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Abstract

We report the development and initial evaluation of a 13 m path length Structures for Lossless
Manipulations (SLIM) module for achieving high resolution separations using traveling waves
(TW) with ion mobility (IM) spectrometry. The TW SLIM module was fabricated using two
mirror-image printed circuit boards with appropriately configured RF, DC, and TW electrodes and
positioned with a 2.75 mm intersurface gap. lons were effectively confined in field-generated
conduits between the surfaces by RF-generated pseudopotential fields and moved losslessly
through a serpentine path including 44 “U” turns using TWSs. The ion mobility resolution was
characterized at different pressures, gaps between the SLIM surfaces, and TW and RF parameters.
After initial optimization, the SLIM IM-MS module provided about 5-fold higher resolution
separations than present commercially available drift tube or traveling wave IM-MS platforms.
Peak capacity and peak generation rates achieved were 246 and 370 s1, respectively, at a TW
speed of 148 m/s. The high resolution achieved in the TW SLIM IM-MS enabled, e.g., isomeric
sugars (lacto- A-fucopentaose | and lacto- A~fucopentaose I1) to be baseline resolved, and peptides
from an albumin tryptic digest were much better resolved than with existing commercial IM-MS
platforms. The present work also provides a foundation for the development of much higher
resolution SLIM devices based upon both considerably longer path lengths and multipass designs.
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lon mobility spectrometry (IMS) is a well-established analytical method that separates ions
and charged particles based on differences in their mobilities through a “buffer” gas.12 IMS
applications at present include the detection of chemical warfare agents,3~ illicit drugs,6-8
and explosives®~13 and more recently have been combined with mass spectrometry (i.e., ion
mobility (IM)-MS) for the detection, separation, and characterization of biomolecules, e.g.,
in metabolomics,14-18 glyco-mics,19-22 and proteomics applications.23-36 A constraint of
contemporary IMS technology is its limited ability to resolve species with similar mobilities
(<2%) in a mixture, particularly in conjunction with achieving high sensitivity.37:38 In drift
tube IMS, the resolving power (R) is often defined by

R:t—D ~ 1( qLE )1/2
At 4\ kpln2 (1)

where i corresponds to an ion's drift time, Atis the peak width at half-maximum (fwhm), ¢
is the ion charge, T is the temperature, A; is Boltzmann's constant, L is the length of the drift
tube, and E is the electric field. Eq 1 indicates resolving power can be increased by
increasing E and L, or decreasing 7, but the square root dependence makes achieving
significantly higher resolution increasingly difficult. Present IM-MS instruments generally
employ drift tubes at pressures of a few torr and about one meter long to achieve R of ~50 to
120 depending on details,3%-43 and more broadly, IM separations have achieved R of ~100 to
250.44-51 While this R has been sufficient for differentiation of chemical classes and
determination of collision cross section (Q) values,>2 in many cases, e.g., due to mixture
complexity or conformational multiplicity, much higher IM resolution would be beneficial.
A few approaches have also been developed to achieve higher resolution, including pulsed
multipass drift tube designs,>3:54 high-field asymmetric ion mobility spectrometry
(FAIMS),%® and differential mobility analyzer (DMA).56 However, in all cases, achieving
much higher resolution comes at the expense of mobility range and/or sensitivity.
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Recently, we developed Structures for Lossless lon Manipulations (SLIM) to enable IM
separations and other ion manipulations in complex electrical field conduits, switches, traps,
and other structures that can be created using electrodes arrayed on two planar surfaces we
have initially fabricated with printed circuit board (PCB) technology. The initial
implementation used fields created using arrays of DC “guard” electrodes to confine ions
laterally and coupled RF and DC potentials applied to arrays of “rung” electrodes to confine
ions orthogonally to the surfaces as well as to drive ion motion.5758 These first SLIM-IMS
modules were used to evaluate and demonstrate mobility drift-based separations,>® mobility
selective ion switching,>8:60 jon trapping, and also ion accumulation for selected
mobilities.51 Although drift IMS has been demonstrated using SLIM, the maximum voltage
(primarily limited by the onset of electrical breakdown) constrains the drift path lengths that
are practical.>459:60 To increase the potentially achievable resolution, we developed SLIM
using traveling waves and showed a short 30 cm IMS module to be capable of achieving
separations comparable with present commercial drift and traveling waves (TW) IM-MS
platforms, as well as lossless ion transmission.52 In this first work, key parameters, including
TW speed, amplitude, sequence, and guard bias, were initially optimized.52 An attraction of
TW SLIM is the ability to use TW voltages repeated throughout the device irrespective of
the actual path length (i.e., not requiring voltages that increase with length). Elsewhere, we
have developed and implemented an approach for making 90° turns in TW SLIM that is
lossless and avoids any significant loss of resolution (e.g., a “race track” effect in turns).%3
Combined with the ability to readily fabricate complex SLIM electrode arrangements on
PCBs, these developments provide a foundation for creating devices having the very long
paths necessary to achieve much higher resolution IM separations.

Here, we report the development and evaluation of an IM-MS platform incorporating a long
serpentine path TW SLIM module. Multiple “U” turns enable greatly extended path lengths
to be achieved in a relatively compact module. The performance of the TW SLIM was
evaluated for different buffer gas pressures, surface-to-surface gaps (i.e., between PCBs),
guard biases, RF amplitudes, TW speeds, and TW amplitudes. The achieved peak capacity
and peak generation rate are reported, and challenging baseline 1M separation for isomeric
sugars is demonstrated. While the separation performance achieved in conjunction with
lossless ion transmission constitutes a major advance in IM-MS platform performance, this
work highlights the potential for achieving even higher resolutions using longer path lengths
or multipass designs or potentially a combination of both.

Experimental Section

lon Generation and Mass Spectrometry

lons were generated by a nanoelectrospray ionization (nanoESI) source (3000 V) using a
chemically etched emitter (20 pm i.d.) connected to a 30 um i.d. fused-silica capillary
(Polymicro Technologies, Phoenix, AZ) through a zero volume stainless steel union (Valco
Instrument Co. Inc., Houston, TX). Sample solutions were infused at a flow rate of 0.3 pL/
min. lons were introduced into the first stage of vacuum through a heated (130 °C) 500 pm
i.d. stainless steel capillary (Figure 1A). After exiting the capillary, ions were accumulated
and stored for 25 ms by an ion funnel trap (IFT, 950 kHz and ~200 V) at 1.85 to 3.95 Torr
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and then released over 486 ps.54 The ion inlet capillary was offset from the center axis of the
IFT by 6 mm to minimize the transmission of neutrals through the IFT and conductance-
limiting orifice, as well as to effectively eliminate gas dynamic effects in the SLIM chamber.
Upon exiting the trapping region of the IFT, ions pass through a 2.5 cm long converging
region of the IFT and are transported through a conductance-limiting orifice (2.5 mm i.d.)
into the SLIM module chamber. The TW SLIM chamber was maintained at 2—4 Torr
nitrogen filtered through hydrocarbon and moisture traps. A differential positive pressure of
~50 mTorr was also used to further prevent neutrals from entering the SLIM chamber. After
drifting through the TW SLIM module, a 15 cm long rear ion funnel (820 kHz and ~120
Vpp) With a 23 V/cm DC gradient was used to focus the ion beam through a conductance
limiting orifice (2.5 mm i.d.) into the differentially pumped region (460 mTorr) containing a
short RF-only quadrupole (1 MHz and ~130 V). lons are then transmitted into an Agilent
6224 TOF MS equipped with a 1.5 m flight tube (Agilent Technologies, Santa Clara, CA).
Data were acquired using a U1084A 8-bit ADC digitizer (Keysight Technologies, Santa
Rosa, CA) and processed using in-house control software written in C#.

TW SLIM Module

The SLIM module consisted of a pair of PCBs (45.9 cm x 32.5 cm) spaced by a small gap.
Figure 1B shows a photo of one PCB showing the electrode arrangement (the opposing PCB
has a mirror image electrode design). The ion path was 13 m, including forty-four “U” turns
and two 90° turns. The TW SLIM module designed in this work utilizes three different sets
of electrodes (Figure 1B inset). The first set of electrodes is a pair of guard electrodes that
provide lateral confinement when the appropriate voltage is applied. The guard electrodes
have a width of 3.0 mm and extend along the entire ion path. The second set of electrodes
has 180° out-of-phase RF waveforms that are applied to adjacent electrodes strips that also
extend along the ion path. In this work, 6 RF strips were used, all 0.43 mm wide and parallel
to the ion path except at the entrance to the turns (where the RF strips are perpendicular to
the ion path; Figure 1B inset). A 650 kHz, 180° out-of-phase RF waveform was applied
using an RF power supply to create pseudopotentials that prevent ions from being lost to the
surfaces. The third set of electrodes used to create the traveling waves are 1.03 mm long and
0.43 mm wide and are interleaved between the RF strips. In this work, a TW with a
sequence of 11110000 (where O represents using 0 V, while 1 represents applying the
traveling amplitude (e.g., 30 V) to the specified electrodes) was utilized for all experiments.
The TW potential was applied to subsets of eight electrodes and repeated across the entire
ion path, and there was a simultaneous application of a DC potential to 4 sequential
electrodes while the other four electrodes were maintained at ground potential. The TW
voltages applied were then stepped one electrode at a time to create the TW that propagates
throughout the entire module. The TW and guard voltages were provided by a custom power
supply (GAA Custom Engineering, LLC, Benton City, WA). lon currents were measured
with a Keithley 6485 picoammeter (Keithley Instruments, Inc., Cleveland, OH) using a
conductive probe positioned at different locations between the two surfaces.

Sample Preparation

Agilent low concentration ESI tuning mix (Agilent, Santa Clara, CA) was directly infused
for the optimization of the TW SLIM module. To estimate the peak capacity, a mixture was
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prepared using an equimolar 1 UM nine peptide mix (bradykinin acetate salt, kemptide
acetate salt, angiotensin | human acetate salt hydrate, angiotensin Il human, neurotensin,
renin substrate tetradecapeptide porcine, substance P acetate salt hydrate, melittin from
honey bee venom, and fibrinopeptide A human) (Sigma-Aldrich, St. Louis, MO), Pierce
LTQ ESI positive ion calibration solution (Thermo Fisher Scientific, Pittsburgh, PA), and
isomeric sugars 10 UM Fuc-a-1,2-Gal-b-1,3-GIcNAc-b-1,3-Gal-b-1,4-Glc (LNFPi) and 10
UM b-p-Gal-(1 — 3)-(a-L-Fuc-[1 — 4])-b-b-GlcNAc-(1 — 3)-b- b -Gal-(1 — 4)-pclc
(LNFPii) (Sigma-Aldrich, St. Louis, MO) in aqueous solution containing 50% methanol
(v/v) and 0.1% formic acid (v/v). Waters MassPREP digestion standard bovine serum
albumin (BSA) (Waters, Milford, MA) was diluted to 1 uM in 49.5:49.5:1 methanol/water/
formic acid buffer.

Results and Discussion

lon Transmission and Robustness of the Long Path TW SLIM

While we have previously shown the ability to trap and store ions for extended periods in
SLIM (hours), it is not obvious that lossless ion transmission can be achieved for long
serpentine path TW SLIM separations due to the quite different fields applied. In previous
studies, we theoretically and experimentally showed efficient ion transmission could be
achieved in a short linear TW SLIM module (30 cm) over a wide /7/z range®8:2 and more
recently showed that similar performance could be obtained with a short path that included
sixteen, 90° turns.53 In this work, the total ion current (generated from ESI of Agilent low
concentration tuning mix) injected to the SLIM module was directly measured at different
positions along the 13 m ion path using a probe positioned between the two parallel TW
SLIM surfaces. The measurements were conducted by positioning the probe at the entrance
(0 m), middle (22nd “U” turn: 6.5 m), and exit (13 m) under identical conditions. Error bars
were calculated from the standard deviation of triplicate measurements, with each ion
current measurement obtained by averaging 100 consecutive measurements. Figure 2A
shows the measured ion currents was unchanged at 0, 6.5, and 13 m, demonstrating
essentially lossless ion transmission through the entire TW SLIM module.

These data were further supported by the significant ion current (>100 pAmp) transmitted to
the TOF MS. Figure 2B shows the MS data for the total ion signal for the Agilent tuning
mix obtained over 8 h, showing that the signal remained constant within 15% variation due
to normal fluctuations in the nanoESI operation and indicating a robust performance of the
13 m TW SLIM module (e.g., no evidence of performance drift due to surface charging,
etc.). Additionally, the mass spectrum (Figure 2B inset) shows that an /7/z range from 622 to
2122 was obtained, and we note the expectation that the /7/z range can be broadened upon
further optimization.

Separations Performance/Resolution of the Long Path TW SLIM Module

The arrival time distributions (ATDs) for ions from the Agilent Tuning mix using the 13 m
TW SLIM module are shown in Figure 3A. Data presented in Figure 3A represent the sum
of 10 acquisition cycles and a total acquisition time of 12 s. The resolution for the m/z 622
and 922 peaks (i.e., the ion mobility separation of the two peaks divided by the average full
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width at half-maximum)®2 was 44. For comparison, the resolution of the same species was
estimated to be ~9 for the traditional DT-IMS (19 V/cm, 90 cm) (Figure S-1).

In this work, significant attention was given to the optimization of performance by studying
the effects of the PCB board gap and pressure, as well as other factors. Reducing the gap
from 3.55 to 2.75 mm, while keeping all other parameters fixed, provided increased
resolution. Figure S-2 demonstrates that resolution, separation, and averaged fwhm vary
with TW speed at different gaps. The best resolution for the present design was achieved for
a 2.75 mm gap, with the narrower peak widths also providing improved signal-to-noise ratio
(S/N). Further reduction of the gap below 2.75 mm resulted in an increase in the low m/z
transmission cutoff.

The effect of pressure on the separation at the 2.75 mm board gap was also studied. The ion
mobility separation obtained at 4 Torr was significantly greater than that obtained at 2 Torr
for the same TW speed of 198 m/s (Figure S-3C), and the average peak width (fwhm)
observed was also greater (Figure S-3D). Figure 3B shows the resolution of the m/z 622 and
922 pair as a function of TW speed at different pressures. The maximum 622-922 resolution
of ~47 was achieved at 4 Torr, ~5-fold greater than the resolution achieved earlier with a
short TW SLIM module.52 The resolution decreased with pressure to ~25 at 2 Torr,
Additionally, we also observed that the resolution increased faster as TW speed was
increased at higher pressure before plateauing (i.e., the slope of resolution versus TW speed
is greater at higher pressure), demonstrating that the transition from “traveling trap” mode
(i.e., all ions moving with the TW) to the separation mode occurs at lower TW speeds and
more steeply at high pressure. At lower pressure (2 Torr), the ions have higher velocities
than at 4 Torr, and ion drift times are shorter at the same TW speed (Figure S-3A,B). The
transition between surfing and separation modes depends on the velocity as well as the ion
distribution within traveling wave bins, factors that determine the potential for rollover of an
ion between bins. For an ion mobility peak, at TW speeds significantly below its transition
cutoff, the probability for such rollover is zero, and no separation occurs. At TW speeds
higher than the cutoff, the probability for rollover progressively increases and approaches
100% at high TW speeds. The key however is that, in the intermediate regime, there is a
nonzero probability for ion rollover that depends on ion mobility increased TW SLIM
pressure that can improve ion mobility separations due to reduced “gate effect”, among other
factors. Additionally, we note that the slope of resolution versus TW speed is steeper at
higher pressure. This may be attributed to the cutoff transition taking place over a shorter
TW speed range, since at lower pressure the ions are traveling faster and thus need a greater
increment in TW speed to change from one mode to the other. We additionally note that
increasing the pressure above 4 Torr resulted in reduced signal due to reduced RF
confinement; TW SLIM IMS at higher pressure will be a subject of future studies.

At a TW speed of 124 m/s, the TW amplitude was varied between 17 and 45 V. Low signal
intensities were observed at <17 V due to spatial broadening and at >45 V resulting from
insufficient ion confinement by the guard potential. Increasing TW amplitude decreased the
frequency of ion “roll over” by the TW and reduced the ion mobility peak separations and
peak widths (Figure S-4A). The highest m/z 622-922 resolution of 47 + 2 was obtained with
TW amplitudes between 20 and 30 Va nd then dropped as the TW amplitude increased,
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consistent with the results from a previous study on a much shorter TW SLIM module.52
The guard bias and RF amplitude had no significant effect on the IM resolution (Figure
S-4B,C), also in good agreement with previous results for other SLIM modules.57:59.62

Peak Capacity and Peak Generation Rate

While resolving power based upon a single peak width and drift time is a routinely reported
metric in ion mobility, for TW separations, such measures of resolving power may not
reflect the actual separations achievable.52 Resolution, on the other hand, measures the
ability to separate different ion species according to their ion motilities and is a much more
informative metric for TW IM separations. Perhaps of even greater value is the range of
species (mobilities) that can be resolved is a single separation. In this regard, the separation
peak capacity (i.e., a dimensionless measure of the maximum number of distinct peaks that
can be fully resolved in a separation) is a particularly useful figure of merit.65:66 In this
work, we measured peak capacity based upon the range of separation times over which
features are separately divided by the averaged peak widths for species selected across the
separation time.62:65.67 Tg do this, a mixture was prepared to evaluate the ion mobility peak
capacity, as well as the separation achieved for isomeric sugars (Figure 4; the m/z, drift
times, and peak widths are given in Table S-1). Again, peaks across the separation (blue
colored data points in Table S-1) were used to calculate the peak capacity according to eq 2
to avoid overestimation.

t1621.7 — t541.5

peak capacity= N

average (2)

Here, the peak capacity was calculated by dividing the useful separation window (#4217 —
541 5, Where i1 7 and 541 5 represent the drift times for the 7/21621.7 and m/z541.5
species, respectively) by (Adaverage (the average peak width for the selected ions). On the
basis of this approach, the peak capacity of the present long path TW SLIM module was
estimated at 246 for a TW speed of 148 m/s under optimum conditions. This peak capacity
was about 6-fold higher than that obtained by DT-IMS (Figure S-5).

In this work, we also define a peak generation rate, which is only dependent on the average
peak width if constrained to the period of a single separation. Here, we apply a much more
useful definition that encompasses the peak generation rate over multiple IM separations,
which also includes the “wasted time” between separations. It is calculated as the ratio of the
peak capacity to the full separation time window or

eak capacit
peak generation ratezw
ti621.7 — tsa15  (3)

At traveling wave speed of 148 m/s, the estimated peak generation rate was 370 s~1. This
peak generation rate is about 2 orders of magnitude greater than those in the condensed
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phase's separation approaches (e.g., liquid chromatography peak generation rates typically
achieved are ~0.1 s71) due to the faster nature of gas-phase separations. 65:66.68

Initial Examples of Long Path TW SLIM Mobility Separations

To demonstrate the performance of the new TW SLIM module, we provide a few examples
of high resolution separations initially achieved. Figure 4C shows a plot of /7/z versus drift
time for the mixed sample of multiple species (see Sample Preparation). Two isomeric
sugars [LNFP; + Na]* and [LNFP;; + Na]* are baseline separated (Figure 4C—D). For
comparison, we also ran the same isomeric sugars through a 90 cm DT-IMS (Figure 4F)
illustrating the much higher resolution obtained by the 13 m TW SLIM module; the collision
cross sections (CCSs) were measured to be 273.43 + 0.25 and 267.60 + 0.61 A for [LNFP; +
Na]* and [LNFP;; + Na]*, respectively. To further demonstrate the ion mobility separations,
a BSA tryptic digest has been analyzed in direct infusion experiments with the 13 m TW
SLIM module. Figure 5 shows a 2D TW SLIM IM-MS map for the bovine serum albumin
(BSA) tryptic digest separation, most evident are the singly, doubly, and triply charged
peptide ion in trend lines. We anticipate additional improvements in performance, as e.g.,
conditions for higher pressure and the application of TWs are refined, and potentially
dramatic improvements upon implementation of much longer path length designs.

Conclusions

We have developed and evaluated a 13 m long serpentine path TW SLIM module for
achieving lossless ion transmission, robust performance, and high resolution ion mobility
separations. Using RF confinement combined with static DC potential to prevent lateral ion
loss, lossless transmission can be through the 13 m ion path. The performance was shown to
be robust, operating over extended periods without performance degradation, e.g., no
charging of surfaces. The ion mobility resolution of the TW SLIM module was characterized
over a wide range of pressure, gap, traveling wave, and RF parameters. The maximum
resolution for the separation of m/z622 and 922 of 47 was achieved at 2.75 mm gap and
4.00 Torr. The resolution was shown to be independent of guard electrode potential and RF
amplitude; however, TW amplitude had a significant effect on the resolution. The peak
capacity and peak generation rate were estimated to be 246 and 370 s™1 at a traveling wave
speed of 148 m/s, respectively. In addition, baseline separation was observed for isomeric
standard sugars LNFP; and LNFP;; at optimized conditions, and the different charge state
ions of BSA tryptic digest clearly occupy different regions, benefiting resolution.

We anticipate that TW SLIM IM Platform will have broad applicability to different samples
types, including peptides, sugars, lipids, and mixtures, due to the combination of high
sensitivity and high ion mobility resolution achievable. Furthermore, in conjunction with our
previous work, a route is suggested for the implementation of advanced capabilities based
upon more complex sequences (e.g., involving reactions, ion selections, and extended
storage) due to the lossless ion manipulations feasible with SLIM. While the separation
performance achieved here in conjunction with lossless ion transmission constitutes a major
advance in IM-MS platform performance, this work also highlights the potential for
achieving even higher resolutions using either longer path lengths or multipass designs, and
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potentially a combination of both, for improved analyses of, e.g., biologically relevant
macromolecules and other complex mixtures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(A) Schematic diagram of the TW SLIM/MS arrangement used in this work. (B) Photo of
one of the two TW SLIM surfaces showing the electrodes arrangement with all turns and
illustration of a “U” turn (inset) showing the RF, traveling wave, and guard electrodes.
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Figure2.
(A) Agilent tuning mix ion current measured as a function of distance from the entrance to

the TW SLIM module at a TW speed of 124 m/s, TW amplitude of 30 V, guard bias of 5V,
RF amplitude of 220 Vp, at 650 kHz, and 2.75 mm gap at 4.00 Torr. Error bars represent
standard deviations from triplicate measurements. (B) Total ion current (TIC) was measured
over 8 h, and the mass spectrum was obtained by being averaged from 0 to 8 h with the
above identical conditions.
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Figure 3.
(A) lon mobility spectrum of Agilent tuning mix components at the following conditions:

TW speed of 124 m/s, TW amplitude of 30 V, guard bias of 5 V, RF amplitude of 220 V, at
650 kHz, and 2.75 mm gap at 4.00 Torr. (B) Resolution for the m/z622 and 922 peaks
measured as a function of TW speed at various pressures from 2.00 to 4.00 Torr at TW
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amplitude of 30 V. Other parameters were similar to (A).
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Figure 4.
(A) Mass spectrum of a mixed sample obtained using the serpentine TW SLIM module. (B)

lon mobility spectrum of the mixed sample was obtained by TW SLIM at the optimum
conditions: TW speed of 148 m/s, TW amplitude of 30 V, guard bias of 5 V, RF amplitude of
220 Vpp at 650 kHz, and 2.75 mm gap at 3.00 Torr. (C) Nested mass and mobility spectrum;
TW SLIM separations for (D) individually nanoelectrosprayed LNFP; (blue) and LNFP;;
(red) (m/z[M + Na]* = 876) ions and (E) a mixture of LNFP; and LNFP;; (m/z[M + Na]* =
876). (F) DT-IMS separations for LNFPi and LNFPii (/77z[M + Na]* = 876) ions obtained
at 19 V/cm (90 cm).
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Figure5.
(A) Mass spectrum, (B) ion mobility spectrum, and (C) nested mass and mobility spectrum

for a tryptic digest bovine serum albumin sample obtained by a long serpentine path TW
SLIM module at the optimum conditions: TW speed of 148 m/s, TW amplitude of 30 V,
guard bias of 5 V, RF amplitude of 220 V, at 650 kHz, and 2.75 mm gap at 3.00 Torr.
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