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ABSTRACT: Advances in ambient ionization techniques have
facilitated the direct analysis of complex mixtures without sample
preparation. Signiﬁcant attention has been given to innovating
ionization methods so that multiple options are now available,
allowing for ready selection of the best methods for particular
analyte classes. These ambient techniques are commonly
implemented on benchtop systems, but their potential application
with miniature mass spectrometers for in situ measurements is even
more powerful. These applications require that attention be paid to
tailoring the mass spectrometric methodology for the on-site
operation. In this study, combinations of scan modes are employed to eﬃciently determine what tandem mass spectrometry (MS/
MS) operations are most useful for detecting sulfonamides using a miniature ion trap after ionization. First, mixtures of
representative sulfonamide antibiotics were interrogated using a 2D MS/MS scan on a benchtop ion trap in order to determine
which class-speciﬁc fragments (ionic or neutral) are shared between the sulfonamides and thus have diagnostic value. Then, three
less-used combination scans were recorded: (i) a simultaneous precursor ion scan was used to detect both analytes and an internal
standard in a single ion injection event to optimize quantitative performance; (ii) a simultaneous precursor/neutral loss scan was
used to improve detection limits; and ﬁnally, (iii) the simultaneous precursor/neutral loss scan was implemented in a miniature mass
spectrometer and representative sulfonamides were detected at concentrations as low as 100 ng/mL by nano-electrospray and 0.5 ng
absolute by paper spray ionization, although improvements in the stability of the home-built instrumentation are needed to further
optimize performance.
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on portable instrumentation.6 However, the majority of such
eﬀorts have focused on the front side, namely, ambient
ionization, rather than investigating the possibilities of
optimizing the subsequent mass analyzer (scan operations).
Dedicated development in the scan operations is needed in
order to further characterize the species generated from
(ambient) ionization methods.
Ambient ionization comprises a family of methods that allow
in situ analysis to be performed using mass spectrometers of a
range of sizes.7 Much research has been done on various
ionization techniques optimizing performance for speciﬁc
analyses.8,9 The ﬂexibility aﬀorded by changing many physical
or chemical parameters while performing ambient ionization
has given practitioners many options to tailor the ion source to
maximize performance. Examples of ionization methods for the
antibiotic detection in complex matrixes include the following:

INTRODUCTION
The rapid emergence of antibiotic-resistant pathogens has
developed into a global health crisis.1 A major contributor to
the development of resistant strains is the misuse or overuse of
antibiotics in the agriculture and food industry. Such overuse
of antibiotics in the livestock industry has resulted in strict
regulations requiring the monitoring of antibiotic use. For
example, the European Union has set the maximum residue
limit (MRL) for sulfonamides in all food products at 100 μg/
kg.2 However, adequate food safety testing is a complex logistic
operation, where samples are collected on-site and then
brought to a central laboratory for analysis. Because the great
majority of those samples, fortunately, test negative for
contamination, time and resources could be saved by
eliminating them at the sampling sitethus only collecting
the suspect samples for further conﬁrmatory analysis in the
laboratory. The standard method of quantifying antibiotics in
food products is extraction followed by liquid chromatography.3,4 However, this is a time-consuming process that is not
well-suited to on-site measurements with portable instrumentation. In order to overcome such limitations, appropriate
techniques for direct sampling of analytes with minimal sample
cleanup5 have been developed, and these methods have been
used on a variety of samples and have also been demonstrated
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electrospray ionization (ESI) for milk samples,10−12 nanoelectrospray ionization (nESI) for infant formula,13 paper spray
for bioﬂuids,14 microwave plasma torch (MPT) for honey,15
and extractive electrospray ionization (EESI) for viscous
cosmetic products,16 with sample preconcentration and
cleanup methods, such as solid-phase microextraction
(SPME),10,11,13 solid-phase extraction (SPE),12 or simpliﬁed
extraction14 often being necessary to compensate for the lack
of chromatographic separation. Requiring minimal sample
preparation and time, ambient ionization is most impactful
when coupled to mass spectrometers that can be operated
outside an analytical laboratory.
Although ambient ionization is advantageous in performing
analysis of the sample, it suﬀers from several limitations as well.
The lack of sample pretreatment and separation before
ionization results in a complex set of ions entering the MS
all at once, reducing the selectivity of an analysis and
necessitating tandem mass spectrometry (MS/MS) operations.
Moreover, in the absence of sample cleanup, ion suppression,
which is known to especially inﬂuence electrospray processes,
can become a serious limitation.17 Although selective enrichment in ambient ionization methods can be employed to
partially overcome such issues, selectivity remains a major
challenge, which cannot be easily overcome by ambient
ionization alone. Therefore, it is imperative that tandem mass
spectrometry be performed on-site as well. Especially valuable
are scan modes that allow for the analysis of a class of
compounds, based on a shared product ion or common neutral
loss when screening for larger families of molecules, such as the
sulfonamides. Simply put, the mass spectrometer must be able
to quickly determine what ionic species are of interest, based
on speciﬁc fragmentation patterns. However, this poses
another dilemma, which is that traditionally space-dependent
tandem mass spectrometers, e.g. quadrupole mass ﬁlters, allow
for the most ﬂexibility in the types of MS/MS scans available,
whereas time-dependent tandem mass spectrometers, e.g.
quadrupole ion traps, are best suited for miniaturization due
to mild vacuum requirements and requiring only a single mass
analyzer.
Previously, we have demonstrated that data-independent
MS/MS scans, ﬁrst implemented using benchtop ion traps, can
be used with miniature mass spectrometers to optimize sample
use and analysis time.18,19 These MS/MS scans are most
readily coupled to miniature mass spectrometers by utilizing a
discontinuous atmospheric pressure interface (DAPI), which
introduces both ions and neutrals over a small time interval in
order to reduce vacuum pump requirements.20 Instruments
utilizing the DAPI require signiﬁcant pump-down time after
sample introduction before mass analysis, thereby increasing
the total scan-to-scan time. Remarkably, a single low-resolution
quadrupole ion trap allows for implementation of precursor
ion, neutral loss, and two-dimensional scans. The dataindependent one- and two-dimensional scans are more timeeﬃcient than the traditional ion trap product ion scan when
examining multiple precursor ions containing the same
functional group, because product ion scans require ion
isolation for each precursor ion interrogated, thereby requiring
multiple ion injections. The precursor ion and neutral loss
scans only require one ion injection per fragment (ionic or
neutral) interrogated, as no isolation is required.
These novel ion trap scans are useful in the case of
sulfonamide antibiotics, as there are two substituents that vary
in this compound class. The sulfur-bonded substituent is
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typically a para-aniline functional group, while the nitrogen
substituent varies depending on the speciﬁc biological activity,
with the most common moieties being nitrogen-containing
heteroaromatics. All 17 sulfonamide antibiotics studied here
contain a para-aniline moiety. This conserved moiety is the
basis for the untargeted detection of this class of compound
using MS/MS scan modes, which is therefore very suited to
demonstrate the value of optimizing the MS/MS transitions for
on-site detection of classes of food contaminants. The
conserved moiety and how the molecules containing this
moiety fall into the two-dimensional MS/MS data space are
shown in Figure 1. It should be noted that combinations of

Figure 1. 2D MS/MS data domain with one-dimensional scan lines
depicted. Also shown are the routes to two common fragments of paniline sulfonamides: neutral loss (NL) 93 Da or formation of
product ion m/z 156.

one-dimensional MS/MS scans are also useful, as demonstrated previously.21 Logical operations can be performed by
combining scans, in particular, the AND/OR operation can be
performed by simultaneously performing two scans.22 These
simultaneous scans can be tailored for certain analytes, and in
this study, we show how the combinations of scans, speciﬁcally
(i) two precursor scans and (ii) a precursor and a neutral loss
scan can be tailored to prioritize quantitative precision or
detection limits, respectively. The latter combination scan,
because of its lower detection limit using benchtop
instrumentation, was then implemented on a miniature mass
spectrometer to demonstrate the feasibility of detection of such
antibiotics on-site at concentrations of practical signiﬁcance.

■

EXPERIMENTAL SECTION
Chemicals. Sulfadiazine, sulfamerazine, sulfamethizole,
sulfamethoxazole, sulfamethoxypyridazine, sulfapyridine, sulfaquinoxaline, sulfathiazole, dapsone, sulﬁsoxazole, sulfamonomethoxine, sulfadimethoxine, sulfamoxole, sulfacetamide,
sulfaphenazole, trimethoprim, sulfadimidine, and sulfachlorpyridazine were provided by Riedel de Haen (Seelze, Germany).
The isotope labeled sulfadimethoxine-d6 was purchased from
Sigma-Aldrich (St. Louis, US). The isotope labeled dapsone-d8
was obtained from Toronto Research (Toronto, ON, Canada).
Sulfapyridine-13C6, sulfamerazine-13C6, sulfamethizole-13C6,
sulfamethoxypyridazine-d3, sulfachlorpyridazine-13C6, sulﬁsoxazole-13C6, and sulfaquinoxaline-13C6 were purchased from
Witega (Berlin, Germany). Each sulfonamide was diluted in
methanol to create stock solutions at 1 mg/mL. For the 2D
MS/MS scan, three mixtures containing ten sulfonamides each,
whose light-isotope structures and precursor m/z values can be
13905
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Scan Modes. In order to perform single-analyzer MS/MS
scans, the ion trap was operated at a constant RF voltage to
allow ions to maintain a constant secular frequency.28 The ions
can be resonantly excited in either x- or y-dimension by
applying an auxiliary waveform containing their particular
secular frequencies. The resonant ions can be ejected or
fragmented by increasing or decreasing the applied amplitude
of the applied ac waveform, respectively. A fragmentation
waveform that results in a linear mass/time calibration was
created in a previously described MATLAB program.28 This
waveform is applied across the y-electrode pair (Figure 2), and

found in the Supporting Information (Figure S1, and Table S1,
respectively), were diluted to 1 μg/mL in 1:1 MeOH/H2O and
0.1% formic acid. For quantitation by simultaneous precursor
ion scans, ﬁve sulfonamides, sulfapyridine, sulfamerazine,
sulfadimidine, sulfaquinoxaline, and sulfadimethoxine, were
combined and diluted to 1000, 800, 600, 400, 200, 100, and 50
ng/mL in a 1:1 MeOH/H2O and 0.1% formic acid solution
containing the corresponding isotopically labeled internal
standards at 400 ng/mL. A signiﬁcant degradation of the
analytes, identiﬁed by a strong decrease in ion signal, was
observed over the course of a day, so further experiments were
performed using acetonitrile as a solvent (i.e., the ﬁve
sulfonamides were diluted to working concentrations by
diluting stock solutions of the mixtures in acetonitrile). Fresh
solutions were prepared daily.
Instrumentation. The modiﬁed Finnigan LTQ mass
spectrometer (San Jose, CA) and modiﬁed Mini 12 mass
spectrometer capable of performing single-analyzer MS/MS
scans have been described previously.18,23 The precursor ion
and neutral loss scan mode have been previously implemented
in one of two possible conﬁgurations in a quadrupole ion trap,
where the radio frequency (RF) trapping voltage is either
constant24,25 or varied.26,27 For the scan modes demonstrated
here, the RF trapping voltage must be kept constant so that
ions maintain a constant secular frequency throughout the
scan. This is accomplished in the benchtop LTQ instrument by
substituting the instrument’s RF voltage control with an
external waveform generator. This implementation does not
have any feedback and results in a slight drift in the output RF
voltage. The voltage drift results in an ion having slightly
diﬀerent secular frequencies throughout the experiment.
Frequent calibration and re-optimization, therefore, are
required for optimal performance. The miniature mass
spectrometer has active RF voltage feedback, resulting in far
less drift, so no re-optimization was required. Both instruments
have been previously modiﬁed so that external waveform
generators can be inductively coupled to the x- and y-rod pairs
of the ion trap. The bath gas in the modiﬁed LTQ was
nitrogen, while the miniature instrument used the air
introduced during ion introduction when the DAPI valve
was open.
Nano-electrospray ionization was accomplished by pipetting
a liquid sample into a borosilicate glass capillary (1.5 mm o.d.,
0.86 mm i.d.) from Sutter Instrument Co. pulled to a 5 μm tip
diameter by a Flaming/Brown micropipette puller (model P97, Sutter Instrument Co.). The loaded tip was then placed in
a nano-spray electrode holder (model ESW-M15P Warner
instruments, Hamden, CT). A 1.5 kV potential was applied to
the electrode holder with the tip of capillary placed ∼1 cm
away from the mass spectrometer inlet to generate nanoelectrospray. Paper spray mass spectrometry was accomplished
by applying 5 μL of diluted solutions in the center of a
Whatman 1 (Fisher Scientiﬁc) paper substrate with an
isosceles triangle geometry with a width of 1.5 and 2 cm
long. The paper substrate was held 5 mm away from the mass
spectrometer inlet by a stainless-steel alligator clip (CALHAWK) and was allowed to dry. Electrospray was generated
by the application of 45 μL of 9:1 ACN/H2O to the back of
the paper substrate and a potential of 3.5 kV to the attached
alligator clip. Copper alligator clips were avoided as the
presence of copper/acetonitrile adducts was observed in the
mass spectrum.

Figure 2. Orthogonal double resonance performed using a rectilinear
ion trap. The y-rod waveform generator is used to successively
fragment precursor ions of increasing the m/z value, while the x-rod
continuously ejects either a constant m/z (precursor ion scan) or
constant mass oﬀset (neutral loss scan). To record the 2D MS/MS
spectrum, the waveform applied to the x-rod pair was continuously
swept over the possible product ion mass range, while that applied to
the y-rods was incremented. The OR scan is performed by combining
individual precursor ion/neutral loss waveforms.

it fragments precursor ions of increasing m/z over the entire
scan. The resulting product ions can then be rapidly ejected for
detection by applying another waveform to the orthogonal rod
pair (Figure 2). The combination of precursor and product ion
fragmentation/ejection waveforms determines which of the
MS/MS scans is being performed. A precursor ion scan uses a
ﬁxed ejection frequency, resulting in a single product ion being
continuously ejected throughout the scan.25 Ions are detected
when a precursor ion is fragmented to produce an ion whose
secular frequency matches the applied ejection frequency.
Neutral loss scans are performed by applying the same
waveform for ejection as that used for fragmentation but with a
ﬁxed time oﬀset so that a ﬁxed mass oﬀset is established.29 An
additional waveform is applied in the time between the
fragmentation and ejection waveform so that unfragmented
precursors are not detected. The 2D MS/MS scan is
performed by rapidly sweeping through all possible product
ion frequencies and iterating this sweep continuously to
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Figure 3. 2D MS/MS scan recorded using the benchtop instrument for three 10-component sulfonamide mixtures, each at 1 μg/mL. The spots are
aligned to form horizontal and diagonal lines which correspond to precursor ion scan lines [constant product (Pro) values] and neutral loss scan
lines, respectively. Vertical lines added to the ﬁgure indicate predicted m/z values for [M + H]+ product ion scans [constant precursor (Pre) values]
of each of the ten components. The composition of each mixture can be found in the Supporting Information, Table S1.

preserve precursor/product ion relationships.23 The observed
output is spliced into individual product ion sweeps, and those
individual sweeps are combined into a single matrix in
MATLAB. The simultaneous combinations of scans were
accomplished by applying product ion ejection waveforms at
the same time as those corresponding to the individual MS/
MS scans.21

neutral loss of 66, H2SO2, and the formation of product ion m/
z 108, which requires breaking a sulfur−oxygen bond and the
formation of a carbon−oxygen bond.34 Interestingly, for three
pyrimidine sulfonamides, each addition of a methyl group
increases the likelihood of fragmenting to form neutral aniline
over p-aniline sulfonyl cation, viz., the fragment resulting from
neutral loss of 93 Da versus the product ion m/z 156 (Figure
S2).
Two-Dimensional Scan Performance. The 2D MS/MS
scan provides a comprehensive view of the ionic landscape, but
the data suﬀers from poorer mass resolution compared to
traditional ion trap product ion scans. The composition of the
mixtures shown in Figure 3 was chosen to decrease spectral
overlap of sulfonamide precursor ions. In real samples, higher
resolution may be required in order to improve speciﬁcity. In
order to improve mass selectivity, the mass scan rate can be
decreased by reducing the mass range, while keeping the scan
time constant or by acquiring the same mass range over a
longer time period. The extreme case of this is by reducing the
mass range, so that a single m/z is being monitored, in other
words, a reduction in mass dimensionality.
In order to assess the tradeoﬀ between mass dimensionality
and mass resolution, a comparison between an extracted
precursor ion scan and the equivalent single-analyzer precursor
ion scan is shown in Figure 4b. The peaks obtained in the onedimensional scan are better resolved than the equivalent peaks
extracted from the 2D MS/MS scan. Speciﬁcally, the full width
at half-maximum (fwhm) of the precursor ion m/z 250 is 4.5 in
the 2D MS/MS scan and 1.6 in the precursor ion scan. The
diﬀerence in mass resolution is due to the fact that the 2D MS/
MS scan must be performed on approximately 250 possible
product ion m/z values in 1.5 ms, whereas the precursor ion
scan devotes that same time to a single m/z value. In certain
analyses, the greater mass resolution of the precursor ion scan
would be more useful even at the cost of the loss of additional
MS/MS information. The sulfonamide analytes being monitored are expected to be found in many diﬀerent food
products, which contain very diﬀerent chemical interferents.
The diﬀerence in chemical complexity dictates that a mass
spectrometer be able to operate in multiple conﬁgurations.
Simultaneous One-Dimensional Scan Modes. The
combination of multiple MS/MS scans provides ﬂexibility in
detecting multiple product ions belonging to the same
chemical class. The detection of all the sulfonamides is
accomplished using the characteristic m/z 156 product ion.
However, the carbon-13 labeled standards used for quantiﬁ-

■

RESULTS AND DISCUSSION
Discovery of Diagnostic Transitions by 2D MS/MS.
Data-independent MS/MS scan modes require a characteristic
fragment that can be used to identify a particular functional
group. If the characteristic fragment retains a charge, it can be
observed with a scan of a single product ion. If instead the
charge resides within the nonspeciﬁc fragment, the characteristic neutral fragment can be observed in the neutral loss scan
(constant mass diﬀerence between the detected product ion
and the fragmented precursor ion). The location of the charge
site for an ionized analyte with many functional groups is
dependent on thermochemical properties of the various charge
sites.30,31 The charge site location can inﬂuence the
fragmentation pattern, determining if the characteristic fragment is charged or neutral.32 Rearrangements during
fragmentation can further complicate assessing where the
charge is retained.33
In order to determine the nature and distribution of
characteristic fragment ions for various antibiotics, three
mixtures of sulfonamides and their corresponding isotope
labeled standards were interrogated using the 2D MS/MS scan
in which all precursor ions and their subsequent product ions
are detected. The three 2D MS/MS spectra obtained are
shown in Figure 3. The characteristic fragments for the
sulfonamides are seen in the 2D MS/MS spectrum, which are
aligned horizontally and diagonally, representing conserved,
charged, and neutral fragments, respectively. The fragment that
was obtained for all sulfonamides and thus has the highest
diagnostic value was due to the cleavage of the sulfur−nitrogen
bond to form product ion m/z 156 (Figure 1) for light-isotope
sulfonamides and heavier product ions for heavy-isotope
standards depending on the location of the heavy isotopes.
The second most commonly occurring fragment was due to
the neutral loss of 93 Da, which corresponds to dissociation at
the sulfur−carbon bond. This fragmentation pathway involves
a rearrangement requiring a proton transfer to form neutral
aniline (93 Da). The appearance of this neutral loss competes
with other previously observed rearrangements such as the
13907
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cation of the sulfonamides do not fragment to the same
product ion m/z as the light-isotopologues. Instead, these
labeled standards fragment to the product ion m/z 162.
Traditional analysis would require an additional scan to record
the internal standard, thereby doubling the analysis time.
Furthermore, by detecting the standard and analyte in separate
ion injections, ﬂuctuations in the ion current can decrease
quantitative precision, which are common in ambient
ionization. By combining two precursor ion scans for the
common product ions of both the analyte and internal
standard, better quantitative performance would be expected.
The quantiﬁcation of ﬁve sulfonamides by the simultaneous
precursor scan for m/z 156 and 162 is shown in Figure 5. The
analyte signal is normalized using the intensity of the internal
standard to correct for deviations in the spray current. After
normalization to the internal standard intensity, the R-squared
coeﬃcients of the linear regression models improved on
average 12% for the ﬁve analytes (Table S2). However, large
sample-to-sample variation was observed across the three
calibration sets evaluated. This was reﬂected in an adequate
linear response within each calibration set, but with signiﬁcant
variation in the signal intensity for both analytes and internal
standards across diﬀerent sets. The variation was attributed to
a drift over time in the amplitude of the voltage used to trap
ions. This drift results in ions having slightly diﬀerent secular
frequencies and not being completely in resonance with the
frequency used to eject product ions, thereby decreasing
ejection eﬃciency and lowering sensitivity. One solution to this
problem is to further improve the modiﬁed instrument’s
electronics to minimize the error in the output voltage. A more
immediately accessible approach is to normalize each measurement to the average response of the internal standard across

Figure 4. (a) 2D MS/MS spectrum of ﬁve sulfonamides with Pre and
NL scan lines overlaid. (b) Comparison of the extracted precursor ion
scan (blue) and 1D precursor ion scan (orange) for product ion m/z
156. Both (a,b) were acquired from a benchtop ion trap mass
spectrometer.

Figure 5. Quantiﬁcation of ﬁve sulfonamides using internal standard normalization from simultaneous precursor ion scans acquired from a
benchtop mass spectrometer. Bottom right: example of simultaneous OR precursor ion scan for m/z 156 (analyte, black) and 162 (IS, blue) at 200
ng/mL.
13908
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an OR function, but also indicating that these precursor ion
(for product ion m/z 156) and neutral loss (of 93 Da) scans
are highly diagnostic for all the sulfonamides in this set.
Detection of Sulfonamides Using a Miniature Mass
Spectrometer. The benchtop performance of the combination scans has allowed ﬂexibility in prioritizing either
quantitative performance or improved detection limits. The
utilization of these scan modes for the on-site detection of
sulfonamides should be tailored speciﬁcally to the analytical
demands. For example, the ambient detection of these
antibiotics would require direct analysis from a sample, such
as milk, without separation. Despite the typical decrease in
quantitative performance of these ambient ionization techniques when compared to traditional analytical workﬂows (i.e.,
extraction, separation and then ionization), there are many
situations in which rapid on-site analysis using only relative
intensities between multiple analytes is preferred if a choice
must be made for high quality quantitation.35,36
For the on-site detection of antibiotics in food products, it is
likely that improved detection limits would be more important
than quantitative precision. For this reason, the simultaneous
precursor/neutral loss scan was implemented on a homebuilt
miniature mass spectrometer to prioritize detection limits. A
comparison of the performance of the homebuilt mass
spectrometer to the benchtop mass spectrometer can be
found in Figure 7. For four of the ﬁve analytes, an

each of the three replicates. As expected, this second
normalization has no signiﬁcant eﬀect on the linearity of the
response, but it does decrease the relative standard deviation
calculated across replicates by 15% (in average for the ﬁve
analytes and all the calibration standards), compared to nonnormalized data (Table S2). It should be noted that by
detecting an additional product ion, it is possible to detect
interferents that would otherwise not be detected, thus
decreasing speciﬁcity. This operation is considered a
simultaneous OR scan because the intensity observed for
each m/z can come from one product ion or the other product
ion. If the intensities attributed from either product ion can be
obtained, it is possible to include more sophisticated logical
operations such as the AND, XOR (exclusive OR), and BUT
NOT scans.
Although the combination of precursor ion scans improves
quantitative precision, many on-site chemical detection
experiments prioritize sensitivity and selectivity over quantitative accuracy as suspect samples are sent to laboratories for
conﬁrmatory analysis. It can be seen that two of the
sulfonamides, sulfamerazine (m/z 265) and sulfadimidine
(m/z 279), have notably high limit of detections, 174 and 178
ng/mL, respectively, compared to the other analytes. To
improve sensitivity, the supplemental waveform used to eject
the product ions of m/z 162 (the product ion used for
detecting the internal standard) is exchanged for one that
ejects the product ions that result from a neutral loss scan of 93
Da from the fragmenting precursor ion. Note that the
integration of two product ions into one detection channel
(i.e., the combination precursor/neutral loss scan) results in
greater signal than each of the individual scans, as
demonstrated in Figure 6. It is expected, however, that as

Figure 7. Comparison of the signal/noise ratio (SNR) for the
simultaneous precursor/neutral loss scan on the benchtop mass
spectrometer (orange) and miniature mass spectrometer (gray) for
the mixture of ﬁve sulfonamides. Note that m/z 301 contains
contributions from both protonated and sodiated species.

improvement of the signal/noise ratio was observed across
three replicates at the 100 ng/mL level. This is expected as
previous comparisons between the two instruments using
similar scans showed greater sensitivity on the miniature
instrument,18,19 a phenomenon mostly attributed to the
miniature instrument operating at higher pressure, thereby
increasing fragmentation eﬃciency due to greater momentum
transfer into the ion.
Nano-electrospray was used in previous experiments as it
was able to generate stable ion currents for longer periods than
paper spray ionization. This was done to better characterize the
performance of the MS/MS scan modes. To demonstrate the
feasibility of detecting antibiotic sulfonamides in a miniature
instrument, the ﬁve analytes were detected at various amounts
by paper spray ionization. This was accomplished by pipetting
5 μL of solutions containing the analytes at 1000, 500, and 100
ng/mL on a triangular paper substrate. In one successful

Figure 6. Comparison of individual precursor ion (orange), neutral
loss (yellow) scan, and simultaneous OR precursor/neutral loss scan
(blue) of a solution containing ﬁve sulfonamides at 200 ng/mL
acquired from a benchtop mass spectrometer. The peaks at m/z 272,
287, and 333 correspond to sodiated sulfonamide species.

the overall signal is increased by adding two channels together,
the overall noise should increase as well. Nonetheless, this
increase in noise is minor compared to the increase in signal
and an improvement in signal/noise ratio is observed for all the
analytes at 100 ng/mL (Figure S3). As all signal/noise ratios
are greater than three, it is assumed that these analytes would
be detected at concentrations below the MRL in matrices
when combined with an appropriate ion source. It is
noteworthy that all three spectra show the same peaks,
consistent with the fact that the simultaneous scan used here is
13909
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experiment, the ﬁve analytes were detected at each
concentration (Supporting Information, Figure S4). However,
the results presented in Figure S4 represent the only successful
attempt, and even at the highest concentration, multiple
replicates were unsuccessful. Similar diﬃculties in consistency
were observed when using a commercial benchtop instrument.
To a lesser extent, diﬃculties with spray consistency were also
observed in nano-electrospray. Earlier experiments demonstrated that the ionization of the protonated analytes is
drastically aﬀected by nano-electrospray capillary geometry
(Supporting Information, Figure S5). The diﬃculty of ionizing
these analytes emphasizes the need for continued development
in ambient ionization ion sources.
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CONCLUSIONS
This work establishes a framework for interrogating (new)
classes of molecules by data-independent MS/MS with respect
to analytical metrics. First, representative molecules are chosen
and detected by a 2D MS/MS scan which identiﬁes all
precursor/product ion relationships. From the 2D MS/MS
spectrum, the most informative 1D MS/MS scan lines can be
identiﬁed. By spending the entire scan time on the identiﬁed
1D MS/MS scan line (Pre 156), greater mass resolution is
obtained (fwhm 4.5 for the 2D MS/MS scan and 1.6 for the
precursor ion scan). Furthermore, individual 1D MS/MS scan
lines can be combined simultaneously in order to prioritize
either detection limits or quantitative precision. These 1D MS/
MS combinatory scans are most important when combined
with ambient ionization and miniature mass spectrometers to
make measurements on-site with minimal sample preparation.
The simultaneous OR precursor/neutral loss scan was shown
to have the best detection limit (<100 ng/mL) and was used to
detect representative sulfonamides on a miniature mass
spectrometer. Further improvements on the reproducibility
and direct interfacing capability of ambient ionization sources,
such as paper spray, will complement the approach reported
here to allow robust and reliable on-site analysis with miniature
mass spectrometry.
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