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Multidimensional high throughput separations are ideal for analyzing distinct ion characteristics simul-
taneously in one analysis. We report on the first evaluation of a platform coupling a high speed field asym-
metric ion mobility spectrometry microchip (uFAIMS) with drift tube ion mobility and mass spectrometry
(IMS-MS). The PFAIMS/IMS-MS platform was used to analyze biological samples and simultaneously
acquire multidimensional FAIMS compensation fields, IMS drift times, and accurate ion masses for the
detected features. These separations thereby increased the overall measurement separation power,
resulting in greater information content and more complete characterization of the complex samples.
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The separation conditions were optimized for sensitivity and resolving power by the selection of gas com-
positions and pressures in the FAIMS and IMS separation stages. The resulting performance provided three
dimensional separations, benefitting both broad complex mixture studies and targeted analyses by

Published on 30 June 2015. Downloaded by PNNL Technical Library on 28/09/2015 19:23:59.

Wwww.rsc.org/analyst

Introduction

The separation of ionic species prior to mass spectrometry
(MS) analysis is essential for reducing chemical noise and deli-
vering distinct ion populations to the mass analyzer for higher
quality data and more complete characterization of complex
samples. The separation techniques used for this purpose
include gas chromatography (GC),' liquid chromatography
(LC),> capillary electrophoresis (CE),> and ion mobility spec-
trometry (IMS).* While each of these separation techniques
provides additional information about the species being
studied, the millisecond speed of IMS is of great interest for
high throughput analyses since the other techniques typically
require minutes to hours. Conventional drift tube ion mobility
spectrometry (DTIMS)® has been used to advance MS-based
biological applications including proteomics,’ metabolo-
mics”® and targeted analyses® by rapidly separating ions in the
gas phase under a weak electric field. In conventional DTIMS,
the ion’s reduced mobility (K,) is constant under a certain
buffer gas since it is operated at low E/N values which refer to
the ratio of the electric field strength to the gas number
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improving isomeric separations and allowing detection of species obscured by interfering peaks.

density. The separation ensuing is then based on the ion’s col-
lision cross section (i.e. structure) and charge.

Another IMS separation type called field asymmetric wave-
form ion mobility spectrometry (FAIMS)'® has emerged over
the past two decades. FAIMS operates at a wide range of E/Ns
and employs a periodic asymmetric electric field (known as
the dispersion field: DF) in the gap between two electrodes.
Ions travel the extended path as they oscillate between the two
electrodes, alternately experiencing strong and weak electric
fields. If the mobility of an ion is greater in one direction than
in the other, the ion will be deflected and not make it through
the exit slit/orifice to the MS. A compensation field (CF) is
used to offset an ion’s trajectory and enable transmission
through the FAIMS device. Consequently, ions are separated
based on their analyte-specific differences in ion mobility
under high and low electric fields. FAIMS can either transport
all ions generated from the ion source by scanning the full CF
range, or target a certain ion species by selecting its corres-
ponding CF. FAIMS is appealing because it provides rapid
separations at ambient pressures.'’ Previous publications on
FAIMS have highlighted its abilities to separate charge
states'>™® and distinguish peptide and protein conformers;"*
recent studies have also shown its power in the separation of
isobars'® and isomers."®

FAIMS devices have been interfaced with MS to reduce
chemical noise and allow structural separations.”*'”>' More

Analyst, 2015, 140, 6955-6963 | 6955
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recently, it has also been shown that extended path length sepa-
rations with planar FAIMS*>** devices can provide very high
resolution and peak capacity separations, but at the cost of sig-
nificant ion losses. A microchip-based multichannel FAIMS
(LFAIMS)** introduced by Owlstone Technology (Cambridge,
UK) demonstrated higher sensitivity, analysis speed and the
capability of utilizing extremely high electric fields."” However,
its resolving power was much lower than in conventional
planar FAIMS due to the limited residence time in the short
path length pFAIMS device. Several studies®>>® have shown
that the performance of the uFAIMS can be enhanced when
gases comprising helium,? hydrogen®® or modifiers®' are uti-
lized. Thus, by enhancing the uFAIMS performance, new appli-
cations can potentially be extended into complex mixture
studies and targeted analyses.

Besides coupling with MS, GC has also been coupled with
FAIMS (GC-FAIMS) for analyzing volatile compounds®* and
LC-FAIMS-MS has proven effective for quantitative appli-
cations.”®?** An initial FAIMS/IMS-MS coupling®® reported in
2005 showed great potential for FAIMS/IMS-MS on biological
analyses, but lacked in both speed and measurement sensi-
tivity. With the technological advances in WFAIMS,”® this
study presents the first evaluation and application of pFAIMS/
IMS-MS three dimensional separations for complex mixtures
and isomeric compounds, having the potential to address the
key deficiencies of the previous design.

Experimental methods
Materials and preparation

Sulfisomidin, sulfamethazine, and reversed peptide standards
(Gly-Arg-Gly-Asp-Ser and Ser-Asp-Gly-Arg-Gly) were purchased
from Sigma-Aldrich. The reversed peptide standards were
diluted to 2 pM using a 49.95/49.95/0.1 water/methanol/formic
acid buffer solution. Sulfisomidin and sulfamethazine stan-
dards were dissolved in water and then diluted to 1 pM using
99.9/0.1 acetonitrile/formic acid solution. A tryptic digestion of
bovine serum albumin (BSA) was prepared as previously
described,’® and diluted to 0.1 pg pl™"' using the 49.95/49.95/
0.1 water/methanol/formic acid solution prior to injection into
the instrument. Sample solutions were infused through fused
silica capillary tubing at 0.2-0.3 pl min~" and sampled using
nanokESI.

Instrumentation

A pFAIMS device (Owlstone, Cambridge, UK) was interfaced to
an in-house built IMS-MS platform.*® The WFAIMS chip
employed in this study had an open-surface area of 7.62 mm?>
with a nominal 100 pm chip gap, providing 188 ps ion transit
time at the resulting flow rate. Further details are available
elsewhere.”” The IMS platform used in the experiments had a
1 m long drift tube and was coupled to a quadrupole time-of-
flight mass spectrometer with a 1.5 m flight tube®® (model
6538QTOF, Agilent Technologies, Santa Clara, CA). A sche-
matic of the platform is shown in Fig. 1a. The pFAIMS was

6956 | Analyst, 2015, 140, 6955-6963
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connected to the IMS-MS via a capillary inlet (500 um i.d.). It
is worth noting that the atmospheric side of the inlet capillary,
the WFAIMS device, and the nanoESI emitter were housed
behind a curtain plate, and the curtain gas was introduced
through a curtain plate inlet. Two different curtain gases were
used: 100% N, and a 80:20 He/N, gas mixture. Curtain gases
were precisely controlled by flow meters (MKS Instruments,
MA, USA) to maintain a total flow rate of 1.8 L. min™" before
entering the curtain plate. An additional N, gas inlet was sepa-
rately controlled and introduced into the IMS drift tube. The
capillary inlet, FAIMS device and the curtain gas were main-
tained at 110 °C.

The pFAIMS chip was connected to a field generator
module, and its data acquisition software was integrated with
the IMS control software to customize DF, CF and scan rate.
The timing was controlled so that multiple 60 ms IMS cycles
(pertaining to the time all ions enter and exit the drift tube)
were nested within a certain FAIMS CF setting, and each
FAIMS CF scan was nested within a certain DF setting as shown
in Fig. 1b. Maximum DF values of 250 Td was applied for 100%
N, curtain gas and 150 Td for the 80:20 He/N, gas mixture to
avoid discharge.*® Under a certain DF, the CF scan range was
kept within —1-5 Td with scan rate of 0.1 Td/Frame, and each
frame contained 50-100 IMS cycles. A 120 V bias was applied
between the FAIMS device and IMS-MS platform; a 3000 V
bias was applied between the nanoESI emitter and FAIMS
device; and an 1800 V bias was applied between nanoESI
emitter and curtain plate. The above voltage differences
were optimized based upon the sensitivity of the FAIMS-MS
analysis.

Ions separated in the FAIMS device were transmitted
through the capillary inlet to an ion funnel trap (IFT). The IFT
was operated in pulsed ion mode with a 4 ms ion accumu-
lation time and its pressure was kept at 4.0 Torr while the drift
tube was maintained at 4.3 Torr to prevent any curtain gas
from entering the drift tube region. After exiting the drift tube,
the ions were refocused by a rear ion funnel and transmitted
through a short quadrupole and segmented quadrupole before
entering the QTOF mass spectrometer and being detected. The
signal from the QTOF detector was routed to an 8-bit Analog-
to-Digital converter (ADC) (AP240, Agilent Technologies, Swit-
zerland) and processed using a custom control-software
written in C#. The software monitored the pressures, source
temperature and allowed user-control of all voltages in the
platform as well as ion funnel trap timing. The software also
saved all experimental parameters and data collected for an
m/z range of 100-2800 and drift time range of 0-58 ms in a
Unified Ion Mobility Format (UIMF) file.*!

Results and discussion

To evaluate the sensitivity change upon addition of the
WFAIMS device, a bovine serum albumin tryptic digest (0.1 pg
pl™") was infused into the platform at 0.3 pl min~" with and
without the pFAIMS device attached. The ion funnel trap was

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 (a) A schematic of the pYFAIMS/IMS-MS platform. The Owlstone pYFAIMS was housed in the curtain plate and coupled to an existing
IMS-QTOFMS platform. (b) The uFAIMS/IMS-MS platform was operated by having multiple FAIMS CF nested within each DF, and multiple IMS cycles

nested within each CF.

operated in a continuous mode so that all the ions separated
in the pPFAIMS device were transmitted directly to the MS
detector without IMS separation in order to evaluate the sensi-
tivity of the platform with and without uWFAIMS. When the
WFAIMS was coupled, 100% N, was used as the curtain gas and
the dispersion field was varied to study the transmission. As
shown in Fig. 2a, the continuous signal decreased by ~50%
when the pFAIMS device was incorporated compared to the
signal without the pFAIMS. This decrease was not surprising
since an additional distance barrier was created between the
ESI emitter and capillary inlet when the pFAIMS device was
added, ultimately reducing the number of ions transmitted to
the mass spectrometer. Moreover, the exit slit of pFAIMS unit
also causes losses, so we expected to see a drop in sensitivity.
To further investigate the sensitivity changes affiliated with
DF, five different DFs (50 Td, 100 Td, 150 Td, 200 Td and
250 Td) were applied continuously while the CF was scanned from
—1 Td to 5 Td within each level of DF. As DF increased, ion
signals from the BSA tryptic digest progressively expended to a
wider CF range especially at 250 Td, and different features
were transmitted to the MS with different CF windows.
However, the signal intensities greatly decreased with increas-
ing separation power. It is worth noting that at 50 Td DF, the
signal intensity was higher than the intensity obtained when
FAIMS was installed but inactivated, possibly because low DFs
help with ion desolvation and facilitate ion transmission from
the ESI emitter to the MS detector.

To further illustrate the separation capability of pnFAIMS
at DF of 250 Td, the mass spectra nested within different CF

This journal is © The Royal Society of Chemistry 2015

ranges were extracted. Fig. 2b shows the extracted mass
spectrum for CF from 1.5 Td to 2.5 Td, with major m/z peaks
appearing between 600-1500. However, the mass spectrum
extracted for the CFs from 3.2 Td to 4 Td (Fig. 2c) displays a
lower m/z range of 400-900. Features at different m/z ranges
were selectively transmitted by FAIMS in different CF
windows, confirming the separation capability of the FAIMS
device at high DFs (250 Td). Moreover, features with high
m/z values (>1000) are mostly singly charged based on the
predicted peptide profile from BSA tryptic digest, and they
were transmitted through pFAIMS at lower CFs. In contrast,
low m/z (<600) features with higher charge state (doubly
charged or triply charged) were detected at higher CFs,
which support the capability of FAIMS in the charge state
separations seen in previous studies.">*” The compromise
between sensitivity and separation capability is illustrated in
Fig. 2, indicating the challenge in operating FAIMS to
achieve the optimal separation while minimizing sensitivity
losses.

Previous studies have shown that the performance of
FAIMS can be enhanced by utilizing helium gas mixtures.”®
Furthermore, Ibrahim et al.*® found that using helium in the
ion funnel trap prior to IMS evaluation improved the IMS
measurement sensitivity by allowing faster ejection of ions.
Therefore, an 80:20 He/N, curtain gas mixture was utilized to
investigate the effects of helium in optimizing the balance
between the resolving power and sensitivity of the pFAIM/
IMS-MS analysis. When 100% N, was used as the curtain gas,
the DF was set at 150 Td, 200 Td, and 250 Td, and when He/N,

Analyst, 2015, 140, 6955-6963 | 6957


http://dx.doi.org/10.1039/c5an00897b

Published on 30 June 2015. Downloaded by PNNL Technica Library on 28/09/2015 19:23:59.

Paper

7
a) 1.6x10 ‘b
AL
iy

View Article Online

Analyst

—— w/o FAIMS
— w/ FAIMS
1.2x107
®
§ 8.0x10° {50Td
e 3
2 100Td
D 150Td
L 4.0x10° 1
= 200Td
250Td
0.0 4 A JZ @—
-1 5 -1 5~
1 5 1 5 1 \5
L : P
CF(Td) ~ \
¥ 1 4 1 b L 1 /' T Y 1 e 1 ¥ \ 1
0 2 4 6 /8/ 10 12 14 \16
Time (minutes) \
b3 \
e \
: ol CF: 3.2Td - 4T )
b) o] CF:15Td-25Td . C) 1] CF:32Td-4Td \
3 08 3 08
s 8
£ 2
2 0.6- 2 06+
8 g
= =
3 0.4 o 0.4
s k] |
¢ o0.2- l [ & 02 '
0.04——~4l J“L " MH__ 0.0 lLl 1 1% e

200 400 600 800 1000 1200 1400 1600 1800
m/z (Th)

200 400 600 800 1000 1200 1400 1600 1800
m/z (Th)

Fig. 2 (a) Mass spectra signal for a 0.1 pg pl™* solution of BSA in uFAIMS/IMS-MS analysis with (black) and without (red) the uFAIMS attached to the
IMS-MS platform. The black trace represents the BSA signal with the pFAIMS coupled and activated at DF from 50 Td to 250 Td. The MS spectra
extracted for 250 Td DF with (b) 1.5 Td—2.5 Td CF range, and (c) 3.2 Td—4 Td CF range.

gas mixture was introduced, the DF was set at 100 Td, 120 Td
and 150 Td to prevent electrical breakdown.’® At each DF
setting, the CF was scanned from —1 Td to 5 Td to ensure that
all detectable features in the BSA tryptic digest were trans-
mitted. Fig. 3 compares the separation capability of pFAIMS
under different DFs in both 100% N, and the 80:20 He/N,
mixture by overlaying the FAIMS CF separations of four major
m/z features detected in the BSA tryptic digest. The improve-
ment in resolving power at higher DF is evident since the tar-
geted features in 100% N, were separated at a DF of 250 Td
while remaining indistinguishable at 150 Td (Fig. 3a and 3b).
For example, the CF separations of m/z = 480.60 and m/z =
820.50 are baseline resolved at 250 Td, however, these two
peaks overlap at 150 Td. A significant decrease in sensitivity is

6958 | Analyst, 2015, 140, 6955-6963

also observed with increasing DF, matching the previous find-
ings in Fig. 2. The comparison between 100% N, and 80:20
He/N, (Fig. 3b and 3c) shows that under the same DF (150 Td),
the features detected with He/N, have 2 fold higher intensities
compared to those in 100% N,. Furthermore, the addition of
helium improved the FAIMS resolving power so that compar-
able separation was achieved at a lower DF in He/N,. The utili-
zation of helium reduced the necessity of the high dispersion
field, therefore improving sensitivity while maintaining resol-
ving power. This observation demonstrates the combined
effects of helium in enhancing performance of pFAIMS and
improving the IFT efficiency, which significantly improved
both the sensitivity and resolving power of the pFAIMS/
IMS-MS analysis.

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 The CF separations of four selected m/z features from the BSA digest (480.60, 582.33, 740.45, 820.50) at: (a) 250 Td DF with 100% N, as
curtain gas, (b) 150 Td DF with 100% N, as curtain gas, (c) 150 Td DF with He/N, gas mixture as curtain gas. The x-axis represents the CF scan range

from —1Td to 5 Td, and y-axis represents the absolute intensity in counts.

The more orthogonal the FAIMS, IMS and MS separations
are, the better the multidimensional platform will perform. To
understand their orthogonality, the three dimensional spectra
of the BSA tryptic digest were collected under two different
experimental conditions, DF of 150 Td using He/N, as the
curtain gas (Fig. 4a and 4b) and DF of 250 Td using 100% N,
as curtain gas (Fig. 4c and 4d). In general, features observed at
higher IMS drift times were transmitted at lower CFs (Fig. 4a
and 4c), illustrating high orthogonality between the FAIMS
and IMS dimensions due to the different separation mecha-
nisms, i.e. IMS is based on the ions conformational size and
FAIMS is associated with the differential ion mobility at very
high fields. It is obvious that the orthogonality between IMS
and MS is much less than the orthogonality between FAIMS
and IMS since a certain degree of correlation exists between
ionic size and m/z and as mass increases so does drift time
(Fig. 4b and 4d). Since this data shows that the pFAIMS is
orthogonal to both the IMS and MS separations, coupling it to
the existing IMS-MS platform is expected to improve the poten-
tial for multidimensional separations by providing higher
overall peak capacities.

To understand the sensitivity difference between the 100%
N, curtain gas and the 80:20 He/N, mixture, 90 peptides pre-
dicted for the tryptic digestion of BSA were targeted in each
dataset. From the 90 peptides, 270 m/z features were generated

This journal is © The Royal Society of Chemistry 2015

representing the possible 1+, 2+ and 3+ charge states for each
peptide. These features were then matched with the m/z fea-
tures in the datasets having intensities >3000 counts. In the
He/N, dataset, 50% more features were detected (104 features/
72 peptides matched) compared with the 100% N, (67 fea-
tures/49 peptides matched). The heightened features and
peptide identifications demonstrated how the enhanced sensi-
tivity using helium improved the detection of low abundance
features. Additionally, more features with higher m/z,
especially those highlighted in the red box regions in (b) and
(d), were observed with He/N, compared to 100% N,, matching
previously findings*® that the performance of ion funnel trap
improved upon adding helium, especially for higher m/z
features.

The analysis of isomers is also a very difficult problem,
since they are indistinguishable in MS analyses. However, the
orthogonality of the separation in the pFAIMS/IMS-MS plat-
form has the potential to greatly aid in these separations,
especially since both pFAIMS and IMS have the capability to
distinguish isomers. To study isomeric compounds, the
reversed peptides GRGDS and SDGRG were analyzed individu-
ally by pFAIMS/IMS-MS at a concentration of 1 pM. The IMS
drift time difference of the isomeric pair is shown in Fig. 5a
with [SDGRG + H]" having an earlier drift time than [GRGDS +
H]'. Although the drift time difference isn’t large enough for a

Analyst, 2015, 140, 6955-6963 | 6959
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Fig. 4 The pFAIMS/IMS-MS three dimensional separations of BSA tryptic digest at: (a) DF of 150 Td with He/N, and (c) DF of 250 Td with N, as
curtain gases. The x dimension represents the FAIMS chromatogram and y dimension shows the IMS spectrum. To further illustrate the IMS-MS 2D
spectra (b) and (d) are extracted with IMS on the x dimension and MS on the y dimension.

baseline separation, it is still evident. However, in the FAIMS
dimension (Fig. 5b), the CF values of the isomers are too small
to be distinguished since the resolving power of pFAIMS isn’t
high due to its balance between resolving power and sensi-
tivity. Therefore, the development of a FAIMS device with
higher resolving power and good sensitivity will further
enhance the pPFAIMS/IMS-MS platform.

As illustrated in Fig. 5, there are cases where PFAIMS/
IMS-MS cannot baseline resolve isomeric compounds due to
their high structural similarity. However, there are also cases
where the multidimensional FAIMS/IMS analyses improve iso-
meric separations.””** In this study, drug isomers sulfametha-

6960 | Analyst, 2015, 140, 6955-6963

zine and sulfisomidin were analyzed with the pFAIMS/IMS-MS
platform as a mixture at 1 uM each. Fig. 6 displays the
FAIMS-IMS two dimensional spectrum extracted for the m/z of
the compounds. In the spectra, IMS dimension separates the
two isomers but not by baseline (Fig. 6a). However, the
addition of pFAIMS allows the isomer of interest to be isolated
by selecting specific CF values (Fig. 6b-d). At CF of 0.2 Td
(Fig. 6b), sulfamethazine was detected with higher abundance
than sulfisomidin, while at CF of 0.7 Td, the FAIMS almost
selectively transmitted sulfisomidin (Fig. 6d). Although the
separation of these two isomers was not baseline resolved in
either the pFAIMS or IMS dimension, the combined separation

This journal is © The Royal Society of Chemistry 2015
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of (b) 0.2 Td, (c) 0.5 Td and (d) 0.7 Td illustrate the selectivity for each isomer when pFAIMS is utilized.

power of the two dimensional FAIMS/IMS separations FAIMS-IMS platform can be utilized in the future as an identi-
improved the selectivity of the isomer of interest. Since MS fication and quantitation tool for isomeric compounds to
analysis alone can’t separate isomers, it is possible that a reduce the cost and complexity of the analyses.
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Conclusion

In summary, we evaluated a pFAIMS/IMS-MS platform using
isomeric standards and complex mixtures. The sensitivity of
the platform decreased with increasing FAIMS dispersion
fields, but the ability to characterize mixtures increased due to
the increased resolving power. The addition of helium in the
curtain gas allowed the pPFAIMS/IMS-MS platform to achieve
higher sensitivity resulting in an increased number of detected
features compared with using 100% N,. The pFAIMS/IMS-MS
three dimensional separations were optimized with enhanced
separation power and selectivity, therefore, improving the per-
formance of isomeric separations and yielding more structural
information for the analytes of interest compared to two-
dimensional IMS-MS separations. We anticipate that under-
standing ion losses at the FAIMS interface will provide the
basis for further improvements to the overall sensitivity of the
platform. The development of the new FAIMS and IMS devices
with higher speed and resolving power while maintaining sen-
sitivity will further enhance the potential of fast multidimen-
sional FAIMS/IMS-MS analyses.
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