraries to support molecular identification within 

global untargeted studies.

GRAPHICAL ABSTRACT

This work presents a fully automated method to generate absolute Collision Cross Sections for 

annotated libraries.

Correspondence to: John A. McLean.

ORCID
John A. McLean: 0000-0001-8918-6419
Jody C. May: 0000-0003-4871-5024
Charles M. Nichols: 0000-0001-9398-3410

SUPPLEMENTAL INFORMATION
Concentrations and commercial vendors for the analyte in this study. Experimental conditions including source parameters, acquisition 
settings, advanced parameters, and binary pump flow rates. Extracted ion chromatograms for each analyte under various solvent 
compositions. Composite chromatograms for multiple sample injections.

HHS Public Access
Author manuscript
Analyst. Author manuscript; available in PMC 2019 March 26.

Published in final edited form as:
Analyst. 2018 March 26; 143(7): 1556–1559. doi:10.1039/c8an00056e.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



MAIN TEXT

Drift tube IM-mass spectrometers (DTIM-MS) are best suited for generating CCS libraries 

because unlike most ion mobility techniques in use today, DTIM-MS can determine absolute 

CCS values from a fundamental ion mobility relationship derived from first principles of the 

kinetic theory of gases. Specifically, DTIM-MS techniques utilize a low magnitude, uniform 

electric field sustained under constant pressure and temperature conditions, allowing the ions 

to traverse the drift tube at a constant velocity with minimal ion heating thus satisfying the 

‘low field’ assumptions of the Mason-Schamp relationship.1, 2 A recent interlaboratory study 

evaluated a wide range of experimental parameters for absolute CCS determination on a 

DTIM-MS platform to produce a standardized stepped-field method consisting of seven drift 

potentials from 10.9 to 18.5 V/cm with a dwell time of 30 seconds for each field, resulting in 

a 3.5 minute long direct infusion method. The results demonstrate that a commercially-

available DTIM-MS instrument is capable of obtaining absolute, nitrogen-based CCS 

measurements (DTCCSN2) with a precision of better than 0.3% RSD and were reproducible 

to within 0.5% RSD across four participating international laboratories.3 Considering that 

only three years ago, a similar interlaboratory evaluation of three traveling wave IM-MS 

instruments reported a %RSD of ca. 2 to 3% for CCS measurements,4 this is a significant 

improvement in the precision of commercial IM platforms.

In addition to the stepped field experiments, the DTIM interlaboratory study reported a 

faster semi-empirical method for generating calibrated, relative CCS values based on a 

single electric field, which is amendable to the timescale of front-end separations such as 

liquid chromatography.3 However, the single-field method demonstrated an empirical 

variation of ca. 0.5% RSD when compared to the stepped-field CCS values, and thus is not 

preferred when the highest obtainable CCS precision is desired (i.e. when generating CCS 

libraries). Furthermore, the importance of high precision CCS measurements for small 

molecule characterization is underscored by a recent study of eleven leucine/isoleucine 

isomers (131 Da) which demonstrated that the majority of these small molecule isomers (ca. 

60%) exhibit CCS differences that are within 0.5% of one another.5 Thus, the 0.5% 

interlaboratory reproducibility is important for isomeric differentiation, although it should be 

noted that the limitations of current IM technology cannot resolve these small differences in 

CCS,6 which can lead to ambiguous identifications for mixed isomer systems.

Absolute CCS libraries which support the use of CCS as a molecular descriptor are 

necessary to improve the confidence level of identifications. These libraries are increasingly 

important as IM is becoming commonplace in untargeted metabolomics workflows. CCS 

values provided by IM are orthogonal to other descriptors such as retention time, m/z, and 
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fragmentation (MS/MS) data. When these descriptors are combined, the number of 

confident identifications in global untargeted experiments increases.4, 7, 8 While 

metabolomics has several reliable MS and MS/MS libraries to support identification in 

global experiments, there is currently a lack of comprehensive, validated CCS libraries.9 

Furthermore, while ion mobility measurements have been around for half a century, small 

biological molecules are still largely underrepresented.10 To overcome these challenges, 

many research laboratories worldwide are compiling large-scale, empirically-derived CCS 

libraries that support contemporary IM-MS instrumentation. Two recent reports include the 

compiling of absolute DTCCSN2 values for over 500 small molecules,8 and calibration-based 
TWCCSN2 measurements for over 1,400 drug and drug-like compounds.11 The latter is 

particularly noteworthy in that a similar FIA-based method as described in this study was 

used to analyze over 1,400 analytes in less than 24 hours, although the relative CCS 

measurements obtained in this study were reported with a ca. 3% calibration error. Despite 

these important contributions, tens of thousands of additional CCS measurements will need 

to be generated if good coverage of the metabolome and lipidome is to be achieved.

This communication reports a high-throughput, fully automated DTIM-MS method for 

collecting stepped-field data and determining absolute CCS values with high analytical. The 

method utilizes a commercial LC system (1290, Agilent) operated without a 

chromatography column in flow injection analysis (FIA) mode and coupled directly to a 

commercial DTIM-MS (6560A, Agilent) via electrospray ionization (Jet Stream ion source, 

Agilent).

Figure 1 contains the total ion chromatogram (arbitrary intensity) versus time (minutes) for 

the analyte subjected to variation of the sample loop volume and solvent flow dynamics. 

Here, the overlaid chromatograms are not normalized to facilitate direct comparisons 

between the different flow rates evaluated. To measure absolute CCS with the standardized 

method,3 the ion intensity must be sufficiently high (but not necessarily constant) for at least 

3.5 minutes. In order to achieve this using FIA via an LC system, several conditions were 

optimized. First, the sample loop volume was increased. Figure 1A shows the analyte elution 

profile of a 20 μL injection using four sample loops with a static flow rate of 30 μL/min. 

Using the default 20 μL sample loop, the analyte completely eluted in ~1.2 min (FWHM; 

Figure 1A, black trace). By increasing the sample loop volume to 100 μL, the analyte elution 

time was extended to ~3.2 min (FWHM, Figure 1A, blue trace). Further increasing the 

sample loop volume to 200 and 300 μL provided marginal increases in elution peak width 

(Figure 1A, red and blue trace). Second, a dynamic carrier solvent flow rate was tested to 

extend the analyte peak width, Figure 1B. For each total ion chromatogram in Figure 1B, 20 

μL of sample was injected into a 100 μL loop. The dynamic flow rate was changed from 800 

to 30 μL/min (t = 0.19 min), 500 to 30 μL/min (t = 0.50 min), and 200 to 30 μL/min (t=0.70 

min) (Figure 1B; green, black, and red trace, respectively). For comparison, the elution peak 

for a static flow rate of 30 μL/min is included (Figure 1B, blue trace). It is observed that 

when the flow rate is decreased, the elution peak width increases. Decreasing the solvent 

flow from either 800, 500, or 200 to a final flow rate of 30 μL/min all provided elution peak 

widths (~5.5 min, FWHM) sufficient for absolute CCS measurements.
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Figure 2 outlines the final experimental setup and time scales for this experiment. For the 

final method, 20 μL of analyte is injected into a 100 μL loop. Under-filling the sample loop 

was chosen to minimize sample waste, and thus preserves the maximal amount of sample for 

subsequent analyses. To create a 100 μL loop, an 80 μL loop (large volume injection kit, 

Agilent) was added to extend the default 20 μL loop (Figure 2A). The carrier solvent begins 

pushing the analyte towards the ESI (t = 0 min) at 800 μL/min, and upon analyte elution (t = 

0.19 min), the solvent flow rate is decreased to 30 μL/min (Figure 2B, top). While the 

sample elutes, the IM dispersion field is stepped by increasing the voltage across the drift 

tube in 100 V increments every 30 seconds (Figure 2B, middle), which are equivalent to the 

fields and timeframes used in the standardized stepped-field method.3 Because the total ion 

intensity decreases throughout the measurement and because ion transmission efficiency 

marginally increases at the larger drift potentials, this method is best performed in order of 

increasing drift voltage, which also follows the standardized method. Data is acquired from t 

= 0 to 4.0 min (Figure 2B, bottom). To minimize carryover, the solvent flow rate is increased 

back to 800 μL/min at the end of the experiment to purge any remaining analyte. To test and 

optimize this method, CCS values for the nine exogenous compounds (acetaminophen, 

caffeine, sulfaguanidine, sulfadimethoxine, val-tyr-val, verapamil, terfenadine, leucine-

enkephalin, and reserpine, Table S1) were measured using both the FIA method and the 

traditional DI method. The CCS results from both methods are contained in Table 1. Here, 

the nine chemical standards were concurrently injected at the concentrations indicated in 

Table S1. To facilitate sample infusion with a wide temporal peak shape for each analyte, the 

solvent composition was optimized. Using 100% water as the mobile phase resulted in the 

less-polar analyte (i.e., verapamil, terfenadine, and reserpine) to elute too rapidly (~1.6 min, 

FWHM), but increasing the organic composition of the mobile phase to 30% permitted the 

less-polar analyte to elute with a broader temporal distribution (~5 min, FWHM; Figure S2), 

which is interpreted as a result of sample-solvent compatibility as the sample plug mixes 

with the carrier solvent. Otherwise, a 20 μL injection would elute in ~0.67 minutes using the 

30 μL/min. flow rate. Both the DI and FIA CCS values measured in Table 1 were obtained 

using a carrier solvent composition of 7:3 (water:acetonitrile). For the experiments herein, 

the sample solvent is matched to the carrier solvents, so solvent hysteresis effects should be 

minimal, although it should be noted that a detailed study of the effects of mismatching the 

solvents on the resulting CCS measurements was not conducted. The CCS values measured 

with the FIA stepped-field method in both positive and negative ion modes are reported in 

Table 1. For both polarities, the CCS values exhibited a percent RSD of 0.34% or less for N 

= 18 measurements per analyte across multiple days (N = 6 per day) using the FIA method. 

Additionally, the CCS values from the FIA method were compared to CCS values acquired 

using the DI stepped-field method, and the values agree within the precision of the 

instrument (percent difference of less than 0.4%). A table of experimental drift tube settings 

and timing (Table S2), the pump flow rate timing (Table S3), and source conditions (Table 

S4) can be found in the supplemental information. While the total FIA stepped-field method 

is 1 min longer than the DI method (4.5 vs. 3.5 minutes), it comes with several important 

analytical benefits. First, the FIA method consumes less than half the sample volume (20 μL 

per injection) that the DI method uses (~40–100 μL). Additionally, the FIA stepped-field 

method is self-cleaning as the analyte is purged from the system after each measurement. 

Finally, and perhaps most importantly, the FIA stepped-field method can be fully automated 
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for high-throughput absolute CCS measurements. The current method can analyze 

approximately 12 samples per hour unsupervised (12 samples in 60.8 minutes). This 

includes sample injection, cleanup, and switching, all while mirroring the standardized DI 

stepped-field experiment in accuracy and precision. This method will assist rapid generation 

of large scale absolute CCS libraries.

CONCLUSION

This work reports an automated stepped-field method using FIA for determining CCS on a 

drift tube instrument using the fundamental low-field ion mobility relationship (i.e., Mason-

Schamp theory). With this method, high-precision CCS measurements (RSD < 0.4%) using 

low volumes (20 μL) of pure analytical standards can be rapidly acquired (12 samples/hr), 

which will enable the development of large-scale libraries of absolute CCS measurements in 

support of untargeted workflows that incorporate IM measurements.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Total ion chromatogram peak elution profiles. A) Four sample loop volumes were tested 

with a 20 μL injection and a flow rate of 30 μL/minute. B) One static (blue) and three 

dynamic (green, black, red) solvent flow rates were tested using a 20 μL injection into a 100 

μL sample loop. Note that these chromatograms are extended to the full elution profile, 

whereas the final FIA-DTIM-MS analysis method is performed in ca. 5 min using a purge 

step at ca. 4.5 min.
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Figure 2. 
A) Schematic for flow injection analysis CCS experiments. B) Method timing for flow 

injection analysis CCS measurements. Top, Solvent flow rate; middle, drift tube entrance 

potential; bottom, total ion counts for analyte in Table 1. Data acquisition completes at 4.3 

minutes, and a one minute purge begins.
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