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Abstract. A new atmospheric pressure ionization (API) source, viz. UniSpray,
was evaluated for mass spectrometry (MS) analysis of pharmaceutical com-
pounds by head-to-head comparison with electrospray ionization (ESI) on the
same high-resolution MS system. The atmospheric pressure ionization source is
composed of a grounded nebulizer spraying onto a high voltage, cylindrical
stainless steel target. Molecules are ionized in a similar fashion to electrospray
ionization, predominantly producing protonated or deprotonated species. Adduct
formation (e.g., proton and sodium adducts) and in-source fragmentation is
shown to be almost identical between the two sources. The performance of the
new API source was compared with electrospray by infusion of a mix of 22

pharmaceutical compounds with a wide variety of functional groups and physico-chemical properties
(molecular weight, logP, and pKa) in more than 100 different conditions (mobile phase strength, solvents,
pH, and flow rate). The new API source shows an intensity gain of a factor 2.2 compared with ESI
considering all conditions on all compounds tested. Finally, some hypotheses on the ionization mechanism,
similarities, and differences with ESI, are discussed.
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Introduction

Despite a prominent use in today’s liquid chromatography-
mass spectrometry (LC-MS) instruments, electrospray

ionization (ESI) interfaces suffer from low ionization and
transmission efficiency [1–4]. A lot of efforts have been driven
to improve transmission efficiency by sampling and
transporting ions from atmospheric pressure into the vacuum
chamber more effectively [5–10]. To address the poor efficien-
cy of electrospray, nanospray was developed as it was observed
that the formation of smaller droplets at low flow rates largely
increases the ionization efficiency [11, 12]. However,
nanospray is not ideal for high throughput analysis since low
flow rates in combination with system dead volume, intrinsi-
cally present in any system, result in (much) longer run times,

and also user friendliness and robustness are affected going to
smaller internal tubing and columns diameter. Therefore, it
remains mainly limited to applications where only very small
samples are available, such as the analysis of proteins.

The electrospray ionization source design was constantly
improved in order to increase ionization efficiency, which in-
volves mainly modification of the sprayer orientation as well as
position and number of heated gas inlets. Excellent reviews on
the development of electrospray ionization and other atmospher-
ic pressure ionization (API) sources are available [4, 13–16].

Recently, an atmospheric pressure ionization source using a
high voltage target has been introduced [17–19]. The newly
developed source, recently commercialized as UniSpray, is
composed of a grounded nebulizer spraying onto a high voltage
target and has an ionization mechanism similar to ESI but
promotes droplet break-up and desolvation via additional
Coandă and vortex effects [20]. A similar approach has also
been developed using sonic spray ionization (SSI) and a mod-
ified atmospheric solid analysis probe (ASAP) for the analysis
of proteins and peptides [21]. The profile of the mass spectra
was similar to that obtained with SSI but matched the signal
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intensity of ESI, which was 100 times higher than SSI without
obstruction.

The aim of this paper is to introduce in detail a new API
source, which has previously shown a significant gain in signal
intensity when directly compared with ESI on a limited set of
analytes [19]. The design of the new API source is presented
thoroughly with description of the general behavior (ion for-
mation and in-source fragmentation) and required tuning. The
performance of the new API source was compared with
electrospray ionization by infusions of a mix of pharmaceutical
compounds with a wide variety of functional groups and
physico-chemical properties (molecular weight, logP, and
pKa) in different conditions (mobile phase strength, solvents,
pH, and flow rate) with the objective to find correlations
between chemical structure and the relative sensitivity of both
sources for different solvent conditions. Finally, some hypoth-
eses on the ionization mechanism, similarities, and differences
with ESI, are discussed.

Experimental
Chemicals and Reagents

Acetonitrile (ACN), formic acid (FA), and methanol (MeOH),
all of analytical grade, were purchased fromMerck (Darmstadt,
Germany). Ammonium acetate, also of analytical grade, was
purchased from VWR (Leuven, Belgium). Amitriptyline hy-
drochloride, atenolol, buspirone hydrochloride, cyclosporine
A, diclofenac sodium salt, haloperidol, ketoconazole,
loperamide hydrochloride, progesterone, propranolol hydro-
chloride, and tolbutamide were synthesized internally at
Janssen Pharmaceutica (Beerse, Belgium). Fluoxetine hydro-
chloride and lincomycin hydrochloride, acetaminophen, amio-
darone hydrochloride, enalapril, norfloxacin, quinidine,
terfenadine, and trazodone hydrochloride were obtained from
Sigma (Steinheim, Germany), and warfarin from DuPont
Pharma (Wilmington, DE, USA). Ultrapure water (H2O) was
produced with a MilliQ system (Millipore, Billerica, MA,
USA).

Instrumentation

All experiments were performed on a Synapt-G2 quadrupole
time-of-flight mass spectrometer equipped with an ESI source
or a UniSpray source (all Waters, Milford, MA, USA). The
mass spectrometer was operated in both negative and positive
full-scan mode using HR-MS detection in sensitivity mode
(resolution approximately 10,000 at m/z 556). All peak heights
were extracted manually from average full-scan MS spectra
obtained from the last 30 s of every 5% step gradient window.
Data processing was done in Unifi 1.8 (Waters, Milford, MA,
USA).

An Acquity UPLC system (Waters, Milford, MA, USA)
and a syringe pump (Harvard Apparatus Pump 11 Elite, MA,
USA) equipped with a 500 μL glass syringe (Hamilton, NV,
USA) were used for the infusions.

UniSpray Source Design

The new atmospheric pressure ionization source used in this
study is shown schematically in Figure 1 [20]. A high velocity
nebulized jet from a grounded sprayer asymmetrically impacts
a cylindrical metal target that is held at a high voltage and is
located between the sprayer and the ion inlet orifice of the mass
spectrometer. Although the schematic of Figure 1 shows a
glancing impact, it should be noted that in practice, the majority
of the spray column will impact the upper right hand quadrant
of the target.

The pneumatically assisted nebulizer is formed from a
130 μm i.d. by 220 μm o.d. liquid delivery capillary (stainless
steel) that is surrounded by a 330 μm i.d. nebulizer tube (stain-
less steel) with a restriction length of 10 mm. Nitrogen gas is
delivered to the nebulizer tube at a gauge pressure of 7 bars.
Under these conditions, the nebulizer gas velocity will be near-
supersonic for sprayer/target distances of 1–3 mm (Figure 1).
The nebulizer is surrounded by an annular heater that delivers
hot nitrogen gas at a flow rate of typically 1200 L.h–1.

The 1.6 mm-diameter, 35 mm-long, cylindrical high voltage
(HV) target is constructed from a cold-drawn, 316 L stainless
steel wire that is polished to a near-mirror finish with 1 μm-
grade lapping paper. The target is connected to a 0–5 kV DC
power supply via a 47 MΩ current-limiting resistor. Since the
target has a low thermal conductance to the source housing, it
rapidly reaches an equilibrium temperature that is equal to the
local temperature of the heater gas (typically >250 °C for a set
heater temperature of 500 °C). Ions and charged droplets formed
upon impact are directed towards the ion inlet, which is
surrounded by a cone gas nozzle that supports a nitrogen drying
gas flow of 150 L.h–1.

Infusion Experiments

The following setup (see Supplementary Figure 1) was used for
all the experiments: a UPLC pump and a syringe pump were
connected via a PEEKT-connector to deliver a constant flow to
the mass spectrometer. The syringe pump was used to deliver a
mixture of compounds at a flow rate of 5 μL.min–1 in all
experiments. The UPLC pump was used to obtain the different
gradient and solvent conditions at a total flow rate of 100, 400,
or 800 μL.min–1. For each flow rate, a gradient from 5% to
95% of organic phase in steps of 5%was run with the following
solvent combinations: H2O/MeOH or H2O/ACN. Three pHs
were tested with a constant concentration over the gradient of
either 0.1% of formic acid (pH = 2.85) or 10mMof ammonium
acetate (pH = 7 or pH = 9) adjusted with ammonia. Thus, a total
of 18 experiments were performed per ionization mode (posi-
tive and negative).

Small molecule pharmaceutical compounds with a wide
range of physico-chemical properties (molecular weight,
logP, pKa, and functional groups) were chosen to prepare
two mixes (see Table 1): one mix of 16 compounds for the
positive ion mode and one containing 7 compounds for evalu-
ation of the negative ion mode. Both mixes were prepared at
three different concentration levels in order to give the same
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final concentration at the three different flow rates (100, 400, or
800 μL.min–1) tested. The mixes prepared for the infusions at
800 μL.min–1 were diluted for the experiments at 400 μL.min–1

and 100 μL.min–1 in order to obtain a signal well within the
linear range of the mass spectrometer (i.e., good signal-to-noise
ratios in all conditions without detector saturation).

Tuning of the UniSpray and ESI source was done at each
experimental flow rate for the mix of compounds analyzed,
using the same solvent composition as intended for the exper-
iment to be performed. At every flow rate, both sources were
tuned to achieve optimal signal intensity for the mix by
adjusting source temperature, gas flows, gas temperature, ex-
traction cone, sampling cone, position of the spray, protrusion
of the capillary and capillary voltage (see Supplementary
Table 1).

All experiments were performed back-to-back on both
sources; one flow rate per ionization mode (+ or –) per day
(total of 6 d). The first experiment of each day was partially
reproduced at the end of the day to ensure that variation of the
absolute intensity was less than or equal to 10% over the day.
The intensity of the calibration mixture of the instrument
(sodium formate) was checked every day to guarantee there
was no loss in MS detector sensitivity between days.

Results and Discussion
Tuning of the UniSpray Source

In order to optimize source sensitivity, the most important
tuning parameter to adjust is the point at which the collimated
spray impacts on the cylindrical target. The maximum signal
intensity is typically obtained when the spray is asymmetrically
positioned such that it impacts on the upper right quadrant of
the target (see Supplementary Figure 2). Under these condi-
tions, the gas flow becomes attached to a portion of the curved
surface and results in asymmetric gas streamlines in the wake

Figure 1. Schematic representation of the UniSpray source

Table 1. List of Compounds Used for the Infusion Experiments with Their
Exact Mass, logP, pKa, and the Concentration Infused in the Mass Spectrom-
eter. LogP and pKa Experimental Values are Extracted from the Literature

Compound Exact mass LogPexp pKaexp Concentration
(ng/mL)

Amiodarone 645.0237 7.80 8.7 78
Amitriptyline 277.1830 4.92 9.4 30
Atenolol 266.1630 0.16 9.6 90
Buspirone 385.2478 2.63 1.9/7.6 40
Cyclosporine A 1201.8414 2.92 - 330
Fluoxetine 309.1340 4.50 9.6 290
Haloperidol 375.1401 3.36 8.3 100
Ketoconazole 530.1488 3.73 2.9/6.5 250
Lincomycin (pos) 406.2138 0.20 7.7 70
Loperamide 476.2231 3.90 8.9 10
Norfloxacin 319.1332 1.49 6.1/8.3 110
Progesterone 314.2246 3.97 - 140
Propranolol 259.1572 3.20 9.6 70
Quinidine 324.1838 2.88 4.2/8.3 50
Terfenadine 471.3137 5.52 8.6 30
Trazodone 371.1513 1.66 6.8 90
Acetaminophen 151.0633 0.51 9.4 2270
Atenolol 266.1630 0.16 9.6 1819
Diclofenac 295.0167 4.2 4 960
Lincomycin (neg) 406.2138 0.2 7.7 2500
Tolbutamide 270.1038 2.34 5.4 170
Warfarin 308.1049 2.7 4.9 150
Enalapril 376.1998 0.27 3.1/5.5 1250
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that are directed towards the ion inlet orifice. This flow phe-
nomenon is known as the Coandă effect [22, 23].

The voltage applied on the rod was found to be less critical
than the capillary voltage on the ESI source. When tuning from
0.5 to 2 kV, the optimal voltage for all experiments performed
with the new API source was 1 kV (see Supplementary
Table 1). Similar to ESI, the protrusion of the capillary has a
clear impact on signal intensity and should be adjusted accord-
ingly upon installation. With the UniSpray source, the best
spray is generally obtained when the capillary is barely pro-
truding from the nebulizer tube. Other source parameters such
as source temperature, gas flows, gas temperature, extraction
cone, and sampling cone voltage were at nearly identical values
on both sources.

Tuning with both sources is very similar; only one more
dimension on the spray axis has to be tuned with the new API
source, whereas other parameters were less critical than with
ESI. Finally, when tuning the spray axis, no significant com-
pound dependence on the signal was observed.

UniSpray Behavior

Even though the source has previously shown radical ion
formation for compounds traditionally analyzed by APCI or
APPI (e.g., benzo(ghi)perylene, 2-fluorophenylboronic acid, 2-
chlorophenylboronic acid....) [17], the mix of compounds used
in this study ionized identically on both UniSpray and ESI
sources. The same adducts such as [M + H]+, [M + Na]+, or
[M + K]+ were observed in similar ratios on the two sources.
Compounds known to undergo in-source fragmentation such
as tolbutamide or diclofenac showed the same fragments at
similar relative intensities on both sources (see Supplementary
Figure 3).

UniSpray-ESI Comparison

Each of the 36 experiments performed has generated at least 19
data points per compound, which represents more than 17,700
MS peaks processed. In order to compare both sources, data
have been compiled in graphs to show the differences and
trends observed. Classic non-Tukey’s box plots are used to
represent the distribution of the data points [24, 25]. It is
important to note that signal intensity gain scales are used in
Figures 2 and 3 as the By^ axis. A relative difference scale in
percentage is used to show the absolute gain or loss of the new
API source signal in comparison to ESI; for example a 100%
By^ value correlates withMS peaks twice more intense with the
new API source than with ESI. Following the same logic, –
200% is associated with an ESI signal three times more intense
than the signal observed on the new API source, whereas 0%
means that the same peak intensity is observed on both sources.
This scale is chosen over a ratio or log scale because the
ponderation of the data points will not mislead the reader,
especially when ESI signal is more intense.

Figure 2 shows pooled data for the intensity gain per com-
pound for all conditions (flow rates and solvents used). All the

compounds, except progesterone and lincomycin, give overall
a higher signal with the new API source.

In Figure 3, the intensity gain is plotted against the different
solvent compositions for all compounds and flow rates (pooled
data) for data averaged along the gradient. In these graphs,
except for ACN/H2O with formic acid in negative ionization
mode, a net gain in signal intensity is observable for the
UniSpray source. The distribution of the data points indicates
higher gain at higher pH for both H2O/ACN and H2O/MeOH
solvents for a gain of 137% in positive mode and 95% in
negative modewith an average around 116% gain (correspond-
ing to a factor 2.2). The box plots, which represent around 1700
points each, show that the data are mostly condensed over a
100%–150% gain range. The extreme values are obtained in
conditions when ionization is not optimal, such as high aque-
ous percentages.

The last graphs (Figure 4) display the intensity peak ratios
between UniSpray and ESI (IUnispray/IESI) for an average of all
compounds and solvents along the gradient. From these graphs
it can be concluded that the signal intensity observed with the
new API source is on average higher than the ESI signal all
over the different gradients tested with relatively higher gains
in aqueous conditions. It is of noticeable importance to point
out that a minimum flow rate is needed to visually observe a
proper impact of the spray on the HV target with the new API
source.

As seen for data obtained at a flow rate of 100 μL.min–1 in
negative mode, the ratio (IUnispray/IESI) in Figure 4 exhibits a
characteristic that is not consistent with the data collected at the
two higher flow rates.

In summary, the compounds studied show a signal intensity
gain (Figure 2) in favor of the new API source. Even though an
average of around 116% gain corresponding to a factor 2.2 is
observed, compounds individually show different gains de-
pending on the conditions. No correlation could be found
between the different gains (ESI or UniSpray) observed and
the molecular weight, functional groups, pKa, or logP of the
studied compounds. This implies that complex ionization
mechanisms are involved with the UniSpray source. Some
tentative hypotheses on the ionization mechanism of the new
API source are given below.

UniSpray Ionization Mechanism

Since the qualitative characteristics of the mass spectra were
the same for both source types used in this study, it would be
reasonable to assume that the new API source can enhance the
ionization processes already existing in high flow rate ESI
sources. In the traditional ESI model, charged droplets are
formed by charge separation in the high electric field region
at the tip of the liquid capillary. At very low flow rates
(<1 μL.min–1), this process proceeds with extremely high
efficiency to yield highly-charged, sub-micron droplets that
almost instantaneously give rise to gas-phase ions due to
Rayleigh disintegration processes [26]. However, at the high
flow rates used in this study (100–800 μL.min–1), it is
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necessary to use a high velocity nebulizer gas flow to atomize
the liquid flow, a process which is known to produce larger
droplets with lower charges per unit volume and, hence, lower
ionization efficiency [27].

Whilst the use of a high velocity gas flow is advantageous
from an atomization viewpoint, it has the disadvantage of
reducing the residence time of droplets between the ESI capil-
lary and the ion inlet orifice of the mass spectrometer, which, in
turn, reduces the time available for droplet evaporation that is
critical for the Rayleigh disintegration process. In-house mea-
surements, using phase Doppler anemometry (PDA) and laser
diffraction particle sizing (LDPS) have revealed that the ESI
and UniSpray nebulizers typically produce initial droplet size
distributions that peak at typical diameters of d0 = 10 μm in the
volume domain and d0 = 1 μm in the number domain.
Furthermore, these measurements reveal that droplets on the

spray axis can have average velocities in excess of 100 m.s–1,
which corresponds to a residence time of <100 μs for the
sources used in this study (ignoring any recirculation effects).
Using evaporation models available in the literature [28], it can
be shown that water droplets with initial diameters of 10 and
0.4 μm will evaporate to diameters of 9.99 and 0.19 μm,
respectively, after a 100 μs residence time. In essence, this
would suggest that a 100 μs residence time is totally inadequate
for efficient evaporation of the larger droplets in the ESI spray.
Whilst this laminar-flow evaporation model may be
oversimplified, it would suggest that only sub-micron droplets
would participate in the production of gas-phase ions by the
ESI process. Since the sub-micron population accounts for
typically <1% of the total sprayed volume, this would contrib-
ute to the low ionization efficiency typically observed with
high flow rate ESI compared with nanospray ESI

Figure 2. UniSpray intensity gain expressed in relative intensity, all conditions pooled per compound. Non-Tukey’s box plots are
used to better visualize the repartition of the data points

Figure 3. UniSpray intensity gain expressed in relative intensity, all conditions pooled per solvent for (a) positive and (b) negative ion
modes. Non-Tukey’s box plots are used to better visualize the repartition of the data points
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(<1 μL.min–1) where submicron-sized droplets contribute sig-
nificantly to the volume distribution.

The above inefficiency argument was the original inspiration
for the UniSpray ionization source that compels high velocity
droplets to impact onto a hot metallic surface, which results in
their break-up into smaller secondary droplets that can be evap-
orated more efficiently at low residence times. A number of
groups have studied the break-up of water droplets on heated
stainless steel surfaces [29]. They experimentally determined
that the number of visible secondary droplets (Nvis) produced
per impact was directly proportional to the droplet Weber num-
ber, which is directly proportional to the droplet diameter and the
square of its velocity. In our case, a water droplet with a diameter
of 4μmand a velocity of 100m.s–1 would have aWeber number
of 571 and would give rise to 35 visible secondary droplets on
impact with the hot target. If we consider a simple linear break-
up model, this would result in secondary droplets with diameters
of the order 1.2 μm. More realistically, a skewed Gaussian
distribution for the secondary population would contain sub-
micron droplets in addition to invisible droplets that could not
be detected by the experimental method used in the above work.

Although the impact of high Weber number droplets is
believed to be a critical feature of the enhanced sensitivity
observed with the UniSpray source, it should be noted that
early in-house experiments with flat-plate stainless steel targets
did not give rise to significant signal enhancements over ESI.
In this respect, it is believed that the geometrical form of the
UniSpray source, shown schematically in Figure 1, plays a
significant part in the enhanced performance of the source. In
particular, it is believed that the curved profile of the target and
the off-axis, perpendicular cross-flow arrangement between the
sprayer and the target give rise to two important gas flow
phenomena that may aid the break-up and desolvation of liquid
droplets in the source, viz. the Coandã effect [30] and surface
microvortices [31].

As a water droplet evaporates, the gas surrounding the
droplet can rapidly become saturated with water vapor, which

ultimately reduces the rate of evaporation due to re-
condensation on the droplet surface. In API sources, this effect
is minimized by supplying a flow of heated dry nitrogen gas to
the nebulized spray where the nitrogen becomes Bentrained^
into the nebulizer flow because of the low pressure created by
the high velocity nebulizing jet. In the case of Coandã flow
attachment to a curved surface, as occurs at the UniSpray HV
target, it is the imbalance of the entrainment flow where flow
cannot penetrate from one side that ultimately leads to a de-
flection of the gas streamlines towards the target surface. This
effect is known to create a stronger total entrainment flow
compared with a free jet, which could aid the droplet
desolvation process by enhanced mixing with the water vapor.
The Coandã effect at the curved target could also improve
source sensitivity by (1) enhancedmixing in the turbulent wake
(vortex shedding) that is observed at the high Reynolds num-
bers associated with the near-supersonic gas velocity, and (2)
the Bbeam steering^ effect that directs ions and charged drop-
lets towards the ion inlet orifice. It is important to note that the
vortex shedding in the gas flow wake is a different phenome-
non to the surface microvortices that will be described below.

For a cylinder in cross-flow, a uniform gas flowwill become
inherently unstable (three-dimensional) in the stagnation region
where the flow becomes attached to the curved surface. These
instabilities take the form of a series of counter-rotating vorti-
ces, the axes of rotation of which are aligned with the stream-
lines of the gas flow [32]. The disturbance wavelength, λ,
between adjacent counter-rotating pairs is known to be inverse-
ly proportional to the square root of the local Reynolds number
[31]. For near-supersonic gas velocities and a target diameter of
1.6 mm, it can be estimated that the surface vortices on the
UniSpray target will be microvortices with an approximate
scale of λ = 37 μm. First, this disturbance dimension is signif-
icant in that it is of the same order as the size of the initial or
secondary droplets and thus may impart energy into the drop-
lets to aid break-up. Second, droplets that enter this stagnation
flow region will travel at a lower velocity than those that

Figure 4. Average intensity ratio with standard error of UniSpray over ESI plotted versus the percentage of organic phase for (a)
positive and (b) negative ion modes
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remain in the free flow and will be subjected to enhanced heat
transfer from the hot target surface and further mixing with the
entrained nitrogen gas as described above.

In this section, we have sought to provide an explanation of
how the unique geometry of the UniSpray source gives rise to a
number of hydrodynamic and aerodynamic phenomena that
may aid in the nebulization and desolvation of primary droplets
from the liquid capillary. Whilst these hypotheses may be
supported by the observation of a greater increase in sensitivity
over ESI for high aqueous mobile phases where nebulization
and desolvation are particularly difficult, it is clear that the
understanding of the experimental data is far from complete.
The processes described thus far are highly interdependent and
highly complex from a modeling perspective. In particular, the
exact role of themetallic surface in the flow stagnation region is
not fully understood. It is known that any significant damage
(gouging) to the target surface in the stagnation region, which
subtends an arc of approximately 45o from the spray impact
point to the point of flow detachment, will severely affect the
source performance. While some droplet charging originates at
the point of nebulization, other processes that resemble
electrospray, spray electrification [33], statistical charging as
observed in sonic spray [34] or thermospray ionization [35],
may account for droplet charging at the point of impact on the
high voltage target. Work will continue with a view to gaining
a thorough understanding of these ionization processes.

Conclusion
On average, a higher signal intensity was observed on the new
API source that will lead to better sensitivity if selectivity is
warranted. The latter depends on the type of mass spectrometer
used (e.g., high resolution MS, MSn, ion mobility capabilities,
etc.) and the nature of the sample (background). Therefore,
signal intensities were reported, giving an honest back to back
comparison with ESI independent of any parameters that are
not related to the source.

Research on the droplet break-up mechanism is mainly
focusing on the applications of inkjet printing and other aerosol
techniques, aeronautic and fuel injectors [36, 37]. More re-
search on high velocity micro-droplets would be valued to
better understand the ionization mechanism of UniSpray and
similar sources. Meanwhile, similar work on different classes
of compounds (e.g., peptides and proteins), can highlight po-
tential applications and give additional information on the
ionization mechanism of the new API source.
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