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Study of salt effects in ultrasonication-assisted
spray ionization mass spectrometry
Dear Sir,

Ultrasonication-assisted spray ionization mass spectrometry
[1,2]
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(UASI-MS) is a recently developed technique. The UASI-MS
requires only an inexpensive ultrasonicator and a tapered capil-
lary for the generation of gas-phase ions from liquid samples at
atmospheric pressure. No external voltage is connected to the
UASI capillary emitter, which is close (~5mm) to the orifice of a
mass spectrometer. Ultrasonication drives the liquid sample from
the inlet to the capillary outlet followed by formation of fine
droplets, and gas-phase ions are then generated for MS analysis.
UASI-MS is suitable for the analysis of a wide mass range of
biomolecules, such as amino acids, peptides, and proteins.[1] A
notable advantage of coupling UASI for MS analysis is relatively
low ion background observed in the UASI mass spectra. In con-
ventional electrospray ionization (ESI) MS, background ions result-
ing from electrochemical reduction/oxidation of solvent are
unavoidable because of the use of high voltages on the sample
emitter to generate electrospray. Alternatively, ultrasonication is
used to assist the generation of very fine droplets from the outlet
of a tapered capillary in the UASI-MS without applying any electric
connection in the UASI capillary emitter. The capillary outlet is
close to the orifice of the mass spectrometer, which is applied
with a high voltage. Thus, we believe that the generated fine
droplets are polarized on the way to the orifice of the mass spec-
trometer.[3] A floating potential was therefore generated. After
subsequent solvent evaporation, the polarized droplets shrink
followed by disruption because of coulombic repulsion resulting
from the increase of the charge density, leading the formation
of smaller droplets with net positive charges, neutral state, and
net negative charges. The positively charged droplets tend flying
to the orifice of the mass spectrometer applied with a negative
potential. After desolvation, gas-phase ions are readily formed
for MS analysis. Owing to the ease of polarization, the formation
of very fine droplets is a prerequisite for successful generation
of multiply/singly charged ions when no electrode/voltage is ap-
plied on the sample emitter as demonstrated in several
reports.[1,2,4–7] In the UASI-MS, ultrasonication is significant for
the assistance of the formation of fine droplets. The elimination
of the use of high voltages in the UASI approach also leads the
reduction of background ions. In this work, UASI-MS is further
employed for the analysis of saccharides and samples containing
high concentrations of salts. The salt effects of UASI-MS are investi-
gated in this study.
An ultrasonicator (2.5 l, 160W, 42 kHz), generally filled with 2.1 l

of water, was used in the UASI setup. A capillary was tapered to
have a sharp tip. The tapered capillary (length, 20 cm; tip diam-
eter, ca. 10� 3mm) was filled with the sample solution before
being placed in an aqueous sample solution within a vial in the
ultrasonicator (Fig. 1). The tapered capillary outlet was close
(~5mm) to the inlet of an Esquire 2000 ion trap mass
J. Mass. Spectrom. 2012, 47, 480–483
spectrometer (Bruker Daltonics, Bremen, Germany). No electric
connection was made in the UASI capillary. The temperature of
the heated transfer glass capillary in the mass spectrometer was
maintained at 150 �C. The voltages on the MS capillary inlet were
set at �1500 V for the spectra recorded in positive ion mode. The
UASI signals were readily acquired when the ultrasonicator was
switched on. A microTOF II focus MS (Bruker Daltonics, Germany;
mass accuracy, <2 ppm; mass resolution, >16 500 FWHM) was
used to confirm the mass of the ions generated from the UASI
process. When the commercial spray emitter (i.d. = ~50mm) was
used for conducting ESI-MS analysis in positive ion mode, the
spray voltage applied on the MS capillary inlet was set at �4 kV
and the ESI emitter was grounded. The flow rate for sample
infusion was set at 5 ml/min, the pressure of the nebulizer gas
was set at 10 psi, and the temperature of the heated transfer
capillary was maintained at 300 �C with a dry gas flow (5 l/min).

Figures 2(a) and 2(b) display the ESI and UASI mass spectra of
glucose, respectively. Sodium ion adducts of glucose at m/z 203
dominate the ESI mass spectrum, whereas the UASI mass spec-
trum is dominated by the peak at m/z 198. A high-resolution
microTOF was used to obtain the accurate mass of the peak at
m/z 198 and confirm its identity. The mass was identified as
198.0980, which possibly corresponds to the ammonium ion
adducts of glucose (exact mass of C6H16NO6 = 198.0972). Further-
more, the UASI mass spectrum contains fewer background ions
compared with that of the ESI. Unlike in the ESI-MS analysis,
glucose favors binding with ammonium ions in the UASI-MS
analysis, although no additional ammonium ions were added to
the glucose sample. We believe that ammonia may come from
ambient air, mainly contributed by human breath, which is usu-
ally at ppb concentration level.[8] Although only a trace amount
of ambient ammonia is available, it is sufficient for the formation
of ammonium ion adducts of glucose in the UASI-MS analysis.
Presumably, ammonium ions were formed in the UASI fine drop-
lets after ambient ammonia fused with the droplets during the
UASI processes. To further confirm the source of ammonia, we
tried to lower the concentration of ammonia at ambient level
during the UASI-MS analysis by purging nitrogen gas in the area
between the UASI capillary outlet and the orifice of themass spec-
trometer. As we expected, the intensity of the ammonium ion
adducts of glucose declined significantly in the UASI mass spectra
(results not shown). The result provides evidence that ammonia
mainly comes from ambient air. Furthermore, when either metha-
nol or ethanol was used as the solvent, the ammonium ion
adducts of glucose still dominated the mass spectra (results not
shown). The results imply that it is unlikely that the source of
Copyright © 2012 John Wiley & Sons, Ltd.



Figure 1. Photograph of the UASI-MS setup.

Figure 2. ESI and UASI mass spectra of glucose (0.1mM) prepared in
water/acetonitrile (1:1, v/v) containing (a, b) no salts, (c. d) 1mM ammo-
nium acetate, (e, f) 1mM sodium acetate/1mM ammonium acetate, and
(g, h) 1mM sodium acetate/10mM ammonium acetate.
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ammonium ions is from organic solvents. Glucose samples were
prepared in solvent containing different concentrations of sodium
acetate and ammonium acetate for the investigation of the salt-
binding tendency of glucose. The samples were individually pre-
pared in aqueous solutions containing 1mM ammonium acetate,
1mM sodium acetate/1mM ammonium acetate, and 1mM sodium
acetate/10mM ammonium acetate and then examined using ESI-
MS and UASI-MS. The sodiated glucose peak atm/z 203 dominates
J. Mass. Spectrom. 2012, 47, 480–483 Copyright © 2012 John
all the ESI mass spectra [Figs. 2(c), 2(e), and 2(g)]. However, the
ammonium ion adduct of glucose at m/z 198 remains the base
peak in all the UASI mass spectra [Figs. 2(d), 2(f), and 2(h)]. In the
presence of sodium acetate [Figs. 2(f) and 2(h)], the ammonium
ion adduct of glucose at m/z 198 remains the base peak and is
adjacent to a weak sodiated glucose peak in the UASI mass spectra,
indicating that glucose prefers to bind with ammonium ions in the
UASI-MS analysis. UASI-MS has a high tolerance for sodium ions, as
shown by the relatively low intensity of the sodiated glucose peak
compared with the results obtained from conventional ESI-MS. This
observationmay result frommuch smaller droplets generated from
the UASI compared with those obtained from conventional ESI
because of the use of a very thin capillary tip (tip diameter: ca.
10� 3mm) as the spray emitter in the UASI-MS. Small droplets
can only contain limited amounts of sodium ions, leading to a
relatively weak sodiated peak in the UASI mass spectra. For the
samples containing high concentrations of salts, salt precipitation
was observed in the outlet of the UASI capillary tip after the UASI-
MS analysis. In addition, the ionization process in the UASI-MS
appears soft, as shown by the intact ammonium ion remaining
attached to the neutral saccharide structures. Generally, only
protons can remain on the saccharide molecules during conven-
tional ESI-MS analysis in the presence of additional ammonium
salts.[9,10] In addition, Wu et al. used a ultrasonic transducer with
the frequency of 1.7MHz to assist generation of an N-linked high-
mannose-type oligosaccharide mannose 8 derivative (Man8, chem-
ical formula:C53H93NO4) in ultrasound-assisted spray MS.[11] No
molecular ions were observed in the mass spectrum, unless addi-
tional acid was spiked in the sample. Unlike our results, protonated
pseudomolecular ions of Man8 appeared in the mass spectrum. It is
understandable that sodiated adducts were not observed in the
mass spectrum because Man8 is not a neutral saccharide. Nitrogen
containing saccharides generally favors binding with protons
owing to the high proton affinity. In situ desalting effects have also
been observed in several ionization techniques such as desorption
electrospray ionization (DESI) [12,13] and fused-droplet electrospray
ionization (FD-ESI).[14] The desalting effects rely either on the polar-
ities of ESI solvents or the formation of fine droplets.

Alkali metal (e.g. sodium or potassium) ion adducts of neutral
saccharides generally dominate the mass spectra during ESI
and MALDI MS analysis,[15–19] whereas protonated neutral
saccharides are rarely obtained. Alkali metal ion adducts of neu-
tral saccharides are hardly fragmented in MS/MS analysis.[10]

The addition of ammonium salts to saccharide samples is helpful
for the MS/MS analysis of saccharides.[9] However, the addition of
ammonium salts can be eliminated because the ammonium ion
adducts of saccharides dominate the UASI mass spectra even
when no additional ammonium salts are added in the samples.
Figure 3(a) displays the ESI MS/MS spectrum of glucose when
the peak at m/z 203 was used as the precursor ion. No fragment
ions were observed in the mass spectrum. However, fragmenta-
tions in the UASI MS/MS spectrum of glucose were observed
when the ammoniums adduct of glucose at m/z 198 was used
as the precursor ion. The peak at m/z 180 corresponds to the
intact glucose. The peaks at m/z 163, 145, and 127 are due to
the systematic loss of individual water molecules from the struc-
ture of glucose [Fig. 3(b)]. Directly employing UASI for the MS/MS
analysis of glucose is suitable because of the unique preferential
formation of the ammonium ion adducts of glucose even when
no additional ammonium ion adducts are present in the sample.

Crown ethers were also used as model samples. Crown ethers
exhibit high electronegativity of oxygen atoms, which can act as
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jms



Figure 3. (a) ESI MS/MS spectrum at m/z 203 and (b) UASI MS/MS spec-
trum at m/z 198.

Figure 5. (a) ESI and (b) UASI mass spectra of bradykinin (10-6M)
prepared in water/acetonitrile (1:1, v/v). (c) ESI and (d) UASI mass spectra
of bradykinin (10-6M) prepared in water/acetonitrile (1:1, v/v) containing
10mM sodium chloride.
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binding sites for metal ions [20] and ammonium ions [21] through
ion–dipole interactions. Figure 4(a) displays the ESI mass spec-
trum of 15-crown-5, whereas Fig. 4(b) presents its UASI mass
spectrum. The potassium ion adduct of 15-crown-5 at m/z 259
dominates the ESI mass spectrum [Fig. 4(a)]. The peak at m/z
238 corresponding to the ammonium ion adducts of 15-crown-5
also appears in the same ESI mass spectrum. The peak at m/z
238 dominates the UASI mass spectrum of 15-crown-5 [Fig. 4(b)].
Similarly, when 18-crown-6 was used as the sample, its potassium
ion adduct peak at m/z 303 dominates the ESI mass spectrum
[Fig. 4(c)], and its ammonium adduct peak at m/z 282 remains
the base peak in the UASI mass spectrum [Fig. 4(d)]. No potassium
ion adducts of crown ethers were observed in the UASI mass
spectra. The ammonium ion adduct of 18-crown-6 still dominates
the UASI mass spectrum even when the formation constant of
18-crown-6 with potassium ions is higher than that with ammo-
nium ions.[20,21] This result may be due to the low amount of
available alkali metal ions in the small UASI droplets. However,
the crown ether-derived ammonium ion adducts can be readily
formed in the gas phase because of the presence of ammonia at
ambient conditions, presumably from human breath.
The salt tolerance of UASI-MS was also investigated using

bradykinin as the model sample. The doubly charged bradykinin
ion peak atm/z 531 ([M+2H]2+) dominates both the ESI [Fig. 5(a)]
and UASI [Fig. 5(b)] mass spectra when no additional salts were
Figure 4. (a) ESI and (b) UASImass spectra of 15-crown-5 (10–5M,MW=220)
prepared in water/acetonitrile (1:1, v/v). (c) ESI and (d) UASI mass spectra
of18-crown-6 (10–5M, MW=264) prepared in water/acetonitrile (1:1, v/v).
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added to the bradykinin sample. Fewer background ions are
found in Fig. 5(b) compared with Fig. 5(a). The quality of the ESI
mass spectrum is significantly affected when sodium chloride
(10mM) was spiked into the bradykinin sample. The doubly
charged bradykinin ion peak atm/z 531 [(M+ 2H)2+] is surrounded
by many sodium-chloride-derived ion peaks, and the sodiated
bradykinin ion peak at m/z 542 ([M+Na+H]2+) with a low inten-
sity appears in the same mass spectrum [Fig. 5(c)]. However, the
doubly charged bradykinin ion peak at m/z 531 still dominates
the UASI mass spectrum [Fig. 5(d)] using the same sample for
obtaining Fig. 5(c). The intensity of the background ions mainly
derived from sodium chloride is relatively low in Fig. 5(d) com-
pared with that observed in Fig. 5(c), demonstrating that the salt
tolerance of the UASI-MS is superior to that of ESI-MS.

To determine the performance of the UASI analysis under a
high-salt condition, such as in biological fluid samples, bradykinin
was spiked into a 50-fold diluted urine sample. Figure 6(a) shows
the ESI mass spectrum of the bradykinin sample, whereas Fig. 6(b)
displays the corresponding UASI mass spectrum. The spectral
quality of the ESI mass spectrum is considerably lower than that
of the UASI mass spectrum in terms of the signal to noise ratios.
The intensity of the doubly charged bradykinin peaks at m/z 531
Figure 6. (a) ESI and (b) UASI mass spectra of bradykinin (10-5M) spiked
in diluted urine. The urine sample was mixed with equal volume of
acetonitrile before conducting UASI-MS analysis.
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[(M+ 2H)2+] and 542 [(M+Na+H)2+] in the ESI mass spectrum is
relatively low compared with those observed in the UASI mass
spectrum. Hence, UASI-MS analysis is more suitable for use in
high-salt samples than is the conventional ESI-MS analysis, and
additional desalting steps may not be necessary in the UASI-MS
analysis because of its high-salt tolerance.

In conclusion, the current study demonstrated two unique
features of the UASI-MS, namely, the preferential formation of
ammonium ion adducts and the high-salt tolerance. Ammonium
ion adducts in the UASI mass spectra are favorably formed if the
samples contain oxygen-rich functional groups such as hydroxyls
and ethers, whereas alkali ion adducts usually dominate the ESI
mass spectra when the same samples are analyzed. In addition
to these unique properties, the advantages of the UASI-MS, in-
cluding simple sample preparation, low background ions, and
high-salt tolerance, make this approach highly appropriate for
the MS/MS analysis of neutral saccharides and high-salt samples.
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