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spectrometer by means of an active capillary plasma lonization source, based on dielectric barier dis-
Fiacsivad 108 Fatruary 2017, charge onization (DRDI. This slowed highly sfficient soft ionization of gas phase, chromatographically ABSTRACT: Soft ionization by a chemical reaction in trander
Accepled 13th Apm 2017 resalved compounds at ambient pressure. Several pesticides and Micit drugs were anatyzed, and the imits (SICRIT) is appled to couple gas chromatography (GC) to a
DOL 101038/e 74002455 of detections (LO0%) were 35 low 35 30 pg ml ™ for the GC-DRDI-MS coupling (cerresponding to 60 1 high-resolution atmospheric presure inlet mass spectmmeter ‘< [y~ rjfj;rV"‘"*““"
rscWanatyst on-column sensitvityd and 30 fg mL~ for SPME-GC- BEDI- M5, These instrments are generally used in combination with liquid Senn [T e
chromatogmphy systems (LC- MS) ]mhaﬂ.en of alkanes i not
possible here with Aller be—g  wrTH
natively, separate GC-electron ionization (E]} -MS is employed for o A LATinnr
Introduction approaches used to obtain a sensitive soft ionization are based the analysis of nonpolar substances like alkanes, however, with the

inherent challenge of strong fragmentation. Tn the case of alkanes,
the determination of molecular masses becomes neady imposible in complex hydmcarbon mistures because of the wealth of similar
fragment ions and the absence of the molecular ion sigral SICRIT, a soft iongzation technique based on dielectric barrier discharge

on the coupling of GC with atmospheric pressurw jonization
Gas dlrunamgm'phy (GC), together with liquid chromato-  (API) sources, for ecample electrospray ionization (ESI). For LC
graphy (LC), is one of the most widely used and well-estab-  separation, ESI, atmospheric pressum chemical ionization

. R . P (DBDI), poduces chamcteristic oxddized cations from alkanes that can be directly comelated to their molecular mass. Botope
lished seg b It i mainly emp for the  (APCI), pheric prezum g ion  (APP) and ]abdi:.g’ reveal an ionizath hanism via hydride abstraction and reaction with water. Soft ionization can be achieved
separation of lun‘pol.nmy and weakly polar wlatile, semivola-  stmospheric pressure laser ionization [APLI) are used very fre- for iso- and n-alkanes, with very lule &anhn‘ enabling the d S Ty
tile and thermally stble analytes, The detector that fully quently, while they are only spomdically used in combination from CI0 to C30 were p & high Linearity, mproductbillty, and wilh an average LOD of 69 py (on
exploits the potential of this separation technique is cerminly  with GC.** column). Measurements of diesel fuel nmp]esm ccmpuedm trad.lmnal GC-EFMS. The d method
mass spectrometry (MS). In most cases, the effluent from the  The first coupling of GC with an API source was reported in and easy handling ofa GC-EI-MS with the d of mass ly only achieved with field ionization (FI)-MS,

while using existing and highly optimzed mass spectrometers commanly mup]ed with LC. Additionally, many other analytes such as

GC apillary column is intoduced directly into the high 19705 by Homing and coworkers™ and by Korfmacher and co-
(alkylited-) PAHs could be detected smultanecusly in the diesel samp

vacuum region of a mass spectmmeter,” where ionization of  workers.®'® These authors showed 2 successful GCAPCEMS
the analytes takes place. Electron ionization (EI) is by far most  coupling, which is at the moment one of the most used.
frequently used. The advantage of EI is tha it covers a broad  However, APCI is usually more prone to matrix effects com- B INTRODUCTION
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compounds in hydrocarbon mixtures ke crude oil This leaves

range of analyte polarities and molecular weights, and since
the clectrons are usually at 70 oV, identification of the analytes
can be done by comparing the mqmm:d mass spectra wn:h
spectral libraries,” which are indep of the sep

pared to EL* and the establishment of spectral libraries is
more difficlt due o the high sensitvity of the technique to
fluctuations of experimental parameters like flow mte and
humidity.” APPI"" and APLL™ amre also valuable alternatives to

conditions. In GCEFMS every analyte is fragmented during
ionization, and the molecular ion is often absent or of very low
intensity, which could render the quantification of compounds
with non-specific fmgmentation more difficult and less sensi-
tive.” In other cases, the presence of molecular ions is clearly
desirable, eg. for coeluting compounds, where the presence of
one [usually the less concentmted) mmpﬂund could hc
hidden below a more abund P i's fi

pattern.

To obtain a softer ionization for GC, chemical
(C1) in both positive and negative mode was inroduced. Other

APCI when combined with GC. Mome meently, low temperature
plasma [LTP) sources [most of them based on dielectric barrier
discharge ionization]"* were coupled 0 GC, with the first
application reported in 2013,

In this work, we emplayed a dielectric barrier disch
ionization (DEDI) smxm:“"é" to ionize GC-resolved pesti-
cides and illicit drogs. In addition to the increased sensitivity,
saftness and the broad range of accessible substances, versa-
tility is the main advantage of this coupling. The unique geo-
metry of the ionization source, which we call “active capillary
ionization” (Fig. 1), is unproblematic in terms of dismnces or
angles at which the gas phase analytes are intmduced in the
system. In addition, sampling and ionization steps are comple-

Methods for amalyzing complex hydrocarbon mixtures are
needed in different fields, from the petrochemical industry,"*
over environmental Pmmum,‘ to food quality contral**
Crude oil and petrochernical products can comprise ﬁ:ousands
of difierent components and milions of isomers” Current
ionization methods used in conjuncion with atmospheric
pressure inlet mass spectrometers, which are usually made for
LC coupling, were predominanty developed for polar analytes.
Therefore, the number of applications of LC mass spectrom-
etry for the analysis of nonpolir components is still limited 5%
Standard analysis methods for hydrocarbon mixtures are gs
chromatogrphy—flame ionization detection (GC-FID) and
gas chromatography—electron ionization mass spectrometry
(GC-EI-MS). FID is the preferred method for quantitative
analysis due to its wide dynamic range and uniform response to
different alkanes that allows for analyte-independent clibra-
tion™" Typical limits of detection (LOD) for FID range from
low ppb to low ppm levels, depending on the diromatographic
conditions.""* An FID is selective to arganic carbon; EL-MS

up to 95% of the sample unidentified, which is temmed an
unresolved complex mixtre.'* For this rason, a detailed
analyss of hydmoahon mivtures is stll chalenging, and in
many cases, such as food quality control, only sum parmeters
like Mineral Oil Satursted Hydmwcarbons (MOSH) and
Mineral Oil Aromatic Hydrocarbons (MOAH) are deter
mined

Different methods have been developed to overcome these
problems. Two-dimensional GC'*'® can be used for better
chomstographic sparstion; EI-MS with reduced electron
energy'” and FI'™'7 are used as softer ionization technigues.
However, even with an electron energy as low as 12 €V, EI
leads to extensive fragmentation, while the averall senstivity
decreases. FI exhibits low fmgmentation and is currently
applied in the petrochemical industry but suffers from a 1-2
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Abstract

On-line analysis of exhaled human breath is a growing area in analytical science, for
applications such as fast and non-invasive medical diagnosis and monitoring. In this work, we
present a novel approach based on ambient ionization of in breath and

real-time mass spectrometric analysis. We introduce a plasma ionization source for this
purpose, which has no need for additional gases, is very small, and is easily interfaced with
virtually any heric pressure ioni: mass (API-MS)
without major modifications. If an API-MS instrument exists in a laboratory, the cost to
implement this technology is only around €300, far less than the investment for a specialized
mass spectrometric system designed for volatile organic compounds (VOCs) analysis. In this
proof-of-principle study we were able to measure mass spectra of exhaled human breath and
found these o be comparahle to spectra ohtained with other electrospray-based methods. We

J.-C. Wolf * M. Schaer,® P. Siegenthaler® and R. Zenobi®
*Department of Chemistry and Applied Bioscience, ETH Zurich, CH-8093 Zurich, Switzerland. E-mail: zenobi@org.chem athz.ch
tFederal Office for Civil Protection, Spier Laborztory, Analytical Chemistry Branch, CH-3700 Spiez, Switzerlznd

Ultrasensitive direct gas-phase detection of chemical warfare agents (CWAs) is demonstrated utilizing active capillary plasma ioni-
zation and iriple quadrupole mass ¥ IMS) instr Four E-agents, two V-agents, and various blistering agents
[including sulfur mustard [HD]] were detacted directly in the gas phase with Limits of detection in the low parts per trillion [rg me)
range. The direct detection of HDwas shown for dry carrier gas conditions, but signals vanished when humiditywas present, indicating

sible direct detection of HD after sufficient treatment. The method ided sufficient sensitivi h itor directly N - - . .
:IZD:“;E;:M.TLTW‘““ MW“‘E:‘WBIE‘E'P'B*P'E e me:*”:':, :_‘T::'Iw Esu cient snsilivity 1o mend "K.: detected over 100 VOCs, including relevant metabolites like fatty acids, with molecular
‘exposure concentration. In general. the ionization is very soft. with Little to no in-source fragmentation. Espacially for the G-agents. weights extending up to 340 Da. In addition, we were able to monitor the time-dependeat
Bposre conee piyseb so e e e e evolution of the peaks and show the cahancement of the metabolism aficr a meal. We conclude
spacira. Our resulis show tat tre 3ct capillry plasma foizaion s 3 robus, sansive, plug and play” ambiant inizsion saurce that this approach may complement current methads to analyze breath or other types of

st ot exelociel o he vy oo of CWAe. e e thapeveneat o b oo a2 ME vapors, affering an affordable option 1o upgrade any pre-cxisting API-MS to a real-fime breath

analyzer.

Kepwards: active capillary plasma ionization, chemical warfare agents, D801, G-agents, V-agents, sulfur mustard, direct detection . .
Keywords: real-time breath analysis

[5] Online supplementary data available from stacks.iop.ore/TBR/B027102/mmedia
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Introduction

Although chemical warfare agents [CWAS] are banned, agents
continue to be used not only in terrorist attacks, but also in
ome armed conflicts, for example in Syria in 20137 There is
thus a continued need for the rapid, selective, and sensitive
detaction of CWAs and their degradation products. This is not
abways straightforward because of their structural diversity.

CWAs include G-agents, such as sarin [GB], oyclosarin [GF,
soman [BO], tabun [GA], the highly toxic V-type nerve agents,

such as VX and Russian VX [RVX], and blister agents, such as
sulfur mustard (HOI 2nd nitrogen mustards HN1, HNZ, HN3
|zae Figura 1]

Conventionally, CWAs and their degradation products
are analyzed by chromatographic methads,*” mostly in

ISSN: 1449-D647
dni 10,1755 ajms 1347

combination with mass spectrometry [MS)® and other detec-
tion technigues. This usually requires extensive sample prepa-

ration. such as preconcentration and derivatization. and the
chromatographic separation rasults in ralativaly long analysis
times, which is unpractical for on-sita detection. Direct, rapid

datection of CWAs can be done by ion mability spectrom-

etry™ " or MS. Recently, a number of efforts have been applied

to novel ambient ignization methods, including desorption
electrospray ionization |DESI)," direct analysis in real time,"”
atmospheric pressure chemical ionization [AFCIL'"™ or
proton-transfer reaction' for the datection of CWAs_ Various
formats of sample delivery have been irvestigated, including
the release of CWAs that hava baen adsorbed on solid-phase

© 1M Publicaior LLP 2015
All rights reserved

1. Introduction

Mass spectrometry is an essential analytical tool for chemical
analyses in a wide range of ficlds, including breath rescarch.
Traditionally, breath has been sampled as condensate; its head
space has been analyzed offline via gas chromatography-
mass spectrometry (GC/MS) [1]. This method has been the
gold standard for decades, showing an impressive wealth
in composition, with hundreds of compounds detected [2].
Meorcover, modern GCxGC-MS platforms reveal around 2000
volatile organic compounds (VOCs) in human breath [3].

1TEE-T156M 4027102 0B53.00 1

Whilst the analyte scope of GC-MS is broad, it
requires long analysis times, hindering its use to capture
transient changes in human breath (e.g. circadian phases).
Alternatively, real-time mass spectrometric technigues, mainly
proton transfer reaction-mass spectrometry (PTR-MS) [4]
and sclected ion flow tube-mass spectrometry (SIFT-MS)
[5]. have paved the way to investigate the dynamics
of human volatiles without any sample collection and
manipulation. These methods were applied in large breath
studies [, 7] where VOCs like isoprene or acetone and many
others have been di as d lated sholi

© 2014 IOF Publishing Lid  Prinsed in the UK

Analysca Chimica Acts 1177 (221) 338770

MS Imaging

Contents lists available at ScienceDirect

pubs acsorgiac

Analytica Chimica Acta

Atmospheric Pressure MALDI Mass Spectrometry Imaging Using In-

R journal homepage: www.elsavier.com/locate/aca

Il\l\l

Line Plasma Induced Postionization
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ABSTRACT: Atmosphesic pressure ionization methods confer a number of
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asdsted desorption /ionization (AP-MALDI), several ion sources operatingin a 3. -‘ (LT c —
range of geometries have been reported Maost of these platforms have, to date, am . catary
generally demonstrated relatively low lon yields and fer poor ion tansmision aecheinen.
EIGRLICHTYS SRAFEICALARSTRALT ccmpuedwvaunmme.Tomemveﬂ:edezcﬂmofcmhm.m ‘ & e
have devek mode (TM) AP-MALDI
« A novel hyphenation of laser ablation
and ambient desorptionfionization is imaging P‘afﬂm with in-line plasma ion using the Iy _
iy avaihible SICRIT device, replacing the previously used low temperature plasma
o Sampling compartment, jonization \ pobe from our developmental AP-TM-MALDI stage Both plasma devices
source and mass spectrometer build 205‘2'“ produce a significant ionization enhancement for a range of compounds, but s Wi
a closed system. the overall higher enhancement obtained by the SICRIT device in addition 10

 High sensitivity is provided by total

sample transport into the mass
Sspectrometer.

.n@n spatial resolution is combined

the ease of installation and the minimal need for optimization presents this

simple postionization in AP-MALDI MSL. https://pubs.acs.org/action/doSearchfield 1= Contri

b&text1="Jan-Christoph+Wolf" &field2=AllField&ite
xt2=&publication=&accessType=allContent&Earlies

‘with short analysis times due to fast
‘washout.
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The plug-and-play typhenation of UV-laser ablation (LA) and mass spectrometry is presented, using
dielectric barrier discharge ionization (DBDI). The DBDI source employed here is characterized by its
unique geometry, being directly mounted onto the inlet capillary of a mass spectrometer. In the litera-
ture, this particular kind of DBDI source is also referred to as active capillary plasma jonization. It has
been commercialized as soft ionzation by chemical reaction in transfer (SICRIT) and will be addressed as
DBDI in this study. LA-DBDI-MS was used for the direct, molecule-specific and spatially resolved analysis
of various solid samples such as coffee beans and pain Kller tablets without extensive sample prepa-
ration. The combination of fast washout UV-laser ablation and the principle of the DBDI source used here

Laser ablation
Active apillry ioniztion allowed for highlyefficient soft ionization as well as high spatial resolution down to 10 ym for molecular
Didectric barrier jonization imaging.
Mass spectromeny imaging ©2021 Elsevier BV. All rights reserved.
Amient desor ption fionzagan
Saft sonizatian by chemical reaction in
transfer
1. Introduction
Mass spectrometry is one of the most impartant tools to obtain
molecular information of complex samples to date. In combination
* Carresponding author. with spatially resolved sampling techniques, MS represents a
** Corresponding author. powerful detection entity that provides molecular information on
E-mai| - Hasch), uky de (UL Karst).
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W INTRODUCTION

Mass pectrametry imaging ( MSI) comprises of a suite of mass
spectrometry techniques used to provide spatially resolved,
uasally untargeted inbrmation from vadous surfaces including
biological tisue ' Although routiney used, matrix assisted Liser
desorption iongation (MALDI) reflection geometry sources
are limited in the achievable spatial resolution. With § i

the rapidt=&ref= pdf

from

preparation mpc" 'Folh\d.ng the success of DARI‘ and d:e

apid expansion of APL several phsma-induced ionization

sources were developed that share certain simiarities in device

configuration, plana formation, and proposed jonization
ch

demand for subcelular MSI resolution, the quest to improve
upon the now easly achievable 5-20 um pixel sze of
commercially available instruments continues Purposebuilt
prototype beam delivery systems have been constructed that
push the limits of resolution to submicron pixel sizes by
ermploying both reflecion mode” but abo tananision mods
(TM) beam delivery systems.’ For most abhted molecules,
this smaller pixel size might come at the expense of low lon
detection due to the lower amount of sampled material. Several
groups have introduced hyphenated methods and postioniza-
tion strategies for increasing observed jon intensities following
an AP mas specrometry experiment Approaches include
electrospray (IR-MALDEST' ), 4 VUV bunp followed by an
aerosolized  dopant (DE.SI.-'I'I ), plasma (DBD LTP"),
semndarx laser (MALDE2), or use of a heated transfer
capillary.

The highly energetic nature of plasmas, in conjunction with
the abundance of free electrons genersted in the plasma
regions allowed for their use 2 ionization sources in mass
spectrometry. In the field of stmospheric pressure jonization
(API) mass spectrometry, plama induced ionization was first
intmduced as patt of direct analysis in real time (DART) for

& 2020 henadcan Chamical Sockaty

< ACS Publications

Two plamabased ionization sources that have attracted a
wide interest and hawe been implemented in a number of
instrument setups are low tempersture plama (LTP) and
dielectdc bamier discharge fonization (DEDI). Use of DEDI
for API-MS was first descrbed in 2007" and relied on the
formation of an atmospheric pressure discharge between two
elecirodes, separated by a dielectric bamier. A stable, low-
temperature phsma i formed between the two electrodes by
applying an altemating voltage of 1-5 KV at frequencies
between 50 Hz and 10 MHz " DBDI-based ion sources have
been successfully used for hyphenating chromatography and
mass spedtrometry, eg, GC-MS' and LCMS,"” but their
further development has been somewhat limited Usage and
development of LTP as a desorption/ionization method has,
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High-Throughput Single-Cell Mass Spectrometry Reveals Abnormal
Lipid Metabolism in Pancreatic Ductal Adenocarcinoma

Qinlei Liv', Wenjie Ge', Tongtong Wang, Jiayi Lan, Sandra Martinez-Jarquin,
Christian Wolfrum, Markus Stoffel and Renato Zenobi*

Abstract: Even populations of clonal cells are heterageneous,
which requires high-throughput analysis methods with single-
cell sensitivity. Here, we propese a rapid. label-free single-cell
aralyrical method based on active capillary diefeceric barrier
discharge lonization mass spectrometry, which can analyze
muhiple metabolites in single cells ar a rate of 38 cellsminute.
Multiple cell rypes (HEK-203T, PANC-1, CFPAC-1. HteT,
Hela and iBAs) were discriminated successfully. We found
evidence for abnormal lipid metabolism in pancreatic cancer
cells. We also analyzed gene expression in a cancer genime
atlas dataser and fouwnd that the mRNA level of a eritical
enzyime of lpid synthesis (ATP citrate Iyase. AC!_YJ was
in Fueran i ductal
{PDAC). Moreover, boah an ACLY chemical inhibiror and

contents of single cells. In addition, rare cell types including
circulating tumos cells, cancer stem cells, invariant natural
killer T cells, antigen-specific T cells, ete., play significant
roles in jisms, early diagnosis of umor, and
angiogenesis in cancer and other discases’! In order to
undesstand the results of these genetic differences and
stochastic processes in individual cells maore deeply and
faithfully reflect the role thar cells play in the regular
operation of biological systems in terms of structure and
function, it is necessary to analyze and study the composition
and chemical content of cells at the single-cell level

The concept of single-cell analysis has received wide-
spread atiention in recent years and has imporiant applica-
tions ¥l Various single-cell amics technologies have emerged.

astRNA approach targeting ACLY could suppress the viabili
af PDAC cells. A significant reducrion in lpid content in
trented cells indicates that ACLY couid be @ potential target for
tremiing pancremic cancer.

Introduction

There are differences between individual cells, and evenin
the same cell population, cell heterogeneity exists."! Among
the reasons are genetic differences and stachastic processes
that oceur in the cellular metabolism. Since populaunn

conceals ion about the
between cells, it is important to have sensitive analytical
methods that afford the accurate chemical compaosition and

[¥] Q. Liw? ). Lan, Dr. 5. Martinez-Jarguin, Frof. Dr. R. Zenabi
Department af Chemistry and Applied Bicsciences, ETH Zurich
Vladimir-Prelog Weg 3, 8093 Zurich (Switzeriand)

EMail: zenobigiorg.chem ethz.ch

Dr. W. Gz Prof. Dr. M. Staficl

Department of Biology, ETH Zurich

Otto-SternWeg 7, 5021 Zurich (Switzerland)

T Wang, Praf. Dr. €. Wolirum

Department of Health Sciences and Technalogy. ETH Zurich
16, 8601

including single-cell genomics,
and metabolomics. Also. Single-cell omics ltcmwl.oglcs have
been applied to reveal metabolic heterogeneity of cells
Compared o single-cell genomics, transcriplomics, and
proteamics, single-cell metabolomics provides more rapid
and dynamic information of cell function. For example,
a deregulated metabolism is a hallmark of cancer cells!
Specifically, a dramatic increase of the de novo biosynthesis
of fatty acids is generally observed in tumor cells The
increased capacity for generating lipids not only facilitates the
formation of lipid bilayers but also enables the maor cells 1o
modulate their spccl.ﬁx: signaling transduction and cope with
axidative stress.”| For example, pancreatic ductal adenocarci-
noma (PDAC) is one of the most lethal cancers with only
around 9% S-year survival rate” Accumulation of fatty acids
was reported to correlate with PDAC initiation and meta-
stasis in a PDAC mouse model!® indicating that lipid
metabolism may be dysregulated in PDAC. Cancer cells are
Tighly h and exhibit ph pic diversity, and
the heterogeneity of cancer is closely related to the patho-
genesis of cancer™ Single-cell analysis can sccuraiely
characterize the heterogeneity of cancer, thereby providing
cancer treatment strategies!"!

Single-cell analysis is challenging because intracellular

[ These authars cantributed equally to this wark,
@ Supparting i and the OREID identification number{z) for

reaction rates are fast, intracellular composition
is very complex, the sample size is very small, some

the author(s) of this articke can be faund under:
hitps:{dled org 10,1002 /anie 202107223,

1 ® 2021 The Authors. Angewandte Chemie published &y Wilep NEH
G, This is an open aceess anicle under the tems of the Creative
Cammans Attribution Non-Cammercial License, which permits use,
distribution and reproduction in any meditm, provided the ariginal
work iz properly cited and is nat used for commercial purpeses.
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ds are present only at the trace level, may have
poor stability, and may be structurally similar. Studying the
biological properties of single cells requires analytical tech-
miques with high sensitivity, the ability to analyze ulira-small
samples, good selectivity, and fast response. Since mass

ry has high and selectivity, it holds great
promise as an effective technique for sngc-oclI metabolo-
mics analysis. mass i have
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Chromatograpny coupling

With SICRIT® GC-MS coupling you will get both extraordinary separation
delivered by GC and mass spectrometry analysis, ideally in high-resolution mode
(HRMS). Long-established paradigm of instrumentally strictly divided LC/GC-MS
IS being disrupted whilst such a seamless coupling Is always being carried out on
LC-interfaced mass spectrometry system. Furthermore, SICRIT® GC-MS
coupling increases sensitivity and provides molecular information by soft
lonization mechanism. Alongside with HRMS it's a powerful tool for target and
especially non-target analyses.

N G
- —
= .
»D)DX“Q)%)J
) | o
é S




Atmospheric pressure soft ionization for gas chromatography
with dielectric barrier discharge ionization-mass spectrometry (GC-DBDI-MS)

Mario F. Mirabelli, Jan-Christoph Wolf, Renato Zenobi

ABSTRACT
In this study, a gas chromatography (GC) system was interfaced to a high-resolution
Orbitrap mass spectrometer by means of an active capillary plasma ionization source,
based on dielectric barrier discharge ionization (DBDI). This allowed highly efficient
DBDI soft ionization of gas-phase, chromatographically resolved compounds at ambient
pressure. Several pesticides and lllicit drugs were analyzed, and the Ilimits of
.._—| detections (LODs) were as low as 30 pg mL-1 for the GC-DBDI-MS coupling
290°C (corresponding to 60 fg on-column sensitivity) and 30 fg mL-1 for SPME-GC-DBDI-
MS.
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CONCLUSIONS

The reported coupling of GC to MS using a capillary DBDI source was demonstrated to be very effective in the determination of pesticides and drugs at pg
mL-1 level. These figures of merit clearly show the superior sensitivity of our approach compared to conventional GC-MS, with LODs that could be lowered
further, to the fg mL-1 range, with SPME-GC. The workflow can be easily automated with existing solutions, and integrated in routine analytical
laboratories. There are several advantages of coupling a GC system to DBDI. Among these, the fact that APl MS instruments (generally employed In
combination with LC) can be used as well for GC, without the requirement of dedicated vacuum interface instruments is considered of high practical
Importance. Furthermore, the ionization is soft, with little to no fragmentation observed. This gives more flexibility in the quantification of compounds based
on their [M + HJ+ ion signal. In this regard, the use of high resolution MS instruments represents a perfect combination, giving the ability to perform non-
targeted analysis of unknown samples. The use of SPME also allows to further improve LODs and reduce the matrix complexity by a simultaneous clean-
up and up-concentration of the samples. Another advantage is the simplicity of the proposed approach, and the absence of geometric parameters
requirements to interface the GC column to the DBDI source.
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Gas Chromatography—-Atmospheric Pressure Inlet—-Mass Spectrometer Utilizing Plasma-Based
Soft lonization for the Analysis of Saturated, Aliphatic Hydrocarbons

Markus Weber, Jan-Christoph Wolf, Christoph Haisch

ABSTRACT
Soft ionization by a chemical reaction in transfer (SICRIT) is applied to couple gas chromatography (GC)
to a high-resolution atmospheric pressure inlet mass spectrometer. These instruments are generally used
In combination with LC-MS. lonization of alkanes is not possible here with conventional electrospray
Msiniet_1 jonization. Alternatively, separate GC-EI-MS is employed for the analysis of nonpolar substances like
0.002 L min'* GC'fSPME'Ff’_ijU'E A alkanes, however, with the inherent challenge of strong fragmentation. In the case of alkanes, the
--EEE s LT — determination of molecular masses becomes nearly impossible in complex hydrocarbon mixtures
transfer line . because of the wealth of similar fragment ions and the absence of the molecular ion signal. SICRIT, a soft
I lonization technigue based on dielectric barrier discharge (DBDI), produces characteristic oxidized
cations from alkanes that can be directly correlated to their molecular mass. Isotope labeling experiments
reveal an ionization mechanism via hydride abstraction and reaction with water. Soft ionization for iso-
and n-alkanes enables the determination of their molecular mass. Calibrations for n-alkanes from C10 to
C30 were performed exhibiting high linearity, reproducibility, and sensitivity with an average LOD of 69 pg
(on column). Measurements of diesel fuel samples are compared to traditional GC-EI-MS. The presented
method combines sensitivity and easy handling of a GC-EI-MS with the determination of molecular mass
commonly by using existing and highly optimized mass spectrometers commonly coupled with LC.
Additionally, many other analytes such as (alkylated-) PAHs could be detected simultaneously in the

diesel sample.

CONCLUSIONS

This study discusses the coupling of a GC by SICRIT, a commercial DBDI based soft ionization technique, with a high resolution atmospheric pressure
Inlet MS for the analysis of alkanes. Characteristic oxidized ions with the generic formula [M- (2n + 1)H + mO]* are generated with minimal fragmentation.
The oxidized ions can be assigned directly to the molecular mass of the alkane. Isotope labeling experiments reveal that the oxidation most probably
occurs via hydride abstraction and subsequent reaction with water in the carrier gas. The ionization can be applied to iso-alkanes as well as n-alkanes,
although with varying ionization efficiency. The minor fragments of iso-alkanes can be used to gain structural information, due to increased fragmentation
adjacent to branches. Calibration curves for n-alkanes from decane to triacontane show high linearity, reproducibility, and LODs in the low ppb range. To
the best of our knowledge, these are the lowest LODs achieved with an atmospheric pressure inlet mass spectrometer for alkanes so far. The quantitative
results achieved for n-alkanes with the new method applied to a diesel fuel sample match with traditional GC-EI-MS results. Additionally, it allows for the
Identification of iso-alkanes and further unknown components. Our results show that GC-SICRIT-HRMS is a valuable alternative to GC-EI-MS for the
measurement of alkanes. It significantly reduces the amount of unresolved complex mixture found, e.g., in diesel samples and enables a search for
specific alkanes in GC nontarget screening, employing established LC-MS workflows. This finding might be relevant also for other applications, such as
lubricant analysis, packaging material characterization, or food analysis, where alkane analysis is mainly limited to sum parameters like MOSH so far.
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Online detection

Volatile Organic Compounds (VOCs) analysis by mass spectrometry has never
been easier. By simply placing the sample in front of the SICRIT you will get the
desired results instantaneously. This enables sensitive aroma profiling, product
classification, detection of trace contaminants or breath analysis. Direct and
guantitative measurements of solids, liquids, and gaseous samples (e.g. by
headspace sampling or using SPME fibres) may be performed manually or
completely automated in combination with a CTC PAL system.




Direct gas-phase detection of nerve and blister warfare agents utilizing
active capillary plasma ionization mass spectrometry

Jan-Christoph Wolf, Martin Schaer, Peter Siegenthaler, Renato Zenobi

Fused silica ABSTRACT

m‘”p'"a“’ Ultrasensitive direct gas-phase detection of chemical warfare agents (CWAs) is demonstrated utilizing

| active capillary plasma ionization and triple quadrupole mass spectrometry (MS) instrumentation. Four G-

ap=il] 2 £ agents, two V-agents, and various blistering agents [including sulfur mustard (HD)] were detected directly

g e In the gas phase with limits of detection in the low parts per trillion (hgm-3) range. The direct detection of

Sample  § & Modified spray cone HD was shown for dry carrier gas conditions, but signals vanished when humidity was present, indicating

s a possible direct detection of HD after sufficient gas-phase pretreatment. The method provided sufficient

sensitivity to monitor directly the investigated volatile CWAs way below their corresponding minimal effect

N = | dose, and in most cases even below the eight hours worker exposure concentration. In general, the

DEDI S a6 (NN ionization is very soft, with little to no in-source fragmentation. Especially for the G-agents, some dimer

PSS .—@' 3200 QTRAP* formation occurred at higher concentrations. This adds complexity, but also further selectivity, to the

Exhaust  Pump corresponding mass spectra. Our results show that the active capillary plasma ionization is a robust,

Figure 2. Schematic of the experimental setup, showing the sensitive, “plug and play” ambient ionization source suited (but not exclusively) to the very sensitive
RIS L0 N TS ACTIN Chps T ) IV ZALON SOOI detection of CWAs. It has the potential to be used with portable MS instrumentation

modified APCI interface, and the mass analyzer.

CONCLUSIONS

The ultrasensitive and selective direct gas-phase detection of 10 CWAs was achieved using active capillary plasma ionization in combination with a triple
guadrupole MS run in the MRM mode. We showed the detection capabilities for G- and V-agents as well as various blistering agents, including HD. The
LODs achieved (0.009 pg m-3 to 0.33 ug m-3) were significantly lower than the corresponding lethal (LCt50) value and minimal effect doses, and, except
for V-agents, even lower than the eight hour worker exposure limit. Furthermore, the direct detection of HD was possible using a dry atmosphere,
suggesting the possibility of gaseous HD detection under ambient conditions using sample gas preconditioning (heating and drying). A combination of the
active capillary plasma source with a portable mass spectrometer has already been reported.17 This is also part of an ongoing study on the detection limits
that can be reached with portable instrumentation, as well as on matrix influences, which may in the end lead to a portable device for on-site CWA
detection and quantification. Finally, the active capillary plasma ionization source has proved to be a very robust and sensitive soft ionization source, which
can be mounted in a “plug and play” fashion to different APl mass spectrometers giving them “ambient” detection capabilities as well as an enhanced
sensitivity (femtogram range) not only for CWAs but for a broad range of other analytes as well
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Real-time breath analysis with active capillary plasma ionization-ambient mass spectrometry

Lukas Bregy, Pablo Martinez-Lozano Sinues, Maryia M Nudnova, Renato Zenobi

ABSTRACT

On-line analysis of exhaled human breath is a growing area in analytical science,
|/8 4 6,/ 54 1 for applications such as fast and non-invasive medical diagnosi_s anc_l m_oni_toring.

commercial , D/ L L < <€—Breath In this work, we present a novel approach based on ambient ionization of
APl-Ms € i compounds in breath and subseqguent real-time mass spectrometric analysis. We
rmmﬁ j Introduce a plasma ionization source for this purpose, which has no need for

additional gases, is very small, and is easily interfaced with virtually any
. commercial atmospheric pressure ionization mass spectrometer (API-MS) without
High Voltage
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Manometer

major modifications. If an API-MS instrument exists in a laboratory, the cost to
Implement this technology is only around €500, far less than the investment for a

specialized mass spectrometric system designed for volatile organic compounds
(VOCs) analysis. In this proof-of-principle study we were able to measure mass
spectra of exhaled human breath and found these to be comparable to spectra
obtained with other electrospray based methods. We detected over 100 VOCs,
Including relevant metabolites like fatty acids, with molecular weights extending
up to 340 Da. In addition, we were able to monitor the time-dependent evolution
of the peaks and show the enhancement of the metabolism after a meal. We
conclude that this approach may complement current methods to analyze breath
or other types of vapors, offering an affordable option to upgrade any pre-existing
API-MS to a real-time breath analyzer.

CONCLUSIONS

We coupled a home-built soft plasma ionization source to a mass spectrometer without major modifications of the interface. We showed that the active
capillary plasma ionization is suitable for real-time analysis of exhaled breath with ambient mass spectrometry. The technique is sensitive enough to detect
relevant VOCs like fatty acids in the mass range up to m/z 340. In addition, we were able to detect the metabolic pattern differences between three
Individuals and monitor the time-dependent evolution of these patterns. We showed that several metabolites are enhanced or decreased after food intake.
It was observable that the intensity changes are mostly similar for both subjects as far as the sign of the change. In contrast, it was shown that the
magnitude of the intensity changes is different from one subject to the other. Summarizing all measurements and data analysis, the analytical results have
similarities to SESI-MS and add to other real-time techniques like PTR-MS and SIFT-MS.
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MS Imaging

Applying minimum effort SICRIT® Is able to enhance your existing mass
spectrometry imaging method by increasing spatial resolution. There iIs nearly no
optimization needed before one can simply employ SICRIT® as post-ionization

technigue on any APl mass spectrometer running MALDI or laser ablation
experiments.
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Plug-and-play laser ablation-mass spectrometry for molecular imaging by means of dielectric
barrier discharge ionization

Sabrina K.I. Funke, Valerie A. Brlckel, Markus Weber, Elias Litzen, Jan-Christoph Wolf, Christoph Haisch, Uwe Karst

£ data processing ABSTRACT | . .
The plug-and-play hyphenation of UV-laser ablation (LA) and mass spectrometry is

A’ 195.6"8%’ " 280 '2774/5 " 282 ‘Tslg presented, using dielectric barrier discharge ionization (DBDI). The DBDI source
laser :-4 ' ' employed here is characterized by its unique geometry, being directly mounted onto the
ablation DBDI Inlet capillary of a mass spectrometer. In the literature, this particular kind of DBDI

source source is also referred to as active capillary plasma ionization. It has been

commercialized as soft ionization by chemical reaction in transfer (SICRIT) and will be
addressed as DBDI in this study. LA-DBDI-MS was used for the direct, molecule-
specific and spatially resolved analysis of various solid samples, such as coffee beans
and pain killer tablets without extensive sample preparation. The combination of fast
washout UV-laser ablation and the principle of the DBDI source used here allowed for
highly efficient soft ionization as well as high spatial resolution down to 10 mm for
molecular imaging.

CONCLUSIONS

In this proof-of-principle study, molecular imaging was performed by LA-DBDI-MS on the example of pain killer tablets and coffee beans. Spot sizes down to
10 mm were tested, yielding satisfactory sensitivity. A two-fold scan speed was applicable without any image distortion or blurring effects. The low internal
volume of the DBDI source provides a washout time of approximately 1 s, allowing for such high scan speeds, as well as a high sensitivity, sufficient to
enable chemical imaging with laser spots as small as 10 mm. Therefore, the combination of these advantages allows high-resolution molecular imaging
under ambient conditions with scan rates that are shown to be significantly faster than in previously presented studies based on common, openly
constructed API sources. Furthermore, the DBDI source can be hyphenated to any commercial laser ablation system and nearly any mass spectrometer that
Is commercially provided with an API source. This makes this technique easy to adapt to individual needs regarding the sample type and analytical question.
Especially in combination with high resolution mass spectrometry, as it was used in this study, this technique offers a promising alternative to common
approaches for non-target analysis, such as MALDI-MS. Moreover, the simplicity due to the potential use of room air as plasma gas makes this an
Interesting tool for fast and easy analyses of various sample types without any extensive sample preparation.

DOI: https://doi.org/10.1016/j.aca.2021.338770

Atmospheric Pressure MALDI Mass Spectrometry Imaging Using In Line Plasma Induced
Postionization

Efstathios A. Elia, Marcel Niehaus, Rory T. Steven, Jan-Christoph Wolf, Josephine Bunchi

“f SICRIT device ABSTRACT
Atmospheric pressure ionization methods confer a number of advantages over more
| l traditional vacuum based techniques, in particular ease of hyphenation to a range of
o 00 WX ® Heated mass spectrometers. I_:or atmospheric pressure matrix assisted desor_ption/ionization
O _ ® VOV transfer (AP-MALDI), several ion sources, operating in a range of geometries have been
I O capillary reported. Most of these platforms have, to date, generally demonstrated relatively low
© Analyteions ® lon yie_lds and/or popr lon transmission compared to vacuum squrces. To _improve the
‘ @ Analyte = detection of certain ions, we have developed a second-generation transmission mode
molecules o Atmospheric (TM) AP-MALDI imaging platform with in-line plasma postionization using the
o6 o pressure commercially available SICRIT device, replacing the previously used low temperature
- e s 00 plasma probe from our developmental AP-TM-MALDI stage. Both plasma devices

produce a significant ionization enhancement for a range of compounds, but the overall
, higher enhancement obtained by the SICRIT device in addition to the ease of

Installation and the minimal need for optimization presents this commercially available
‘<_ 74— tool as an attractive method for simple postionization in AP-MALDI MSI.

CONCLUSIONS

In this proof-of-principle study, molecular imaging was performed by LA-DBDI-MS on the example of pain killer tablets and coffee beans. Spot sizes down
to 10 mm were tested, yielding satisfactory sensitivity. A two-fold scan speed was applicable without any image distortion or blurring effects. The low
internal volume of the DBDI source provides a washout time of approximately 1 s, allowing for such high scan speeds, as well as a high sensitivity,
sufficient to enable chemical imaging with laser spots as small as 10 mm. Therefore, the combination of these advantages allows high-resolution molecular
Imaging under ambient conditions with scan rates that are shown to be significantly faster than in previously presented studies based on common, openly
constructed API sources. Furthermore, the DBDI source can be hyphenated to any commercial laser ablation system and nearly any mass spectrometer
that is commercially provided with an API source. This makes this technique easy to adapt to individual needs regarding the sample type and analytical
qguestion. Especially in combination with high resolution mass spectrometry, as it was used in this study, this technique offers a promising alternative to
common approaches for non-target analysis, such as MALDI-MS. Moreover, the simplicity due to the potential use of room air as plasma gas makes this an
Interesting tool for fast and easy analyses of various sample types without any extensive sample preparation.
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Special applications

Enormous modularity and versatility of SICRIT® technology allows its usage with
nearly no limits. Any of previously mentioned setups can be easily modified to
accept major scientific challenges. All by strictly plug-and-play technology with a
high level of user- friendliness.




High-Throughput Single-Cell Mass Spectrometry Reveals Abnormal
Lipid Metabolism in Pancreatic Ductal Adenocarcinoma

Qinlei Liu, Wenjie Ge, Tongtong Wang, Jiayi Lan, Sandra Martinez-Jarquin, Christian Wolfrum, Markus Stoffel, Renato Zenobi

ABSTRACT
Even populations of clonal cells are heterogeneous, which requires high-throughput analysis methods

2 with singlecell sensitivity. Here, we propose a rapid, label-free single-cell analytical method based on

W gy SRS e active capillary dielectric barrier discharge ionization mass spectrometry, which can analyze multiple
ot —— /‘D - metabolites in single cells at a rate of 38 cells/minute. Multiple cell types (HEK-293T, PANC-1, CFPAC-1,
n—.-: —_— ~ H6c7, HeLa and iBAs) were discriminated successfully. We found evidence for abnormal lipid metabolism

MeOH «°
x\’\J

In pancreatic cancer cells. We also analyzed gene expression in a cancer genome atlas dataset and
found that the mRNA level of a critical enzyme of lipid synthesis (ATP citrate lyase, ACLY) was

@ upregulated in human pancreatic ductal adenocarcinoma (PDAC). Moreover, both an ACLY chemical
Cell suspension iInhibitor and a siRNA approach targeting ACLY could suppress the viability of PDAC cells. A significant
reduction in lipid content in treated cells indicates that ACLY could be a potential target for treating
pancreatic cancer.

CONCLUSIONS

In conclusion, a high-throughput, label-free and sensitive DBDI-MS platform was developed for the analysis of singlecell metabolites, which achieved a
throughput of approximately 38 cells per minute. The DBDI-MS platform is able to discriminate different cell types successfully based on their cellular
metabolites. Compared with bulk cell analysis, our single-cell DBDI-MS platform can separate different cells from mixed cell suspensions according to its
characteristic single-cell metabolite profile, and classify each type of cell into a specific group, which may help detect lipid metabolism in clinical cancer
tissues. Since the DBDI-MS platform found that abnormal lipid metabolism occurs in pancreatic cancer cells, a series of biological methods were used to
analyze the expression levels of ACLY and the activation of related biological pathways in the TCGA dataset and PDAC cells. We indeed found the
deregulated ACLY, acetyl-CoA synthesis and lipid homeostasis pathways in PDAC. We further identified deregulated PI3K/AKT and mTORC1 pathways
may promote the ACLY expression in PDAC. By treating PDAC cells with different dosages of specific ACLY inhibitor, the redistribution of lipids in PDAC
cells was observed by the DBDI-MS platform. Further biological experiments also demonstrated that both ACLY inhibitor or genetic approach that targeting
ACLY could repress cell viability of PDAC cells. These results prove the high sensitivity of our DBDI-MS platform and also confirmed that ACLY indeed
contributes to the lipid metabolism in PDAC cells, indicating ACLY may serve as a novel therapeutic target in PDAC. Thus, our DBDI-MS platform may
have the potential to serve as a new generation of mass cytometry and contribute to biological and clinical research
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Introduction

Even populations of clonal cells are heterogeneous, which requires high-
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ACLY may serve as a novel target for established Pancreatic ductal adenocarcinoma (PDAC)
PANC-1.
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Figure 3. (a) Relative ACLY mRNA levels in human normal and PDAC pancreatic samples. (b) Relative ACLY mRNA levels in PANC-1, CFPAC-1 and H6c7 cells. (c) Relative cell
viability detected by MTT assay in PANC-1 cells treated with indicated concentration of 58-204990 and DMSO for 48 hours. (d) Relative ACLY mRNA expression in PANC -1 cells
transfected with si-control or si-Acly cligos. (e) Relative cell viability detected by MTT assay in PANC -1 cells transfected with si-control or si-Acly oligos for 72 hours.
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ﬁonclusions: A high-throughput, label-free and sensitive DBDI-MS platform was developed for the analysis of single-cell metabolites,
which achieved a throughput of approximately 38 cells per minute. The DBDI-MS platform is able to discriminate different cell types
successfully based on their cellular metabolites. We found that abnormal lipid metabolism occurs in pancreatic cancer cells. We also
analyzed gene expression in a cancer genome atlas dataset and found that the mRNA level of a critical enzyme of lipid synthesis (ATP
citrate lyase, ACLY) was upregulated in human pancreatic ductal adenocarcinoma (PDAC). Moreover, both an ACLY chemical inhibitor or a
siRNA approach targeting ACLY could suppress the viability of PDAC cells. A significant reduction in lipid content in treated cells indicates
that ACLY could be a potential target for treating pancreatic cancer. Thus, our DBDI-MS platform may have the potential to serve as a
new generation of mass cytometry and contribute to biological and clinical research.
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