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Remote Mass Spectrometric Sampling of
Electrospray- and Desorption Electrospray-
Generated Ions Using an Air Ejector

R. Brent Dixon,* Michael S. Bereman,* David C. Muddiman,
and Adam M. Hawkridge
W.M. Keck FT-ICR Mass Spectrometry Laboratory, Department of Chemistry, North Carolina State
University, Raleigh, North Carolina, USA

A commercial air ejector was coupled to an electrospray ionization linear ion trap mass
spectrometer (LTQ) to transport remotely generated ions from both electrospray (ESI) and
desorption electrospray ionization (DESI) sources. We demonstrate the remote analysis of a
series of analyte ions that range from small molecules and polymers to polypeptides using the
AE-LTQ interface. The details of the ESI-AE-LTQ and DESI-AE-LTQ experimental configura-
tions are described and preliminary mass spectrometric data are presented. (J Am Soc Mass
Spectrom 2007, 18, 1844–1847) © 2007 American Society for Mass Spectrometry
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The introduction, development, and refinement of
novel ionization sources, specifically ambient
“direct analysis” methods continue to expand the

analytical utility of mass spectrometry. They include
atmospheric-pressure solids analysis probe (ASAP) [1],
direct analysis in real time (DART) [2], desorption
electrospray ionization (DESI) [3], laser desorption at-
mospheric pressure chemical ionization (LD-APCI) [4],
electrospray-assisted laser desorption electrospray ion-
ization (ELDI) [5, 6], and matrix-assisted laser desorp-
tion electrospray ionization (MALDESI) [7, 8]. The
sample to MS inlet distances typically range from 2 to
10 cm depending on the ionization source and sample
(e.g., MALDI plate, tissue, drug tablet). This close
proximity limits the size, location, and geometry of the
sample to be analyzed. Enabling facile remote coupling
for “direct analysis” ionization sources to a MS detector
would be highly useful for a variety of applications
including paints and coatings, forensics, and off-site
environmental analysis. This has been partially ad-
dressed using portable mass spectrometers [9 –11] and
recently Cooks and colleagues reported coupling DESI
to a miniature mass spectrometer for a variety of field
studies [12]. However, the ionization source was still
confined to the immediate entrance of the mass spec-
trometer limiting the analysis to small, well-defined
sample substrates.

We report the development of a generally applica-
ble remote sampling method that uses a commercial
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air ejector to transport ions from the point of ion
formation to the MS inlet by a flexible polyethylene
tube. This ion transfer interface is demonstrated
using both ESI and DESI sources remotely coupled to
a linear ion trap mass spectrometer. Unlike the re-
cently introduced method by Cooks et al. that uses a
rigid stainless steel tube for nonproximate detection
[13] of explosives and chemical warfare stimulants by
DESI [14], this approach uses a flexible, nonconduc-
tive polyethylene tube that is robust and amendable
to modifications (e.g., movable sampling wand) and
optimization for the targeted analyte (see following
text). Furthermore, it does not require extensive mod-
ifications to the MS inlet. The commercial air ejector
interface described herein facilitated the remote DESI
analysis of surface-bound analytes ranging from
small organic molecules to polypeptides.

Experimental

Materials

Rhodamine 6G, melittin, polypropylene glycol [average
molecular weight � 1000 Da (PPG-1000)], and formic
acid were obtained from Sigma–Aldrich (St. Louis, MO,
USA) and used without further purification. HPLC
grade acetonitrile and water were purchased from
Burdick and Jackson (Muskegon, MI, USA). Polytetra-
fluoroethylene (PTFE) sheets (0.5 mm thick; P/N
8711K82, McMaster Carr, Atlanta, GA, USA) were used
as the DESI substrates. Nitrogen (99.98%) and LTQ
helium bath gas (99.999%) were obtained from MWSC

High Purity Gases (Raleigh, NC, USA).
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Methods

Electrospray solutions were prepared by mixing aceto-
nitrile:water (1:1 vol/vol) with 0.1% formic acid and
then diluting rhodamine 6G, melittin, and PPG-1000 to
a concentration of 10 �M. DESI substrates for both
melittin and PPG-1000 were prepared by spotting 10 �L
of 1 mg/mL stock standard solutions of each (in 1:1
vol/vol acetonitrile:water with 0.1% formic acid) onto a
PTFE surface and dried under ambient conditions im-
mediately before analysis. DESI substrates for rhoda-
mine 6G were prepared by spotting 10 �L of 20 �M
solution (in 1:1 vol/vol acetonitrile:water with 0.1%
formic acid) onto a PTFE surface.

Mass Spectrometer

All mass spectra were acquired on an LTQ mass spec-
trometer (Thermo Electron, San Jose, CA, USA) in the
positive-ion mode. The maximum injection time was set
to 300 ms for all experiments and three microscans were
taken per mass spectrum. The AGC limit was set to 1 �
106 but never reached this target value, thus allowing
the trap to collect ions for the full 300 ms. The capillary
temperature was kept at a constant 200 °C. The LTQ-MS
sample inlet was modified with a 0.5 mm i.d. 154 mm
stainless steel heated metal capillary that extended 55
mm from the threaded capillary ferrule.

ESI and DESI Sources

The ESI and DESI experiments were performed with the
same ionization source based on the prototype DESI
design from the Cooks laboratory [13, 15]. Briefly, the

Figure 1. Schematic of the commercial air eject
DESI ion generation. ESI and DESI were achi
High-pressure nitrogen was introduced at the “
and then out of the “Exhaust” outlet directed at
produced by the Venturi effect that occurs when
the middle of the AE. The convergence of the
generated at the “Sample Intake” by either ESI
source emitter is constructed of a single stainless steel
1/16-in. Swagelok® Tee (P/N SS-100-3, Raleigh Valve
and Fitting, Raleigh, NC, USA) that houses two fused
silica capillaries (Polymicro Technologies, Phoenix, AZ,
USA): the inner capillary (50 �m i.d., 150 �m o.d., P/N
2000015) transports the ESI solvent at 2 �L/min and fits
inside the outer capillary (250 �m i.d., 350 �m o.d., P/N
2000026) that transports the nitrogen nebulizing gas.
The nebulizing gas pressures for both ESI and DESI
experiments were measured at the high-pressure regu-
lator (P/N 2053021-01-000, Controls Corporation of
America, Virginia Beach, VA, USA) at 40 and 110 psi,
respectively. A voltage of 4000 V was applied to the ESI
and DESI source for all experiments.

Air Ejector Interface

A Series EIX Air Ejector (Figure 1 picture inset) was
purchased from Bosch Rexroth AG (P/N 0821305187;
Charlotte, NC, USA) and used without further modifi-
cation. Figure 1 shows the experimental configuration
of the air ejector relative to the LTQ-MS entrance and
the ESI and DESI source. The operation of the air ejector
is illustrated in Figure 1 where high-pressure gas (ni-
trogen) is introduced at the “Inlet Pressure” and di-
rected into the air ejector “Exhaust” by a small orifice in
the center of the device. The flow of high-pressure gas
through the small orifice creates a vacuum by the
Venturi effect. The induced vacuum is labeled “Sample
Intake” at the terminus of the 3-ft section of 1/4-in.
polyethylene tubing (P/N 14176121, Thermo Fisher
Scientific, Pittsburgh, PA, USA) at the point of ion
formation by either ESI (Figure 1A) or DESI (Figure 1B).
The 1/4-in. polyethylene tubing was connected to the
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B-400-1-4). The terminus of the 1/4-in. polyethylene
tubing (“Sample Intake”) was fitted with a stainless
steel 1/4-in. Swagelok® nut (P/N SS-400-NFSET) cou-
pled to a brass 1/4-in. Swagelok® to a 1/8-in. NPT
converter (P/N B-400-1-2). Voltages were applied at the
air ejector (50 V) and the brass fitting at the terminus of
the 3-ft 1/4-in. polyethylene tubing (100 V). The “Ex-
haust” component of the air ejector was positioned 1
mm from the MS inlet capillary, which was maintained
at 37 V.

Air Ejector Pressure Measurements

Pressure profiling of the air ejector was carried out
using a Mannix Handheld Digital Manometer (P/N
DM8200, Hauppauge, NY, USA). The “Inlet Pressure”
of nitrogen was metered into the air ejector by a
high-pressure regulator and all reported “Inlet Pres-
sures” were from the high-pressure regulator gauge.
Both the “Exhaust” and “Sampling Inlet” pressures
were measured separately using the same Mannix
Handheld Digital Manometer. This was done to most
closely simulate the performance characteristics of the
air ejector as it was used in these studies. The “Exhaust”
pressure from the air ejector was measured by placing
the Mannix sampling tubing directly over the outside of
the brass “Exhaust” tubing with no observable leaking.
The “Sampling Inlet” pressure was measured by cou-
pling the Mannix tube directly to the brass 1/4-in.
Swagelok® union (P/N B-400-6) at the terminus of the 3
ft length of 1/4-in. polyethylene tubing.

Results and Discussion

The air ejector interface illustrated in Figure 1 trans-
ports remotely generated ions by the high flow vacuum
(“Sample Intake”) into the front of the LTQ mass
spectrometer inlet. Ion generation using the ESI source
was initially investigated to test the transport of ions by
the AE interface due to the continuous nature of the
ionization source. This allowed us to determine the
pressure conditions for achieving optimum ion abun-
dances that could not be readily measured using the
DESI source (see following text).

Figure 2 displays the results from the ESI-AE-LTQ
interface (Figure 1A) for electrosprayed 10 �M rhoda-
mine 6G (R6G), PPG-1000, and melittin solutions. Fig-
ure 2 shows the total ion chromatogram (left y-axis �
Total Ion Abundance) of rhodamine 6G, PPG-1000, and
melittin as a function of the “Inlet Pressure” (Figure 1).
The “Inlet Pressure” was adjusted over 5 psi intervals
from 0 to 20 psi and then 10 psi from 20 to 70 psi with
the pressure intervals representing 30 s each of LTQ
analysis time (top x-axis). The “Exhaust” and “Sample
Intake” pressures (right y-axis) were also plotted as a
function of the “Inlet Pressure” to show the relationship
of each pressure to the observed ion abundances. An
approximate total ion abundance maximum for R6G

was observed at an “Inlet Pressure” of about 5 psi,
whereas the maximum for PPG-1000 and melittin was
observed at about 10 psi. Importantly, the data show
that it is possible to achieve approximately half the total
ion abundance of rhodamine 6G using the ESI-AE-LTQ
without any “Inlet Pressure,” whereas no appreciable
signal was observed under the same conditions for
PPG-1000 and melittin. Furthermore, the rhodamine 6G
total ion abundance shows a faster rate of decay after
the 5 psi maximum relative to the PPG-1000 and melit-
tin, which appear more stable from 5 to 20 psi.

Representative LTQ mass spectra are shown for
rhodamine 6G (Figure 2A), PPG-1000 (Figure 2B), and
melittin (Figure 2C) at the “Inlet Pressure” of 10 psi. All
spectra were collected for 300 ms and never reached the
AGC limit of 1 � 106. Sodium-adducted PPG-1000 was
observed to dominate the MS signal in Figure 2B.

The DESI-AE-MS (Figure 1B) spectra observed for all
three surface-bound analytes rhodamine 6G, melittin,
and PPG-1000 (not shown due to space constraints)
were virtually identical to the directly infused ESI-
AE-MS data shown in Figure 2A–C. The “Inlet Pres-
sure” that provided the best ion abundance for DESI-
AE-MS was slightly higher (20 psi) than that of the
ESI-AE-MS (5–10 psi). It is important to note that the
nature of DESI does not readily allow for optimization
experiments where the population of ions must be
constant over an extended period of time. In other
words, surface-bound samples are constantly being
consumed. However, these data clearly indicate the
potential for using the air ejector in DESI applications

Figure 2. Total ion abundance (left y-axis) of rhodamine 6G
(R6G, dashed), melittin (dotted), and PPG-1000 (solid) plotted as a
function of “Inlet Pressure” (bottom x-axis) and LTQ acquisition
time (top x-axis). “Exhaust” (�) and “Sample Intake” (�) pressure
(right y-axis) plotted as a function of “Inlet Pressure” (bottom
x-axis) and LTQ acquisition time (top x-axis). Representative mass
spectra of rhodamine 6G (A), PPG-1000 (B), and Melittin (C) are
shown at an “Inlet Pressure” of 10 psi.
that require remote sampling by a flexible probe.
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Limits of detection (LOD) for each of the surface-
bound analytes were determined based on the amount
of material deposited, analyte spot size, DESI plume
interaction area on the surface, and extrapolation of
signal intensity to a 3:1 S/N ratio. This ratio was
previously used by Cooks and colleagues to report
experimental limits of detection [14]. The deposition of
10 �L of analyte (1:1 H2O:ACN) onto a PTFE surface
resulted in a sample spot area of 11 mm2. The DESI
spray plume area was determined previously by fluo-
rescence imaging to be 0.5 mm2 [16]. Thus, the amount
of analyte sampled by a single DESI spray plume
corresponds to 4.5% (0.5 mm2/11 mm2 � 100%) of the
total analyte on the surface. This assumes a uniform
coverage within the 11 mm2 surface area and the
“complete” removal of analyte within the DESI spray
plume area. These calculations resulted in LODs for
rhodamine 6G, melittin, and PPG to be 0.4, 3.0, and 91
ng respectively. However, it is important to note that
this is a conservative calculation because multiple spec-
tra could be obtained from a single interaction area in
our experiments, suggesting that the DESI spray plume
does not remove all of the analyte within the interaction
area.

The potential for using the AE as a remote sampling
device is significant considering the variety of samples
(e.g., large or geometrically complex substrates that do
not readily fit into the standard ion source configura-
tions on the front of most mass spectrometers) and
ionization sources (e.g., ASAP [1], DART [2], LD-APCI
[4], ELDI [5, 6], and MALDESI [7, 8]) that could benefit
from a flexible sampling probe. Additional experiments
were attempted with a 10-ft coil of 1/4-in. polyethylene
tubing, under the same AGC and experimental condi-
tions as the 3-ft section of tubing, although appreciable
signal was not attained. We are currently investigating
the affect of experimental parameters such as the cur-
vature of the tubing (which would significantly reduce
sample/ion transport), i.d. of the transport tubing (con-
ductance limiting factor), tubing material, ejector design
(materials, inlet/outlet diameters, geometry), applied
voltage potentials, temperature, and inlet pressure in an
effort to extend the working distance of the air ejector.
Furthermore, we are working to couple the air ejector to
an existing MALDESI source [7, 8] and incorporate a
voltage-assisted air amplifier [17–19] to improve ion
transmission.

Conclusions

The integration of a commercial air ejector with ESI and
DESI demonstrates the remote analysis of nonstandard
sample substrates that are not amenable to standard
ionization source configurations. The AE is inexpensive
(�$100), robust, and easily mounted to the front of most

mass spectrometers. Furthermore, the AE should be
readily adaptable to other direct ionization techniques
such as ASAP, DART, LD-APCI, ELDI, and MALDESI.
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