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Abstract

In this article, some recent trends and developments in ambient desorption/ionization mass spectrometry (ADI-MS) are reviewed,
with a special focus on quantitative analyses with direct, open-air sampling. Accurate quantification with ADI-MS is still not
routinely performed, but this aspect is considered of utmost importance for the advancement of the field. In fact, several research
groups are devoted to the development of novel and optimized ADI-MS approaches. Some key trends include novel sample
introduction strategies for improved reproducibility, tailored sample preparation protocols for removing the matrix and matrix
effects, and multimode ionization sources. In addition, there is significant interest in quantitative mass spectrometry imaging.

Keywords Ambient mass spectrometry - Quantification - Internal standard - Matrix effects - Mass spectrometry imaging -

ADI-MS

Introduction

Ambient desorption/ionization mass spectrometry (ADI-MS),
also referred to as ‘ambient mass spectrometry,” involves the
direct sampling and ionization of analytes from samples under
ambient conditions and requires minimal or no sample pre-
treatment. While the ionization process in mass-spectrometric
analyses was traditionally performed in vacuo inside the mass
spectrometer, the advent of differentially pumped interfaces
and atmospheric pressure ionization (API) methods (e.g.,
electrospray ionization (ESI) [1], atmospheric pressure chem-
ical ionization (APCI) [2], and atmospheric pressure photo-
ionization (APPI) [3, 4]) allowed the ionization step to be
performed at atmospheric pressure, greatly simplifying sam-
ple introduction. In late 2004, the introduction of desorption
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electrospray ionization (DESI) [5] by Cooks and coworkers,
followed by that of direct analysis in real time (DART) [6] by
Cody et al. in early 2005, further simplified ionization for MS
by moving into the open-air environment, where the samples
are present in native forms. Since the introduction of these
methods, there has been a rapid boom in the development of
these types of ionization techniques such that there are now
more than 40 different ambient ionization techniques, which
have been compiled in a recent review article [7].

Thirteen years since the first description of DESI and
DART, a multitude of papers have been published on ADI-
MS methods and applications spanning a wide range of
scientific disciplines. In fact, as of December 2017, more
than 1000 manuscripts involving ADI-MS approaches ap-
pear on the ISI Web of Knowledge. However, the vast
majority of papers utilize ADI-MS methods to obtain qual-
itative information, while only a small selection of papers
detail quantitative aspects of ADI-MS. Is the lack of quan-
titative analyses due to inherent limitations of ADI-MS
techniques? If so, can these pitfalls be addressed or
circumvented? To shed some light on these questions, this
article highlights trends and developments in ADI-MS
with a special focus on quantification and emerging appli-
cations. Progress in the field of plasma-based and non-
plasma-based ADI sources is reviewed based on research
papers published from 2014 and 2011, respectively, to ear-
ly 2017 to avoid overlap with earlier reviews [8—10].
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Concept of ambient desorption/ionization
mass spectrometry

In order to judge the strengths and weaknesses of ADI-MS
with respect to quantitative capabilities, it is necessary to give
a brief introduction to the technique. The compelling feature
of ADI-MS is that it allows mass spectrometric analysis with-
out sample preparation or sample pretreatment by utilizing the
mass spectrometer as the analyte separator as well as the de-
tector. Furthermore, the term ‘ambient’ not only refers to the
operation of the ionization source at atmospheric pressure (as
is the case with APCI, APPI, and ESI), but also the concept of
a freely accessible open space, i.e., a large sampling area, in
front of the atmospheric pressure interface of the instrument
(see, for example, [11]).

The primary purpose of ADI-MS is to enable the analysis
of samples in their native state without sample preparation.
This approach enables rapid screening with analysis times of
much less than one minute per sample, which is significantly
faster than chromatography-based MS techniques (e.g., gas
chromatography, GC-MS, or liquid chromatography, LC-
MS), and offers higher throughput than flow-injection analy-
sis—mass spectrometry (FIA-MS) methods [12].

In a traditional ADI-MS experiment, analytes are desorbed
from a solid or liquid sample in the open air with the effluent
from a specially designed desorption/ionization source (cf.

Fig. 1). The gas-phase analytes become charged through ioni-
zation processes common to established ionization sources, and
are pulled into the reduced-pressure environment of the mass
spectrometer, where the analyte ions are separated based on
their mass-to-charge ratio (m/z) and detected. The desorption/
ionization source is therefore the most important part of this
setup as it is responsible for many roles, including sample col-
lection, sample preparation (e.g., dissolution, digestion, solid/
liquid extraction), analyte separation/selection (e.g., chromato-
graphic or similar methods), analyte vaporization, ionization,
and transport into the mass spectrometer (Fig. 1).

Analyte separation is mainly based on the mass analyzer
and, to a lesser extent, the desorption/ionization source.
Therefore, high-resolution MS and/or MS/MS are used to in-
crease selectivity. MS/MS techniques work best with intact
molecules and little fragmentation and, thus, soft ionization
is required. Fortunately, this potential issue is usually mitigat-
ed by the significant amount of collisional cooling that occurs
at atmospheric pressure after the ionization step. Therefore,
mass spectra generated by ADI-MS should be simple and easy
to interpret, but that is not always the case in practice. Usually,
screening ADI-MS experiments are performed as qualitative
analyses of the surface of solid samples or in solutions with
low matrix content. However, quantitative analysis of com-
plex samples by ADI-MS is quite challenging due to the afore-
mentioned analytical load placed on the desorption/ionization

Ambient Desorption/lonization Mass Spectrometry
DBDI

e
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Fig. 1 Conceptual diagram of the ambient desorption/ionization mass
spectrometry approach with different desorption/ionization probes.
Reagent ions from the ion-generation region are carried to the untreated
sample with a sweep gas, aerosol, and/or liquid. This desorption/
ionization beam releases analytes into the gas phase and subsequently
ionizes them. lons are drawn into the mass spectrometer inlet, separated
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by m/z, and detected. ASAP atmospheric solids analysis probe, DART
direct analysis in real time, FAPA flowing atmospheric pressure afterglow,
LTP low-temperature plasma, DBDI dielectric barrier desorption ioniza-
tion, PADI plasma-assisted desorption ionization, DESI desorption
electrospray ionization, LAESI laser ablation electrospray ionization,
LMJ-SSP liquid microjunction surface-sampling probe
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source. To make ADI-MS techniques more quantitative and
analytically useful, the following aspects must be carefully
and fully addressed:

+ Sample introduction

* Reproducibility (in each of the sampling/sample introduc-
tion, desorption, ionization, and mass-transport steps)

+ Sensitivity

» Selectivity (in the desorption and/or ionization steps)

*  Matrix effects

» Linearity, precision, accuracy

*  Method validation

Not all aspects can be addressed here due to page limita-
tions, but they are certainly important for the advancement of
the field. The key challenges associated with different aspects
of quantitative ADI-MS are outlined in Table 1 and will be
discussed in the following sections.

Sample introduction

Sample introduction and the subsequent desorption/ionization
processes have a great influence on the quantitative capabili-
ties of ADI-MS techniques. For example, changes in the type
of pseudomolecular ions formed (e.g., sodiated vs. protonat-
ed) caused by variations in cations from the source or sample
may affect reproducibility [46]. Of greater concern is poor
reproducibility in analyses caused by sample heterogeneity
and ion-collection location. Sample-surface properties includ-
ing hardness, shape, roughness, etc. also greatly affect the
analyte signal [47]. In the case of plasma-based sources, the
distribution of reagent ions, ionization chemistries, and tem-
perature vary significantly in the region between the ioniza-
tion sources and the inlet of the mass spectrometer [26,
48-50]. As such, it is important to have reproducible sample
introduction to ensure reproducible desorption and consistent
analyte-ion formation [26, 37, 51, 52]. Additionally, the sam-
pling geometry has a strong influence on signal levels and
detectability, particularly for DESI. The initial designs of
DESI sources were highly flexible with more than ten adjust-
able parameters. However, it was shown early on that analyte
signal was heavily impacted by each of these variables, which
include various geometrical settings and distance relationships
between the spray tip, sample surface, and mass spectrometer
orifice. Consequently, geometry-independent DESI [13] was
introduced, which significantly improved reproducibility as
well as the simplicity of operation.

In another attempt, transmission-mode methods were de-
veloped, where samples are placed on a transmissive mesh
and the source effluent passes through this mesh. In
transmission-mode DESI [14], for example, the emitter is ori-
ented perpendicular to a sample-containing mesh, while the

electrospray droplets dissolve, desorb, and ionize analytes
from the mesh as they pass through. This configuration works
well for liquid samples in particular, and needs less optimiza-
tion of angles and distances than standard DESI [11]. The
reproducible signals offered by transmission-mode sample in-
troduction coupled with DART ionization were successful
enough that it led to a commercial product in 2011 from
IonSense, Inc., the DART ID-CUBE [15]. For the DART
ID-CUBE, samples are placed on the narrow waist of a metal
mesh held within a cardboard frame. An external power sup-
ply is used to resistively heat the mesh to volatilize analytes,
effectively separating the desorption and ionization steps,
which provides an additional means of analyte separation dur-
ing analysis. In the future, automated sample dosing onto the
device could be one way to further improve the reproducibility
of the overall approach.

Further improvement in sampling through selective
preconcentration has been achieved by coating the transmis-
sion mesh with polydimethylsiloxane (PDMS) [16]. The
PDMS layer serves as a solid-phase microextraction medium
for the extraction and preconcentration of semivolatile species
in aqueous samples (solid-phase mesh-enhanced sorption
from headspace, SPMESH) [16], which could then be ana-
lyzed by DART-MS. Through the use of DART-MS/MS and
isotopically labeled internal standards, a detection limit of
71 pg/L for linalool in water was achieved. However, the
accuracy and precision for linalool in grape macerate was
compromised by isobaric interferences present at the moni-
tored MS/MS transition for the unlabeled form, demonstrating
the difficulty in performing quantitative analyses with ADI-
MS. While transmission-mode approaches have greatly im-
proved the reproducibility of sample introduction and the
quantitative capabilities of these methods, it is somewhat re-
moved from the original concept of ADI-MS in that solid
samples are not directly probed in their native environment.

Paper spray [53] is an ambient desorption/ionization meth-
od which has shown great promise for quantitative analyses
for a number of applications, usually with the aid of isotopi-
cally labeled standards [43, 53-56]. For instance, Manicke
et al. [43] demonstrated paper spray MS for the quantification
of pharmaceuticals in dried blood spots. The relative standard
deviation of replicate analyses was as low as 8% when an
isotopically labeled internal standard was added to the paper
either before or after sample deposition. The variability wors-
ened to 16% when the internal standard was added to the
solvent eluent. In a subsequent study, 15 different therapeutic
drugs in dried-blood-spot samples were detected with LODs
as low as 1 ng/mL [44]. Quantitative information was
achieved over approximately three orders of magnitude with
accuracies within 10% of the actual concentration and vari-
ability of 10% when an internal standard was deposited prior
to the application of the blood spots. While paper spray-MS
has been shown to be very useful for quantitative analyses
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Table 1 Challenges associated with different aspects of quantitative ADI-MS and approaches used to overcome these limitations
Aspect Challenge Technique Approach
References
Sample introduction and  Stable signal/reproducible ionization DESI Fixed geometry [13]
lonization DESI Transmission mode (transmissive mesh) [14]
DART Transmission mode (DART ID-CUBE) [15, 16]
Interplay of desorption and LAESI Decoupling of desorption and ionization [17]
ionization affects reproducibility
MALDESI Decoupling of desorption and ionization [18]
LA-FAPA Decoupling of desorption and ionization [19]
IR-MALDESI Decoupling of desorption and ionization [20]
LMIJ-SSP Decoupling of desorption and ionization [21, 22]
(‘Flowprobe®)
Sensitivity Limited ionization efficiency for DAPCI Selection of ionization technique [23]
nonpolar compounds
DART Adjustment of operating parameters [24]
DAPPI Selection of ionization technique [25]
FAPA Adjustment of operating parameters [26]
Increased helium load DART Additional pumping stage [27]
Chemical background FAPA Redesign of source [28]
Selectivity False positives, systematic errors, DAPCI MS/MS and MS" [29]
high chemical background
DART High-resolution MS [16, 30]
DESI Additional gas-phase separation by ion mobility  [31, 32]
DIP-APCI Temperature-programmed vaporization [33]
DESI Reactive DESI (spray additives) [34, 35]
Matrix effects Change in ionization efficiency FAPA Choice of ionization technique [36]
DART Optimized geometry [37]
DART Additional sample preparation by solid-phase ex- [30]
traction (SPE)
DESI Additional sample preparation via microextraction [38]
by packed sorbent (MEPS)
DART Additional sample preparation by liquid-phase [39]
microextraction (LPME)
DART Additional sample preparation by stirbar sorptive  [40]
extraction (SBSE)
EASI Additional sample preparation by extraction with [41]
molecularly imprinted polymers (MIPs)
DBDI Additional sample preparation by solid-phase [42]
microextraction (SPME)
Internal standardization Application of standard paper spray Isotopically labeled internal standard [43-45]
Application of standard for imaging IR-MALDESI Spotting of isotopically labeled internal standard ~ [20]

Application of standard for imaging MALDI

and additional standard to account for
spot-to-spot variability

Matrix-matched standard (mimetic tissue model) [101]

with internal standards, significant variation in absolute sig-
nals has been observed with different types of filter papers or
even within the same batch of a certain type of paper; the
reasons for this variability are not yet fully understood [57].
Coupling laser-sampling approaches with ADI sources,
such as laser-ablation electrospray ionization (LAESI) [45],
matrix-assisted laser desorption electrospray ionization
(MALDESI) [58], and laser-ablation flowing atmospheric
pressure afterglow (LA-FAPA) [17], has also improved the
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reproducibility of sample introduction, while simultaneously
providing localized sample information that can be used to
generate chemical images. With regard to the aforementioned
approaches, LODs of 8 and 25 fmol for verapamil and reser-
pine, respectively, have been achieved with LAESI-MS with
four orders of linear dynamic range for quantification [45].
Infrared MALDESI was used for quantitative bioimaging of
the antiretroviral drug emtricitabine in incubated human cer-
vical tissue [18]. For quantification, stable isotope-labeled
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emtricitabine was used, which was spotted on the
cryosectioned tissue slice by a modified microliter syringe.
One hundred nanoliters of each standard solution were used
for each calibration spot, which covered an area approximate-
ly 1 mm in diameter on the tissue. For LA-FAPA-MS, a spatial
resolution of ~20 um with a LOD of 5 fmol was achieved for
caffeine [17]. While the use of robotics, automated motion
control, and lasers can improve sampling precision, these ap-
proaches are significantly more complex and expensive.

Another approach that has been employed to improve the
reproducibility of sampling makes use of a liquid
microjunction surface sampling probe (LMJ-SSP) [19, 20]
interfaced with an atmospheric-pressure spray-based ioniza-
tion source. With the LMJ-SSP, a liquid microjunction is
formed between the probe and the sample surface to perform
in situ microextraction. The LMJ-SSP can be applied to vir-
tually all species that can be dissolved and transferred into the
probe. Detection limits in the low nanogram range were re-
ported for mixtures of dyes on TLC plates [20]. After several
years of development, a commercial product is now available
from Prosolia, Inc. (Flowprobe™) that can be used for spot
sampling and imaging of cells and tissues. Though not yet
demonstrated, it should be feasible to also integrate sample
preconcentration and cleanup into the workflow of LMJ-SSP
in the future.

Sensitivity

One of the greatest challenges in analytical chemistry is to
develop techniques that are sensitive enough to detect trace
levels of many different analytes in a short amount of time.
While ADI-MS certainly reduces the analysis time compared
to LC-MS, that speed can come at the expense of compro-
mised sensitivity [21]. Matrix effects can also occur during the
desorption (or volatilization) step, further complicating quan-
titative analyses. These desorption and ionization matrix ef-
fects can lead to poor sensitivity for analytes in certain matri-
ces. In addition, ionization of nonpolar analytes is a challenge
in ADI-MS analysis.

In plasma-based techniques, the type and density of
reagent-ion production is highly dependent on the source op-
erating parameters, such as the discharge voltage/current, gas
flow rate, gas composition, and electrode configuration or
spacing [22, 26, 27, 48, 59, 60]. Furthermore, discharge type
(e.g., corona discharge, direct current (DC) glow discharge,
radiofrequency (RF) glow discharge, dielectric-barrier dis-
charge (DBD), etc.) and the associated ion-formation process-
es also influence the type, distribution, and density of the
reagent species. For instance, the FAPA is based on a DC
atmospheric-pressure glow discharge (APGD) [61] operated
at ca. 10 W of power, which leads to a larger population of
reagent ions and, in turn, better sensitivity as compared to the

corona-to-glow discharge of the DART source and the
dielectric-barrier discharge of the low-temperature plasma
(LTP) probe [62].

Some studies have been performed with plasma-based
sources to improve the ionization efficiency of nonpolar
analytes. In one example, desorption atmospheric pressure
chemical ionization (DAPCI) was optimized to successful-
ly ionize and detect petroleum constituents such as
hydronaphthalenes, thiophenes, alkyl-substituted ben-
zenes, pyridines, fluorenes, and polycyclic aromatic hydro-
carbons (PAHs) [63]. In another example, operating pa-
rameters of the FAPA source, such as the discharge current
and gas flow rate, were tuned to enhance sensitivity for
nonpolar analytes by increasing the density of charge-
transfer reagents [26]. In the charge-transfer mode, which
occurs at high discharge currents and low gas flow rates,
the molecular-ion signal for the nonpolar analyte 2,2'-
dichloroquaterphenyl improved by more than two orders
of magnitude over the more conventional proton-transfer
mode. Enhanced molecular-ion signals for nonpolar
analytes with DART-MS were also observed by Cody
[36] by adjusting several operating parameters. Namely,
high grid potentials, close distances between the DART
source and mass spectrometer inlet, and high gas-heater
temperatures led to the formation of molecular ions for
nonpolar aliphatic compounds. Desorption atmospheric
pressure photoionization (DAPPI) [64] was also found to
be equally or more effective for the determination of non-
polar analytes compared to DESI with detection limits in
the range of 56-670 fmol.

Since the introduction of these ADI sources, several tech-
nological developments have been employed to improve an-
alytical performance. Yu et al. [21] coupled the DART source
with a triple-quadrupole MS with additional pumping attached
to the inlet of MS to compensate for the increased vacuum
loading from the high flow rate of helium. This arrangement,
which is similar to a jet separator in gas chromatography MS,
enhanced sensitivity between 10 and 100 times. The original
design of the FAPA source, which utilized a hole in a plate
anode to form the flowing afterglow, produced a substantial
amount of chemical background across a broad mass range
and resulted in significant oxidation of aromatic analytes.
These issues complicated analyte detection and identification
and compromised the analytical performance of the source
[23]. A redesigned FAPA source with a pin-to-capillary geom-
etry was devised, which led to a drastic decrease in chemical
background levels in both positive- and negative-ionization
modes, as well as less oxidation of aromatic analytes. A de-
tection limit of 4 amol was found for the direct determination
of the agrochemical ametryn with the pin-to-capillary FAPA
source in neat solvent.

Because ADI sources are typically coupled to mass spec-
trometers that are designed to sample ions from ESI/APCI,
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optimization of the ion sampling efficiency/transfer is mostly
done empirically, if at all. Moving forward, computer model-
ing of the ion sampling/transport and MS interface/ion optics
is considered a valuable tool that should be used more in the
future to improve the overall sensitivity of ADI-MS.

Selectivity

Sufficient selectivity is a prerequisite not only for analyte
identification and the prevention of false positives, but also
for reliable quantification. Selectivity can be improved
through the use of instrumental means, such as tandem mass
spectrometry (e.g., MS/MS or MS") [24, 25], high-resolution
mass spectrometry (HR-MS) [28, 65], coupling with ion-
mobility spectrometry (IMS) [29, 30], physical sample-
preparation approaches (e.g., derivatization or selective ex-
traction/preconcentration) [28, 66], or by altering the desorp-
tion and/or ionization chemistry of the source [67].

The ability to perform high-resolution exact mass measure-
ments, such as with an orbitrap, Fourier-transform ion cyclo-
tron resonance (FT-ICR), or a time-of-flight mass analyzer
(TOF-MYS), offers additional selectivity over a large mass
range. Accurate mass measurements can reduce isobaric inter-
ferences in the spectra. Additionally, with the resolving pow-
ers offered by current FT-ICR and orbitrap instruments, chem-
ical noise levels can be quite low, thus improving sensitivity
and LODs. For instance, Jillian et al. [16] observed a one order
of magnitude improvement in the LOD for linalool with

DART-MS when high-resolution orbitrap mass spectra were
acquired as compared to those from a low-resolution triple-
quadrupole instrument. Accurate mass measurements alone,
though, cannot be used to separate or differentiate between
isomeric species commonly encountered in natural systems
[31, 34, 68], which can complicate nontargeted analyses.

In ADI-MS, the mass spectrometer itself serves as a separa-
tion device as well as a detection tool. Therefore, in the analysis
of extremely complex samples, additional selectivity in the
form of separating analyte-ion signals becomes quite important.
Tandem mass spectrometry methods provide an additional
means of selectivity via isolation and fragmentation of the an-
alyte ions. The masses of the resultant fragment ions, along
with the mass of the intact molecule, can be used to confirm
identity through known fragmentation transitions in the case of
targeted analyses [69], or can be compared to libraries of tan-
dem mass spectra in the case of nontargeted analyses [70, 71].
Tandem mass spectra also provide lower chemical noise, which
further improves the sensitivity of ADI-MS analyses [72].
However, current MS" approaches are performed serially in
time and, as such, cannot be reasonably applied to more than
a few analyte ions, let alone the entire mass range.

Yang et al. applied DAPCI for melamine detection in milk
products [25]. For improved selectivity, they performed MS?
experiments in a linear ion trap MS (cf. Fig. 2). To shed light on
the fragmentation behavior, additional experiments were car-
ried out with deuterated melamine. Melamine-de contains three
deuterated amine groups that are susceptible to proton—deuteri-
um exchange. Therefore, the measurements were presumably
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surface. b MS/MS product-ion 40 Melmine (MW 126) 40 NHz%J\f«H, BiNLlNANHz P
spectrum of protonated melam.ine 20 207 60 10 127
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carried out in deuterated solvent, as a mass shift of seven (m/z
127 vs 134) was observed. For MS quantification, the usage of
isotopically labeled '°N- or '*C-melamine is recommended,
because these isotopes do not exchange in solvent.

Additional rapid orthogonality to ADI-MS analyses, and im-
proved selectivity, can be obtained with the temperature-
programmed vaporization of analytes. Programmed thermal de-
sorption with external heating leads to the separation of sample
components in time as a result of their different vapor pressures.
In the DIP-APCI-MS determination of coumarin in woodruff-
flavored liquor [73], the analyte signal at m/z 147.0441 exhibited
a delayed rise as compared to the chronogram of an isotopically
labeled internal standard, coumarin-d4. The time profiles of
these isotopologues are vastly different. The authors rationalize
that the species detected near m/z 147 with DIP-APCI-MS orig-
inated from the chemical modification of matrix components
during the desorption/ionization process, likely due to the high
temperatures applied directly to the sample.

Additional selectivity can be achieved without compromis-
ing the analysis time by introducting a complementary rapid
ion separation/filter device such as IMS or differential mobil-
ity spectrometry (DMS) [30, 74, 75]. The biggest strength of
DMS coupled with ADI-MS lies in the removal of back-
ground interferences in targeted analyses. The differential mo-
bility system can be readily implemented in ADI-MS methods
because it separates ions on the basis of a complementary
mechanism. Clearly, however, it also adds complexity to the
MS instrument and is associated with higher costs. Galhena
et al. [33] demonstrated a hybrid DESI-DMS-MS platform on
a commercial mass spectrometer. By allowing only ions of a

specific mobility to pass through the DMS device, chemical
noise was suppressed and analyte ions could be filtered from
interfering ions of a similar mass.

The performance of DESI-DMS-MS was demonstrated for
the separation and detection of the isobaric compounds 5-
HMF and melamine. When the DMS device was off, the
two species were marginally differentiated due to the relative-
ly high resolving power of the TOF mass analyzer (cf. inset in
Fig. 3). However, when the DMS cell was turned on and the
compensation voltage swept during analysis, the isobaric spe-
cies were baseline resolved and could be identified (cf. Fig. 3).

Another strategy to increase the selectivity and, by ex-
tension, the sensitivity of ADI-MS analyses is to alter the
chemistry of the desorption/ionization process in what is
often referred to as ‘reactive ambient mass spectrometry.’
Cotte-Rodriguez et al. [67] used additives in spray solvents
of DESI to form characteristic adduct ions of explosives,
which enhanced selectivity and improved LODs by up to
an order of magnitude. In another case, direct and rapid
detection of cholesterol in dried serum samples and animal
tissue sections was drastically improved by the addition of
betaine aldehyde to the DESI spray solvent [76]. The ex-
periment combined desorption by DESI with in-situ chem-
ical derivatization, as betaine aldehyde selectively and rap-
idly reacts with the hydroxyl group of cholesterol to form a
hemiacetal salt. The study also demonstrated the quantita-
tive analysis of free cholesterol in serum using reactive
DESI with cholesterol-d; as an internal standard [76]. An
LOD of 1 ng was achieved for cholesterol and related
compounds with this reactive DESI system.

1.0 - 181 5HMF /| /£ Melamine
NH2 miz=127.042 || | miz=127.061
—_ g ‘
2 A N
- E |
= NT NN § ’
[ =4 T 054 a
S | g }
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g 7 \o
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MW =126.0317
-15 L] -1'3 L] -1.1 L] ..9 L] .'7 L] -'5 L
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Fig. 3 Application of DESI-DM-MS to the analysis of chemical stan-
dards on PTFE surfaces. The analysis of a binary mixture of melamine
(100 pM) and 5-HMF (100 pM) in DM-on mode (SV =900V, CV =-15

to 5 V) is shown. The inset shows the marginally resolved TOF MS
spectra of melamine and 5-HMF. Reprinted with permission from [33]
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In another example of reactive ADI-MS, the selective re-
action of 2-phenyl-4,5,5,5-tetramethylimidazoline-1-oxyl-3-
oxide with NO" was used for the quantification of exhaled
nitric oxide (eNO) in human breath with extractive
electrospray ionization—mass spectrometry (EESI-MS) [77].
The EESI-MS response of the 1-oxyl-2-phenyl-4,4,5,5-
tetramethylimidazoline (PTI) product was used to calculate
the eNO concentration. Quantification of eNO at the sub-
ppb level (~0.02 ppb,) with a relative standard deviation of
11.6% was achieved.

A common misconception about the increased selectivity
offered by instrumental approaches (e.g., MS/MS, HR-MS,
and IMS) is related to its ability to address matrix effects, in
particular ion suppression. Though these approaches often aid
in filtering or separating ions produced from the sample ma-
trix, ion suppression and other matrix effects still exist as they
occur during the desorption/ionization step. As such, it is im-
portant not to confuse ion suppression with chemical-
background interference, because ion suppression is a phe-
nomenon that occurs in the ionization source and adversely
affects the formation of the ions of interest. As the above
instrumental approaches for improving selectivity are carried
out after the desorption/ionization process, they cannot com-
pensate for any ion suppression or other matrix-effect issues.
Therefore, matrix effects need to be investigated and actively
monitored, while appropriate quality-control procedures
should also be implemented.

Even with the instrumental advantages discussed above,
interferences and matrix effects remain the biggest issues lim-
iting quantitative ADI-MS. The desorption and ionization pro-
cesses can also give rise to interferences via the chemical
modification of species in a sample. For example, the creation
of 5-hydroxymethylfurfural (5-HMF, m/z 127.03897) from
carbohydrates during the desorption/ionization process has
complicated the detection of melamine (m/z 127.07267) in
milk powder due to isobaric interferences [32, 78].
Fortunately, in that case, tandem MS and HRMS can be used
to resolve those species.

Investigation and reduction of matrix effects

Without prior separation of analytes, matrix effects can se-
verely degrade quantitative capabilities and even inhibit the
identification of analytes in ADI-MS analyses. As mentioned
by Cooks et al. [35], matrix effects ultimately limit the quan-
titative accuracy of MS methods. Although the matrix effects
in plasma-based ADI sources are typically considered to be
less severe than those in spray-based methods, they are still
quite significant [62]. Shelley et al. [62] compared ionization
matrix effects among three plasma-based ADI sources: FAPA,
DART, and LTP. They found that all three methods suffer from
ionization matrix effects, with FAPA being least susceptible to
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the ion-suppression process for species that only undergo
proton-transfer ionization. In LTP and FAPA, a different type
of matrix effect can occur, namely an inhibition of the forma-
tion of protonated reagent species due to the presence of non-
polar compounds [62].

Only a limited number of publications have thus far discussed
matrix-effect theory and methods of mitigating this problem in
ADI-MS. Song et al. [79] proposed a transient microenvironment
mechanism (TMEM) to address matrix effects for DART.
According to the mechanism, a transient microenvironment
(TME) shields analytes from direct ionization when the DART
gas stream impinges on the sample. Matrix molecules are ionized
first and analytes are ionized later by gas-phase ion/molecule
reactions with matrix ions. As little as 10 nL of liquid or 10 ug
of solid material is reported to be sufficient to create a transient
microenvironment. Furthermore, this TME can dictate the ioni-
zation pathways of analytes below a certain analyte-to-matrix
ratio, depending on the DART temperature and the boiling points
of the analyte and matrix.

Chen et al. [80] used a separate neutral gas stream with
EESI-MS to sample the surfaces of solid biological objects
such as human skin, frozen meat, and plant tissue without
sample pretreatment. This approach produced a neutral aero-
sol that was subsequently analyzed online. Desorption of vol-
atile and semivolatile analytes with the neutral gas stream
effectively separated the sampling process from the ionization
process in both time and space, which resulted in less ion
suppression.

Harris et al. reported a spatial dependence of the sensitivity
and ion suppression in a DART analysis of nerve-agent
simulants [37]. Sampling locations with a high degree of an-
alyte response (‘ion yield hot spots’) did not always corre-
spond with the highest-temperature regions within the ioniza-
tion space (cf. Fig. 4). Interestingly, they found that the vola-
tility of analytes seemed to play a smaller role in ion suppres-
sion than differences in proton affinity.

No sample preparation was one of the initial selling points
of ADI-MS. Today it is increasingly reported that tailored
sample pretreatment seems to be more advantageous than no
sample preparation at all. For example, when samples are
directly analyzed from their native environment, improved
sensitivity and selectivity can be achieved by the rapid
preconcentration of analytes within the sample prior to analy-
sis. Several preconcentration methods coupled with ADI-MS
analyses have been reported [28, 66, 81, 82]. For example,
quantitative analysis of mycotoxins was performed using
matrix-matched standards or commercially available '*C-la-
beled internal standards [28]. The authors observed serious
ion suppression by coextracted matrix compounds. To reduce
these matrix effects, dispersive solid-phase extraction (SPE)
with primary-secondary amine (PSA) sorbents and MgSO,
was employed to clean up the sample. A significant improve-
ment in analyte signal response (deoxynivalenol, m/z
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Fig. 4a-i Sensitivity-in-space 3 50 pM 100 uM
maps at different DART gas
temperatures and concentrations
of DMMP. Maps a (50 uM), b
(100 uM), and ¢ (500 uM) were
tested at 200 °C, maps d (50 uM),
e (100 uM), and £ (500 M) were
tested at 300 °C, and maps g

(50 uM), h (100 uM), and i

(500 uM) were tested at 400 °C.
All averaged (n =5) intensities
were normalized to the highest
intensity recorded for a given
concentration. Reprinted with
permission from [37]
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331.0943) as a function of the amount of PSA sorbent added (RSD between 7.9 and 12.0%) as compared to those with
(0-100 mg/mL of extract) is illustrated in Fig. 5. Ultimately, UPLC-TOFMS (RSD less than 5.6%) was achieved when
more severe matrix effects and poorer sensitivity (LOD of  examining certified reference material (CRM) extracts.

648 ng/kg) was noted with DART-HRMS analyses as com- In another study, liquid-phase microextraction (LPME) in
pared to LC-MS methods (LOD =60 ng/kg), the standard  combination with DESI-MS was used for the identification
approach for mycotoxin detection. Furthermore, slightly  and quantification of basic drugs in human urine [82]. A sig-
worse repeatability of the measurements with DART-HRMS  nificant reduction in matrix effects was observed with the use
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Fig. 5 The impact of dispersive SPE clean-up employing PSA and for 4 ml of acetonitrile extract containing the equivalent of 800 mg of
MgSO, on deoxynivalenol (m/z 331.0943 +4 ppm) signal intensity in a the matrix; the solvent standard concentration was 100 ng/mL. Reprinted
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of LPME compared to direct analysis with DESI-MS due to
the selective extraction capabilities of three-phase LPME. The
LPME extracts were deposited on porous Teflon, allowed to
dry, and analyzed with DESI-MS. The limit-of-quantification
for diphenhydramine was 140 ng/mL when an internal stan-
dard (diphenhydramine-ds) was used.

Preconcentration of UV-filter compounds in environmental
water samples with stirbar sorptive extraction (SBSE) was per-
formed, followed by DART-MS analysis [83]. After
preconcentration with SBSE, LODs of better than 40 ng/L were
achieved for several organic UV-filter standard solutions, but
RSDs were as large as 30%. Micro Extraction by packed sor-
bent (MEPS) was used by Jagerdeo et al. [81] for the fast
extraction and preconcentration of drugs of abuse followed by
rapid analysis with DART-MS. Quantification of cocaine in
human urine with internal standardization (isotopically labeled
cocaine) was reported with a LOD of 4.0 ng/mL. In another
study, molecularly imprinted polymers (MIPs) used as analyte
sequesters were employed with easy sonic-spray ionization
(EASID)-MS for the analysis of drugs in urine [84]. This method
was advantageous for complex sample analysis due to the abil-
ity to selectively trap target analytes with well-designed MIPs,
which results in reduced matrix effects.

Very recently, solid-phase microextraction (SPME) follow-
ed by thermal desorption of the extracted analytes to introduce
the sample to a dielectric-barrier discharge ionization (DBDI)
source was reported [85]. The method separates the thermal-
desorption step from the ionization step, which enhances re-
producibility and minimizes ion suppression. This approach
features an in-line geometry (SPME, DBDI, interface) that
results in improved analyte-ion transmission; LODs as low
as 0.3 pg/mL were achieved for cocaine and diazepam.

Based on the reports discussed above, it is clear that
microextraction techniques can improve matrix effects in the
analysis of complex mixtures. In principle, however, they re-
quire additional and sometimes time-consuming preparation
steps in the analytical protocol, a fact that conflicts with the
initial concept of fast and direct ADI analyses.

Internal standardization

The detrimental effects of matrix components on quantifica-
tion can be either reduced as outlined above or they can be
compensated for using internal standardization. The use of an
internal standard in ambient mass spectrometry was shown in
the first publication on DESI [5]. Clearly, the selection of an
appropriate standardization approach depends on the sample
phase, surface composition, and the target analytes them-
selves. In liquid-phase analysis, internal standards can be
added to the sample solution before the dried droplets are
probed with ADI sources. Similarly to conventional mass
spectrometric protocols, standardization with deuterated
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standards is feasible, although the limited availability and high
cost of deuterated standards might be a concern. For example,
DART was coupled to a linear ion trap mass spectrometer and
successfully used to detect and quantify glucose through the
use of a deuterated glucose standard [38].

In Fig. 6, extracted ion chromatograms (ammonium adduct
of glucose [M + NH,4]" at m/z 198) of the analyte are depicted.
The peak height and the peak profile were found to vary
among nine repetitions, similar to what is observed with most
ADI sources, but the peak area was successfully used for
quantification after the calculation of a peak area ratio (PAR)
that considered the response of the deuterated form of glucose
at known concentrations. A linear range from 10 to 3000 uM
was found. More details on the analytical performance (LOD,
LOQ, etc.) were not reported.

For natural surfaces, however, the use of internal standards is
not straightforward. Applying an internal standard to an amor-
phous solid sample in a consistent way can be quite difficult.
For example, it was reported that neither the addition of an
internal standard to the solvent spray in DESI nor doping an
internal standard by electrospray deposition yielded appropriate
quantitative results [11]. Nyadong et al. showed that the internal
standard-to-analyte response in the DESI-MS analysis of tablets
is influenced by the hardness of the tablet samples [47].

Recent applications

Rapid and high-throughput analyses have expanded the field
of ADI-MS to diverse applications. One interesting applica-
tion is the rapid identification of pesticides in human oral
fluids in self-poisoning cases. Lee et al. described a point-of-
care method based on laser desorption (LD)-ESI-MS for the
targeted detection of pesticides (methamidophos, methomyl,
paraquat, dimethoate, and chlorpyrifos) by MS/MS using
triple-quadrupole MS [39]. Pesticide—oral fluid mixtures were
applied on a cotton swab and then transferred into methanol.
A metallic probe was used to sample the methanol solution for
subsequent LD-ESI-MS/MS analysis. Total analysis time
(sampling, transfer, desorption, ionization, detection) was
within 1 min. The LODs of the pesticides in oral fluid obtain-
ed from four human subjects were between 1 and 10 ppb, with
a relative standard deviation of 10.7%.

ADI-MS has found its way into the field of environmental
sciences as well. For example, DESI-MS was used for the
quantification of organic acids in aerosols, and lengthy sample
preparation steps such as extraction, concentration, and
preseparation could be completely eliminated [40]. Li et al.
reported that LODs of approximately 1 pg/mm? were
achieved for selected organic acids (oxalic and oleic acids)
in atmospheric aerosols within as little as 5—10 s of sampling
time [40]. Recently, the FAPA source was used for the analysis
of organic aerosols [41]. Changes in aerosol composition and
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Fig. 6a-b Reproducibility
experiments. a Extracted ion
chronogram (m/z 198) for one
trial where nine 50 mM glucose
standards spiked with 40 mM of
deuterated glucose were analyzed
by DART-LIT. b Calculated peak
area ratios (PAR) for standard so-
lutions. Trial 1 is shown in a and
additional trials represents a sep-
arate batch of samples (n=9).
Reprinted with permission from
[38]
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concentration were detected on a timescale of seconds and in
the ng/m® range. The FAPA-MS results from a field campaign
in a mixed forest region were in good agreement with offline
measurements of collected aerosols.

In recent years, ADI-MS techniques have increasingly
been used for imaging applications. An indirect approach
has been presented by Hemalatha et al. [42]. They used
DESI-MS for imprint imaging. One prerequisite for imprint
imaging is retention of spatial resolution. The study demon-
strated the use of electrospun nanofiber mats made of nylon-6
surfaces for rapid detection or imaging by DESI-MS. The
applicability of this method was demonstrated for six different
examples, including patterns formed by single drops of dis-
solved dyes, marker pen inks, and printing inks. Imprints of
plant parts showed the suitability of nanofiber mats as a

Trial 1 Trial 2 Trial 3

Number of Trials

Trial 4

substrate for identifying and preserving diverse classes of
compounds. While the majority of the study focused on qual-
itative aspects of this approach, future experiments will have
to evaluate (among other aspects) the completeness of analyte
transfer for subsequent quantification.

Alternatively, ADI-MS analysis is increasingly being
utilized to obtain spatial and molecular information from
biological samples with minimal or no sample pretreat-
ment. Zou et al. demonstrated the use of a picosecond
infrared laser (PIRL) for small-molecule imaging, where
the laser cut through biological tissues without causing
significant thermal damage to nearby tissue [86]. The
PIRL can be used as a standalone surgical scalpel with
the added bonus of minimal postoperative scar tissue for-
mation. The combination of PIRL ablation with ESI (PIR-
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LAESI) further improved the MS signals. The sensitivity
of the method was estimated by analyzing aqueous solu-
tions, with LODs in the range of 100 nM obtained for
reserpine and better than 5 nM for verapamil.

The assessment of LODs in imaging applications is chal-
lenging. As described above, LODs were also determined
using aqueous solutions by Lee et al. [87]. They present a
laser desorption/ionization droplet delivery mass spectrometry
(LDIDD-MS) method which is capable of single-cell analysis.
For LDIDD-MS, a focused, pulsed UV laser was used for the
desorption and ionization of target molecules deposited on a
surface. The combined effect of photoionization by the UV
laser and ESI increased the ionization of analytes in an
analyte-dependent manner. For example, the caffeine signal
was five times higher than obtained with photoionization
alone, and more than ten times more intense than attained with
ESI alone. The combination of UV photoionization and ESI
was also applied to the amino acid lysine, and a LOD as low as
2 amol was obtained.

A detailed study of the capabilities of infrared-MALDESI for
the quantification of the antiretroviral drug emtricitabine in incu-
bated human cervical tissue was presented [18]. Stable-isotope-
labeled emtricitabine was used for quantification, whereas a dif-
ferent but structurally similar compound, lamivudine, was used
as an internal standard to account for voxel-to-voxel variation.
The incorporation of a structurally similar normalization com-
pound allows for the normalization of analyte-ion abundances
on a per voxel basis. The quantitative IR-MALDESI analysis
proved to be reproducible with an emtricitabine concentration of
17.2 + 1.8 pg/g tissue. This amount corresponds to the detection
of 7 fmol/voxel in the imaging experiment.

Groseclose and Castellino presented a detailed study of
quantitative MALDI imaging. Instead of spotting a range of
concentrations onto the tissue sample, they used a matrix-
matched standardization approach [88]. A mimetic tissue
model was proposed, consisting of a set of tissue homogenates
spiked with a range of different drug concentrations that were
frozen into a polymer support mold. Sections of the same
thickness from the tissue model and the dosed tissue were
collected. These were placed adjacent to each other on the
MALDI target, which enabled the matrix application step
and MALDI imaging acquisition to be conducted under iden-
tical conditions for both sections. A calibration curve was
generated from the model and correlated with the intensities
detected from the dosed tissue section to quantify the amount
of drug present. The results for lapatinib- and nevirapine-
dosed tissues from nonclinical species were compared with
those generated by LC-MS quantification, and close agree-
ment was observed.

One of the most challenging prospective applications with
respect to available analysis time and sample complexity
shown in the literature is the intraoperative molecular diagno-
sis of human brain tumors [89]. Eberlin et al. [89] developed a
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method to rapidly classify brain tumors based on lipid infor-
mation obtained by DESI-MS, which could be used to deter-
mine the boundaries between healthy and neoplastic tissue.
Oligodendroglioma, astrocytoma, and meningioma tumors of
different histological grades and tumor cell concentrations
were analyzed. The results obtained from mass-spectral imag-
ing were in agreement with the histopathology diagnosis with
very few exceptions. This method demonstrates the potential
of ADI-MS to guide brain tumor surgery by providing rapid
diagnosis and tumor margin assessment in near real time.

The group of Eberlin also developed and optimized an ana-
lytical approach integrating DESI and LMJ-SSP with a chip-
based FAIMS device for imaging biological tissue samples
[90]. This method allows the partial separation of singly charged
metabolites, singly and doubly charged glycerophospholipids
and glycosphingolipids, and multiply charged protein analytes
after desorption or extraction from biological samples, resulting
in decreased chemical noise and increased detection of selected
molecular species. Reducing interferences through FAIMS sep-
aration improved the S/N for the species of interest, aiding in
spectral interpretation and improving ion image quality. For ex-
ample, lipid identification was improved by a 50% increase in S/
N for all detected cardiolipin species.

The presented ADI-MS applications for bioimaging have
one major characteristic in common: quantitative information
is quite difficult to obtain. Therefore, it could be useful to also
apply an analytical technique that provides more straightfor-
ward quantitative information which would complement the
spatial and molecular information provided by ADI-MS. For
example, laser ablation inductively coupled plasma time-of-
flight mass spectrometry (LA-ICP-TOFMS) is successfully
used for quantitatively imaging metal or heteroelement-
containing species, sometimes with subcellular resolution
[91-94]. While the quantitative sampling afforded by LA and
the species-independent response of ICP-MS offer several ad-
vantages, information about molecular identity is completely
lost upon atomization in the ICP source. However, combining
tried-and-true quantitative analytical tools, such as LA-ICP-
MS, with ADI approaches or alternative ways of using
established ionization sources (e.g., see LA-APCI-MS/ICP-
MS [95]) could provide a means to generate reliable quantita-
tive information in ADI imaging applications. Though such a
specific combination has not yet been presented in the literature,
these sorts of multimodal analytical (and imaging) methodolo-
gies will likely begin to play an important role in ADI-MS
analyses, particularly for obtaining reliable quantitative
information.

Future perspectives

Ambient desorption/ionization mass spectrometry has already
demonstrated tremendous potential in different fields of the
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analytical sciences. However, more effort is required to
achieve reliable and quantitative information using these ap-
proaches. It is anticipated that key improvements to the ana-
lytical performance of ADI-MS will continue. However, our
fundamental understanding of desorption and ionization pro-
cesses and matrix effects is still very limited. As such, a great-
er push to understand these fundamentals is required for the
field to progress and for the development of successful quan-
titative ADI-MS methods.

We expect continued development, with novel concepts
not only for semiquantitative screening but also for accu-
rate quantification. However, only the truly simple-to-op-
erate, effective, and rugged sources are expected to have a
long-lasting impact in the field, at least from a commer-
cial standpoint. With an improved understanding of the
advantages and limitations of a given ADI source (and
compared to other sources), it would then be possible to
define the useful range of applications, and to further im-
prove the method’s selectivity, sensitivity, and reproduc-
ibility. To move the field forward, researchers should only
publish data that was obtained following the guidelines
and quality standards of the analytical sciences. For ex-
ample, it should always be stated in a manuscript how
quantitative results were obtained and if matrix effects
were observed; these points are clearly lacking in many
publications featuring ADI-MS methods. Also, new meth-
odologies should be tested on certified reference materials
and validated with an established method.

Clearly, ADI-MS will not replace techniques such as
LC-MS or GC-MS, but it will become an indispensable
and complementary tool, especially for in situ chemical
analysis. For example, portability is something that tradi-
tional benchtop mass spectrometers do not offer, and it is
assumed that portable miniature mass spectrometers
equipped with ADI sources will become commercially
available in the future. These unique instruments would
open up new avenues for in situ chemical analysis, with
applications in the fields of biomedicine, environmental
science, and pharmaceuticals.
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