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A new ion source based on dielectric barrier discharge was developed as an alternative
ionization source for ambient mass spectrometry. The dielectric barrier discharge ionization
source, termed as DBDI herein, was composed of a copper sheet electrode, a discharge
electrode, and a piece of glass slide in between as dielectric barrier as well as sample plate.
Stable low-temperature plasma was formed between the tip of the discharge electrode and the
surface of glass slide when an alternating voltage was applied between the electrodes.
Analytes deposited on the surface of the glass slide were desorbed and ionized by the plasma
and the ions were introduced to the mass spectrometer for mass analysis. The capability of this
new ambient ion source was demonstrated with the analysis of 20 amino acids, which were
deposited on the glass slide separately. Protonated molecular ions of [M + H]"* were observed
for all the amino acids except for L-arginine. This ion source was also used for a rapid
discrimination of L-valine, L-proline, L-serine and L-alanine from their mixture. The limit of
detection was 3.5 pmol for L-alanine using single-ion-monitoring (SIM). Relative standard
deviation (RSD) was 5.78% for 17.5 nmol of L-alanine (n = 5). With the advantages of small
size, simple configuration and ease operation at ambient conditions, the dielectric barrier

discharge ion source would potentially be coupled to portable mass spectrometers.

(J Am Soc

Mass Spectrom 2007, 18, 1859-1862) © 2007 American Society for Mass Spectrometry

arious desorption ionization (DI) sources have
‘ / been developed, including laser desorption/
ionization (LDI) [1, 2], fast atom bombardment
(FAB) [3, 4], and matrix-assisted laser desorption ioniza-
tion (MALDI) [5, 6], etc. Recently, a new family of DI
techniques has emerged for direct detection of samples on
surfaces that allow ions to be generated under ambient
conditions and then analyzed by MS, such as desorption
electrospray ionization (DESI) or direct analysis in real
time (DART) [7-11]. For DES]I, sprayed charged droplets
were directed at the ambient object of interest and release
ions from the sample surface; for DART, the energetic
agents generated by a gas discharge were used to desorb
and ionize the analyte from samples. Despite these tech-
niques being very elegant, the development of direct
sampling and ambient ion sources with simple configura-
tions are always desirable.

The design of a new ambient ionization source,
termed as dielectric barrier discharge ionization (DBDI),
is based on the concept of dielectric barrier discharge
(DBD). The DBD is obtained at atmospheric pressure
with a dielectric layer between two electrodes applied
with alternating voltages [12, 13]. The dielectric limits
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the average current density in the gas space, forming
stable low-temperature plasma with large amount of
high energetic electrons [14, 15]. The non-equilibrium
plasma properties of DBD can be used to develop new
ionization method. It is expected that the source based
on DBD needs neither electrosprayed solvent to form
desorbed ions as for DESI, nor a device with complex
configuration as for DART. Reduced pressure is not
required to maintain a stable discharge for DBDI com-
pared with glow discharge ion sources [16-19].

In the present work, a DBDI source has been de-
signed with advantages of small size and simple con-
figuration for ambient desorption/ionization. Twenty
amino acids deposited on a glass slide were analyzed
individually to demonstrate the potentials of the
present ion source.

Experimental
Instrument

DBD power supplies were purchased from Beili Guoke
Co. Ltd. (Beijing, China). Ions were mass analyzed
using a commercial linear ion trap mass spectrometer
(Finnigan LTQ, Thermo Electron Co., San Jose, CA).
Data were processed using the instrument software
interface (Xcalibur version 1.4 SR1). Mass spectrometry
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conditions were as follows: source voltage (applied to
the spray capillary), 0 kV; tube lens voltage, 95 V;
capillary temperature, 275 °C; heated capillary voltage,
33 V; multipole rf amplitude (Vp_p), 400 V; and multi-
plier voltages 1 and 2, —1200 V. The ion injection time
was set to 50 ms, and the number of microscans was set
to one.

Reagents

All reagents were of analytical-reagent grade. Amino
acids were purchased from Beijing Dingguo Biotechnol-
ogy Co. Ltd. (Beijing, China). Helium (99.99%) and
argon (99.99%) from Huayuan Gas (Beijing, China)
were used as the carrier gases. Monosodium glutamate
was the product of Henan Lotus Gourmet Powder
Incorporate Ltd. (Henan, China). Water was deionized
and further purified with a Milli-Q water purification
system (Millipore, Milford, MA).

Sample Preparation

For each amino acid, a sample solution containing 40
nmol of the analyte was deposited on a piece of filter
paper about 3 mm X 3 mm. Twenty pieces of filter
paper containing the individual amino acids were
placed on the glass slide to form a 4 X 5 array for
analysis.

Results and Discussion
Design of DBDI Source

The schematic of the DBDI device is shown in Figure 1.
A hollow stainless steel needle (20 mm long, 0.2 mm
i.d.) was used as a discharge electrode. Helium or other
gases flowed through the needle at a speed of 12 to 48
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Figure 1. Schematic of the DBDI source.
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m/s. A copper sheet (25 mm X 75 mm) was used as the
counter electrode. A piece of glass slide (25.4 mm X 76.2
mm X 1.2 mm) was inserted between two electrodes
and mounted on the surface of the copper sheet. The
glass slide served as both the discharge barrier and
the sample plate. The distance between the needle
electrode tip and the surface of glass slide was 5 to 10
mm. The glass slide and copper sheet were mounted on
a 3D moving stage, allowing them to be positioned at
any chosen point with respect to the needle electrode.

An alternating voltage of 3500 to 4500 V with a
frequency of 20.3 kHz was applied between two elec-
trodes, forming stable plasma between the tip of the
needle electrode and glass slide. The analytes on the
surface of glass slide were desorbed and ionized by
the plasma. Then the produced ions were introduced to
the mass spectrometer for mass analysis.

Desorption and Ionization of Amino Acids

The base peaks of [M + H]" were observed from all
the amino acids except for L-arginine. The ions of [M +
H — HCOOH]*, [M + H — H,0]*, or [M + H — NH,]*
were also observed, which were confirmed by collision-
induced dissociation (CID). Taking L-glutamic acid
(M, = 147) as an example, ions of m/z 148 (M + H]"),
130 (M + H — H,O] "), 102 (M + H — HCOOH] ") and
84 (M + H — HCOOH — H,0]") were obtained. Detail
information of 20 amino acids is included in Supporting
Information, which can be found in the electronic
version of the article (Table S1). The observed fragmen-
tation patterns were consistent with the reported frag-
mentation mechanisms for amino acids [19, 20]. For
L-arginine, the absence of [M + H]" is possibly due to
the excessive fragmentation since the energy of meta-
stable helium or fast electrons is much larger than the
ionization potential of L-arginine [18].

The DBDI source could also be used for the fast
discrimination of amino acids in a mixture without
pre-separation. Figure 2 shows the mass spectrum ob-
tained from the mixture of L-valine, L-proline, L-serine,
and L-alanine. The protonated molecular ion of each
amino acid (m/z 118, 116, 106, and 90) was obtained.

The spectra of L-leucine and L-isoleucine were
sufficiently different for their discrimination. L-
isoleucine produced the ion of m/z 132 (M + H] ™, 100%)
and m/z 86 (M + H — HCOOH]", 45%). For L-
leucine, ions of m/z 132 (100%), 128 (31%), 86 (91%),
and 84 (29%) were observed. The ion of m/z 128 was
present as the ion of [(CH;),CCHC(COOH)NH,]"
with stable conjugated C=C bonds. Moreover, the ion
of m/z 84 was generated with the loss of HCOOH
from [(CH;),CCHC(COOH)NH,]*. The peak assign-
ment of L-leucine had been verified by CID.

Characteristics of lonization Process

Both protonated molecular ions and characteristic frag-
ment ions can be generated during the discharge pro-
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Figure 2. Mass spectrum of the mixture of L-valine (M, 117),
L-proline (M, 115), L-serine (M, 105), and L-alanine (M, 89). The
amino acids were diluted by water, and the amount of each amino
acid was 40 nmol in the mixture solution.

cess. It was observed that the intensity ratios of the
fragment ions to protonated molecular ions increase
with time. As illustrated by the mass spectrum of
L-glutamic acid, protonated molecular ion (m/z 148,
100%) was the most abundant ion at 3 s after the
discharge started (Figure 3a). It became 19 and 9% at 6 s
and 9 s, respectively (Figure 3b and b). The relative
intensity of the protonated molecular ion (m/z 148)
decreased (Figure 3e) with time, while the relative
intensity of fragment ion (m/z 130) increased (Figure 3f).
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Thus, it was important to control the discharge time to
obtain protonated ions. However, the characteristic
time dependence of the fragmentation on the ionization
process was potentially useful for getting fragment
ions. In our experiments, a total spectral acquisition
time of 3 s was selected to avoid fragmentation. (Details
are shown in the Supplementary Material section,
which can be found in the electronic version of this
article.)

The Ionization Mechanism in DBDI

The ionization process is affected by the polarity of
discharge gas, the proton affinity, and ionization poten-
tial of analytes, which is complicated enough to involve
several mechanisms, such as the bombardment of fast
atoms, electron impact, and electron transfer. In addi-
tion, the reaction with water in air and Penning ioniza-
tion by the bombardment of metastable gas may occur
[21-23]. The fragment ions may be generated by the
collision of the ions with electrons or metastable species
in the plasma. Furthermore, the thermal effects in the
gas phase may also lead to the fragmentation. Since the
process is very complicated, further studies are re-
quired for the mechanism of ionization by DBDI.

Optimizations of lonization Parameters

Optimization of the ionization parameters for the de-
tection of amino acids was carried out by varying the
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Figure 3. Desorption and ionization of L-glutamic acid at different discharge time; (a) 0.05 min,
(b) 0.10 min, (c) 0.15 min. The TIC of L-glutamic acid (d), intensities of ion m/z 148 (e), and ion

m/z 130 (f).
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discharge power, the kind of gas, the gas speed, and the
dielectric material.

The signal intensity of assignment ions was en-
hanced with the increase of the discharge power from 5
to 30 W (Figure S-1). Further increase of the power
caused the fragmentation of the molecular ions, which
was consistent with previous reports [16, 24]. A power
supply of 30 W was used in the experiments.

Various gases, including helium, argon, nitrogen,
and air were tested for generating the DBD plasma to
desorb/ionize analytes. The mass spectra obtained with
different gases were shown in Figure S-2. The highest
signal /noise ratio was obtained with helium gas, while
relatively good results were also achieved with other
gases. The mass spectra recorded at different gas speed
of helium were shown in Figure S-3. A gas speed of 12
m/s was used, which was about 20 to 30 times lower
than that of other ambient ion sources [7, 11].

The analytes can be desorbed and ionized from
various solid surfaces, including glass slide, filter paper,
plastic, or glass slide eroded by hydrofluoric acid. It is
interesting that the mass spectra of amino acids can be
obtained on TLC plate, which indicates that the DBDI
could be used for the identification of compounds after
sample separation by TLC plate.

Analytical Performance and the Sample Analysis

The DBDI ion source has been shown to have good
reproducibility for the detection of amino acids. The
peak m/z 90 of L-alanine was monitored for a test of the
reproducibility. The RSD was 5.78% for five times
desorption of L-alanine at the amount of 17.5 nmol on
each spot. The limit of detection (LOD) was 3.5 pmol for
L-alanine using single-ion-monitoring (SIM). The re-
sults indicated that DBDI method had the comparable
sensitivity to the existing methods [25, 26].

The analysis of a commercial monosodium gluta-
mate was carried out and L-glutamic acid (M, 147) in
the condiment was identified based on the characteris-
tic ions of m/z 148, 130, 102, and 84. The mass spectra of
L-glutamic acid and the commercial monosodium glu-
tamate are shown in Figure S-4.

Conclusions

A dielectric barrier discharge ion source has been
developed to desorb and ionize the analytes directly
from surface under ambient conditions. This simple and
small ion source is suitable for portable mass spectrom-
eters. The application of DBDI for higher molecular
weight and more complicated species will be investi-
gated. The present ion source can potentially be used
for imaging of biological samples since the needle-plate
discharge could be localized within an area of several
micrometers.
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