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Abstract

In recent years, ion mobility spectrometry-mass spectrometry (IMS-MS) has advanced the field
of omics-based research, especially with the development of high-resolution platforms; however,
these separations have generally been qualitative in nature. The rotationally-averaged ion neutral
collision cross section (CCS) is one of the only quantitative metrics available for aiding in
characterizing biomolecules in IMS-MS. However, determining the CCS of an ion for multipass
IMS systems, such as in cyclic ion mobility-mass spectrometry (cIMS-MS) and structures for
lossless ion manipulations (SLIM), has been challenging due to the lack of methods available

for calculating CCS when more than a single pass is required for separation as well as the
laborious nature of requiring calibrants and unknown compounds to be subjected to identical
number of passes, which may not be possible in certain instances because of peak splitting, high
levels of diffusion, etc. Herein, we present a general method that uses average ion velocities for
calculating CCS values in cIMS-MS-based separations. Initially, we developed calibration curves
using common CCS calibrants (i.e., TAAs, PolyAla, and HFAP) at different TW conditions and
the calculated cIMS CCS values were within ~1% error or less compared to previously established
DTIMS CCS measurements. Since it has been established that glycans can split into their a./p
anomers, we utilized this method for two glycan species, 2a.-mannobiose and melibiose. Both
glycans were analyzed at the same TW conditions as the calibrants, and we observed anomer
splitting at pathlengths of 20 m for 2a-mannobiose and 40 m for melibiose, and thus assigned
two unique CCS values for each glycan, which is the first time this has ever been done. We

have demonstrated that the use of average ion velocities is a robust approach for obtaining CCS
values with good agreement to CCS measurements from previous literature and anticipate that
this methodology can be applied to any IMS-MS platform that utilizes multipass separations. Our
future work aims to incorporate this methodology for the development of a high-resolution CCS
database to aid in the characterization of human milk oligosaccharides.
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Introduction

lon mobility spectrometry-mass spectrometry (IMS-MS) has emerged as a promising
analytical technique for the analysis of many important biological molecules, especially in
the omics (e.g., metabolomics, proteomics, glycomics, lipidomics, etc.).1~4 In IMS-MS, ions
are separated in the gas phase under the presence of an electric field based on their sizes,
shapes, and charge (i.e., their ion mobilities).: 2 57 Over the last decade, technological
advancements have enabled higher resolution separations, such as in trapped IMS (TIMS),
structures for lossless ion manipulations (SLIM), cyclic ion mobility spectrometry (cIMS),
and field asymmetric ion mobility spectrometry (FAIMS), as compared to drift tube
(DTIMS) measurements.3: 8-34 We also note the use of cryogenic IR spectroscopy
coupled to SLIM IMS-MS as a novel way to characterize various glycans.3>-4! Previous
demonstrations using these high-resolution IMS-MS platforms have shown the ability to
resolve many challenging molecular classes, with a specific emphasis on isomers.

While the ability to separate very structurally similar species with high-resolution IMS-
MS, especially when it may not be possible via other analytical methods (e.g., liquid
chromatography),# 3242 is of interest from an analytical perspective, a separation alone
may not be enough to characterize an unknown molecule in a complex matrix. In DTIMS, a
rotationally averaged ion-neutral collision cross section (CCS; Q) can be directly calculated
according to the Mason-Schamp relationship (Equation 1), & 43 where yis the reduced
mass of the ion-neutral pair, &z is Boltzmann’s constant, zeis the ionic charge, Nis the
buffer gas number density, and Kis the mobility of the ion. Unfortunately, due to the
~1-meter pathlength used in commercially-available DTIMS platforms, many isomers, or
other structurally similar species, cannot be resolved and thus will have identical CCS values
precluding identification of unknown compounds.34 44
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In traveling wave-based (TWIMS) separations, CCS values cannot be directly calculated
because of the non-linear relationship between arrival time and mobility.*> Thus, to obtain
CCS values in TWIMS calibrants, well-established CCS values from DTIMS measurements
must be used. Traditionally, CCS values have been in good agreement between TWIMS and
DTIMS demonstrating that the use of calibrant ions is a robust approach.46: 47 However,
TWIMS platforms that rely on increasing pathlength by cycling ions multiple passes around
the device to improve resolution (e.g., SLIM IMS-MS and cIMS-MS) make it difficult
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to calculate CCS values because of the wrap-around effect/ion lapping (i.e., where higher
mobility faster species lap lower mobility slower ones). In SLIM IMS-MS, this is less of an
issue since the commercially-available platform from MOBILion Systems is a single pass
13-meter pathlength,*4 48 and thus no ion lapping can occur; it is important to mention

that homebuilt SLIM IMS-MS platforms contain an ion switch that enables pathlengths of
>1km.23:28.49 |n cIMS-MS, a single pass is 1-meter, where multiple passes generate the
pathlengths (e.g., 10s of meters) required for the separation of challenging isomeric species.

Since prior to a given cIMS-MS separation it is unknown what pathlength is required to
separate certain species, it is desirable to develop a pathlength independent methodology

to enable CCS measurements. To the best of our knowledge, previous efforts on obtaining
CCS values in cIMS-MS have exclusively focused on single pass, 1-meter, data.1> 50. 51
But, it has clearly been demonstrated in previous literature that much longer pathlengths
are required for the resolution of certain isomeric compounds thus 1-meter CCS data in
cIMS-MS limits unknown identification.® 18. 29. 52-55 Gince arrival time in cIMS-MS is
pathlength dependent, the calibrant ions and ions of interest would each need to be subjected
to the same number of passes, and a calibration curve would need to be constructed for
each pass.4? Additionally, this ignores the high probability, given the 1-meter peak capacity
in cIMS-MS, that ions will lap one another, thus making arrival time meaningless. While
slicing experiments can overcome ion lapping,2°: 23: 96 this has only been demonstrated on
low complexity sample mixtures and thus new, general, methods are needed to address ion
lapping in more complex matrices. Thus, our goal for this work was to present a general
method to obtain pathlength independent CCS values without the previously mentioned
laborious efforts required involving slicing experiments, generation of calibration curves
for each pass, etc. Herein, we present the use of average ion velocities to establish a
relationship to previously used CCS calibrant ions and thus enable CCS measurements

in high-resolution, long pathlength/multipass, cIMS-MS separations. We envision that this
approach is general in nature and can be readily adopted for any TWIMS-based platforms
that require ion switching to increase pathlength and thus resolution. Our motivation for
developing this method is to create a database of high-resolution cIMS-MS-based CCS
values to increase confidence in the identification of human milk oligosaccharides (HMOs).

Materials and Methods

Reagents and Sample Preparation

Tetraalkylammonium salts (TAA3-8) were purchased from Santa Cruz Biotechnology
(Dallas, Texas USA). Poly-DL-alanine (PolyAla) was purchased from Santa Cruz
Biotechnology (Dallas, Texas USA) and an ESI low concentration tune mix containing
hexakis(fluoroalkoxy)phosphazines (HFAP) was purchased from Agilent Technologies
(Santa Clara, CA, USA). The disaccharides, 2a-mannobiose and melibiose, were purchased
from Carbosynth (Berkshire, UK) and Sigma-Aldrich (Milwaukee, W1, USA), respectively.
LC-MS grade solvents were obtained from Fisher Scientific (Pittsburgh, PA, USA). Stock
solutions for all calibrant species and disaccharides were dissolved in 100% H,0. Each
TAA salt was prepared to 500 nM in a mixture in 49.75/49.75/0.5 (v/v) water/methanol/
acetic acid. Poly-DL-alanine, 2a.-mannobiose, and melibiose were prepared to 5 pM in
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49.75/49.75/0.5 (v/v) water/methanol/acetic acid. The HFAP solution was diluted 10-fold in
95/5 (v/v) acetonitrile/water, with concentrations ranging from 50 to 100 nM.

Cyclic IMS-MS Conditions

The commercially-available cIMS-MS instrument by Waters Corporation (Wilmslow, UK)
was utilized for all experiments.53 All calibrants and glycan species were subjected to direct
infusion electrospray ionization in positive-ion mode at a voltage of 2.5 kV with a flow rate
of 2 pL/min for TAAs and PolyAla, and 5 pL/min for the HFAP mix, 2a-mannobiose, and
melibiose. For all experiments, a quadrupole was used to /7/z select ions of interest (i.e.,
each individual ion was selected from each calibrant mix to avoid unwanted ion lapping).
lons were then subjected to cIMS-MS separations in nitrogen buffer gas at 1.74 mbar and
directed to the time-of-flight MS for detection in *V’ mode. Traveling wave (TW) conditions
were optimized for each calibrant ion, and glycan species were analyzed at the same
conditions as the calibrants. Please see figure and table captions for TW conditions used.

It should be noted that maximum separation pathlengths for calibrants were determined by
when the “wrap-around” effect was observed. Signal averaging for arrival time distributions
was done for a minimum of 2 min for ions at shorter pathlengths, while ions at longer
pathlengths, especially larger m/zions, required averaging times of up to 10 min. No
additional smoothing was performed. MassLynx and Quartz software were utilized for data
acquisition and processing.

cIMS CCS Analysis

For all cIMS experiments, data acquisition was replicated over three days with a single

data acquisition for the selected pathlengths each day. Arrival times were adjusted to
account for only the time ions spend in the cyclic separation region (i.e., the dead time

post cIMS-MS separation, or to, was subtracted out) as previously described.>’ Please see
Table S1 and Equation 2 for a sample calculation, where teorrected IS the corrected arrival
time, n7is the number of passes in meters, tqival IS the raw arrival time, and t is the dead
time post-cIMS-MS separation. Specifically, single and double pass (1 and 2 m) arrival

time data was used to determine tg, and as a result, the ion velocities at 1 and 2 m are
identical. For specific pathlengths and individual ion velocities, please see Table S2 in the
Supporting Information. lon velocities were calculated using the apex of the peak from the
corrected arrival times as well as pathlength in meters (i.e., the pathlength in meters was
divided by the corrected arrival time to determine an ion’s average velocity in meters per
second). Reduced DTIMS CCS, Q’, values were calculated from previously reported PTCCS
data”- 58 using the relationship described in Equation 3,4% where Q is the reference PTCCS
value from DTIMS under specific buffer gas, zis the charge of the ion, and g is the reduced
mass of the ion-neutral pair using nitrogen as the buffer gas. We note that the average ion
velocities presented in Table 1 is representative of averaging the ion velocities over multiple
pathlengths as well as the three interday trials (i.e., in total: 15 data points for each TAA, 12
data points for each PolyAla and HFAP). These averaged ion velocities and reduced DTIMS
CCS values were then used to generate the calibration curves. Power regression models ()=
AxB) have frequently been used for TWIM calibration curves, therefore, this trendline was
applied for evaluating cIMS CCS in this work.#7- 49. 59. 60 Additionally, the power regression
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model provided the best fit (R2 > 0.99) for all calibrants compared to linear regression (R2 <
0.92 for TAA / HFAP and < 0.98 for PolyAla).

tcarrzcted = ntarr/val - tO (2)

©)

=|=

Results and Discussion

Use of Average lon Velocities to Derive cIMS-Based CCS Values

CCS calibrants (Figure 1A), which included tetraalkylammonium salts (TAA), polyalanine
(PolyAla), and hexakis(fluoroalkoxy)phosphazines (HFAP) were chosen due to their
robustness, stability, ionization efficiency, ability to produce only a single IMS-MS peak,
and use in previous literature.4”: 58. 59, 61,62 Calibrant ranges for TAA (7= 3 - 8), PolyAla
(n=10-15), and HFAP (m/z 322 — 1822), where nrepresents alkyl chain length for the
TAA and number of Ala in PolyAla, were selected to generate a wider /m/z spread and allow
for comparison between our derived cIMS-MS CCS values. As a first step, we subjected
each set of calibrants to several meters of separation (Figures 1B and Figures S1-S3) to
confirm that every ion generated only a single cIMS-MS peak. Since our overall motivation
for developing a general method for calculating cIMS-based CCS values is to eventually
develop a database for characterizing human milk oligosaccharides, each calibrant was only
analyzed in positive mode as their common singly charged adducts (e.g., [M + H]* for the
HFAP and PolyAla and [M+] for the TAA) because HMOs are predominantly detected as
singly charged species in IMS-MS separations. Each calibrant set was analyzed at unique
traveling wave conditions to ensure transmission of the entire /m/zrange as well as to ensure
sufficient signal-to-noise across the various cIMS-MS pathlengths assessed. We were also
interested in evaluating the effect of another traveling wave condition on our calculated CCS
values and their respective errors. This is important because potential analytes of interest
can have optimized traveling wave conditions other than those presented in this work,

and thus necessitates our method to be robust across varying experimental conditions (i.e.,
reproducible CCS values and low errors regardless of traveling wave conditions).

Table 1 summarizes the traveling wave conditions used, /m/z values, and calculated average
ion velocities for each of the calibrants assessed. From Table 1, it can be observed that the
percent relative standard deviation errors for average ion velocities were all on the order of
< ~1% or less thus indicating that, as expected, average ion velocities at a given traveling
wave condition is a pathlength independent metric. To calculate cIMS-based CCS values,
we plotted reduced CCS values as determined from Equation 3 versus average ion velocities
from Table 1 using power functions for each set of calibrants (Figure 2). In Figure 2, we
observe R? values > 0.99 for each calibrant set under the traveling wave conditions assessed.
Table 2 highlights our calculated cIMS-based CCS values for each set of calibrants as

well as a comparison to previously published DTIMS CCS values (i.e., the same ones that
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were used to determine our reduced CCS values).4” %8 Qur results not only demonstrate
that the use of average ion velocities can be used to calculate CCS values on multipass high-
resolution IMS-MS separations, but also that the two different traveling wave conditions
used for the TAASs resulted in very similar calculated cIMS-based CCS values. Furthermore,
we observe good agreement between our calculated cIMS-based CCS values and previously
published DTIMS ones without any bias in one direction or the other (e.g., both positive
and negative errors between cIMS and DTIMS CCS values were observed in Table 2).
Overall, this demonstrates the utility of using ion velocities instead of absolute arrival times,
which can become very convoluted because of ion lapping or peak splitting from multiple
isomers/conformers being present, to derive CCS values on multipass IMS-MS separations.

Demonstration of High-Resolution cIMS-Based CCS Values for Glycan Analysis

As previously mentioned, our maotivation for the development of a method to calculate
CCS values in high-resolution cIMS-MS separations stems from the fact that many glycan
isomers will be unresolved in a conventional 1-meter DTIMS experiment and thus have
identical DTIMS-based CCS values. This precludes the ability to accurately characterize
glycans in complex mixtures. As previously mentioned there have been many efforts related
to separating glycan isomers in high-resolution IMS-MS, but these efforts have largely
been qualitative in nature by only demonstrating that structurally similar species could be
resolved rather than assigning any quantitative CCS value to them. Thus, the need for
deriving CCS values in high-resolution multipass IMS-MS separations is at the forefront of
the glycomics community. We envision that by being able to assign unique CCS values to
each glycan isomer, or potentially multiple CCS values for an individual species based on
their a/B anomers or other conformers, would better enable unknown identification.

Thus, to test our presented methodology for determining cIMS-based CCS values for
glycans, we selected two species, 2a-mannobiose (a1,2 linkage between two mannose
molecules) and melibiose (a1,6 linkage between galactose and glucose). Please see Figures
3 and 4 for their structures. Both of these glycans have previously been analyzed with

other IMS-MS platforms (e.g., 1 m DTIMS and 25 cm TWIMS) and thus have published
CCS values.51-64 However, only one CCS value has been assigned for both 2a.-mannobiose
and melibiose even though it has been well established that glycans can split into their

a/p anomers and/or open-ring conformations at higher IMS-MS resolutions. Thus, we were
interested in assessing whether multiple peaks could be observed for these glycans when
subjected to long pathlengths cIMS-MS separations as well as if we would be able to assign
unique CCS values for each peak.

After a single pass, 1 m, cIMS-MS separation of the 2a-mannobiose (Figure 3A),

only a single peak was observed. However, after 20 m of cIMS-MS separation, two

peaks were observed which we attribute to be their a/B anomers based on previous
literature.9: 24 32. 65,66 For each of the traveling wave conditions sampled, we determined
average ion velocities for both of the 2a-mannobiose peaks from triplicate trials performed
on three independent days (see Table S3). From this, we calculated cIMS-based CCS values
from our calibration curves in Figure 2. We would like to note that the unknowns (i.e.,
glycans in this work) must be analyzed at identical traveling wave conditions as the calibrant
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species so that the relationship between ion velocity and reduced CCS, and thus CCS,

would hold true. While this could potentially be laborious in certain instances because it
would first require tuning the traveling wave conditions for the analytes/isomers of interest
and then running the calibrants at the same traveling wave conditions, we reiterate that

this is our approach to develop a CCS database in high-resolution multipass IMS-MS
separations. Similarly, melibiose (Figures 4A and B) also exhibited a single IMS peak

at 1 m and required a greater 40 m pathlength than 2a-mannobiose to resolve its a/p
anomers. In Table 3, we display our calculated cIMS-based CCS values for each of the

two peaks observed for both melibiose and 2a-mannobiose using the TAAs at varying
traveling wave conditions and HFAP as calibrants. We did not use PolyAla as a calibrant

for determining CCS values in these glycans for two reasons: 1) the m/zand reduced

CCS range for the PolyAla calibrants we used would not bracket those for the glycans we
analyzed and 2) the higher overall error observed for the PolyAla CCS values from Table 2
which we attribute to poorer signal-to-noise observed as indicated by slightly asymmetrical
peak shapes (see Figure S2). When comparing our calculated cIMS-based CCS values

for these glycans versus ones from previous literature, we observe error on the order of
~1-3% which has commonly been reported in comparing TWIMS versus DTIMS CCS
values.61-64 However, we reiterate that these previously reported CCS values were for a
single peak owing to the lower resolution separations (i.e., shorter pathlengths), while our
presented high-resolution cIMS-based ones clearly assign two distinct CCS values for both
melibiose and 2a.-mannobiose, presumably from their o/ anomers. We were also interested
in comparing what the calculated, low-resolution, 1 m cIMS CCS value would be for each
glycan versus those found for their anomers at higher resolution pathlengths. We found that
the 1 m cIMS CCS values were 171.6 A2 and 174.9 A2 for 2a.-mannobiose and melibiose,
respectively, when using the TAAs as calibrants at traveling wave conditions of 450 m/s and
22 V. From this, it is observed that these 1 m cIMS CCS values fall are bracketed by the two
cIMS CCS values calculated at longer pathlengths (i.e., 171.6 falls between 170.5 and 171.8
AZ for 2a.-mannobiose and 174.9 falls between 174.3 and 175.0 AZ; Table 3). Specifically,
our CCS value for melibiose is in very good agreement with previously published TWIMS
data using similar calibrants (Table 3).62 While having multiple IMS peaks may seem like

a negative outcome for glycan analyses, we view it as a positive one since it can increase
confidence in characterization if an unknown glycan were to match up with two cIMS-based
CCS values in a database. Lastly, we observed good agreement between our calculated cIMS
CCS values regardless of what calibrant set was used, thus indicating robustness in our
approach and enabling future adopters of this methodology to fine tune calibrants depending
on their analyte needs.

It is important to discuss the scope and limitations of our presented method for calculating
CCS values from average ion velocities in high-resolution cIMS-MS separations. Previous
literature involving lipids has indicated that a systematic bias exists when comparing CCS
values derived from DTIMS versus those from TWIMS in SLIM.*8 However, the key

point was that CCS values must be first obtained from DTIMS allowing a comparison to
TWIMS ones. This will not always be the case; for example, in the carbohydrate community
there remains a lack of authentic analytical standards which would preclude obtaining
DTIMS CCS values to correct for this bias in TWIMS. Nonetheless, CCS values have
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been demonstrated to have high interlaboratory reproducibility with errors often < 1%.

We envision our presented methodology being used in an internal database approach. By
creating an internal database of cIMS-based CCS values, we envision developing improved
methods for the characterization of human milk oligosaccharides. Additionally, we believe
that the CCS values we derive in-house will have great lab-to-lab reproducibility amongst
other cIMS-MS or SLIM IMS-MS users given both platforms utilize traveling wave-based
separations, and could potentially be a subject for a community-wide led effort. Another
potential drawback to our method is that it requires the CCS calibrants and analytes of
interest to be subjected to identical TW conditions. Thus, we would recommend users
optimize their separation first using the analytes of interest and then subjected the calibrants
to those same experimental TW conditions. Lastly, we reiterate that an internal database
approach will be the path moving forward with our presented CCS methodology and will
require explicit description of calibrants and TW conditions used in order to disseminate
this information to the IMS-MS community and enable more widespread adoption and
interlaboratory reproducibility.

Conclusions

Herein we have presented a general method for calculating CCS values from high-resolution
multipass IMS-MS separations by using average ion velocities rather than absolute arrival
times. Our approach eliminates the laborious issue of creating calibration curves for each
pathlength to determine absolute arrival times and furthermore overcomes the issue, and
high likelihood, of ion lapping in the 1 m peak capacity of cIMS-MS separations. Our results
demonstrate good agreement in our calculated cIMS-based CCS values with previously
published DTIMS values for the various calibrant sets (e.g., HFAP, TAAs, and PolyAla) that
we assessed. We expanded our methodology to analyze two glycans, 2a-mannobiose and
melibiose, which both split into two peaks from their a/p anomers after 20 and 40 meters

of cIMS-MS separation, respectively. This represents the first time that two distinct CCS
values have been assigned for both of these glycans largely stemming from the fact that
they have only been previously analyzed with lower resolution, and thus shorter pathlength,
IMS-MS platforms which were unable to tease apart their anomers. We would like to note
that the crucial aspect of our presented methodology is that in order to develop a database
of cIMS-based CCS values, the analytes of interest and calibrant sets must be run at the
same traveling wave conditions given that ion velocity is dependent on traveling wave
amplitude and frequency. Since we analyzed our glycan species under multiple traveling
wave conditions and with multiple CCS calibrants/CCS calibration curves, we believe that
this demonstrates the robustness of our method given that our calculated CCS values were
in good agreement regardless of calibrant and traveling wave conditions. We envision that
our presented methodology is general enough in nature that it can readily be adopted

by the IMS-MS community which rely on multipass separations for their analyses (e.g.,
SLIM or cIMS). Our overall goal moving forward is to develop a database of CCS values
from our high-resolution cIMS-MS separations to better enable human milk oligosaccharide
characterization. We also envision future potential collaborations with other cIMS or SLIM
users to perform interlaboratory validation of our CCS values.
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Structure of calibrants: tetraalkylammonium salts [TAA; tetrabutylammonium shown],
polyalanine [PolyAla] and hexakis(fluoroalkoxy)phosphazines [HFAP; hexakis(2,2-
difluoroethoxy)phosphazine shown] (A). Arrival time distributions of TAA3-8 as their [M+]
at 4 m at TW conditions of 450 m/s and 22 V (B).
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Figure 2.

The cIMS CCS calibration curves of TAAs at TW conditions of 450 m/s and 22 V (A) and
700 m/s and 25 V (B), PolyAla at TW conditions of 450 m/s and 35 V (C) and HFAP at
TW conditions of 550 m/s and 24 V (D). We reiterate that these calibration curves were
generated by averaging the ion velocities over several pathlengths and over three days. The
reduced CCS values taken from these calibration curves were used to calculate average
cIMS CCS values shown in Table 2 according to Equation 3.

Anal Chem. Author manuscript; available in PMC 2023 June 29.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Habibi and Nagy

Page 15

1 A 1A
A) B) 20-Mannobiose
> > HO OH
= £ o
Hg(&g
£ =
o o HO (0]
2 2 0]
5 5 HS(&AMOH
& &

0 T f T T 0 T T T T

5 7 9 1 13 154 156 158 160 162
Arrival Time (ms) Arrival Time (ms)

Figure 3.
The cIMS-MS separations of 2a.-mannobiose as its [M + Na]* adduct at 1 m (A) and 20 m

(B) at traveling wave conditions of 550 m/s and 24 V. We note the minor mobility features at
~ 154 and 162 ms are from the ion lapping/wrap-around effect.
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Figure 4.
cIMS-MS separations of melibiose as its [M + Na]* adduct at 1 m (A) and 40 m (B) at

traveling wave conditions of 550 m/s and 24 V. We note the minor mobility features at ~ 323
and 331 ms are from the ion lapping/wrap-around effect.
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TW conditions, m/z values, and calculated average ion velocities for calibrant species based on triplicate trials
performed on three independent days. Please see Table S2 for pathlengths used to calculate ion velocities for
each calibrant set.

TW Conditions | Calibrant m/z Average lon Velocity (m/s)
TAA3 186.2 236.4+15
TAA4 2423 152.3+0.7
TAA5 298.3 107.8+ 0.6
450 m/s & 22V
TAA6 354.4 82.3+0.2
TAA7 410.5 65.6 £ 0.1
TAA8 466.5 53.9+0.1
TAA3 186.2 159.7 £ 0.2
TAA4 2423 111.1+03
TAA5 298.3 81.4+0.2
700 m/s & 25V
TAA6 354.4 62.8+0.1
TAA7 410.5 50.6 £ 0.1
TAA8 466.5 41.9+0.1
A10 729.4 150.4 + 0.7
All 800.4 131.8+0.7
Al12 8715 116.8+0.3
450 m/s & 35V
A13 942.5 105.0+0.3
Al4 1013.5 95.9+0.3
A15 1084.6 87.6+0.3
HFAP3,, 322.0 170.3+0.3
HFAPg,, 622.0 81.4+0.2
HFAPg,, 922.0 52.7+0.1
550 m/s & 24V
HFAPIZZZ 1222.0 37.8+0.1
HFAP5, | 1522.0 29.1+0.0
HFAPg, | 1822.0 232+0.0
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Average cIMS CCS values obtained from our calibration curves (Figure 2), and comparison to previously
published DTIMS CCS values for these calibrants. DTIMS CCS for TAAs and PolyAla were obtained from
Reference 47, and HFAP was obtained from Reference 58.

TW Conditions | Calibrant | Average cIMS CCS (A2 | DTIMS CCS*"%8 (A?) | cIMS vs DTIMS Error (%)
TAA3 1417 +04 143.3 -1.1
TAA4 168.0 £ 0.3 167.7 0.2
TAAS 192.6+05 191.0 0.8
450 m/s & 22V
TAA6 2145+0.2 212.8 0.8
TAA7 2348+0.2 236.1 -0.6
TAA8 254.1+0.2 256.9 -1.1
TAA3 1433+0.1 143.3 0.0
TAA4 167.0+0.2 167.7 -0.4
TAAS 191.0+0.2 191.0 0.0
700 m/s & 25V
TAA6 2140+0.2 212.8 0.6
TAA7 235.6+0.2 236.1 -0.2
TAA8 256.1+0.3 256.9 -0.3
A10 248.4+0.5 248.9 -0.2
All 261.9+0.6 261.9 0.0
Al12 2749+0.3 274.9 0.0
450 m/s & 35V
Al3 286.9+0.3 287.5 -0.2
Al4 297604 299.0 -0.5
Al5 308.6 +0.4 308.1 0.2
HFAP,, 152.1+0.1 153.7 -1.0
HFAPg, 205.1+0.2 202.7 12
HFAPg, 2455 0.2 243.1 10
550 m/s & 24V
HFAP29, 2822+0.3 2813 03
HFAP; 55, 3155+0.1 315.8 -0.1
HFAP g2, 3471403 350.4 -0.9
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Table 3.

Summary of traveling wave conditions and cIMS CCS values for 2a-mannobiose and melibiose with multiple
calibrants. The average cIMS CCS reported here represents an average of three trials performed on three
separate days.

Glycans [M + Na]* | Calibrant & TW Conditions | Average cIMS CCS (A?) | DTIMS CCS (A2 | TWIMS CCS (A%

2a-mannobiose TAA (450 m/s & 22 V) Peak 1 1705+ 05
Peak 2 171.8+05
TAA (700 m/s & 25 V) Peak 1 1703+0.4 63
173.7 N/A
174.8%
Peak 2 1715+£04 :
HFAP (550 m/s & 24 V) Peak 1 170.3+0.4
Peak 2 1715+£04
Melibiose TAA (450 m/s & 22 V) Peak 1 1743+0.3
Peak 2 1750+ 04
TAA (700 m/s & 25 V) Peak 1 173.7+0.3 177.188
181.1%4 174,852
Peak 2 1744+0.3 176.861
HFAP (550 m/s & 24 V) Peak 1 173.6+0.2
Peak 2 1743+0.2
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