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a b s t r a c t

Electrosonic spray ionization (ESSI) has been studied as an interface between high-performance liquid
chromatography (HPLC) and mass spectrometry (MS), using sample flow rates up to 3.0 ml min−1. This
ionization interface was compared with pneumatically assisted electrospray ionization (ESI) using mass
spectrometry for detection. For experiments that did not involve direct comparison of different flow
rates, the ESI experiments were performed using post column splitting to work at optimal conditions.
ESSI allows the interfacing of conventional or high-resolution liquid chromatography (LC) methods to
mass spectrometry without post column splitting. High sample flow rates could be handled without
a significant loss of signal intensity using a nebulization gas flow rate of 5.5 L min−1. Since ESI needs
to be operated with lower sample flow rates, it is limited to micro/nano LC systems, or post column
splitting must be used. In particular, nano LC systems have to be treated with great care and require
constant maintenance. When using post-column splitting, the increased diffusion can become a problem
especially when using systems with very small void volumes. In all experiments ESSI showed better
signal intensities than a commercially available, pneumatically assisted ESI source. ESSI does not require
heating of the nebulizer gas, which should help to preserve the original structure of thermally unstable
molecules. Therefore, ESSI is presented as an alternative to the commercially available heated ESI sources
of AB SCIEX, Thermo Fischer, Agilent and Waters. The observed LC-ESSI-MS ion chromatograms are shown
to be very stable even when using flow rates higher than 1.0 ml min−1, which could be very suitable for
ultra high performance LC, where sample flow rates up to 2.0 mL min−1 with backpressures up to 1200 bar

are used. Also, a difference in the relative intensities of singly and doubly protonated peptide monomers
and dimers was observed between the two ionization methods. The coefficients of determination for
the calibration of instrument response for Val–Tyr–Val and Met-Enkephalin showed excellent linearity
over a wide concentration range (0.1–100 �M), while ESI results were only linear over a much smaller
range (0.1–20 �M). The observed behavior is thought to be caused by insufficient ionization efficiency of
solutions above ∼20 �M by ESI, exemplifying the robustness of ESSI as an interface between LC and MS.
. Introduction

Liquid chromatography–mass spectrometry (LC–MS) has
ecome one of the most popular analytical techniques during
he last 10–20 years for the analysis of a wide range of com-
ounds [1,2]. The three most widely used atmospheric pressure

onization (API) technique that have been developed for a facile
oupling of LC with MS are electrospray ionization (ESI), atmo-
pheric pressure chemical ionization (APCI), and atmospheric

ressure photoionization (APPI), as recently reviewed by Kos-
iainen and Kauppila [2]. Among the most widely used API
echnique today is ESI. LC–ESI–MS is a highly sensitive and specific

∗ Corresponding author. Tel.: +41 44 632 43 76.
1 These authors contributed equally to this work.

021-9673/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2011.04.030
© 2011 Elsevier B.V. All rights reserved.

analysis method for small polar organic compounds and large
biomolecules.

In LC-ESI-MS, water is a poor solvent compared to organic sol-
vents due to its higher surface tension, lower volatility and high
dissolving energy, which makes it hard to electrospray aqueous
solutions. This is a real drawback if highly aqueous conditions are
required for good separation in the LC procedure. A further draw-
back for LC–ESI–MS is the relatively low maximum tolerable flow
rate, which is around 20 �L min−1 [3]. This means that conventional
LC columns (4.6 mm i.d.) require post column splitting. Higher flow
rates, up to 200 �L min−1, can be handled using a pneumatically
assisted electrospray, formerly referred to as ionspray, an interface

developed by Bruins et al. [4]. Most of the modern ESI interfaces
in use today are pneumatically assisted, usually using nitrogen
as a “sheath” gas. In 1992, Lee and Henion [5] described a ther-
mally assisted interface capable of operating with flow rates up to

dx.doi.org/10.1016/j.chroma.2011.04.030
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00 �L min−1 using temperatures from 150 to 240 ◦C. Hopfgartner
t al. [6] presented a high-flow LC-ESI-MS interface, which allows
or the use of flow rates up to 2 mL min−1 by adding a simple liquid
hield between the ion sampling capillary and the pneumatically
ssisted (nitrogen gas pressure 5.4 × 105 Pa) ESI. At the same time
iraoka et al. [7] presented pneumatically assisted ESI parallel to

he ion sampling orifice using 2–2.8 × 105 Pa nebulizer gas (N2),
hich gave them the opportunity to accommodate sample flow

ates up to 4.4 mL min−1. However, at 4.4 mL min−1 the measured
on intensity decreased by nearly a factor of 10. Furthermore, the
ntire optimization of their setup was done with a much smaller
ample flow rate, 100 �l min−1. Sonic spray ionization (SSI) was
ntroduced as an interface for CE-MS and LC-MS in 1994. In this
echnique, charged droplets are produced without a heating cap-
llary or applying an electric voltage to the capillary tip. A sample
olution is introduced through a capillary with a coaxial gas flow.
t was shown that charged droplets are produced in the spray at
tmospheric pressure at high gas velocities. Gas flow rates up to
L min−1 could be used, with an optimum at 3 L min−1. It was also

ound that the ion intensity strongly depended on the gas velocity;
n intensity maximum was reached at sonic speed (around Mach
) [8,9]. A study reported a linear nitrogen velocity between Mach
(333 m s−1) and Mach 3 (1000 m s−1) using SSI to couple LC with
S [10]. Ion formation can be explained by the proposed statistical

harging model [11]. In 2002, the performance of SSI was compared
o the better known ESI interface for LC–MS. Similar results were
ound and in some cases even better sensitivities for opiate analysis
ere obtained using the SSI interface [12]. Recently SSI has become

ommercially available as an interface for LC–MS systems [10,13].
In 1994, SCIEX introduced turbo-ionspray, which is capable of

andling a flow rate of 1 mL min−1, by the use of a heated gas beam
o improve the desolvation of the sprayed droplets. After 2003,
everal manufacturers have introduced ion sources for high flow
pplications using heated desolvation gas, which underscores that
here was and still is a need for interfacing to high chromatographic
olvent flow rates. A solvent flow rate of 1 ml min−1 could be han-
led with the ESI source offered by Waters, which uses additionally
o the nebulizer gas heated desolvation gas to handle this flow rate.
CIEX introduced in 2003 the TurboV source, a further improve-
ent of the turbo-ionspray [14,15]. The HESI II (2008) source is the

mproved version of the HESI source from Thermo Fisher which
ses a nebulization gas temperature of 773 K and an ion transfer
ube temperature of 673 K. Using this source, solvent flow rates up
o 1 mL min−1 can be handled. A flow rate up to 2.5 mL min−1 can
e efficiently nebulized using the Agilent Jet Stream system (2009)
ith the aid of a coaxial super-heated sheath gas to create a higher

on density in front of the MS cone. AB SCIEX markets the API 4000
ystem, which uses a dual heater technology with improved gas
ynamics. This ion source is promoted for handling flow rates up
o 3 mL min−1.

Electrosonic spray ionization (ESSI) is a new variant of pneu-
atically assisted ESI, which achieves very efficient nebulization
ithout heating to high temperatures. It was introduced by Takats

t al. [16] in 2004 combining a supersonic gas jet (similar to
SI) with ESI. When analyzing protein samples, extremely narrow
harge state distributions and sensitivities similar to nanoESI were
escribed. Varying the spray potential from 0 V (pure SSI) to 3.0 kV,
he intensity was found to increase by a factor of 2. It was argued
hat increasing the gas flow rate leads to very efficient solvent evap-
ration and causes a lower temperature of the spray by adiabatic
xpansion of the nebulization gas. Moreover, low peak broaden-
ng and the observation of one predominant charge state were

otable. From their observations it was concluded that proteins
re close to a “native-like” conformation in the gas phase when
prayed by ESSI [16]. ESSI-MS has therefore generated interest to
tudy non-covalent protein interactions [16,17].
1218 (2011) 3704–3710 3705

The aim of this work was to study the figure of merit of ESSI
as an alternative HPLC–MS interface to the commercially avail-
able heated ESI sources by AB SCIEX, Thermo Fischer, Agilent and
Waters. Using higher sample flow rates combined with small diam-
eter columns help to reduce the overall solvent consumption as
well as the separation time of an analyses [18]. Therefore, interfaces
which can handle high sample flow rates are becoming more inter-
esting. In ESSI, one order of magnitude higher nitrogen pressure
(up to 2.3 × 106 Pa) and nebulization gas flow rates are used than
typically employed in pneumatically assisted ESI [6]. The higher
nebulization gas flow rate produces smaller droplets, which help
to get more molecules into the gas phase even when the water
content of the solvent is quite high. Moreover, no heating of the
nebulization gas is needed, and ESSI is thought to be a much softer
ionization source compared to other commercially available ion
sources [17].

2. Experimental

2.1. Materials and sample preparation

Water was purified in-house using a Millipore system (Bed-
ford, MA, USA). Acetonitrile (HPLC grade, Sigma–Aldrich, Buchs,
Switzerland) and Trifluoroacetic acid extra pure >99% (TFA, Acros
Organics, Chemie Brunschwig, Basel, Switzerland) were used to
prepare the mobile phases for sample separation. A HPLC standard
mixture of the peptides used in this work (0.5 mg Gly–Tyr (G3502)
MW 238.2, 0.5 mg Val–Tyr–Val (V8376) MW = 379.5, 0.5 mg Met-
Enkephalin (M6638) MW = 573.7, 0.5 mg Leu-Enkephalin (L9133)
MW 555.6, 0.5 mg Angiotensin II (A9525) MW 1046.2, was pur-
chased from Sigma Aldrich (Buchs, Switzerland). This peptide mix
was dissolved in 1.00 ml (±0.01) water and afterwards used as
stock solution. Calibration was performed using seven dilutions of
the stock solution (50 �g mL−1, 10 �g mL−1, 5 �g mL−1, 1 �g mL−1,
0.5 �g mL−1, 0.1 �g mL−1 and 0.05 �g mL−1) in water/acetonitrile
(1:1) containing 0.1% TFA. A 10 �g mL−1 Tyr–Tyr–Tyr (Sigma
Aldrich, Buchs, Switzerland) solution used for the performance
optimization was prepared by diluting 100 �L of a 104 �g mL−1

Tyr–Tyr–Tyr stock solution in 75:25 acetonitrile/water containing
0.1% TFA.

2.2. Liquid chromatography

All experiments described in this work were performed on an
HPLC (Model Shimadzu SCL-10A VP, Duisburg, Germany) equipped
with a photo diode array detector (SPD-M10A VP). The LC efflu-
ents were delivered by an LC-10AT VP pump which itself was
connected to a low pressure mixing valve (FCV-10AL VP). The
samples were loaded with an external manual sample injector
(Rheodyne, Whitstable, UK) using a 20 �l loop. Method develop-
ment was done off-line with the photo diode array (PDA) detector
set to 220 nm. A flow rate of 1.0 mL min−1 was used throughout,
unless otherwise noted. The chromatographic separation of the
peptide mix was accomplished with a Waters Symmetry300TM

C4 column (4.6 mm × 150 mm, 3.5 �m, Waters, Milford, MA, USA)
using the following method: starting with 100% A, holding this ratio
for 4 min, decreasing in 7 min to 70% A and finally holding this ratio
again for 2 min (A = 5:95 acetonitrile/water containing 0.1% TFA;
B = 75:25 acetonitrile/water containing 0.1% TFA). The HPLC was
controlled by the CLASS-VP version 614 SP1 software.

2.3. ESI source
ESI measurements were carried out using a commercial source
(Waters/Micromass Ltd.). The inner diameter of the stainless steel
(SS) spray capillary was 75 �m and the spray distance (capillary
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Fig. 1. (a) Dependence of the signal intensity on nebulizer gas flow, for three dif-
ferent sample flow rates and two different distances to the orifice, using the ESSI
interface. The sample was delivered to the interface by the LC pump system. Nitro-
gen was used as nebulizer gas. 30 s of the measured data were averaged (n = 3). The
dashed line indicates the nebulizer gas flow rate near the optimum that was used in
all subsequent measurements. (b) Signal intensity versus versus nebulizer gas flow
for ESI and ESSI, for two distances to the orifice. Sample delivery was achieved using
the LC system. The nebulizer gas flow was adjusted by changing the nitrogen gas
706 S. Schmid et al. / J. Chroma

ip to the orifice of the Q-TOF) was adjusted to 1 cm. The ESI probe
as mounted in the commercially available housing, which fixes

he ESI source perpendicular to the MS cone. The tip of the SS capil-
ary was adjusted to protrude 0.5 mm from the nebulizer capillary.
he ESI source is capable of handling a flow rate of 1 mL min−1,
ince it is designed for coupling with standard HPLC systems; for
est performance the manufacturer suggests a flow rate of around
00 �L min−1 (for further information see supporting information).
he nebulization gas flow was set to 2.5 L min−1 and the desol-
ation gas valve was fully opened (∼500 L h−1, 523 K, for further
nformation see supporting information). A capillary voltage of
.5 kV was applied to the SS capillary. For all comparisons between
SI and ESSI except the experiments where the solvent flow was
irectly compared, post column splitting was used for the ESI to
perate it in optimal conditions.

.4. ESSI source

ESSI measurements were performed using a modified design
f the ESSI source described by Takats et al. [16]. For a detailed
escription of the ESSI source used for this work see Jecklin et al.
17]. A spray angle of 90◦ was used throughout, similar to the Z-
haped ESI interface, in order to minimize contamination of the
ource region. Note that the 90◦ angle differs from that used in our
revious work [17,19]. The spray distance was kept at 1 cm, unless
therwise noted. Nitrogen was used as nebulizing gas at a pressure
f 20 bar (5.5 L min−1), unless noted otherwise.

.5. Mass spectrometer

Mass spectrometric analysis was performed with a hybrid
uadrupole time-of-flight mass spectrometer (Q-TOF Ultima;
aters/Micromass Ltd., Manchester, UK, for further information

ee supporting information) equipped with a Z-spray interface. The
nstrument was controlled by the MassLynx version 4.0 software.
ll measurements were performed in positive ion mode. The source

emperature was kept at 353 K for ESI and ESSI measurements. The
ampling cone voltage was kept at 35 V for all the measurements.
he RF1 voltage, the potential applied to the first ion tunnel in
he linear flight path before the quadrupole, was varied from 40
o 100 V. The cone gas flow on the other hand was set to ∼1 L h−1

or ESI as well as ESSI.

.6. Safety considerations

Since a huge amount of solvent is being evaporated during the
xperiments, an additional gas exhaust close to the ESSI source is
ecommended. Since ESSI generates more noise than conventional
SI, it is recommended to use the interface in a noise reducing
ousing.

. Results and discussion

In the first set of experiments, the gas flow rate and spray dis-
ances of the ESSI setup were optimized in order to get the highest
ignal intensity in the absence of the HPLC system. To minimize
ontamination of the mass spectrometer from the high rate of
ample delivery, all experiments were performed using a Z-spray
onfiguration. The summed ion current of Tyr–Tyr–Tyr (m/z 508)
rom a 30 s acquisition at three different sample flow rates and
wo ESSI positions as a function of nebulizer gas flow is presented

n Fig. 1a. The results were obtained by direct infusion experi-

ents. Three sample flow rates (0.1 mL min−1, 1.0 mL min−1 and
.0 mL min−1) were tested at eight different nebulizer gas flow
ates (1.5 L min−1, 2.2 L min−1, 2.8 L min−1, 3.5 L min−1, 4.2 L min−1,
pressure. 30 s of the measured data were combined (n = 3). The measurements at
6 cm were also performed with ESI but no significant signals were detected.

4.8 L min−1, 5.5 L min−1, and 6.2 L min−1). Every point was mea-
sured three times by acquiring data for 30 s. The spray position
(1–6 cm) was optimized by monitoring m/z 508 [M+H]+ for a sam-
ple flow rate of 0.1 mL min−1. The spray distance resulting in the
best signal intensity was found to be ∼1 cm. This is in excellent
agreement with the data found in the literature where 1 cm has
been determined to be the optimal spray distance with various pro-
tein samples [16]. When compared to a spray distance of 6 cm, the
signal intensity could be improved by a factor of ∼6 (c.f. Fig. 1a).
When using a higher sample flow rate the spray plume becomes
wider and thus a smaller percentage of the total plume was sam-
pled by the MS cone. This resulted in a decrease of signal intensity.
A higher nebulizer gas flow helps to reduce this effect by allowing

for better focusing of the spray in the direction of the MS cone.

At a spray distance of 1 cm and a nebulizer gas flow rate of
3.5–4 L min−1 the intensity seems to reach a plateau. For a sample
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Fig. 3. Separations of five peptides with a concentration of 10 �g mL−1. Injection vol-
ig. 2. Normalized signal intensity fluctuations observed with the ESI and the ESSI
nterface, using four different sample flow rates (0.1, 1.0, 2.0 and 3.0 mL min−1)

easured over a period of one minute.

ow rate of 0.1 mL min−1, this plateau was reached at a nebulizer
as flow rate of 3.5 L min−1. For a sample flow rate of 1.0 mL min−1

he maximum intensity occurs at the highest nebulizer gas flow
ested. Using a sample flow rate of 2.0 mL min−1 a plateau appears
t 5.5 L min−1. A nebulizer gas flow rate of 5.5 L min−1 seemed opti-
al for all studied sample flow rates, which was the value chosen

or all further experiments. However, at a certain point complete
esolvation will be reached, as indicated by the plateau. These
easurements were repeated for a spray distance of 6 cm. The

bserved intensity maximum, however, seemed to be reached at
igher nebulizer gas flow rates, and the absolute ion current inten-
ity obviously has decreased. The reason for this ion loss is that the
pray has a much wider spatial distribution using a spray distance
f 6 cm, whereas less ions can enter the MS compared to a spray
istance of 1 cm. Therefore a spray distance of 1 cm has been cho-
en for the ESSI interface. The partial pressure of the solvent in the
pray region using ESSI will be rather low and the resolvation of
he analyte is slow even though very high flow rates are used. This
s thought to be one of the key reasons why ESSI was observed to
utperform ESI.

In the next set of experiments, the dependence on the sample
ow rate delivered by the HPLC system was studied using the opti-
al gas flow conditions determined above. This is a key parameter

o consider when coupling with LC, in order to figure out which flow
ates are tolerated by an ESSI setup. Fig. 1b reports the signal inten-
ity of Tyr–Tyr–Tyr (m/z = 508) monitored as a function of sample
ow rate. Experiments were carried out with ESI and ESSI, where
he latter was operated at two different spray distances (1 cm and
cm). Sample delivery by the HPLC pump ensured stable sample
ow rates ranging from 0.1 to 3.0 mL min−1. ESI and ESSI both show
decrease of the signal intensity with increasing sample flow rate,
owever this effect is substantially greater in the case of ESI. For

nstance, keeping the spray distance fixed at 1 cm, when the sample
ow rate was increased from 0.1 to 2.0 mL min−1 the ESI generated

on signal decreased by a factor of 30, while the ESSI generated ion

ignal only decreased by a factor of 2. Moreover, ESSI always yielded
igher signal intensities than ESI. This clearly shows that it is quite
seful to couple ESSI-MS with an HPLC, especially in the high flow
egime.
ume, 20 �L. Peptides: Gly–Tyr (a), Val–Tyr–Val (b), Methionine Enkepahlin Acetate
(c), Leucine Enkepahlin (d), Angiotensim II acetate (e). Concentration: a, 42 �M; b,
26 �M; c, 17 �M; d, 18 �M; e, 10 �M.

Using ESSI, quite reasonable signal intensities can be achieved
even at a spray distance of 6 cm. At sample flow rates from 0.1,
1.0 and 2.0 mL min−1 the signal intensities were within a factor of
two of the ESI measurements performed at a distance of 1 cm. This
indicates quite a sharp spray plume, which has also been described
by Takats et al. [16].

In the following experiment the spray stability of ESI and ESSI
at four different sample flow rates (0.1, 1.0, 2.0 and 3.0 mL min−1)
was studied. The signal intensities obtained were normalized and
are presented in Fig. 2. For ESI, an increase of the sample flow rate
leads to a strong decrease in spray stability. In contrast, the spray
stability of ESSI is only slightly affected by higher sample flow rates.
The very high nebulization gas flow rate seems to provide efficient
and stable solvent nebulization, even at high sample flow rates. This
result shows that a stable coupling of our ESI source with flow rates
» 0.1 mL min−1 is difficult, while coupling with ESSI still provides

stable signals at higher sample flow rates. Of course, when using
high sample flow rates with an ESI source, these instabilities can
be compensated for by post column splitting. Splitting the sample
flow does have disadvantages, including increased dispersion and
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ig. 4. Mass spectra obtained from the peptieds Val–Tyr–Val (42 �M), Leucine Enke

dditional sources of error for quantitative measurements. Using
ost column splitting usually also results in a larger void volume,
ince adjustment of the sample flow rate is usually accomplished by
sing two capillaries with different back pressures or a restriction
alve [20]. It is know that the increased void volume also increases
he dispersion. Therefore, if high efficiency columns (like in ultra
igh performance LC) are used, the connection tubes should either
e reduced to the absolute minimum in length (small void volume)
r, better even, completely eliminated [21]. ESSI allows a simple and
table connection with sample flow rates up to 3.0 mL min−1 with-
ut any further treatment of the sample flow after the HPLC outlet.
ur data suggests that ESSI is a very good choice for interfacing
onventional HPLC with MS.

As a further demonstration of the successful use of LC-ESSI-MS,
separation of five small peptides using a C4 column and a solvent
radient is reported. The baseline separation of all five analytes
ithin 13 min was possible using a 1.0 mL min−1 solvent flow rate.
ote that in order to work at optimal ESI conditions, post column

plitting was used (∼100 �l min−1). Fig. 3 presents the UV and MS
hromatograms obtained from the analysis of the standard peptide
ixture (Gly–Tyr, 42 �M; Val–Tyr–Val, 26 �M; Met-Enkephalin,

7 �M; Leu-Enkephalin, 18 �M; Angiotensin II, 10 �M). The off-
et in the retention time between the UV and the MS traces is due
o different void volumes required to reach the respective detec-
ors. Very sharp and intense signals were observed when the ESSI

nterface with a solvent flow of 1.0 mL min−1 was used.

When comparing the ESI–MS and ESSI–MS spectra some major
ifferences can be seen (c.f. Fig. 5). With ESSI, the peptide
al–Tyr–Val forms much more of the singly charged peptide dimer
e (17 �M), and Angiotensin II acetate (10 �M), using the ESI and the EESI interface.

[2M+H+] compared to ESI. The same was observed for leucine
enkephalin. Conversely, angiotensin II acetate shows the most
intense signal as doubly charged peptide in both ESI and ESSI. How-
ever, using ESSI, a higher singly charged peptide signal compared to
the ESI experiment was observed. These results let us conclude that
the initial droplet size generated using ESSI must be different com-
pared to ESI. The reason for this could be the higher temperature of
the used desolvation gas (nitrogen, 523 K) in ESI, or simply the much
higher sample flow rate used in ESSI (1.0 mL min−1 compared to
<100 �L min−1). It has been reported that ESSI should result in only
one dominant charge state when analyzing proteins [10,16]. Since
only small peptides were separated here (highest MW = 1046 Da),
the use of ESSI only had the effect of decreasing the intensity of the
doubly charged species; species with three or more charges were
not observed. Cluster formation was also observed, as expected
from previous SSI experiments [22]. We think that this clustering
in ESSI is a sign of very efficient nebulization.

In order to test the ESSI interface for high flow (1 ml min−1)
LC methods, we performed a 6-point calibration for the peptide
Val–Tyr–Val and Met-Enkephalin. Using ESI, the same calibra-
tion was done by post-column split flow (∼100 �L min−1). The
calibration was accomplished by adding up all signal intensi-
ties that were related to the peptide (singly charged monomer,
singly charged dimmer etc.). Injecting 6 different concentration
levels for Val–Tyr–Val (130, 26, 13, 2.6, 1.3 and 0.26 �M) and for

Met-Enkephalin (87, 17, 8.7, 1.7, 0.87, 0.17 �M) resulted in the
calibration curves shown in Fig. 4. The linearity observed in the
calibration curves generated by using the ESSI interface was sig-
nificantly better over the entire concentration range compared to
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ig. 5. Calibration plot for the peptides Val–Tyr–Val (Concentrations: 130, 26, 13,
omparing ESI with ESSI as an ion source for the LC. ESI was performed using post c

he curves generated using the ESI interface. Coefficients of deter-
inations (r2) of 0.959 and 0.998 were observed for the peptide
al–Tyr–Val and Met-Enkephalin using ESSI, whereas lower val-
es of 0.759 and 0.837 were obtained by simply placing a line of
est fit through all six calibration points obtained for the same two
eptides generated by an ESI source. It can, however, be pointed
ut that ESI shows good linearity up to a concentration of 25 �M.
bove this concentration, the ionization efficiency of the ESI inter-

ace is probably not sufficient to fully ionize the increasing amount
f analyte. Using only the first five points of the Val–Tyr–Val cali-
ration for the ESI interface (r2 = 0.9811), a linear extrapolation to
concentration of 130 �M would result in a hypothetical intensity
f 7300, which is similar to what was observed for ESSI.

It is common to find nebulization gas flow rates in publica-
ions about high-flow interfaces for HPLC-MS. However, what really
ounts when comparing different interfaces is the nebulization gas
elocity, not the volume flow. Therefore, we decided to explore the
inear nebulization gas flow velocity in more detail. Many differ-
nt diameters of spray and nebulization capillaries are reported in
he literature [6,7,9,16]. The sample capillary of the ESSI source is
enerally positioned 0.1–0.2 mm outside of the nebulization cap-
llary [16]. Therefore, the calculated nebulization gas velocities in
his work are slower at the tip of the sample capillary, since as
oon as the nitrogen leaves the capillary end, a continuous decel-
ration of the nebulization gas takes place. In their review, Covey
t al. [23] report gas velocities from 100 to 300 m s−1 for the major-
ty of the nebulizers. Kovacs et al. [10], on the other hand, report
ebulization gas velocities up to 1000 m s−1 (Mach 3) for SSI. The
ebulization gas velocity at the outlet of the sample capillary in this
ork is thought to be in this range. As a simple approximation to

e able to compare different ESI interfaces, the gas flow velocity is

btained by multiplying the measured nitrogen flow rate with the
rea between the inner and the outer capillary. Since, the used ESI
nterfaces are very similar in their main design a comparison using
he easy calculable nebulizing gas velocity seems to be very rea-
.3, 0.26 �M) and Met-Enkephalin (Concentrations: 87, 17, 8.7, 1.7, 0.87, 0.17 �M)
n splitting, whereas ESSI was directly coupled to the LC system.

sonable. For our ESSI setup, a nebulization gas flow of 5.5 L min−1

results in a nebulization gas velocity of 2900 m s−1. For the com-
mercial ESI interface a nebulization gas flow of 5.5 L min−1 would
result in a nebulization gas velocity of 850 m s−1. The gas flow veloc-
ity of the setup proposed by Hopfgartner et al. [6] was calculated
to be around 500 m s−1, the one from Hirabayashi et al. [8] around
180 m s−1, and from Takats et al. [16] around 1590 m s−1. Hiraoka
et al. [7] observed a rather stable ion signal intensity up to a sam-
ple flow rate of 2.3 mL min−1. Higher sample flow rates resulted in a
strong decrease of the ion signal intensity, whereas in the work pre-
sented here, a slight and continuous decrease of the ion intensity
towards higher sample flow rates could be observed. The 2.8 atmo-
sphere back pressure described in their publication should result
in a nebulization gas flow rate of roughly 1 L min−1, which for their
setup would result in a nebulization gas velocity of 80 m s−1. This
is 36 times slower than the nebulization velocity used in our work,
which for our interface would lead to poor ion signal stability.

The resulting higher acceleration of the sample helps handling
higher sample flow rates, which has been shown in the present
work. Due to the high nebulization gas velocity using ESSI the
generated droplets are very small. This improves the ionization effi-
ciency, since it is easier to evaporate solvent from smaller than from
larger droplets. A key recommendation is therefore to optimize the
nebulization gas velocity (rather than simply the gas flow) in the
design of new high flow ion sources. A well-designed ion source
will improve stability, sensitivity, and could reduce nitrogen gas
consumption.

4. Conclusions
Electrosonic spray ionization was applied to the ionization of
a HPLC effluent with sample flow rates up to 3.0 ml min−1, and
was compared to pneumatically assisted ESI. Using ESSI as an inter-
face offers an easy way to couple of LC with MS while maintaining
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igh flow rates. Moreover, with ESSI, good spray stabilities can be
chieved even when using high sample flow rates. A nebulizer gas
ow rate of 5.5 L min−1 was found to be optimal for all sample
ow rates. Very good coefficients of determination for the calibra-
ion of Val–Tyr–Val and Met-Enkephalin were found for ESSI. The

ain reason for the superior performance of ESSI is thought to be
decrease in the ionization efficiency of the ESI at higher rates of

ample delivered as well as higher concentrations (c.f. Fig. 5). ESSI
an also be used with standard LC columns, which feature analyt-
cal ruggedness, high separation efficiency and can also be used

ith large injection volumes. ESI is better suited to operate with
ower sample flow rates, which is in the flow regime of micro/nano
C systems that are more expensive and usually more difficult to
andle than a common LC-system. A standard HPLC-ESI-MS inter-

ace requires flow splitting, in which case diffusion can become
roblematic. Since modern ultra-high performance LC (UHPLC) sys-
ems work with very low void volumes (<100 �L), high sample flow
ates (up to 2.0 mL min−1 with backpressure of >1000 bar) and small
iameter columns (very short separation time), they could be cou-
led directly with the ESSI interface without generating bigger void
olume by post column splitting. When using UHPLC rather high
ample flow rates are common, which reduce analysis time [18]
nd the ESSI source could be a good alternative for a high flow MS
nterface.

At all sample flow rates, ESSI showed higher signal intensities
han ESI, even though no heating of the nebulizer gas was used,
hich could help to preserve to ionize thermally labile substances.
ebulization of thermally unstable molecules using LC with high

ample flow rates for separation could benefit strongly from the
nterface presented here. Furthermore, the ESSI interface provides
higher linear range due to very efficient ionization, well into the
M range.
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Supplementary data associated with this article can be found, in
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