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ABSTRACT: It is proposed that a short tapered capillary can be
utilized as a nanoliter-volume sampling tool and sample emitter
for generation of gas-phase ions in front of the mass spectro-
meter, without the need for using an additional electric power

supply, a gas supply, or a syringe pump. A wide range of

molecules can be analyzed in pure solutions and complex
matrixes (cell extract, urine, and plant tissue) with no or
minimum sample preparation. Singly and multiply charged ions
can be detected in either positive or negative-ion mode. Because
of the nanoliter-volume sampling and low spectral background,
the mass detection limit for bradykinin is in the low attomole
range. Other advantages include simplicity, disposability,
and low cost. The putative mechanism of the ion formation
in this capillary-action supported contactless spray emitter is
discussed.
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The invention of electrospray ionization (ESI) provided a
versatile tool for mass spectrometric (MS) measurements
of biomolecules and enabled ground-breaking discoveries in
bioscience.' > Formation of gas-phase ions in electrospray
ionization mass spectrometry (ESI-MS) usually relies on apply-
ing an external electric potential to the ESI emitter.** However,
connecting an electric potential to the spray emitter is not always
required to generate gas-phase ions. ® For example, in the
miniaturized version of ESI (nanoESI), application of an electric
potential to the upstream part of the flow line can be sufficient to
create an electrospray at the outlet of the capillary channel.
Fused-droplet and extractive electrospray ionization,” '* as well
as sonic spray ionization,"> " Venturi easy ambient sonic-spray
ionization (V-EASI),16 or ultrasonication-assisted spray ioniza-
tion (UASI)'”"® methods have successfully been used to gen-
erate gas-phase ions without an electric potential applied to the
sample emitter.

This leads to a hypothesis that the production of fine droplets
and subsequent desolvation, not the application of an electric
potential to the emitter, are required to generate gas-phase ions
in a continuous manner. To verify this assumption, here we
demonstrate a simple continuous-flow ion source that neither
requires connection to an electric power supply to the sample
emitter nor uses any other instrumental aids, such as gas supply,
syringe pump, laser, or ultrasonic transducer, to facilitate trans-
fer of the sample from the liquid into the gas phase. For
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the convenience of description, we refer to it as “contactless
atmospheric pressure ionization” (or “contactless API”).

The contactless API setup consists of only few easily available
and inexpensive components (Figure 1): A short capillary is used
to drive liquid samples from a microscale reservoir toward the
outlet, and fine droplets are expected to be formed at the tapered
tip positioned in the proximity of the MS orifice. Because of the
capillary action, continuous flow of the sample toward the
tapered end of the capillary is generated, followed by immediate
transfer of the liquid-phase analytes into the gas phase.

Figure 2a displays the contactless API mass spectrum of a test
sample, bradykinin (1076 M, in water/acetonitrile 1:1, v/v): the
prominent signal at m/z 531 corresponds to doubly charged
bradykinin ions. The limit of detection for bradykinin was ~1
nM (based on the S/N = 6 criterion, see the inset in Figure 2a).
Taking into account the estimated flow rate of the sample in the
silica capillary (~3 nL min~ '), and the data acquisition time of 1
min, this figure corresponds to the analyte amount of ~5 amol.
Beside the nanoliter-volume sampling, one other reason for the
relatively good mass sensitivity of the method is the low spectral
noise. This is in line with a previous observation that eliminating
an external electric potential on the sample outlet in the
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Figure 1. Schematic representation of the contactless atmospheric
pressure ionization mass spectrometry, with sample delivery enabled
by capillary action. A short tapered silica capillary (length, 1 cm; base
o0.d., ~363 um (or ~323 um without polyimide); tip 0.d., ~10 m) was
positioned vertically above an electrically isolated aluminum slide, with
the outlet end placed orthogonal to the inlet of a metal capillary attached
to the orifice of an ion trap mass spectrometer. The distance between the
outlet of the silica capillary and the inlet of the metal capillary, attached
to the MS orifice, was ~1 mm. Before the measurements, the silica
capillary was filled with a makeup solution (deionized water/acetonitrile
(1:1, v/v)) by means of capillary action. The inlet end of the silica
capillary was then dipped into a droplet of a sample (~10 uL) put onto
the surface of the aluminum slide. The inset provides an illustration of
the hypothetical mechanism of contactless API.

V-EASI' and UASI'”'® could help to reduce the spectral noise
due to the presence of solvent ions formed during electroche-
mical reduction/oxidation. Moreover, the time required for the
analysis of samples containing analytes in the nanomolar range
was 1 min, resulting in the consumption of just a few nanoliters.
However, because of the high S/N ratios observed for higher
concentrations of analytes (Figure 2), the data acquisition time
could still be decreased. After measurement, the microliter-
volume sample droplet deposited on the aluminum slide can
readily be recycled for further experiments. This is opposed to
the ionization devices which incorporate syringes and long
tubing with a considerable dead volume, which restrict the
possibilities of contamination-free recycling of low-volume
(<10 uL) samples.

By means of contactless API-MS, it is possible to analyze a
wide range of small molecule compounds. Signals of protonated
amino acids, including histidine, phenylalanine, and arginine at
m/z 156, 166, and 175, respectively, could readily be observed in
the contactless API mass spectra (Figure 2b). Contactless API-
MS is also applicable to the analysis of other peptides and
proteins. Figure 2c—e presents the contactless API mass spectra
of melittin, cytochrome C, and myoglobin, respectively, which
are dominated by the peaks of multiply charged analyte ions.
Therefore, similar to ESI, inexpensive MS instruments with
limited mass range may be used in conjunction with contactless
API emitters to analyze large biomolecules. The interface can

3
10073 100, St SN=T1 @)
50 M
Y500 600

ol

500 750 1000

100 175 )

50 156
) Y0 166
X Lt R
; 130 150 " 175 200 225 250
E 100 ©
L
E
2 ol N
'ig 55 1050 1200
< 100 ()]
4

50

1350 1550

Figure 2. Contactless API mass spectra of (a) bradykinin (10~¢ M;
inset, 10~° M), (b) a mixture (10~° M) of histidine (m/z 156),
phenylalanine (m/z 166), and arginine (m/z 175), (c) melittin (10>
M), (d) cytochrome C (10~* M), and (e) myoglobin (10~* M). The
peak at m/z 531 in part a corresponds to the doubly charged form of
bradykinin. Temperature of the ion-transfer capillary/dry gas was
normally set to 150 °C (300 °C for the inset in part a).

operate as long as the sample solution is present at the inlet of the
silica capillary.

Further on, contactless API-MS is shown to be suitable for the
analysis of real samples without or with minimum sample
preparation. A slice of muskmelon punched with a contactless
API capillary (~1 cm, cf. inset in Figure 3a) was directly analyzed
by contactless API-MS. In this experiment, the contactless API
capillary also played the role of a micrometer-scale sampling
probe. That is, on the basis of the capillary action, the juice
contained in muskmelon was automatically drawn toward the
tapered capillary end for instantaneous contactless API-MS
analysis. Signals of the potassium adducts of hexose (e.g., glucose
and fructose) and sucrose appear at m/z 219 and 381, respec-
tively (Figure 3a): this is presumably due to the high abundance
of potassium ions in plant tissue. This result indicates that the
contactless API-MS is suitable for analysis of watery samples
without any sample pretreatment. Here, capillary action facil-
itates in situ sampling of nanoliter-volumes of fluid required to
obtain high-quality mass spectra. Therefore, extraction of the
juice from the fruit sample to fill up a syringe as well as
purification and dilution are avoided. Contactless API-MS can
also be used for analysis of biological samples such as cell lysates.
Figure 3b displays the negative-ion mode contactless API mass
spectrum of the HeLa cell extract with many interesting features,
primarily corresponding to lipids (in particular, phospholipids);
for instance, the peaks at m/z 883.6, 885.6, and 887.6 are
identified by tandem mass spectrometry (MS/MS) and database
searches as phosphatidylinositols (Figure S1 in the Support-
ing Information). Figure 3c presents the contactless API mass
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Figure 3. Contactless API mass spectra obtained from (a) a slice of
muskmelon, (b) a HeLa-cell extract, and (c) a urine sample diluted 10x
with solvent (deionized water/acetonitrile 1:1,v/v). The spectra in parts
aand c were obtained in the positive-ion mode, while part b was obtained
in the negative-ion mode. The temperature of the ion-transfer capillary/
dry gas was set to 300 °C.

spectrum of a urine sample diluted 10X in the mixture of
acetonitrile and water (1:1 (v/v)). In the mass range S0—200
Da, several peaks have a particularly high S/N ratio: the peak at
m/z 83 corresponds to the sodium adduct of urea, while the
peaks at m/z 114 and 136 correspond to the protonated and
sodiated forms of creatinine, respectively. According to literature,
the concentration of sugars such as sucrose or glucose in
muskmelon can be up to 25 mg g~ ' FW,"” while the average con-
centrations of urea and creatinine in urine are in the order of 10 and
1 mg mL ™}, respectively.20 This is in line with the observation of
high signals corresponding to those metabolites in contactless
API mass spectra. Overall, these results show that the contactless
API-MS method copes with analysis of complex samples, such as
unpurified cell extracts and urine, and it can readily be used for
analysis of metabolites in volume-limited samples.

Successful operation of this simplistic sampling/ionization
setup raises questions regarding the mechanism involved in ion
formation. Although the contactless API emitter is not physically
connected to any power supply, the electric field present near the
MS orifice (due to application of an electric potential to the metal
capillary) can cause polarization of the dielectric materials and
charge separation near the outlet of the silica capillary (Figure 1).
This can occur because the outlet end of the emitter is closer to
the metal capillary (connected to high voltage) than the lower
end, and the magnitude of electric field emanating from the metal
capillary at the MS orifice is inversely proportional to the square
of the distance. The anticipated charge separation can subse-
quently cause accumulation of positive charges at the meniscus,
as long as a negative potential is applied to the metal capillary at
the MS orifice, when the setup is operated in positive-ion mode
(Figure 1).

In order to verify the influence of the tip geometry, a tapered
capillary (Figure 2a and Figure S2a in the Supporting In-
formation) as well as two untapered capillaries (a capillary
without polyimide coating (0.d., ~323 um; i.d.,, SO um; cf. inset
in Figure S2b in the Supporting Information) and a capillary with
polyimide coating (0.d., ~363 um; i.d, SO um; cf. inset in Figure

S2c in the Supporting Information)) were tested as contactless
API emitters. Unlike in the reference spectrum depicted in Figure
S2a in the Supporting Information (same as Figure 2a), using
these two capillaries as contactless API emitters, we were unable
to observe consistent signals corresponding to bradykinin ions.
When the capillary is used without polyimide coating, a low-
intensity peak (m/z 1061), corresponding to singly charged
species, could only be recorded (Figure S2b in the Supporting
Information) for a higher concentration of bradykinin (10> M).
When using the capillary with polyimide coating as the contact-
less API emitter, we were unable to obtain any MS signals for the
analytes present in the sample (Figure S2c in the Supporting
Information). In this experiment, all the three tips were exposed
to an electric field of similar magnitude. However, the surface
area of the upper part of the tapered capillary tip is smaller than
the surface area of the untapered tip (or the tip with polyimide
coating). Therefore, local charge density (after charge separation
in heterogeneous electric field) will be higher at the tapered tip
than at the untapered tip. Higher charge density at the tip should
favor detachment of microdroplets from the meniscus, which can
further be desolvated and release gas-phase ions. However, apart
from the electric field present near the metal capillary at the MS
orifice, also hydrodynamic flow of the liquid sample in silica
capillary, as well as flow of dry gas, may partly contribute to
detachment of microdroplets from the meniscus. In a video
sequence taken during operation of the contactless API emitter
(Supporting Information, Video A), it is easy to observe the flow
of liquid out of the capillary tip. However, because of the limited
spatial and temporal resolution of the imaging system, it is not
possible to observe individual droplets detaching from the
meniscus at the capillary tip.

Although the process of droplet formation in contactless API
is not exactly the same as that described for ESI (occurrence of
Taylor cone, jet, and electrospray, while high voltage is supplied
to the emitter),”" desolvation and ion release from the droplets
occurs in a similar way as in normal ESI. Furthermore, even if,
unlike in ESI, no external voltage is applied to the emitter, the
electrostatic charges accumulated at the tip of the silica capillary
help to overcome the surface tension of the liquid and generate a
stream of charged droplets (Figure 1). If sufficiently small
droplets are formed in this process, they can be easily desolvated
during their migration in front of the MS orifice and, further on,
inside the heated transfer capillary (Figure 1).

If the liquid aerosols are introduced to the heated transfer
capillary in the mass spectrometer, its temperature (as well as the
temperature of dry gas) should influence the desolvation process
and thereby affect ion yield. To verify this assumption, we varied
the temperature of the ion-transfer capillary/dry gas in the mass
spectrometer and examined intensities of the MS signals. Figure
S3 in the Supporting Information displays the contactless API
mass spectra of melittin (10~ ° M) analyzed at various tempera-
tures of the ion-transfer capillary/dry gas (i.e., 150, 200, 250, and
300 °C): clearly, the intensities of multiply charged ions of
melittin increased with increasing temperature. An increased
evaporation of the solvent at higher temperatures increases the
abundance of ions entering the MS analyzer, while nondesol-
vated droplets are most probably lost by hitting surfaces within
the early vacuum stage or outside the orifice of the mass
spectrometer. Apart from the temperature, similar to ESI, addi-
tion of an acid (e.g, acetic acid) can decrease surface tension of
the sample solution and therefore facilitate formation of fine
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droplets, which are more prone to desolvation. This is especially
relevant when analyzing large biomolecules, such as proteins.

In conclusion, we propose that a short tapered silica capillary
can readily be utilized as a nanoliter-volume sampling tool and
sample emitter for generation of gas-phase ions at atmospheric
pressure without the need for using an additional electric power
supply, gas supply, or syringe pump, as long as high voltage is
applied to the MS orifice. Similar to ESI-MS, singly and multiply
charged ions can be detected in contactless API-MS, operated in
either positive or negative-ion mode. Spectral noise is kept at a
low level due to the decreased contribution of redox processes.
Other advantages include simplicity, disposability, low cost, wide
detectable mass range, and low detection limits (nanomolar
concentrations or attomole amounts). Contactless API enables
analysis of liquid samples in a continuous manner; therefore, in
perspective, it is imaginable to combine it with other continuous-
flow techniques, such as nanoliter flow or capillary-action liquid
chromatography, flow injection analysis, and microfluidic de-
vices. In addition, it may be useful to conduct online in situ
purification of matrix-rich samples using capillaries with coated
walls or filled with a suitable stationary phase to decrease ion
suppression and further increase sensitivity. Because of its
simplicity and no requirement for external gas or voltage supply,
it might also be interesting to apply the contactless API emitters
together with portable mass spectrometers to facilitate measure-
ments outside laboratory.
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