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CH A P T ER 1
Introduction to Ambient Mass 

Spectrometry Techniques

Raquel Sero, Maria Teresa Galceran, and Encarnacion Moyano
University of Barcelona

INTRODUCTION

Cooks and coworkers introduced the term “ambient ionization” in mass spectrome-
try (MS) in 2004 (Takáts et al. 2004). This term grouped those emerging desorption/ 
ionization techniques that operated at atmospheric pressure and were able to subject an 
object for its immediate mass spectral analysis by handling it in front of the interface 
without the need of sample preparation or sample pretreatment. However, nowadays, it 
would be more accurate to say that these methods frequently do not require other sample 
preparation than the sample processing that takes place during the analysis (Venter et al. 
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4 Mass Spectroscopy Techniques in Food and the Environment

2014; Monge et al. 2013). To classify an ionization source in this new group of ambient 
MS techniques, it should meet the following requirements:

• The ability to perform ionization of compounds in the open air on objects of
unusual shape or size, not typically amenable to direct MS analysis.

• The capability to perform direct surface analysis, avoiding time-consuming sam-
ple preparation steps typically required in MS-based chemical analysis of solid
samples.

• The easiness to be swappable in any mass spectrometer equipped with an atmo-
spheric pressure interface.

• The capacity to generate ions without significant in-source fragmentation, which
would simplify the mass spectral data interpretation and the compound identifi-
cation when analyzing complex samples.

The two first introduced ambient mass spectrometry (ambient MS) techniques were desorp-
tion electrospray ionization (DESI) (Takáts et al. 2004) and direct analysis in real time 
(DART) (Cody, Laramee, and Durst 2005), which boosted the development of a growing 
number of new ambient MS methods and a large number of acronyms. Table 1.1 summa-
rizes the ambient MS techniques mostly used in food and environmental analysis. A num-
ber of excellent books and book chapters (Domin and Cody 2015; Gross 2017; Moyano 
and Galceran 2015; Kauppila and Vaikkinen 2014; Sero, Nunez, and Moyano 2016), 
review articles (Ding and Duan 2015; Monge et al. 2013; Espy et al. 2014; Cooks and 
Mueller 2013; Badu-Tawiah et al. 2013; Cody 2013; Javanshad and Venter 2017; Snyder 
et al. 2016; Klampfl and Himmelsbach 2015; Kauppila and Kostiainen 2017; Venter et al. 
2014), and tutorials (Huang et al. 2011; Bodzon-Kulakowska et al. 2014), which have 
already been published under the topic of “ambient ionization,” can be recommended for 
a further in-depth study of ambient MS technique fundamentals and state of the art. The 
ambient MS techniques developed until now combine different desorption methods with 
different ionization techniques, thus making their classification very challenging. Some 
authors have classified ambient MS techniques based only on the ionization mechanism 
(spray or jet ionization, electric discharge ionization, and gas-, heat- or laser-assisted 
desorption/ionization), although more thorough classifications have been made based on 
the intrinsic extraction/desorption/ionization mechanisms involved in these techniques 
(Black, Chevallier, and Elliott 2016). However, these divisions are sometimes debatable, 
especially when several of these mechanisms concur in the same technique.

Ambient MS techniques can offer advantageous characteristics to analytical labora-
tories working in the field of food and environmental analysis (Kauppila and Vaikkinen 
2014; Chen et al. 2017; Nielen et al. 2011; Black, Chevallier, and Elliott 2016; Luo 
et al. 2017; Porcari et al. 2016). For instance, real-time and in situ analysis, low sample 
requirements with little sample invasion, fast and high-throughput analysis, minimal 
or no sample prior preparation, small or no use of organic solvents, and relatively low 
matrix effects are some of the ambient MS characteristics that can be attractive for food 
and environmental applications. These features allow facing some requirements such as 
workload, turnaround time, and cost per sample frequently demanded by modern ana-
lytical laboratories. Table 1.2 summarizes some of the most recent ambient MS applica-
tions in food and environmental analysis. As can be seen, most of these applications used 
DESI and DART, probably because they were the first techniques developed, and they 
have been more widely studied than others introduced later. Furthermore, the availability 
of commercial devices for both DESI and DART, which can be coupled to many mass 
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spectrometer brands, may also affect the increase of their use. The simplicity of ambi-
ent MS methods allows the easy modification of the already existing ones to adapt them 
to both the sample type and the analytical problem. For this reason, many prototypes, 
home-made new approaches, are continuingly being introduced, and most of them have 
been explored for their application to target analysis of organic contaminants in food 
and environmental samples, food fraud, food authentication, and screening of emerging 
pollutants, among others. Although most of the characteristic aspects of ambient MS 
techniques can be very attractive and “revolutionary,” one should be aware of intrinsic 
limitations. For instance, the detection of a compound largely depends on the ionization 

TABLE 1.1 Acronyms and Primary References for Ambient MS Techniques Used in 
Environmental and Food Analysis

Abbreviation Name First Reference

DAPCI Desorption atmospheric pressure chemical 
ionization

Song and Cooks (2006)

DAPPI Desorption atmospheric pressure 
photoionization

Haapala et al. (2007)

DART Direct analysis in real time Cody, Laramee, and Durst 
(2005)

DBDI Dielectric barrier discharge ionization Na, Zhao, et al. (2007)
DESI Desorption electrospray ionization Takáts et al. (2004)
DICE Desorption ionization by charge exchange Chan et al. (2010)
EASI Easy ambient sonic-spray ionization Haddad, Sparrapan, and Eberlin 

(2006)
EESI Extractive electrospray Chen, Venter, and Cooks (2006)
ELDI Electrospray-assisted laser desorption 

ionization
Shiea et al. (2005)

FAPA Flowing atmospheric pressure afterglow Andrade et al. (2008)
LAESI Laser ablation electrospray ionization Nemes and Vertes (2007)
Leaf spray Leaf spray Liu et al. (2011)
LESA Liquid extraction surface analysis Kertesz and Van Berkel (2010)
LMJ-SSP Liquid microjunction surface sampling 

probe
Berkel, Sanchez, and Quirke 
(2002)

LTP Low-temperature plasma Cotte-Rodríguez and Cooks 
(2006)

MALDESI Matrix-assisted laser desorption 
electrospray ionization

Sampson, Hawkridge, and 
Muddiman (2006)

Nano-DESI Nano-desorption electrospray ionization Roach, Laskin, and Laskin 
(2010b)

ND-EESI Neutral desorption extractive electrospray Chen, Wortmann, and Zenobi 
(2007)

PADI Plasma-assisted desorption ionization Ratcliffe et al. (2007)
PESI Probe electrospray ionization Hiraoka et al. (2008)
PS Paper spray Wang et al. (2010)
REIMS Rapid evaporative ionization mass 

spectrometry
Schäfer et al. (2009)

Bold italics acronyms: Commercially available Ambient MS techniques.
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8 Mass Spectroscopy Techniques in Food and the Environment

mechanism as well as on the nature of the analyte to yield ions under the concrete ioniza-
tion mechanism. Therefore, not a single ionization method, especially when is used under 
one set of conditions, can deliver ions of all constituents in a complex sample. However, 
all ionizable compounds on the sample surface will contribute to the generation of com-
plex mass spectral data. On the other hand, ambient ionization is generally a soft ioniza-
tion that yields ions with low internal energy, which suffer no or little fragmentation in 
the atmospheric pressure region. Mono-charged and multiple-charged ions, as well as 
adduct ions, can be expected from those ambient MS methods shearing electrospray-
like ionization mechanisms, while plasma-based techniques only will generate mono-
charged ions and radical molecular ions. Under this scenario, the quality of the results 
would depend on the degree of information that the mass spectrometer can provide. 
Ambient MS techniques have been coupled to low-resolution mass analyzers (quadrupole 
and ion traps) mainly for the analysis of target compounds. However, the complexity of 
mass spectral data and the application of ambient MS techniques for the screening of 
complex samples require the use of MS instruments capable of acquiring data at high-
resolution and/or performing tandem MS experiments. High-resolution MS instruments 
are required to overcome interference problems, avoid overlapping isotope clusters, and 
provide high-quality mass spectral information to identify both the chemical formula 
and the chemical structure. Today, highly sensitive and selective instruments, such as 
linear ion trap (LIT), time of flight (TOF), Orbitrap and hybrid instruments such as triple 
quadrupole (QqQ), quadrupole-TOF (Q-TOF), quadrupole-Orbitrap or LIT-Orbitrap, 
have demonstrated to provide the necessary performance to design reliable methods with 
minimal sample preparation, thus facilitating high throughput analysis.

This chapter aims to provide a general picture of ambient MS techniques used for the 
analysis of organic compounds in environmental and food samples. Classification and 
a brief description of the ambient MS methods used in these fields as well as the most 
important and critical features of the desorption/ionization techniques are included.

AMBIENT MS TECHNIQUES

What really differentiates ambient MS from other direct MS techniques is that the sample 
processing takes place in real time and proximal to ionization. Among the ambient MS 
techniques, the difference relies on the way of how sample processing is combined with 
well-known ionization mechanisms. For instance, electrospray ionization (ESI), sonic-spray 
ionization (SSI), gas-phase ion–molecule reactions, and photochemical ionization have 
been coupled in real time with sample processing steps such as liquid extraction, thermal 
desorption, and laser ablation, among others. The classification of ambient MS techniques 
in subclasses is not easy and differs depending on the reviews published until now, with a 
certain degree of overlap. In addition, it is sometimes difficult to distinguish between a new 
ambient MS technique and the simple rebranding of an already reported ambient ioniza-
tion source. Despite the difficulties to categorize the ambient MS  techniques, the approxi-
mations of Venter et al. (2014) and Monge et al. (2013) seem to provide the most logical 
arrangement since both the sample processing and the desorption/ionization mechanisms 
are taken into account. Venter et al. (2014) classified ambient MS techniques based on the 
predominant sample processing method: liquid extraction (spray desorption, liquid junc-
tion, and substrate spray), thermal desorption, and laser ablation. On the other hand, the 
classification of Monge et al. (2013) is based on the intrinsic desorption/ionization mecha-
nism of surface ambient MS techniques. They are classified into one-step and two-step 
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techniques: one-step technique where desorption works in parallel with the ionization and 
two-step technique where desorption/ablation is followed by a secondary independent ion-
ization step. It must be mentioned that these authors do not include paper spray (PS) and 
extractive electrospray ionization (EESI) in their classifications. In this work, we propose a 
classification (Table 1.3) based on the number of steps necessary to desorb/ionize the ana-
lytes from the sample (Monge et al. 2013), but also considering the sample processing that 
takes place in each technique (Venter et al. 2014). Thus, this classification allows including 
PS and EESI, which are classically considered as ambient MS techniques.

One-Step Ambient MS Techniques

As mentioned earlier, in this group of techniques, sample processing occurs in parallel 
with the ionization mechanism. Liquid–solid extraction, thermal desorption, or chemical 
sputtering occurs in the same space and time than the ionization of compounds desorbed 
from the sample surface.

Solid–Liquid Extraction
Those one-step ambient MS techniques having liquid–solid extraction and liquid–liquid 
extraction (LLE) as the most important sample processing steps can be further divided 
into two subgroups depending on how the extraction product is presented to the ioniza-
tion event: spray desorption or liquid microjunction. DESI (Takáts et al. 2004) is the most 
well-known spray desorption ambient MS technique (Figure 1.1), in which the sample pro-
cessing starts by generating a charged spray plume through pneumatically assisted electro-
spray of a solvent. This charged spray plume is directed onto the sample surface to create 

TABLE 1.3 Classification of Ambient MS Techniques Used in Environmental and Food 
Analysis

Techniques Sample Processing Ionization
Ambient MS 
Techniques

One step Liquid–solid 
extraction

Spray desorption ESI DESI, EESI
Sonic spray EASI

Liquid 
microjunction

ESI LMJ-SSP, LESA
Nano-DESI

Thermal/chemical desorption Plasma based DART, DAPCI, FAPA, 
LTP, DBDI, PADI, 

Photoionization DAPPI

Two step Liquid–solid 
extraction

Spray desorption ESI ND-EESI
Substrate spray ESI PESI
Ultrasonic 
nebulization

APPI EAPPI

Laser desorption/
ablation

Laser ablation ESI LAESI (ELDI)
Matrix-assisted 
laser desorption

ESI MALDESI

Three step Solid–liquid 
extraction

Substrate spray ESI PS

Others Thermal ablation/chemical ionization REIMS
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10 Mass Spectroscopy Techniques in Food and the Environment

a microlocalized liquid layer where compounds are dissolved/extracted. Finally, after the 
impact of subsequent arriving primary charged droplets on the surface, the liberation of 
secondary droplets containing analytes is produced, thus generating analyte ions through 
traditional ESI mechanisms. Contrary to DESI, easy ambient sonic-spray ionization (EASI) 
(Haddad, Sparrapan, and Eberlin 2006) operates free of high voltage, in spite of sharing 
the same practical setup (nebulizing gas flow and polar solvent systems). The nebulizer gas 
flows at sonic speed (2–5 times higher than DESI) coaxially to a solvent flow, which gener-
ates charged droplets through a statistical imbalance of charge. Although DESI is commer-
cially available for its installation in several mass spectrometers, EASI is still a homemade 
device. However, DESI commercial ionization source can be adapted to perform EASI anal-
ysis with little custom readjustments. Regarding EESI (Chen, Venter, and Cooks 2006), the 
main difference when comparing with DESI and EASI is the use of two orthogonal sprays: 
the first spray contains charged droplets generated by the electrospray of a solvent, and the 
second spray can be either a neutral aerosol produced from a liquid sample or a gas stream 
containing volatile compounds (Figure 1.2). In this technique, collisions between neutral 
(containing analytes) and solvent charged droplets produce the extraction of analytes and 
subsequently the ionization takes place through ESI mechanisms.

Regarding liquid microjunction-based techniques, a solvent is delivered through a 
capillary to form a semistatic liquid junction where analytes are dissolved/extracted from 
the sample surface. The extracting liquid is transferred to a position where analytes can 
be ionized by well-known ionization mechanisms, typically by electrospray. Techniques 
such as liquid microjunction surface sampling probe (LMJ-SSP) (Berkel, Sanchez, and 
Quirke 2002), nano-DESI (Roach, Laskin, and Laskin 2010b), and liquid extraction sur-
face analysis (LESA) (Kertesz and Van Berkel 2010) belong to this group of ambient MS 
methods (Figure 1.2). The LMJ-SSP, already commercialized as flowprobeTM, uses two 
concentric tubes to supply the extraction solvent and to suction out the extracting liquid 

FIGURE 1.1 (See color insert after page 124.) Schematic illustrations of some commer-
cially available ambient MS techniques: DESI (Reprinted with permission from refer-
ence (Sero, Nunez, and Moyano 2016), Copyright (2016) Elsevier.), DART and LAESI 
(Reprinted with permission from reference (Stopka et al. 2014), Copyright (2014) Royal 
Society of Chemistry.), and PS (Reprinted with permission from reference (Wang et al. 
2010), Copyright (2010) Wiley-VCH.).

__________________________________________________________________________________Capítol 1

22



11Ambient Mass Spectrometry Techniques

phase with analytes, which are further ionized by ESI or atmospheric pressure chemical 
ionization (APCI). Nano-DESI operates more similar to LMJ-SSP than to DESI, since the 
lack of nebulizing gas removes the momentum transfer of incoming droplets to the liquid 
film. Instead, a solvent delivered by a fused silica capillary dissolves the compounds on 
the sample surface and forms a solvent bridge with a self-aspirating nanospray emitter. 
Regarding LESA, which is fully automated, microliquid extraction from a solid surface is 
combined with a nano-electrospray, thus being considered an adaptation of the infusion 
nano-ESI automated device (Nanomate).

Thermal and Chemical Desorption
The thermal-assisted desorption is the most common way to remove analytes from the sam-
ple surface before gas-phase ionization through plasma-base techniques and  atmospheric 
pressure photoionization (APPI). However, other mechanisms such as sputtering, where the 
sample surface is bombarded with high-energy species generated in atmospheric pressure 
plasmas, can also contribute to remove compounds with very low or no vapour pressure.

The plasma-based techniques falling into this group rely on an electrical discharge 
involving metastable and reactive charged species, which interact, directly or indirectly, 

FIGURE 1.2 (See color insert after page 124.) Schematic views of some one-step spray-
based setup techniques: EESI (Reprinted with permission from reference (X. Li et al. 2011), 
Copyright (2011) Nature America, Inc.), LMJ-SSP (Reprinted and adapted with permis-
sion from reference (Berkel, Sanchez, and Quirke 2002), Copyright (2002) American 
Chemical Society.), LESA (Reproduced with permission from reference (Montowska 
et al. 2014), Copyright (2014) American Chemical Society.), and  nano-DESI (Reprinted 
with permission from reference (Roach, Laskin, and Laskin 2010a), Copyright (2010) 
American Chemical Society.).
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12 Mass Spectroscopy Techniques in Food and the Environment

through proton- and charge-transfer reactions with thermally/chemically desorbed ana-
lytes. Despite the different type of atmospheric pressure plasma used, such as coronas 
and dielectric barrier discharges (DBDs) and direct current (dc) and radio frequency (rf) 
glows, the design of the plasma source and how the plasma interacts with the sample 
allow classifying these techniques. In DART (Cody, Laramee, and Durst 2005), flow-
ing atmospheric pressure afterglow (FAPA) (Andrade et al. 2008), and desorption atmo-
spheric pressure chemical ionization (DAPCI) (Song and Cooks 2006), the plasma is 
generated in a physically and/or electrically isolated region from the sample introduction 
zone. Regarding DART, the plasma species generated by a dc corona-to-glow discharge 
are electrically filtered and heated before their interaction with the sample (Figure 1.1). 
Therefore, metastable species, formed in the discharge supporting gas (He or N2), inter-
act with gas-phase water molecules to generate protonated water clusters by Penning 
ionization, which participate in proton-transfer reactions with the thermal desorbed ana-
lytes. In the FAPA source, the dc atmospheric pressure glow discharge is generated in a 
sealed discharge cell, and plasma species are transported into the open air producing an 
afterglow discharge (Figure 1.3). Although FAPA source seems to be similar to DART, it 
behaves quite differently in practice, which is due to the differences in the source design 
and the operating conditions that will be discussed later. In DAPCI, a dc corona dis-
charge ionizes gas-phase solvent vapours, as in APCI, producing reagent species in a 
heated chamber, and the flowing gas transfers the reagent ions onto the sample surface 
inducing “chemical sputtering” of adsorbed analytes (Figure 1.4).

By contrast, in low-temperature plasma (LTP) (Cotte-Rodríguez and Cooks 2006) 
and dielectric barrier discharge ionization (DBDI) (Na et al. 2007), the plasma is gener-
ated in the sample region, and all reactive species are used for ionization of compounds 
(Figure 1.3). In these techniques, a “cold” (~30°C) nonequilibrium plasma is generated by 

FIGURE 1.3 (See color insert after page 124.) Schematics of some one-step plasma-based 
techniques: FAPA (Reprinted with permission from reference (Shelley, Wiley, and Hieftje 
2011), Copyright (2011) American Chemical Society.), DBDI (Reprinted with permission 
from reference (Na, Zhang, et al. 2007), Copyright (2007) John Wiley & Sons, Ltd.), and 
LTP (Reprinted with permission from reference (Benassi et al. 2013), Copyright (2013) 
John Wiley & Sons, Ltd.).
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a DBD, sustained by an inert gas, so no damage to the surface due to heating is expected. 
Moreover, plasma-assisted desorption ionization (PADI) (Ratcliffe et al. 2007) uses an rf 
glow discharge plasma in direct contact with the sample to desorb/ionize target analytes. 
As in LTP, the plasma plume in PADI operates at room temperature, which favors the use 
of both techniques for the analysis of thermally labile compounds. 

Finally, DAPPI (Haapala et al. 2007) (Figure 1.4) is the only non-plasma-based tech-
nique included in this group, in which analytes thermally/chemically desorbed are ionized 
by APPI mechanisms. Thus, a heated mix containing the carrying gas and solvent vapours 
(dopant) is directed onto the sample surface. The analytes are desorbed by the hot vapour, 
after which the ionization is produced by ultraviolet (UV) radiation involving photoioniza-
tion, charge-transfer reactions, and ion–molecule reactions with solvent/dopant species.

Two-Step Ambient MS Techniques

In the ambient MS techniques included in this group, the sample is nebulized, and/or analytes 
are desorbed/extracted through thermal desorption, mechanical ablation, or laser desorp-
tion/ablation in a first step that is followed by an independent secondary ionization step.

Liquid–Solid Extraction
The extraction atmospheric pressure photoionization (EAPPI) (Liu et al. 2016) is a two-
step technique that uses an ultrasonic nebulizer for sample processing (extraction, nebu-
lization, and vaporization). The generated aerosol is transported by a carrier gas to the 
photoionization region (vacuum UV lamp), while mixing with a gaseous dopant. By con-
trast, in probe electrospray ionization (PESI) (Hiraoka et al. 2008) (Figure 1.5), which 
involves a solid sampling electrospray probe, a needle is inserted into a sample to pick up 
or to coat the needle surface with sample material before positioning it close to the mass 
spectrometer inlet. Finally, the ionization step is performed by applying a high voltage to 
the needle probe to induce an electrospray.

FIGURE 1.4 (See color insert after page 124.) Schematic illustrations of DAPCI (Reprinted 
with permission from reference (Song and Cooks 2006), Copyright (2006) John Wiley & 
Sons, Ltd.) and DAPPI (Reprinted with permission from reference (Haapala et al. 2007), 
Copyright (2007) American Chemical Society.).
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Laser Desorption/Ablation
This group of techniques uses an infrared (IR) or UV laser to produce the desorption 
or ablation of analytes from a surface with and without a matrix. The sample surface is 
broken into small pieces by the sudden delivery of energy. The fine clusters or particles are 
dispersed by the expanding plume, which is subsequently merged with an electrospray 
plume or a plasma stream depending on the ionization source used in the second step. 
One advantage of not being the sample in direct contact with the ionizing plume is that 
desorption and ionization can be optimized independently. 

The first technique that coupled laser sampling to an ESI source was electrospray-
assisted laser desorption ionization (ELDI) (Shiea et al. 2005). In ELDI, a pulsed nitrogen 
laser is used, while in laser ablation electrospray ionization (LAESI) (Nemes and Vertes 
2007) (Figure 1.1), which is commercially available, the desorption/ablation takes place 
applying a mid-IR laser. By contrast, matrix-assisted laser desorption electrospray ioniza-
tion (MALDESI) (Sampson, Hawkridge, and Muddiman 2006) uses an IR or UV laser to 
excite an exogenous matrix that cocrystallizes with the analyte, while applying a voltage 
to the stainless-steel target plate.

Three-Step Ambient MS Techniques

In this classification, a three-step ambient MS group has been proposed to include PS 
as an ambient MS technique, since it incorporates two sampling/processing steps and 
the ionization as a third step. In PS (Wang et al. 2010; Liu et al. 2015), a prepared 

FIGURE 1.5 Schematic setup of PESI.
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liquid sample is spotted onto a paper triangle and a solid-phase extraction (SPE) and/or 
chromatographic separation occurs when delivering a solvent and applying a high volt-
age to the paper substrate (Figure 1.1). The extracting solvent transports the extracted 
compounds to the apex of the triangle paper, whereas the different interaction of sample 
components with the paper substrate could produce their spatial/temporal separation. 
Electrospray is the driven force that pulls the solvent to the apex of the paper triangle, 
and also it is responsible for compound ionization through ESI mechanisms. Leaf (Liu 
et al. 2011, 2015) is an ambient MS method sharing similar principles with PS. However, 
in this technique, the plant material serves both as a substrate and as a sample. For 
instance, plant materials having a natural sharp shape (e.g., bean sprout) can be analyzed 
directly by leaf spray, while a small nick cut with a sharp tip has to be made to different 
samples. As in PS, the spray solvent is supplied on the pointy plant material to extract 
the endogenous compounds and to transport them to the tip. Finally, by applying a high 
voltage directly on the plant material, a spray of charged droplets is generated at the tip 
through ESI mechanisms. 

Other Ambient MS Techniques

Rapid Evaporative Ionization Mass Spectrometry
Rapid evaporative ionization mass spectrometry (REIMS) is an ambient MS technique 
based on other principles for desorption or ionization that cannot be classified in any of 
the previous categories. Originally, this technique was developed for the real-time iden-
tification of tissues during surgical interventions (Schäfer et al. 2009), although it has 
recently been proposed as a new analytical approach for direct analysis of meat samples 
(Balog et al. 2016; Verplanken et al. 2017). In REIMS, surgical blades are used to ablate 
tissues in order to produce aerosols and charged species by the heat dissipated during the 
electrosurgical process, being subsequently transported to the MS inlet. The ionization 
mechanism proposed for REIMS is quite similar to that taking place in both APCI and 
thermospray ionization in filament-off mode (Schäfer et al. 2009). The desorption of 
neutral molecules is followed by gas-phase ionization via proton transfer reactions with 
the ionized water molecules as in APCI.

PHYSICAL DESIGNS AND EXPERIMENTAL APPROACHES

As mentioned earlier, in ambient MS analysis, sample processing and ionization usually 
take place in a single platform near the inlet of the mass spectrometer. In this context, 
geometrical parameters, solvent and/or gas characteristics and flow rate, plasma forma-
tion approaches, surface properties, solubility, and temperature are important variables 
that critically affect the performance of the techniques.

Probe Assembly Configurations

In one-step spray desorption-based techniques (Table 1.3) such as DESI, EASI, and EESI, 
the geometrical configuration and operational parameters are important aspects to be con-
sidered (Weston 2010). For instance, when tuning DESI source, the response depends on 
the incident and the collection angles, the sample spot-to-MS inlet distance, as well as on 
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both the tip-to-surface and the MS orifice-to-surface heights (Figure 1.1). Recommended 
parameters for DESI typically are within the range of 45°−60° and 5°−30° for incident 
and collection angles, respectively, 2−3 mm for the sample spot-to-MS inlet distance, and 
1−3 mm and ~1 mm for the tip-to-surface and the MS orifice-to-surface heights, respec-
tively (Monge et al. 2013). The liquid sample in EESI (Figure  1.2) is sprayed into an 
electrospray plume positioned orthogonally to the sample spray, being the distance and 
the angle between both sprays critical to guarantee an efficient overlapping. The geo-
metrical configuration of liquid microjunction-based techniques is quite different, and 
the sampling probe rests on the surface of the sample for longer time than in spray-
based ones. The differences among these techniques are due to the way of  delivering and 
removing the extracting solvent from the sample surface. As can be seen in Figure 1.2, in 
LMJ-SSP, the coaxial capillaries are positioned perpendicularly (100−300 μm) above the
sample. The outer capillary supplies the solvent to form the liquid junction and extracts 
compounds from the sample surface, whereas the inner  capillary pulls the solution that 
contains the analytes to the ionization source. In contrast to the vertical arrangement of 
LMJ-SSP, in nano-DESI, the two fused silica capillaries that form the liquid microjunction 
are positioned at an angle above the sample surface (Figure 1.2). The primary capillary 
continuously supplies the solvent to create and maintain the liquid bridge, whereas the 
secondary capillary, an electrospray emitter, aspirates and ionizes the desorbed analytes. 
Regarding LESA (Figure 1.2), a robotic arm picks up a conductive disposable pipette 
tip and moves it above to a well containing the extracting solvent, which is aspirated 
by immersing the pipette tip into it. Afterwards, the pipette tip is positioned above the 
surface spot to form the liquid microjunction by dispensing a specific volume of solvent 
on the surface to extract the compounds. The latter liquid phase is aspirated back into 
the tip and positioned in one of the emitters of a chip-based nano-ESI for the ionization. 
The main advantages of LESA are the fully automatization and the use of disposable tips, 
which prevent contamination and carryover.

As mentioned before, method performance of plasma-based techniques is more 
affected by the physical design of the plasma source and the kind of plasma–sample 
interaction than by geometrical configurations (Ding and Duan 2015). Thus, in LTP 
and PADI, the plasma is generated in the sampling zone, whereas in DART, FAPA, and 
DAPCI, the plasma is isolated from the sample ionization region. The DART source 
(Figure 1.1) consists of two chambers through which the DART gas flows. In the first 
region, a dc corona-to-glow discharge (1−5 kV) generates the plasma, which is filtered 
by one or several perforated plate electrodes and heated before passing through a final 
grid electrode to interact with compounds thermally desorbed from the sample surface. 
This design allows the selective removal of ionic species from the heated plasma gas 
(typically He), thus only electronically excited metastable atoms arrive to the outside 
region. In DART, the sample is placed near the source outlet with minimum disturb of 
the gas flow to the MS inlet, being geometries for direct desorption and for transmission 
commercially available. By contrast, in DAPCI, the plasma species are transferred to the 
sample region without any filtration (Figure 1.4). This ambient source is built by simple 
modifications of the conventional APCI source, where gaseous reagent ions, generated 
by atmospheric corona discharge, are sprayed through a pipette tip and impacted on 
the solid sample, thus producing the desorption and subsequent ionization of analytes. 
In FAPA, LTP, and DBDI, a two-electrode configuration with different power supplies, 
electrode shape, and discharge cells are used. For instance, FAPA operates in a cur-
rent controlled glow discharge regime (~25 mA) applying a direct voltage (typically a
few hundred volts) to a pin-to-plate or pin-to-capillary electrodes in a sealed discharge 
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cell that physically separates the source from the sample (Figure 1.3). Unlike DART, 
FAPA does not use any electrode to filter plasma species before interacting with the 
sample. Moreover, no external heating is needed in FAPA, since the temperature of 
the plasma stream is high enough (>200°C) for an efficient desorption of the analytes. 
Regarding ambient MS methods based on DBD, at least one dielectric layer has to be 
placed in between the electrodes, being necessary a high ac voltage to transport the 
current through the discharge gap. Typically, amplitudes of 1−100 kV and frequencies 
of a few Hz to MHz are commonly used. The difference between DBDI and LTP lays 
on the geometrical configuration. In DBDI source, a glass slide is inserted between a 
plate electrode and a needle electrode to function as dielectric material and sample plate 
(Figure 1.3). When ac high voltage (5−10 MHz) is applied between the electrodes, an 
LTP consisting of numerous transient micro-discharges is ignited, and analytes placed 
in the surface plate are desorbed and ionized. On the other hand, LTP uses a glass 
tube (typically, ~4 mm inner diameter and ~6 mm outer diameter) as dielectric material 
to physically separate the ring outer electrode from the metal pin internal grounded 
electrode, which is directly in contact with the flowing gas (Figure 1.3). The gener-
ated plasma interacts with the sample, thus desorbing and ionizing analyte molecules. 
Since thermal desorption processes clearly play a major role in plasma-based techniques, 
temperature becomes a critical parameter to improve sensitivity. As commented before, 
FAPA does not use additional heating since the heat generated in the source is enough 
to desorb analytes from the sample surface. By contrast, DART uses an external heat-
ing to desorb semi-volatile and low-volatile compounds. In fact, a selective detection of 
thermal-dependent compounds can be performed in DART by ramping the temperature 
of the discharge gas to produce the thermal fractionation of the compounds in the sam-
ple surface. PADI is another “proximal” plasma-based technique, where high-energy 
plasma species interact directly with the sample. Hence, an rf glow discharge is set at 
the end of a pin electrode, which comes in direct contact with the sample, that works as 
ground electrode.

Some thermal desorption techniques are not plasma-based. Among them, DAPPI 
has increased its popularity in recent years because it can be applied for the analysis of 
low-polarity compounds (Kauppila and Kostiainen 2017). In this technique, a heated 
microchip is used to deliver both a narrow jet of vaporized solvent (dopant) and a nebu-
lizer gas onto the sample surface, thus achieving surface temperatures up to 350°C for the 
desorption (Figure 1.4). Ionization is initiated by photons emitted by a vacuum UV lamp, 
typically a krypton discharge lamp that emits 10 eV photons, although dopants such as 
toluene, acetone, or anisole (typically added at 10 μL/min) are required to ionize those
compounds with ionization energies below that of the photons. 

For the two-step laser-based desorption/ablation techniques, the key parameters 
affecting their figures of merit are the characteristics of the lasers used for ablation or 
desorption of the analytes from the sample surface, the ionization method, the use of 
matrix, and the geometrical configuration (Javanshad and Venter 2017). Both UV and 
IR lasers are used to generate the plume of particles, clusters, and free molecules, which 
are subsequently ionized in a separated step. For instance, UV nitrogen lasers, mainly at 
337 nm operating at 10 MHz with a pulse length of 4 ns and a pulse energy of 20 μJ, are
used in ELDI. Although, in most of the techniques as for instance in LAESI, IR lasers 
typically tuned at 2,940 nm with pulses of 5 ns duration at 2−20 Hz and pulse energy 
between 100 and 52 mJ are used (Figure 1.1). As regards the ionization step, the most 
popular is electrospray ionization, which is used in techniques such as LESI, LAESI, and 
in MALDESI where an exogenous matrix is used to improve ionization. Although both 
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reflection and transmission approaches are used in laser-based techniques, most of the 
geometrical implementations use reflective geometries with incident laser beams hitting 
perpendicularly the sample. However, other incident angles such as 45° with respect 
to the sample have also been used in some cases. In the less-used inverted geometry 
(transmission mode), the laser beam from the backside illuminates the sample, and the 
plume of desorbed material exits from the front side in the opposite direction of laser 
application.

Solvents, Gases, and Sample Devices

In liquid extraction-based methods, a solvent is always used, and its selection is a key 
aspect to be considered. In spray desorption techniques such as DESI, a spray of solvent 
charged droplets is used to perform the desorption/extraction of compounds and to ion-
ize the analytes, whereas in EESI and in liquid microjunction techniques, the solvent 
extraction takes place in line with an electrospray emitter. Solvent composition affects 
both the initial spray droplet size that depends on both the surface tension and the dielec-
tric constant of the solvent, as well as on the capacity of solubilizing sample component 
(Javanshad and Venter 2017). In general, organic/aqueous binary mixtures containing 
50%−80% of methanol or acetonitrile are used to dissolve analytes. Moreover, the sol-
vent system has to be electrically conductive and typically, when working in positive ion 
mode, acetic or formic acid (0.1%−0.5%) is used to increase ionization efficiency. DESI is 
generally indicated for polar compounds that can be easily ionized by controlling the pH 
of the solvent mixture. Even so, low polar and hydrophobic compounds have also been 
analyzed using nonpolar solvents such as toluene (Green et al. 2010). In this case, the sol-
vent is ionized by electrochemical oxidation at the metal spray needle interface with the 
subsequent ionization of analytes by charge-transfer processes. As regards flow veloci-
ties, both sheath gas and liquid solvent flow rates, which are interdependent, affect the 
performance of the technique. A threshold velocity of gas flow is required for an efficient 
production of small secondary droplets, but values above the optimum generate a spray 
focused in a small spot, reducing the amount of desorbed material. This effect can be 
compensated by increasing the solvent flow rate. Typical gas pressure values (N2) ranging 
from 120 to 150 psi and solvent flow rates from 2 to 10 μL/min are used to maximize the
ion signal (Bodzon-Kulakowska et al. 2014). In nano-DESI, no sheath gas is needed since 
the flow rate for the liquid junction is governed by electrospray-induced flow generated by 
the nano-spray tip and additionally assisted by the vacuum in the MS inlet. In LMJ-SSP, 
typically suction flows of 10 μL/min are used by controlling inner and outer capillary
diameters and gas flow. This technique can work in two operating modes: stepping and 
scanning. In stepping mode, a single spot of the sample is analyzed at a time, whereas in 
scanning mode, the liquid microjunction is dragged across the surface obtaining one- and 
two-dimensional images. In this last case, a thorough control of flow rate is needed since 
low flow rates worse the spatial resolution, while high flow rates and scanning speed 
decrease the signal intensity. 

Today, the reduction of gas consumption in miniaturized plasma-based ion sources 
is an attractive feature for their implementation in mass spectrometer instruments for 
fieldwork. The discharge gases most frequently used are helium, nitrogen, argon, or air 
at flow rates that depend on the technique, ranging from <1.5 L/min in pin-to-capillary 
FAPA sources to ~3 L/min for DART. Although higher flow rates can increase signal
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responses, they generally produce strong turbulences that worse reproducibility (Ding 
and Duan 2015).

In ambient MS, the addition of specific reagents can be used to enhance selectivity 
and sensitivity for the detection of certain compounds, thus increasing the range of chem-
icals accessible by a particular method. This is typically done by transforming the analyte 
to a permanent charged product or to a product that is easy to ionize. The most popular 
reactive ionization-based technique is reactive DESI (Wu et al. 2009). In this case, a 
derivatizing agent is added to the spray solvent, and chemical reactions occur in the short 
timescale of the solvent extraction/ionization/detection process (Laskin and Lanekoff 
2016). Reactive DESI has been used for the detection of reaction intermediates that have 
lifetimes of the order of milliseconds (Girod et al. 2011). The addition of reagents to the 
solvent has also been used in most of the techniques based on electrospray ionization such 
as PS, EESI, or ELDI in order to improve ionization of compounds that are not easy to 
ionize (Venter et al. 2014). Similarly, in thermal desorption-based methods, reagent and 
solvent vapours can be added to modulate ionization by increasing differences in proton 
affinities or by generating other reactive species (Venter et al. 2014). For instance, in situ 
silylation or methylation has been performed in DART by depositing the reagent onto the 
sampling device placed in the heated gas stream or by adding the reagent to the discharge 
gas through a T-junction as in LTP. 

It is currently assumed that one of the main characteristics of ambient MS tech-
niques is their ability to analyze solid samples in its native form, as for instance, the 
analysis of fruit peels by simply holding them with a pair of tweezers in the plasma of 
a DART source. However, samples are sometimes deposited onto auxiliary sampler 
devices, such as glass slides and fused capillaries. The nature and characteristics of 
these holders can affect the performance of the methods. For instance, in DESI, non-
conductive surfaces are typically used to prevent neutralization of the charged droplets 
at the surface. Moreover, surface wettability must be taken into account, since it affects 
both spray–surface and analyte–surface interactions. Several materials such as glass 
and paper, and polymers such as polytetrafluoroethylene (PTFE) and polymethyl meth-
acrylate are used to spot liquid samples on them for the DESI analysis. In general, the 
best results are achieved with the nonpolar PTFE surfaces probably because the lower 
interaction with the analytes helps the desorption from the sample (Wiley et al. 2015). 
In DART, commercially available sampling devices included clamp-like tweezers or fin-
gers to fix the sample (fabrics, disks, swabs, etc.) and holders for glass capillaries when 
analyzing liquids and powdered samples (Cody and Dane 2015). ELDI and LAESI use 
stainless steel target plates although silver or gold plates are recommended to prevent 
the formation of metal–analyte adducts. Several ambient MS techniques can work in 
transmission mode by using transmissive/porous materials. In techniques such as DESI, 
DART, and DAPPI, a screen mesh that supports or embeds the sample is placed in 
front of the DESI tip, the DART plasma, or the microchip in DAAPI. Afterwards, the 
plasma or heated solvent passes through the screen mesh to desorb compounds and, in 
some techniques, to ionize analytes. In this mode, the material type affects the coating 
of the sample onto the strand surface and both metallic and polymeric meshes, such as 
PEEK, are used as sampling substrates (Ding and Duan 2015). By contrast, laser abla-
tion techniques use a transparent sample holder generally a glass slide or a fused silica 
capillary. In this case, the laser is transmitted through the sample holder and the plume 
of desorbed material exits in the opposite direction where the laser is applied (Monge 
et al. 2013).
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Regarding substrate spray techniques, samples or sample substrates having sharp tips 
(such as sticks, paper triangles, and needles) are used. In PS, a metal clip, connected to 
a dc high voltage (3–5 kV) power supply, holds a triangular paper placed in front of the 
MS inlet (Figure 1.1). The characteristics of the paper substrate and the solvent have an 
important effect on the efficiency of the method. Paper substrate (filter paper, glass fiber 
paper, silanized paper, chromatography paper, etc.) influences the interaction between 
the analyte and the paper, and the triangle tip corner angle (30°–45°) has a high impact 
on the generation of electrospray. Moreover, the nature of the solvent affects both the 
extraction efficiency and the ESI. Generally, PS applications use methanol/water mix-
tures, although less-polar solvents can also be used to extract less-polar analytes (Liu 
et al. 2015). By contrast, PESI uses a solid needle to pick the sample, which is directly 
ionized by electrospray from the sharp tip of the probe (Hiraoka et al. 2008). One of the 
advantages of working with a solid needle, in front of other techniques that use capil-
lary tubes, is that clogging is prevented. Disposable stainless steel acupuncture needles 
with a tip diameter below 1 μm are generally used, although other kinds of conductive
needles and even surface-coated wires for selective detection of specific compounds have 
also been used. The solid needle probe is mounted in a system that allows driving it up 
and down and adjusting it to a position just touching the biological or liquid sample. The 
sample volume picked up depends on the size of the needle, the hydrophobicity of needle 
surface, the dipping depth, and the viscosity of the sample. After the sample collection, 
the needle is moved to the upper position located in front of the MS inlet, and a high 
voltage (~2 kV) is applied to generate the electrospray plume (Figure 1.5). Although for
biological samples the small amount of water content (~pL) is enough for the ESI, the use
of auxiliary spray solvents has also been proposed to improve ionization. Needles have 
also been used for the direct spray of tissue samples in MS analysis biopsy, and this strat-
egy could be applied to the analysis of meat/fish tissues (Monge et al. 2013). In this case, 
the spray solvent wets the tissue sample held in the needle tip, and a high voltage directly 
applied on the metal needle generates charged droplets containing compounds extracted 
from the tissue. Another technique that has been used for the analysis of tissue materials 
is REIMS, where a high-frequency electric current is applied to surgical blades to produce 
the ablation of tissue material and to lead to the formation of an aerosol that contains 
charged species (Schäfer et al. 2009). In a typical setup, ions and aerosols created during 
electrosurgery are aspirated by a Venturi air jet pump, which allows transporting the 
thermally generated ions to the mass spectrometer for analysis.

Ambient MS Imaging

One interesting application of ambient ionization MS techniques is mass spectrometry 
imaging (MSI) (Laskin and Lanekoff 2016). MSI enables to acquire spatial information and 
identification of chemical compounds distributed on a sample surface. Although secondary 
ion mass spectrometry and matrix-assisted laser-desorption ionization have been exten-
sively used for MSI, today ambient MS is also applied taking advantage of its ability to 
analyze a surface at atmospheric pressure with any pretreatment. Techniques such as DESI, 
EASI, LMJ-SSP, nano-ESI, PESI, DAPPI, and LTP, and those based in laser  desorption 
combined with ESI or with chemical ionization have been developed. For data acquisition, 
small areas (pixels) of the sample surface are scanned individually and sequentially, and an 
automated moving stage is used to assure the reproducibility of the scan velocity. Recorded 
mass spectra are converted to 2D images by using adequate image software. Important 
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characteristics of these techniques are as follows: spatial resolution, sensitivity, and ability 
to perform depth profiling. Lateral resolution mainly depends on the spot size of the ion-
izing agent although it is also limited by operating conditions. However, it must be taken 
into consideration that when working at high spatial resolution, a high acquisition time is 
required to overcome the decrease in sensitivity. In DESI, the characteristics of the sprayer 
(solvent, flow rate, nebulizer gas pressure, and tip dimensions) are important to obtain a 
high-quality MS image. At standard conditions, lateral resolutions of 150−250 μm are
obtained although values as low as 40 μm can be found if the distance between the sprayer
and the surface is decreased to 400 μm (Kertesz and Van Berkel 2008). Resolution of LMJ
techniques is mainly determined by the size of the capillaries and the ability to control 
the distance between the sample and the probe. In LMJ-SSP, resolution values from 500 
to 1,000 μm are obtained (Laskin and Lanekoff 2016), while for nano-DESI, where two
independent small diameter capillaries are used, better resolutions (100−150 μm) are typi-
cally found and values down to 12 μm have been obtained using pulled capillaries (Laskin
et al. 2012). The size of the pipette tip is the main reason why LESA spatial resolution is 
worse than in other liquid extraction-based ambient MS techniques (~1 mm). In PESI, a
good spatial resolution (60 μm) can be obtained by controlling the diameter of the needle
probe, the space in between two adjacent holes, and the depth of penetration of the needle. 
In PESI imaging, an auxiliary solvent sprayer is typically used to rewet the sample adhered 
to the needle to facilitate the electrospray process. For DART and related thermal desorp-
tion-based techniques, the ability to generate spatially resolved information is very limited, 
and lateral resolutions are typically of 1 mm. The best results, resolutions of 200 μm, are
obtained with LTP focusing the plasma onto a small area of the sample surface. One advan-
tage of LTP is that depth profiling can be performed simply by increasing the ablation time 
of the plasma torch. Ablation can also be easily obtained using lasers and the coupling of 
laser ablation to electrospray for ionization of the neutrals ablated from the sample provide 
IMS techniques with the best lateral resolution and with the additional advantage of being 
able to perform in situ depth profiling, thus providing a three-dimensional (3D) reconstruc-
tion of molecular distributions. The most popular techniques are LAESI and ELDI using 
nanosecond lasers, mid-IR and UV, respectively. In LAESI, a lateral resolution of 250 μm
is typically obtained, although this value can be reduced to 50 μm when using an opti-
cal fiber to deliver the laser light. The ablated plume generated either in transmission or 
reflection mode can also be captured into a single drop or a continuous flow of solvent in a 
probe similar to LMJ-SSP procedure, thus providing very good spatial resolutions (50 μm)
in transmission mode (Laskin and Lanekoff 2016). The use of femtosecond mid-IR lasers 
allowed to achieve very good lateral resolutions down to 10 μm although focusing of the
laser is needed to obtain reproducible results (Sarkar et al. 2009).

SAMPLE HANDLING

Advantages of ambient MS techniques such as short analysis time (in seconds) and opera-
tional simplicity made these techniques highly attractive for high-throughput applica-
tions, which quickly led to the development of new strategies to adapt the ambient MS 
technique to specific samples and analytical needs. Although the original objective of 
ambient MS techniques is to perform real-time analysis without additional sample prepa-
ration, with the exception of the sample processing that takes place during the analysis, 
sample manipulations are sometimes needed. However, this sample handling should be 
minimal, simple, and fast to be compatible with the philosophy of ambient MS methods.
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Before the analysis of food and environmental samples with ambient MS techniques, 
fast and simple manipulation procedures are often necessary when dealing with  matrices 
such as solids, non-smooth surfaces, semisolids, or viscous samples. For instance, pow-
dered samples such as powdered milk and spices have to be solvent-extracted or solvent-
agglomerated before the analysis with gas-assisted nebulization techniques such as DESI 
and DART. These simple strategies might prevent the carryover contamination by blow-
ing the sample, which could let to false-positive results in the analysis of subsequent 
samples (Nielen et al. 2011; Zhang et al. 2015; Yang et al. 2009). For solid, high viscosity 
or gelatinous semisolid samples (i.e., oils and jelly), a simple extraction or a sample disso-
lution is enough before their analysis by ambient MS techniques that are more suitable for 
liquid samples such as PS or EESI (Zhang, Cooks, and Ouyang 2012; Garrett, Rezende, 
and Ifa 2013; Huang et al. 2014; Liu et al. 2016). Moreover, trituration and homogeniza-
tion of solid samples are sometimes recommended to guarantee the representativeness of 
the analyzed sample (Sero et al. 2015).

Another question to be considered is that the surface analysis of solid samples only 
reveals what is present on the sample surface, which may be a handicap for some food 
and environmental analytical purposes. For instance, when analyzing leaves with some 
ambient MS techniques, the plant cuticle, a wax protective layer on the upper epidermis 
of the leaf, prevents the desorption/ionization of compounds in inner layers of leaf. For 
this reason, the removal of wax layer by washing the leaf surface with nonpolar solvents 
(i.e., hexane or chloroform) and/or cryosectionation of plant tissues to detect analytes 
coming from inner layers of leaves are frequent procedures before the ambient MS analy-
sis. Other interesting procedures that can be used are imprinting strategies, where plant 
tissues are pressed (imprinted) on a substrate such as tape, thin-layer chromatography 
(TLC) plate, or porous Teflon to transfer the compounds from the plant to the substrate 
for a later ambient MS analysis or imaging (Laskin and Lanekoff 2016; Janfelt 2015). 
Thermal imprinting has also been used for the EASI-MS lipid profiling of meat, fats, and 
fish for food authentication (Porcari et al. 2016). In this strategy, the fatty tissue is wetted 
with a small amount of solvent, and the surface is heated before imprinting into a piece 
of paper.

The use of a minimal sample manipulation/treatment is also justified when sample 
components cause severe matrix effects and difficult matrix interferences unavoidable 
via high-resolution MS or tandem MS. To overcome matrix interferences, fast separation 
strategies have also been applied in combination with ambient MS methods. In DART, 
the temperature of plasma gas can be varied in time to favor a thermal separation of 
compounds of different volatilities (Edison et al. 2011). Furthermore, one important 
drawback of ambient MS methods relies in their sensitivity. The use of chromatographic 
substrates in ambient MS analysis has been proposed for a simple sample purification to 
improve limits of detection (LODs) of compounds to be identified in complex samples. 
TLC has been used as off-line technique for the purification of sample extracts before the 
ambient MS analysis. Other chromatographic techniques such as gel-permeation chro-
matography and reversed-phase chromatography have also been used to separate the 
components (Chen et al. 2017; Hajslova, Cajka, and Vaclavik 2011; Lu et al. 2017; Black, 
Chevallier, and Elliott 2016).

Most of ambient MS methods suffer from high LODs, which is not a problem for 
most applications such as food fraud and food profiling/authentication, but it is an 
important disadvantage when the analytical objective is the detection of analytes at trace 
levels in complex samples such as in food safety and in environmental analysis. For this 
reason, more extensive and time-consuming sample preparation protocols, typically 
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used for more traditional analytical techniques, have been found to be necessary in some 
qualitative and quantitative applications. For instance, dispersive SPE procedures such as 
QuEChERS (Quick, Easy, Cheap, Effective, Rugged, and Safe) protocols improved LODs 
and limits of quantitation when screening and quantifying trace levels of pesticides and 
mycotoxins in food samples by DESI, LTP, and DBDI-MS (Chen et al. 2017; Kauppila 
and Vaikkinen 2014). By using these sample treatment strategies, the good sensitivity 
and reproducibility of the method demonstrated that ambient MS techniques can easily 
be used as an alternative for high-throughput pesticide residue analysis (Porcari et al. 
2014; Mattarozzi et al. 2016; Mirabelli, Wolf, and Zenobi 2016). On the other hand, to 
determine low levels of analytes in liquid food samples, LLE, SPE, liquid-phase micro-
extraction, and solid-phase microextraction (SPME) procedures have been established, 
thus allowing the cleanup of the extracts and the preconcentration of analytes (Cajka, 
Riddellova, Tomaniova, et al. 2011; Chen et al. 2017). These extraction procedures have 
been used for monitoring/screening studies and quantitative analysis of target com-
pounds taking advantage of sensitivity improvement (up to 700-fold) and matrix effect 
reduction. The distinctive future of SPME is that the fiber is frequently used as a probe in 
ambient MS analysis. In this context, three different strategies have been applied. In one 
of them, the SPME fiber is directly analyzed with spray-based ambient MS techniques by 
applying a high voltage and a solvent to the SPME probe, thus inducing an electrospray 
at the tip of the fiber to ionize the analytes via ESI mechanisms. The second strategy is 
based on the surface desorption/ionization of analytes by the impact of charged solvent 
species via DESI and LTP on the SPME fiber surface. Finally, the third strategy is based 
on desorption of the analytes through nebulization, laser desorption, laser ablation, ther-
mal evaporation, or thermal desorption from SPME probe and a later ionization such 
as DART. The developments of highly selective adsorbents towards target compounds, 
novel coating materials for improvement of both extraction and ionization efficiencies, 
and new coupling strategies to enhance hyphenation properties are highly encouraging 
(Fang et al. 2016).

APPLICABILITY AND METHOD PERFORMANCE

Today, ambient MS techniques have been applied for a wide range of applications in food 
and environmental analysis, and the easiness of implementation and the use of ambient 
MS systems for on-site analysis by nonexpert users bring a shift in MS applications for 
routine analysis in quality control laboratories. Furthermore, the new developments in 
miniaturization of mass spectrometers, designed for the on-site analysis, can be a valu-
able alternative to current in-lab MS analysis operations.

Food quality and safety assurance in food supply chain are crucial for public health 
and world sustainability. Most of the food products available in supermarkets are suscep-
tible or have already been exposed to some form of food fraud, which increase the concern 
for authorities and food industry. As can be seen in Table 1.2, the application of many 
ambient MS techniques to the food supply chain, such as production, processing,  storage, 
or transportation, has been proven that ambient MS techniques can play a key role in 
this field, thus providing important information about food components (e.g., lipids, hor-
mones), contaminants (e.g., pesticides, veterinary drugs, mycotoxins),  authenticity, and 
traceability (Vaclavik et al. 2009; Black, Chevallier, and Elliott 2016). Moreover, ambi-
ent MS techniques have also been applied for the rapid analysis of  contaminants pres-
ent in environmental samples such as polycyclic aromatic hydrocarbons (PAHs), volatile 
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organic compounds, and perfluorinated compounds in soil and environmental water 
(Chen et al. 2017; Luosujärvi et al. 2010). However, the need for detecting analytes at 
trace levels makes the direct analysis by ambient MS techniques less attractive, and sam-
ple manipulation strategies are usually required. 

As mentioned earlier, two of the most powerful characteristics of ambient MS tech-
niques are the ability for high-throughput analysis and the capacity to deliver a wealth 
of chemical information with unprecedented easiness. These main characteristics make 
these techniques very attractive for the screening of targeted and untargeted compounds, 
which is one of the main applications of ambient MS in food and environmental analy-
sis. The screening of pesticides, phenolic compounds, or triacylglycerol compounds in 
several food samples has been successfully achieved (Deng et al. 2017; Black, Chevallier, 
and Elliott 2016). However, one of the problems when performing the direct analysis 
of fruits, vegetables, and plants is the high variability of the sample surface composi-
tion from unit to unit, which can be a problem regarding sample representativeness. An 
alternative to surface analysis, porous cotton, or polyester swabs/disks damped with a 
solvent was used to extract target compounds such as pesticides from the fruit surface 
by swabbing the surface of multiple fruit pieces of a sample batch before ambient MS 
analysis (Edison et al. 2011; Edison, Lin, and Parrales 2011). Moreover, signals between 
repeated measurements of a given sample often show high fluctuation during the ambi-
ent MS surface analysis, but the correct use of ions ratio as well as the normalization of 
the responses by using internal standards can correct the poor repeatability observed. 
Although this relatively poor reproducibility can be acceptable for screening analysis, it 
may be critical for quantitative analysis as well as for the comparison between groups of 
a high number of samples for fingerprinting approaches such as food authentication or 
food traceability.

In order to improve LODs, high-resolution mass analyzers (i.e., TOF and Orbitrap) 
have been used taking advantage of both the high sensitivity and the selectivity of these 
instruments. This approach allows achieving LODs below the maximum residue levels 
established for a large group of compounds in food safety and fulfilling the legislation 
in environmental analysis. However, efforts are still devoting to detect analytes at trace 
levels when dealing with highly complex samples (biological, environmental, food, or 
even small organisms), being sample manipulation strategies necessary in order to obtain 
satisfactory LODs. The choice of the sample manipulation largely depends on the amount 
of matrix interferences, the sensitivity of the compounds of interest, and the selectivity 
required for the analytical objective.

In the last 5 years, the use of ambient MS techniques in metabolomic studies has 
exponentially increased due to its potential for providing a wealth chemical information, 
for its high capacity to identify potential markers and for its capability to classify sam-
ples based on the ambient MS profile as fingerprint (Clendinen, Monge, and Fernández 
2017). Targeted and untargeted approaches have been explored for plant biology and 
agricultural studies, DESI, leaf spray, DART, LAESI, and PESI being some of the used 
ambient MS techniques. Good results were obtained for most of these techniques for 
classification and discrimination analysis using multivariate statistical approaches such 
as principal component analysis. It must be mentioned that laser-based techniques such 
as LAESI were found to be challenging for plant metabolomics since the ablation process 
of the material was highly affected by the water content of the sample, so that the data 
obtained must be carefully evaluated in order to get reliable conclusions (Etalo et al. 
2015). Regarding foodomics, much attention has been given to food quality and safety as 
well as to genetically modified foods. By far, DART-MS has been the most used ambient 
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MS technique in this field, and it has been implemented within targeted metabolomics 
workflows, including metabolomics fingerprinting for beer origin recognition, authen-
tication of milk products, differentiation between organic and conventional fruits, or 
for olive oil authenticity assessment. However, untargeted approaches are still a chal-
lenge, and the extraction efficiency of metabolites of interest needs a further improve for 
a better sensitivity. Furthermore, sample preparation protocols that involve metabolite 
extraction or sample grinding into powder before analysis have a drastic impact on the 
compounds that can be detected.

Regarding quantitative analysis, accurate methods are necessary to ensure that the 
concentration of the contaminants detected in environmental and food safety analysis 
does not exceed the maximum legislated levels to survey both the risk on human health 
and the environmental quality standards. There is still some debate about if ambient MS 
techniques are suitable for quantification and if they are able to guarantee the absence 
of false-positive and false-negative results. Among the quantification methods developed 
with ambient MS techniques, those applied to liquid-based samples showed the best accu-
rate quantification results (Räsänen et al. 2014; Black, Chevallier, and Elliott 2016; Chen 
et al. 2017). This fact is related to the intrinsic difficulty to obtain reliable results via 
direct surface analysis, and most of the limitations are related to the representativeness 
of the sample with respect to the entire sample batch. Moreover, the use of internal stan-
dards does not allow solving this problem since it is not possible to guarantee the uniform 
spiking on the sample surface. In this context, sample manipulation is needed in order to 
get accurate and reproducible quantitative results and opens the possibility for matrix-
matched calibration when dealing with complex samples.

CONCLUDING REMARKS

Considering the continuous developments regarding the technology field, predicting the 
directions of ambient MS techniques in food and environmental applications is still a 
challenging task. However, the attractive features of these techniques such as real time 
and in situ analysis, low sample requirements, and high throughput and minimal sample 
preparation will clearly boost the expansion and the use of ambient MS in environmental 
and food analytical laboratories.

Today, most of the new ambient MS applications published in food and environ-
mental analysis are still homemade prototypes for proof-of-concept studies. Thus, more 
work needs to be done to understand which ambient MS techniques have the capabili-
ties for the development of real routine analytical methods. Until now, DESI, DART, 
EESI, PS, and LAESI have shown the best capabilities to scope the demands for the 
modern analytical laboratories. Furthermore, the continuous effort on the automatiza-
tion and robotization of the initial prototypes will improve the reproducibility neces-
sary for some important food applications such as food authenticity and food profiling. 
On the other hand, it is clearly demonstrated that ambient MS techniques are very 
attractive for the screening of a large number of compounds. Thus, the development 
of multimode and/or hybrid ambient MS techniques would allow concurring different 
ionization mechanisms in order to expand the simultaneous detection of a broader spec-
trum of chemical species, obtaining additional chemical information of a sample in a 
single experiment. Although no additional sample manipulation than the in situ sample 
processing is necessary in most applications, the matrix complexity is still a challenge. 
Hence, the combination of ambient MS techniques with well-established simple and fast 
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sample pretreatment procedures may be necessary for reducing both the matrix interfer-
ences and matrix effects. The combination of ambient MS techniques with in line and/
or in situ sample processing procedures should be considered to overcome these prob-
lems. Moreover, the need to detect contaminants at trace levels and the accurate surface 
quantification remains some of the most important difficulties in ambient MS analysis. 
Finally, the development of hand-portable mass spectrometers using ambient ionization 
sources would allow greatly enhancing the in situ analysis of food and environmental 
samples directly in the field.
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1. INTRODUCTION

Mass spectrometry (MS) is nowadays a powerful and a wide-range technique
used in many analytical and bioanalytical laboratories. This technique com-
bines the high sensitivity, selectivity and speed with the capability to analyse a
wide range of molecules and mixtures, from relatively small and thermally
stable organic molecules to almost all types of organic compounds, inorganic
salts, organometallic complexes, biomolecules and even supramolecular en-
tities and biological species (viruses and bacteria). Although most MS systems
need less than 1 s to produce ions and to acquire the signal, many currently
used MS-based analytical methods often take several hours to complete the
qualitative and/or quantitative analysis of complex samples. For conventional
MS-based analytical techniques such as gas chromatographyemass spec-
trometry (GCeMS) and liquid chromatographyemass spectrometry (LC-MS)
long and tedious sample treatment protocols and time-consuming chromato-
graphic separations are generally required before the MS analysis. Therefore,
sample preparation process and chromatographic separation became the
bottleneck of many routine laboratories thus constraining the analytical effi-
ciency of MS-based methods. Additionally, sample treatments and chro-
matographic analyses introduce a certain level of compound discrimination not
desirable in screening analysis.

‘Direct analysis’ refers to the analysis of samples in their native state with
little or no sample preparation. Nevertheless, before the MS analysis, samples
must be placed into the vacuum system or ions must be efficiently transferred
from atmospheric pressure into the vacuum system of the mass analyser. Solid
samples can be directly analysed by techniques such as secondary ion mass
spectrometry (SIMS), fast atom bombardment, or matrix-assisted laser
desorption ionisation (MALDI). Gaseous samples can be directly ionised by
electron ionisation or chemical ionisation and in liquid samples, although they
can be accomplished by the latter methods, ions can be generated and trans-
ferred into the vacuum interfacing atmospheric pressure ionisation (API)
sources. However, API sources are not able to perform the direct analysis of
samples under ambient conditions and frequently require sample pre-
processing.

At the begining of XXI century, a new group of ionisation techniques has
been developed making real the analysis of almost anything instantaneously.
Nowadays, we can get useful information from almost everything with min-
imal effort just by holding an object in open air in front of a mass spectrometer
and recording the mass spectra in real time. These group of techniques have
been named ‘ambient ionisation’ techniques [1] and they comprise a large and
a growing family of sampling/ionisation sources that allow the generation of
ions under ambient conditions at atmospheric pressure and in their ambient
states with minimal or no sample preparation or chromatographic separation
prior to analysis. However, it must be pointed out that with ambient ionisation
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techniques, the sample processing takes place in situ during the analysis, so it
would be more precise to say that ambient ionisation techniques frequently
require ‘no additional sample preparation’ [2]. Over the past 10 years, many
distinct ambient techniques have been introduced differing in the way that the
variety of sample processing methods and ionisation mechanisms are com-
bined or implemented [3e7] and their classification is still a controversial
subject. Different authors have attempted to categorise ambient ionisation
techniques mostly on the basis of their dominant desorption and/or evaporation
principles (spray, aerosol, laser, plasma, heating, or acoustic radiation), but
there is much overlapping of very closely related techniques and the tendency
to create a new acronym every time a new variant is added. With the objective
to simplify and to rationalise the classification, it has been proposed to cate-
gorise ambient MS techniques on the basis of the parent ionisation method
from which they have been developed [8], or even taking into account the
intrinsic desorption/ionisation mechanism [9]. Table 1 summarises the acro-
nyms and the primary reference for some representative ambient techniques.
They have been simply grouped into three wide categories: spray-, plasma-,
and laser-based techniques.

Among the ambient ionisation MS techniques, desorption electrospray
ionisation (DESI) [1] and direct analysis in real time (DART) [18] are defi-
nitely the two pioneer ones that prompted the development and broad appli-
cations of a large number of ambient ionisation methods (Table 1).
Nevertheless, sonic-spray ionisation (SSI) [14] and secondary electrospray
ionisation (SESI) were introduced c. 10 and 4 years previously and sporadic
reports describing ambient MS approaches appeared earlier. A full and
detailed revision about ambient ionisation MS techniques has been published
in 2015 by Marek and Cody [3]. This book includes basic concepts and ter-
minology, as well as applications and theory providing a comprehensive
treatise devoted to this subject.

Ambient MS techniques can easily be coupled to most types of mass
spectrometers equipped with atmospheric pressure interfaces and without any
modification to the ion optics or the vacuum interface. Nevertheless, the in-
formation that we can obtain from ambient ionisation techniques depends
on the information content that the mass spectrometer can provide. The
complexity of the mass spectra obtained from the raw sample, without the
need for sample treatment and chromatographic separation, makes necessary
to rely on the capabilities of the MS system. Initially, ambient MS techniques
were coupled to low-resolution mass analysers (ion traps and quadrupoles)
demonstrating the applicability of these techniques, mainly for target analysis
[4,8,9]. Nevertheless, the complexity of mass spectra obtained from complex
samples and the application of these ionisation techniques to the screening of
non-target compounds and unknown substances require MS instruments able
to acquire data at high resolution and/or to perform tandem MS experiments to
extract the maximum information. The ability to filter highly probably isobaric
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interferences and to provide accurate mass values and accurate isotope patterns
makes feasible the unequivocal identification of compounds from MS data
obtained without the benefit of sample treatments and/or previous chromato-
graphic separations. Ambient MS techniques have been successfully coupled
to mass spectrometers equipped with different high-resolution mass analysers
such as time of flight (TOF), Orbitrap, ion cyclotron resonance (ICR) as well
as hybrid instruments such as quadrupole-TOF, linear trap-Orbitrap, and
quadrupole-Orbitrap [4,18,20,25e28]. High-sensitivity full-scan mode, high

TABLE 1 Acronyms and Primary Reference of Some Representative

Ambient Mass Spectrometry Techniques

Acronym Name

First

Reference

Spray-Based Techniques

DESI Desorption electrospray ionisation [1]

DAPPI Desorption atmospheric pressure photoionisation [10]

EASI Easy ambient sonic-spray ionisation [11]

PSI Paper spray ionisation [12]

SESI Secondary electrospray ionisation [13]

SSI Sonic-spray ionisation [14]

Plasma-Based Techniques

ASAP Atmospheric pressure solids analysis probe [15]

APTDI Atmospheric pressure thermal desorption/
ionisation

[16]

DAPCI Desorption atmospheric pressure chemical
ionisation

[17]

DART Direct analysis in real time [18]

DBDI Dielectric barrier discharge ionisation [19]

LTP Low-temperature plasma [20]

PADI Plasma assisted desorption/ionisation [21]

Laser-Based Techniques

ELDI Electrospray-assisted laser desorption ionisation [22]

LAESI Laser ablation-electrospray ionisation [23]

MALDESI Matrix-assisted laser desorption electrospray
ionisation

[24]
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mass resolving power and capabilities for tandem MS experiments are the
main characteristics desirable for those mass analysers to be coupled with
ambient techniques.

Because ambient ionisation is a rapidly growing topic within the MS field,
new publications describing new ambient ionisation methods are continuously
appearing and widening the application areas. For this reason, this chapter
presents a snapshot of the field and focuses on the most relevant ambient
ionisation techniques within the scope of this book. The application section
includes several interesting selected publications to illustrate the usefulness
and applicability of ambient ionisation methods coupled to high-resolution MS
(ambient HRMS) for environmental, food, doping, and forensic analysis.

2. AMBIENT IONISATION METHODS

This section briefly describes some relevant ambient MS techniques to provide
a basic knowledge and the fundamentals needed to understand the ionisation
mechanisms and the setup configurations.

2.1 Desorption Electrospray Ionisation

DESI is the first ambient ionisation method that was introduced in 2004 by
R.G. Cooks et al. [1,17] and it made possible the concept of open-air surface
analysis under ambient conditions. The basis of DESI is unquestionably
electrospray ionisation (ESI) in combination with a built-in sampling step
based on solvent extraction. In DESI, a solvent or solvent mixture is elec-
trosprayed, under strong pneumatic assistance, onto a sample surface at an
impact angle a. The mist composed of charged microdroplets, ionic clusters,
and gas-phase solvent ions, generated during the electrospray process and
driven by the high-velocity gas stream, receive sufficient energy to impact onto
the sample surface. Three mechanisms of ion formation have been proposed
for DESI [2,29] and one of these mechanisms will predominate depending on
the experimental conditions and the solventeanalyte pair. The first one
described as ‘droplet pick-up’ involves the initial wetting of the surface by the
first arriving microdroplets and analyte dissolution into them. Later,
the splashing caused on the arrival of subsequent charged droplets results in
the emission of secondary electrically charged microdroplets that contain
dissolved analyte. These small droplets assist in the formation of dry ions by
ion evaporation or via charge-residue model as occurs in the standard ESI
experiments. Finally, analyte ions are transported away from the surface at an
angle b (Fig. 1). The evaporation of the solvent and Coulomb fission will
generate ions by processes analogous to conventional ESI. Finally, the nearby
mass spectrometer inlet inhales a portion of the mist of the secondary elec-
trospray. The second mechanism, described as ‘condensed phase charge
transfer’, supposes the analyte ion desorption to occur by a type of chemical
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sputtering. The ions bombarding the surface can induce chemical reactions
where electrons, protons, or other small ions are transferred from the
impacting microdroplets to the sample surface leading to the formation of
volatile erosion products. The third mechanism, ‘gas phase charge transfer’,
proposes ion formation after volatilization or desorption of neutral species
from the surface into the gas phase. The ionisation may occur via proton/
electron transfer or ionemolecule reactions at atmospheric pressure.

Similarly to ESI, DESI is able to desorb/ionise compounds ranging from
small molecules to large molecules. The charged microdroplets pick up pro-
teins and other large biomolecules from the surface, ionise them, and transport
them to the mass spectrometer. In addition, gas-phase solvent ions in the spray
protonate or react with analyte molecules on the surface thus generating ions
from compounds that have low desorption energies, including volatile and
semivolatile compounds, low-polarity molecules of smaller size, low-molec-
ular-weight polar compounds, and certain inorganic ions. DESI is a soft ion-
isation technique that causes minimum fragmentation yielding low-energy
intact quasi-molecular ions. In positive-ion mode, molecules are mainly ion-
ised by proton transfer yielding protonated molecules [MþH]þ, but sodium
[MþNa]þ, potassium [MþK]þ or ammonium adducts [MþNH4]

þ are also
common. Moreover, radical molecular ion [M]þ�

formation also occurs for
particular analytes and positively charged molecules [M]þ can be also present
in the gas phase via ion evaporation for compounds with a permanent charge
such as quaternary ammonium salts. Analogously, in negative-ion mode the
[M�H]� predominates, but radical ions due to electron transfer [M]��

and
adducts such as [MþCl]� or [MþCH3COO]

� can also be observed. Finally,
large molecules with multiple ionizing sites can yield multiply charged ions
quite often.

DESI introduces new parameters to the ESI experiments (Fig. 1). The
relative position of the emitter vs the sample surface and the mass spec-
trometer inlet (a, d1, b, d2) has a direct effect on the ionisation process and the

FIGURE 1 Schematic of the DESI-MS interface.

56 SECTION j I Instrumentation

__________________________________________________________________________________Capítol 1

56



sensitivity of the method. DESI solvent composition and analyte solubility in
the DESI solvent (also called spray solvent) have an important effect on both
desorption and transfer of analytes from the surface to the mass spectrometer,
thus affecting the electrospray droplet formation (size and charge of primary
droplets), the focus of the spray, as well as the solvent extraction and ESI of
the analyte. Sample surface (substrate) also plays a crucial role in DESI
performance since the DESI process involves the landing and the release of
charged particles on/from the surface. The fundamental features of the solid
surface, including its chemical composition and texture, severely affect the
energy and charge transfer processes and consequently the ionisation effi-
ciency in DESI. Thus, several important parameters such as limit of detection,
signal stability, carryover and reproducibility of the DESI method can be
influenced by the nature of the surface [30].

Reactive DESI

Cooks and collaborators have introduced a variant to DESI, termed ‘reactive
DESI’. This new ionisation method is based on adding reagents to the DESI
solvent that can derivatise analytes in order to enhance desorption and/or
ionisation [31]. By this strategy, chemical selectivity in DESI can be greatly
increased, particularly for the less polar analytes and the weaker acid/base
compounds. Reactive DESI has allowed the analysis of many compounds that
are difficult to ionise such as steroids, triacylglycerol species, and saturated
hydrocarbons [32e34], by converting them into charged products or derivative
products that can be efficiently ionised. The primary reagent-containing
droplets impact onto the sample surface and secondary droplets are emitted
containing a distribution of both reagent and analyte, allowing reactions to
occur in the short times between dissolution of the analyte and drying of the
droplets in the inlet capillary. It has been described that reactions often occur
at accelerated rates in the confined droplets and they may be favoured by the
large change in some physicochemical properties; for instance, pH can greatly
decrease in positive-ion mode as a result of the voltage applied and the
decrease in the droplet size, thus promoting acid/base-catalysed chemistry
[35]. As an example, some reactions that have been used in reactive DESI
methods are shown in Fig. 2. Phenylboronic acid has been used to recognise
cis-diol functionalities [36], while boric acid has been demonstrated to pro-
duce a selective DESI signal in their reaction with phosphonate esters
commonly used as chemical warfare agents [37]. Two other reactions have
been demonstrated to be useful for the DESI analysis of ketosteroids. One of
them involves the addition of hydroxylamine in the spray solvent, which
becomes protonated during the electrospray process and can attack the
carbonyl of the steroid [34]. The other one is similar to the first except that
the hydrazine, Girard reagent T (GT), was used to attack the carbonyl with the
advantage of incorporating a permanent charge in the analyte molecule
increasing sensitivity as a result of not having to ionise the derivative product
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[38]. Furthermore, betaine aldehyde has also been used to carry out nucleo-
philic attack of the alcohol functional group in cholesterol, which is difficult to
ionise but can be easily detected with reactive DESI [31]. Finally, another
reactive DESI approach that does not require covalent bond formation is
through metal adduction, especially useful for those analytes that easily bind
to charged metal ions. For instance, adducting reagents have been doped into
the DESI solvent for various applications such as chloride and trifluoroacetate
for explosives [39], AgNO3 for the analysis of various unsaturated lipids and
fatty acids [40], as well as ammonium for triglycerides [26].

DESI Imaging

Historically, SIMS and MALDI have been used for MS imaging with a spatial
resolution of less than 100 nm with SIMS and at just a few micrometres with
MALDI-MS. Nowadays, one of the most interesting applications of DESI is
the two-dimensional (2D) mapping of chemical entities from a surface (DESI-
MS imaging). Although DESI provides a lower spatial resolution (as low as
30 mm) than SIMS or MALDI, the advantage of imaging with DESI-MS stems
from the ability to analyse a surface with no pre-treatment at atmospheric
pressure preventing interferences from matrix ions, as occurred with MALDI-
MS, and reducing sample contamination. Additionally, the non-destructive
nature of DESI imaging allows the use of the interrogated sample for other
studies without concern of any information loss. Applications of DESI-MS
imaging have ranged from plant, animal and human tissues to human finger-
prints for forensics [41e43].

FIGURE 2 Chemicals reactions used in reactive DESI-MS.
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Nano-DESI

Nano-DESI, a DESI-related technique, is based on a liquid micro-junction
approach to ambient surface analysis [44] that uses two fused silica capillaries
connected by a solvent bridge formed on the sample surface (Fig. 3). It in-
volves a solideliquid extraction mechanism as part of the desorption process,
and does not employ a nebulising gas. While one capillary pumps the solvent
onto the surface at an angle, the self-aspirating ‘nanospray’ capillary is
positioned at an angle orthogonal to the surface and near the MS inlet. Solvent
composition becomes a key factor in the sensitivity and selectivity of this
ionisation method, allowing the efficient extraction of particular classes of
compounds [27].

2.2 Other Spray-Based Ionisation Techniques

Extractive Electrospray Ionisation

Extractive electrospray ionisation (EESI) is a variant of SESI (Fig. 3) proposed
to solve one of the limitations of DESI, to handle the most volatile molecules
[45]. Because of quick evaporation of volatile compounds from the surface,
DESI or related techniques have difficulties in picking up the molecules from
the surface and then ionise/transport them to the mass spectrometer. In EESI, a
vapour or a fine spray of neutral droplets containing the analyte molecules is
dispersed into the stream of charged droplets produced by ESI. Then,
molecules are incorporated into the charged droplets and become ionised via
ESI-like process with the advantage of less important ion suppression due to
matrix effects. This ionisation technique has been successfully used for the
analysis of trace amounts of organic compounds in complex matrices
including urine, food and polluted water [25,45].

Paper Spray Ionisation (PSI)

Paper spray ionisation, introduced for the first time in 2009 by Cooks et al.
[12], is described as a three-step process: extraction of chemicals from the
deposited sample, transport of the extracted analytes by the solvent spray and
the generation of the charged droplets by a mechanism similar to ESI [46]. The
original setup is extremely simple (Fig. 3). A triangular paper substrate is held
in a metal clip that is connected to a DC high-voltage power supply and placed
in front of the inlet of a mass spectrometer. The sample is deposited onto the
paper triangle to form a sample spot and then a spray solvent wets the paper
substrate. Finally, when the DC high voltage is applied, charge droplets are
generated at the tip of the paper triangle carrying the analytes extracted from
the deposited sample towards the mass spectrometer inlet. The paper substrate
plays an important role in the solventesubstrate and substrateesample in-
teractions for the chemical extraction that allows a simple and fast but
effective sample purification in real time prior to the spray ionisation. This
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ionisation technique has been successfully used for the qualitative and quan-
titative analysis of a wide range of compounds from complex samples in
applications fields including food safety, public safety, forensics, and
biomedicine.

Easy ambient Sonic-Spray Ionisation (EASI)

Easy ambient sonic-spray ionisation (EASI), introduced in 2006 by Eberlin
et al., uses SSI as the root technique sharing with it all the advantageous
features [8,11,47]. In EASI (Fig. 3), in contrast to DESI, the need for a
high-voltage power supply has been eliminated. Simply spraying a solvent
pneumatically assisted by a gas, high-flow-rate charge droplets are produced.
This sonic spray forms a stream of bipolar (�) charged droplets that bombard
the sample surface producing efficient desorption/ionisation of the analyte
molecules at ambient conditions. Although in EASI desorption and ionisation
occur in solution, as in ESI and SSI, positive and negative ions are generated
simultaneously, often from the same analyte. This fact makes possible to
obtain more mass spectral information in a single run taking advantage of the
polarity switching capabilities available in some instruments. In addition,
improved signal-to-noise ratios can be observed with EASI compared with
other ambient ionisation techniques, which may be due to the low concen-
tration of solvent components on the droplets that may reduce solvent noise
and due to the extreme softness of the ionisation process that does not produce
in-source fragmentation, thermal degradation, electrochemical transformations
or oxidation interferences [48].

EASI has been used in a number of applications including pharmaceutical
degradation studies, MS fingerprinting certification and quality of olive oil
from different geographic regions, identification of illicit drugs, document
authenticity, etc. Recently, a new variant of EASI (V-EASI) has been
developed for the analysis of liquid samples [49]. In the V-EASI the Venturi
effect caused by the N2 or air sonic flow is used to self-aspirate liquid samples
into the standard EASI sprayer assembly. This strategy has been applied for
the analysis of antioxidant additives in gasoline samples identifying the
additive ‘Santoflex’ in some of the samples analysed by V-EASI coupled to
Fourier transform ion cyclotron resonance (FT-ICR) MS.

Electrospray-Assisted Laser Desorption Ionisation (ELDI)

Electrospray-assisted laser desorption ionisation (ELDI) is an ionisation
technique that combines laser desorption and post-ionisation by electrospray
for the rapid analysis of solid materials under ambient conditions (Fig. 3) [22].
In fact, in MALDI more neutrals than ions are usually released from the
sample layer and in ELDI these neutrals are desorbed close to an ESI plume,
wherein the neutrals are then ionised by ionemolecule reactions. The standard
conditions of ESI for ELDI involve a solvent mixture, flow rate and spray
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voltage similar to that used in DESI. The ultraviolet (UV) pulsed nitrogen laser
is adjusted to irradiate at an angle of w45 degrees the sample deposited onto a
metallic insulated substrate, while spraying to force the post-ionisation of
analytes. The mass spectra are characteristic of electrospray, including adducts
and multiple charged ions. ELDI has been applied to the analysis of peptides
and proteins, to detect chemicals on different surfaces and also to identify
compounds on thin layer chromatography (TLC) plates.

2.3 Direct Analysis in Real Time

DART is the ambient ionisation source contemporary of DESI introduced by
R.B. Cody in 2005 [18]. It is a form of atmospheric pressure chemical ion-
isation (APCI) where the initial ion formation step involves Penning ionisa-
tion. The ionisation occurs as the result of chemical reactions in gas phase
between two neutral atoms or molecules at collision energies below the
threshold energy for ionisation [50,51]. Fig. 4 shows a schematic diagram of
DART ionisation source, which typically consists of two chambers aligned
consecutively through which a noble gas, usually helium, flows before entering
the ambient atmosphere to interact with the sample. In the first section, a glow
discharge is initiated when the gas is exposed to a high electric field between
the needle electrode and a first electrode. The transient highly energetic spe-
cies (ions, electrons and excited atoms) existing in the cold plasma may

FIGURE 4 Schematic of the configurations of DART (Reproduced with permission from

reference R.B. Cody, Wikipedia. https://commons.wikimedia.org/wiki/File:DART_ion_source_

schematic.png, (last accessed 07.09.15) from JEOL USA Inc.) and LTP probe (Reproduced with

permission from reference J.D. Harper, N.A. Charipar, C.C. Mulligan, X. Zhang, R.G. Cooks, Z.

Ouyang, Anal Chem. 80 (2008) 9097e9104. Copyright (2008) American Chemical Society.).
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recombine resulting in the formation of metastable species. Downstream
perforated electrodes and an exit grid electrode are used to prevent ioneion
and ioneelectron recombination. A heated chamber adjusts the temperature of
the gas stream to help in the thermal desorption (TD) of less-volatile sub-
stances from the sample surface. Finally, the ionising neutral gas containing
metastable species is directed towards the sample surface at an angle suitable
for its reflection into the mass spectrometer inlet. DART is a soft ionisation
method that generates ions with relatively low internal energy; nevertheless, it
is a small-molecule technique and it is not suitable for the analysis of large
biomolecules such as proteins, since multiple charge ions are not observed in
DART mass spectra. In general, DART forms deprotonated molecules in
negative-ion mode and protonated and/or ammoniated molecules in positive
DART, alkali metal adduct ions being much less frequently observed.

The majority of DART applications have used helium as the DART gas for
Penning ionisation, since the long-lived helium triplet state 23S1 has an in-
ternal energy (19.8 eV), which is clearly above the ionisation energy (IE) of
any potentially relevant molecule. Helium gas atoms are effectively energised
in glow discharge to yield metastable helium atoms He* (23S1). Then, these
metastable species interact with neutral molecules, resulting in the formation
of radical ions and electrons (Table 2) if the neutral molecules have IEs lower
than the internal energy of the metastable species (He*). Since the ionisation
takes place at atmospheric pressure, atmospheric gases play a key role in the
ionisation mechanism. A cascade of gas-phase reactions is initiated to produce
reagent ions that in the vicinity of the surface sample interact with analyte
molecules. For such a process, it is a prerequisite to have analyte molecules
present in the gas phase, so helium gas is heated to an adjusted temperature to
provide sufficient energy for evaporation and TD of compounds. The con-
centration of analyte molecules in the gas phase does not need to be high and it
is enough to lift the molecules off the surface, thus, even compounds with very
low vapour pressure, such as low-mass polymers or fullerenes, can be analysed
by DART-MS [51]. It must be taken into account that thermal degradation can
limit the maximum temperature applicable to thermolabile compounds.
Nevertheless, in some occasions to reduce temperature can potentially be an
advantage when analysing small molecules immersed in high-mass matrices.
Additionally, TD alone can deliver gas-phase ions by charge separation under
some circumstances such as rapid evaporation or thermally stable salts. This
phenomenon is exploited in atmospheric pressure TD ionisation (APTDI) [16].

The concentration of He* in the DART gas interacting with samples is
rapidly reduced due to the favourable generation of nitrogen ions that strongly
compete with other molecules resulting in low yields of direct Penning ion-
isation of these molecules. Nevertheless, the nitrogen ions initiate a cascade of
chemical reactions to ionise the gas-phase molecules. In positive-ion mode, the
primary water radical ions effectively undergo reactions leading to the for-
mation of protonated water and water clusters that may then act as reagent ions
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for analyte positive-ion generation by APCI mechanism. These ionic water
species can undergo proton transfer reactions with analyte molecules (M)
having proton affinities higher than that of water (691 kJ/mol) and water di-
mers (808 kJ/mol) to yield [MþH]þ ions. Additionally, analyte molecular ions
(Mþ�

) can either be generated by Penning ionisation with He* or more
probably by charge transfer with other gas-phase ions. The ratio of Mþ�

to
[MþH]þ ion formation depends less on the atmospheric water content and
mainly on such analyte properties as IE and proton affinity (PA). Low IE will
favour Mþ�

ion formation, whereas high PA will promote [MþH]þ ion for-
mation. Sometimes, both ionic species can be observed simultaneously
causing distorted isotopic patterns due to the superimposition of both ion
signals, a disadvantage for mass spectrum interpretation.

The presence of ammonia in the gas phase makes possible the formation of
ammonium adducts for moderately polar analytes. For instance, it has been
observed that [MþNH4]

þ ions are predominant when ionizing poly(ethylene
glycol)s, ketones, triacylglycerols or polysiloxanes [7]. The origin of NH4

þ in
the gas phase may either be due to its ubiquitous presence as impurity of both
the sample and the LC-MS system or because of its generation from traces of
ammonia in the laboratory atmosphere, which may be from chemicals or even

TABLE 2 DART Gas-Phase Chemical Reactions

Penning Ionization

He� þN2/HeþN2
þ, þ e� He� þO2/HeþO2

þ, þ e�

He� þH2O/HeþH2O
þ, þ e� He� þM/HeþMþ, þ e�

Atmospheric gas molecules ionization

N2
þ, þN2/N4

þ, H3O
þ þ nH2O/½ðH2OÞn þH�þ

N4
þ, þH2O/2N2 þH2O

þ, H2O
þ, þNH3/NH4

þ þOH,

H2O
þ, þH2O/H3O

þ þOH, ½ðH2OÞn þH�þ þNH3/NH4
þ

O2 þ e�/O2
�,

Analyte molecules ionization

Positive-ion formation Negative-ion formation

Mþ ½ðH2OÞn þH�þ/½MþH�þ þ nH2O MþO2
�,/½MþO2��,

MþNH4
þ/½MþNH4�þ ½MþO2��,/M�, þO2

MþN4
þ,/2N4 þMþ, Mþ e�/M�,

MþO2
þ,/O2 þMþ, MXþ e�/M� þ X,

MþO2
þ,/O2 þ ½M�H�þ þ R, MHþ e�/½M�H�� þH,

64 SECTION j I Instrumentation

__________________________________________________________________________________Capítol 1

64



from human breath that may contain trace amounts of this compound [52]. The
relatively high PA (853.6 kJ/mol) of ammonia ensures the efficient ionisation
of trace levels by proton transfer in the gas phase.

The presence of O2
þ, in the DART background mass spectrum may be also

responsible for the observation of Mþ�
and [M�H]þ ions. Molecular ions

(Mþ�
) can also be generated via charge exchange when O2

þ, ions interact with
analyte molecules. Nevertheless, these molecular ions can be self-reactive for
hydride/alkyl abstraction reactions under appropriate DART conditions thus
yielding [M�H]þ or [M�R]þ ions, but because of the relatively slow kinetics
of this phenomenon it is possible the simultaneous presence of both ions in the
mass spectra [50,51].

In negative-ion mode, thermal electrons are assumed to generate reagent
ions. The electrons may be produced by Penning ionisation of neutral gas
molecules or by reaction of the excited atoms with surfaces such as the exit
electrode. Moreover, because the main gaseous neutral species is nitrogen, the
electrons emitted upon N2

þ, ions generation are of relevance. Taking into
account this scenario, it is understandable that electron capture becomes the
main ionisation mechanism in negative-ion mode for molecules with a high
electron affinity. Atmospheric oxygen is the preferred species to undergo the
initial electron capture to form O2

�, reagent ions. This radical ion can form
adducts with analyte molecules [MþO2]

��
, which may either prevail as such or

dissociate to create radical anions M��
. Additionally, depending on the nature

of the analyte, direct electron capture by the analyte, dissociative electron
capture, deprotonation by dissociation or reaction with a base, or even anion
attachment are also possible. Finally, it must be taken into account that in
addition to O2

�, other background ions, NO2
�, and CO3

�,, can be generated
from atmospheric components and, depending on trace of solvents, CN�, Cl�,
OH�, among others, can also be formed. All these ions may form adducts and/
or reaction products with analyte molecules.

Dopant-Assisted DART

To influence ion formation some authors have recommended the introduction of
volatile additives (dopants) into the DART gas stream. Water can be considered
as a dopant in positive-ion mode, but its additional delivery into the DART
source is unnecessary because the water content is high enough in the ambient
environment. In contrast, the concentration level of ammonia in the ambient
environment is much lower and the additional delivery of this additive has been
demonstrated to enhance the DART ionisation of polar compounds with rela-
tively low proton affinities, such as peroxides and esters [18,53]. The intro-
duction of dopants can be achieved by opening a bottle with the volatile additive
or holding a cotton swab wetted with the dopant substance nearby the DART
source. Using this strategy, anion adducts such as [MþCl]� and
[Mþtrifluoroacetate]� can be observed in negative-ion mode for nitroglycerine,
ethylene glycol dinitrate (EGDN), hexahydro-1,3,5-trinitro-1,3,5-triazine,
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pentaerythritol tetranitrate, and octohydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine
when adding dichloromethane or trifluoroacetic acid as dopant [18]. This is
advantageous for the detection of these explosives that do not produce molec-
ular ions under the standard DART conditions. Furthermore, introducing a
deuterated dopant such as D2O into the DART gas stream can easily allow
carrying out hydrogen/deuterium exchange experiments usually used in struc-
tural elucidation. This last strategy has been used for the detection of melamine
in contaminated pet food [54]. Furthermore, the combination of H/D exchanges
in the DART source with tandem MS and accurate mass measurements has been
used to examine ion structures for fragments of caffeine, theophylline, and
theobromine [5].

2.4 Low-Temperature Plasma

The low-temperature plasma (LTP) probe is based on the generation of a
plasma using an annular dielectric barrier discharge configuration (Fig. 4) [20].
A discharge gas at low flow rate (<500 mL/min) and a high-voltage AC are
used to sustain the plasma in an ambient environment. The temperature of the
sampling torch can be adjusted over a wide range and can be as low as 30�C
avoiding damages of the sample substrates (skin of human fingers, fabrics on
luggage, etc.). The ionisation mechanism involved in the LTP includes TD,
chemical sputtering and surface reactions simultaneously occurring during the
desorption/ionisation process. In the past few years, great progress has been
made in the elucidation of the LTP mechanism by means of plasma spectro-
scopic diagnostics [55]. These studies indicated that metastable helium atoms
(He*) play a central role as in other plasma ionisation techniques. The He*
atoms are involved in the direct Penning ionisation process of analytes, but
also act as indirect precursors for the formation of other highly excited helium
species involved in the ionisation pathways. The helium dimer ion ðHe2þÞ
seems to be the dominant positive ion in the plasma and it serves to carry
energy from the discharge into the afterglow region in the open atmosphere
and it interacts with the atmospheric nitrogen to generate N2

þ ion via charge
transfer, which is an important reagent ion and the key reaction intermediate
for the formation of other gas-phase reagent ions such as protonated water
clusters.

This technique has been demonstrated to be applicable for the direct
analysis of a wide range of chemicals from complex samples, especially for
small organic molecules with low to moderate polarity [56], but not for ionic
analytes. Nevertheless, the molecular weight of analytes is also critical, maybe
due to the difficulty in desorbing intact large molecules from condensed-phase
samples. The analytical performance of the original LTP setup is adequate for
many semi- and non-volatile compounds, such as trinitrotoluene (TNT) and
cocaine, but increasing source temperature could facilitate sampling ionisa-
tion. For instance, in the analysis of atrazine the signal intensity of [MþH]þ
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was improved (up to two orders of magnitude) when applying a thermal
assistance of 150�C in the LTP probe [20]. Finally, it must be pointed out that
the implementation of LTP probe for sampling analysis is relatively easy,
being the relative positions of the LTP probe, the sample and the MS inlet not
critical for a proper analytical performance. These favourable characteristics
of the LTP probe make possible the development of quantitative and quali-
tative analytical applications in the fields of public safety, food safety, product
quality control and forensics.

3. AMBIENT MASS SPECTROMETRY APPLICATIONS

3.1 Environmental

Environmental analysis usually requires highly sensitive techniques because of
the low concentration levels of environmentally relevant contaminants.
Nowadays, the high sensitivity attainable with TOF and especially with
Orbitrap mass analysers makes it possible to find applications of environ-
mental interest employing ambient MS techniques in combination with HRMS
such as the analysis of volatile organic compounds and atmospheric aerosols
[57e60]. For instance, Roach et al. [57] proposed the use of nanospray DESI
(nano-DESI) combined with HRMS with a linear ion trap-Orbitrap for the
detailed, molecular-level chemical characterization of organic aerosols (OA)
collected in laboratory and field experiments. Atmospheric aerosols interact
with incoming solar radiation and can modify cloud properties resulting in
significant impacts on climate, air quality, and human health. The character-
ization of aerosols is of important interest because of the vast uncertainty on
the composition and atmospheric chemistry of OA, which are either emitted as
primary OA from a variety of sources including industrial processes, com-
bustion of fossil fuels, and biomass burning or formed as a result of gas-
to-particle partitioning in atmospheric physicochemical processes that from
secondary OA. The stable signals achieved using nano-DESI, where the an-
alyte is desorbed into a solvent bridge formed between two capillaries and the
analysis surface, make it possible to obtain very high-quality HRMS data for
both laboratory-generated and field-collected OA using a very small amount of
material (lower than 10 ng) and without any sample treatment. Characterizing
the molecular composition and chemical transformation of OA is a major
challenge in atmospheric aerosol research. The authors conducted ageing
experiments and examined an aged (brown) limonene secondary OA sample
using ESI, DESI, and nano-DESI, showing that larger oligomers can be
observed with greater intensity by both nano-DESI and DESI than they were
by ESI. These differences were attributed to the decomposition of chemically
labile oligomeric species during either the extraction process or the subsequent
residence time in the ionisation solvent. This suggested that the solvent resi-
dence time of OA in a nano-DESI-HRMS experiment was sufficiently short to
preserve these labile chemical bonds. Later, the same research group proposed
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the use of reactive nano-DESI coupled to an Orbitrap mass analyser for the
analysis of secondary organic aerosol produced through ozonolysis of limo-
nene [58]. The authors used the selectivity of the Girard reagent T (GT)
towards carbonyl compounds to examine the utility of reactive nano-DESI for
the chemical analysis of complex organic mixtures. For that purpose,
1e100 mM GT solutions were used as the working solvents for reactive nano-
DESI analysis.

Recently, Tao et al. [60] also proposed nano-DESI-HRMS (with a mass
resolution of 100,000 full width half maximum (FWHM) using an Orbitrap
mass analyser) for the molecular characterization of organosulphates in OA
from Shanghai and Los Angeles urban areas. A diverse mixture of oxygenated
hydrocarbons, organosulphates, organonitrates, and organics with reduced
nitrogen were detected in the Los Angeles samples. A majority of the organics
in the Shanghai samples were detected as organosulphates.

Ambient MS techniques have also been proposed for the characterization
and analysis of crude oil components [27,61]. For instance, nano-DESI-HRMS
using a linear ion trap-Orbitrap has also been proposed for the first time for the
chemical characterisation and analysis of the polar constituents of liquid pe-
troleum crude oil samples [27]. The analysis was performed in both positive
and negative ionisation modes. The results demonstrated that nano-DESI
analysis efficiently ionises petroleum constituents. Water-soluble compounds
were predominantly observed as sodium adducts in nano-DESI spectra indi-
cating that addition of sodium to the solvent may be a viable approach for the
efficient ionisation of water-soluble crude oil constituents. This is an inter-
esting example showing that HRMS is mandatory to resolve the highly
complex liquid petroleum crude oil extracts. In this case, the authors employed
a linear ion trap-Orbitrap with a mass resolution of 100,000 FWHM.

Environmental water applications of ambient MS techniques have also
been described in the literature. In these cases, in order to attain the low limits
of detection required for environmental water analysis both preconcentration
approaches and the sensitivity of HRMS instruments are required. For
instance, Strittmatter et al. [62] described the analysis of wastewater samples
by the direct combination of C18/strong cation exchange mixed-mode thin-
film microextraction (MFTE) and DESI-HRMS. Both techniques make the
analytical workflow simpler and faster, hence their combination enables
considerably shorter analysis time compared to traditional LC-MS approaches.
The authors validated the method using carbamazepine and triclosan as typical
examples for pharmaceuticals and personal care product components, which
draw increasing attention as wastewater-derived environmental contaminants.
The results obtained by MFTE in combination with DESI-HRMS were
compared to those of parallel LC-MS determinations showing good agreement
within a concentration range three orders of magnitude wide. Although several
matrix effects were observed with wastewater samples, limits of detection
down to nanogram per litre level were achieved. In this example, the use of an
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Orbitrap mass spectrometer was ideal for screening purposes and led to the
detection of various different personal care product components in wastewater
treatment plant effluents, including beta-blockers, non-steroidal anti-inflam-
matory drugs, and UV filters.

Another interesting environmental water application of ambient MS
techniques is the determination of organic UV filters by stir bar sorptive
extraction in combination with DART-TOF HRMS analysis [63]. Because of
the low concentrations of UV filters expected in environmental water samples,
250 mL of water was preconcentrated with polydimethylsiloxane (PDMS) stir
bar sorptive extraction for 4 h, and the PDMS stir bars were exposed to the
DART stream without any separation elution step. To demonstrate the suit-
ability of DART-HRMS with a TOF instrument, the authors used a test set
of seven organic UV filters, namely, benzophenone-3 (BP-3), ethylhexyl
dimethyl p-aminobenzoate, 4-tbutyl-40-methoxydibenzoylmethane, homo-
methylsalicylate, 2-(ethylhexyl) salicylate, octocrylene (OC), and 4-methyl-
benzylidene camphor. In the first step, standard solutions of the targeted
analytes prepared in methanol were investigated in order to determine opti-
mum parameters for the DART-HRMS analysis (see spectrum in Fig. 5a).
Limits of detection in the range 20e40 ng/L (depending on the analyte) with
acceptable precisions (5e30% relative standard deviation (RSD) values at
500 ng/L level) were reported. The analysis of a real lake water sample,
collected at an area used for leisure activities, was carried out and reported
contamination with BP-3 and OC (Fig. 5b). The authors compared the results
obtained with the developed DART-HRMS method with a confirmatory
analysis using TD-GC-MS, obtaining comparable results for the two detected
UV filters, and showing that DART-TOF-MS is a rapid screening method for
environmental water contamination.

FIGURE 5 (A) DART-TOF-MS spectrum of deionised water spiked with a mixture containing

seven UV filters (each 700 ng/L) and the internal standard (400 ng/L). Peaks: (1) BP-3, (2) eth-

ylhexyl dimethyl p-aminobenzoate, (3) 4-tbutyl-40-methoxydibenzoylmethane, (4) homo-

methylsalicylate, (5) 2-(ethylhexyl) salicylate, (6) OC, (7) 4-methylbenzylidene camphor, (8)

benzyl cinnamate (BC, internal standard). (B) DART-TOF-MS spectrum of a real lake water

sample taken during the summer season. Peaks: (1) BP-3, (6) OC, (8) BC. Reproduced with

permission from reference M. Haunschmidt, C.W. Klampfl, W. Buchberger, R. Hertsens, Anal

Bioanal. Chem. 397 (2010) 269e275. Copyright (2010) Springer.
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3.2 Food

The quality of food products is an issue of great interest in our society. For this
reason, the development of new methods focused on the analysis but also in the
characterization, classification and authentication of food products has increased
dramatically [64,65]. Nowadays, there is a growing necessity for applications in
food able to cope with a large number of analytes in very complex matrices. The
new analytical procedures demand sensitivity, robustness and high resolution
within an acceptable analysis time. Moreover, the possibility of analysing
multiple compounds for target and non-target screening, such as multi-residue
methods in various matrices, minimizing sample manipulation is also demanded
[66]. In this context, ambient MS techniques appear as a powerful tool for high-
throughput analysis of food products minimizing sample treatment as much as
possible [67,68]. Due to the complexity of food matrices the enhanced resolu-
tion and accurate mass measurements attainable with HRMS instrumentation is
frequently a requirement.

Among the most common ambient MS techniques, DART in combination
with HRMS either using TOF or Orbitrap mass analysers is the most fre-
quently employed one in the analysis of food matrices. DART-HRMS has been
proposed for food safety analysis for the determination of pesticides and
fungicides in fruits and vegetables [69,70] and mycotoxins in cereal samples
[71], as well as in food quality control analysis for the determination of
caffeine in coffee products [72] or the rapid control of Chinese star anise fruits
and teas for the presence of neurotoxic anisatin [73], among other applications.
For example, Vaclavik et al. [71] proposed DART-HRMS using an Orbitrap
mass analyser for the rapid quantitative determination of multiple mycotoxins
isolated from wheat and maize by a modified QuEChERS procedure. The
lowest calibration levels estimated for the respective targeted analytes ranged
from 50 to 150 mg/kg. Quantitative analysis was performed either with the use
of matrix-matched calibration or by employing commercially available 13C-
labelled internal standards for deoxynivalenol, nivalenol and zearalenone
mycotoxins. Good recoveries (100e108%) and repeatabilities (RSD <6.9%)
were obtained at a concentration level of 500 mg/kg by isotope dilution pro-
cedure. Regarding matrix-matched calibration, recoveries and repeatabilities
were in the range 84e118% and 7.9e12.0% (RSD), respectively. The authors
validated DART-Orbitrap-MS trueness for deoxynivalenol and zearalenone in
wheat/maize by the analysis of certified reference materials, achieving good
agreement also with data validated by ultra-high performance liquid chro-
matography-time of flight mass spectrometry (UHPLC-TOF MS) analysis.

Edison et al. [69] proposed DART-Orbitrap-MS as a rapid screening
method for pesticides in order to streamline the processing of products for
food safety and control analysis. For that purpose, foam swabs were used to
recover multi-class mixtures of pesticides from the surfaces of apples, kiwis,
peaches and tomatoes, and the swabs were analysed by DART-Orbitrap-MS.
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This simple sample treatment in combination with DART-HRMS allowed
expanding the types of food commodities to be analysed in food safety control
laboratories. The authors observed that whilst smooth-skinned products, such
as apples, maintained a high detection rate for the targeted pesticides even
when 10 apples were swabbed with one foam disk, commodities with rougher
surfaces, such as peaches, suffered a decrease in detection rate when 10
peaches were swabbed with one foam disk. So, in order to maintain consis-
tency across sampling process, a composite size of three units was then
selected. Several classes of pesticides such as thiocarbamates, phenylamides
and organochlorine pesticides were easily detected in the analysed samples. A
similar approach was later used by Kern et al. [74] who employed an accurate
mass fragment library based on DART-Orbitrap-MS data for the rapid analysis
of pesticides on food products after swabbing them with foam disks.

DART-HRMS techniques have also been widely employed for metab-
olomic analysis of food commodities to achieve characterization, classification
and authentication in the prevention of frauds [75e79]. In this area, the high
resolution and accurate mass measurements achieved with HRMS instru-
mentation is an indispensable tool to obtain fingerprinting spectra that can be
easily processed by chemometric techniques. An interesting example is the
one reported by Cajka et al. [75] describing the application of DART-TOF-MS
for the chicken meat metabolomic studies aiming at the retrospective control
of feed fraud. DART-TOF-MS was used as a tool for differentiation between
chickens fed by feed that contained 5e8% (w/w) of chicken bone meal
(a banned component) and those representing a reference group, ie, grown
otherwise under the same conditions. A simultaneous (all-in-one) extraction
procedure using a water and cyclohexane mixture able to isolate both polar
and non-polar metabolites in a single extraction step was employed. After
extraction, DART-HRMS spectra were obtained. Fig. 6A shows the DART-
TOF-MS fingerprints of a chicken muscle extract. Fingerprinting data was then
chemometrically processed by principal component analysis (PCA) and
orthogonal partial least squares discriminant analysis. As an example, Fig. 6B
shows the PCA two-score plots of the polar and non-polar extracts obtained
from chicken muscles. Differentiation of chicken muscle according to diet
(feed with and without the addition of chicken bone meal) was feasible
employing DART-TOF-MS fingerprints of polar as well as non-polar extracts.
Additional experiments conducted after 6 months confirmed the classification
potential of DART-TOF-MS analysis to detect frauds.

Similar approaches were used by the same research group employingDART-
TOF-MS for fish metabolomics aimed to assess the response of dietary sup-
plementation [76], for olive oil quality and authenticity assessment [78], and for
beer origin recognition [79], as well as DART-Orbitrap-MS fingerprinting in the
prediction of acrylamide formation in biscuits [80] or in the authentication of
milk and milk-based food products [77], among other examples. For instance,
the use of DART-Orbitrap-MS in this last application allowed the authentication
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of milk and dairy products in several scenarios: (1) discrimination among milks
obtained from various farm animal species (cow, goat and sheep), (2)
discrimination between cows’ milk produced in conventional and organic
farming, and (3) detection of vegetable oil added to milk-based products (soft
cheese). These examples show that DART in combination with HRMS and
chemometric analysis is a powerful tool for characterization, classification and
authentication of food.

FIGURE 6 (A) DART-TOF-MS fingerprints of the chicken muscle extracts: (a) polar extract,

DART(þ); (b) polar extract, DART(�); (c) non-polar extract, DART(þ); dopant: ammonia; (d)

non-polar extract, DART(�). (B) A two-score plot of PCA: (a) polar extracts (chicken muscle); (b)

non-polar extracts (chicken muscle). (group 1 chicken fed with the feed with the addition of

chicken bone meal; group 2 chicken fed with the feed without the addition of chicken bone meal;

group 3 chicken fed with the feed without the addition of chicken bone meal (experiment repeated

after 6 months)). Reproduced with permission from reference T. Cajka, H. Danhelova, M.

Zachariasova, K. Riddellova, J. Hajslova, Metabolomics 9 (2013) 545e557. Copyright (2013)

Springer.
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Martı́nez-Villalba et al. [81] demonstrated the applicability of DART-
Orbitrap-MS for the high-throughput determination of antiparasitic veteri-
nary drugs in feed and food. The combination of an analysis time of less
than 1 min per sample and the possibility to acquire accurate masses under
HRMS makes the DART-HRMS technique an effective tool for rapid qual-
itative screening of antiparasitic veterinary drugs. The results obtained by
the authors in this work demonstrated the feasibility of this approach to
quantify the targeted analytes at levels down to 1 mg/kg for benzimidazolic
compounds in milk samples and 0.25 mg/kg for coccidiostats in chicken
feed.

Although many DESI applications in food analysis have been described in
the literature [82], only few of them have been carried out in combination with
HRMS (DESI-Orbitrap-MS). For instance, DESI-HRMS has been proposed for
the analysis of anionic oligosaccharides [83] and to study natural polysaccharide
interactions with a model drug in a controlled release system [84]. Nano-DESI
in combination with a quadrupole-time of flight (q-TOF) mass analyser was
employed by Hartmanova et al. [85] for the fast profiling of anthocyanins in
wine. In this work, the acidification of samples in combination with an acidic
DESI solvent (methanol:water 75:25 with 0.2% formic acid) were essential for
obtaining good-quality mass spectra. The authors applied the proposed method
to obtain nano-DESI-HRMS profiles of main anthocyanins in two vintages and
three cultivars wine samples. The obtained results were in agreement with an-
thocyanins isolated by solid-phase extraction (SPE) and analysed by LC-MS,
but the nano-DESI-HRMS method offered high selectivity and accurate mass
measurements that can contribute to anthocyanin identification in screening
analyses.

Recently, Seró et al. [28] developed a DESI-HRMS method for the
screening of veterinary drugs in cross-contaminated feedstuffs. The reliable
detection was performed working at high mass resolution (70,000 FWHM)
using an Orbitrap mass analyser. To evaluate the applicability of the developed
DESI-HRMS method, 50 feed samples were analysed in order to detect those
samples suspected of being cross-contaminated by veterinary drugs. Feed
samples were screened and the acquired mass spectral raw data were inter-
rogated by a custom-made database that included more than 60 veterinary
drugs (anthelmintics, antibiotics, coccidiostats, hormones, etc.) commonly
used to produce medicated feedstuffs. The custom-made database included the
ionisation mode and the expected ions (protonated and deprotonated mole-
cules, adduct ions, in-source fragments, etc.) that can be generated in the DESI
source. Veterinary drugs at dose levels between 37 and 107 mg/kg in medi-
cated feed were easily detected and confirmed by the proposed DESI-HRMS
screening method, and in one of these samples an unexpected cross-contam-
ination of monensin (3.5 mg/kg) was also detected (see DESI-HRMS full-scan
spectrum in Fig. 7). Additionally, the authors reported that the results obtained
for non-medicated feed indicated that cross-contamination occurs quite
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frequently and values above the legislated levels were detected in 28% of the
samples analysed by DESI-HRMS.

Paper spray in combination with HRMS has been described for the analysis
of food contaminants generated during food processing procedures such as
heating. For example, Li et al. [86] reported the rapid qualitative and quan-
titative analysis of 4-methylimidazole (4-MEI), a carcinogenic by-product
generated through the Maillard reaction when heating caramel-based food
products, in beverage and caramel samples using the paper spray form of
ambient ionisation MS. For the caramel samples and typical beverages
examined by the authors, ionisation competition/suppression was observed but
was not significant. However, these matrices all have three to six isobaric
peaks at m/z 83, being matrix interferences for the detection of 4-MEI. This
scenario made HRMS necessary for the reliable identification and quantifi-
cation of 4-MEI. By performing paper spray analysis on an Orbitrap-HRMS
instrument, rapid screening of the analyte of interest was achieved as an
alternative to tandem MS. As an example, Fig. 8 shows a paper spray high-
resolution full-scan spectrum of a typical cola beverage. The accurate masses
of the peaks were compared to those of compounds known to be present in the
sample and several matching peaks are labelled in the figure. Among them, the
peak that matches 4-MEI was subjected to tandem MS to additionally confirm
the assignment. The proposed paper spray-Orbitrap-MS method provided a
limit of detection of 100 pg/mL in beverage samples.

FIGURE 7 DESI-HRMS full-scan spectrum obtained from a narasin (NAR) medicated feed

(37 mg/g) cross-contaminated with monensin (MON) (3.5 mg/g). Reproduced with permission from

reference R. Seró, O. Núñez, J. Bosch, J.M. Grases, P. Rodrı́guez, E. Moyano, M.T. Galceran, Anal

Bioanal. Chem. (2015), http://dx.doi.org/10.1007/s00216-015-8899-4. Copyright (2015) Springer.
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Ambient MS techniques in combination with HRMS have also been
proposed in migration studies of potentially harmful contaminants from
materials intended to be in contact with food (food-contact materials). For
example, Mattarozzi et al. [87] studied the migration of melamine into food
from melamine tableware using DESI-Orbitrap-MS. The migration test was
performed using acetic acid 3% (v/v) as food simulant. A two-tailed
migration test (t-test) allowed the authors to assess the good agreement
between the qualitative results obtained applying the proposed DESI-HRMS
method with data provided by conventional LC-ESI-MS, thus demonstrating
the reliability of DESI-HRMS as a rapid technique for the study of melamine
release from plastic materials into food. Bentayeb et al. [88] proposed the
use of DART-TOF-MS for the detection and identification of compounds
from print set-off not visible to the human eye. The set-off is the uninten-
tional transfer of substances used in printing form the external printed sur-
face of food packaging to the inner, food-contact surface. The authors
compared the DART mass spectra from inner and outer surfaces of printed
and non-printed food packaging to detect and identify non-visible set-off
components, and developed a protocol to identify unknowns by using a
custom open-source database of printing inks and food packaging com-
pounds. The protocol matched print-related food-contact surface ions with
the molecular formulae of common ions, isotope patterns, and fragments of
compounds from the database. The authors were able to detect print set-off
and identify seven different compounds by DART-TOF-MS.

FIGURE 8 Paper spray HRMS analysis of a cola beverage; the accurate masses observed match

with chemical compounds labelled in the figure. As shown in inset (B), the high-resolution mass

spectrometer successfully resolves protonated 4-MEI (m/z 83.060) from isobaric interferences. Its

13C isotope is also recorded in the spectrum, although not shown in the insets. Additional

structural confirmation was carried out by MS2 for the analyte (4-MEI) of interest, as shown in the

inset (A). Reproduced with permission from reference A. Li, P. Wei, H.-C. Hsu, R.G. Cooks, Analyst

138 (2013) 4624e4630. Copyright (2013) Royal Society of Chemistry.
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3.3 Forensics

An interesting and broad area of applications of ambient ionisation techniques
is forensic science, in which on-location analysis, speed, specificity and wide
applicability are all important [89e91]. Furthermore, ambient MS methods are
intrinsically very efficient tools for high-throughput analysis, which plays an
important role in drug counterfeit and forensic identifications.

The ability to rapidly detect explosive compounds and chemical warfare
agents in the ambient environment with minimal sample manipulation using
ambient techniques such as DART [92e97], DESI [98], LTP [99], APLD
[100], APTDI [101], DEFFI [102] and EASI [103] has been widely described.
In these applications, ambient MS techniques have been coupled to high-
resolution mass analysers to take advantage of the high sensitivity and
selectivity they can offer. In addition to the detection of the explosive source,
one key goal in this field is detection of trace amounts of explosive residues,
since they can be indicative of close contact with a concrete one. Saha et al.
[99] developed an LTP-Orbitrap method for the analysis of explosive residues
in soil and pond water at parts per billion levels with minor sample pre-
treatment and with the advantage of the unequivocal identification by accurate
mass measurements. Furthermore, Sisco et al. [94] studied the viability of
DART-TOF as screening tool for the analysis of trace explosive. They used
acetone as dopant in combination with thermal assistance (225�C) to improve
the response of some explosives, while for EGDN and diethylene-glycol
dinitrate the temperature had to be decreased for a better sensitivity. In this
study, authors used searching lists to identify explosives in samples and cat-
egorised the explosive m/z signals (peaks) into three groups. The first one
included the unique peaks, which could be assigned to only one explosive.
Thus, these compounds could be easily confirmed. The second group was
composed of the shared peaks, which could be assigned to more than one
different explosive belonging to the same compound class, thus hindering the
mass spectra interpretation. Finally, the third group classified the mass overlap
peaks, which were peaks from two or more ions with exact masses that shifted
only �0.005 Da and which were difficult to interpret. Thus, even without the
benefits of the second dimension provided by a separation technique, authors
demonstrated that ambient HRMS can be used to screen a high number of
trace-levels explosives, although confirmatory identification of specific
explosives can be sometimes compromised due to the similarity between
fragmentation patterns of some of them.

The manufacture and trafficking of illicit drugs and counterfeiting of
legitimate pharmaceuticals remains a priority concern for law enforcement.
Furthermore, the constant appearance of new psychoactive substances requires
currently rapid preliminary confirmatory testing methods. Ambient MS tech-
niques coupled to HRMS offer advantages over other classical methods (GC-
MS, LC-MS) due to their high-throughput, retrospective analysis capabilities
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and their ability to analyse the specimens in different forms and surfaces (eg,
tablets, capsules, gels, skin, hair or blood). Regarding forensic investigations
of falsified pharmaceuticals, different qualitative and quantitative methods
using ambient MS techniques have been described [32,104e109]. For
instance, DESI-MS in both conventional and imaging modes, DART-TOF and
2D diffusion-ordered 1H nuclear magnetic resonance (2D DOSY 1H NMR)
were complementarily used to characterise the chemical composition of
counterfeit antimalarial drugs [110]. Both types of methods enabled the
detection of active pharmaceutical ingredients and tablet excipients. For a total
of 16 samples, the correct active pharmaceutical ingredient was observed in
only six formulations, while the remaining formulations contained either
wrong active pharmaceutical ingredients such as acetaminophen or dipyrone,
or only pharmaceutical excipients. Stearate and polymeric excipients were not
detected neither by DESI nor by DART, while disaccharides (lactose, sucrose)
were detected only by DESI, probably due to difficulties in TD of these class
of compounds in the DART source. Valuable structural information were
obtained in DESI when coupled to an ion trap to perform multi-stage mass
spectrometry experiments (MSn) and the accurate mass information offered by
DART-TOF complemented and validated the DESI results. Additionally, DESI
imaging was also performed in this study to provide information about sample
homogeneity and impurities distribution in malarial tablets that may not be
detectable with other approaches. Fig. 9 shows the spectra obtained in the
analysis of a counterfeit formulation when employing the ambient MS tech-
niques in parallel with the 2D DOSY 1H NMR method. As can be seen, all the
assayed methods detected the active principal ingredient artemisinin, which is
less effective in antimalarial treatments than artesunate because of its poor
water solubility. Furthermore, two excipients were found in this sample,
dextrin and a stearate-based lubricant, but they were only detected by 2D
DOSY 1H NMR, maybe due to the higher ionisation efficiency of artemisinin
that suppresses the ionisation of other compounds in the sample when analysed
by DESI and DART.

Ambient MS has also been used for quick and easy determination of illicit
drugs allowing the simultaneous identification of active ingredients, additives,
adulterants, etc. in complex samples such as hair, blood, breath or skin
[111e114]. For example, Su et al. [113] proposed paper spray MS for the
rapid monitoring and quantitation of drugs of abuse at ng/mL level in dried
blood spots. Because a very small amount of blood is necessary to perform the
analysis, less invasive methods such as collected pricks can be used to take the
sample. For screening analysis, quadrupole-Orbitrap mass analyser was used,
while for the quantification analysis the high signal-to-noise ratio obtained by
tandem MS with a triple quadrupole mass analyser provide the required
sensitivity and specificity to detect trace levels of drugs in blood. In addition,
solvent spray composition was optimised because of the role it plays in both
analyte extraction and ESI at the tip of the paper substrate. Thus, the highest
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sensitivity was obtained with 9:1 acetonitrile-water solution and decreased
rapidly when increasing the water percentage, perhaps because more water-
soluble chemicals are extracted, which negatively affected the final ionisation
of the analytes.

Another interesting field where ambient MS has been applied is the
authentication of documents, which is critical for establishing facts in court.
This often requires the examination of inks to identify any document
amendments. Typically, analytical proof of a document’s authenticity is
determined by taking sections and analytical conventional methods usually
require the ink to be removed from the support. However, the use of ambient
MS techniques quickly provides the chemical mapping of the surface, without
damaging the original document and providing precise details about the entire
document. One of the most frequently employed ambient MS technique in
documents authentication [115,116] and identification of counterfeit bills
[117,118] has been EASI. One interesting example is the application of EASI-
HRMS to the investigation and molecular information acquisition of second-
generation Brazilian Real (R$) banknotes and seized suspect banknotes [116].

FIGURE 9 Results from the analysis of formulation 2 by (A) 2D DOSY 1H NMR in dimethyl

sulfoxide-d6 (DMSO-d6), with trimethyl(phenyl)silane (TMPS) as internal reference standard (where

SDMSO represents DMSO satellite signals), (B) DART-MS in positive-ion mode, and (C) DESI-MS

in positive-ion mode. Reproduced with permission from reference L. Nyadong, G.A Harris,

S. Balayssac, A.S. Galhena, M. Malet-Martino, R. Martino, R.M. Parry, M.D. Wang, F.M. Fernández,

V. Gilard, Anal Chem. 81 (2009) 4803e4812. Copyright (2009) American Chemical Society.
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With the aim to implement this rapid and non-destructive method in forensic
laboratories and routine analysis, a single quadrupole mass analyser was used
to establish the chemical signature or chemical fingerprint for authentication of
banknotes. Nevertheless, to confirm the counterfeiting, diagnostic markers
have to be unequivocally identified; hence, HRMS was required for the correct
identification and characterisation of each diagnostic ion. Fig. 10 shows the
EASI-FT-ICR MS chemical profiles of genuine R$100 banknote and seized
suspect counterfeited R$100 banknote. Few minor ions were detected in the
authentic banknotes (Fig. 10A,B) and two plasticisers, bis(2-ethylhexyl)
phthalate and dibutyl phthalate, mostly related to the official offset printing
process were used as diagnostic markers for genuine banknotes. In contrast,
high-resolution chemical profiles of the seized suspect counterfeit banknotes
displayed abundant diagnostic ions within the m/z 400e800 range due to the
presence of oligomers. As can be seen in Fig. 10c, the mass spectrum shows a
distribution of ions separated by 44 m/z units, which enabled their character-
isation as Surfynol 4XX, wherein increasing XX (XX ¼ 40, 65, and 85) values
indicate increasing amounts of ethoxylation on a backbone of Surfynol 104.
Furthermore, sodiated triethylene glycol monobutyl ether, another ink con-
stituent of ink-jet printers was also identified in the counterfeit banknotes.

Finally, fingerprints at the crime scene have been historically used by
forensic experts to identify a suspect or to determine the movements of an
individual [119]. The surface chemical analysis of the fingerprints by ambient
MS techniques can provide information about the person’s ethnic origin, the
detection of trace amounts of drugs or explosives deposited with the finger-
print, as well as other social indicators such as people lifestyles [120e122]. As
an example, Bailey et al. have successfully demonstrated the use of MALDI
and DESI-linear ion trap-Orbitrap working at a mass resolution of
100,000 FWHM for the analysis of cocaine and its metabolites in latent fin-
gerprints [122]. Samples were obtained from five individuals who were
attending a drug and alcohol treatment service to receive treatment for drug
dependence. Using the Orbitrap mass analyser in full-scan mode, cocaine and
its metabolites benzoylecgonine and methylecgonine were detected in four
donors. Furthermore, high-resolution tandem MS was used to confirm the
correct identification of the analytes and the analysis of latent fingerprints
showed good correlation compared with the results obtained from oral fluid
testing for the same donor. Although the fingerprints were not spatially uni-
form, the ability to detect excreted substances in latent fingerprints allowed the
differentiation between drug consumption and contact solely based on the
presence of metabolites in the residue.

3.4 Doping

For doping control testing, reliable, robust, cost-reduced and easy-to-perform
sampling is of utmost importance [123]. The need for fast multi-residue
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approaches is crucial today, since the quicker the analysis, the more efficient is
the control. In particular, it is required the availability of methods able to
rapidly characterise seized preparations and to detect the presence of pro-
hibited substances at trace level in complex biological samples. When using
conventional analytical methods (LC-MS and GC-MS) long, tedious and time-
consuming extraction and purification procedures are often required to obtain
clean extracts and to enhance sensitivity. In this context, ambient MS tech-
niques can be used as wide screening methods due to their low discrimination
in the analytical procedure, high throughput and fast and simple specimen
preparation requirements [124]. Many applications have been published
demonstrating the applicability of ambient MS for the detection of drugs and
metabolites in biological matrices, but most of them use low-resolution mass
analysers [34,125,126]. However, when analysing complex biological samples
without previous sample treatment, ion suppression effects were observed,
hindering to obtain suitable detection limits. Lin et al. developed a DESI-MS/
MS method for the analysis of clenbuterol in urine [126], but a SPE step was
required in order to minimise ion suppression effects caused by the urine
matrix components, with the consequent increase in sample analysis time. As
an alternative, other authors are proposing the use of reactive DESI-MS to
enhance selectivity and sensitivity by in situ transformation of analytes into
more easily ionisable species thus improving method selectivity and the
signal-to-noise ratio when analysing urine samples. Nevertheless, only low-
resolution MS applications of reactive DESI-MS to doping control have been
found in the literature [34]. Alternatively, high-resolution mass analysers, such
as Orbitrap, TOF, or hybrid analysers like quadrupole-Orbitrap, are a key of
benefit when coupled to ambient MS techniques in this application field.
Modern high-resolution mass spectrometers are more sensitive and can
compensate in part the suppression signal produced. Additionally, they provide
more detailed chemical information and selectivity to achieve the unequivocal
identification of banned substances at detection limits for doping testing [127].

Among the ambient MS techniques, DART in combination with HRMS
either using TOF [128,129] or Orbitrap [130] mass analysers has been most
frequently used to analyse prohibited substances by the World Anti-Doping
Agency (WADA) [131]. As an example, Lesiak et al. [129] developed a
DART-TOF (6000 FWHM) method to rapidly identify the presence of dime-
thylamylamine (DMAA), a stimulant present in some athletic training or
preeworkout supplements, but banned by WADA. A number of DMAA-
containing supplements were tested directly by DART-MS in their solid form
by just holding the sample between the ionisation source and the mass
spectrometer inlet. Under the soft ionisation conditions of DART, DMAA only
provided the [MþH]þ ion and the accurate mass (m/z of 116.1439; �5 mDa)
and the collision induced dissociation (CID) fragmentation allowed the iden-
tification/confirmation of this compound in the suspected samples (Fig. 11A).
Additionally, in this work identification and/or differentiation of DMAA from
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the isomer tuaminoheptane was successfully performed based on the CID
fragmentation pattern differences observed between the two compounds. The
relative abundance of [M�H]þ (m/z 114) at 60 V for DMAA was relatively
smaller than that observed for tuaminoheptane under the same experimental
conditions. Regarding sports doping and urine testing, the urine from a
volunteer who ingested one of the DMAA-containing supplements was
monitored over 48 h. Urine was directly analysed by DART-MS by holding a
glass capillary tube dipped into the urine between the source and the MS inlet.
The DMAA diagnostic ion was detected/confirmed within 2 hours of ingestion
of the supplement; even after 48 hours the relative signal was �1%
(Fig. 11C,D). Furthermore, other major components in the urine sample,
specifically urea and creatinine, were also identified by DART-MS. Regard-
less, matrix effects did not preclude the detection of DMAA under the con-
ditions and time periods studied.

FIGURE 11 DART-HRMS spectra obtained from nutritional supplement samples in positive-ion

mode. (A) DART-MS spectra for the supplement DNPX in pill form. (B) DART-MS control data

from a urine sample prior to ingestion of a DMAA-containing supplement. (C) DART-MS spec-

trum of unprocessed urine containing DMAA at 2 h after the supplement ingestion, representing a

maximum relative abundance of DMAA in urine. (D) DART-MS spectrum of unprocessed urine

24 h after the supplement ingestion. Adapted with permission from reference A.D. Lesiak, K.J.

Adams, M.A. Domin, C. Henck, J.R.E. Shepard, Drug Test. Anal. 6 (2013) 788e796. Copyright

(2013) John Wiley & Sons, Ltd.
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In addition to the DART, other ambient HRMS techniques have also been
used for doping control testing. Thus, an Leidenfrost phenomenon-assisted
thermal desorption (LPTD) quadrupole-Orbitrap method was used for the
identification of trace anabolic steroids in urine. Limits of detection (LODs)
ranged from 2 to 50 ng/mL but they were improved one order of magnitude by
using a simple and rapid (1 min to analyse a single sample) dichloromethane
extraction before the LTPD-MS analysis [132]. Furthermore, Kennedy et al.
demonstrated the feasibility of the use of C18 solid phase microextraction
(SPME) fibres in combination with DESI-MS for the rapid detection of drugs in
raw urine samples [133]. The extraction procedure was performed by inserting
the SPME fibre into raw urine and under a gentle agitation. The SPME fibre was
directly analysed by DESI-MS after being rinsed, thus combining sampling and
sample preparation in a single step. The screening of samples was performed
using a TOF mass analyser, while quantitative analysis was performed by a
triple quadrupole mass analyser operating in selected reaction monitoring
acquisition mode to provide the maximum sensitivity and selectivity.

4. CONCLUDING REMARKS

The simplicity of ambient MS techniques combined with the selectivity and
sensitivity of HRMS offer powerful and throughput analytical tools for modern
analytical laboratories. Considering the pressures on these laboratories in
terms of workload, turnaround time, and cost per sample, it is not surprising
that ambient MS would rise so quickly to the forefront of analytical science.

Many new ambient MS variants, combinations, hybridization, and applica-
tions are continuously appearing, which make difficult to predict the directions
where we will see important developments in the near future. Nevertheless, only
the truly simple-to-operate yet effective and rugged interfaces will survive over
the years.

Although little or no sample pre-separation, preparation, or derivatisation is
required before the mass analysis, the combination of ambient techniques with
well-established simple and fast sample pre-treatment procedures may be
necessary to reduce matrix effects and to improve limits of detection. The
development of robust hybrid multimode ion sources will make possible to
obtain additional chemical information in a single experiment and to expand
the applications to a broader spectrum of chemical species. The automation of
the effective and rugged interfaces will be necessary to enable their integration
into platforms that can respond to the demands of the modern routine
analytical laboratories. Quantitative measurements are one of the main chal-
lenges, but reproducible and robust strategies to quantify samples by ambient
MS will be also necessary to exploit their applicability in routine analytical
laboratories. Nevertheless, the better understanding of the differential
enrichment of analytes during ablation/desorption, the extent of ion suppres-
sion due to charge competition, and further insights into the ionisation
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mechanisms for a more rational development of quantitative applications are
still needed. Finally, machine learning of ambient MS fingerprints is required
to allow expert-independent decision based on highly complex HRMS data.
Combination of high-throughput ambient MS approaches with advanced
chemometrics will be useful to develop automated systems for environmental,
food, forensic and doping analysis applications.
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Abstract In this study, a desorption electrospray ionization-
high resolution mass spectrometry (DESI-HRMS) screening
method was developed for fast identification of veterinary
drugs in cross-contaminated feedstuffs. The reliable detection
was performed working at high resolution (70,000 full width
half maximum, FWHM) using an orbitrap mass analyzer.
Among the optimized DESI parameters, the solvent (acetoni-
trile/water, 80:20, v/v) and the sample substrate (poly-
tetrafluoroethylene, PTFE) were critical to obtain the best sen-
sitivity. To analyze the solid feed samples, different ap-
proaches were tested and a simple solid-liquid extraction and
the direct analysis of an aliquot (2 μL) of the extract after
letting it dry on the PTFE printed spot provided the best re-
sults. The identification of the veterinary drugs (target and
non-target) in the cross-contaminated feedstuffs based on the
accurate mass measurement and the isotopic pattern fit was
performed automatically using a custom-made database. The
positive cross-contaminated feed samples were quantified by
ultra-high performance liquid chromatography-tandem mass
spectrometry (UHPLC-MS/MS). The results obtained demon-
strate that DESI-HRMS can be proposed as a fast and suitable
screening method to identify positive cross-contaminated
feedstuffs reducing the number of samples to be subsequently
quantified by UHPLC-MS/MS, thus improving the productiv-
ity in quality control laboratories.

Keywords Veterinary drugs . Ambient mass spectrometry .

Desorption electrospray ionization . High resolutionmass
spectrometry . Cross-contamination

Introduction

One of the most effective ways for farmers to administer med-
icines to the livestock after veterinary prescription is by med-
icated feed. The production and marketing of medicated feed
are regulated by the European Commission [1], and many
European countries have implemented residue monitoring
plans to control the illegal use of these substances in feed
and the misuse of authorized veterinary medicines, and to
minimize drug residual occurrence [2]. The European Parlia-
ment and the Council of the EuropeanUnion have established,
under the Regulation 183/2005/EC, the general rules to con-
trol feed production and their manufacturing conditions, thus
ensuring the traceability of feed [3]. Despite the requirements
set for feed business, multi-product plants manufacture both
medicated and non-medicated feed in the same production
line [4, 5], and, under practical conditions, during the produc-
tion, a certain percentage of the previous batch remains in the
production circuit contaminating the subsequent feed batch.
This carry-over or cross-contamination is recognized by the
Current Good Manufacturing Practice Regulations (CGMPR)
which requires adequate clean-out procedures to prevent the
Bunsafe^ contamination. This cross-contamination may result
in the exposure of non-target animals and, as a consequence,
potential health risks for these animals as well as the presence
of residue contamination in food products might occur. Sev-
eral studies have shown that production of premixes and com-
posed feed free of contamination is, in practice, very difficult
in the existing multi-product plants [5]. If the drug carry-over
results in the unsafe contamination of other medicated or non-
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medicated feed, it constitutes a violation of the maximum
limits established by Directive 574/2011/EC [6], resulting in
adulterated feed.

To increase the productivity in agricultural and food labo-
ratories, the rapid screening of (il)legal preparations to identify
veterinary drugs in feedstuffs is widely demanded [7–13].
Today, liquid chromatography coupled to tandem mass spec-
trometry (LC-MS/MS) is the technique most currently used
for the determination of drug contamination in feed samples.
However, the complexity of feed samples requires extensive
and time-consuming sample treatment protocols to provide
clean extracts to be analyzed by the selective target LC-MS/
MS methods [9, 10, 12–16]. In the last decade, the introduc-
tion of high resolution mass spectrometry (HRMS) has im-
proved selectivity and specificity of LC-MS methods. How-
ever, only fewmethods have been published until now regard-
ing the analysis of feed samples by LC-HRMS [17–19].

The recent introduction of ambient ionization techniques in
mass spectrometry such as desorption electrospray ionization
(DESI) [20] and direct analysis in real time (DART) [21] open
the possibility for the direct analysis of compounds from the
sample acquiring the mass spectra from bulk samples in their
native state and without sample treatment or chromatographic
separation [22, 23]. The analysis is performed in a few sec-
onds, which is a significant advantage when compared to con-
ventional analytical methods. Particularly, in DESI, a spray of
charged liquid droplets is directed to the sample creating a
solvent film on the surface. Further droplets hit this film
splashing secondary droplets containing the analytes into the
mass spectrometer [24]. Since their introduction, ambient
techniques have been applied to multitude of fields, such as
environmental [24–26], food [27–29], clinical diagnosis [30],
and forensic analysis [31]. Nevertheless, only few papers de-
scribed the use of ambient techniques for the analysis of vet-
erinary drugs [32, 33]. DESI-MS has been applied for a rapid
screening of hormones and veterinary drugs in samples from
forensic investigations using an ion trap (IT) mass analyzer,
although authors indicated the difficulty to detect tetracyclines
under the DESI-MS conditions used [34]. Moreover, DART-
HRMS has been applied for the target analysis of coccidiostats
in feed samples using an orbitrapmass analyzer demonstrating
the feasibility of this ambient technique to quantify the-
se analytes at the levels established by the EU legisla-
tion [32].

The aim of this work is to study the applicability of DESI
coupled to HRMS (orbitrap) for the fast screening of veteri-
nary drugs in cross-contaminated feed samples in order to
improve throughput analysis and productivity of feed control
laboratories. For this purpose, the most critical DESI-HRMS
working parameters are evaluated and discussed. A home
custom-made database with mass spectral information of vet-
erinary drugs is used for the fast identification of target com-
pounds and suspect cross-contaminants.

Experimental

Chemicals and materials

Nine veterinary drugs were used as model standards for the
optimization of DESI parameters. Diclazuril (DIC), narasin
(NAR), monensin (MON), oxibendazole (OXI), amoxicillin
(AMO), lincomycin (LIN), tiamulin (TIA), and spiramycin
(SPI) were purchased from Sigma-Aldrich (Steinheim, Ger-
many) while tylosin (TYL) was purchased from Rikilt
(Wageningen, Netherlands). All the standards were of the
highest purity available. LC-MS-grade methanol (MeOH),
acetonitrile (ACN), and water were supplied by Sigma-
Aldrich (Steinheim, Germany) as well as formic acid
(≥99 %). Nitrogen (99.9995 % purity) used for nebulization
gas was supplied by Linde Group (Barcelona, Spain). Individ-
ual stock solutions (1 mg mL−1) were prepared in MeOH and
stored at 4 °C, while the working standard mixtures were
prepared weekly by appropriate dilution in ACN.

Desorption electrospray ionization-high resolution mass
spectrometry

A desorption electrospray ionization (DESI) source
(Omnispray Ion Source; Prosolia Inc., Indianapolis, IN)
equipped with a 1D moving stage and coupled to a
quadrupole-orbitrap mass spectrometer (Q-Exactive; Thermo
Fisher Scientific, San Jose, CA, USA) was used in this study.
DESI solvent (acetonitrile/water, 80:20 v/v) was infused by a
syringe pump at 2.5 μL min−1 and N2 gas was used as nebu-
lizer gas at a pressure of 9 bar. DESI solvent was directed onto
the sample surface at a nebulization capillary angle of 55° and
a distance of ~9.2 mm between the mass spectrometer inlet
and the spray tip. The electrospray voltage was ±4.8 kV (pos-
itive/negative). The transfer capillary temperature was set at
250 °C. Samples were deposited onto microscope glass slides
of 7.1 mm2 polytetrafluoroethylene (PTFE) (Teflon;
McMaster-Carr, Santa Fe, CA, USA) printed spots. The Q-
Exactive mass spectrometer was operated in positive and neg-
ative ion mode within an m/z scan range of 100–1000m/z.
Omni Spray ion source software v2.0 (Omnispray Ion Source;
Prosolia Inc., Indianapolis, IN) was used to control the DESI
source, while data acquisition and data processing were per-
formed with Xcalibur software v2.2 and Exact Finder soft-
ware v2.0 (Thermo Fisher Scientific, San Jose, CA, USA),
respectively.

To control the reproducibility and to determine the initial
DESI conditions, a red permanent marker (containing
rhodamine-6G dye) purchased from Fine Sharpie (Stanford
Corp., Oak Brook, IL) was used. Accurate mass calibration
was performed in the Q-Exactive mass spectrometer every
48 h in both positive and negative ion modes. For positive
ion mode, a calibration solution consisting of caffeine, MRFA
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peptide, Ultramark 1621, and n-butylamine in acetonitrile/
methanol/water containing 1 % formic was used, while for
negative ion mode calibration, a mixture solution containing
dodecyl sulfate, sodium taurocholate, and Ultramark 1621 in
acetonitrile/methanol/water with 1 % of formic acid was used.

Samples and sample preparation

Feed samples, collected from farms and feed mills, that were
received by the Laboratori Agroalimentari of the Generalitat
de Catalunya (LAC) for their analysis by UHPLC-MS/MS
[10] were used to demonstrate the applicability of the DESI-
HRMS in this study.

Feed samples were extracted using a simple and fast solid-
liquid extraction procedure. Briefly, 2 g of the sample was
placed in a 15-mL polypropylene centrifuge tube and were
extracted for 15 min in an ultrasonic bath (Bransonic
B-5510, Soest, Germany) using 5 mL of a mixture of
acetonitrile/water (80:20, v/v) acidified with 1 % formic acid.
Finally, the extract was centrifuged (Selecta-Macrotronic; J.P.
SELECTA S.A., Abrera, Spain) for 1 min at 3500 rpm and
2 μL of the supernatant was deposited onto the PTFE printed
spot and allowed to dry for 5 min at ambient temperature
before the DESI-HRMS analysis.

Results and discussion

DESI-HRMS

Nine veterinary drugs (macrolides, coccidiostats, and benz-
imidazoles) were used as model compounds to evaluate and
to set up the DESI-HRMS working conditions. Standard so-
lutions in pure acetonitrile (10 μg mL−1) were deposited on
PTFE surfaces and DESI full mass spectra were recorded
using both positive and negative ion modes. Figure 1 shows
the mass spectra obtained for a standard mixture where MON,
NAR, TIA, TYL, ESP, LIN, and OXI were detected in posi-
tive ion mode mainly as protonated molecules [M+H]+, ex-
cept MON and NAR for which sodium adducts [M+Na]+

were observed. Regarding DIC and AMOX, they were only
detected in negative ion mode as deprotonated molecules [M
−H]−. Additionally, the DESI-HRMS analysis of individual
standard solutions indicated that no significant in-source
CID fragmentation and other adducts formation were expect-
ed for these compounds, allowing us to assign one ion (isotope
cluster) to each veterinary drug during the screening.

The DESI-HRMS screening of veterinary drugs in feed
samples was based on the accurate mass measurement and
the isotope pattern distribution of the detected ions. Orbitrap
can operate at a mass resolution high enough to prevent pos-
sible endogenous matrix interferences without sacrificing sen-
sitivity. However, a compromise between acquisition duty

cycle and mass resolution was necessary to provide both ac-
curate mass measurements with mass errors below 5 ppm and
enough sensitivity to detect the analytes in the complex mass
spectrum. To select the working mass resolution, a blank sam-
ple extract spiked with the nine veterinary drugs (10 μg mL−1)
was analyzed at values between 17,500 and 140,000 FWHM
(full width half maximum). All target compounds showed a
drop in sensitivity when working above 70,000 without any
significant improvement in mass accuracy. Thus, this mass
resolution was used for further screening analysis.

Moreover, the sensitivity of the DESI-HRMS method also
depended on the number of ions accumulated inside the
orbitrap and also on the accumulation time applied. Since
the automatic gain control (AGC) algorithm controls the num-
ber of ions inside the orbitrap to prevent space charge effects,
the injection time (accumulation time) had to be optimized.
Thus, the AGC was kept constant at 1×106 and the injection
time was varied between 50 and 500 ms. The best signal was
obtained for 300 ms as injection time. This relatively high
injection time compared to conventional ESI is due to the
low ion intensity generated in the DESI process that required
longer injection times to accumulate a number of ions high
enough to obtain a reasonable spectrum.

Optimization of DESI working conditions

To maximize the DESI signal, two main groups of working
conditions must be optimized. The first group comprises those
conditions related to the electrospray process such as nebuliz-
ing gas pressure, electrospray solvent composition,
electrospray solvent flow rate, and the substrate/surface. The
second group is related to the geometrical DESI parameters
that include the nebulization capillary angle, the tip distance to
the sample surface, and the distance to the mass spectrometer
inlet. Initial DESI conditions were established using
rhodamine-containing marker and the most critical DESI ion
source parameters (nebulization capillary angle, tip distance to
the sample surface, distance to mass spectrometer inlet, neb-
ulizing capillary gas, solvent flow rate, and capillary voltage)
were individually optimized using blank feed extracts spiked
with a set of veterinary drugs (10 μg g−1).

It has been demonstrated that the sample surface (substrate)
plays a crucial role in DESI performance. Since the DESI
process involves the landing and release of charged particles
on a surface, the fundamental features of the solid surface,
including its chemical composition and texture, severely affect
the energy and charge transfer processes and consequently the
ionization efficiency in DESI. Thus, several important param-
eters such as limit of detection, signal stability, carry-over, and
reproducibility of the DESI method can be influenced by the
surface [33]. In this work, three different surfaces were tested
as substrates to analyze spiked acetonitrile feed extracts: glass,
filter paper, and PTFE. The highest and most stable signal was
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observed when using the PTFE surface. In filter paper, worse
reproducibility than in PTFE was obtained, which can be due
to uneven distribution of the analytes on the surface caused by
chromatographic effects that occur in the course of the solu-
tion deposition [35].

DESI solvent composition and analyte solubility in the
DESI solvent have an important effect in both desorption
and transfer of analytes from the surface to the mass spectrom-
eter. DESI solvent composition strongly affects electrospray
droplet formation influencing the primary droplet size and the
droplet charge, as well as the focus of the spray. Additionally,
DESI solvent composition could favor the extraction and
electrospray ionization of the analyte. To select the most ade-
quate DESI solvent, different solvent mixtures of methanol/
water and acetonitrile/water and the addition of formic acid to
promote the protonation of target compounds in positive ion
mode were evaluated. As an example, the effect of the DESI
solvent composition on the ion signal intensity of MON,
NAR, and TIA in positive ion mode and DIC in negative
ion mode is depicted in Fig. 2a. As can be seen, the

composition of the DESI solvent dramatically affects the com-
pound’s signal. The highest signal intensity, in both positive
and negative ion modes, was achieved when using acetoni-
trile/water. The increase in the compound response may be
due to the higher solubility of the analytes in the acetonitrile/
water solvent that improves the transfer efficiency of the
analytes into the secondary ESI droplets. It should be noted
that an important decrease on the relative abundance of the
ions generated from the veterinary drugs was observed when
adding formic acid to the DESI solvent (Fig. 2a). These results
were expected for veterinary drugs such as MON and NAR
because the ion abundance of [M+Na]+, the base peak in the
non-acidic DESI solvent, can decrease due to the competition
with [M+H]+ ion generated in acidic medium. For acidic com-
pounds that ionized in negative ion mode generating
deprotonate molecules [M−H]−, the ion signal also decreased
when using acid in the DESI solvent because the neutral spe-
cies are favored in the liquid phase. However, unexpected
results were observed for basic compounds such as TIA, for
which the acidic media should facilitate the protonation of

Fig. 1 DESI-HRMS (+/−) full-
scan mass spectrum of a standard
mixture with nine representative
veterinary drugs. DESI solvent:
acetonitrile/water (80:20, v/v);
sample volume: 2 μL; sample
substrate: PTFE
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analytes in positive-ion mode. This might be due to an in-
crease in the DESI droplet size caused by the enhancement
of the surface tension produced by the higher ionic strength of
the acidic DESI solvent (formic acid), in agreement with the
results obtained by Green et al. [36]. Moreover, the effect of
the organic solvent percentage of the DESI solvent on the ion
signal intensity was also studied. The ion abundances ob-
served for each compound using different acetonitrile/water
mixtures are shown in Fig. 2b. All compounds studied showed
a similar behavior. The ion signal intensity increased when
increasing the organic solvent content from 50 to 80 %. This
could be explained by the highest solubility of the analytes in
the enriched acetonitrile solvent mixture. Nevertheless, the ion
signal intensity dropped when using 90–100 % acetonitrile
probably due to a worse wettability of the surface when using
a solvent with lower hydrophilicity (>90 % acetonitrile). The
optimal conditions, acetonitrile/water 80:20 (v/v), were sup-
posed to be satisfactory for the other veterinary drugs with
similar physicochemical properties to the chemicals studied.

The DESI solvent flow rate and nebulizing gas pressure
affect the wetting and the flow dynamics on the surface as
well as the size and velocity of the electrospray droplets, thus
playing an important role in both ionization and desorption of
analytes from the surface [37]. In this study, these parameters
were optimized using the previously selected DESI solvent
(acetonitrile/water 80:20, v/v). The gas pressure was tested
within the range of 7–10 bar, and it was observed that when
working at gas pressure values below 9 bar, the intensity
dropped. This might be due to the formation of electrospray
droplets of slow velocity and to the generation of secondary
droplets with less kinetic energy to escape from the surface. In
contrast, when applying a gas pressure of 10 bar, the signal
also dropped probably because the high gas flow rate pushed
the secondary droplets back to the surface leading to enhance
droplet splashing. Regarding DESI solvent flow rate, it was
varied from 1 to 5 μL min−1, and it was observed that when
increasing flow rate the signal improved probably due to the
better surface wetting. Nevertheless, a wider surface area was
eroded, thus worsening the spatial resolution [38]. As a com-
promise between sensitivity and spatial resolution, a gas pres-
sure of 9 bar and a DESI solvent flow rate of 2.5 μL min−1

were chosen as optimal working conditions.
To optimize the geometrical parameters, we used

acetonitrile/water (80:20, v/v) as DESI solvent. The position
of the spray tip (both within the spray head and relative to the
surface area) is critical for a successful DESI signal. Thus, the
nebulizing capillary angle (α) and the tip distance to the sam-
ple surface (d1) have direct effects on the ionization process,
while the distance to the mass spectrometer inlet (d2) have
important effects on the ion collection efficiency and, hence,
on the sensitivity of the method. The effect of α on the DESI
signal was evaluated by modifying the incident angle (45–
75°) of the electrospray tip relative to the surface that changes
the impact angle of the droplets on the surface. The highest
intensity was observed for an α value of 55°, which is gener-
ally used as optimum value in other DESI applications [39].
The d1 and d2 values were varied from 1.5 to 4 mm and from 4
to 10 mm, respectively. For a DESI solvent flow rate of
2.5 μL min−1, the closer the sprayer was to the surface (d1),
the highest was the signal, being 1.7 mm the optimal value for
all the analytes. Moreover, for d2, the best response was ob-
served at 5 mm when analyzing the spiked feed extract.

DESI-HRMS analytical performance

The complexity of the matrix and the wide polarity range
among the different chemical groups of the veterinary drugs
make the analysis of feedstuffs a challenge. Different sample
manipulation strategies were evaluated to screen veterinary
drugs in feed. Because of the powder nature of the feed sam-
ples studied, the direct analysis by DESI-HRMS was not pos-
sible. As a first attempt, we prepared pressed feed pellets of
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1.5 cm in diameter using a manual hydraulic press to get a
smooth surface to be screened by DESI-HRMS. However, the
dusty texture of the feed samples made it difficult to obtain
good results because of the damaging of the feed pellet surface
by the nebulizing gas and the contamination of the mass spec-
trometer transfer line by the powdery sample. To enhance the
pellets’ compactness, different pressures (from 10 to 15 tons)
were tested as well as the addition of boric acid to increase
pellet agglutination, although no significant differences were
observed.

As an alternative to the direct analysis of the sample sur-
face, a simple solid-liquid extraction procedure was consid-
ered. Several sample extraction multi-analyte methods based
on organic solvent mixtures have been developed for the de-
tection of a wide range of veterinary drugs in animal feed by
LC-MS [12, 13, 17, 40] mainly using acetonitrile and metha-
nol. Hence, the behavior of both solvents for the analysis by
DESI of feed samples was tested. For this purpose, blank feed
extracts extracted individually with these solvents and spiked
with the nine representative veterinary drugs (10 μg g−1) were
deposited onto a PTFE surface after letting it dry and were
analyzed by DESI-HRMS. The results showed that higher ion
intensities were obtained when using acetonitrile as extraction
solvent since methanol may extract too many matrix com-
pounds that can cause ion suppression. In contrast, acetonitrile
allows protein precipitation and enzyme denaturation
resulting in cleaner extracts. However, it has been described
that the use of only organic solvents (acetonitrile, methanol, or
a combination of both) at different percentages led to low
intensities for non-ionophore coccidiostats (clopidol,
ethopabate, amprolium), macrolides, and tetracyclines [41].
Moreover, some authors recommend the addition of a small
amount of water, up to 20 %, to the organic solvent to favor
the extraction of polar compounds [40]. So, acetonitrile/water
(80:20, v/v) with 1 % of formic acid recommended to increase
the extraction of basic compounds was chosen as extraction
solvent for the DESI-HRMS multi-residue method.

The effect of the feed matrix in the ionization efficiency
was tested for the nine representative veterinary drugs. A
blank feed extract was spiked at 10 μg g−1 level and then
extracted with acetonitrile/water (80:20, v/v) with 1 % formic
acid. The mass spectra of this spiked blank feed extract and
that obtained for a standard mixture at the same concentration
level prepared in acetonitrile/water (80:20, v/v) with 1 %
formic acid were compared. For all the studied compounds,
the ion signal in the spiked feed blank extracts were one order
of magnitude lower than in the standard mixture indicating
that ion suppression occurs. Even though the limits of detec-
tion (LODs) estimated for the tested compounds were lower
than 1 μg g−1 (Table 1), except for amoxicillin, a higher esti-
mated LOD value (15 μg g−1) was obtained, probably because
of a partial degradation in acidic solutions, especially at low
concentrations [2]. LODs, based on a signal-to-noise ratio ofT
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3:1, were estimated by analyzing blank feed samples spiked
with standards at low concentrations. For those compounds
that the standard was not available, LODs from sample were
calculated taking into account a signal-to-noise ratio of 3:1
and the concentrations of veterinary drugs quantified by
UHPLC-MS/MS. These values are below the legal limits leg-
islated for most of the veterinary drugs due to the unavoidable
carry-over in the line production (μg g−1 levels) except for
diclazuril, which the maximum residue level is legislated at
0.01 μg g−1 [6].

DESI-HRMS screening of feed samples

To evaluate the applicability of the developed DESI-HRMS
method, 50 feed samples (medicated and non-medicated feed)
received from LAC were analyzed using the DESI-HRMS
method in order to detect those samples suspected of being
cross-contaminated by veterinary drugs.

Feed samples were screened and the acquired mass spectral
raw data were interrogated by a custom-made database that
included more than 60 veterinary drugs (anthelmintics, antibi-
otics, coccidiostats, hormones, etc.) commonly used to pro-
duce medicated feedstuffs. For each substance, the compound
name, the CAS number, the elemental composition, and the
chemical structure were included. The ionization mode and
the expected ions (protonated and deprotonated molecules,
adduct ions, in-source fragments, etc.) that can be generated
in the DESI source were also added to the custom-made
database.

Feed samples (three replicates) were submitted to the sim-
ple sample treatment detailed in the experimental section and
analyzed by the DESI-HRMS multi-residue method. The
sample raw data files were processed using the Exact Finder
software and interrogated by the custom-made database to
automatically identify the veterinary drugs in the feedstuffs.
The criteria applied to confirm the presence of the suspected
compounds were the following: a mass accuracy of less than
5 ppm on the exact mass, a minimum signal-to-noise ratio of
3:1, and an isotope cluster fit higher than 80 % (both mass
relative deviation and relative intensity differences, for each
isotope peak within the cluster ion, were taken into account).
Feed samples were also analyzed by a well-established
UHPLC-MS/MS method for the quantification of the identi-
fied compounds [10].

Table 1 lists the positive samples and the veterinary drugs
identified along with the DESI-HRMS identification criteria
and the quantitative results obtained by target UHPLC-MS/
MS method. The veterinary drugs at dose levels between 37
and 107 μg g−1 in the medicated feed were easily detected by
the DESI-HRMS screening method and only in one of these
samples (MF5) an unexpected cross-contamination of
monensin (3.5 μg g−1) was detected. Figure 3 shows the
DESI-HRMS spectrum of a narasin medicated feed where
both narasin and monensin were identified. Additionally, re-
sults obtained for non-medicated feed indicated that cross-
contamination occurs quite frequently and values above the
legislated levels were detected in 28 % of the samples ana-
lyzed by DESI-HRMS. Coccidiostats (monensin, narasin,
decoquinate, nicarbazin, salinomycin, and lasalocid),

Fig. 3 DESI-HRMS full-scan
spectrum obtained from a narasin
(NAR) medicated feed
(37 μg g−1) cross-contaminated
with monensin (MON)
(3.5 μg g−1)
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benzimidazoles (oxibendazole), amphenicols (florfenicol),
tetracyclines (doxycycline and tetracycline), lincosamides
(lincomycin), and pleuromutilins (tiamulin) were identified
in the non-medicated feed samples at concentrations ranging
from 29 to 1.3 μg g−1. For most of these samples, the cross-
contamination was at concentrations close to the maximum
residue levels, except for sample BF2, where salinomycin
was detected at 20 μg g−1, a third of the minimum dose rec-
ommended for a medicated feed (60 μg g−1) [42]. Further-
more, in most of the non-medicated feeds, several veterinary
drugs were detected in the same sample. For instance, sample
BF11 was cross-contaminated with tiamulin (1.7 μg g−1) and
doxycycline (7.2 μg g−1) and in sample BF13 monensin and
narasin (at<μg g−1 level) were positively identified. The
UHPLC-MS/MS analysis of the whole set of samples con-
firmed the DESI-HRMS results and also allowed the identifi-
cation of additional veterinary drugs at sub-microgram-per-
gram level. However, these low concentrations are much low-
er than the maximum residue levels and they are considered
unavoidable carry-over.

Regarding the obtained results, the developed DESI-
HRMS method could be suitable to detect cross-
contamination of veterinary drugs in feed samples in quality
control laboratories since it is simple, with minimum sample
manipulation, less time consuming, and able to detect cross-
contamination at the maximum residue levels legislated.

Conclusions

DESI-HRMS has been shown to be an effective approach for
the screening of veterinary drugs in cross-contaminated feed-
stuffs. A minimal sample manipulation based on a simple
extraction procedure (acetonitrile/water 80:20v/v acidified
with 1 % formic acid) is proposed to analyze dusty homoge-
nized feed samples. Among the DESI working parameters
optimized using nine representative veterinary drugs, the most
critical ones for the feed extract analysis were the substrate
and the DESI solvent. PTFE substrate and acetonitrile/water
(80:20v/v) as DESI solvent provided the highest signal inten-
sity. Although ion suppression due to matrix effects was ob-
served, the sensitivity achieved by DESI-HRMS was enough
to identify veterinary drugs as cross-contamination above the
legislated levels. Data acquired in high resolution mass spec-
trometry (70,000 FWHM), processed and interrogated with
the custom-made database, provided the identification of
cross-contamination of non-target veterinary drugs based on
accurate mass measurements and isotope cluster fit from
HRMS full-scan spectra. The results obtained in the feed sam-
ple analysis correlated well with those found by UHPLC-MS/
MS and demonstrate the potential of the DESI-HRMS as
screening method to identify cross-contaminated feedstuffs

reducing the number of samples to be quantified by
UHPLC-MS/MS in quality control laboratories.
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]9̂A>CA@=_9 àbacdaefgheijkfglemnkomnp

qrs

__________________________________________________________________________________Capítol 2

137



�������������	
��	�������������������	��������	�������


	

��������������	�� !"#$��#��������%&�'()*+�
������

�,����-���.�/��0�.	����	
	�	�����	��/��1���������)	��

������������2)�
2 �� !3"3�#4#������
.	
����1	
	.
��/
��5��

	
���������������	�����	


�������6� !"#$��,���4%��

*��	������	�����	


�������6� !""#7�,���4&����	�������

��������	�� 83"3�#4"�������������2)�
2��1������������

���
1����/
��5������	��	���	

��9������63$�#4$�%	/��1���

� !3"3�#4"�	��� !��$�77������
����
��:�)��	..�1�����	

���

������������
	�� !��$�77��	��� !��3�##4$���������������
2

	��������������2)���
2���
����5�.;�:��
����������	��	��

�	

��	
�������
�����
�����.�
���<�	
1�..	
������������
����

���	�� !""#7�#4�4��.�/�����	��5�.;	

�������	�	�����	��

����������:���
2����
���1	
����/
��5����&�'�0��������
��	�	

���
��1��	�����	;/��0�.	����/�	�
�	�/�����	


���������;

�����=��
����	����	����������5���������1�����.�6	5�����

�����	����/��1����������
2 	�����	���
�����:���

%&�'(+�>)*+��0��������
1���	.
����6�����6�����
������


���������������	��5�%&�'()*+�
	��.�
�������-.��������

��6���	����1	
�/�	����6�������	�����	


�������6� !4�"�

���5���
.;����������
�.�

����
�����	����
�����.�/�	����/��	/.�

��������.�0���������:.��
? ���������	�����������6������

6�	�����	�����6���
���1��.�/��:.�(�����6����	

�	����6��(

/���	��*��	���������	���� �	


������ �6� !4�"���.;���

���
����6�������
@�� 8��"�#"77�1	
�/
��5����	�	���
��1���

�	��������	��������.�����	.����
������������	�� !

4�#�7$����.�/�	

�������������.�0���������:.:��)�
?����

���
����6�.�����	�����	/
����6	�;������	.����	;
����
�

��	��������;.����.�������.�/����
��������
	��.��

-����
�������������9������������
��������;.����.���������(

����;.����;���0���	��/�
��������;.�����0����1���
�
������6

/������

�/.�	��.���	��>
��
���
�/.�>
�6	�
���������0�����

	��5��;�6�����;��
	���	�;�������'�����	
���	��
��������;.���

�������
�	5�/����
��	
�	A����������
��	���6��.������(

���
	��	
/�����
�1����
��
�
����1������
	��.��6������
�

��3�����
��������
�	5�/�����������6��/��������.;��0�6��

���	��
�
����	=�	��
;
���
	
1�..	
6�����������/��	���.	(

�����������	.	�����
�
������
�������
��$@�#��'�.�����6���

�0���
�5��9��
�6�������;.����������
����&�����	�:����

����

��������%�����5��##7>4��>&:��	
��
������������	�������	��

�
�
�	/.�
���� 	�	0���� ������	���� .�5�.�� 	�; ������

�=��5	.����6#�"B /;1������6�����"��'�����������������(

6���	����	/�������������;�6�������;.����������>
���������

���
	��.�����
�	��	��
�6
�
����������
1�������	
��	��

	�	.;8��/;%&�'()*+��>+���

���%&�'()*+����
���5���������
����	�6���
�	��	��
��	�	

���
��1��1���=����
���.	���	�����1���������
�/
��5�������


	��.�	����<�����������
����6�������;.����������
�����

	��.���	�����;��
	���	�;�������/�����	..�1�����
������
����

/��1�����������	����	��
�C;����	
������	���� �	


����	

���5����
���
����<	����6���	�����-����������

���������(

���	/.���9�����
��������������
	��6� !""#71����/
��5��

/��1����������;.����.�����	����	��6���
	��.�������.	��5�

	/���	��
�6	..���������
6���������;.����.�����1���������

DEFGHG%&�'(+�>)*+����������
	��6��������
I�-�� !��"�C�� !�7"�:�� !3"3�%�� !"#$��&�� !""#7�'
�.	����1����1I�� !6�������
�����


	�� !��"	���7"J"�� !6�������
�����
	�� !3"3�"#$�	��""#7�+	

��.	��5������
�����	.�.	���6�����/	
���	��6�	��
�����.�
�������

&.�����	.����
�����
����
���������.�
�������

KLMNOPNQRSL TUVUWXUYZ[\Y]̂_Z[̀Yab_cabd

eff

__________________________________________________________________________________Capítol 2

138



��������	
��������������������
��������������������� ���

!��"
����#����!������$�����#!%��	
���&����
!����%�
���'��(
'�

��' 
����
!����%�
���(
'�����'��'��	
������'�)����'�����

!��'*��
����������$�*�'����%��
+�� *�'������
��������,���

�''
�
���%%�������#!%�-&./012#����!����*# 
������
+�
��

#�'����#����
#
%���������� ��
��'$����
!����%�
���'��(
'�

��' 
����
!����%�
���(
'�����'��'�����$����
!����%�
���%��
'�

���������(!����'����
��������3�������45�6�)%37
8 !��+�
%�'

�+����������
����	
�����9�"
��
�������*���%%���'���� ��
��'�

��%���
!����%�
���'��(
'���' 
����
!����%�
���(
'�#�� ����

�*�!����'�'*%��������
������%��
�%���'�����
��
������,� �$���

��
����$�
���:����������!��$��
!����%�
���#!�*�'46,7�
�
����

�
��
;����
$����������
!����%�
���#!�*�'����#
(�*���$ ���
�

������!���
 %��$���*��(!����'!�������
�������
+
���$�����#!%��

.���'�������;�# ���!��������$��
!����%�
���#!�*�'�����

��#!%�������%�<�' �*%���/�
��!��$��#����%
=*
'����#������!��

��*!%�'���
��/����%*�
��#����!�����#�����>05?)/012���(/

!��
#����%���'
�
���
�*!!���
��
�$��#��
����9��>05?)/012

����#������#�����'���!��"��	
�����9��#����!����*#�$���

;����%*�
��!��"�����'������������
��
�
����$�������
���#/

!�*�'��%��� ���+�'
����-&./012�!����*#���
%����#���

�!����*#�$��������'!��"�����'������
���$
������������
��
���$

���5&@�!�%�#��!��+
�*�%�
'���
;�'�.��''
�
���������%��
��$

��
!����%�
���'��(
'���' 
����
!����%�
���(
'�����'��'�!��+
'�'

�����#�������
���
#�����%%�������#�#����!����*#���
��#��


�'
������
�������+���
���$�����#!�*�'
������������	
�����

A*���
���
�����!��$��#�' �>05?)/012*�
������'��'�'/

'
�
��#����'��'�������������
���$��
!����%�
�
����!�������
/

����!��'*�����6���B ��C����
��������!��'���,,�CB ��6��$

�
��9�
����*%�
�
������#����
������� ��
��'�,3�,B ��,�� �


�'*��
+�%�/��*!%�'!%��#�/�!�
��%�#
��
���!��������!��.)5/D&�

��(!��
#����%���'
�
���
�*!!���
��
�$��#��
������
��
�,3�

�
#���
�����������#�(
#*#!��#
���'46,7�

EFGHIJKLMNHIM

.���
����"����!�����
�%�$-&./012�O2�$��������%��
��$

*�"����#����
�%���� ���'�#��������'���+��%
�������# 
���2

�����
=*����*%' �!��!���'���+�%*� %����%��
��%���%����%+������

���%%
$����%��
��%!�� %�#��P2-���%��
�����*�����$*%%�*��'���(/

�����
�$��#��
��$��#�����#!%�(#����!����*#��%%��
�����
'��/

�
;���
���$�!�%�����%����%���%!�%�#��
������#!%��9��*���$

012
� ����$*%%������'���'�#�(!��
#������+��%�'���!�������

�$��
!����%�
���#!�*�'��������������
���$6���9��*��(!����'

�
�����
+
���$���!�������
����!��'*���������
 *��'�����!�������

�$�������#!�*�'��
����
�����������
���
��%�� �+��,3��
#���

���%��
�%���'%�+�%����*����;�#
�����*���$��
%%���%!��'*���

QJRIHSKTUVWTIXM

9���*����������$*%%���"���%�'�����;����
�%�*!!�������
+�'

$��# !��
��2
�
�����$&����#���')�#!��
�
+������)9A3�,�/

�6��C/)3/,/5���'$��#���������$���'#
�
�����
���$>�
+���
��

��'1�������@������@�����%
���'�)���%*����!�
���3�,�@1/6,���

1�=*�%��Y
��%�������$*%�����>�
+���
���$�����%���$�����5.	

������

GHIZNJXH[NIXT\TMX

9���*�����'��%�������������+������]
���$
��������

Q̂ T̂IUN_QF̀ L̂ Ĥ\XNIVNI[H\WaXNHI
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Desorption electrospray ionization-high resolution mass spectrometry for the 
analysis of unknown materials: The phytosanitary product case
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Table S1. Tentative identification of polymer adduct ions observed in the sample studied using
Kendrick Mass Defect analysis, based on a scaling factor of ethylene oxide (EO) (44.0000/44.0262)

Accurate mass
(m/z)

Kendrick
mass

Kendrick
mass defect

Tentative
ion assignment

Exact mass
(m/z)

Error
(ppm)

313.2343 313.0479 0.05 [C10H22O(EO)3+Na]+ 313.2349 2.0
357.2604 357.0478 0.05 [C10H22O(EO)4+Na]+ 357.2611 2.1
401.2866 401.0478 0.05 [C10H22O(EO)5+Na]+ 401.2874 1.9
445.3128 445.0478 0.05 [C10H22O(EO)6+Na]+ 445.3136 1.7
489.3393 489.0481 0.05 [C10H22O(EO)7+Na]+ 489.3398 1.0
533.3660 533.0486 0.05 [C10H22O(EO)8+Na]+ 533.3660 0.0
577.3916 577.0480 0.05 [C10H22O(EO)9+Na]+ 577.3922 1.1
621.4171 621.0473 0.05 [C10H22O(EO)10+Na]+ 621.4184 2.1
665.4437 665.0477 0.05 [C10H22O(EO)11+Na]+ 665.4446 1.4
709.4689 709.0467 0.05 [C10H22O(EO)12+Na]+ 709.4709 2.8
753.4947 753.0463 0.05 [C10H22O(EO)13+Na]+ 753.4971 3.2
797.5215 797.0469 0.05 [C10H22O(EO)14+Na]+ 797.5233 2.2
841.5468 841.0460 0.05 [C10H22O(EO)15+Na]+ 841.5495 3.2
417.2607 417.0124 0.01 [C10H22O(EO)5+K]+ 417.2613 1.4
461.2869 461.0124 0.01 [C10H22O(EO)6+K]+ 461.2875 1.3
505.3135 505.0128 0.01 [C10H22O(EO)7+K]+ 505.3137 0.4
549.3401 549.0132 0.01 [C10H22O(EO)8+K]+ 549.3399 0.3
593.3657 593.0126 0.01 [C10H22O(EO)9+K]+ 593.3662 0.8
637.3914 637.0121 0.01 [C10H22O(EO)10+K]+ 637.3924 1.5
681.4178 681.0123 0.01 [C10H22O(EO)11+K]+ 681.4186 1.0
725.4432 725.0115 0.01 [C10H22O(EO)12+K]+ 725.4448 2.2
769.4686 769.0107 0.01 [C10H22O(EO)13+K]+ 769.4710 3.1
813.4956 813.0115 0.01 [C10H22O(EO)14+K]+ 813.4972 2.0
440.3575 440.0954 0.10 [C10H22O(EO)5+NH4]+ 440.3582 1.5
484.3840 484.0957 0.10 [C10H22O(EO)6+NH4]+ 484.3844 0.8
528.4109 528.0964 0.10 [C10H22O(EO)7+NH4]+ 528.4106 0.6
572.4360 573.0953 0.10 [C10H22O(EO)8+NH4]+ 572.4368 1.4
616.4620 616.0951 0.10 [C10H22O(EO)9+NH4]+ 616.4630 1.7
660.4885 660.0954 0.10 [C10H22O(EO)10+NH4]+ 660.4893 1.1
704.5143 704.0950 0.10 [C10H22O(EO)11+NH4]+ 704.5155 1.7
748.5405 748.0950 0.10 [C10H22O(EO)12+NH4]+ 748.5417 1.6
792.5667 792.0950 0.10 [C10H22O(EO)13+NH4]+ 792.5679 1.5
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Fig. S1. Simulation of isotope pattern distributions of (A) one, (B) two, (C) three and (D) four tin

atoms.
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Fig. S2. Simulation of isotope pattern distributions of (A) [C36H31Sn2O]+, (B) [C54H47Sn3O2]+ and
[C55H45Sn3O3]+

Fig. S3. Static mode DESI HRMS (+) total ion current and selected ion current profiles for m/z
533.3658 (base peak of the polymer sodium adduct distribution), m/z 717.0421 (the
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most intense peak of the isotope cluster of [C36H31
120Sn118SnO]+) andm/z 1083.0651 (the

most intense peak of the isotope cluster of [C54H47
120Sn118Sn2O2]+).

Fig. S4. DESI MS/HRMS product ion scan of precursor ion at m/z 1109 obtained from (A)
triphenyltin chloride, (B) triphenyltin hydroxide and (C) bis(triphenyltin) oxide standards.
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Fig. S5. DESI HRMS ( ) full scan mass spectra of (A) triphenyltin chloride, (B) triphenyltin hydroxide
and (C) bis(triphenyltin) oxide standards.
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Fig. S6. UHPLC HRMS sample analysis. (A) sample mass spectrum at the retention time 3.4 min and
(B) sample mass spectrum at the retention time 10.6 min.

Fig. S7. UHPLC HRMS standard analysis of (A) triphenyltin hydroxide and (B) bis(triphenyltin) oxide
at a concentration of 0.2 g g 1.
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Analysis of human gliomas by swab touch spray-
mass spectrometry: applications to intraoperative
assessment of surgical margins and presence of
oncometabolites†

Valentina Pirro, *a,b Raquel Sero Llor,‡a Alan K. Jarmusch,a Clint M. Alfaro,a

Aaron A. Cohen-Gadol,c Eyas M. Hattabd and R. Graham Cooks *a,b

Touch spray mass spectrometry using medical swabs is an ambient ionization technique (ionization of

unprocessed sample in the open air) that has potential intraoperative application in quickly identifying the

disease state of tissue and in better characterizing the resection margin. To explore this potential, we

studied 29 human brain tumor specimens and obtained evidence that this technique can provide

diagnostic molecular information that is relevant to brain cancer. Touch spray using medical swabs

involves the physical sampling of tissue using a medical swab on a spatial scale of a few mm2 with

subsequent ionization occurring directly from the swab tip upon addition of solvent and application of a

high voltage. Using a tertiary mixture of acetonitrile, N,N-dimethylformamide, and ethanol, membrane-

derived phospholipids and oncometabolites are extracted from the tissue, incorporated into the sprayed

microdroplets, vacuumed into the mass spectrometer, and characterized in the resulting mass spectra.

The tumor cell load was assessed from the complex phospholipid pattern in the mass spectra and also

separately by measurement of N-acetylaspartate. Mutation status of the isocitrate dehydrogenase gene

was determined via detection of the oncometabolite 2-hydroxyglutarate. The lack of sample pretreatment

makes touch spray mass spectrometry using medical swabs a feasible intraoperative strategy for rapid

surgical assessment.

Introduction

We describe the rapid analysis of neurological tissue by touch
spray mass spectrometry with medical swabs (i.e., swab
TS-MS). Swab TS-MS is envisioned as a tool for molecular diag-
nosis of gliomas in which tissue is sampled in vivo along the
surface of the resection cavity, and then analyzed intraopera-
tively but ex vivo to provide rapid feedback on the pathological
state of the tissue and to guide surgical maneuvers for
maximal tumor excision. Added diagnostic information for
surgical margin assessment is provided by these chemical

measurements to complement standard intraoperative histo-
pathology. Intraoperative histopathology, as currently per-
formed during neurosurgical tumor resection, identifies tumor
type and grade from tumor core tissue, but it is not used for
assessment of surgical margins. Surgical margins are defined
based on the surgeon’s experience, visual and tactile obser-
vation of the tissue during surgery, and neuronavigation
according to preoperative MRI.1–4 No intraoperative molecular
measurement indicative of tissue pathology is currently made
to assist in surgical decision-making.

Here we present the swab TS-MS methodology for analysis
of neurological tissue and provide proof-of-concept data of its
diagnostic utility from 29 human brain specimens selected for
their known histopathology. Swab TS-MS is an ambient ioniza-
tion method in which a minute amount of sample (e.g., tissue)
is transferred to a swab tip by a gentle touch, and subsequently
ionized with the application of solvent to the swab tip and a
high voltage directly to the swab shaft.5,6 Sampling is mini-
mally invasive, analysis is straightforward and requires no
other sample handling or pretreatment, making it highly
appropriate for clinical testing in hospitals.7 Swabs are used
both as sampling devices and as electrospray emitters for MS

†Electronic supplementary information (ESI) available: Tables S1 and S2.
Fig. S1–S7. Video S1. (PDF). See DOI: 10.1039/c7an01334e
‡Permanent address: Department of Chemical Engineering and Analytical
Chemistry, University of Barcelona, Barcelona, Spain.

aChemistry Department, Purdue University, West Lafayette, Indiana, USA.

E-mail: cooks@purdue.edu, vpirro@purdue.edu; Tel: +1 765-494-5263
bCenter for Analytical Instrumentation Development, West Lafayette, Indiana, USA
cDepartment of Neurological Surgery, Indiana University School of Medicine,

Indianapolis, Indiana, USA
dDepartment of Pathology and Laboratory Medicine, University of Louisville,

Louisville, Kentycky, USA
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analysis. Rapid evaporative ionization mass spectrometry
(REIMS) combines tissue sampling and ionization in an online
approach to provide quasi real-time feedback.8 In REIMS, a
modified monopolar cutting electrode is used for both tissue
removal and for collection of the surgical smoke produced
from electrocauterization.8 We envision swabs as a tool to
maximize analysis throughput while removing the need for
positioning the MS instrument close to the surgical field or
requiring a transfer line to interface the ionization source to
the mass spectrometer. We consider an offline approach,
where tissue sampling is performed remotely from the mass
spectrometer, to best suit neurosurgery needs while limiting
deviations from current surgical procedures.

Swab touch spray is based on the ambient ionization
method of paper spray mass spectrometry9 which has proven
successful in biofluids analysis. Applications of swab TS-MS
that have been presented so far include the detection of
microbial lipids from culture5 and from human skin, and
illicit drug detection in oral fluid.6 The development of swab
TS-MS follows that of TS and probe electrospray ionization
(PESI), two methods that use metallic teasing probes for tissue
sampling. TS in this previous form has been investigated for
prostate and kidney cancer detection10–12 while PESI has been
tested for detection of renal cell carcinoma and metabolite
profiling in mouse brain.13,14 Differently from metal probe TS
and PESI, swab TS utilizes swabs that are already commercia-
lized as probes for in vivo sampling of deep surgical wounds,
body orifices and surfaces, facilitating the translation of this
tool into surgical application. Electrospray ionization occurs
readily from the porous material of the swab tip, similarly to
paper spray15,16 and biocompatible solid phase micro-extrac-
tion fibers.17,18

Three items of information were sought from the mass
spectra obtained using swab TS-MS: (i) tissue type was
assessed by monitoring the expression of complex phospho-
lipids; (ii) tumor infiltration was measured as percentage of
tumor cells (TCP; relative percentage of tumor cells compared
with parenchyma) by monitoring the abundance of
N-acetylaspartate (NAA); and (iii) isocitrate dehydrogenase
(IDH) mutation status was assessed by monitoring the pres-
ence of the oncometabolite 2-hydroxyglutarate (2HG). Previous
studies using desorption electrospray ionization-mass spec-
trometry (DESI-MS) demonstrated that all three items of diag-
nostic information are achievable by electrospray-based
ambient ionization MS19–22 and that this technology can be
used for intraoperative molecular pathology.23–25 DESI-MS is
emerging as a molecular diagnostic intraoperative tool for ana-
lysis ex vivo of biopsied tissue smears. Phospholipid profiles,
as detected by DESI-MS, change dynamically with the density
of the tumor and with the composition of the infiltrated brain
parenchyma (i.e., grey matter, white matter, or a mixture of
both). NAA signal intensities in DESI mass spectra decrease
proportionally with the degree of tumor infiltration, measured
as TCP.20,21,23 The oncometabolite 2HG accumulates in glioma
tissue carrying IDH mutations.26 Its presence has been deter-
mined using DESI-MS and the data compared well with clini-

cal genetic tests carried out post-operatively.22 The develop-
ment of swab TS-MS, also an electrospray-based method, rep-
resents an additional step towards the use of intraoperative MS
and it provides the neurosurgeon with a simple manual tool
for in vivo tissue sampling and direct chemical evaluation of
tissue pathology.

Experimental
Study protocol

Cryopreserved human neurological specimens were obtained
from 29 patients through the Biorepository of the Methodist
Research Institute (Purdue IRB #1410015344). The list of speci-
mens analyzed in this study is reported in Table S1.† Tissue
specimens were stored at −80 °C before analysis. For each
specimen, a few tissue sections (15 μm thickness) were cut
using a cryotome (Cryotome™ FSE Cryostats, Thermo Fisher
Scientific, San Jose, CA) in order to obtain a flat open surface
of the tissue. The last tissue section cut was H&E stained for
blind pathological examination. The tissue sample was then
allowed to thaw at room temperature, and the flat surface of
the tissue, adjacent to the section that was stained, was
touched with the swab (approximately an area of 6 mm2) to
perform the TS-MS experiments. Multiple touches were per-
formed for most of the samples that showed macroscopically-
heterogeneous areas, as detailed in Table S1.† For all the speci-
mens used in this study, another tissue biopsy had been pre-
viously used for preparation of tissue sections and smears and
analyzed by DESI-MS imaging. Results are reported else-
where.19,20 Mouse brain (Purdue IRB #1704001561) was used
for the initial stages of method development.

Chemicals

Electrospray was generated using a mixture of acetonitrile–
dimethylformamide–ethanol (ACN–DMF–EtOH) in a ratio of
45 : 5 : 50% v/v, doped with octyl β-D-glucopyranoside (non-
ionic surfactant, ≥98% pure) and the internal standard
NAA-d3 (10 μg mL−1). All solvents and standards were
purchased from Sigma Aldrich (Minneapolis, MN).

Medical swabs

Sterile medical swabs were purchased from Copan Diagnostics
Inc. (Murietta, CA). The swabs have an aluminum handle and
rayon mini tip of fused shape and largest diameter of ∼2.4 mm
(Fig. S1†). The swabs are packaged in individual tubes for easy
transport and storage. They are mounted in a plastic cap that
serves as a convenient holder. Each tube and cap assembly is
sealed with a tamperproof label for assurance of sterility and
chain of custody. These swabs are commercialized for purposes
other than ESI probes for MS analysis. They have been used
with no modification from their commercial form.

Swab touch spray mass spectrometry

Swab touch spray experiments were performed by touching
gently a region of interest of a sample and rotating the swab
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on its shaft to transfer minute quantities of tissue on the swab
tip. Each swab was weighed before and after the touch to
measure tissue quantity transferred to the swab tip (tissue
weight, Table S1†), and then submitted to MS analysis with no
further treatment.

MS experiments were performed using a linear ion trap
mass spectrometer (Finnigan LTQ, Thermo Fisher Scientific).
The ion source was custom-built to allow positioning the swab
vertically with respect to the mass spectrometer; a configur-
ation similar to that used in commercial electrospray sources.
The use of an extended MS inlet capillary, bent 90° upwards
and held directly underneath the swab tip, improved stability
of the swab electrospray despite ion transmission losses
(Fig. S2†). The absence of carry-over using a bent inlet capillary
was tested by spraying concentrated mouse brain extracts
(1 mg mL−1 in ACN–DMF–EtOH 45–5–50% v/v) using a clean
swab as probe substrate, in alternation with blank solvent. The
swab tip was positioned 5–8 mm above the inlet. A precision
motion control system was used to adjust the position of the
swab whenever necessary. A silica capillary was used to deliver
the solvent to the swab tip using an external syringe pump.
The silica capillary was held in a fixed position in such a way
that the end of the capillary directly touched the surface of the
swab tip once positioned. Electrospray was generated using
ACN–DMF–EtOH 45 : 5 : 50% v/v as solvent system. The solvent
was doped with 250 ng mL−1 of octyl β-D-glucopyranoside to
facilitate solvent flow on the probe, and 10 μg mL−1 of the
internal standard NAA-d3. Electrospray was initiated after
addition of solvent directly on the swab tip via a fused silica
capillary and external syringe pump. The syringe pump flow
rate was set at 50 μL min−1 for about 30 s, accounting for dead
volume and wetting the swab tip. When the swab tip was
visibly wet, high voltage (−6.5 kV) was applied directly to the
metallic handle. Solvent flow rate was changed to 25 μL min−1.
It was possible to generate an electrospray from all the swabs
analyzed. In only a couple of instances fibers distend from the
body of the swab tip during data acquisition compromising
the stability of the electrospray; these swabs had to be dis-
regarded and the experiments repeated.

Full scan mass spectra over the range m/z 700–1000 were
acquired in negative ion mode first; a second acquisition over
the mass range m/z 80–200 was performed in negative ion
mode. After this, collision-induced dissociation MS/MS
product ion scans were acquired to measure NAA (precursor
ion m/z 174 [M − H]−) and NAA-d3 (precursor ion m/z 177
[M − H]−), followed by MS3 sequential product ion scans of
2HG (precursor ion m/z 147 [M − H]−). Total acquisition time
was 1.2 min; approximately 15 seconds were acquired for each
mode so that spray and signal stability could be evaluated.
MSn spectra other than for NAA and 2HG were acquired separ-
ately when additional structural information was needed for
compound identification. The automatic gain control was
always activated to adjust for variable ion flux. The MS instru-
mental settings are reported in Table S2.† Signal-to-noise
ratios were calculated using ion intensity at maximum peak
height and signal intensity at peak onset.

Microscopic videography

For each swab tested, videos of the spray plume were recorded
to observe the electrospray behavior. A Watec WAT-704R
camera was used to acquire the videos; the software Cyberlink
PowerDirector v.14 (http://www.cyberlink.com) was used to
record them; Adobe Premier Pro CC (http://www.adobe.com)
was used for video editing. The spray plume was illuminated
with a red laser pointer as shown in Fig. S2.†

Data analysis and chemical diagnosis

Data were exported from XCalibur 2.0 (Thermo Fisher
Scientific) and imported into MATLAB (The Matworks Inc.,
Natick MA) for elaboration. Full scan mass spectra were used
to provide molecular diagnosis of the tissue via comparison
with a reference spectral library acquired by DESI-MS. Spectral
profiles were used comprehensively to classify the tissue as
either glioma, white matter, or grey matter. The methodology
is based on multivariate pattern recognition and is described
extensively elsewhere.20,21 The abundance of NAA, detected
using tandem MS (m/z 174 → 114) and normalized to the
intensity of the internal standard NAA-d3 (m/z 177 → 116), was
plotted in relation to tumor infiltration (low, medium, and
high as evaluated by histopathology). Box-plots were created
using MATLAB. The Kruskal–Wallis non-parametric test was
used to compare population medians. P values <0.05 were con-
sidered significant. The signal intensity of 2HG, detected using
MS3 (m/z 147 → 129 → 101) and normalized to the intensity of
the internal standard NAA-d3 (m/z 177 → 116), was plotted
against the IDH mutation status (wild-type vs. IDH mutant) to
monitor differential distribution. The receiver operating charac-
teristic (ROC) curve analysis was used to determine the ability of
2HG measurement to assess IDH mutation of gliomas. The pre-
dicting ability was considered strong when the area under the
curve (AUC) exceeded 0.8 (80%). Receiver operating characteristic
(ROC) curve analysis and Kruskal–Wallis test were performed
using SPSS v.22 (SPSS Inc. IBM Corp, Chicago, IL).

Adobe Photoshop (Adobe Systems Inc., San Jose, CA) was
used to produce publication-quality figures.

H&E staining

Tissue staining was performed as described elsewhere.20

Histopathology

An expert neuropathologist (E.M.H.) identified regions of interest
as glioma (G) or infiltrated tissue (IT), further specifying grey
matter (GM), white matter (WM), a mixture of both, or infiltrated
tissue not otherwise specified (NOS). Estimation of tumor cell
percentage was roughly provided in the categories of low (<33%),
medium (34–67%), or high (>67%) simply by visual observation.
Immunohistochemistry for assessment of IDH mutation was per-
formed on separate tissue biopsies than those analyzed by swab
TS-MS. Analysis was conducted from an independent pathology
laboratory. Results were provided from the Biorepository of the
Methodist Research Institute as dichotomous answer (immuno-
reactive vs. non-immunoreactive, Purdue IRB #1410015344).
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Results
Instrumental set-up and analytical considerations

Swab TS-MS was performed in such a way as to mimic one
foreseeable implementation: collection of tissue in vivo along
the surface of the resection cavity, followed by placement of
the swab probe in front of a mass spectrometer located in the
operating room and direct MS analysis (Fig. 1). Analysis
required a few minutes with the current methodology; this
time was equally divided between swab positioning onto a
custom-built source and MS data acquisition, while tissue
sampling was immediate. MS data acquisition was prolonged
for over a minute to test electrospray and signal stability but
could be shortened to a few seconds for each mode of data
acquisition, since the entire tissue sampled on the swab is
interrogated by the constantly-flowing solvent, leading to a
chemical profile that is stable over time and represents the
average signature arising from the heterogeneous morphologi-
cal features sampled. The analysis can be multiplexed easily,
as done in this study, to specifically monitor particular bio-
markers and oncometabolites. In this study, cryopreserved
tissue biopsies served as a proxy for in vivo sampling. Swab
TS-MS incorporates a manual user-guided method of collect-
ing minute amounts of tissue with direct MS analysis from the
sampling device. A current drawback of this approach is the
lack of control over the quantity of tissue transferred on the
swab tip by touch. The average quantity for the specimens ana-
lyzed in this study was 3.1 mg but acceptable signal-to-noise
ratios (>3) for the diagnostic peaks in the mass spectra were
obtained for as little as 1.0 mg. Tissue quantities are minimal
and smaller than those of a typical tissue biopsy resected for
pathological examination. The minute amount of sample col-
lected emphasizes the value of MS methods in which ioniza-
tion is generated directly from the sampling device; viz., no
sample loss and higher signal intensity resulting from
minimal solvent consumption (flow rate ∼25 μL per minute).
Table S1† gives the signal-to-noise ratios calculated on the
most intense peak of the lipid profile mass spectra. As already
observed using DESI-MS,21,28 the absolute signal intensity
changed with the quantity of tissue sampled, as well as with
its composition and cellularity. High-grade and high-density
tumor tissue provided lower absolute signal compared to low-
infiltrated tissue, partly due to the presence of calcified,

hemorrhagic, and necrotic tissue. Note that an internal stan-
dard added to the extraction solvent normalizes variations of
absolute ion counts due to swab positioning and instability of
the electrospray, but cannot correct for matrix differences.
Importantly, the relative spectral profiles (i.e., relative intensity
of ions within a scan) used as a diagnostic fingerprint of the
tissue were grossly uninfluenced by global intensity variations
which allowed us to obtain accurate diagnostic information
from the mass spectra despite the lack of control over the
absolute quantity of tissue analyzed. We monitored the spec-
tral profiles repeatedly over a total period of 10 minutes in
both low- and high-glioma infiltrated samples and changes in
their respective spectral profiles were minimal (relative stan-
dard deviations <15% for diagnostic ions, Fig. S3†). The absol-
ute signal decreased monotonically over time, which is typical
of a continuous extraction process (Fig. S4†).

Different extraction solvents (methanol, ACN, DMF, EtOH,
dichloromethane, and acetone) were tested during method
development based on previous experience with DESI-MS.27

The system empirically chosen for these analyses (ACN–DMF–
EtOH, 45 : 5 : 50 v/v%) is the result of an optimization process
meant to select a mixture of organic solvents that would
provide a chemical fingerprint of the tissue similar to that
obtained using DESI-MS (which uses ACN–DMF 50 : 50 v/v% as
solvent system) but one that would also generate an electro-
spray from the swab tip. Video S1† shows the generation of the
electrospray plume from the swab and its remarkable stability.
The caption describes briefly the swab electrospray process
(ESI, Video S1†). The use of the original ACN–DMF DESI
solvent was not acceptable because of poor spray behavior
observed in the negative ionization mode for swab TS-MS. The
addition of ethanol and a non-ionic surfactant to the solvent
system significantly decreases the surface tension of the
solvent mixture, thereby facilitating electrospray plume for-
mation from the swab tip and improving signal stability.

Assessment of glioma presence and estimation of tumor
infiltration

The lipid profiles detected by swab TS-MS resembled those
detected by DESI-MS.20 They indicated the presence of tumor
when present and could distinguish the type of normal tissue
into which the tumor infiltrated (i.e., grey matter or white
matter); an information not always assessable by histopathol-
ogy as tumors efface the morphology of normal brain parench-
yma. The main MS feature characterizing grey matter is m/z
834.5, the deprotonated ion of phosphatidylserine 40 : 6
(Fig. 2A). The main MS features characteristic of white matter
are m/z 888.6 and 904.5, deprotonated ions for (3′-sulfo)GalCer
24 : 1 and (3′-sulfo)GalCer 24 : 1(OH) (Fig. 2B). For gliomas, the
characteristic ions are m/z 768.4, the chlorinated adduct of
phosphatidylcholine 32 : 0, m/z 794.5, chlorinated adduct of
phosphatidylcholine 34 : 1, and m/z 885.5, the deprotonated
phosphatidylinositol 38 : 4 (Fig. 2C). Fig. S5† shows spectra for
these categories of samples acquired by DESI-MS for compari-
son. The similarity between the lipid profiles acquired by
DESI-MS and swab TS-MS for the same subjects (from

Fig. 1 Swab TS-MS experiment. (Left to right) Tissue is touched with
the swab tip and transferred by rotating the swab on its shaft. The swab
is positioned in front of a mass spectrometer and an electrospray is gen-
erated directly from the swab tip upon application of solvent and a high
voltage, which allows mass spectra to be recorded.
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different portions of tissue biopsies) was measured in terms of
spectral correlation using canonical correlation analysis12,20

and the correlation coefficient was equal to 0.9.
High-resolution MS and MS2 experiments have been pre-

viously recorded using DESI-MS for structural identification.20

These experiments were repeated using swab TS-MS and con-
firmed the structural assignments (Fig. S6†). Increased inten-
sity of m/z 810.4, corresponding to phosphatidylserine 38 : 4
was observed in a few specimens. We attribute it to blood
absorption on the swab tip as this lipid is a major membrane
constituent of erythrocytes. This interference did not compro-
mise our ability to determine the presence of tumor in the
tissue but further evaluation is needed from specimens
collected in vivo.

The neurometabolite NAA is one of the most abundant in
healthy human brain tissue. However, its abundance (i.e. relative
signal) observed in swab TS mass spectra decreased as the TCP

(i.e., tumor cells relative to normal cells) increased (Fig. 3).
Population medians are statistically different (p values = 0.0046
using Kruskal–Wallis non-parametric test). NAA measurement
provides an estimate of tumor infiltration within the tissue, and
corroborates prior DESI-MS observations made on tissue sections
and smears,20,21,23 as well as literature reports regarding the
inhibited expression of the biosynthetic enzyme L-aspartate
N-acetyltransferase in glioma cells.29 For validation, we confirmed
that the decreased signal abundance of NAA in the swab TS-MS
spectra corresponded to decreased concentrations of NAA in the
specimens. We quantified NAA in the same specimens using an
independent protocol, which is described elsewhere.30 Briefly, an
adjacent portion of the tissue to that sampled by swab TS-MS
was removed and extracted using methanol–water (3 : 2 v/v). The
solution was analyzed by traditional electrospray ionization triple
quadrupole MS operated in the multiple reaction monitoring
(MRM) mode. NAA concentrations decreased proportionally with
increasing fraction of tumor cells (averages for low, medium, and
high TCP were equal to 797, 406, and 42 ng mg−1, respectively),
hence validating the trend we observed qualitatively in swab TS
mass spectra (see results in Table S3†). A more accurate
regression analysis to estimate tumor infiltration is yet to be
developed, as is assessment of a detection limit for the minimal
and maximum amounts of infiltrating cells discernable via NAA
measurements. The use of controlled cell cultures and mixtures
is foreseen as a possible strategy to address such issues.

Overall, the changes in the lipid and NAA features in swab
TS-MS spectra reflect the known complexity and heterogeneity

Fig. 2 Full-scan mass spectra in negative ion mode over m/z 760–920.
(A) Sample #24; pathological assignment: grey matter with low TCP.
(B) Sample #1; pathological assignment: white matter with low TCP.
(C) Sample #20; pathological assignment: glioma with high TCP. Y-Axes
are normalized to the base peak (m/z 834, 888, and 794, respectively) in
the mass range m/z 760–920. TIC values are 7.98 × 106, 6.71 × 106, and
2.22 × 105 respectively for A, B, and C.

Fig. 3 Box and whisker plot. NAA abundance in tissue was categorized
as low (<34%, n = 24), medium (34–67%, n = 12) or high (>67%, n = 11)
TCP as visually assessed by histopathology. Note, multiple touches from
the same specimens were considered independent measurements as
the neuropathologist annotated the presence of heterogeneous areas in
adjacent tissue sections (Table S1†). The ion counts correspond to the
signal intensity of the transition m/z 174 → 114 normalized to the ion
counts of the transition m/z 177 → 116 (NAA-d3, the internal standard).
The box represents the interquartile range with a median line and whis-
kers at ±1.5 SD. Squares represent the mean value. Circles represent
outliers. Zero intensity was assigned to Sample #13 in which no NAA
signal was detected (Table S1†).
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of gliomas that diffusely infiltrate into the surrounding brain
parenchyma, as corroborated by pathological examination of
the tissue (Table S1†). Fig. 4 depicts an example of such
dynamic yet diagnostic changes. Three regions of interest were
sampled from Case #19. The touch spray at the first spot
(Sample #31) showed a low abundance of NAA (indicative of
high TCP) and a lipid profile indicative of glioma tissue infil-
trating grey matter (Fig. 4A and B). The second spot touched
(Sample #32) showed low abundance of NAA as well but the
lipid profile was indicative of glioma invading a mixture of
white and grey matter (Fig. 4D and E). The third touch
(Sample #33) showed higher intensity of NAA (lower tumor
infiltration) into prevalently grey matter, as indicated by the
lipid profile dominated by m/z 834.5 (Fig. 4G and H).
Pathological examinations matched with the swab TS-MS
results (Table S1†).

Assessment of IDH mutation via 2HG measurement

IDH mutations result in accumulation of 2HG in glioma cells
by conversion of alpha ketoglutarate via NADPH oxidation. We
detected a 50-fold increase in the average 2HG normalized
signal intensity between wild-type gliomas and IDH-mutant
gliomas (Fig. 5A). A wide range in 2HG signal intensity was
detected for the IDH-mutant gliomas and can be attributed to
differences in tissue cellularity and the known heterogeneity of
tumor density in the samples. We averaged the 2HG measure-
ments of multiple touches from the same specimens to avoid
bias due to sample size (N = 29). The possibility that other
compounds give ions that interfere with the signal for 2HG in
the full scan mass spectrum led us to increase specificity by

using the MS3 collision-induced dissociation sequence m/z
147 → 129 → 101. A sequential product ion scan spectrum from
an IDH-mutant glioma is shown in Fig. S7.† A relative signal
intensity of 2HG (signal intensity of the sequential product ion
m/z 147 → 129 → 101 normalized to the signal intensity of the
internal standard NAA-d3 m/z 174 → 114) equal to 1.02 is a cut-
off that discriminates this set of IDH-mutant gliomas and wild-
type gliomas with 100% accuracy (using ROC curve analysis).
This observation was confirmed by quantitation of 2HG in
adjacent tissue of the same specimens, performed as described
above for NAA (N = 28; Case #29 was excluded because insuffi-
cient tissue was available to perform both experiments). A cut-
off of 45 ng mg−1 for the 2HG concentrations was found to
discriminate IDH-mutant and wild-type tumors with 100%
accuracy.30 Concentrations of 2-HG are reported in Table S3† for
validation. Fig. 5B shows complete agreement between the
qualitative swab TS-MS measurements and the concentrations
determined by ESI-MS (i.e. all IDH mutant samples show swab
TS-MS intensity and ESI-MS concentrations of 2HG above the
set cut-offs, while wild-type tumors show values below such cut-
offs). There is also agreement with intraoperative DESI-MS
measurements reported recently.23

Discussion

In this study, we demonstrated the feasibility of obtaining
accurate diagnostic information (Table S4†) by touching tissue
using a medical swab followed by direct MS analysis from the
sampling device. Rapid analysis and minimally invasive
sampling are major advantages of swab TS-MS. A larger cohort

Fig. 4 Case #19. (On the left) Negative ion mode full-scan mass spectra over m/z 760–920 of (A) Sample #31, pathological assignment: glioma
70% TCP. (D) Sample #32, pathological assignment: glioma 70% TCP (G) Sample #33, pathological assignment, grey matter with 40% TCP. Lipid
profile spectra are normalized to the base peak (m/z 794, 788, and 834, respectively) over the mass range m/z 760–920. (Middle column) Negative
ion mode product ion scan for NAA of (B) Sample #31, (E) Sample #32, (H) Sample #33. MS/MS product ion spectra are normalized to the signal of
the signal intensity of the internal standard NAA-d3 (transition m/z 177 → 116). (On the right) Picture of Specimen #19 with superimposed annotation
of the touch number for swab TS-MS analysis (C) Touch #1. (F) Touch #2. (I) Touch #3. The tissue was allowed to thaw at room temperature before
performing the swab TS-MS analysis.
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of samples is certainly needed to validate the findings
described herein and to evaluate its use in routine clinical
practice. Nonetheless, we consider this technique to be worth
investigating as a strategy to implement chemical pathology
into the standard intraoperative diagnostic consultation. The
collection of tissue remotely to the mass spectrometer using a
medical swab is a simple process. Changes to the swab design
and the source interface could improve automation and
reduce analysis time. MS analysis of neurological tissue

directly from the sampling device can be performed inside the
operating room with no interference with surgical practice.
Commercial MS instruments and ESI sources can easily be
adapted to allocate the swab as probe rather than the conven-
tional ESI needle. Rapid analysis of tissue should allow assess-
ment of the surgical margin status in multiple locations
selected by the neurosurgeon as tumor resection is executed.
The diagnostic feedback can provide guidance on further sur-
gical maneuvers to maximize safe tumor resection, especially
in proximity of critical anatomical structures. Neurosurgeons
are already familiar with the use of swabs and absorbent pads
and the device we are describing to touch neurological tissue
would be used no differently. A fit-for-purpose swab design is
wanted, however, for optimal MS performance. The medical
swab we used in this study is commercialized as a class IIA
device for surgical invasive transient use (i.e., contact with
tissue for less than 60 min). The swab has a sterile mini rayon
tip with a fused shape. It is sufficiently small to sample
minute amounts of tissue by gentle touch and minimize the
invasiveness of the sampling procedure but tip dimensions
could be reduced further and the shape of the tip changed to a
conical geometry to improve upon electrospray formation. The
stiffness and the crevasses in the tip hold the tissue during
sample transfer and MS analysis, but different biocompatible
functionalized surfaces could be designed to improve tissue
transfer, reduce chemical noise, and enhance extraction and
recovery of target compounds. The aluminum handle is con-
ductive and allows the generation of the electrospray directly
from the swab upon application of a high voltage; a different
design of the swab with hollowed handles could facilitate the
delivery of solvent and allow for the development of a swab
probe that is easier to interface with commercial ESI sources.

The spectra obtained from swab TS-MS recapitulate pre-
viously reported DESI-MS spectra and pathology. The lipid sig-
nature provides information as to the disease state of the
tissue. The oncometabolite NAA provides estimate of tumor
infiltration which is of utmost importance when attempting to
maximize glioma resection, an outcome that is favorably prog-
nostic for glioma patients. Our results support the hypothesis
that tumor infiltration can be monitored through neuronal cell
damage in its path by measuring NAA depletion.31 Estimation
of tumor infiltration directly from points of interest along the
resection margins can guide further tumor excision, assisting
and validating neurosurgeons’ decisions; keeping in mind that
complete tumor resection is unachievable, and safe removal of
tissue with high tumor infiltration is a primary goal of neuro-
surgery, whereas areas of low infiltration are more likely to be
the target of coadjuvant postsurgical therapies. In the current
surgical practice, the amount of residual tumor near the resec-
tion margins is not pathologically assessed during surgery.
Neuronavigation with preoperative MRI images is typically used
to judge extent of resection but several studies have highlighted
the limitations and the subjectivity of such a practice as tumor
infiltration can extend beyond MRI contrast-enhanced areas,
and the enhancement itself poorly correlates to tissue histo-
pathology.3,4 In our parallel work using DESI-MS, we were able

Fig. 5 2HG expression. (A) Box and whisker plot for 2HG in tissue ana-
lyzed by swab TS-MS. Wild-type, n = 21; IDH-mutant gliomas, n = 8.
Normalized ion counts correspond to the signal intensity of the tran-
sition m/z 147 → 129 → 101 normalized to the signal intensity of the
internal standard NAA-d3 (transition m/z 177 → 116). The box represents
the interquartile range with a median line and whiskers at ±1.5 SD.
Squares represent the mean value. (B) 2HG concentration (ng mg−1

tissue) from tissue extracts by ESI-MS versus 2HG normalized signal
from swab TS-MS for 28 cases (Case #29 was of insufficient quantity to
perform the quantitative measurement). Dark grey squares, wild-type
gliomas; light grey circles, IDH-mutant gliomas; black lines represent
the cut-offs for the Logarithmic 2HG normalized signal intensity (hori-
zontal line) and for the Logarithmic 2HG concentration (45 ng mg−1,
vertical line). The value of 0.001 was assigned to samples in which no
2HG signal was detected in order to compute the logarithm (−3). 2HG
concentrations are reported in Table S3† for validation.
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to detect variable and even large amounts of residual tumor via
NAA measurements at the resection margins, even when they
appeared clear and non-enhanced by postoperative MRI,23

remarking the utility of such a measurement.
In addition to tumor presence and infiltration, we can

monitor the oncometabolite 2HG to assess the IDH mutation
status of the tumor which is clinically relevant and a strong
prognostic marker.26,32 IDH mutation status is normally
assessed postoperatively as it relies on laborious immunohisto-
chemistry or genetic assays on biopsied tissue; however, its
intraoperative assessment via MS measurement of 2HG could
influence surgical decisions. An increasing body of evidence
shows that more aggressive resection of IDH-mutant gliomas
improves overall and progression-free survival, while more
aggressive resection of wild-type tumors does not.33,34

Furthermore, the assessment of IDH mutation is required for
tumor diagnosis following the 2016 WHO diagnostic criteria
for central nervous system tumors.35 Intraoperative testing
could benefit neuropathologists by providing a more accurate
diagnostic consultation, for example, achieving an unequivocal
diagnosis of diffuse glioma intraoperatively, particularly at the
edge of a tumor. This is very challenging by pathology and
often results in a nonspecific diagnosis. Having concurrent
access to supporting molecular information should bolster the
diagnostic yield. In addition, it is conceivable that emerging
intraoperative therapies (e.g., BCNU wafers)36 may require
better classification of diffuse gliomas intraoperatively to
guide better decision making.
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6 
 

Table S2. MS Instrumental Settings 
 

Full Scan MS Lipid Profile  Metabolite Profile  

Mass range m/z 700-1000 m/z 80-200 

Tuned mass m/z 786 m/z 174 

Tube lenses potential 80 V 20 V 

Capillary voltage 0 V 8 V 

Microscans 2 

Injection time 25 ms 

Capillary temperature 275 °C 
Capillary voltage 6.5 kV 

MSn CID* fragmentation NAA NAA-d3 2-HG 

MSn transitions m/z 174   m/z 177   m/z 147  129   

Tube lenses potential 20 V 

Capillary voltage 8 V 
Microscans 2 

Injection time 25 ms 

Collision Energy (a.u.) 28 
Q value 0.3 
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Table S3. Concentrations of NAA and 2HG determined by ESI-MS30. Data reproduced with permission, 
copyright from Clinical Chemistry 2017.  
 

Case NAA concentration 
(ng/mg) 

2HG concentration 
(ng/mg) 

1 15.9 13.8 

2 33.0 13.0 

3 81.0 104.6 

4 12.1 10.4 

5 223.3 254.5 

6 1182.5 12.3 

7 43.7 506.4 

8 827.3 10.3 

9 76.4 8.15 

10 821.0 10.8 

11 313.0 5.4 

12 43.0 2.3 

13 3.3 9.2 

14 604.6 14.3 

15 610.8 87.9 

16 332.0 289.7 

17 679.4 14.9 

18 718.1 24.0 

19 270.6 385.8 

20 27.9 24.2 

21 144.2 124.7 

22 1113.2 16.1 

23 1358.0 24.2 

24 1160.7 10.4 

25 0.4 0.2 

26 984.9 13.4 

27 1424.9 14.4 

28 1186.7 12.2 

29 n.d. n.d. 
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Table S4. Association between chemical predictions of disease state vs. pathology assessment 

 Chemical Evaluation of Disease State 

Pathological Evaluation Grey Matter White Matter Glioma 

Infiltrated tissue 18 12 3 

Glioma 1 0 12 
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Figure S1. Photograph of medical swabs, model 160C, from Copan Diagnostics Inc. with and without the 
plastic sealing tube.  
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Figure S2. (A) Image of the custom-build ion source for TS-MS with medical swabs. (B) Photograph of 
electrospray generated from the swab, red laser pointer was used to illuminate the spray plume. 
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Figure S3. Isotope distribution of PS 18:0_22:6, m/z 834.5. Mean ion intensity denoted by solid line with 
± standard deviation illustrated by the shaded area between the dotted lines. Number of scans averaged 
= 1026 over 10 min of data acquisition. Ion Intensities are normalized to the base peak (m/z 834.5) over 
the mass range m/z 760-920.  
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Figure S4. Case #17; pathological diagnosis: grey matter infiltrated with low TCP. (A) Total ion count (TIC) 
over a 10-minute window of data acquisition. Vertical red lines are drawn at minutes 1 and 9, respectively; 
the red arrows point at the full-scan mass spectrum acquired at those two-time points. (B) Full-scan mass 
spectrum in negative ion mode after 1 minutes of data acquisition; TIC = 1.67·105 (C) Full-scan mass 
spectrum in negative ion mode after 9 minutes of data acquisition; TIC = 0.26·105. Absolute ion counts are 
shown on the Y-axes.  
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Figure S5. Average DESI-MS lipid (m/z 700–1000) MS profiles for (A) grey matter (N=223), (B) white matter 
(N=66), and (C) glioma (N=158). Ion intensities are normalized to the total ion count (TIC). Figure is 
reproduced with permission of the National Academy of Sciences (2017).  
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Figure S6. MS/MS product ion spectra for m/z 788 (A) and m/z 834 (B) detected in the negative ionization 
mode from Sample #8. Characteristic losses used in determining the lipid class; e.g., 87 (m/z 788 701, 
head group loss of phosphatidylserines). Furthermore, acyl chain could be determined based on fatty acid 
product ions; e.g., m/z 283, stearic acid. Ion intensities are normalized to the base peak over the product 
mass range m/z 250-850. 
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Fig. S7. Sequential product ion scan for 2HG from Case #16, IDH-mutant glioma. Fragmentation of 2HG 
matches previously reported pattern detected by DESI-MS (20, 22). The fragmentation pattern was 
matched also against a certified analytical standard. Ion intensities are normalized to the base peak over 
the product mass range m/z 60-140.  
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Video S1. Swab electrospray process. The video shows side-by-side the electrospray plume formation and 
the mass spectral data acquired simultaneously from Sample #12 (Case #8, Table S1). The swabs are 
unconventional probes for electrospray because of their fused shape and large tip (>1 mm). Swab TS 
differs from regular electrospray in that the solvent is pumped on a rough and porous surface; it is initially 
absorbed and then becomes suspended in a droplet at the apex of the swab tip once the porous material 
is completely saturated. When high voltage is applied to the handle of the swab, the voltage is transferred 
to the solvent at the swab tip. The suspended droplet becomes elongated. The elongation reduces droplet 
diameter, which in turn increases the electric field strength such that it exceeds the solvent surface 
tension resulting in the electrospray generation. The Taylor cone is formed at the tip of the swab. The 
plume of microdroplets generated by the electrospray process is visible through illumination with a laser. 
Microdroplets undergo cycles of solvent evaporation and Coulomb fission and are vacuumed into the 
mass spectrometer and mass analyzed.   
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