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Abstract. Differential ion mobility spectrometry
(DMS) spatially separates ions in the gas phase
using the mobility differences of the ions under
applied low and high electric fields. The use of
DMS as an ion filter (or ion selector) prior to mass
spectrometry analysis has been compromised by
the limited ion transmission efficiency. This paper
reports enhancement of the DMS-MS sensitivity
and s i gna l s t ab i l i t y u s i ng a mod i f i e d
CaptiveSpray™ source. In terms of the ion sam-

pling and transmission efficiency, the modified CaptiveSpray source swept ~ 89% of the ions generated by the
tapered capillary through the DMS device (compared to ~ 10% with a conventional microspray source). The
signal fluctuation improved from 11.7% (relative standard deviation, RSD) with microspray DMS-MS to 3.6%
using CaptiveSpray-DMS-MS. Coupling of LC toDMS-MS via themodified CaptiveSpray source was simple and
robust. Using DMS as a noise-filtering device, LC-DMS-MS performed better than conventional LC-MS for
analyzing a BSA digest standard. Although LC-DMS-MS had a lower sequence coverage (55%), a higher
Mascot score (283) was obtained compared to those of LC-MS (sequence coverage 65%; Mascot score 192)
under the same elution conditions. The improvement in the confidence of the search result was attributed to the
preferential elimination of noise ions.
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Introduction

Differential ion mobility spectrometry (DMS) was first
introduced by Gorshkov et al. in 1982 [1]. This technique

was later adopted by Buryakov and co-workers for detection of
explosives and drugs and analysis of environmental samples [2,
3]. Charged species are orthogonally dispersed with respect to

the ion optical axis within the DMS gap by their mobility
differences under alternating periods of high and low electric
fields with opposite polarities. A DC potential difference (i.e.,
compensation voltage, CoV) is applied at the DMS electrodes
to counter-balance the dispersion force induced on the ions by
the asymmetric waveform. Upon scanning the CoV, ions with
different dispersion properties will sequentially move through
the DMS device. An ionogram is a plot of the ion signal
intensity as a function of the CoV. DMS devices with planar
[4, 5] and curved electrodes, e.g., cylindrical [6], semi-spheri-
cal, and spherical electrodes [7–9], have been developed and
shown to display different analytical characteristics [10, 11].
DMS and field asymmetric waveform ion mobility
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spectrometry (FAIMS) refer to devices with planar and curved
electrodes, respectively [12]. Since the commercialization of
DMS and FAIMS for use as post-ionization noise-filtering or
ion separation devices in mass spectrometry, the number of
published studies on these techniques has steadily increased
over the past decades [12]. DMS and FAIMS have been used in
combination with LC-MS and/or LC-MS/MS to improve
signal-to-noise ratios (S/N) [13, 14], resulting in a higher
Mascot score for protein identification [15–17]. Compared
with low-field ion mobility spectrometry (IMS) techniques,
such as drift-tube IMS [18], traveling-wave IMS [19], and
trapped-ion IMS (TIMS) [20], DMS (or FAIMS) exhibits
unique separation properties, but the factors governing the
spatial dispersion of ions in DMS are not well understood
[12]. There exist some correlations between the CoV of the
ions and their collision cross-sections (CCS) for different mem-
bers of a homologous series [21]. Both structural and confor-
mational isomers can potentially be resolved in DMS (or
FAIMS) [22]. However, the use of DMS has been limited by
its analytical performance. Although the signal-to-noise ratios
of the target ions typically improve with the use of a DMS
device, the actual signal intensity decreases by almost an order
of magnitude compared with the signal acquired without a
DMS device [10, 11, 23]. In addition, the dispersion of ions
by a DMS (or FAIMS) device is limited by the accessible
asymmetric field. The use of gas modifiers has improved the
situation by moving the peak positions to larger CoVs without
significantly increasing the peak widths in the ionogram [24].

Different methods have been developed to boost the signal
intensity and offset the ion loss in DMS (or FAIMS), including
the use of a 1:1 He:N2 mixture as a carrier gas [25], the addition
of chemical modifiers [24], the use of an ion-confining electric
field between the electrodes in DMS [10], and the use of
asymmetric temperature settings for the outer and inner elec-
trodes in cylindrical FAIMS [26]. An aerodynamic design of
the ESI-FAIMS interface could enhance ion transmission and
the sensitivity of a FAIMS device [10, 11, 27]. The use of a
non-circular sampling aperture could increase the sampling
region of a DMS device [28]. Coupling a slit interface to a
multi-emitter electrospray ionization source could also enhance
ion production and sampling [29]. Additional DC electrodes at
the outlet of the planar electrodes could be used to create a DC
barrier to confine the ion beam and reduce the lateral dispersion
of the ions, creating a focusing field [30]. Using an inlet
capillary with a large inner diameter or a rectangular aperture
could also increase the ion transmission [6, 23]. An ion transfer
capillary with a flared entrance could sample a greater number
of ions from a DMS device than an unmodified standard
capillary, and an ~ 5-fold increase in the signal sensitivity
was achieved without changing the gas conductance [23].

Here, by coupling a modified CaptiveSpray source (Bruker,
Billerica, MA, USA) [31, 32] to a typical DMS setup, we
enhanced the resultant signal intensity and stability. Standard
CaptiveSpray source has a high-voltage non-tapered capillary
emitter enclosed in an airtight arrangement to allow for the
vacuum of the mass spectrometer to pull ambient air into the

source, directing a high percentage of sample ions into the mass
spectrometer. In order to allow greater feasibility in choosing
the flow rate of the carrier gas, a regulated gas flowwas fed into
the source to push the sample ions into the DMS device (see
BInstrumentation^ for details). Computational fluid dynamics
(CFD) analyses were conducted, and different gas conditions
were tested to determine the optimal gas flow dynamics at the
CaptiveSpray-DMS interface. The transmission efficiency and
stability of the CaptiveSpray-DMS and conventional
microspray DMS devices were compared. An LC-DMS-MS
analysis of a BSA trypsin digest was also conducted, and the
results were compared with those from a corresponding LC-
MS study using a CaptiveSpray interface.

Experimental Section
Chemicals

All materials were obtained commercially and used without
further purification. Reserpine, β-casein, trypsin and LC-MS-
grade methanol, acetonitrile, and water were purchased from
Sigma-Aldrich (St. Louis, USA). The BSA digest MS standard
(CAM-modified) was purchased from New England Bio Labs
(Beijing, China). Reserpine was prepared at concentrations of
0.5 μM in a 1:1 methanol/water (v/v) mixture. The BSA digest
MS standard was prepared at a concentration of 0.1 μM in
water (v/v) for the LC-MS and LC-DMS-MS analyses. The
digestion of β-casein was performed using a modified literature
procedure [33]. Briefly, β-casein was digested by dissolving
the protein in a 100 mM ammonium bicarbonate solution.
Trypsin was dissolved in 50 mM acetic acid and mixed with
the protein solution at a trypsin to protein ratio of 1:30. The
mixtures were incubated overnight (14 h) at 37 °C. The final
solution was kept at – 20 °C prior to analysis.

DMS Setup

Figure 1 shows the homemade DMS device used in the present
study. The device contained a hollowed rectangular PEEK
(Gher, HK) housing in which two rectangular stainless-steel
blocks (20 mm height × 80 mm length) were mounted on
opposite interior sides of the housing to serve as the DMS
electrodes. A series of these electrodes were machined with
different thicknesses to obtain a DMS device with three differ-
ent channel heights, i.e., 0.6, 1.4, and 2.0 mm. One end of the
PEEK housing was fitted with an end plate, which was
mounted against the dielectric capillary of the FTICR-MS
instrument in an airtight fashion. The other end of the PEEK
housing was attached to a circular PEEK chamber. The PEEK
chamber had a gas inlet on the side so that an auxiliary gas (a
regulated nitrogen gas flow in the range of 0–5000 mL/min)
can be orthogonally inserted, i.e., with respect to the sampling
orifice and the DMS channel, and dispersed into the co-axial
gas flow. The auxiliary gas flow was controlled using a FC-
2901MEP mass flow controller (2900 series, Tylan General
Inc., USA) and monitored by a flow meter (Key Instruments,
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UK). The center of the front plate of the PEEK chamber had an
electrically ground stainless-steel nut with a 1.4-mm (or
2.0 mm) (i.d.) orifice for ion sampling from the external ioni-
zation source. The details of the electronics of DMS are shown
in the Supporting Information [34].

Instrumentation

All experiments were performed on a Bruker SolariX FTICR-
MS equipped with a 9.4 T actively shielded refrigerated mag-
net. The analyte solution was delivered using a LEGATO 110
syringe pump (Kd Scientific Inc., USA) at a flow rate of 30 μL/
h via a silica capillary (i.d. 50 μm). The capillary was mounted
on a three-axis stage and positioned ~ 1.5 mm away from the
entrance orifice of the DMS device. A microspray was gener-
ated at the tip of the capillary by floating the analyte solution at
+ 3.0 kV. For the CaptiveSpray-DMS experiments, the stan-
dard CaptiveSpray source was directly mounted on the circular
PEEK chamber. The CaptiveSpray source was maintained at a
voltage of 1.3 kV. Instead of pulling air into the CaptiveSpray
source by the suction of the mass spectrometry inlet, a regulat-
ed nitrogen gas flow (99.99%, AP, China) was fed into the
source by using a FC-2901MEP mass flow controller (2900
series, Tylan General Inc., USA) and flow meter (Key Instru-
ments). The nitrogen flow facilitated the collection of the
sprayed ions towards the inlet of the DMS chamber. In order

to allow greater feasibility in the use of CaptiveSpray and
auxiliary gas flows, the end plate that holds the DMS chamber
against the dielectric capillary of the FTICR-MS was removed.
In this way, the gas flow across the DMS chamber was solely
controlled by the sum of the CaptiveSpray and the auxiliary gas
flows. The vacuum conditions of the inlet region of the FTICR-
MS would not be affected even if the total gas flow across the
DMS chamber exceeds the gas dragging rate of 1300 mL/min
at the dielectric capillary. Analyte solution was delivered to the
CaptiveSpray source using a LEGATO 110 syringe pump (Kd
Scientific, USA) at a flow rate of 30 μL/h. A homemade
LabVIEW (version 2013, 32 bit, National Instruments, U.S.)
program was written to control the compensation voltage
(CoV) via a GPIB-USB-HS with a user-friendly GUI. For
recording the DMS ionogram, the FTMS pulse sequence was
modified to include a TTL pulse to trigger the stepping of the
CoV after each mass spectral acquisition. Ionograms of select-
ed ion were processed using Origin Pro 8 (OriginLab, North-
ampton, MA).

For the LC-MS and LC-DMS-MS experiments, the protein
digest solutions were chromatographically separated using an
Acclaim™ PepMap™ 100 C18 LC Column (75 μm × 150 mm
× 3 μm, 100 Å). The output was coupled directly to the FTICR-
MS via the CaptiveSpray source. The details of the DMS-MS
and LC-MS experimental conditions are shown in the
Supporting Information.

(a) 

10

11

12

3

4

5

6

(b) 

1 7

CaptiveSpray source DMS MS Interface

10 mm

9

8

2

13

14

Figure 1. (a) A schematic diagram of the microspray DMS setup. 1. Microspray capillary tip; 2. DMS inlet; 3. Auxiliary gas inlet; 4.
Circular PEEK chamber; 5. PEEK housing; 6. DMS planar electrodes; 7. FTICR-MS dielectric capillary inlet. 8. Airtight end plate. (b) A
schematic diagram of the CaptiveSpray-DMS setup. 9. Sample inlet; 10. Tapered fused silica capillary tip; 11. Sealed CaptiveSpray
chamber; 12. CaptiveSpray gas inlet; 13. DMS inlet; 14. Auxiliary gas inlet
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Results and Discussion
In the present CaptiveSpray-DMS arrangement, the
CaptiveSpray gas flow creates an air funnel that sweeps the
spray from the capillary tip and pushes the ions towards the
DMS chamber. The auxiliary gas flow is used to ensure that the
overall carrier gas flow in the DMS chamber can be controlled
and is independent of the gas flow conditions for optimum
nebulization and focusing of the sprayed ions.

Effect of the Gas Flow Conditions on the Signal
Intensity

The impact of the CaptiveSpray and auxiliary gas flows on the
performance of the DMS device was experimentally investi-
gated. In this experiment, the CaptiveSpray gas flow rate was
systematically varied from 300 to 900 mL/min in step sizes of
300 mL/min. For each CaptiveSpray flow rate, a series of
reserpine ion ionograms were systematically obtained using
different auxiliary gas flows. Table S1 summarizes the inten-
sities, CoV maximum values, and full-width-half-maximum
(FWHM) values of the reserpine signal profiles in the
ionograms obtained under different gas flow conditions. The
ionograms are shown in Figure S1 (see Supporting Informa-
tion). To eliminate the impact of the signal intensity on the
FWHMof the ionogram, different ion accumulation times were
used to maintain the overall signal intensities in the range of 2E
+ 8 to 2E + 9 (arbitrary scale). A correlation between the
CaptiveSpray gas flow and the ion intensities was deduced
based on the ion accumulation times and the signal intensities.
For acquisitions using the same overall carrier gas flow rate
(i.e., 0.5 CaptiveSpray flow rate + auxiliary gas flow rate),
increasing the CaptiveSpray gas flow resulted in reserpine ion
signals with higher intensities. This correlation was tentatively
attributed to the sweeping rate of the sample solution from the
spray tip increasing due to the higher CaptiveSpray gas flow.
For a specific CaptiveSpray flow rate, the reserpine ion signal
could be improved by using a higher auxiliary gas flow. This is
consistent with the auxiliary gas flow reducing gas expansion
at the exit of the CaptiveSpray chamber.

The effect of the carrier gas (auxiliary gas) flow on the
reserpine signal responses using the conventional microspray
DMS setup is also included in Table S1 for comparison. The
reserpine ion signal was only registered in a narrow range of
carrier gas flow rates. A very weak reserpine signal was ob-
served in the absence of a carrier gas flow. The signal increased
with the carrier gas flow rate and reached a maximum at ~
200 mL/min, but then, the signal rapidly declined at higher
carrier gas flow rates. No reserpine signal was registered at
carrier gas flow rates higher than 600 mL/min. In a conven-
tional microspray DMS arrangement, the flow direction of the
carrier gas depends on the gas drag rate of the mass spectrom-
eter inlet and the loading of the carrier gas. With zero or a low
carrier gas flow, the sprayed ions and surrounding air mole-
cules will be sucked into the DMS compartment and moved by
the carrier gas towards the mass spectrometer inlet. At a high

carrier gas loading (i.e., > 200 mL), the carrier gas should flow
in both directions. A portion of the loaded gas should move
towards the mass spectrometer inlet, while another portion
should flow towards the sprayer. At a moderate carrier gas
flow, the outward flow may assist in the desolvation of the
sprayed droplets and improve the reserpine signal. As the
carrier gas loading increases, the counter flow of gas may blow
the sprayed droplets away and cause a reduction in the reser-
pine signal. In contrast to the conventional microspray DMS
arrangement, CaptiveSpray-DMS has an airtight arrangement
at the sprayer compartment. The CaptiveSpray gas and the
entrained sample ions can flow only in the direction of the
mass spectrometer inlet. This accounts for the superior ion
collection and transmission efficiency of CaptiveSpray-DMS
devices. A strong reserpine signal was observed throughout the
range of gas flow rates tested in the present study (i.e., 300 to
1800 mL/min).

Effect of the Gas Flow Conditions on the Resolving
Power

The analyte peak width in an ionogram indicates the resolving
power. The resolving power of DMS has previously been
associated with many experimental parameters, such as the
carrier gas composition [35], ion residual time in the DMS
channel [4], and DMS device geometry [17]. The use of high
helium content carrier gas results in peaks with a narrower
FWHM [35]. Additional polar gas modifiers can shift the peak
position of an analyte and increase the resolving power based
on the classical equation, R = CoVmax/FWHM [17, 36]. For a
particular carrier gas flow rate, narrowing the channel height
increases the carrier gas flow velocity and reduces the residence
time of the ions in the DMS channel. Thus, the ion beam has
less time to laterally diffuse, and a smaller CoV range is
required to deflect the ion beam away from the sampling cone
of the mass spectrometer inlet. Table S1 summarizes the vari-
ations in the CoV maximum and FWHM values of the proton-
ated reserpine species in the ionogram obtained under different
CaptiveSpray and auxiliary gas flow combinations. Regardless
of the gas flow conditions, the CoV maximum value of reser-
pine was fairly stable. The reserpine peak widths in the
ionograms displayed different trends. Both the CaptiveSpray
and auxiliary gas flows affected the FWHM values of the
reserpine ionograms. For a particular CaptiveSpray gas flow,
the FWHM well correlated with the auxiliary gas flow. A
higher auxiliary gas flow led to a broader reserpine ionogram.
However, the influence of the CaptiveSpray gas flowwas more
profound. Increasing the CaptiveSpray gas flow rate from 300
to 600 mL/min increased the FWHM of the reserpine ionogram
by 40–60%. A further increase in the CaptiveSpray gas flow
rate to 900 mL/min resulted in a smaller % increase in the
FWHM (7–15%).

CFD Simulation of the Gas Flow Dynamics

To investigate the effect of the CaptiveSpray and auxiliary gas
flows on the overall carrier gas movement in the DMS
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chamber, a CFD simulation study was conducted. Figure 2
shows the CFD simulation results for the CaptiveSpray-DMS.
Figure 2A shows the yz-plane images from the 3D CFD
simulation of the gas flow in the CaptiveSpray-DMS system
under different CaptiveSpray/auxiliary gas flow conditions. As
shown in Figure 2A, the gas flow velocity was the highest at
the exit channel of the CaptiveSpray chamber, which is where
the gas conductance was the smallest. In the absence of an
auxiliary gas flow, the CaptiveSpray gas expands at the exit
orifice and rapidly slows down in the front part of the DMS
channel. The xz-plane images of the DMS entrance at the
higher CaptiveSpray flow rate (i.e., 600 mL/min) are shown
in the right. Presumably due to the rectangular nature of the
cross-section of the DMS channel, the gas expands to fill the

channel along the x-direction and continuously expands along
the y-direction.

Based on the gas entrainment effect, the reserpine ions were
assumed to have a velocity distribution similar to that of the
carrier gas molecules. To obtain more information, Figure 2B
shows the axial velocity distribution of the carrier gas mole-
cules (or reserpine ions) as a function of the position along the
DMS channel. The simulation data show that the initial axial
velocity of the carrier gas molecules (at the entrance of the
DMS channel) positively correlates with the CaptiveSpray gas
flow, and the final axial velocity of the carrier gas molecules (at
the exit of the DMS channel) depends solely on the sum of the
CaptiveSpray and auxiliary gas flows. Owing to the small
orifice separating the CaptiveSpray chamber and the DMS
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Figure 2. CFD simulation results for CaptiveSpray-DMS. (a) Yz-plane and xz-plane images from a 3D CFD simulation of the gas
flow in a CaptiveSpray-DMS system using different CaptiveSpray and auxiliary gas flow conditions. (b) Plots of the axial velocity of
the gas molecules along the DMS device using different CaptiveSpray and auxiliary gas flow conditions
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device, the initial axial velocity of the carrier gas molecules is
significantly higher than the final axial velocity. Due to colli-
sional cooling, the axial velocity of the gas molecules rapidly
decreased in the entrance region of the DMS channel. Within
10 to 20 mm, the axial velocity of the carrier gas molecules
decreased to a steady state value governed by the sum of the
CaptiveSpray and auxiliary gas flows.

Owing to the static boundary conditions on the electrode
surfaces, the axial velocity of the gas flows has a quasi-
parabolic profile across the DMS channel height [37]. The
gas velocity dispersion (Δv) among the carrier gas molecules
should range from zero to the maximum axial velocity, which
in turn should be governed by the CaptiveSpray and auxiliary
gas flow conditions. In the comparative study shown in
Table S1, the FWHM of the reserpine ion peak became wider
due to the additive effects of Δv in the initial state and steady
state regions within the DMS channel. To obtain a good re-
solving power, the CaptiveSpray and auxiliary gas flows
should be minimized with an acceptable ion transmission
efficiency.

Effect of the Channel Height and Asymmetric Field
Strength

In this study, three different channel heights were studied
using a fixed gas flow condition, i.e., a CaptiveSpray gas
flow of 300 mL/min and an auxiliary gas flow of 600 mL/
min. For each channel height, the effect of the asymmetric
field (Vp-p or Td) was systematically investigated. The
results are summarized in Table S2. The ionograms are
shown in Figure S2 (see Supporting Information). A notice-
able advantage of using the CaptiveSpray source in the
DMS-MS experiment was the minimal influence of the
channel height and the asymmetric field strength on the
intensity of the protonated reserpine signals. This was illus-
trated by the fact that the reserpine signal was observed with
an acceptable intensity in a dispersion field of 207 Td by
optimizing the CaptiveSpray and auxiliary gas flows using a

DMS device with a 0.6-mm channel height (data not
shown). In conventional microspray DMS-MS, the analyte
ion signal (or the ion transmission efficiency) decreases
sharply with the decreasing channel height and/or with the
use of a higher asymmetric field strength (data not shown)
[38]. Apart from the ion transmission efficiency, the
CaptiveSpray-DMS exhibited performance behavior similar
to that of conventional microspray DMS. Increasing the
channel height shifted the CoV maximum away from zero
and broadened the FWHM of the reserpine ion peak in the
ionogram. At a particular channel height, increasing the
asymmetric field strength shifted the CoV maximum away
from zero with no significant impact on the FWHM of the
ion peak in the ionogram. The use of narrower DMS chan-
nels and high asymmetric fields can maximize the resolving
power of CaptiveSpray-DMS-MS. For the protonated reser-
pine species, a resolving power 4.5 can be obtained by using
DMS with a channel height of 1.4 mm without using any
gas modifiers.

Ion Transmission Efficiency and Stability

To obtain a good resolving power and reasonable ion transmis-
sion efficiency, the CaptiveSpray and auxiliary gas flows were
experimentally re-optimized. A CaptiveSpray gas flow rate of
350 mL/min and an auxiliary gas flow rate of 300 mL/min
resulted in the optimum performance. To assess the perfor-
mance enhancement obtained using the CaptiveSpray source,
additional experiments were conducted to compare the reser-
pine ion signals using different source arrangements. Figure 3A
shows the signal intensities of the reserpine ions obtained using
microspray MS with and without DMS and CaptiveSpray MS
with and without DMS. Using a conventional microspray
source, a significant drop in the intensity of the protonated
reserpine signal was observed by simply inserting the DMS
device between the microspray source and the mass spectrom-
etry inlet. The ion collection and transmission efficiencies both
decreased by ~ 90%. Using the CaptiveSpray source, only a
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Figure 3. (a) Signal intensity of the reserpine ion signal obtained from conventional microspray MS with and without DMS;
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Conventional microspray DMS conditions, auxiliary gas flow rate of 300 mL/min; ion accumulation time of 0.5 s
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small decrease in the intensity of the protonated reserpine
signal was observed under otherwise identical experimental
conditions. The ion collection and transmission efficiencies
decreased by ~ 11%. Figure 3B shows the plots of the normal-
ized reserpine signal as a function of time for a period of 40min
using CaptiveSpray-DMS-MS (top) and microspray DMS-MS
(bottom). In addition to the higher average signal intensity
(1.96E9 versus 3.99E8), the stability of the CaptiveSpray-
DMS-MS signal (%RSD = 3.6) was significantly better than
that obtained by microspray DMS-MS (%RSD = 11.7).

Bottom-up Protein Identification

The CaptiveSpray source was developed as a robust ion source
to couple liquid chromatographic systems with a mass spec-
trometer. The source works well with a wide variety of solvent
compositions and solution flow rates and offers a wider dy-
namic range than conventional nanospray sources. To show
that the advantages of CaptiveSpray source in coupling with
LC-MS are retained in LC-DMS-MS, a protein digest was
analyzed using both LC-DMS-MS and LC-MS with
CaptiveSpray source.

For bottom-up protein identification using LC-DMS-MS
peptide mapping, DMS operating at a static CoV value was
employed. In this case, DMS served as a noise-filtering device.
To achieve a high transmission of tryptic digest fragment ions
and reasonable truncation of unwanted ion noise, a DMS
device with a channel height of 2.0 mm was used. To obtain
sensible settings for the DMS device, low- (50 Td), medium-
(75 Td), and high- (100 Td) field ionograms of the tryptic
digest of β-casein were obtained using a direct infusion method
with the CaptiveSpray source. The ionograms are shown in
Figure S3 (see Supporting Information). As expected, in the
low-field ionogram (50 Td), the CoVmaxima for almost all the
digest components were displaced to − 0.5 V. No separation of
individual components was observed in the DMS dimensional
space. In the medium-field ionogram (75 Td), the digest com-
ponents were charge separated in the DMS dimensional space.
The CoV maxima for the singly, doubly, and triply charged
tryptic digest ions were − 0.9, − 1.5, and − 2.2 V, respectively.
In the high-field ionogram, the CoV positions of different
tryptic digest ions depended on the charge states and nature
of the ions. The CoV maxima for different tryptic digest ions
were spread across a CoV range from − 2 to − 5.5 V.

For the comparative study, DMS with a channel height of
2.0 mm and amedium asymmetric field of 75 Td were selected.
These arrangements would lead to good overlap between ions
with the same charge states. Three static CoVs (− 0.9 V, −
1.5 V, and − 2.2 V) were used in the LC-DMS-MS for optimal
transmission of singly, doubly, or triply charged ions through
the DMS device. Due to the hydrophobic nature of β-casein, a
significant number of the tryptic digest fragments were a result
of cleavage at unexpected sites [39]. This will severely affect
the reliability of the Mascot search. Therefore, the comparative
study was conducted using a BSA tryptic digest.

A bottom-up protein identification using a Mascot search of
tryptic digest fragments obtained by LC-MS (or LC-DMS-MS)
relies on the quality of the submitted peak list. For the same
data set, the submission of a peak list with different noise
cutoffs can result to different numbers of submitted peaks and
different Mascot scores. A systematic study using a 0 to 10%
signal cutoff and extracting 1 to 50 of the most abundant peaks
from the LC-MS data showed that a 2.5% cutoff with the
extraction of the 10 most abundant peaks in each chromato-
graphic peak resulted in the highest Mascot score (i.e., 192)
with sequence coverage at the 65% level. A higher or lower
signal cutoff level resulted in a lower Mascot score. Therefore,
the criteria of a 2.5% signal cutoff and an extraction of the 10
most abundant peaks were used to treat the LC-MS and LC-
DMS-MS datasets. Table 1 and Figure S-4 (Supporting Infor-
mation) show a summary of the sequence coverages and Mas-
cot scores for the LC-MS and LC-DMS-MS data using a 2.5%
signal cutoff. The use of − 1.5 and − 2.2 V CoVs produced very
good search results with Mascot scores of 283 and 305, respec-
tively. The sequence coverages at these CoVs (55 and 49%)
were slightly lower than those obtained from LC-MS (65%).
This result was consistent with the general expectation that the
tryptic digest of BSA produced peptide fragments with lengths
appropriate for the formation of doubly protonated and triply
protonated species and that most of the Bnoise^ peaks generat-
ed under typical spray ionization conditions were singly
charged. A moderate CoV would filter out a large number of
noise peaks and allow most of the BSA digest fragment ions to
pass. It is perhaps important to note that the slight reduction of
the sequence coverage in LC-DMS-MS is primarily caused by
the use of a static CoV. Stepping of CoV within a LC run
(internal stepping) or in-between LC runs (external stepping)
has shown to give a greater sequence coverage than LC-MS
[12, 40, 41].

Conclusions
A CaptiveSpray source was successfully incorporated into a
DMS-MS system. Instead of sucking the spray ions into the
DMS channel for separation, the gas flow conditions of the
modified CaptiveSpray source swept and pushed the spray ions
into the DMS channel. The addition of an auxiliary gas at the
exit of the CaptiveSpray housing alleviated the gas expansion
and led to a streamline flow of the carrier gas through the DMS

Table 1. A summary of the sequence coverage and Mascot scores obtained
from the LC-CaptiveSpray-MS and LC-CaptiveSpray-DMS-MS chromato-
grams of 200 fmol BSA tryptic digest at three different CoVs (− 0.9, − 1.5,
and − 2.2 V) using a dispersion field of 75 Td (channel height, 2.0 mm; ion
accumulation time, 0.5 s)

Protein sequence coverage Mascot search score

LC-MS 65% 192
LC-DMS-MS (− 0.9 V) 51% 210
LC-DMS-MS (− 1.5 V) 55% 283
LC-DMS-MS (− 2.2 V) 49% 305
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channel. By removing the end plate of the DMS device, a larger
range of CaptiveSpray and auxiliary gas flow rates could be
used without affecting the inlet pressure conditions of the mass
spectrometer. The FWHM of the reserpine ionogram was op-
timized by modulating the absolute and relative flows of the
CaptiveSpray and auxiliary gases without significantly
compromising the ion transmission efficiency. A high ion
transmission efficiency (~ 89%) across the DMS device to
the MS was achieved. Similar to CaptiveSpray LC-MS,
CaptiveSpray LC-DMS-MS displayed a stable spray under
the whole gradient elution range. Pre-setting DMS to a static
CoV of − 1.5 V (or 2.2 V) could generate LC-DMS-MS data
that retainedmost of the tryptic digest fragments and eliminated
most of the noise ions. At the 2.5% noise cutoff, LC-DMS-MS
produced a higher Mascot score (305) than the corresponding
LC-MS data (192).
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