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We report the first quantitative assessment of electrosprayed droplet/ion focusing enabled by
the use of a voltage-assisted air amplifier between an electrospray ionization emitter and a
hybrid linear ion trap Fourier transform ion cyclotron resonance mass spectrometer (ESI-LTQ-
FT-ICR-MS). A solution of fluorescent dye was electrosprayed with a stainless steel mesh
screen placed in front of the MS inlet capillary acting as a gas-permeable imaging plate for
fluorescence spectroscopy. Without use of the air amplifier, no detectable FT-ICR signal was
observed, as well as no detectable fluorescence on the screen upon imaging using a
fluorescence scanner. When the air amplifier was turned ON while electrospraying the
fluorescent dye, FT-ICR mass spectra with high signal to noise ratio were obtained with an
average ion injection time of 21 ms for an AGC target value of 5 � 105. Imaging of the screen
using a fluorescence scanner produced a distinct spot of cross-sectional area �33.5 mm2 in
front of the MS inlet capillary. These experimental results provide direct evidence of
aerodynamic focusing of electrosprayed droplets/ions enabled by an air amplifier, resulting in
improved electrospray droplet/ion capture efficiency and reduced ion injection time. A second
set of experiments was carried out to explore whether the air amplifier assists in desolvation.
By electrospraying a mix of quaternary amines, ratios of increasingly hydrophobic molecules
were obtained. Observation of the solvophobic effect associated with electrospray ionization
resulted in a higher abundance of the hydrophobic molecule. This bias was eliminated when
the air amplifier was turned ON and a response indicative of the respective component
concentrations of the molecules in the bulk solution was observed. (J Am Soc Mass Spectrom
2007, 18, 1909–1913) © 2007 American Society for Mass Spectrometry

It is well known that electrospray ionization is a softionization technique that enables the study of bio-
logical samples by mass spectrometry [1]. However,

it is estimated that 99.9% or more of the electrosprayed
ions are lost in transport to the detector [2–6]. A recent
publication indicates that significant sampling effi-
ciency is obtained with a short emitter to capillary
distance, at the expense of lower ionization efficiency
[7]. At longer distances, less sample is captured, but
there is improved ionization due to more efficient
sample desolvation. Based on the results presented
herein, along with previous reports, the air amplifier
has the capabilities to improve capture efficiency and
sample desolvation. Devices such as the ion funnel
[8–10], high-field asymmetric ion mobility spectrome-
try (FAIMS) [11–13], the air amplifier [14–16], and an
interface plate [17] have been reported to improve ion

abundance. To translate current technology into future
advances in mass spectrometry, systematic investiga-
tions of devices such as the air amplifier are necessary
to improve instrument performance and subsequently
the study of biological systems. The purpose of this
study is to explore whether focusing and desolvation
are mechanisms of the air amplifier.
Previous reports have suggested that the use of an

air amplifier results in higher analyte desolvation effi-
ciency as evidenced by an increase in average charge-
state [18]. Specifically for FT-ICR MS, this increase in
average-charge state directly results in higher resolving
power [19]. Additionally, these reports suggest that
focusing of the ions is a possible mechanism for the
increased ion abundance but, to date, detailed studies of
these mechanisms are lacking. The aim of this work is to
investigate droplet/ion focusing and analyte desolva-
tion by the air amplifier as possible mechanisms for
improved ionization efficiency and ion transmission.
This is demonstrated by complimentary means of fluo-
rescence spectroscopy imaging and mass spectrometric
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detection, giving explicit evidence of the air amplifier’s
capability to focus the electrosprayed ions towards the
inlet of the mass spectrometer. The desolvation mech-
anism is probed using a set of molecules characteristic
of their chemical properties of increasing hydrophobic-
ity with increasing alkyl chain length.

Experimental

Materials

Rhodamine 6G (99% purity), tetramethylammonium
bromide (98% purity), tetrabutylammonium bromide
(98% purity), tetraheptylammonium bromide (98% pu-
rity), and Fluka brand formic acid were obtained from
Sigma-Aldrich (St. Louis, MO). HPLC grade acetonitrile
and high purity water were purchased from Burdick
and Jackson (Morristown, NJ). All reagents were used
as received without further purification. Rhodamine 6G
was brought to a final concentration of 2 �M by serial�
dilution of a stock solution of 1 mg/mL in solvent
composed of water and acetonitrile (1:1 vol/vol) with
0.1% formic acid. A mix of quaternary amines was
brought to a final concentration of 5 �M in a solvent�
composed of water and acetonitrile (19:1 vol/vol) with
0.1% formic acid by combining equal volumes of 5 �M�
each of the quaternary amines. Tetramethylammonium
bromide and tetrabutylammonium bromide were
brought up in water and 0.1% FA. Tetraheptylammo-
nium bromide was brought up in a solvent composed of
water and acetonitrile (17:1 vol/vol) with 0.1% formic
acid (a small-volume of organic phase solvent was
necessary to solvate the tetraheptylammonium due to
its hydrophobicity).

Experimental Apparatus

Figure 1 schematically shows the electrospray ioniza-
tion source, an air amplifier, and a gas-permeable

stainless steel mesh screen in an aerial view of the
experimental configuration together with experimental
conditions; 304-stainless steel cloth with a mesh count
of 60 � 60 per linear inch, an average wire diameter of
0.0075 in. and an opening width of 0.0090 in. was
obtained fromMSC Industrial Supply Co. (Atlanta, GA)
and cut into portions for the experiments. The electro-
spray solution was infused at a rate of 1 �L/min�
through a 75 �m i.d. fused silica capillary and 30�� �m��
tapered PicoTip (New Objective, Woburn, MA) using a
Harvard PHD-2000 syringe pump. An air amplifier
fabricated and implemented in the same fashion as the
device previously described by Hawkridge et al. [15]
was incorporated on the front end of a hybrid LTQ-FT-
ICR mass spectrometer (Thermo Fisher, San Jose, CA)
equipped with an Oxford Instruments actively shielded
7T superconducting magnet (Concord, MA). One major
difference from the previous implementation of the
device, specific only to the focusing experiments, was
that a standard capillary was used to permit the screen
to fit between the air amplifier and the MS inlet. This
results in a long distance (�40 mm) from ESI emitter to
MS inlet. All mass spectra were collected with the mass
spectrometer in the FT mode.
Throughout this paper, the air amplifier is said to be

“ON” when metered 99.98% purity nitrogen at 40 psi
(pressure at regulator) was continuously supplied to the
device. The voltages applied to the air amplifier stages
were held constant during the entire experiment at the
values shown in Figure 1. The AGC target for the ICR
cell was set at 5 � 105 and the maximum ion injection
time was set to 1000 ms. To simultaneously compare
the fluorescent images for both the air amplifier OFF
and the air amplifier ON, a stainless steel mesh screen
with dimensions of 2 in. � 3 in. was implemented
with 1.5 in. � 2 in. dedicated to each phase of the
experiment so that a single fluorescence scan would
capture both phases of the experiment. A standard
Thermo MS capillary interface was used to introduce
ions into the mass spectrometer thus allowing the
screen to fit between the outlet of the air amplifier and
the MS capillary. It is important to note that the screen
was biased at 50 V throughout the entire set of experi-
ments to maintain a decreasing voltage gradient from
the ESI emitter towards the MS inlet.
A BioRad Pharos FX Plus molecular imager (Her-

cules, Ca) was used to detect fluorescence of the rhoda-
mine 6G with excitation achieved using an internal laser
emitting at 
 � 532 nm.
The air amplifier desolvation study was carried out

after replacement of the standard Thermo MS capillary
with an extended capillary to allow penetration of the
air amplifier nozzle by 26 mm, in the manner previ-
ously described by Hawkridge et al. [15]. The capillary
temperature was set to 300 °C and was controlled by the
instrument without significant deviation from the set
point. The air amplifier had no voltage bias applied
throughout this set of experiments. Additionally, two
heating coils (part no. 03,122-30; Cole-Parmer Instru-

Figure 1. Schematic of the experimental set-up and operating
conditions. A Thermo LTQ-FT interface is shown at the left with
standard capillary. The gas-permeable stainless steel mesh screen
is inserted between the MS capillary inlet and the voltage assisted
air amplifier. A pressure of 40 psi (at the regulator) was used to
induce flow in the air amplifier, resulting in aerodynamic focusing
of the electrosprayed ions. The electrospray emitter and syringe
pump supplying the sample are also shown at the right.
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ment Company, Vernon Hills, IL) were wrapped
around the air amplifier body and a portion of copper
tubing (which connected the air amplifier to the poly-
ethylene tubing from the nitrogen regulator). The tem-
perature of the heating coils was controlled by a Pow-
erstat variable autotransformer (Warner Electric,
Bristol, CT), and the temperature of the air amplifier
body was monitored using a Fluke thermocouple (part
no. 80PJ-1; Everette, WA) attached to a Fluke 87 V
multi-meter.

Results and Discussion

Figure 2a shows the screen imaged using a BioRad
fluorescence scanner following exposure to electrospray
ionization of rhodamine 6G. Figure 2a is a fluorescence
image of the screen used to quantify the ESI cross
section. The fluorescence intensity legend is shown at
the right indicating the range from zero to	75 arbitrary
units of fluorescence. The screen demonstrates no de-
tectable fluorescence on the portion where the air
amplifier was OFF (Figure 2a, left) for 5 min of contin-
uous electrospray. However, when the air amplifier
was turned ON (Figure 2a, right) accompanied with 5
min of continuous electrospray, an intense region of
fluorescent dye is observed. The spatial droplet/ion

focusing by the air amplifier is visually confirmed by
the fluorescent image of electrosprayed ions.
The area of the detected fluorescence spot was de-

termined using the Quantity One software provided by
BioRad, Inc., yielding a tight spot of electrosprayed ions
covering an area �33.5 mm2 with an equivalent diam-
eter of �3.3 mm. This presents a direct method to
quantify the area coverage (i.e., a measure of the device
focusing efficiency) of the electrosprayed ions at the
outlet of the air amplifier. The maximum cross sectional
area potentially available for sample transport with a
standard 550 micron i.d. transfer capillary is 0.95 mm2,
which would result in �3% of the electrosprayed drop-
lets/ions matched to the capillary cross sectional area,
given a uniform spatial distribution within the spot.
With the air amplifier turned OFF, this ratio, which is a
measure of the ion transmission efficiency, is vanish-
ingly small, resulting in no detectable MS signal. Al-
though the configuration of the screen outside of the air
amplifier is rudimentary, it clearly demonstrates the
nitrogen focusing by the air amplifier is fully responsi-
ble for the observed fluorescence spot.
Figure 2b shows the ion injection times and selected

ion chromatogram (m/z � 443.0 � 0.5) with respect to
time allocated for electrospray. The total time of contin-
uous electrospray was 10 min, during which the air
amplifier was left OFF for the first 5 min (ITOFF), and
was turned ON for the last 5 min (ITON). In the data
analysis it was necessary to account for a short period of
time just after the air amplifier was turned ON to allow
the pressure within the air amplifier to reach steady-
state. The selected ion chromatogram was boxcar
smoothed (n � 7) before analysis. In the first half of the
chromatogram (air amplifier OFF), the ion injection
time reaches the maximum level and no MS signal is
observed (FT mode). A dramatic improvement is real-
ized after the air amplifier is turned ON ensuing
reduced ion injection time and an abundant MS signal
(FT mode). The improvement in ion injection time
(ITON/ITOFF) resulting from use of the air amplifier can
only be estimated since ITOFF is limited by the preset
MS ion injection time limit of 1000 ms when the air
amplifier is OFF. This significant decrease in ion injec-
tion time from ITOFF � 1000 ms to ITON � 21 ms
(RSDON � 18%) resulting from use of the air amplifier
confers the ability to obtain more MS or MS/MS per
unit time, leading to improved MS throughput which is
particularly advantageous for proteomic applications.
Figure 2c shows no MS signal with the air amplifier

OFF (left), further supported by an expanded view of
the singly charged rhodamine 6G region (FT mode).
This is due to the limited droplet/ion transport associ-
ated with standard nanoelectrospray (without the air
amplifier). By turning the air amplifier ON (Figure 2c,
right) spectra with low chemical background and high
signal-to-noise ratio are observed.
Subsequent experiments were carried out to investi-

gate the signal attenuation by insertion of the screen
between the emitter and the capillary. This was accom-

Figure 2. (a) Fluorescence image of the stainless steel mesh
screen following electrosprayed rhodamine 6G containing drop-
lets/ions, as detected by a BioRad imager (intensity key at right of
imaged screen). No fluorescence is observed with the air amplifier
OFF (left). A tightly spotted region of intense fluorescence is
observed with the air amplifier ON (right), providing a measure of
the area of focused electrosprayed ions. (b) With the air amplifier
OFF (left, screen in place) the ion injection time reaches the
maximum AGC time limit of 1000 ms, yet the ion abundance
remains below the detectable limit. When the air amplifier is
turned ON (right, screen in place), the ion injection time decreases
to 21 ms and significant ion abundance is observed. (c) The FT-ICR
mass spectrum observed with the air amplifier OFF (left, screen in
place) demonstrates that no MS signal is observed without aid
from the air amplifier, however, a clean spectrum of rhodamine
6G ions is observed with the assistance of an air amplifier (right,
screen in place).
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plished by comparing the ion abundance without the
screen in place, to the ion abundance with the screen in
place. The screen was positioned �2 mm from the MS
inlet for each experiment and parallel with the front of
the instrument. At an emitter to capillary distance of 25
mm, the observed signal was attenuated by �95% with
the screen in place. By increasing the distance to 40 mm,
it is expected that the attenuation will increase ap-
proaching 100% (without the air amplifier). With the air
amplifier ON, the screen attenuation at a 40 mm emitter
to MS inlet distance was experimentally found to be
�20%. The screen effects on the gas flow profile of the
air amplifier and focusing will be primarily local (near
the mesh screen) and do not affect the overall gas
dynamics. This is attributed to the high permeability of
the screen and the relatively high flow rate used in the
air amplifier resulting in efficient mixing through the
device. An additional observation was that the disper-
sity of the fluorescent dye on the screen increased as a
function of emitter distance from the screen. This ob-
servation is expected, as Coulombic repulsions and
gas-phase interactions have more time to expand the
sample plume as it travels from emitter to MS capillary.
These experiments also verified that abundant ESI
signal can be attained without the air amplifier or
screen in place with a normal ESI emitter to MS inlet
distance (�2 mm).
Figure 3 demonstrates the analyte response under

various conditions. Electrospray has previously been
demonstrated to have a selective response based on solute
physicochemical properties [18]. Tetrabutylammonium (*)
and tetraheptylammonium (**) are depicted on the left

side of Figure 3a. Shown on the left of Figure 3a, the air
amplifier is OFF at ambient temperature, and the tetra-
heptyl has a much stronger response based on its higher
solvophobicity as compared with the tetrabutyl ammo-
nium halide. The ion injection time was maximized at
1000 ms as the AGC limit was not reached without the
air amplifier. The air amplifier ON at ambient temper-
ature (Figure 3a, right) yields a unity analyte response,
thus providing a true indication of the specific compo-
nent concentration within a solution of mixed analyte.
The ion injection time of 173 ms (RSD � 17%) was
lowest in this scenario. By heating the body of the air
amplifier (Figure 3b, left), but leaving the device OFF,
an increase in the tetrabutyl abundance was observed,
pointing to increased desolvation by means of convec-
tive heat transfer. This observation is in agreement with
previous reports of heating the electrospray source to
normalize the analyte response [20]. Even with im-
proved desolvation, the AGC limit was not met, and the
ion injection time was maximized to 1000 ms. On the
right of Figure 3b it is shown that with the air amplifier
ON at a temperature of 100 °C resulted in a nearly
equivalent analyte response. The ion injection time with
the air amplifier ON and at 100 °C was reduced to 226
ms (RSD � 19%), indicating increased ion abundance.
This is the first demonstration of heating the air ampli-
fier while simultaneously increasing ion abundance
and, thus, leaves room for optimizing the implementa-
tion of the device while heating. By eliminating electro-
spray bias due to physicochemical properties, a true
prediction of the analyte concentration within a mixture
is possible.
The reported experiments support the hypothesis

that there is a dual mechanism involving both aerody-
namic focusing of electrosprayed droplets/ions for the
increased ion abundance achieved by the air amplifier
and improved sample desolvation [14, 16]. The air
amplifier provides increased ion abundance to the
detector, resulting in reduced ion injection times, which
allows for shorter analysis times and duty cycles. Im-
provements to the current air amplifier design, result-
ing in a tighter ion beam (i.e., smaller cross-sectional
area of electrosprayed ions), can be appreciated in mass
spectrometry, yielding higher ion transmission effi-
ciency, better signal-to-noise ratio for MS detection, and
faster data acquisition. The current empirically opti-
mized design allows for reduced ion injection time and
improves the capture efficiency compared with stan-
dard electrospray. This work demonstrates an effective
method to experimentally evaluate new air amplifier
designs by combination of mass spectrometry (via mea-
surement of the ion injection time ratio) and an orthog-
onal method, fluorescence spectroscopy (via measure-
ment of an area occupied by the focused electrospray
ions). Continued efforts to model and simulate droplet
and ion transport in the air amplifier will enable im-
proved designs and device implementation to further
enhance ion transmission efficiency and lower limits of
detection. The improvements shown in this work for

Figure 3. (a) Analysis of tetrabutyl (*) and tetraheptyl (**)
ammonium halide. The response in standard ESI at room temper-
ature results in a much lower response of tetrabutyl compared
with tetraheptyl based on the much higher solvophobicity of
tetraheptyl ammonium halide. With the air amplifier ON at room
temperature, an equivalent response of the two molecules is
observed, resulting in a true indication of the concentration of
each molecule within the bulk solution. (b) The biased response
observed in ESI is also minimized with the addition of heat as the
body of the air amplifier and the inlet nitrogen is heated to 100 °C.
With heat and the air amplifier ON, a nearly equivalent response
is attained of the tetrabutyl and tetraheptyl ammonium halides.
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standard ESI-MS should be also of great value to other
emerging ambient ionization techniques such as DESI
[21, 22], MALDESI [23, 24], and AMUSE [25, 26].
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