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Abstract

Ambient desorption/ionization mass spectrometry (ADI-MS) is widely used as a rapid screening tool of samples in their
native state without sample preparation. While analysis times are much less than 1 min per sample, one challenge of ADI-MS
is the possibility to perform quantitative analysis of analytes in complex matrices. Typically, the goal is to probe a variety of
different analytes in a complex matrix from a solid, liquid, or otherwise uncharacterized surface in the open air in front of the
MS inlet. In this study, it is demonstrated that a carefully selected surface for analyte spot sampling and co-deposited isotopi-
cally labeled standards both significantly improve the capabilities of flowing atmospheric-pressure afterglow (FAPA) high-
resolution (HR) MS for direct quantitative analysis. Specifically, a systematic study of different surfaces (glass, steel mesh,
high-performance thin-layer chromatography (HPTLC) stationary phases including silica, reversed-phase (RP)-modified
silica, and cyano (CN)-modified silica) and their suitability for spot sampling with FAPA-MS was performed. A set of differ-
ent caffeine-containing standards and beverages (Red Bull, Coca-Cola, coffee, and black tea) was deposited on the surfaces
and direct FAPA-HR-MS analysis of caffeine was performed using internal calibration with co-deposited 13C3-caffeine. For
TLC surfaces, it was demonstrated that quantitative results could be achieved with the matrix and concomitants present and
that a preceding chromatographic separation was not mandatory for this application. In addition, the use of a CN-HPTLC
surface resulted in a significantly more intense caffeine signal in the beverage samples compared to the other surfaces studied,
with the highest increase compared to the silica (200-fold higher) and the lowest increase compared to the steel mesh (30-fold
higher). The utilization of TLC-based surfaces as sample carriers is considered an attractive tool in the ADI-MS toolbox
for fast and efficient mass spectrometric investigations of complex samples without time-consuming sample preparation.
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Introduction
Published in the topical collection Analytical Methods and Applications
in the Materials aM Life Sciences with guest editors Ute Resch-Genger, Caffeine is the main active ingredient in coffee, tea, energy
Matthias Koch, Bjorn Meerman, and Michael G. Weller. . . .
drinks, and other beverages. It is considered the most com-
This manuscript is dedicated to the 150th anniversary of BAM. monly used psychoactive substance worldwide because cof-
fee and tea are the second most consumed beverages after
b4 Carsten Engelhard water [1-3]. Caffeine can be found as a natural alkaloid in

engelhard @chemie.uni-siegen.de a variety of plants and its biosynthetic pathway has already

Department of Chemistry and Biology, University of Siegen, been elucidated in detail [4, 5]. The IUPAC name 1,3,7-tri-
Adolf-Reichwein-Str. 2, 57076 Siegen, Germany methylxanthine reveals that caffeine is structurally derived
Research Center of Micro- and Nanochemistry and (Bio) from xanthine, a purine base consisting of a pyrimidine ring

Technology, University of Siegen, Adolf-Reichwein-Str. 2, connected to an imidazole ring [4].
57076 Siegen, Germany
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Chemical analysis of coffee samples is typically car-
ried out using high-performance liquid chromatography
(HPLC) and ultra-high-performance liquid chromatography
(UHPLC) systems with UV/VIS detection and reversed-
phase columns [6—8]. Additionally, liquid chromatogra-
phy—mass spectrometry (LC—MS) can be helpful when caf-
feine is present at lower concentrations or a complex matrix
is involved. While LC-MS methods provide excellent lim-
its of detection (LOD) in the low ug-per-liter-range, they
often require preceding analyte extraction from coffee or tea
samples, which, in total, can be time-consuming and costly.
The food industry is, therefore, interested in direct analysis
methods such as Fourier transform infrared spectroscopy
(FTIR) followed by chemometric data analysis such as par-
tial least square regression (PLS-R) and principal component
analysis (PCA). For example, not only the detection of caf-
feine but also the discrimination between different coffee
varieties, degree of roasting, and geographic origin of the
plants was demonstrated using solvent extraction and FTIR
[9-11]. The main drawback of FTIR-based methods is the
comparably high LOD in the mg/L range and the need for
time-consuming sample extraction to avoid matrix interfer-
ences with excipients [11]. Additionally, it is necessary to
have access to and appropriate experience in chemometrics
and multivariate data analysis to process the data.

Because the conventional methods such as FTIR and
LC-MS are rather time-consuming, ambient desorption/
ionization mass spectrometry (ADI-MS) is a promising can-
didate for a straightforward quantitative analysis approach,
which also includes highly selective information when cou-
pled to high-resolution mass spectrometers. The research
field of ADI-MS started with the introduction of desorption
electrospray ionization (DESI) by Cooks et al. and direct
analysis in real-time (DART) by Cody et al. as new ioniza-
tion sources for rapid analysis at ambient conditions [12, 13].
Till today, about 50 ADI sources that utilize laser-, plasma-,
or spray-based desorption and ionization were developed
for mass spectrometric applications [14]. One key aspect of
all these sources is the possibility to probe samples in their
original state without or with only minimal sample prepa-
ration. In laboratory practice, this would help to reduce or
eliminate extraction protocols and chromatography-based
separations prior to mass spectrometric analysis. On the
other hand, this presents challenges to the mass spectrom-
eter including higher loads of matrix and, in turn, might
result in severe matrix effects, analyte ion suppression, and
changes in ion transmission. Several studies that discuss
these challenges in detail were summarized in a review pub-
lished by Shelley and coauthors [14] in 2018. One approach
to reduce ion suppression and matrix effects is to combine
ADI sources with planar chromatography techniques such
as thin-layer chromatography (TLC) or high-performance
thin-layer chromatography (HPTLC). For example, the
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benefit of coupling TLC to DESI-MS [15-17], DART-MS
[18-20], low-temperature plasma (LTP) [21], and molecular
ionization-desorption analysis source (MIDAS) [22, 23] has
been demonstrated in several studies. Other plasma-based
ADI sources such as the flowing atmospheric-pressure after-
glow (FAPA) source were used in TLC-ADI-MS studies as
well [24, 25]. One advantage of plasma-based ADI sources
compared to spray-based sources is the absence of additional
solvent and solvent vapor, thus, minimizing analyte diffu-
sion and broadening of the sample spot on the respective
surface of interest. In addition, FAPA-MS experiments have
the potential to be conducted with shorter analysis times and
improved LODs while limiting the sample preparation effort.
In an earlier publication from our group, the influence of
different TLC parameters (thickness, particle size distribu-
tion, modification type) and drying conditions on analyte
ion signals in mass spectrometric imaging with FAPA-MS
[24] was studied. As a proof-of-principle example, caffeine
in energy drinks was quantified using normal-phase (NP)-
HTPLC-FAPA-MS and isotope dilution analysis (IDA) [24].

In this study, the influence of different sampling sur-
faces on the analyte signal response in FAPA-HR-MS and
the possibility of accurate quantification based on isotopi-
cally labeled standards were systematically investigated
and extended to other samples. For the TLC surfaces, it
was also compared whether a prior planar chromatography
step is important for both best analyte signal response and
accurate quantification in the presence of a complex matrix
and various concomitants. In addition, it was investigated
whether matrix effects would differ for various sampling
surfaces and lead to significant matrix-induced suppression
of the analyte ion signal in direct FAPA-HR-MS analysis
of beverage samples on TLC plates. For this purpose, pure
caffeine standards with different concentrations were also
investigated comparatively. In another experiment, FAPA-
MS was used in transmission mode to perform quantitative
analysis using the isotope dilution approach and results were
compared to scanning FAPA-MS. The obtained quantitative
results for the beverage samples were compared and vali-
dated by HPLC-UV measurements.

Materials and methods
Reagents

Propan-2-ol (analytical grade) and n-heptane (analytical
grade) were purchased from VWR Chemicals (Radnor, PA,
USA) and methanol (HPLC grade) was purchased from
Fisher Chemicals (Hampton, NH, USA). Bidistilled water
was freshly produced with a distillation apparatus from Her-
aeus-Quarzschmelze GmbH (Hanau, Germany) in the labo-
ratory. Caffeine (>99.9% chemical purity) and 13C3—caffeine
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standard solution (1 mg/mL in methanol, 99 atom %
13C,>99% chemical purity) were obtained from Merck
KGaA (Darmstadt, Germany). The used HPTLC plates
including C18 reversed-phase (RP)-HPTLC LiChrospher®,
NP-HPTLC, and cyano (CN)-modified HPTLC were all
provided by Merck KGaA (Darmstadt, Germany). Micro-
scope slides were acquired from Carl Roth GmbH + Co. KG
(Karlsruhe, Germany), and uncoated TLC glasses were used
from MACHEREY-NAGEL (Diiren, Germany). Red Bull,
Coca-Cola, coffee, and black tea as caffeine-containing bev-
erages were obtained from local grocery stores.

Preparation of caffeine standard solutions

A caffeine stock solution was prepared by dissolving caffeine
(20.4 mg) in methanol (20.0 mL) to give a concentration of
1.02 mg/mL. Based on the stock solution, a dilution series
was produced yielding concentrations of 20.4, 10.2, 2.04,
and 1.02 pg/mL. 13C3-(:affeine was added to all solutions of
the series to give internal standard concentrations of 5.0 pg/
mL each. For the pure caffeine studies, a methanolic stock
solution (498 pg/mL) was prepared and diluted in tenfold
dilution steps to finally achieve the lowest concentration of
49.8 ng/mL.

Preparation of beverage samples and sample
extracts

Beverage samples were used without sample preparation
for direct analysis by FAPA-MS. In addition, liquid-liquid
extraction of the beverages was performed as a comparison
and for validation by HPLC-UV experiments. Coca-Cola
and Red Bull were degassed by ultrasonification for 10 min.
Tea (1.019 g) and coffee (3.077 g) were mixed separately
with 50 mL of water and heated till boiling. The suspensions
were boiled for 4 min in a covered beaker and then filtered
(Whatman® Schleicher & Schuell filter papers, grade 595
Y5, @ 240 mm) to give the beverages for further experiments.
One aliquot was set aside for direct analysis experiments and
another aliquot was further extracted.

For liquid-liquid extraction, the respective beverage sam-
ples (5 mL) were transferred into a separation funnel and
bidistilled water (10 mL) and aqueous sodium carbonate
solution (20 w%, 1 mL) were added. The aqueous phase was
extracted with chloroform (3 X 20 mL) and the combined
organic phases were further evaporated to dryness using a
TurboVap II (Biotage, Uppsala, Sweden). During the drying
process, the walls of the evaporation containers were rinsed
three times with methanol (10, 5, and 3 mL respectively) to
assure the highest recovery of analyte in the extracts. The
samples were reconstituted in methanol and transferred to
5-mL volumetric flasks, which were filled to the mark with
methanol to a total volume of 5 mL. The solutions were

ultrasonicated and transferred to 1-mL vials after filtration
with 0.45-um syringe filters for further analysis.

For quantification of caffeine in the beverages via iso-
tope dilution analysis, an aliquot of either 80 or 75 pL of
beverage was mixed with either 20 or 25 pL of methanolic
13C3-caffeine solution (1 mg/mL) to give a total volume of
100 pL. To ensure complete homogenization, the mixture
was vortexed for 2 min.

The prepared beverage samples and all 13C3-caffeine—
containing solutions were stored at — 30 °C. The extracts
were stored at 4 °C.

HPTLC preparation

For the HPTLC experiments, 4 cm X5 cm plates were pre-
pared. This was done for all used HPTLC types to guaran-
tee reproducibility and comparability. For the separation, a
small volume (1 pL, if not stated otherwise) of the respec-
tive sample, either untreated or extract-based, was deposited
with a 1-pL capillary onto the plate. Typically, 4 spots of an
individual sample were applied to a plate to generate a useful
data set. The spots were dried on a hot plate at 50 °C for at
least 5 min to ensure complete solvent evaporation. Separa-
tion of the analyte mixtures was performed in a MINIPLAK
glass developing chamber (Fungilab Inc., New York, NY,
USA) using a mobile phase mixture of propan-2-ol, n-hep-
tane, and water (7:3:1 (v//v)), which achieved separation of
matrix compounds from the caffeine and structurally related
compounds (data not shown). Depending on the plate type,
the separation took between 12 and 25 min. After separation,
the plates were dried at 50 °C on a hot plate for 15 min and
investigated in a UV cabinet (UV-Cabinet II, CAMAG, Mut-
tenz, Switzerland). For further mass spectrometric analysis,
the plates were placed in front of the mass spectrometer and
the respective ADI source.

Glass surfaces and mesh preparation

To investigate the necessity of planar chromatography for
reliable quantification, additional experiments were per-
formed using microscope slides and uncoated TLC glass
plates made of soda-lime glass as sample carrying surfaces
for mass spectrometric imaging and analysis. The micro-
scope slides with original dimensions of 76 mm X 26 mm
and a thickness of 1 mm were bisected for the experiments
to give pieces of 38 mm X 26 mm dimensions and to fit them
into the TLC plate holder. For analyses, three droplets (1
pL each) of sample solution were deposited on the respec-
tive glass surface. Due to the lack of a backing material,
these droplets became indistinct and blurred out compared
to the narrow stains achievable on HPTLC plates. This also
limited the number of droplets on the glass sides to avoid
signal overlapping due to indistinct regions on the respective

@ Springer



4484

Heide M. et al.

Table 1 Ion traces (XICs) for mass spectrometric imaging and quantification

Analyte Ion trace for XIC Measured m/z Species Rel. mass accuracy’
Caffeine 195.0855-195.0886 195.0868 M!+H]* <4 ppm
13C-labeled caffeine 198.0952-198.0984 198.0968 [M2+H]* <4 ppm
Caffeine fragment 138.0644-138.0666 138.0655 [M!-C,H,NO +H]* <4 ppm
13C-labeled caffeine fragment 140.0710-140.0732 140.0722 [M2-C!*CH,NO +H]* <5 ppm

'Based on bias to predicted exact mass of the respective ion calculated in Xcalibur. M! represents caffeine with natural isotope abundance and

M? represents isotope-labeled 13C4-caffeine

plates. Glass slides were extensively cleaned with metha-
nol before the measurement and no reuse was intended.
Uncoated TLC glass plates were cut into the same dimen-
sions as the HPTLC plates and treated similarly to the micro-
scope slides. However, sample droplet application was found
to be easier on the respective plate surface.

For analysis in transmission mode (TM mode), stainless-
steel meshes were used (austenitic corrosion-resistant stain-
less-steel wire mesh 1.4301, mesh size 315 um, wire cross
sect. 200 um). For fixation of the meshes, an aluminum rail
was positioned in front of the mass spectrometer inlet. The
rail was mounted with an aluminum pinhole card in which
the meshes were inserted. For mass spectrometric analysis,
the clean meshes were loaded with sample solution (1 pL
per spot), which was allowed to dry for 5 min at room tem-
perature to decrease solvent signals in the spectra.

Instrumentation

An Exactive Orbitrap (Thermo Fisher Scientific, Bremen,
Germany) was used for high-resolution MS analysis. The
instrument was calibrated with an ESI-MS method daily
before the respective experiments to achieve high resolu-
tion and mass accuracy. For mass calibration, the Pierce
LTQ ESI Positive Ion Calibration Solution (Thermo Fisher
Scientific, Bremen, Germany) consisting of caffeine (20 pg/
mL), Met-Arg-Phe-Ala (MRFA, 1 pg/mL), and Ultramark
1621 (0.001%) in an aqueous solution of acetonitrile (50%),
methanol (25%), and acetic acid (1%) was used, which cov-
ers a mass-to-charge ratio (m/z) range of 138 to 1922 m/z.
The resolution during the experiments was set to 50,000 (at
200 m/z) and the maximum injection time was set to 10 ms.
The maximum day-to-day mass measurement uncertainty
was <5 ppm (cf. Table 1).

For all ADI-MS experiments, a home-built pin-to-cap-
illary FAPA source was used as described by Shelley and
coauthors [26] and as schematically depicted in Fig. 1.

A Macor® ceramic (Schroder Spezialglas, Ellerau, Ger-
many) was used as the discharge chamber. A sharpened
stainless-steel electrode (1.6 mm outer diameter (0.d.)) was
positioned on one side of the chamber and a capillary elec-
trode (1.6 mm o.d., 1.0 mm inner diameter (i.d.), 28 mm
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length) was positioned on the other side of the chamber.
The distance between pin and capillary electrodes was kept
at 8 mm during the experiments. To operate the discharge, a
negative potential was applied to the pin cathode through a
5 kQ resistor in a current-controlled mode using a DC power
generator (Kepco, Flushing, NY, USA) with currents rang-
ing from 25 to 40 mA and resulting potentials ranging from
660 to 700 V. Grade 5 Helium (Messer Industriegase GmbH,
Siegen, Germany) was used as the discharge gas at a flow
rate of 750 mL/min if not stated otherwise. No other grid
electrodes (cf. DART [27]) were used. The helium flux was
reproducibly adjusted by an EL-FLOW® Select mass flow
controller (Bronkhorst Deutschland Nord GmbH, Kamen,
Germany).

The ADI source was mounted on an aluminum clamp-
ing plate surrounded by an acrylic glass housing to ensure
isolation from interferences in the laboratory. The clamping
plate includes a mechanic device with similar fittings as the
conventional ESI source to position the ADI source repro-
ducibly and stable in front of the instrument.

For TM mode experiments, the conventional inlet capil-
lary was used and an aluminum pinhole card was screwed
onto the clamping plate. The FAPA source was operated at
an angle of 0° towards the sample holding mesh. The dis-
tance between the FAPA outlet and the MS inlet capillary
was kept at 16.5 mm and the distance between the mesh
and the MS inlet capillary was kept at approx. 1 mm. To
improve reproducibility for the TM mode experiments, the
data acquisition was started after the total ion current (TIC)
variation decreased below 10% and data were then recorded
for 15s.

For HPTLC and glass slide experiments, the conventional
capillary was replaced by a curved inlet capillary with an i.d.
of 0.6 mm and about 4 cm extension. Also, the mesh hold-
ing system was replaced by a HPTLC plate and microscope
slide holding system with a motorized x—y stage (Newport
Corporation, Irvine, CA, USA) controlled by a LabVIEW-
based (Version 11.0, 2011, National Instruments, Austin,
TX, USA) software. The angle between the FAPA outlet and
the plate surface was adjusted to 60°. The distance between
the FAPA outlet and MS inlet capillary was kept between
1.5 and 2.0 mm, whereas the distance between the FAPA
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Pin Cathode
DC of 25-40 mA
at 660-700 V

Anode

Helium inlet —> Capillary

x-y translational stage

Fig. 1 Schematic setup of the pin-to-capillary FAPA source for sur-
face analysis of TLC plates. The FAPA source figure was adapted
from Shelley et al. [26]

outlet and plate surface was kept below 1 mm, and the dis-
tance between plate surface and MS inlet capillary was kept
around 0.5 mm. The HPTLC plates were locomoted beneath
the FAPA outlet and MS inlet with the motorized x—y-stage
for mass spectrometric imaging. Line scans were performed
at a speed of 0.3 mm/s in x-direction followed by a line-
to-line step with a distance of 0.5 mm in the y-direction to
cover the region of interest (ROI) based on the spatial reso-
lution of the desorption spot. Data acquisition was triggered
for each line by the control software.

Molecular mapping and data analysis

The mass spectrometric data from TM mode and surface
mapping experiments were collected with the Exactive Tune
software (11.0 SP3, Thermo Scientific, Bremen, Germany).
Extracted ion chronograms (XICs) were used based on a
mass accuracy range of + 8 ppm for the respective ion of
interest. The used ion traces are listed in Table 1. For further
data handling and visualization, the XICs were transferred
to Origin 2017 (OriginLab Corporation, Northampton, MA,
USA). For TM mode analysis, the generated XICs intensities
were used directly, and for the generation of molecular maps,
the respective lines of each surface measurement were added
up. The time on the x-axis was transferred to a distance
based on the scan rate of 0.3 mm/s and the total number of
lines defined the distance in the y-direction based on 0.5 mm
steps between each line. With the additional information on
the XICs intensities, 2D contour plot diagrams were gener-
ated. For quantitative analysis, the obtained areas of interest
in the contour plots were integrated or the local maxima of
the specific area were used. It was found that resulting con-
centrations did not deviate from each other significantly and
only the standard deviation slightly increased when using
the maxima. Thus, only the results based on the integrated

ROI are presented throughout the manuscript if not stated
otherwise.

Besides classic quantification based on external and inter-
nal standard calibration, which was performed for selected
TM mode experiments, quantification using the isotope dilu-
tion analysis approach was performed. Details on this are
provided in the supporting information.

Safety considerations

The experimental setup used for the experiments includes
high voltages and currents to power the FAPA source. All
connections between the power supply and ADI source
have to be insulated to prevent electric shock. A housing
connected to the laboratory air ventilation that covers the
FAPA source should be used to collect evaporated solvents
and potentially toxic or corrosive chemicals and byprod-
ucts. During a running experiment with the FAPA source,
all laboratory users should be informed and hazards should
be pointed out to avoid accidents or safety risks.

Results and discussion

Comparison of different HPTLC stationary phases
for quantification of caffeine in energy drinks using
TLC-FAPA-MS

In earlier work from our group, promising results were
obtained for direct caffeine analysis in energy drinks using
FAPA-MS in combination with NP-HPTLC plates (24).
Caffeine in three different energy drinks was separated
from matrix compounds using planar chromatography
before being probed by FAPA-MS. Quantification was
achieved using isotopically labeled 13C3—caffeine and a pre-
ceding separation step using NP-HPTLC plates helped to
adequately separate an isobaric interference (peak at m/z
198.0987; which supposedly is a water adduct ion of matrix
compound m/z 180.0881, see ESM Fig. S4 in ref. [21]; it
might also be considered that m/z 180.0881 could be the
result of a water loss of m/z 198.0987) to the caffeine-'>C,
standard ([M?+H]*, m/z 198.0981). While stationary phase
chemistries were investigated with neat standards in the
same study, other HPTLC functionalities were not used for
quantitative FAPA-MS analysis of samples with complex
matrices. Therefore, in the first part of the present study, an
investigation into the applicability of other HPTLC func-
tionalities and beverage samples was carried out, also to
check whether or not a similar isobaric interference would
be observed. If that were to be the case, planar chromatog-
raphy (or mass spectrometers with a higher mass resolving
power) could become important for accurate results in this
type of application.

@ Springer
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Fig.2 Energy drink loaded onto different HPTLC plates and ana- operated at a helium flow rate of 750 mL/min and a discharge current
lyzed by FAPA-MS imaging: mass spectrometric images of A caf- of 35 mA. The deposited sample volume was 1 pL per spot (320 ng
feine (left) and ]3C3-caffcine (right) on NP-HPTLC; B caffeine (left) analyte/spot). For caffeine and 13C3-caf°feine, the mass traces for the
and '*C;-caffeine (right) on RP-LiChrospher®-HPTLC; C caffeine [M + H]*-species were used given in Table 1

(left) and 13C;-caffeine (right) on CN-HPTLC. The FAPA source was
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Table 2 Quantitative analysis of caffeine in four dried energy drink
sample spots on HTPLC plates using FAPA-MS and internal stand-
ardization. The results are based on the integrated ROI of the respec-
tive analyte ions present in the contour plots. A ratio of 20 pL internal

standard and 80 puL sample was used and a volume of 1 pL per spot
was applied. A fourfold determination was performed for each plate
type as visualized in Fig. 2

HPTLC plate type Caffeine concentration (mg/mL) RSD Bias to references’

NP 0.341+0.028 8% +5% (HPLC?) +7% (manufacturer®)
RP-LiChrospher® 0.303+0.010 3% —6% (HPLC?) —5% (manufacturer)
CN 0.337 +0.004 1% +4% (HPLC?) +5% (manufacturer®)

'Bias based on HPLC-UYV reference experiments and manufacturer information on the caffeine content
2Measured caffeine concentration by HPLC-UV was 0.324 +0.006 mg/mL

3Caffeine concentration given by the manufacturer is 0.320 mg/mL

First, energy drinks (spiked with an internal ]3C3-caffeine
standard) were spotted onto different HPTLC plates (NP-,
RP-LiChrospher®-, and CN-HPTLC), developed within
12-25 min (see “Materials and methods” for details), and
probed by FAPA-MS in scanning mode. In Fig. 2, the
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Fig.3 CN-HPTLC run of different beverages followed by FAPA-MS
imaging: mass spectrometric images of caffeine and '3C;-caffeine on
CN-HPTLC plates after separation from the matrix (not visualized) in
an energy drink, cola, coffee, and tea, respectively. The FAPA source
was operated at a helium flow rate of 750 mL/min and a discharge

influence of the HPTLC material on the mass spectral images
of the caffeine analyte and the internal '*C;-caffeine standard
is shown. Signal intensities for NP- and RP-LiChrosphere®-
plates are similar in magnitude, whereas CN-plates show a
100-fold increase in signal intensities. While the isobaric
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current of 35 mA. The deposited sample volume was 1 pL per spot
(320 ng analyte/spot for energy drink, 97 ng analyte/spot for cola,
341 ng analyte/spot for tea, and 778 ng analyte/spot for coffee). For
caffeine and 13C3—caffeine, mass traces for the [M +H]"-species are
listed in Table 1
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interference mentioned above was observed here as well
when using NP-HPTLC plates (Fig. 2A, 13C3—caffeine
graph, two spots are visible in y-direction at 2—-8 mm and at
10-12 mm), it was not observed with RP-LiChrospher®- or
CN-HPTLC plates.

The reason could be that either (i) the isobaric interfer-
ence is only present in the NP-HPTLC experiment or (ii) the
species is chromatographically resolved from 13C3—(:affeine
only with the normal-phase but coelutes in the case of RP-
LiChrospher®-, and CN-HPTLC. Here, a closer look into
the calculated caffeine concentrations might help. Table 2
shows the calculated caffeine concentrations based on inter-
nal standardization with '3C;-caffeine. The presence of a
coeluting isobaric interference in Fig. 2B, C would decrease
the measured ratio R['>C/'3C] based on Eq. S1. As aresult,
it would lead to a distinctive negative bias of the caffeine
concentration (as described by Kuhlmann et al. [24] earlier
in detail). However, as this is not observed in Table 2, it
is assumed here that no or no significant contribution of
an isobaric interference is present when RP-LiChrospher®
and CN-HPTLC plates are used in this type of application.
In conclusion of the first part, it was found that CN- and
RP-LiChrospher®-HPTLC plates are attractive alternatives
to NP-HPTLC plates. They give reliable and better results
(improved RSDs and smaller bias, see Table 2) that are in
good agreement with HPLC and manufacturer values. As a
result, only these two types of materials were selected for
the following experiments below.

Caffeine quantification in beverages and extracts
on RP-LiChrospher®- and CN-HPTLC plates using
planar chromatography vs. direct scanning FAPA-MS

Because of the promising quantitative HPTLC-FAPA-MS
results above, the study was expanded to other beverages
that contain caffeine. In addition to energy drinks, coffee,
tea, and cola were studied. Analytes were separated from
the matrix on CN-HPTLC plates followed by FAPA-MS
analysis. Quantitative results were obtained and the corre-
sponding mass spectrometric images for caffeine in differ-
ent beverages are depicted in Fig. 3. The highest caffeine
concentrations were found in coffee followed by the energy
drink and tea (similar content) and cola with the lowest caf-
feine concentration (cf. Table 3). These results were found to
be in good agreement with HPLC-UV experiments, which
were performed to validate the CN-HPTLC-FAPA-MS data.
CN-HPTLC-FAPA-MS results for all beverages are summa-
rized in Table 3 and compared to HPLC-UYV data. Because
a reproducible desorption/ionization cannot be taken for
granted in ADI-MS [14, 27, 28], the results are considered
very promising. Even though only a twofold determina-
tion was performed, very low standard deviations were
achieved, which is remarkable in ADI-MS and indicates a
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high precision of the method. Unfortunately, the caffeine
concentrations were found to be slightly off compared to
HPLC-UYV results especially for tea, which shows a negative
bias on the order of 30% (based on [M +H]* m/z 195.0868
and m/z 198.0968, concentration values indicated using the
superscript letter “2” in Table 3). Additional investigations
based on the fragments of caffeine and '*C-caffeine (con-
centration values indicated using the superscript letter “3” in
Table 3) gave better results for coffee but did not improve the
results for the other samples. For example, the result for the
energy drink was significantly biased compared to cafteine
concentrations calculated using [M +H]* ions. Clearly, the
use of fragment ions was found to be not helpful in this type
of matrix and shows that such strategies have to be evaluated
individually based on the type of sample and matrix.

To investigate potential matrix effects on mass spectro-
metric imaging and the quantitation approach, the original
beverage samples as well as liquid-liquid extracts of the
four beverages (used for the reference HPLC-UV method)
were applied on CN-HPTLC surfaces and probed directly
by FAPA-MS without further separation. The corresponding
molecular maps are depicted in Fig. 4. As mentioned before,
no analyte/matrix separation was performed to be able to
investigate a potential matrix influence on the desorption/
ionization and quantification efficiency of the analytes. The
resulting concentrations determined by the isotope dilution

Table 3 Caffeine concentrations in different beverages determined
after a CN-HPTLC run and FAPA-MS imaging. The results are based
on the integrated regions of interest of the respective analyte ions pre-
sent in the contour plots in Fig. 3. For energy drink and cola, 20 pL
of standard and 80 pL of sample were mixed. For coffee and tea, 25
uL of standard and 75 pL of sample were mixed. For each beverage,
analysis was performed twice

Beverage Caffeine concentra- RSD Bias to reference!
tion (mg/mL)

Energy drink  0.340+0.0001> <1%0* +5%2
0.404+0.0583 14%> +25%

Cola 0.104 +0.0005> <1%* +7%

Coffee 0.651+0.00012 <1%0* —16%>
0.699 +0.0005> <1%0° —10%°

Tea 0.222 +0.0005> <1%* —35%?
0.232 +0.0002° <1%0° —32%3

!Caffeine concentration determined by HPLC-UV: energy drink:
0.324 mg/mL, cola: 0.097 mg/mL, tea: 0.341 mg/mL, coffee:
0.778 mg/mL, RSD <2% for all HPLC-UV measurements

ZResults based on protonated molecular ions m/z 195.0868 and m/z
198.0968

3Results based on fragment ions m/z 138.0655 and m/z 140.0722
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method are summarized in Table 4. Similarly, to the data
obtained for the samples with analyte/matrix separation,
standard deviations were found to be minimal, supporting
the fact that the desorption/ionization process is relatively
stable with/without matrix present. For the calculation of
the concentrations, the ROI was mainly used as stated in the
materials and methods chapter.

It can be stated that the results based on chromatographic
separation (Table 3) differ from those without a previous
separation (Table 4). The concentration bias is higher for all
beverages when a separation step on the plates is performed
before sampling with the FAPA source. This is somewhat
counterintuitive because one would expect that an analyte/
matrix separation would help to reduce matrix effects (and
potentially isobaric interferences). However, the separa-
tion did not improve the results. In addition, beverage and
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Fig.4 Direct FAPA-MS analysis of dried spots on CN-HPTLC
plates: mass spectrometric images of caffeine (left) and 13C3—caffeine
(right) in beverages (upper part) and beverage extracts (lower part).
Samples included an energy drink (A1-A3), cola (B1-B3), tea (C1-
C3), and coffee (D1-D3). The FAPA source was operated at a helium

beverage extracts were compared and led to deterioration. As
mentioned above, beverages and extracts were both investi-
gated with the same method to better understand the matrix
influence on the quantitative analysis. For the energy drink,
cola, and coffee, the matrix did not seem to have a large
influence on the results (bias to reference range from —2
to 7%). In the case of tea, however, the calculated caffeine
contents were found to better match the HPLC-UV results
when a liquid-liquid extraction was used before direct CN-
HPTLC-FAPA-MS analysis (— 17% without, +4% with
extraction step).

In addition to CN-HPTLC, RP-LiChrospher-HPTLC
plates were investigated as well but the results will only
be briefly discussed here. Beverages were probed with and
without a preceding planar chromatography step. Sample
extracts were probed directly by FAPA-MS. Results are
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flow rate of 750 mL/min and a discharge current of 35 mA. The
deposited sample volume was 1 uL per spot (320 ng analyte/spot for
energy drink, 97 ng analyte/spot for cola, 341 ng analyte/spot for tea,
and 778 ng analyte/spot for coffee). For caffeine and '*C,-caffeine,
mass traces for the [M + H]*-species are listed in Table 1
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summarized in Table 5. Similar to the CN-HPTLC experi-
ments, direct quantitation values of caffeine in beverages
deposited on RP-LiChrospher-HPTLC plates (without sepa-
ration) are in good agreement with the reference values and
feature low RSDs (<3%). The largest concentration biases to
reference values were found when tea was analyzed directly
on the plate. Clearly, the desorption surface seems to have a
significant influence on the results when one compares the
different HPTLC materials. The most prominent differences
were found with beverage extracts and with planar chroma-
tography. Here, concentration biases of up to—84% were
found with RP-LiChrospher-HPTLC plates (Table 5) while
biases with cyano-modified silica were smaller (Tables 3
and 4).

Quantification of caffeine by sample application
on glass slides

As alternative surfaces for dried droplet sampling, micro-
scope glass slides and uncoated TLC glass plates were con-
sidered because they are readily available and very cheap
compared to functionalized HPTLC plates. However, they
would only be helpful if no matrix effects on the analyte and
internal standard are expected, which would make planar
chromatography advisable for analyte/matrix separation. It
was expected from earlier work that spotting on glass would
result in blurred and indistinct dried sample spots, especially
when aqueous and polar-protic solvents were used. This
was also observed here. An example of mass spectromet-
ric images obtained after beverage analysis (energy drink)
on a microscope slide is given in Fig. 5. Measurements on
microscope slides and TLC glass for all other beverages
were performed as well and results are provided as electronic
supplementary material (ESM, Figs. S2-S11). As indicated
in Fig. 5, spot shapes on microscope slides are heteroge-
nous (n=4, 320 ng/spot) compared to the spots obtained on
coated HPTLC plates.

In addition, higher RSDs were observed for all beverages
because the results were all based on real samples and no
extraction or chromatography step was performed. Addition-
ally, the sample application was not as reproducible as for
the HPTLC plates. Nevertheless, the RSDs are still in an
acceptable range (< 7%) for ADI-MS due to the use of an
internal standard. Table 6 summarizes the calculated caf-
feine concentrations on the different glass surfaces. Caffeine
quantitation in tea shows a consistent bias across the data
yielding a lower concentration than the reference. Surpris-
ingly, the bias is smaller compared to results with a preced-
ing chromatographic separation (Table 3). When comparing
the two glass surfaces, the microscope slides were found to
be more reliable. For example, the determination of caffeine
in cola on uncoated TLC glass resulted in a very large posi-
tive bias of over 500%.
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Table 4 Caffeine concentrations in beverages and beverage extracts
determined by direct FAPA-MS imaging of dried spots on CN-
HPTLC plates. For energy drink and cola, 20 uL of standard and 80
uL of sample were mixed, and for coffee and tea, 25 uL of standard
and 75 pL of sample were mixed. For the extract samples, 25 pL of
standard and 75 pL of sample extract were mixed. A threefold deter-
mination for each beverage and beverage extract was performed

1

Beverage Caffeine concentra- RSD Bias to reference
tion (mg/mL)

Energy drink  0.321 +0.001% <1%> —1%*
0.335+0.001° <1%* +3%3

Cola 0.104+0.00012 <1%0° +7%
0.095 +0.0002° <1%° —2%3

Coffee 0.785 +0.003> <1%> +1%*
0.767 +0.0005° <1%0° -1%°

Tea 0.284 +0.0022 <1%? —17%*
0.353 +0.0005° <1%° +4%3

!Caffeine concentration by HPLC-UV: energy drink: 0.324 mg/
mL, cola: 0.097 mg/mL, tea: 0.341 mg/mL, coffee: 0.778 mg/mL;
RSD <2% for all HPLC-UV measurements

Direct beverage analysis, no sample preparation

Beverage extract after liquid—liquid extraction

Differences in the analyte signal response between micro-
scope slides and uncoated TLC glass could be related to the
different types of materials. The microscope slides consist

Table 5 Direct and quantitative caffeine analysis by FAPA-MS in dif-
ferent beverages and beverage extracts applied on RP-LiChrospher-
HPTLC plates. The pure beverage was investigated with (bold) and
without (italics) separation and the extract was investigated without
separation (bold-italics)

Beverage Caffeine concentra- RSD Bias to reference’
tion (mg/mL)

Energy drink  0.303+0.010 2 3%? —6% 2
0.319+0.001 3 <1%°3 —2%"3
0.548 +0.094* 17%* +70%*

Cola 0.041 +0.022 2 54% 2 —58%?
0.090+0.003 3 3%3 —7%"
0.016+0.005* 31%* —84%*

Coffee 0.888 + 0.030 2 3% 2 +14% 2
0.825+0.0053 <1%°3 +6%°
1154+ 0.143* 12%* +48%*

Tea 0.256 +0.022 2 9% 2 —25%*
0.282+0.006° 2%73 —17%3
0.445+0.058 * 13%* +30%*

! Caffeine concentration by HPLC-UV: energy drink: 0.324 mg/
mL, cola: 0.097 mg/mL, tea: 0.341 mg/mL, coffee: 0.778 mg/mL;
RSD <£2% for all HPLC-UV measurements

2Caffeine in beverage after separation (bold)
3Caffeine in beverage without separation (italics)

4Caffeine in extract without separation (bold-talics)
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of soda-lime glass, which is the most commonly used glass
type. Information on the slides by the supplier (Carl Roth
GmbH + Co. KG) revealed that the main chemical compo-
nents are SiO,, Na,O, and CaO. No coatings or additives
are used. Furthermore, the amount of MgO is reportedly
relatively high with approximately 4% (to make the surface
more hydrophilic). According to MACHEREY-NAGEL,
the TLC glass material is thoroughly cleaned Pilkington
Microwhite™. The main components reportedly are SiO,,
Na,0, CaO, and MgO (approx. 4%). A significant difference
between the two materials is the wettability of the surfaces.
As stated before, it was difficult to reproducibly apply the
liquid sample on the microscope slide due to its high hydro-
philicity. Even small volumes of 1 pL lead to relatively broad
spots. In contrast, liquid sample application on TLC glass
did not show such a strong spreading. The effect was even
more pronounced when methanolic extracts were applied.
Here, the methanolic sample droplets were maintained on
the surface without spreading and gave defined and repro-
ducible spot shapes after drying on TLC glass slides.

Transmission-mode FAPA-MS for caffeine
quantification on stainless-steel meshes

As an alternative technique for analyte sampling in this
study, a transmission-mode (TM) FAPA-MS approach was
established using a steel mesh. This approach would be
interesting when no spatial resolution or a preceding sep-
aration step would be required. First, the applicability of
the transmission-mode approach was investigated by prob-
ing neat standards with known caffeine concentrations and
without any matrix with the FAPA source. (cf. Figure 6).
Quantification was performed as discussed above (cf. isotope
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Fig.5 Mass spectrometric images of caffeine (left) and *C,-caffeine
(right) for the direct desorption/ionization of an energy drink from a
microscope slide. FAPA source was operated at a helium flow rate of

dilution formula in Eq. S1). Due to the nature of the TM
experiments, no molecular maps were generated and only
ion intensities based on the chronograms were used for
calculations. It was found that the results were quantitative
(based on the isotope dilution formulae) and in excellent
agreement with the expected values (in the 1-20 pg/mL
range). Second, real beverages (with a significant matrix
load) and beverage extracts were analyzed and the results
are summarized in Table 7.

The caffeine concentrations from direct measurements
of the beverages (energy drink, cola, coffee) are surpris-
ingly accurate when compared to the HPLC-UV (reference)
results (+3-7% deviation). In beverage extracts, a nega-
tive bias on the order of 24-30% was observed (similarly
to results with glass surfaces). Repeatability was found to
be acceptable. Specifically, analysis of extracts resulted in
slightly better RSDs (< 1-3%) compared to beverage results
(RSDs 1-10%), which could be attributed to less matrix
being present. A similar trend was also observed with other
desorption surfaces as discussed above.

The main advantage of the transmission-mode
approach is a simple and fast experimental procedure.
After initial sample preparation, a small sample volume
(in the order of 1 pL) is applied onto the mesh, the
solvent is evaporated, and, finally, the mass spectrum
is recorded, which takes about 15 s. However, it was
found that the analyte signal of caffeine in a sample with
matrix is significantly lower when compared to results
with CN-HPTLC-FAPA-MS. It certainly depends on the
type of application solvent, matrix load, and concomitants
but for caffeine quantitation in beverages TM-FAPA-MS
is considered less sensitive and less reliable at analyte
concentrations below 1 ng of applied caffeine when
compared to CN-HPTLC-FAPA-MS.
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750 mL/min and a discharge current of 35 mA. The deposited sample
volume was 1 pL per spot (320 ng analyte/spot)
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Table 6 Calculated caffeine concentrations in different beverages
applied on glass surfaces. For energy drink and cola, 20 pL of stand-
ard and 80 pL of sample were mixed, and for coffee and tea, 25 pL
of standard and 75 pL of sample were mixed. For energy drink on
microscope slides, a fourfold determination was performed. For the
other measurements, a threefold determination was performed

Beverage Caffeine concentra- RSD Bias to reference’
tion (mg/mL)

Energy drink  0.369+0.016> 4%* +14%?2
0.209+0.014° 7%? —35%°

Cola 0.097 +0.0022 2%* +0%>
0.623+0.037° 6% +542%3

Coffee 0.827 +0.008> 1%* + 6%
0.813+0.006 <1%’ +4%3

Tea 0.257 +0.0012 <1%> —25%*
0.287 +0.006° 2%3 —16%°

LCaffeine concentration by HPLC-UV: energy drink: 0.324 mg/
mL, cola: 0.097 mg/mL, tea: 0.341 mg/mL, coffee: 0.778 mg/mL,
RSD <2% for all HPLC-UV measurements

2Values with regard to microscope slide

3Values with regard to TLC glass

Direct comparison of the ADI response of caffeine
from different sampling surfaces

One important fundamental question is whether or not the
described phenomena can only be observed in real samples
or also in pure analyte standards. As a direct comparatative
study of the ADI response, different caffeine amounts were
applied on the respective surfaces. In Fig. 7, the influence of
the surface type on the analyte ion signal response is shown.

For pure caffeine, the two glass surfaces show the high-
est signal response (in the upper ng range) followed by
CN-HPTLC and NP-HPTLC. A smaller analyte signal can
be observed for RP-LiChrospher, and the response is even
weaker for stainless-steel mesh. More interesting in this con-
text is the probed total caffeine amount on the surface and
the FAPA-MS sensitivity across different surfaces. Here, the
main drawback of the glass surfaces comes into account.
For the two highest applied amounts, all spots can easily
be distinguished from the background, but at lower caffeine
amounts, it is not possible to differentiate co-deposited spots
spatially, which makes reproducible signal integration chal-
lenging. With the stainless-steel mesh, similar issues cannot
occur because the spots are applied individually and spa-
tially well separated from each other onto the mesh surface.
However, as already mentioned, the response is significantly
lower than for all other surfaces but good linearity in said
range (498 pg—498 ng) can be achieved. The advantages of
CN-HPTLC surfaces compared to all other studies surfaces
can be seen throughout the data set. CN-HPTLC plates
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Fig.6 Comparison of theoretical caffeine concentrations of stand-
ard solutions and concentrations of respective standards measured
by TM-FAPA-MS and calculated with the isotope dilution formula.
Standard concentrations were 1.02 ug/mL (level 1), 2.04 ug/mL (level
2), 10.2 pg/mL (level 3), and 20.4 ug/mL (level 4)

provide the best results over the total caffeine amounts stud-
ied (49.8 pg—498 ng). Because 49.8 pg of applied caffeine
were reproducibly detectable (RSD < 12%), this was con-
sidered the lowest detectable concentration in this study. It
is likely that lower values could be achieved, and a careful
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Fig.7 ADI response represented by the integrated ROI of caffeine
as [M+H]*versus the applied caffeine amount in ng ranging from
0.0498 to 498 ng on different surfaces. The data points are visually
assigned to the respective surfaces, as illustrated in the upper left part
of the figure. The FAPA source was operated at a helium flow rate of
750 mL/min and a discharge current of 35 mA. The deposited sample
volume was 1 pL per spot as a methanolic solution including three
spots per concentration step on each surface. Note the logarithmic
scaling
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Table7 TM-FAPA-MS analysis of caffeine in beverages and bever-
age extracts. Liquids were pipetted onto a steel mesh as follows: For
energy drink and cola, 20 pL of standard and 80 puL of sample were
mixed. For coffee and tea, 25 pL of standard and 75 pyL of sample
were mixed. For extract samples, 25 pL of standard and 75 pL of
sample extract were mixed. A threefold determination for each bever-
age and beverage extract was performed

1

Beverage Caffeine concentra- RSD Bias to reference
tion (mg/mL)

Energy drink 0.333+0.011% 3%* +3%
0.243+0.001° <1%* —25%3

Cola 0.104 +0.010% 10%> +7%*
0.074 +0.002° 3%° —24%

Coffee 0.802+0.034% 4% +3%*
0.547+0.003° <1%* —30%°

Tea 0.285 +0.004> 1%* —16%>
0.240+0.002° <1%* —30%°

ICaffeine content as determined by HPLC-UV: energy drink:
0.324 mg/mL, cola: 0.097 mg/mL, tea: 0.341 mg/mL, coffee:
0.778 mg/mL; RSD <2% for all HPLC-UV measurements

Values with regard to real sample + internal standard

3Values with regard to extract + internal standard

characterization of the instrumental and method LODs/
LOQs is planned for a follow-up study. Additionally, CN-
HPTLC plates guarantee a defined sample application to
the surfaces, similar to the other two TLC surfaces. This
is in accordance with the results on the beverage samples
(see above). It should be noted, however, that the beverage
samples are mostly aqueous solutions, whereas the caffeine
standards were all applied as methanolic solutions. Potential
solvent effects during the sample application may influence
analyte diffusion on and into the surface. These, in turn, may
then influence the desorption efficiency per given area. This
potential solvent matrix effect will be investigated in the
future in more detail.

Conclusion

In this study, the influence of different sampling surfaces
on the analyte signal response in FAPA-HR-MS was sys-
tematically investigated and accurate quantification of caf-
feine in different beverages was achieved based on an iso-
topically labeled standard. Different stationary phases were
evaluated including NP-, RP-, and CN-HPTLC in addition
to microscope slides and uncoated TLC glass. Also, results
were compared to a stainless-steel mesh transmission-mode
experiment. After careful optimization, caffeine was quan-
tified successfully with CN-HPTLC-FAPA-HR-MS. The
potential benefit of an analyte/matrix separation step before

FAPA-HR-MS analysis was investigated but found to be
not mandatory for this application, which is consistent with
the basic idea of performing direct analysis with ADI-MS.
The HPTLC surfaces served only as sample substrates when
beverages were probed by FAPA-MS and no planar chro-
matography step was required to match HPLC-UV results.
In addition, quantitation of caffeine in beverage extracts
resulted in larger biases compared to direct beverage analy-
sis in most cases. This finding may be explained by the dif-
ferent diffusional behavior of the respective samples which
is highly influential for the desorption process and will be
part of future studies on FAPA-MS including TLC surfaces
as sample carriers. Across all investigated sample carriers,
CN-HPTLC plates turned out to be the most efficient ones.
Not only the analyte ion signals were significantly higher
and RSDs were small but also all studied caffeine concen-
trations were detectable over a broad range. With respect
to the polarity of the investigated surfaces, CN-HPTLC is
considered medium-polar with cyanopropyl functionalities.
RP- and NP-LiChrospher are non-polar and polar, respec-
tively. However, the desorption/ionization efficiency cannot
be explained based on differences in surface polarity alone.
Properties such as surface roughness, homogeneity, and
diffusion behavior should be considered for future studies
as well. Because caffeine was used as the lead substance
in aqueous or methanolic media in this study, no general-
ized conclusions for other compounds, solvents, and matri-
ces should be made. Different substance classes and other
surface chemistries should be investigated in the future to
elucidate the influence of the surface on the desorption/ioni-
zation process in plasma-based ambient ionization. Overall,
FAPA-MS combined with dedicated sample carrier surfaces
has the potential to become an important method not only in
rapid screening applications but also in quantitative analyses
of complex samples.
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