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Abstract

A capillary atmospheric pressure photoionization (cAPPI) source was used to analyze polycyclic
aromatic hydrocarbons (PAHs) in complex matrices like grilled meat extract and urban dust reference
material, as well as screening for PAHs in aqueous samples such as tap and lake water. A high-
throughput workflow was developed that allowed rapid screening of unknown samples by direct solid-
phase microextraction (SPME) coupled with cAPPI-MS, with confirmatory gas chromatography
performed only for samples containing trace amounts of PAHs. Extraction times were as low as 15
seconds, with a total analysis time of 2 minutes per sample for screening. Limits of detections were in
the low pg/mL range and in the sub-pg/mL range for the direct and chromatographic approach,
respectively, with a linear dynamic range between 2 and 3 orders of magnitude, as determined for 15
model PAHs. This rapid approach represents an attractive way to screen samples containing non-polar

compounds using an ambient ionization source.

Keywords: atmospheric pressure photoionization, APPI, capillary ionization, SPME, direct analysis,
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Introduction

In recent years, many ambient ionization sources have been developed that allow rapid analyses of
different kinds of samples, with minimum or no sample preparation. When sample preparation is no
longer needed, or could be significantly shortened, analytical throughput can be increased, and in some

cases, samples can be analyzed in a matter of seconds.



Most ambient ionization sources for mass spectrometry rely on proton transfer as the main reaction
pathway leading to the protonation or deprotonation of neutral analytes. Examples of this type of
sources are the spray-based ones, like DESI (desorption electrospray ionization)', which are particularly
well suited for the ionization of polar compounds containing heteroatoms that can easily be protonated
or deprotonated.

Plasma sources are also significantly widespread®®, and are among the ones offering more flexibility
during method development, with many parameters affecting the ionization efficiency that can be
individually tuned*® Among them, LTP (low temperature plasma)®, DBDI (dielectric barrier discharge
ionization)” and DART (direct analysis in real time)® sources are certainly widespread, and their use
constantly growing. An advantage of plasma-based over spray-based sources is that a plasma can ionize
molecules via proton transfer, provided enough humidity is present in the sample or in the ionization
area, or via electron transfer (radical pathway), leading to the formation or radical cations or anions’.
The latter mechanism is possible since free electrons are available inside the plasma. A neutral analyte
molecule could then directly capture such free electrons (or one electron could be removed from the
neutral analytes), or an intermediate step involving the ionization of gases like nitrogen and oxygen can
occur, before the ionized gas molecules can interact with the neutral analytes. By tuning the plasma
characteristics (e.g., voltage, pulse with and amplitude, discharge gas, electrode geometry) one could
promote proton transfer reactions or radical reactions, and in certain cases both pathways occur
simultaneously. Plasma source are therefore suited for the ionization of polar compounds and to some
extent non-polar compounds. However, the analytical sensitivity towards the non-polar compound is
often too low to allow detection and quantification in ultra-traces. Several attempts have been made in
this direction to improve the ionization efficiency of PAHs, with, e.g., approaches based on a
combination of DART and dopant-assisted APPI'’, dopant-assisted DART'' and dopant-assisted
DBDI'>".

Atmospheric pressure photoionization (APPI)'*'® is an analytical technique that relies on ultraviolet
photons to ionize compounds. The ionization sometimes results from direct interaction of UV photons
with the neutral analytes, but more often, from the interaction of neutral analytes with a photoionized
dopant. This dopant is a compound that is introduced in higher concentration compared to the analytes,
and is able to efficiently absorb the UV photons'®?!. The use of dopants is often required to increase
sensitivity, since in most APPI sources the photon density is quite low, and direct photoionization of
analytes is statistically unlikely to happen. Because of the high sensitivity towards aromatics and other
mainly nonpolar compounds, APPI rapidly spread and became an established ionization technique, used
today in many laboratories in combination with chromatography** .

While many high-throughput screening methodologies are available for the trace analysis of polar
compounds, this is not the case for non-polar compounds, e.g., aromatics. The sensitivity of ambient
sources is often too low for non-polar compounds, and this is one of the main reasons why most of

high-throughput ambient applications are oriented towards the screening of polar compounds®,



In this work, we report the use of a recently developed capillary APPI (cAPPI) source®® for the high-
throughput screening and quantification of PAHs. In this previous work, we focused on the optimization
and characterization of the ionization process and efficiency by using a wide range of compound
polarities, from mid-polar pesticides and drugs, to low polarity and nonpolar compounds like PAHs. It
was found that the cAPPI source was capable of ionizing compounds with a wide range of polarities,
and that the ionization efficiency is often higher with cAPPI than with other capillary atmospheric
ionization sources, e.g. DBDI %,

Here, we extend the previously reported work to investigate complex matrices like grilled meat and
urban dust, and to develop an analytical workflow that would enable rapid screening and accurate
identification and quantitation. Meat was chosen as a solid matrix as it can become contaminated by

PAHs during cooking at high temperatures®-*°

and because it contains several interfering compounds,
e.g., lipids, that could affect the analyte extraction as well as their ionization efficiency. Urban dust was
chosen because of its fine particles and the presence at high concentrations of PAHs and other toxic
contaminants, mainly deriving from combustion engines and industrial activities. Quantification was
performed by SPME-GC-cAPPI-MS, and when possible by direct SPME-cAPPI-MS.

Direct SPME-MS refers to the direct injection of compounds extracted by a (ideally) rapid SPME
sample preparation step to a mass spectrometer. This approach has gained momentum in recent years
because it allows for short analysis times and can avoid chromatographic separation altogether’'. As
analytes have to be introduced directly to the MS, thermal desorption, liquid desorption or spray
desorption are used for rapid removal of compounds from the SPME device and their introduction into
the MS. Ionization is achieved prior to introduction into the MS via an ambient pressure ionization
source, e.g., DESI*>, DART?, spray ionization®* ¢, or DBDI*",

Here, we demonstrate how the direct SPME-MS approach based on cAPPI ionization allows to obtain
quantitative data for all considered water samples. For more complex sample matrices that contain large
amounts of interfering compounds, or in general when isobaric species of the compounds of interest are
present, where it is not possible to completely rely on the direct approach for quantitation, direct SPME-
MS can be used as a screening technique to discriminate between clean samples (that do not contain
target analytes or their isobars) and potentially contaminated samples. All samples can be screened with
high throughput. Positive samples are then further analyzed by chromatography (GC in our case) to

fully characterize them, and to obtain quantitative information about possible isobaric species, if present.

Experimental section

Materials. HPLC-grade water, HPLC-grade acetonitrile and fluorobenzene (>99.5%) were obtained
from Sigma-Aldrich (Buchs, Switzerland) and acetone (>99.9%) from  Acros  Organics (Geel,
Belgium). Phenanthrene-dio, pyrene-dio, a polycyclic aromatic hydrocarbon mix (CRM 47930) and the
NIST standard reference material (SRM) 1649b were purchased from Sigma-Aldrich. Lake water



samples were taken from lake Zurich (Switzerland). Raw meat samples (veal) were purchased at a local
supermarket, and grilled on a portable charcoal grill.

Sample preparation. Diluted PAH mixture solutions were prepared in ACN, and stored at a
temperature of 4 °C before use. Water solutions used for SPME extractions were prepared by spiking
PAHs in HPLC grade, tap and lake water, maintaining a H,O/ACN ratio of 99:1 (v/v).

Real sample extraction. Raw meat extracts were obtained by portioning each grilled meat sample into
small cubes of ca. 4 mm edge. 2.0g of such cubes were transferred into a 10 mL glass vial and 6 mL of
acetone were added. The NIST urban dust sample raw extract was obtained by weighing 200 mg of
material into a 10 mL glass vial, to which 4 mL of acetone were added. The vials of both samples were
then sealed and extracted in an ultrasonic bath at a temperature of 40 °C for 20 minutes. Both raw
extracts were decanted and not further processed before SPME extraction.

SPME extractions. 7 pm, 30 um and 100 um PDMS SPME fibers, and a PAL RTC autosampler used
to fully automate the analytical workflow, were obtained from CTC Analytics AG (Zwingen,
Switzerland). All extractions were performed from liquid solutions contained in 20 mL vials, with a
composition of 99:1 H,O/organic (organic was acetonitrile and/or acetone), at 25 °C with stirring at
1500 rpm. Pre-equilibrium extraction times ranging from 15 seconds up to 30 minutes were used. For
the SPME-GC calibration curves, an extraction time of 30 min was chosen, in order to maximize
sensitivity and to maintain the extraction time in the order of the chromatographic runtime. Direct
SPME-MS calibrations were based on a shorter 2-min extraction time to maximize throughput and
maintain adequate sensitivity. Rapid SPME-MS sample screening analyses were based on 15 second
extractions. Positive samples were then extracted for 2 minutes and confirmatory SPME-GC runs
performed.

Meat and urban dust raw extracts were diluted with water before extraction. 100 pL of each raw extract
were added to 19.8 mL of water in a 20 mL vial, in which another 100 pL of an ACN solution containing
the internal standard were added. Both types of samples were extracted for 2 minutes with the same
conditions reported above.

Before injection and thermal desorption inside the desorption chamber in direct SPME-MS experiments,
a pre-injection drying step was carried out by completely exposing the fiber into a glass liner (1.5 mm
i.d.) where N, was flowed for 10 seconds (see results and discussion section).

SPME fibers were used for a maximum of 100 extraction for water samples, without noticeable coating
or performance degradation. For meat and urban dust extractions, a maximum of 50 extractions were
performed to avoid any reduction in extraction capabilities due to thermal degradation of matrix
compounds during thermal desorption. This was more a concern for the meat sample, where several
fatty compounds were co-extracted with the PAHs.

Gas Chromatography. All GC chromatographic analyses were performed on a Shimadzu GC-2014,

equipped with a split/splitless injector. The column used was a SLB-5ms from Supelco (Bellefonte,



USA), with dimensions 30 m, 0.25 mm, 0.25 um. The carrier gas used was helium with a purity of
99.999%. The gas flow velocity was maintained at 40 cm/s. The autosampler used was a PAL RTC
(CTC Analytics AG). The injector was maintained at a temperature of 280 °C, in splitless mode for 1.4
min from the moment the SPME fibers were exposed. A 0.75 mm i.d. glass liner was used. The GC
oven temperature was 55 °C for 1.4 min, ramped at 25 °C/min to 150 °C, followed by 10 °C/min to
280 °C, and by 20 °C/min to 315 °C, held for 8 min.

Mass spectrometry. A high-resolution LTQ Orbitrap mass spectrometer (Thermo Scientific, San José,
CA, USA) was used for detection and quantification. On the LTQ mass spectrometer, a custom ion
transfer line of 0.6 mm i.d. was used. The resulting gas flow through the transfer line, and consequently
through the desorption chamber and ionization source, was 1.0 L/min. This flow rate was determined
by the vacuum inside the mass spectrometer and the dimensions of the ion transfer line. The LTQ
parameters were as follows: capillary voltage, 0 V; tube lens voltage, 60 V; capillary temperature,
225 °C; the mass range was 50 to 1000 m/z, with 1 micro scan and maximum trap and FTMS injection
times of 10 and 100 ms, respectively. Automatic gain control was used.

Quantification by direct SPME-cAPPI-MS and SPME-GC-cAPPI-MS was based on positive ionization
full scan mode, with centroid acquisition at a resolution of 30’000 (FWHM at 400 m/z). The signal of
each compound was integrated with a mass window of 2 ppm. Since high-resolution was used,
background noise was often absent for most monitored extracted ion chromatograms (EICs) with the
selected mass window, making signal integration easier. Limits of detections (LODs) were evaluated
experimentally, by analyzing samples at decreasing concentration. Limits of quantifications (LOQs)
were calculated from the calibration curves, obtained with a 1/x weight.

Ionization source. The capillary APPI source used in this study was recently reported by our research
group®®. It is a lab-built source consisting of three parts: a desorption chamber, an ionization chamber,
and a UV lamp assembly. The mass spectrometer inlet is directly connected to the ionization chamber
with a leak-tight Swagelok connector. The desorption chamber and the lamp assembly are also
connected to the ionization chamber with leak-tight connectors. This makes this source a capillary
ionization source, with the amount of gas flowing through the entire system being controlled by the MS
ion transfer line dimensions.

In order to avoid room air (together with its contaminants and humidity) to enter the system, a nitrogen
gas flow of 3 L/min was entered the desorption chamber gas split system. Only 1 L/min entered the
ionization source, while the remaining 2 L/min were released into the laboratory environment. Since
the SPME fibers (during the desorption step) and the GC column were positioned after the gas split
system, the gas exhaust could be kept clean, and no ambient contamination was possible. The
temperature of the ionization source, of the desorption chamber and of the GC transfer line (connecting

the GC to the ionization source) were set to 280 °C.



The dopant used in this study was fluorobenzene (PhF) that was found to be one of the two dopants of
choice for our setup, together with chlorobenzene (PhCl1)®*. The dopant was introduced into the
ionization area in liquid form, at a flow rate of 5 uL/min, through a fused silica capillary (1 m length,
0.1 mm i.d.) with a pressure-assisted setup®’. When entering the ionization area, the high temperature
allowed a complete and uniform evaporation of the dopant. The dopant vapors were then allowed to
mix with the vapors coming from the thermal desorption chamber. Together, they were intercepted by
the UV radiation coming from the UV lamp assembly. The photoionized dopant could then react with

the analytes molecules and ionize them before entering the mass spectrometer.

Results and discussion

During the initial method optimization, it was found that the controlling the humidity was crucial in
these cAPPI experiments. The ionization source and the desorption chamber were always supplied with
dry nitrogen. The flow rate of gas entering the mass spectrometer was always kept lower that the flow
rate of the nitrogen supplied to the source.

When performing GC-cAPPI experiments, the humidity level is always maintained at a constant level,
but with direct SPME-cAPPI experiments a certain amount of water is inevitably introduced into the
ionization source. This is particularly relevant in direct immersion SPME extraction, since a residual
amount of water often remains inside the SPME assembly after the fiber is removed from the extraction
vial. This is normally not an issue when ionization sources primarily based on proton transfer are used.
One example is the SPME-DBDI coupling, in which the gas supplied to the source is purposely
humidified to enhance ionization, and where the additional water vapor supplied through the SPME
desorption is not affecting significantly the ionization efficiency. In SPME-cAPPI experiments, residual
water in the SPME assembly prior desorption always affects the ionization efficiency, and sometimes
determines a strong reduction in ion current that makes the analysis less sensitive and produces poorly
reproducible results. This is because water vapor interferes with the main ionization pathway in our
experiments, i.e., dopant-assisted ionization.

In order to significantly reduce the amount of water introduced in the ionization region, the fibers were
dried before desorption using a lab-built drying device, consisting of a metal T-piece and a GC glass
liner. After SPME extraction from liquid, the fiber was exposed completely (with the maximum
penetration depth) in the glass liner and room temperature dry nitrogen was flowed through this device
for 10 seconds, and this step was very important to avoid ionization suppression effects. A schematic

drawing of the drying setup used, and of the analytical workflow in general, is shown in Fig. 1.
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Fig. 1. Analytical workflow. Rapid SPME extractions are performed on water samples or on diluted sample
extracts, followed by a fiber drying step, and a direct SPME-MS analysis. Based on the full scan MS results, only

positive samples are further analyzed by chromatography for a full characterization and separation of isomers.

Having solved the water suppression effects, experiments were done to investigate the repeatability of
the analytical approach. For our experiments, PDMS fibers were used because of the coating affinity
for PAHs, their thermal stability and the commercial availability of three different phase thicknesses,
i.e., 7 um, 30 um and 100 um.

Initial tests were done using 7 um fibers since they show a shorter desorption time profile, and could
be heated to higher temperature due to the cross-linking of the phase. However, the combination of the
cAPPI setup and our LTQ Orbitap had some limitation in terms of MS acquisition frequency, which
was too low to record an adequate number of data points per single desorption event, resulting in high
signal variation and therefore poor repeatability. Better results were obtained with 30 pm and 100 pum
fibers, due to the slower desorption kinetics. All further experiments were therefore carried out using
100 pm fibers, with a desorption kinetics slow enough to allow good HRMS full scan acquisition, but
fast enough to allow the desorption of more than 90% of each PAH in less than 15 s, and the complete
desorption of the heavy PAHs considered in less than 45 s.

Quantification by SPME-cAPPI-MS and SPME-GC-cAPPI-MS

Calibration curves were obtained for all PAHs in lake water by SPME-GC-cAPPI-MS and direct
SPME-cAPPI-MS. A linear dynamic range of 2 to 3 orders of magnitude was achieved (Table 1 and 2).
While PAH isomers could be chromatographically separated by GC and quantified singularly, in direct
SPME-cAPPI experiments all PAHs are ionized simultaneously, and therefore isomeric species could

only be quantified together.



LDR 2 LOQ LODexp

Compound Equation (pg/mL) R (pg/mL) (pg/mL)
Naphthalene® y=1.31E-1+542E-2x 3-1000 0.987 31 0.3
Acenaphthylene® y=6.70E-3+1.71E-1x 0.3-300 0.997 2 03
Acenaphthene?® y =1.68E-1+3.18E-1x 1-100  0.999 2 0.3
Fluorene ® y=9.03E-2+3.89E-1x  1-100 0.999 1 0.3
Phenanthrene? y =4.25E-1 + 4.90E-1 x 3-100 1.000 2 0.3
Anthracene® y=4.05E-2+397E-1x 0.3-300 0.991 4 0.3
Fluoranthene® y=4.16E-2+6.54E-1x 0.3-100 0.997 2 0.3
Pyrene® y=3.07E-2 +4.48E-1x 0.3-100 0.998 1 0.3
2-Bromonaphthalene® y=-7.07E-3+8.12E-2x 0.3-300 0.994 3 0.3
Benz[a]anthracene b y=-1.30E-2 +4.57E-1x 0.3-100 1.000 0.4 0.1
Chrysene® y=4.05E-2+7.78E-1x 0.3-100 0.998 1 0.1
Benzo[b]fluoranthene ® y=1.06E-1+455E-1x 0.3-300 0.988 5 0.1
Benzo[a]pyrene b y=-2.66E-2 +3.84E-1x 0.1-300 0.999 1 0.1
Indeno[1,2,3-cd]pyrene b y=-6.10E-1 +4.53E-1x  1-300 0.996 6 0.1
Benzo[ghi]per\,'leneh y=-4.56E-1+4.32E-1x 1-100 0.991 6 0.1

Table 1. Calibration curves (1/x weighted) of selected PAHs analyzed by SPME-GC-cAPPI-MS. Phenanthrene-
dio and pyrene-dio were used as internal standards, indicated with a and b superscripts, respectively. LOQ values

were calculated from the calibration curves, and LOD values were determined experimentally.

Compound Equation LDR R? t0Q LoD exp
(pg/mL) (pg/mL) (pg/mL)
Naphthalene ® y=278E-2+2.83E-3x 30-1000 0.999 13 30
Acenaphthylene® y=4.53E-2+7.09E-3x 30-3000 0.983 75 10
Acenaphthene® y=-1.02E-1+1.98E-2x 30-1000 0.977 60 0.3
Fluorene® y=-6.32E-3+1.26E-2x  10-3000  0.995 19 0.3
Phenanthrene + Anthracene ? y=-104E-3+3.70E-2x  0.3-300  0.995 1 1
Fluoranthene + Pyreneh y =-3.63E-4 + 7.58E-3 x 1-1000 0.999 5 1
2-Bromonaphthalene® y=-1.83E-3 +3.34E-3 X 3-1000 0.996 5 3
Benz[a]anthracene + Chrysene 2 y=-6.12E-3 + 1.11E-2 x 1-1000 0.999 5 0.3
Benzo[b]fluoranthene + Benzo[a]pyrene y=-2.33E-2+1.27E-2x  3-1000 0.998 12 03
Indeno[1,2,3-cd]pyrene + Benzo[ghi]perylene' y =-3.80E-2 + 9.59E-2 x 3-1000 0.993 8 0.3

Table 2. Calibration curves (1/x weighted) of selected PAHs analyzed by direct SPME-cAPPI-MS. Isobaric
species were quantified together. Phenanthrene-dio and pyrene-dio were used as internal standards, indicated with
a and b superscript, respectively. LOQ values were calculated from the calibration curves, and LOD values were

determined experimentally.

When comparing the results of this work with published literature, the LOD values for pyrene obtained
by direct SPME-cAPPI-MS are more than two orders of magnitude lower than with the previously
reported dopant-assisted SPME-DBDI-MS'. In addition, in this work SPME fibers were used instead
of the so-called “arrows”, with an extraction time of 2 minutes instead of 5 minutes. Dopant-assisted
DART!"! also showed lower sensitivity than cAPPI, by more than 3 orders of magnitude, although SPME
extraction was not performed in this case.

In addition to lake water, HPLC grade water and tap water were analyzed. For both additional water
samples direct SPME-cAPPI-MS and SPME-GC-cAPPI-MS experiments were performed to calculate
the matrix effect (ME), defined for each of the PAHs as the ratio of their signal intensities in matrix

(lake or tap water) to HPLC water. The SPME-GC experiments mainly show the effect of the matrix



on the extraction efficiency, while the direct experiments show a combination of matrix effects on the
extraction efficiency and the ionization efficiency, due to the presence of matrix compounds (Fig. 2).
In direct SPME experiments, most PAHs show a small to moderate ME, with heavier PAHs being more
prone to MEs. For example, indeno[1,2,3-cd]|pyrene + benzo[ghi]perylene show moderate suppression
in lake water and moderate enhancement in tap water. A similar behavior was also observed in GC

experiments.

160 Il Tap water
V) Lake water

Fig. 2. Matrix effects measured in (a) direct SPME-MS and (b) SPME-GC experiments for tap and lake water

samples. Values for each PAH were normalized to 100% using HPLC water results.

Since different isomers are expected to have different ionization efficiencies and thus show a different
sensitivity in the MS detector, in some cases the direct analysis can only be used to obtain semi-

quantitative results, or for screening purposes. This is especially true when complex sample matrices



are analyzed. In this case, matrix-matched calibration curves should be obtained in all cases when
attempting a direct SPME-MS quantitation, not only for the influence of the matrix components on the
SPME extraction, but also because the presence of significant amount of matrix components can have
a relevant impact on the ionization efficiency.

In order to prove the ability of the direct SPME-cAPPI-MS approach for the detection of PAHs in real
samples, two complex sample matrices were chosen, i.e., grilled meat and NIST CRM 1649b urban
dust.

In the first case, one piece of meat was portioned into 3 parts and grilled in three different ways on
charcoal, according to the procedure reported in the experimental section. This high-temperature
cooking process is known to contaminate the food with PAHs, some of which are very toxic or
carcinogenic. The first sample (A) was not exposed to the charcoal fumes directly, and was therefore
expected to not show traces of PAHs. The second sample (B) was grilled well-done but without
significant carbonization, and the third sample (C) was left on the grill and only removed when surface
carbonization has occurred on the entire surface. The samples were then reduced into small pieces
(cubes of ca. 4 mm edge) and extracted with acetone in an ultrasound bath for 20 minutes. 100 pL of
the raw extract was then spiked into water (20 mL total) and extracted with SPME. The TIC and EICs
of fluorene, phenanthrene + anthracene and fluoranthene + pyrene, for a blank (pure water) and the
three meat samples are shown in Fig. 3. As expected, PAH traces were detected in samples B and C.

Full scan mass spectra of a blank extraction from pure water, and from the carbonized meat are shown

in Fig. 4.
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Fig. 3. TIC and EICs of fluorene (m/z = 166.0777), phenanthrene / anthracene (m/z = 178.0777) and fluoranthene
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/ pyrene (m/z =202.0777), for a blank (pure water) and the three meat samples A, B and C. 100 pL of raw meat

extracts were spiked in 20 mL water solution and extracted with SPME for 15 seconds.
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Fig. 4. Direct SPME-cAPPI-MS full scan MS (+) of a water blank (top) and meat sample C (bottom). 100 puL of

raw meat extract were spiked in 20 mL water solution and extracted with SPME for 15 seconds.

In order to resolve the PAH isomers tentatively identified in the meat samples by direct SPME-MS, a

confirmatory GC analysis was performed. Peak areas of selected PAHs for the GC and direct SPME

analytical approach are shown in Fig. 5. A significant amount of phenanthrene, fluoranthene and pyrene

is observed in sample C.
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Fig. 5. Peak areas of the selected PAHs from a water blank, and real meat sample extracts A, B and C. In the
direct SPME-MS approach (right) the sum of the peak areas of all isomers is considered, while individual isomer
peak areas could be displayed in SPME-GC experiments (left). 100 pL of raw meat extract were spiked into a

20 mL water solution and extracted with SPME for 2 minutes.

A quantification of phenanthrene and pyrene (chosen because the corresponding deuterated internal
standard was present in the extracted solution) was attempted for both the direct and the
chromatographic approach. Quantification using GC data resulted in a phenanthrene concentration of
5.31+0.2 and 13.6 + 0.2 ng/g while pyrene was found at a concentration of 1.6 £ 0.1 and 9.3 £ 0.4 ng/g,
in samples B and C, respectively. Direct SPME quantification resulted in a phenanthrene (+ isobars)
concentration of 4.1 £ 0.3 and 10.5 + 1.0 ng/g while pyrene (+ isobars) was found at a concentration of
7.3 £0.6 and 61.1 £ 2.6 ng/g, in samples B and C, respectively. It is important to note that the direct
quantification only yields the sum of isobaric species present in the samples. Moreover, different
isobaric species probably have different ionization efficiencies, in which case the accuracy of the
quantification would be affected. In addition, a matrix-matched calibration curve should be preferred
for higher accuracy, or when a deuterated internal standard is not available.

Another real sample we chose to prove the ability of the cAPPI source to allow identifying PAHs in
complex matrices was the NIST urban dust standard. Although this fine black powder is normally
worked up by a Soxhlet extraction, microwave-assisted extraction (MAE), pressurized liquid extraction
(PLE) or supercritical fluid extraction (SFE), we performed a simple solvent extraction with acetone in
an ultrasound bath at 40°C for 20 minutes. 100 pL of the extract were then diluted in water to a total

volume of 20 mL and directly analyzed by SPME-MS (Fig. 6).
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Fig. 6. Direct SPME-cAPPI-MS full scan MS (+) of a NIST SRM 1649b (urban dust) sample. 100 uL of raw
extract were spiked in 20mL water solution and extracted for 15 s. The peaks numbered refer to m/z 152.0621 (1),
m/z 154.0777 (2), m/z 166.0777 (3), m/z 178.0777 (4), m/z 202.0777 (5), m/z 228.0934 (6), m/z 252.0934 (7), m/z
276.0934 (8) and m/z 278.1090 (9).
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Based on direct SPME-MS data, quantitation of pyrene (and other isobars possibly present in the real
sample) was attempted based on peak are ratio of the analyte(s) and the one of pyrene-dio. A value of
3.7 £ 0.3 nug/g was obtained, which is reasonably close to the sum of the certified value*' of 4.98 pg/g
for pyrene and the reference value of 6.24 pg/g for fluoranthene, especially when considering the faster
and milder extraction condition used (when compared to the ones used by NIST), which most probably
did not allow to completely extract the analytes. Further optimization of the extraction was not within
the scope of this work, although an increase in performance can be achieved by optimizing extraction

parameters and using auxiliary devices such as higher power sonicators.

Rapid screening by SPME-cAPPI-MS

A series of extraction from 20 water samples spiked with the PAH mix at 100 pg/mL was performed in
order to evaluate the repeatability of the rapid screening approach when using short extraction times.
An extraction time of 15 seconds per sample allowed to achieve good RSD values for all the selected
PAHs, ranging from 8% to 19% (Table 3). Fig. 7 shows the TIC of the 20 injections and the EIC for

pyrene and fluoranthene.

1x10°
5x10° . . .
3x10° -
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Fig. 7. TIC (top) and EIC of pyrene and fluoranthene (bottom) of SPME-cAPPI-MS analyses from 20 aqueous
solutions (20 mL, H2O/ACN 99:1 v/v), spiked at 100 pg/mL and extracted for 15 seconds each.
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PAH RSD (%)

Naphthalene 16
Acenaphthylene 16
Acenaphthene 9

Fluorene 13

Phenanthrene + Anthracene 8
Fluoranthene + Pyrene 8
2-Bromonaphthalene 17
Benz[a]anthracene + Chrysene 14
Benzo[b]fluoranthene + Benzo[a]pyrene 19
Indeno[1,2,3-cd]pyrene + Benzo[ghi]perylene 18
Dibenz[a,h]anthracene 14

Table 3. Intra-day RSD (n=20) for the considered PAHs in water by direct SPME-cAPPI measurements, evaluated

at the 100 pg/mL concentration level.

Since fast extraction provided sufficient signal stability for rapid screening, the cAPPI source was used
with alternated direct SPME-MS and confirmatory SPME-GC-MS experiments. The source was always
connected to a GC system and direct injections were done without setup modification. In fact, the source
assembly allows for simultaneous or consecutive GC and direct SPME analysis. Both the GC and the
cAPPI source were interfaced with the same PAL RTC autosampler.

To show the analytical potential of this combination, two series of five water samples were analyzed
by direct SPME. In the first batch one sample was spiked with the PAH mix at 100 pg/mL, while another
sample, in the second batch, was spiked at 300 pg/mL. After screening each batch by direct SPME, only
the contaminated sample was further analyzed by GC in order to achieve a complete characterization
and distinguish the PAH isomers. Fig. 8 shows the TIC and the sum of the EICs of all selected PAHs
monitored, for both direct SPME-MS and SPME-GC. The direct ionization generated clearly visible
peaks in the TIC, because all compounds desorbing from the fiber (i.e., PAHs, as well as other
compounds coming from the fiber itself) are ionized in a short time window. On the other hand, the GC
separation spreads all compounds enough in time such that no clearly visible peaks could be seen above

the TIC baseline.
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Fig. 8. TIC (top) and overlay of the EIC of all the PAH considered (bottom), using rapid SPME-cAPPI-MS
analyses (20 mL, H2O/ACN 99:1 v/v, extracted for 15 seconds each), followed by SPME-GC-cAPPI-MS for
complete sample characterization (20 mL, H2O/ACN 99:1 v/v, extracted for 2 minutes from the same vial). Eight
of the ten samples extracted were water blanks. Samples no.2 and no.8 were spiked with 100 pg/mL and 300

pg/mL of the PAH mixture, respectively.

In our experiments, the sample that were found to be contaminated by PAHs and needed to be processed
by GC after the direct SPME screening, were identified manually. However, it would be relatively easy
to automate the entire procedure with a data-dependent approach that discriminates between positive
and negative samples based on certain EIC threshold values. In this case, several hundreds of samples
could be screened per day, and chromatography would be performed only if necessary for identification
and quantitation of the analytes of interest. More importantly, the entire workflow would be realized

with only one experimental setup and one mass spectrometer.

Conclusions

Capillary APPI was used for the screening and quantification of PAHs in water samples and
determination of PAHs in two complex sample matrices, grilled meat and urban dust. SPME fibers were
used to extract the analytes directly from the water samples, or from diluted meat and urban dust extracts.
Sample preparation procedures were minimized in order to reduce the complexity of the method,
minimize operator workload, and to maximize throughput. The SPME extraction procedure was
therefore not fully optimized, as many extraction parameters affecting the extraction efficiency (e.g.,
extraction temperature, addition of salt, pH, etc.) were not investigated.

The capillary design of the ionization source allowed simultaneous direct SPME and SPME-GC

analyses, without hardware modifications in between. In addition to chromatographically process only
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the positive samples, the analytical throughput was maximized by using GC downtime (e.g., during
oven cool down) to continuing performing direct SPME injections.

The high-throughput screening method used allowed us to identify samples contaminated with PAHs
at low pg/mL levels, with extraction times as low as 15 seconds and a total analysis time of only 2
minutes per sample. Quantification by direct SPME-MS achieved LODs in the low pg/mL and a linear
dynamic range of 2 to 3 orders of magnitude.

Since some of the considered PAHs are isobaric, and some of them are particularly toxic or carcinogenic,
the direct SPME-MS approach was used to identify those samples which are potentially contaminated
by one or more PAH isomers. Only positive samples showing detectable traces of ions with m/z
compatible with a PAH contamination were then analyzed by GC for a full characterization, and to
identify and quantify individual PAH isomers. In this case, the LODs were between 0.1 and 0.3 pg/mL.

Negative samples were no further analyzed.

A further increase in throughput could be achieved by using thinner coated SPME fibers, in combination
with a fast scanning mass spectrometer. In this case, the total analysis time could easily fall below 1

minute per sample. A further reduction in LOQ values could also be achieved by optimizing the SPME

extraction parameters for the specific analyte(s) of interest.

Notes

The The original data used in this publication are made available in a curated data archive at ETH

Zurich (https://www.research-collection.ethz.ch) under the DOI 10.3929/ethz-b-000420477
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