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ABSTRACT: Desorption electrospray ionization (DESI), easy ambient sonic-spray Detection /4

ionization (EASI) and low-temperature plasma (LTP) ionization are powerful ambient of chemicals

ionization techniques for mass spectrometry. However, every single method has its limitation

in terms of polarity and molecular weight of analyte molecules. After the miniaturization of

every possible component of the different ion sources, we finally were able to embed two ‘ -
emitters and an ion transfer tubing into a small, hand-held device. The pen-like interface is ' '

connected to the mass spectrometer and a separate control unit via a bundle of flexible tubing -

and cables. The novel device allows the user to ionize an extended range of chemicals by {

simple switching between DES]I, voltage-free EASI, or LTP ionization as well as to freely move

the interface over a surface of interest. A mini camera, which is mounted on the tip of the pen, iz 429
magnifies the desorption area and enables a simple positioning of the pen. The interface was
successfully tested using different types of chemicals, pharmaceuticals, and real life samples.
Moreover, the combination of optical data from the camera module and chemical data
obtained by mass analysis facilitates a novel type of imaging mass spectrometry, which we
name “interactive mass spectrometry imaging (IMSI)”.

n life and material sciences, the field of mass spectrometry

has undoubtedly become an essential component of
instrumental analysis with a wide range of applications. On
the one side, affordable, highly sensitive, and accurate mass
analyzers have been developed;"” on the other side, the
emergence of “ambient mass spectrometry” allows direct
analysis of samples with no or little sample pretreatment in the
open air.

Now, a variety of both direct as well as indirect surface
sampling methodologies are available to ionize chemicals on
surfaces at ambient conditions. The former include desorption
electrospray ionization (DESI),” direct analysis in real time
(DART),” low-temperature plasma (LTP) ionization,” rapid
evaporative ionization mass spectrometry (REIMS),’ easy
ambient sonic-spray ionization (EASI),” picosecond infrared
laser desorption (PIRL),® SpiderMass,” or sources, which
combine different ionization technologies.m_12 However, the
importance and impact of direct surface sampling techniques is
emphasized by numerous important applications.””™** In
contrast, a common feature of indirect surface sampling
methods is the local separation of the extraction and the
ionization process. Most common are liquid extraction surface
analysis (LESA),* nanospray DESI (nano-DESI),** commer-
cially available elution-based systems,””*® and the recently
launched MasSpec Pen.””

At our organic chemistry department, daily routine mass
spectrometry is in strong demand. High-resolution mass
spectra of a wide range of polar, nonpolar, volatile, and ionic
chemicals are requested; however, we lack a universal
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ionization source for fast and easy to perform mass
spectrometric analyses of different chemicals on any kind of
surface. We therefore started the design and construction of a
novel ambient ionization interface, which was intended to be
hand-held and freely movable over the sample surface in the
open air. Most of the literature-known systems are limited in
terms of their usability, e.g. due to their rigidness™ or the

40—43

orthogonal arrangements of emitter and ion guide, while

others are designated for a potential medical use (avoiding
extraction with organic solvents). %39+

It is known™ and has been confirmed by our preliminary
experiments that the range of analytes which can be ionized by
a single ionization technique is always limited in terms of
molecular weight as well as polarity. To broaden the spectrum
of detectable analyte molecules, we decided to combine
different ionization techniques in one interface. Due to the
spatial limitations of a pen-like design, we ended up with the
implementation of three ionization techniques with an
excellent potential for miniaturization: DESI, EASI, and the
complementary LTP ionization.
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B DEVICE DESIGN

The design of the novel ambient ionization source was mainly
driven by four requirements: (i) the interface preferably is a
hand-held, pen-like device; (ii) it is freely movable in front of
the mass spectrometer and connected via a bundle of tubing
and cables for the transport of liquids, gases, electric currents
and ions; (iii) it allows simultaneous mass spectrometric
analysis as well as optical imaging of the surface of interest; and
(iv) it provides a fast and easy to perform mass spectrometric
analysis of a maximum variety of volatile as well as nonvolatile
chemicals on any kind of surface.

As depicted in Figures 1, 2, S-1, and S-2, the developed
hand-held interface comprises two parallel emitters and one
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Figure 1. Prototype of the hand-held DESI, EASI, and LTP ion
source for ambient ionization mass spectrometry. Top view of the
open beveled tip of the interface showing the DESI/EASI-emitter,
LTP-emitter, ion transfer tube, and camera module.

Figure 2. Schematic diagram of the hand-held device: (a) represents
the droplet collecting tubing, (b) the LTP-emitter, (c) the DESI/
EASI-emitter, (d) the camera module, (e) the housing, and (a) the
probe angle. The whole setup is specified in Figures S-1 and S-2 and
Table S-1 in the Supporting Information.

ion transfer tube. The first emitter for DESI and EASI, the two
spray-based ionization modes, consists of an inner fused silica
capillary (SO pm 1D., 360 yum O.D.) for solvent transport,
which is connected to an external syringe pump. In case of
DES], the DC high voltage potential (4.5 kV) is drawn from
the mass spectrometer and applied to the metal hollow needle
of the syringe (no high voltage needed for EASI). The
nebulizing gas nitrogen (N,), which is necessary for DESI as
well as EASI, passes through the outer concentrically held
metal capillary. Our setup required flow rates of pure methanol
(alternatively ethanol or isopropanol) of about 10—20 uL-
min~' and a gas pressure of 2 bar or higher for DESI and
slightly elevated 4 bar or higher for EASI to efficiently generate

charged, primary solvent droplets. The second emitter is a
miniaturized LTP source, which is built of a 0.6 mm 1LD. 1.4
mm O.D. glass capillary used as a dielectric barrier. An outer
electrode was made of copper tape, which surrounds the glass
capillary near its front end. The grounded counter electrode, a
100 pm O.D. copper wire, was laid inside the glass tubing. The
outer ring electrode is connected to an AC power supply (2—5
kV,,, 22.5 kHz), and the discharge gas helium (He) passes
through the glass capillary to generate the low-temperature
plasma. The heated capillary of the mass spectrometer was
elongated by a PEEK or even more flexible FEP tubing (0.8
mm LD, 1.6 mm O.D.) and guided through the hand-held
interface. At the front end, the tubing was beveled to collect
and transport charged droplets or ionized chemicals to the
mass spectrometer.

A prerequisite for an undisturbed ion transfer is a constant
distance of approximately 0.5 cm between the ion transfer
tubing and the first emitter inside the housing (d; in Figure S-
1). Moreover, the transfer tubing must neither be touched nor
touch any surrounding surface or cable during analysis. To
prevent sagging of the ion transfer tubing, we limited the
length of the tubing to 60 cm. However, we were able to
observe similar signal intensities when using 1 m tubing. The
tip of the outer housing is also beveled to help the user keep
the impact angle of primary droplets as well as plasma in the
range of 45° to 60°. For optical analysis, a camera module was
mounted near the tip of the interface and focused onto the
spot, which is targeted by the two emitters. To obtain an
optimum image quality, the tip of the pen-like device was made
of a translucent plastic material.

The interface is controlled by a separate control unit, which
is placed in front of the mass spectrometer. It contains a single
board computer, which is utilized for switching between the
three ionization modes LTP, DESI, and EASI as well as to
process the live stream from the camera module. Two solenoid
gas valves were used to regulate He and N, gas supply, while a
high voltage relay interconnects DC high voltage, which is
drawn from the mass spectrometer. A full list of all
components and materials is shown in Table S-1 of the
Supporting Information.

B EXPERIMENTAL SECTION

Chemicals and Samples. Ethanol, isopropanol, and
methanol were obtained from VWR (Fontenay Sous Bois,
France). Acetylsalicylic acid, caffeine, and paracetamol
containing thomapyrin tablets (Sanofi, Vienna, Austria),
nutmegs, bananas, and cloves (for the extraction of eugenol)
were bought at local pharmacy and supermarkets in Innsbruck
(Austria). For a full list, see the Supporting Information.

DESI/EASI/LTP-MS Analysis. The flexible ion guide
tubing of the DESI/EASI/LTP source (length 0.6 m) was
connected to the heated capillary of a LTQ-Orbitrap XL mass
spectrometer (Thermo Fisher Scientific GmbH) using a PTFE
sleeve as shown in Figure S-3. For screening experiments
(Figures 3, S-4, and S-5 and Table S-2), a spatula was used to
apply traces of selected chemicals, pharmaceuticals, and food
products to a microscope slide or filter paper by slightly
touching the surface. Our supplemental software displayed a
live video stream from the camera on the tip of the pen at the
mass spectrometer’s workstation and allowed a quick shift
between the ionization modes. The hand-held device could
precisely be moved on the sample surface (Movie 1), and mass
spectra were obtained within a few seconds. Limits of detection
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Figure 3. Positive and negative ion mass spectra of five selected compounds obtained with the hand-held interface in LTP (A—C), DESI (D—F),
and EASI (G—I) mode. A comparison of DESI and EASI mode clearly shows a 2—4 times reduced sensitivity when no high voltage potential is

applied to the spray solution in EASI mode.
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Figure 4. (A, B) Detection of chemicals in complex matrixes. (A) A Nutmeg was analyzed with the LTP ion source and (B) a banana skin was
analyzed using the DESI ion source. (C, D) EASI-IMSI experiment in positive ion-mode. (C) Letters were imprinted on white paper using a red
ink. (D) False color ion image representing the relative signal intensities found at m/z = 429 (from black = 0% to white = 100%).

(LOD) were found to be >20 nmol of 2-heptanone in the case
of LTP mode and >S5 pmol of PPG 1000 for the DESI mode
(for details, see the Supporting Information). Operating
parameters of the Orbitrap mass spectrometer were as follows:
positive/negative ion-mode for a scan range of m/z 50 to 1600,
spray voltage was set to 4.5 kV in case of DESI and disabled for
EASI and LTP measurement, maximum injection time was 500
ms. Raw data files were analyzed using Xcalibur Qual Browser
4.1 software (Thermo Scientific).

B RESULTS AND DISCUSSION

We selected a set of 34 chemicals with a variety of functional
groups and different combinations thereof to demonstrate

14316

advantages as well as capabilities of the 3-in-1 ionization
source. The pure chemicals applied to glass or paper surfaces
were directly analyzed using LTP, DESI, and EASI ionization
in positive as well as negative ion-mode (for a full list of
compounds as well as of obtained molecular ions, see Table S-
2).

In Figures 3 and S-5, exemplary mass spectra of selected
chemicals are depicted. Without exception and in accordance
with the proposed LTP ionization mechanism,*® plasma
ionization gave protonated molecular ions of less polar, low-
molecular weight compounds. In the case of highly volatile
compounds (e.g, dimethylformamide or pyridine), strong
signals appeared as soon as the tip of the pen approached, e.g,
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an open bottle. As expected and as can be seen in the middle
and right column of Figure 3, DESI as well as EASI generated
protonated ([M + H]"), sodiated ([M + Na]*), or potassiated
(IM + K]*) molecular ions. A comparison of DESI and EASI
mass spectra clearly reveals a 2—4 times reduced sensitivity of
EASI in positive as well as negative ion-mode. Still, we are
convinced that the EASI mode is an important feature of our
interface. It is a zero-voltage ionization technique, which allows
harmless mass spectrometric analyses of chemicals on human
skin, in particular when EASI-MS is performed with non-
hazardous spray solvents, e.g. ethanol or isopropanol mixed
with water. It turned out that the use of a slightly oversized
metal capillary of the spray emitter (see Figures 2, S-1, and S-
2), which enables higher nitrogen flow rates through the tip of
the emitter, was a prerequisite for utilizing one single emitter
for DESI and EASL

In Figure 4 (top), analyses of nutmegs and banana peels are
shown. The surface of a nutmeg (Figure 4A) was touched with
the hand-held interface, and the ingredient elemicin was
detected within seconds at m/z 209.119 as protonated ([M +
H]") species using the LTP ion source. Utilizing DESI in the
positive ion-mode, the pesticide azoxystrobin could easily be
detected as protonated ([M + H]*), sodiated ([M + Na]*),
and potassiated ([M + K]*) species (Figure 4B).

A special feature of the novel interface is the integrated
camera module, which allows the combination of optical and
mass spectrometric data. Typically, mass spectrometry imaging
(MST),"**" =% in particular at an elevated lateral resolution, is a
very time-consuming methodology. A user has to define a
region of interest, which then is analyzed spot by spot within a
relatively long period of time (in microprobe mode)."’
Moreover, microprobe mass spectrometry imaging does not
offer a “preview” function, unless the whole sample is analyzed
pointwise at a very low lateral resolution. In DESI or EASI
mode, our hand-held device has a low lateral resolution too,
but the user can interactively define the region of interest by
moving the pen-like device with one hand. As depicted in
Figures 4 (bottom), S-6, and S-7, we developed a python
software, which is able to track the pen’s motion relative to the
surface of interest by automatically tracking a manually defined
reference point. A red ink, which gives signals at m/z 429 (4D)
in the positive ion-mode of DESI/EASI, was used to generate
an imprinted test sample. By assigning the obtained mass
spectra to the coordinates of the area of desorption, an ion
image of the analyte can be generated (4D). As shown in
Figure S-7, the lateral resolution of the first trial runs was
observed to be <1 mm.

B CONCLUSIONS

Three ionization techniques, DESI, EASI, and LTP, have
successfully been integrated into a small, pen-like housing,
which can freely be moved in front of a mass spectrometer to
analyze chemicals on any kind of surface. The hand-held
interface turned out to be an extremely versatile accessory to
our existing mass spectrometry system. In the course of daily
routine analysis, we are now able to perform minute high-
resolution MS analysis of chemicals on paper, glass, wood, etc.,
but also on TLC plates in terms of reaction control. Neither
sample preparation nor a replacement of an ion source at the
mass spectrometer is necessary. Our in-lab written software
package provides basic functionalities and allows a simple
switching between the modes of operation.

Most importantly, the synchronous optical and mass
spectrometric analyses of a sample surface (Movie 1) facilitate
a novel type of imaging mass spectrometry, which we named
interactive mass spectrometry imaging (IMSI). To show the
capabilities of IMSI at this early stage of development, we
utilized a rather simple method to track the pen’s motion. A
more sophisticated approach would be automated object
tracking, which does not require a manually positioned
reference mark. The determination of the optical flow based
on the obtained real-time images would then enable both the
stitching of an optical image (panorama) of the scanned
surface as well as recording the motion of the hand-held
interface relative to the sample surface. Although the lateral
resolution of this prototype was found to be in the millimeter
range, an enormous amount of time can be saved due to the
fact that the user will be able to interactively define the region
of 2D localization in real-time.

B ASSOCIATED CONTENT

@ Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.analchem.0c026135.

Additional materials, methods, and results (PDF)

@ Web-Enhanced Features

A movie of the synchronous optical and mass spectrometric
analyses of a sample surface in MOV format is available in the
online version of the paper.
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