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Challenging applications offered by
direct analysis in real time (DART)
in food-quality and safety analysis
Jana Hajslova, Tomas Cajka, Lukas Vaclavik

Direct analysis in real time (DART) is an ambient ionization technique undergoing rapid development. With minimal sample pre-

treatment, ionization of analyte molecules outside the mass spectrometry (MS) instrument in the ordinary atmosphere is feasible.

This ionization approach relies upon the fundamental principles of atmospheric pressure chemical ionization.

The current review highlights and critically assesses application of DART (and some related desorption/ionization techniques)

coupled to various types of MS analyzers for both target and non-target analysis of complex food matrices. Based on existing

studies, DART-MS is presented as a simple, high-throughput tool for:

(i) qualitative confirmation of chemical identity;
(ii) metabolomic fingerprinting/profiling; and,

(iii) quantification of low-molecular-weight food components, including some trace organic contaminants.

With regard to regulatory requirements, we mention practical aspects of DART-MS use, as well as performance charac-

teristics that can be attained.
ª 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

Moving the ionization process from
vacuum into the atmospheric environment
was undoubtedly a development break-
through in mass spectrometry (MS). Since
their commercialization about two decades
ago, systems employing electrospray ioni-
zation (ESI) and/or atmospheric pressure
chemical ionization (APCI) have found an
enormously wide scope of applications,
namely in the areas employing liquid
chromatography (LC)-based separation.
The successful transfer of the ionization
process into the open air (i.e. external to
the mass spectrometer) resulted in signifi-
cantly increased flexibility, and thus
enabled further explosive expansion of
applications. It has to be emphasized that
ambient MS (also referred to as ‘‘direct
ionization MS’’) allows examination of
untreated samples or objects in the open
environment, so sample integrity can be
maintained. Contrary to ‘‘traditional’’
atmospheric pressure ionization (API)
techniques, ions (including analytes) de-
0165-9936/$ - see front matter ª 2010 Elsev
rived from some molecules contained in
the sample (i.e. not the entire sample) are
introduced into the mass analyzer.

Since the pioneering introduction in
2004 [1], almost 30 ambient ionization
techniques for MS have been reported [2].
Among them, namely desorption electro-
spray ionization (DESI) [1] and direct
analysis in real time (DART) [3] have
become the most established. DESI,
making use of a pneumatically-assisted
charged jet, shares the key characteristics
with typical ESI in terms of enabling the
analysis of substances over a large mass
range without significant fragmentation
(with a droplet pick-up process proposed
as the probable mechanism) [2]. DART,
relying upon formation of a (distal) plasma
discharge in a heated gas stream, repre-
sents an APCI-related technique [4] – thus
offering orthogonal ionization potential to
DESI.

This up-to-date review presents the
DART-MS technique as an emerging tool
for diverse applications, not only for food
quality control (QC) and safety control but
ier Ltd. All rights reserved. doi:10.1016/j.trac.2010.11.001
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also in food authentication. Based on the critical
assessment of literature data and our experience ob-
tained in earlier experimental studies, we discuss both
advantages and limitations of this ambient ionization
approach. In addition to DART, we briefly mention other
APCI-related techniques {e.g., desorption atmospheric
pressure chemical ionization (DAPCI) [5], low-tempera-
ture plasma ionization (LTP), [6] and atmospheric solids
analysis probe (ASAP) [7]}.
2. DART-ion source and key features of the
mechanism

The key processes taking place in DART-ion source are:
(1) thermo-desorption of condensed-phase analytes by

a stream of a hot gas, which carries active species
derived from a plasma discharge; and,

(2) APCI-like ionization, enabling acquisition of respec-
tive mass spectra.

Fig. 1A shows the lay out of a DART-ion source.
Fig. 1B shows the hardware set-up, employing a gas-ion
separator (Vapur interface) installed between the ion-
source exit and the atmospheric-pressure-interface inlet
of the mass spectrometer. A membrane vacuum pump
connected to the interface enables efficient transfer of the
ions through the ceramic tube from the ionization region
Figure 1. (A) Scheme of DART-ion source; and, (B) scheme of a gas-
into the mass spectrometer and maintains stable vacuum
within its operating pressure limits.

In DART, metastable species (excited-state atoms and/
or molecules of gas) involved in ionization processes are
formed via a glow discharge occurring in a compartment
separated from the sample desorption/ionization area.
Charged particles are removed from the gas stream car-
rying metastable species through the perforated electrode.
Then, the gas is heated in order to support thermo-
desorption of the analytes from the sample surface. The
grid electrode at the exit of the DART gun serves as an ion
repeller, which prevents ion-ion recombination, a process
that might result in signal loss [3].

In the sampling region, gas metastables react with
some ambient atmosphere components to form reactive
species, ionizing the analytes together with other sample
components. Although the DART-ionization mechanism
has not yet been fully characterized, many compound-
dependent processes occurring in this ion source have
been already identified. As far as helium is used as an
ionization gas (the most common case), production of
long-lived 23S excited state helium atoms with an
internal energy of 19.8 eV occurs. Their interaction with
neutral analyte molecules may directly yield odd elec-
tron ions (cation radicals M+�) by the Penning process.
The dominating mechanism of positive-ion formation
involves:
ion separator (Vapur interface) equipped with a vacuum pump.
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Table 1. Analytes ionized in positive and negative ionization modes of DART

Positive ions/origination Conceivable analytes Negative ions/origination Conceivable analytes

M+, M+�/direct ionization Ionic compounds, low-ionization
potential organics

M��/direct ionization Ionic compounds, some
electrophiles

[M+H]+/proton transfer Bases, alkenes, small alcohols,
ethers, ketones, aldehydes H/D
exchange

[M–H]�/proton abstraction Acidic compounds,
nitroaromatics

[M+Z]+/adduct formation Polar compounds, ethers, ketones,
acids, peroxides

[M+X]�/adduct formation Unstable nitro
compounds, some
halocarbons
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(i) reaction of helium metastables with atmospheric
water, yielding protonated water clusters; and,

(ii) subsequent proton transfer from these species to the
analyte molecule, resulting in formation of the
[M+H]+ ion [3].

Within the negative-ionization mechanism, electrons
formed via Penning ionization or during metastable-
surface interactions (e.g., with the grid electrode) were
supposed to induce the formation of negatively-charged
oxygen clusters and deprotonated molecules of analytes
[M–H]�. Recently, a study concerned with ionization
mechanisms related to negative-ion (Ni) DART and other
thermo-desorption (vaporization) techniques (e.g., APPI,
APCI, and ASAP) was published [8]. It was suggested
that not only proton abstraction, but also electron cap-
ture (EC), dissociative EC, and anion adduction are
common ion/electron-molecule processes at atmospheric
pressure. Interestingly, the study demonstrated that
APPI and DART techniques ionize a wider array of
compounds than Ni-APCI.

Typically, DART produces relatively simple mass
spectra, dominated by protonated molecules in positive-
ion mode, or deprotonated molecules in negative-ion
mode. Depending on the nature of the analyte, other
species mentioned above may also be formed. Table 1
gives an overview of potential originated ions and the
list of conceivable analytes. For some molecules, frag-
ment ions can also be observed in DART mass spectra,
but, contrary to DESI, multiple-charged ions or alkali-
metal-cation adducts are never present. However,
addition of ammonia, methylene chloride or other
‘‘dopant’’ vapors to the DART gas stream can be used
to form single-charged adducts {e.g., [M+NH4]+ or
[M+Cl]�} of compounds that would not readily form
molecular ions or (de)protonated molecules. In contrast
to DESI, DART is primarily a small-molecule technique,
which typically enables effective ionization of com-
pounds with molecular weights (MW) mostly not
exceeding 1 kDa. As recently demonstrated [9], the MW
cut-off can be, to some extent, moved to higher values
after derivatization of the polar functional groups of
analytes.
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3. Optimization of the DART technique in food
analysis

Although ambient MS techniques are relatively young
and the design of ionization sources has been continually
developing with the aim of achieving optimal perfor-
mance, there has been a range of general experiences
regarding the relationship between setting operational
conditions and the outcome of analyses. Below, we
provide an overview of aspects relevant to the use of
DART-MS in food analysis.

3.1. Gas temperature
The temperature of an ionization gas is often one of the
key factors affecting experimental results, so it should be
carefully optimized to obtain the required intensity of
analyte ions. This aspect is important for detection and
reliable identification of target analytes, especially in
trace analysis. Typically, a bell-shaped curve (e.g., Fig. 2)
is obtained when plotting signal intensity against gas
temperature. The final outcome for a particular com-
pound is dictated by its physico-chemical properties [e.g.,
volatility (boiling point), polarity, and MW]. Since ioni-
zation of unspecific sample components or targets is
possible only when their thermo-desorption from the
sampling surface into the gaseous phase occurs, these
parameters limit the scope of the applicability of DART.
For some ‘‘problematic’’ compounds, an increase of
ionization-gas temperature above a common range
(250–350�C) might be an option. However, possible
thermodegradation or pyrolysis, resulting in a signal
drop or even its disappearance, has to be taken into
consideration. From the practical point of view, it is
important to notice that the numerical settings on a
DART heater controller are rather higher than the
temperature of gas beam in the sampling region, due to
its mixing with cooler ambient atmosphere [10].

In any case, DART mass spectra obtained by analyzing
a particular sample are strongly affected by the gas
temperature under which they are acquired. Maleknia
et al. [11] distinctly demonstrated the temperature
dependence of recorded ion patterns; they employed



Figure 2. The impact of ionization-gas temperature on signal intensity of melamine (h) and cyanuric acid (n) in milk-powder extract. Error bars
are standard deviations (n = 5).

Figure 3. Comparison of DART-TOF-MS mass spectra (m/z 820–910) of extra virgin olive oil triacylglycerols diluted with toluene (1:50, v/v) at
gas temperature 350�C: (A) without dopant (ammonium hydroxide); and, (B) with dopant (Reproduced with permission from [13]).
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DART-MS to study volatile organic compounds after
their direct desorption from eucalyptus leaves and stem
surfaces. While, at the lowest temperature setting of the
DART heater (50�C), mainly the most volatile, low-MW
fraction of terpenes was detected, by increasing it up to
300�C, numerous ions corresponding to higher MW
(semi-volatile) compounds appeared in the mass spec-
trum.
The logical implication in this context is a strong
dependence of a particular analyte or matrix-component
desorption time on the gas temperature. If set too high, it
can result in fast volatilization (narrow desorption peak)
and the MS acquisition rate might not be sufficient to
record all volatile compounds in the mass spectrum. This
phenomenon may not be a pitfall of only DART-MS
analysis, but, under certain circumstances, can be uti-
http://www.elsevier.com/locate/trac 207



Figure 4. DART-MS spectra of QuEChERS wheat extract containing deoxynivalenol at 0.25 mg/kg: (A) TOF-MS (resolving power 5,000 FWHM);
(B) Orbitrap MS (resolving power 25,000 FWHM); and, (C) isotope pattern of [M+Cl]� ion (m) (Reproduced with permission from [16]).
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lized for discrimination of isobaric interferences with
sufficient difference in their volatility.

Another impact of setting temperature on DART mass
spectra obtained was demonstrated for some compounds
typically also yielding fragment ions, in addition to the
parent ion. More extensive fragmentation supported by
increasing temperatures was observed for n-hexadecane
[12] and triacylglycerols [13]. In the latter case, parent-
ion intensities were reported to depend on the concen-
tration and the type of solvent in which plant-oil samples
were dissolved. Similarly, Zhao et al. [14] described the
influence of the compound/solvent combination on ion
intensities and their signal fluctuation in repeated mea-
surements. Sample viscosity was also shown to be an
important characteristic. Generally, lower boiling point
of a solvent or solvent mixture favors the process of
ionization, since the transfer of analytes into gaseous
phase is facilitated. However, higher viscosity improves
repeatability of analyte responses [14].

3.2. Position of sample
The position of the sample in the DART-ionization region
is another critical factor. Using acetaminophen tablets,
Harris et al. [10] studied the effect of geometrical aspects
on ion transport into the mass spectrometer. The best
efficiency was achieved when the sample was placed in
an upright position close to the DART-gun outlet, and
208 http://www.elsevier.com/locate/trac
slightly below the center line of the ionization-gas plume.
Similarly (as documented in a number of studies), sam-
pling of liquids, typically realized from the film spread on
the surface of a glass rod, has to be optimized with regard
to its position in the DART-ionization region. The sam-
pling glass rod should always be positioned slightly off
the DART-exit – MS-inlet axis to prevent blocking of the
helium-gas stream.

However, it should be noted that, when assessing the
case-to-case optimization approach, DART-MS records
are often poorly comparable amongst DART users due to
the variability of ‘‘optimal’’ geometry. On this account,
the recent trend in DART construction is to fix only a few
optional spatial settings, thus avoiding large inter-labo-
ratory variability.

3.3. Dopants
As mentioned in Section 2, the presence of dopant
vapors in the sampling region may significantly improve
ionization efficiencies of some compounds, and, in some
cases, enable formation of ions from analytes that do
not directly ionize with DART technology (e.g., ammonia
vapors, dichloromethane, or trifluoroacetic acid
can induce formation of [M+NH4]+, [M+Cl]–, and
[M+CF3COO]– ions, respectively).

Dopants are used by allowing their vapors to access
the sampling area (small open vial with respective



Table 2. The overview of APCI-related ambient desorption/ionization technique applications related to food/beverage/feed quality and safety analysis

Technique/
acronym

Desorption/ionization
principle [2]

Objective Analytes/
matrix

Sample
preparation

Detection
MS system

Performance
characteristics

Ref.

Direct analysis in
real time/DART

Metastable-thermal/
indirect plasma

QUALb Isopropylthioxanthone/
milk, yoghurt, fat

Thin layer
chromatography

TOF N/Aa [38]

QUALb Melamine/pet food None TOF LOD 100 mg/kg [33]
QUALb Additives, sugars/flavored

mineral water
None TOF N/Aa [40]

QUALb Strobilurin pesticides/
wheat

Extraction with
ethylacetate

TOF LOQs 5–30 lg/kg [24]

QUALb Thiabendazole/orange peel None TOF N/Aa [30]
AUTHc Triacylglycerols, phenolic

compounds/olive oil
Dilution of oil with
toluene, extraction of
polar compounds with
methanol/water mixture
(80:20, v/v)

TOF Discrimination among
quality grades, detection
of 6% adulterant
(hazelnut oil)

[13]

QUALb/
QUANd

Curcuminoids/functional
drink, curry powder

None, thin layer
chromatography

TOF N/Aa [39]

QUALb Melamine/milk powder None TOF LOD 1 mg/kg [20,22]
QUALb Sulphur compounds/garlic Extraction with

methanol/water/
hydrochloric acid
mixture (90/9/1, v/v/v)

TOF N/Aa [41]

QUALb Reactive sulphur
compounds/garlic, garlic
powder

Extraction from aqueous
homogenate by shaking
with diethyl ether

TOF N/Aa [42]

AUTHc Volatiles, phenolic
compounds/beer

Head space and direct
immersion solid phase
microextraction

TOF Discrimination among
Trappist and non-
Trappist beer brands

[45]

QUANd Melamine, cyanuric acid/
milk powder, dried cheese,
condensed milk

Extraction with
methanol–5% aqueous
formic acid (50/50, v/v)

TOF LOQs 450 lg/kg
(melamine), 1200 lg/kg
(cyanuric acid)

[21]

QUANd Selected trichothecenes,
Alternaria toxins,
zearalenone, and
sterigmatocystin

Modified QuEChERS
extraction and dispersive
solid phase extraction
clean-up

orbitrap Lowest calibration levels
ranging from 50 to
150 lg/kg

[16]

Desorption
atmospheric
pressure chemical
ionization/DAPCI

Electric plasma
species

QUALb Sudan dyes/tomato sauce;
atrazine/pumpkin surface;
putrescine, cadaverine/fish
meat

None LIT N/Aa [5]

AUTHc Non-volatile and semi-
volatile compounds/tea

None LIT Discrimination among
various types of tea
samples

[47]

QUALb/
QUANd

Melamine, cyanuric acid,
melamine-cyanurate
complex/milk powder,
liquid milk

None LIT LODs 1.6 · 1011 g/mm2

(milk powder),
1.3 · 10�12 g/mm2

(liquid milk)

[34]

(continued on next page)
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volatile substance is placed close to the ion source)
[13,15,16], or are directly added to liquid sample prior
its analysis [14]. Figs. 3 and 4C show examples of
enhanced DART ionization of triacylglycerols in extra
virgin olive oil and the major Fusarium toxin, deoxyni-
valenol (DON), in wheat extract. As Fig. 4C illustrates,
the use of dichloromethane can be particularly beneficial
for confirmation of analyte identities, due to the presence
of a characteristic chlorine-isotope pattern accompany-
ing the [M+Cl]� adduct.

3.4. Matrix effects
Matrix effects represent one of the major drawbacks of
API-MS techniques. Similarly to ESI and/or APCI,
mainly matrix-dependent signal suppression is encoun-
tered in real-life samples. The impact of matrix effects
might be fairly severe, considering the absence of chro-
matographic (or any other) separation prior to sample
ionization. The most important method-performance
parameters (e.g., linearity, precision, and accuracy)
could be influenced by interfering matrix components, so
the extent of signal suppression of target analytes in
matrix extracts has to be assessed against those in neat
solvent (= 100%).

Recently, Song et al. [17] described a transient
microenvironmental mechanism (TMEM). They at-
tempted to elucidate the nature of matrix effects in DART
operated in a positive-ionization mode on the basis of
model systems employing various solvents. They as-
sumed that a transient microenvironment (TME), gen-
erated through matrix desorption after contact of the
DART-gas beam with the sample, can shield target
analytes from direct ionization. While matrix compo-
nents are directly ionized in the gas beam, the ionization
of (minor) analytes occurs mainly through gas-phase ion
or molecule reactions with the matrix ions. It is worth
noting that, among a wide range of solvents tested, di-
methyl sulfoxide was found to be the most unfavorable
to DART ionization.

Only limited data addressing the issue of matrix effects
in DART ionization of complex food matrices are avail-
able in the scientific literature. Two currently available
studies, Yu et al. [18] and Zhao et al. [14], described
signal suppression of some pharmaceuticals in untreated
plasma samples. Depending on a particular target ana-
lyte, respective signal intensities were in the range of 5–
70% of those in solvent standards. In another paper
[19], concerned with catalysis-screening experiments,
similarly extensive matrix suppression of the benzof-
uranone (test compound) signal was encountered; its
reduction was significantly induced by the presence of
diethylamine (10 mol%) that was employed as an addi-
tive.

The attempt to determine melamine directly in milk
powder by DART coupled to time-of-flight MS (TOF-MS)
[20] failed due to severe adverse impact of complex
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matrix on ionization process, the result of which was a
relatively high limit of detection (LOD, see Table 2).
Some improvement of detection sensitivity of this toxic
adulterant was achieved in another study [21] employ-
ing extraction of target analyte prior to the determina-
tive step (the same DART-TOF-MS instrument was used).
In spite of some discrimination of transfer of abundant
matrix components into acidified aqueous methanol,
signal suppression of melamine and cyanuric acid in the
matrix extracts still remained pronounced (being 20%
and 10%, respectively) compared to the standards in
matrix-free solvent.

Using DART coupled to an ultra-high resolution hy-
brid ion trap/orbitrap mass spectrometer (DART-Orbi-
trap MS), Vaclavik et al. [16] studied matrix effects
during the analysis of multiple mycotoxins in wheat/
maize extracts. As demonstrated in Fig. 5 for DON, se-
vere signal suppression observed in a crude acetonitrile-
water extract was reduced to some extent by dispersive
solid-phase extraction (SPE) clean-up. The impact of
matrix components declined with increasing amount of
primary secondary amine (PSA) sorbent added to the
crude extract. In spite of removing some of the impuri-
ties, signals of the mycotoxins examined in the most
purified extracts were only in the range 12–39% of
respective analyte intensity in the standard solvent.

It is clear that, when using the DART-MS technique
for the control of food contaminants and/or other trace
components, due to the unavoidable matrix effects, the
requirement simultaneously to obtain low LODs and to
minimize sample handling has to be compromised. To
Figure 5. The impact of dispersive solid-phase extraction clean-up employi
in wheat extract (spike 500 lg/kg). Given sorbent amounts were used for
solvent-standard concentration was 100 ng/mL. Data acquired using DART
avoid further limitations of analysis accuracy, sample-
preparation procedures (e.g., dilution, fast and simple
extraction, matrix precipitation, dispersive SPE clean up
or solid-phase microextraction pre-concentration) for the
target analyte have to be employed.

3.5. Spectral interferences
Specificity of detection is another key assumption in
ambient ionization techniques, since isobaric interfer-
ences, potentially present in examined samples, can cause
problems during both qualitative and quantitative anal-
ysis. While tandem MS (MS2) or MSn measurements may
overcome this problem in target analysis, the use of
instruments with a high or ultra-high resolving power is
the unavoidable condition for reliable applications in
target and profiling (fingerprinting) measurements of
complex samples. Current TOF-MS instruments can typ-
ically offer mass-resolving power up to 30,000 FWHM
(full width at half maximum), but this value might not be
valid for the entire m/z range of interest. This limitation is
experienced mainly in the lower m/z region in instru-
ments with an analog-to-digital converter device. The
requirement for complete spectral resolution between
critical ion pairs (analyte/analyte, analyte/matrix inter-
ference) is crucial in the case of largely differing signal
intensities.

The pitfall described above was encountered in two
studies during DART-TOF-MS analyses of melamine in
powdered milk [21,22]. An [M+H]+ ion of 5-(hydroxy-
methyl)furan-2-carbaldehyde (5-HMF, m/z 127.0395), a
compound formed from precursors during heating of the
ng PSA and MgSO4 on DON (m/z 331.0943 ± 4 ppm) signal intensity
4 mL of acetonitrile extract containing equivalent 800 mg of matrix;
-Orbitrap MS (Reproduced with permission from [16]).
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milk powder, was interfering with the protonated mole-
cule of target analyte (m/z 127.0732). The mass-
resolving power of the TOF instrument employed, re-
ported in both studies to be approximately 4000 FWHM
(at m/z 127), was not high enough to resolve respective
signals. To investigate this issue, two different ap-
proaches were proposed. A paper by Vaclavik et al. [21]
demonstrated the advantage of Orbitrap MS. Since it was
not possible to equip the Orbitrap MS with the ion source
of the DART at the time of the study, direct infusion into
an ESI source was carried out (coupling with an ambient
ion source was realized in follow-up experiments, not yet
published). Even under the relatively low resolving-
power setting (10,000 FWHM), analyte and interference
ions were baseline resolved.

An interesting approach to overcome the insufficient
resolving power of the MS detector by achieving selective
ionization of target melamine in the presence of 5-
(hydroxymethyl)furan-2-carbaldehyde (5-HMF) was to
replace commonly used helium by argon as the DART
gas [22]. Introducing acetylacetone (AcAc) and pyridine
vapors into the sampling area enabled selective ioniza-
tion of melamine through the following processes:
(1) Penning ionization of AcAc resulting in cation rad-

ical;
(2) its protonation to form [AcAc+H]+;
(3) transfer of proton from this ion to pyridine; and,
(4) protonation of melamine by pyridine cation.

Relatively low ionization energy allowed effective
ionization of reagent gases by argon metastables;
simultaneously, their proton affinities were high enough
to protonate melamine selectively but not 5-HMF. The
use of selective, interference-free DART ionization was
also suggested for other high proton-affinity compounds.

Fig. 4 shows the benefits of the DART-Orbitrap MS
approach in rapid screening of Fusarium mycotoxins in
wheat [16]. While, due to abundant matrix co-extract, it
was impossible to detect DON in extract prepared using a
quick easy, cheap, effective, rugged and safe (QuEChERS)
procedure, by medium high-resolution TOF-MS
(5000 FWHM), Orbitrap MS set to 25,000 FWHM pro-
vided excellent spectral resolution. Both adduct and
characteristic isotope ions were resolved from interfer-
ence, and very low mass error (�1.2 ppm) enabled
estimation of elemental formulae, which were used for
tentative analyte identification. Also, the number of data
points per DON peak was sufficient to characterize its
shape (the acquisition rate was approximately 4 spectra/
s).

In the recently published work by Rummel et al. [23],
coupling a DART-ion source to a Fourier transform ion-
cyclotron resonance (FT-ICR) mass spectrometer was
introduced and ultra-high resolution benefits were
demonstrated, using standard mixtures of selected iso-
baric compounds (theophylline with diisopropyl meth-
ylphosphonate) and polycyclic aromatic hydrocarbons.
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Generally, the low scanning speed of an Orbitrap-based
and/or FT-ICR-MS mass analyzer at an ultra-high mass-
resolving power setting might become a limitation in
obtaining sufficient number of spectra across the peak
for rapidly desorbing analytes.

3.6. Quantitative analysis
Ambient MS was at first mainly perceived as a qualita-
tive technique, but follow-up studies documented its
applicability also for quantitative analysis. However, it
should be noted that obtaining reliable results depends
upon careful consideration of inherent limitations asso-
ciated with this technique. One of them is a relatively
high fluctuation of absolute signal intensities within re-
peated DART-MS measurements of a particular sample
[e.g., the relative standard deviation (RSD) of total ion
current (TIC) in case of five repeated (automated)
introductions of ethyl-acetate extract containing pesti-
cide residues (Fig. 6A) was 30%]. This phenomenon is
even more pronounced during manual sampling.

In spite of the relatively poor repeatability of DART
signals, no serious problems are encountered in quali-
tative analysis of respective samples, thanks to relatively
stable ion ratios (relative abundances) in mass spectra
acquired within repeated DART samplings. However,
accurate quantification based on external calibration is
often not feasible, even when using an autosampler.
Under these conditions, the only conceivable option is
normalization of analyte responses based on responses of
internal standard added to the sample directly prior the
measurement or before the sample-preparation step. As
in any other method employing MS, stable isotope-la-
beled analyte analogues are preferred, since they not
only eliminate the fluctuation problem, but also com-
pensate for matrix effects that are practically unavoid-
able in ambient ionization techniques. Unfortunately,
labeled compounds are available for only a limited range
of analytes, and, moreover, their use for multiple ana-
lytes may fairly increase the cost of analysis.

Signal normalization when using the internal stan-
dard strategy was reported to upgrade significantly the
linearity of the calibration plot in various DART appli-
cations [16,21,24]. For example, 13C3-labeled melamine
and cyanuric acid were employed for quantitative
analysis of native analytes in milk-based matrices. Good
compliance of the data obtained by DART-TOF-MS with
those generated by the reference LC-MS2 method was
demonstrated. The repeatability of the DART-MS mea-
surement expressed as RSD was 67% (n = 5) for both
melamine and cyanuric acid in the range of 0.5–40 mg/
kg [21]. A distinct improvement in quantitative data, by
employing a non-internal standard, was demonstrated in
the study of strobilurin fungicides in grains [24]. Using a
commercially-available autosampler for the analysis of
ethyl-acetate wheat-grain extracts, an RSD as high as
60% (n = 5) was observed for azoxystrobin and related
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compounds, and the response normalization using pro-
chloraz resulted in low RSD (�6%) and acceptable line-
arity (R2 > 0.99).

Similarly, poor repeatability and linearity of responses,
obtained by the DART-MS technique during direct
desorption from the thin-layer chromatography (TLC)
plate, were reported to be significantly improved after
addition of internal standard [25]. Using caffeine as a
model compound, linear (R2 = 0.99) and reproducible
(RSD <5.4%) responses were obtained when using caf-
feine-d3 standard. Automatic quantitative analyses of
mycotoxins [16] and some pharmaceuticals [18] with-
out need for any internal standard were performed
employing a gas-ion separator (Vapur interface) that also
improved the repeatability of DART-generated ions going
into MS.

While the possibility of quantitative analysis of liquid
samples is well documented, direct quantification of
analytes in solid samples seems to be more complicated
or even infeasible, mainly due to the potentially uneven
distribution of particular components within the surface
and/or internal part of a particular sample. Under these
conditions, the only solution for at least semi-quantita-
tive examination might be ‘‘dilution’’ of the highly
contaminated matrix (in which target analytes were
determined by the ‘‘conventional’’ method) with
respective residue-free material, thus obtaining a matrix-
matched-like (solid) standard.

To ensure reliable quantification, thorough validation
of the DART-MS-based method has to be carried out in
line with general requirements for quality parameters of
results obtained [26]. Quality-control samples (e.g.,
spiked and, preferably, certified reference materials)
should always be employed for each matrix tested. In
addition, critical comparison of data generated by both
an established (chromatographic) method and DART-MS
is an important QC procedure, which is needed to prove
that DART-MS is fit for purpose.

3.7. Automation
Contrary to other ambient ionization techniques, in
addition to being ‘‘purpose-built’’, various commercial
autosampler devices have been developed [27] to im-
prove not only the quantitative DART measurements
discussed above but also the throughput of analyses.
The AutoDART autosampler [HTC PAL autosampler
AutoDART-96 (Leap Technologies, Carrboro, NC, USA)]
is probably the most frequently used device for sam-
pling liquid samples; it uses the robotic arm to deliver
the sample from a deep-well reservoir into the sampling
region within a run time below 1 min (depending on
the desorption-time setting). Another device [12 Dip-It
tip scanner autosampler (IonSense, Saugus, MA, USA)]
enables high-throughput analyses (12 samples in
4 min) by scanning the glass-rod surfaces with samples
through the DART-gas stream. Similar autosamplers
were also developed for solid samples (e.g., tablets or
TLC plates).
4. APCI-related ambient ionization techniques

As documented in recent comprehensive reviews [2,28],
most studies employing DART and other APCI-related
ambient ionization techniques have focused on qualita-
tive or quantitative analysis of pharmaceutical formu-
lations, explosives, chemical warfare agents, counterfeit
drugs or bioanalytical applications. Various types of
mass spectrometers have been used for detection,
depending on type of information required. Another
rapidly growing application area of these techniques is
food analysis. Table 2 summarizes research publications
concerned with characterization of food composition,
various food contaminants and authentication.

4.1. Pesticides
Residues of pesticides used for pre-/post-harvest treat-
ment can be often found in crops and their products.
While a wide range of well-established methods have
been available for the analysis of multiple pesticide res-
idues, use of ambient ionization techniques for control
purposes is in its infancy. Schurek et al. [24] used a
DART-TOF-MS technique for the determination of
strobilurin fungicides (azoxystrobin, picoxystrobin, dim-
oxystrobin, kresoxim-methyl, pyraclostrobin, and trifl-
oxystrobin) in ethyl-acetate extracts prepared from
wheat grains. Pesticide residues were detected using
positive-ionization mode as [M+H]+ ions (see Fig. 6). The
limits of quantification (LOQs) were in the range 0.005–
0.03 mg/kg that enabled control of maximum residue
levels (MRLs in the range 0.05–0.3 mg/kg) for these
compounds set by the European Union (EU) [29]. Using
prochloraz as an internal standard, a good match of the
results generated by DART and (reference) LC-MS2

method was obtained for sample containing incurred
residues of azoxystrobin, kresoxim-methyl, and pyrac-
lostrobin (0.05–0.45 mg/kg). In addition to the analysis
of grain extracts, measurements of solid samples were
made. To overcome problems with uneven distribution
of target analytes throughout the sample examined,
homogenization (grinding) was carried out prior to
instrumental analysis. However, direct analysis of
ground matrix was not possible, since finely ground
material would be blown from the sampling surface and
contaminate the MS system. In this case, porous paper
envelopes containing respective sample spread across
their edge were used for manual introduction into the
DART-gas stream to ionize target analytes. Because of
the limited thermal stability of paper envelope, the
highest temperature for ionization of inserted sample had
to be relatively low, 200�C, compared to 300�C that was
used to introduce the ethyl-acetate extract of grains. All
http://www.elsevier.com/locate/trac 213



Figure 6. DART-TOF MS analysis of ethyl-acetate extract: wheat grains spiked with strobilurins at 50 lg/kg. (A) Total ion current (five repeated
injections and internal calibrant, polyethylene glycol); and, (B) zoomed part of the mass spectrum in the m/z range 310–410 (injection number
four) (Reproduced with permission from [24]).
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target analytes present in incurred material were de-
tected by this direct measurement [24].

Another example of successful qualitative screening of
pesticide residues in solid samples was the examination
of orange peels for the presence of thiabendazole residues
[30]. In another study, the potential of DAPCI coupled to
linear ion trap mass spectrometer (LIT-MS) in direct
analysis of surface pesticide residues was demonstrated;
residues of atrazine (10 pg deposited in desorption zone),
a widespread herbicide, was detected on an unripe
pumpkin skin. MS2 was used for analyte identification
[5].

4.2. Melamine
Recent scandals associated with adulteration of infant
formula, other milk products, and pet food with mela-
mine revealed the weaknesses of current analytical
methods widely used for the determination of protein
content in foods. A lot of attention has been paid to
development of rapid, reliable methods for control of this
hazardous compound in food supply (an action safety
limit of 2.5 mg/kg was set by the US Food and Drug
Administration and the EU [31,32]).

Not surprisingly, the use of ambient ionization tech-
nique-based methods has become a challenging high-
throughput option. In one of the earliest applications,
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DART ionization was employed for direct examination of
untreated pet food containing melamine [33]. The con-
firmation of positive findings was realized by:
(1) accurate mass measurement enabled by TOF mass

detector;
(2) in-source fragmentation; and,
(3) hydrogen/deuterium exchange of melamine ions in-

duced by delivering deuterated water into an ioniza-
tion region.

To minimize isobaric interferences occurring in the
mass spectrum of untreated milk powder, Dane et al.
[22] used argon as a DART gas enabling selective ioni-
zation of melamine (more details are discussed in Sec-
tion 3). In the recent study [21], melamine and cyanuric
acid were determined by DART-TOF-MS in milk-based
products after extraction of target analytes by a metha-
nol/acidified water mixture. For quantification, respec-
tive 13C-isotope-labeled analogues were used. This study
also demonstrated the advantage of using Orbitrap MS
for interference resolution.

In other studies, DAPCI [34] and LTP [35], in both
cases coupled to LIT-MS, were evaluated for melamine
analysis in liquid/powdered milk without sample prepa-
ration. It is worth noting that the LTP-LIT-MS approach
enabled melamine detection at remarkably low levels
(LOD 6–15 lg/kg).
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4.3. Mycotoxins
Rapid analysis of toxic secondary metabolites of toxino-
genic fungi potentially present in plant matrices belongs
to the key tasks in routine laboratories concerned with
control of food and feed safety. The only study focused on
analysis of multiple mycotoxins using DART-MS was
reported only recently. Vaclavik et al. [16] demonstrated
the capability of DART coupled to ultra-high resolving-
power Orbitrap MS to quantify major trichothecenes B,
zearalenone, Alternaria toxins, and sterigmatocystin in a
QuEChERS-based extract from cereals. The experimen-
tally established lowest calibration levels (LCLs) were in
the range 50–150 lg/kg, depending on the particular
analyte. The method demonstrated its suitability for
high-throughput control of MRLs of deoxynivalenol and
zearalenone established in the EU regulation for unpro-
cessed wheat or maize [36]. Satisfactory accuracy of
measurements was achieved by employing both tested
calibration approaches:
(1) matrix-matched calibration; and,
(2) isotope dilution.

4.4. Migrants from packaging materials and banned
dyes
Migration of various substances (e.g., monomers or
various additives from plastics food-packaging materials)
is a subject of concern not only due to the health risk for
consumers but also because of the potentially adverse
impact on food flavor. Currently, a lot of attention is
being paid to perfluorinated contaminants (PFCs) origi-
nating from various non-stick coatings in contact with
Figure 7. Negative DART-Orbitrap MS spectra of fluorinated polymer ob
results).
food. Fig. 7 shows an interesting example of DART being
used for the qualitative analysis of PFCs by direct
examination of oil-resistant paper used for contact with
high-fat foodstuffs. As can be seen, ion series were de-
tected with m/z values exceeding 1000 Da and differing
by 99.99 Da (corresponding to C2F4 [37]).

Isopropylthioxanthone (ITX), a photoinitiator in UV
inks applied to packaging materials, was detected by
DART-TOF-MS in milk, milk-based products and fat [38].
The target contaminant was separated from the bulk-
matrix components using TLC and directly ionized after
desorption from the TLC plate.

Another group of potential food contaminants, for-
bidden Sudan dyes (Sudan I, II, III, and IV) spiked into
tomato sauce, were subjected to qualitative analysis by
DAPCI–LIT-MS and successfully detected as protonated
molecules at levels as low as 2.5 lg/kg [5].

4.5. Food-component characterization
Besides food contaminants, DART-TOF-MS was also used
to characterize the occurrence of diverse components in
food matrices {e.g., qualitative and semi-quantitative
analysis of curcuminoid antioxidants in functional bev-
erage and curry-powder samples separated using TLC,
when each chromatographic band produced protonated
molecules corresponding to curcumin, demethoxycur-
cumin, and bisdemethoxycurcumin [39]}.

Cajka et al. [40] used DART-TOF-MS for direct rapid
analysis of soft-drink components, without any sample
preparation. In positive-ion mode, the [M+H]+ ion of
aspartame (artificial sweetener) was easily identified
tained by direct analysis of oil-resistant paper surface (Unpublished
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based on the accurate-mass measurement. A number of
ingredients [e.g., acesulfame K (artificial sweetener),
citric acid (acidulant), benzoic and sorbic acid (both
preservation agents), and saccharides (hexose, disac-
charide)] were identified in the negative-ionization set-
ting (when [M–H]� ions were observed).

In two recent studies, DART ionization enabled instant
detection and identification of natural sulfur compounds
contained in garlic and elucidation of enzyme-catalyzed
processes occurring after cutting garlic [41,42].

The LTP–LIT-MS approach was also used for fast,
direct analysis of olive oil without any sample pre-
treatment by Garcia-Reyes et al. [43]. In this particular
case, non-volatile components represented by free fatty
acids and phenolics ([M–H]� ions) and volatile flavor
compounds ([M+H]+ ions) were detected.

4.6. Food authentication
Ambient ionization techniques have also been demon-
strated as challenging, straightforward fingerprinting or
profiling tools for food-authenticity assessment. Finger-
printing techniques are generally based on measurement
of the composition of the material (e.g., foodstuffs, ex-
tracts) in a non-selective or selective way. The finger-
printing data can be chromatograms, or spectroscopic or
spectrometric measurements (specific signals of complete
Figure 8. DART-TOF-MS mass spectra of the methanol–water extracts obta
oil; and, (D) olive oil (Reproduced with permission from [13]).
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spectra). Nowadays, such techniques can generate great
amounts of information (variables or features) for a large
number of samples (objects) in a relatively short time, so
smart chemometric tools are required in order to extract
the maximum useful information from experimental
data efficiently [44].

Using DART-TOF-MS, Vaclavik et al. [13] described a
novel approach for the authentication of different quality
grades of olive oil and detection of adulteration by
hazelnut oil. In the latter case, 6% (v/v) of adulterant
could be recognized using a linear discriminant analysis
(LDA) classification model employing characteristic
DART-MS fingerprints of polar fractions (extract ob-
tained from olive oil by aqueous methanol). Examples of
the positive-ionization mass spectra are shown in Fig. 8.
In this study, the possibility of straightforward triacyl-
glycerol (TAG) profiling by the above technique was
demonstrated. Various instrumental settings were tested
to obtain the most comprehensive information on major
olive-oil components.

Cajka et al. [45] employed SPME–DART-TOF-MS to
authenticate the origin of Trappist beers. The pre-con-
centration of analytes was employed using a fiber in the
headspace (HS) or direct immersion (DI) SPME modes,
and the components were thermally desorbed directly by
the heated gas stream (helium) of the DART. While the
ined from: (A) extra virgin olive oil; (B) hazelnut oil; (C) olive pomace



Figure 9. Comparison of TOF-MS spectra (fingerprints) of Rochefort 8 (Trappist) and Primator 24 (non-Trappist) beers under SPME-DART-TOF-
MS conditions (Reproduced with permission from [45]).
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HS-SPME mode provided profiles with ions in a lower
MW region (m/z <200 Da), the DI-SPME mode allowed
Cajka et al. to obtain a fingerprint for higher MW
components (up to m/z 500 Da) (Fig. 9). The major
advantage of the DART-TOF-MS technique employing
the DI-SPME sampling was the possibility of sorption/
desorption/ionization of relatively polar compounds
originated from hops (e.g., cohumulone, xanthohumol,
humulone/adhumulone, lupulone/adlupulone), which
were not volatile enough for HS-SPME sampling prior to
GC–MS.

DAPCI-LIT-MS was also demonstrated as a useful tool
for food authentication. Wu et al. [46] used this tech-
nique for differentiation of sea cucumbers (Apostichopus
japonicus Selenka) according their habitats. In another
study by Chen et al. [47], DAPCI-MS enabled rapid
analysis and discrimination of tea products without any
sample pre-treatment.
5. Conclusions

The recent introduction of DART and related ambient
desorption ionization techniques coupled with MS has
brought the promise of simple, high-throughput quali-
tative and quantitative analysis of both major and minor
(trace) components in various food matrices. However,
thorough validation and carefully-designed quality
assurance and QC (QA/QC) procedures are urgently
needed when employing this technique, since the lack of
a separation step (often resulting in very pronounced
signal suppression and lower detection selectivity) makes
the DART-MS approach more vulnerable to false (neg-
ative or positive) findings.

As far as DART-MS should be used for legislative
purposes in food safety (applications for MRLs of pesti-
cides and regulatory limits of mycotoxins have been
developed), compliance with stringent performance cri-
teria defined in different regulations related to various
contaminant classes and/or sample matrices have to be
achieved. In this context, advanced MS instruments
combining the features of both high resolution and MSn

mass analyzers may provide solutions to obtain higher
levels of confidence in the process of identification and
quantification. Last, but not least, the unique potential
for fingerprint-based authentication might provide a
challenging option in food QC and food safety.
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