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An initial investigation into the effects of charge separation in the Array of Micromachined
UltraSonic Electrospray (AMUSE) ion source is reported to gain understanding of ionization
mechanisms and to improve analyte ionization efficiency and operation stability. In RF-only
mode, AMUSE ejects, on average, an equal number of slightly positive and slightly negative
charged droplets due to random charge fluctuations, providing inefficient analyte ionization.
Charge separation at the nozzle orifice is achieved by the application of an external electric
field. By bringing the counter electrode close to the nozzle array, strong electric fields can be
applied at relatively low DC potentials. It has been demonstrated, through a number of
electrode/electrical potential configurations, that increasing charge separation leads to im-

provement in signal abundance, signal-to-noise ratio, and signal stability.
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of intact, low internal energy, gas-phase ions

from molecules in solution through the use of
electrohydrodynamic focusing of an applied electric
field, known as a Taylor cone [1-5]. There is a strong
momentum to develop miniaturized sample introduc-
tion platforms and lab-on-a-chip ion sources for pro-
teomics because samples available for analysis are
frequently difficult to obtain and small in volume.
Microfabricated nanoelectrospray devices enable en-
hanced sensitivity and multiplexed mass spectrometric
(MS) analysis with improved reproducibility as well as
provide a natural path to coupling with on-chip micro-
fabricated separation columns [6, 7]. Although many of
these devices lead to enhancements in some aspects
of gas-phase ion production, they still rely on highly
charged capillaries to generate Taylor cone electros-
pray and thus suffer from its limitations. A novel ion
source, Array of Micromachined UltraSonic Electros-
pray (AMUSE), conceptually differs from classical
electrospray ionization (ESI) by independently con-
trolling analyte charging and droplet/ion formation
processes [8-12], thus allowing for low voltage ultra-
soft ionization of a variety of analytes and flexibility
in the choice of solvents [13-15]. Most recently,

Electrospray ionization (ESI) allows the generation
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multiplexed operation of the AMUSE has been dem-
onstrated, thus establishing a direct path to a multi-
plexed ion source for mass spectrometry [12]. Addi-
tionally, Hampton et al. [15] compared side-by-side
the internal energy deposition between conventional
ESI and AMUSE to conclusively show that a superior
softness of analyte ionization can be achieved by
AMUSE under certain operating conditions.

In the case of ESI, the large electric field causes
charge separation, which forms a Taylor cone that ejects
charged droplets when the repulsion force overcomes
surface tension [16]. One of the main benefits of the
AMUSE ion source is its ability to separate droplet
formation from charge separation. When operating the
AMUSE in RF-only mode, without any external electric
field, on average, an equal number of slightly positive
and slightly negative charged droplets are ejected due
to random charge fluctuations. While this is sufficient to
achieve analyte ionization at higher analyte concentra-
tions, such a mode of operation is not optimal [14]. To
maximize the net charge placed on individual droplets
upon ejection and hence improve ionization efficiency
and sensitivity, charge separation must be achieved. In
previous studies, it has been shown that a DC-
potential-biased external electrode could be success-
fully used to polarize a neutral spray from a pneu-
matic nebulizer [17, 18]. When a similar idea is
applied to the AMUSE ion source, the induced elec-
tric field can force the positive charges (positive
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mode of operation) toward the fluid-air interface
where a droplet is formed, while the negative charges
will be left in the bulk solution. The electrochemical
oxidation of relevant anions at the piezoelectric trans-
ducer’s top electrode facing the solution neutralize
these negative charges, similarly to the ESI, resulting
in stable device operation as a closed circuit electro-
chemical cell. Under these conditions, droplets with a
much greater net (positive) charge are ejected result-
ing in an improved ionization efficiency, stability,
and sensitivity of MS detection. An effect of applying
a DC bias to the piezoelectric transducer electrode
was initially considered in our earlier work [13, 14],
but only briefly and lacking an in-depth look into a
physical mechanism responsible for improved ioniza-
tion. An initiation of the latter is the focus of the work
reported here.

Experimental
Materials

Reserpine, purchased from Sigma-Aldrich (St. Louis,
MO, USA) was used as received. Micromolar solutions
of the compound were prepared in deionized water
(Ricca Chemical Company, Arlington, TX, USA) con-
taining 0.1% (vol/vol) glacial acetic acid (BDH Aristar,
Westchester, PA, USA). No organic solvents were used
in the working solutions.

AMUSE Ion Source

The AMUSE ion source fabrication and assembly have
been described in detail elsewhere [9, 14]. Compared
with the standard assembly, new to this investigation is
addition of a brass support, containing a transformer
wire (electrically shielded) electrode. As seen in Figure
1 (insert), this electrode acts as a “counter” electrode in
the charge separation experiments. The experiments are
completed for a 3 uM solution of reserpine delivered to
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the AMUSE fluid reservoir at 30 to 50 pL/min using a
syringe pump. Bias DC potentials are applied to the
inner electrode of the piezoelectric transducer, Vp,r,
and the external wire counter electrode, V,,,, allowing a
precise control of the induced electric field strength.

Air Amplifier

For mass spectrometry operation, the AMUSE ion
source is coupled in-line with an air amplifier (EXAIR
Corporation, Cincinnati, OH, USA) to improve collec-
tion and transport of droplets/ions to the mass spec-
trometer inlet (Figure 1). The air amplifier is also used
to assist in droplet desolvation, by heating the assisting
nitrogen gas flow with a coil heater (Omega, Stamford,
CT, USA). Here, the AMUSE is set in an orthogonal
orientation to the assisting air flow for visual inspection
of device operation under various conditions.

MicrOTOF Mass Spectrometer

The AMUSE source was coupled to a time-of-flight
mass spectrometer (Bruker Daltonics micrOTOF, Bil-
lerica, MA, USA). All experiments were conducted in
positive ionization mode with the air amplifier, V4,4,
and mass spectrometer inlet, Vs, grounded (zero DC
potential relative to a common electric ground). The
TOF capillary was maintained at 180 °C with a dry gas
counter-flow rate of 3 L/min and spectra collected is a
rolling average at a scan rate of 3 Hz.

Data Analysis

All mass spectra obtained are collected for a 1 min
acquisition period. Reported data points are the average
of 3 to 8 acquisition period datasets, collected under the
same conditions on different days. The reported signal
intensities are the maximum intensity found from an
extracted ion chromatogram of the base peak.

Figure 1. Schematic of the experimental system coupling AMUSE to air amplifier to time-of-flight
mass spectrometer, including the electrode placement and locations with controlled DC electric bias
potentials. The insert provides an exploded view of the AMUSE ion source components.
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Results and Discussion

A methodical investigation into the effect of electrical
field configuration and strength on the signal intensity
and stability has been completed with the use of a
micrOTOF mass spectrometer (Figure 1). Two crossing
wires are used as a counter electrode providing an
electric field in the direction normal to the nozzle array,
while minimizing ejection blockage due to the wires.
MS intensity values are taken from the extracted ion
chromatogram as shown in Figure 2 (top) and a repre-
sentative mass spectrum (bottom) for reserpine.
Figure 3 shows the maximum signal intensity of the
base peak as a function of the DC electric potential
difference applied between the electrodes (i.e., the pi-
ezoelectric transducer and the wire) across the device.
In the first dataset (squares) a positive DC potential is
applied to the piezoelectric electrode, Vp,r = +Vp, and
the wire counter electrode is grounded, V,, = 0. The
resulting electric field induces charge separation by mov-
ing positive charges toward the nozzle orifice. As the data
shows, increasing the potential drop, A¢y = Vpzr — Vo,
increases the signal intensity and improves signal-to-noise
ratio (S/N) from ~60 up to values greater than 2000. An
order of magnitude increase in the electric field strength
results in two orders of magnitude increase in S/N ratio.
The second dataset (diamonds) is for the case when the
wire counter electrode is removed, while leaving the
remainder of the setup the same. The relevant potential
difference that defines the electric field strength now
becomes A¢p, = Vpzr — Vaa. This configuration is similar
to that used in the initial characterization and validation of
the AMUSE ion source [13-15]. In this configuration, the
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Figure 2. Extracted ion chromatogram of a base peak (top), and
representative mass spectrum (bottom), for 3 uM reserpine in
99.9:0.1 (vol/vol) water/acetic acid ionized by the AMUSE.
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Figure 3. Maximum signal intensity obtained with the AMUSE
ion source for 3 uM reserpine in 99.9:0.1 (vol/vol) water/acetic
acid for various applied electric field configurations. Potential
configurations: case 1 (squares): (Vpyr = +Vpe, V,\y = 0), case
2 (diamonds): (Vpyr = +Vpe, V. = removed), case 3 (circles):
(Vpzr = 0, Vo = —Vpo), case 4 (triangles): (Vpyr = +Vpe =
Const, V,, = +Vpe), and for all cases, V4 = Vs = 0. For cases 1
(squares), 3 (circles), and 4 (triangles): A¢p = Vp,r — V,,; and for case
2 (diamonds): Ap = Vypyr — Vau.

air amplifier acts as the counter electrode, and moving it
further away results in a decreased electric field. This, in
turn, yields a reduced charge separation. As the potential
is increased, Vp,r > 1000 V, the electric field eventually
becomes sulfficiently strong to support noticeable charge
separation at the point of droplet ejection and the signal
intensity experiences a modest gain. It is apparent and
hardly surprising that the electric field strength, and not
just the potential drop, is determining the charge separa-
tion and therefore the extent of the signal improvement.

The third dataset (circles) describes experiments in
which all applied DC potentials were altered, relative to
a common electric ground, but proportionally; there-
fore, no effect is expected on the strength of the electric
field. In particular, the piezoelectric electrode was
grounded, Vp;r = 0, and a negative DC bias was
applied to the wire electrode, V,,, = — V5, with poten-
tial difference defined as A¢p, = Vpyr — V.4 This
configuration was intended to isolate the signal im-
provement due to charge separation by eliminating any
signal increase/decrease that may be due to increased/
decreased charge levels due to electrochemical pro-
cesses at the piezoelectric transducer electrode. As
shown in Figure 3, the signal intensity begins to in-
crease with an increase in the applied electric field in
line with the measurements obtained for the first data-
set. However, upon reaching a certain potential differ-
ence, the signal intensity begins to drop with further
increase in the potential difference. The source for
discrepancy between the first (squares) and third (cir-
cles) datasets at higher A¢, = Vp,r — V,, becomes
apparent if one considers not only the magnitude, but
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also the direction of the electric field along the entire
ion/charged droplet transmission path from the ejec-
tion point to the mass spectrometer inlet (Figure 1). In
the first (squares) set of experiments, the wires were
grounded so no external electric field existed between
the wire electrode and air amplifier. In contrast, for the
third dataset (circles), although the local electric field
between the AMUSE ejection surface and the wire
electrode is the same, there is now an adverse electric
field between the negatively biased wires (V,,,
—Vpe) and a grounded air amplifier (V,, = 0) that
hinders positive ion transport to the MS inlet. Thus,
while the charge separation remains equally effective in
the latter (third) set of experiments, the measured MS
signal intensity decreases at higher piezo-to-wire poten-
tial differences due to diminishing the charged droplet/
ion transmission between the wire electrode and the air
amplifier/MS inlet when the droplets contain high
levels of charge. This conclusion is further supported by
the fact that while the signal intensity is depressed at
larger Ap, = Vpyr — V.4 Operation, the S/N ratio does
not, maintaining ~1500. To summarize, while charge
separation helps increase the charge density in ejected
droplets, ion transport remains a vital process in MS
operation with the AMUSE ion source.

The final dataset (triangles) further aims to eliminate
the effects of solvent oxidation by applying a constant
(positive) potential to the piezoelectric electrode, Vp, =
+Vpc = Const, while positively biasing the wire electrode,
Ve = +Vpe, (Ady = Vipzr — V). Again, the electric field
across the AMUSE is the same as for the first case and, as
expected, the data follows each other very closely.
The slight increase in an MS signal at high potential
difference can be attributed to the small ion-trans-
port-assisting electric field produced between the
wire electrodes and air amplifier. The experimental
data from these tests clearly show that an increase in
the external electric field strength at the point of
droplet ejection improves the signal intensity and
S/N ratio, as long as the electric field distribution is
optimized between the ion source and the mass
spectrometer inlet. We also find a direct correlation
between increasing the local electric field and exper-
iment repeatability.

Conclusions

MS characterization of various electrode configurations in
the AMUSE ion source indicates that an external electric
field localized and focused at the ejection interface near
the nozzle orifice induces efficient charge separation,
resulting in the ejection of increasingly charged droplets.
An increased charge density within droplets improves
both the signal-to-noise ratio (sensitivity) and signal sta-
bility, allowing for more efficient analyte ionization. An
in-depth computational analysis of charge separation,
including electrohydrodynamic considerations during
the droplet ejection in the presence of an electric field, will
help understand the physics of charge separation and
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quantify charge deposited on individual droplets, while
developing an insight into droplet evolution in the pres-
ence of an electric field. Such a computational analysis,
which is the focus of the follow-up article to this commu-
nication, will not only improve fundamental understand-
ing, but will also be instrumental to an improved design
and optimal operation of the AMUSE-type droplet-based
ion sources.
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