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ABSTRACT: Coated blade spray (CBS) is a microextraction
technology with blades that serve as both the extraction device and
the electrospray ionization (ESI) emitter. CBS is designed for easy
and rapid extraction of analytes in complex matrices as well as ESI
directly from the blade. The technology selectively enriches the
components of interest on a coated metal blade. The coating
consists of a selective polymer. So far, CBS has only been coupled
with mass spectrometry but never with ion mobility spectrometry
(IMS), where ions are separated and detected based on their ion
mobility in a drift gas under the influence of an electric field, while
instrumentation is compact and easy to operate so that the
advantages of CBS can be particularly well exploited. Therefore,
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this work focuses on coupling CBS with our previously described ESI-IMS. The ion mobility spectrometer has a drift length of only
7S mm and provides a high resolving power of Rp = 100. In this work, preliminary measurements of CBS-IMS are presented. In
particular, the detection of benzodiazepines and ketamine in drinks and the pesticide isoproturon in water samples is shown to

demonstrate the feasibility of CBS-IMS.

B INTRODUCTION

Ion mobility spectrometry (IMS) characterizes and separates
ions through their specific mobility in a neutral gas under the
influence of an electric field." Currently, IMS is increasingly
used in various applications with gaseous and liquid samples.
IMS for field applications is usually operated at ambient
pressure, so vacuum pumps are not required, and the
instrumental complexity is low compared to mass spectrometry
(MS). In addition, ion mobilitz spectrometers can be built with
low cost and compactness,” " including 3D-printed drift
tubes,”® and the operation of IMS is cost-effective and
conserves resources.” Furthermore, IMS provides short drift
times in the millisecond range and therefore relatively fast
analyzing times. IMS can be used for the detection of drugs,"*
explosives,"” pesticides, or other contaminants.""’

Electrospray ionization is often used for liquid samples,
transferring the analytes to the gas phase and ionizing the
analytes at the same time. An electrospray is a dispersed nebula
of charged droplets generated by a liquid sample emitted from
a capillary under the influence of a strong electric field.
Eventually, gas-phase ions are generated in a complex process
induced by solvent evaporation and droplet jet fissions due to
coulombic stress.""

However, electrospray ionization also has its drawbacks. For
example, in complex samples, signal suppression might be
possible due to different surface activities or suppression from
salts or surfactants.'> Furthermore, water samples without any
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additional solvents are hard to electrospray due to the high
surface tension of water. For this reason, the most commonly
used electrospray solvents consist of methanol/water or
acetonitrile/water mixtures. This leads to dilution of water
samples, but the signal response is also reduced at high water
content.'”"*

Therefore, high-performance liquid chromatography
(HPLC) is a suitable technique for the analysis of water
samples, whereby the instrumental effort is increased by
another technique. Large instruments, pumps, and other
accessories are needed. In addition, large amounts of solvents
are consumed and the analysis time is considerably longer,
unless HPLC is also miniaturized.”"> Furthermore, sample
preparation may be necessary with HPLC. Possibilities for
analyzing samples without time-consuming sample preparation
include solid-phase microextraction (SPME) or the paper
spray method. In the latter, the sample is applied to a cut piece
of paper, dried, and then mixed with a small amount of solvent
and applied to a high voltage similar to electrospray ionization.
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Used in combination with IMS, detection limits in the mg/L
range can be achieved.'®"”

Currently, paper spray is being further developed in research
to ensure selective extraction of analytes. One example is the
immobilization of aptamers'®'” or the use of a molecularly
imprinted polymer.”” However, due to the nonuniform fibers
at the tip, paper spray can form multiple spray jets, which is
disadvantageous in terms of reproducibility.”'

B COATED BLADE SPRAY

Another approach without time-consuming sample preparation
is provided by the coated blade spray (CBS) technology
introduced by Pawliszyn et al.”>~>> The CBS technology is
based on SPME with the extraction device being the
electrospray ionization emitter. In SPME, a small amount of
the extracting phase dispersed on a solid support is exposed to
the sample for a well-defined period of time. A partitioning
equilibrium between the sample matrix and the extraction
phase is reached after an equilibrium extraction time. Before
this time, the amount of analyte extracted is related to time.”°
Furthermore, the amount of analyte extracted by the extraction
device is proportional to its free concentration in the sample to
a first approximation.”” The volume of the extraction phase is
particularly important. A thin coating with a large surface area,
as is the case with CBS, ensures rapid sampling and, more
importantly, rapid desorption.**

The coated blade acts as an extraction device and
electrospray ionization emitter. The overall analytical process
includes extraction from a complex untreated matrix, rinsing of
the blade, desorption and ionization, and in this case
separation and detection via IMS. The extraction method
allows the analytes to be enriched directly from various
media.”>** In CBS, the components of interest are selectively
enriched on a coated metal blade. The coating consists of a
selective polymer.””* The enrichment indeed has a positive
effect on the detection limit, which is particularly interesting
when IMS is used as a separation method and detector, for
example, for point-of-care applications. Furthermore, the rigid
and robust blades allow for easy sample collection as well as
easy handling and automation of the measurement process. In
addition, the blades can also be reused.”®

The following is a brief description of the analytical process;
a detailed report for using CBS can be found elsewhere.””*
First, the blade is preconditioned with a mixture of 50%
methanol, 25% acetonitrile, and 25% isopropanol. Then, the
blade is held or preferably stirred for a defined extraction time
in the extraction matrix to extract and ideally enrich the
analytes by the extraction phase coating on the blade.
Extraction is followed by a short rinse with water to remove
unwanted matrix components from the blade. The prepared
dried blade is clamped to an autosampler, a desorption solvent
drop is added, and high voltage is applied. This desorbs the
analyte molecules from the blade and ionizes the analytes via
electrospray. In CBS, ionization runs under ambient
conditions. Subsequently, the analyte ions are separated and
detected with IMS.

To summarize, CBS is designed for simple and rapid
extraction of analytes in complex matrices as well as for
electrospray ionization directly from the blade.

So far, CBS has only been reported in combination with
mass spectrometry but never with IMS. Therefore, to the best
of our knowledge, we present the first coupling of CBS and
IMS. In particular, the advantages of CBS can be well exploited
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in IMS. In this work, we focus on coupling CBS with our
previously described ESI-IMS.”®*’ The ion mobility spec-
trometer has a drift length of only 75 mm and provides a high
resolving power of Ry = 100. Here, a first characterization of
CBS-IMS is presented. In particular, the detection of
benzodiazepines and ketamine in drinks and the pesticide
isoproturon in water samples is shown in preliminary
measurements to demonstrate the feasibility of CBS-IMS.

B ION MOBILITY SPECTROMETRY

IMS separates ions through their specific mobility in a neutral
gas under the influence of an electric field. The ion mobility K
depends, among other things, on the charge of the ions, their
mass, and the collision cross-section between ions and neutral
particles, with the collision cross-section being the most
important parameter. In order to correct the influence of
temperature and pressure, the reduced ion mobility K, is
introduced, leading to a certain comparability between
different setups.’® The reduced ion mobility K, can be
calculated according to eq 1."

2
_ Ly P

273K
tpUp 1013.15hPa

T

K
’ ()
where Ly, corresponds to the length of the drift region in cm, tp,
corresponds to the drift time of the ion species in s, Up
corresponds to the applied drift voltage in V, p corresponds to
the internal pressure of the ion mobility spectrometer in hPa,
and T corresponds to the temperature in the drift region in
Kelvin. The ion mobility spectrum is usually represented either
by the drift time of the ions, namely, the time the ions need to
pass through the drift region, or by the reduced ion mobility.

One commonly used benchmark for the performance of an
ion mobility spectrometer is the resolving power, which is
defined according to eq 2."'

Resolving powers over 80 are considered to be high-
resolution ion mobility spectrometers.’>*

t
Ry = 2

B 2)

While resolving power does not explicitly define separation
capacity, in linear IMS as discussed here, it is proportional to
the metric of resolution or how well two peaks are resolved.”*
Thus, maximizing the resolving power is a common goal in
IMS instrument design.

Wo.s

B EXPERIMENTAL SECTION

In this work, we used our ion mobility spectrometer with 75
mm drift tube length. A detailed description can be found
elsewhere.”®* Here, the ions are generated by electrospray
ionization directly from the coated blades (CB-HLB blades,
Restek GmbH, Bad Homburg, Germany) within a desolvation
region of 50 mm length. The coated blades are made of
stainless steel and are 42 mm long and 10 mm of the tip is
coated with a hydrophilic—lipophilic balanced (HLB) sorbent.
The samples are extracted from different extraction matrices by
the coated blades. The sample solvent is either a mixture of
90% water and 10% methanol or, in the case of application
measurements, 80% water and 20% mulled wine, respectively,
100% real water samples. To provide higher throughput, up to
10 blades can be sequentially positioned in front of the ion
mobility spectrometer by an autosampler (PAS Technology
Deutschland GmbH, Magdala, Germany). The autosampler
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Table 1. CBS-IMS Operating Parameters

parameter value parameter value
length of drift region 75 mm drift field strength 60 V/mm
length of desolvation region 50 mm desolvation field strength 60 V/mm
blade-to-inlet voltage 3—4 kV desorption solvent 20:80 water/methanol + 0.1% formic acid
drift gas flow rate 250 mL/min desorption solvent volume 20 uL
drift gas dew point -85 °C drift region temperature 22-25 °C
drift gas nitrogen desolvation region temperature 22-25 °C

pressure (absolute) 998—-1021 hPa

g
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Figure 1. Schematic of the CBS-IMS device with the voltages for the coated blade spray, the desolvation region, the drift region, and the aperture
grid as well as the pulsed voltage at the ion gate. The autosampler, which positions the blades, adds a droplet with defined volume of the desorption
solvent to the coated area of the blade, and provides the connection to the high voltage, is sketched. The controlled mass flow of the drift gas with
the drift gas outlet at the beginning of the desolvation region is also shown.

also adds a defined volume of the desorption solvent to the
coated area before turning on the ESI voltage; here, we use 20
UL of a mixture of 20% water, 80% methanol, and an addition
of 0.1% formic acid. This desorption solvent is used for every
measurement in this work. The ESI voltage of 3 to 4 kV is
applied between the coated blades and the grounded first ring
of the inlet of the desolvation region. Consequently, the
detector and the analog-to-digital converter are at high
potential.”> The voltages across the desolvation region and
the drift region are supplied by a 12.5 kV power supply from
FuG Elektronik GmbH (Schechen, Germany). A self-designed
and self-constructed amplifier with low noise is used as
transimpedance amplifier.’® Table 1 gives an overview of the
relevant operating parameters of the CBS-IMS device and an
instrumental diagram is illustrated in Figure 1. A photograph of
this arrangement is shown in Figure 2.

Chemicals. LC-MS-grade water, methanol (MeOH), and
acetonitrile were purchased from Altmann Analytik GmbH &
Co. KG, Germany. LC-MS-grade isopropanol, the herbicide
isoproturon (analytical standard), the benzodiazepines dia-
zepam (analytical standard) and midazolam (analytical stand-
ard), and the drug ketamine (analytical standard) were
purchased from Sigma-Aldrich Chemie GmbH, Germany.
The test solutions were prepared at a concentration of 1 ug/L
to 8 mg/L. As a sample solvent for the extraction matrix, LC-
MS-grade water and MeOH, mulled wine (“Heifler Hirsch”,
Acht Grad plus GmbH, Germany), tap water (Hannover,
Germany), stream water (Miihlenbach, Neukloster, Germany),
spring water (Rosenborn, Harsefeld, Germany), and river
water (Leine, Hannover, Germany) are used.
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Figure 2. Photo of the coated blades clamped to the autosampler and
placed in front of the ion mobility spectrometer. The autosampler also
controls the application of one droplet with a defined volume of the
desorption solvent to the coated area of the blade.

B RESULTS AND DISCUSSION

Extraction Times. In a first step, preliminary measure-
ments were performed, and the influence of different extraction
times while stirring the blade in the sample for 1—120 min was
investigated. For this purpose, isoproturon with a concen-
tration of 25 pug/L was used. Figure 3 shows the relationship
between the extraction time and the amplitude of the recorded
signal in the ion mobility spectrum. For an extraction time of 1
min, not enough analyte molecules could be enriched to form a
visible analyte peak. As the extraction time increases, the
amount of analyte extracted increases, which is observed as an

https://doi.org/10.1021/acs.analchem.3c05586
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Figure 3. Ion mobility spectra of a sample solution of 25 ug/L
isoproturon in 90:10 H,O/MeOH for different extraction times
extracted via coated blades and detected via CBS-IMS (top) and peak
amplitude of isoproturon for different extraction times (bottom). The
peaks in the spectrum can be assigned as follows: solvent peaks (1) at
K, = 2.13, 2.07, and 2.00 cm® V™' 57!, background peaks (2) between
Ky = 1.93 and 1.56 cm®* V™' 57/, protonated isoproturon monomer
peak (3) at K, = 1.37 ecm® V! 57!, sodium-bound isoproturon
monomer (4) at K, = 1.32 cm® V™' 571, and an unknown isoproturon
monomer adduct (§) at Ky = 1.29 cm® V™! 57! as well as a protonated
isoproturon dimer (6) at K, = 0.98 cm® V™! 57! and sodium-bound
isoproturon dimer (7) at K, = 0.96 cm? V71sTL

increase in the ion intensity measured by the ion mobility
spectrometer, which can be assigned according to our previous
work®” as protonated isoproturon monomer at a reduced ion
mobility of K, = 1.37 cm® V™' 57!, sodium-bound isoproturon
monomer at K 1.32 em® V! 57!, and an unknown
isoproturon monomer adduct at Ky = 1.29 cm* V™' s}, which
presumably forms from substances present in the blade. For
extraction times longer than 30 min, saturation is reached, and
also, the protonated isoproturon dimer at K, = 0.98 cm? V™!
s~ and sodium-bound isoproturon dimer at K, = 0.96 cm> V™!
s™! start to form. In addition to the solvent peaks at K, = 2.13,
2.07, and 2.00 cm® V™! 57!, background peaks appear between
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Ky = 1.93 and 1.56 cm® V™! s}, which are presumably formed
by substances present in the blade.

An extraction time of 5 min seems to be a good compromise
between time expenditure and signal intensity, so it was chosen
for all following measurements.

Extraction and Separation Performance. After choos-
ing the extraction time of S min, the extraction performance of
the coated blades and the separation performance of the ion
mobility spectrometer were evaluated with a mixture of two
benzodiazepines and the drug ketamine. Figure 4 shows the
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Inverse reduced ion mobility [Vs/cm?]

Figure 4. Ion mobility spectrum of 90:10 H,0/MeOH spiked with 3
mg/L ketamine, 3 mg/L diazepam, and 3 mg/L midazolam extracted
via coated blades and detected via CBS-IMS. The peaks in the
spectrum can be assigned as follows: solvent peaks (1) between K =
2.12 and 1.98 cm® V™! s7! and background peaks (2) between K, =
1.59 and 1.54 cm® V™! 57" and background peaks (3) at K, = 1.27 and
1.24 cm? V7! 57! as well as the ketamine peak (4) at K, = 1.38 cm?
V™' 57! and a resolving power of Rp = 110, the diazepam peak (5) at
Ky = 1.17 cm?® V™! s7! with R, = 113, the midazolam peak (6) at K, =
0.97 cm* V™! 57! with R, = 105, and the dimer peaks between K, =
0.93 and K, = 0.74 cm®> V™! 571,

ion mobility spectrum with the calculated reduced ion mobility
according to eq 1 of 90:10 H,O/MeOH spiked with 3 mg/L
ketamine, 3 mg/L diazepam, and 3 mg/L midazolam. The
peaks of ketamine (K, = 1.38 cm® V! 57, R, = 110),
diazepam (K, = 1.17 cm®* V™' s7!, R, = 113), and midazolam
(Ky=0.97 cm®* V' s7!, R, = 105) are well separated. Thus, the
blades extract all three compounds, and our coated blade spray
emitter efficiently ionizes the compounds. Furthermore, a good
sensitivity and resolving power of the CBS-IMS device can be
expected by looking at this spectrum.

Limits of Detection. In Figure S, the detection limits for
the used analytes were roughly estimated for the chosen
extraction time of 5 min. Therefore, the first three data points
of the calibration curves were used for a linear regression,
giving the sensitivity in pA/ug L™'. The intersection of this
linear regression with 3 times the standard deviation of the
blank noise in pA gives the detection limits in pg/L. The setup
provides good detection limits with 5.3 ug/L for isoproturon, 5
ug/L for diazepam, 2.6 ug/L for midazolam, and 1.7 ug/L for
ketamine. At higher concentrations, all signals saturate.
However, as shown above, longer extraction times could
further improve the detection limits, since the calibration
curves would show better sensitivity, especially in the low
concentration range.

https://doi.org/10.1021/acs.analchem.3c05586
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Figure S. Calibration curves of the herbicide isoproturon (a), diamonds, the drug ketamine (c), circles, and the benzodiazepines diazepam (b),
squares, and midazolam (d), triangles, each dissolved in 90:10 H,0/MeOH, with an extraction time of only S min, extracted via coated blades and

detected via CBS-IMS.

Application Measurements of Complex Matrices. To
investigate the CBS-IMS performance for more complex
samples, two exemplary applications have been chosen. First,
ketamine was used as an analyte in a water—mulled wine
mixture with 0, 1, and 8 mg/L ketamine; see Figure 6. The
ketamine peak has a reduced ion mobility of K, = 1.37 cm®> V™!
s~". As shown in Figure 6, besides the solvent peaks at K, =
2.11 and 2.04 and K, = 1.97 cm® V™! 57!, the background of
the water—mulled wine mixture also shows smaller peaks
between K, = 1.79 and 1.01 ecm® V™' s™!. However, at a
concentration of 1 mg/L, a peak associated with ketamine
becomes visible at K, = 1.37 cm® V™! s™!. At a concentration of
8 mg/L, the peak is clearly visible and distinguishable from the
background.

For real applications, it is important to know that the
detection limit of a substance strongly depends on the matrix.
In mulled wine, only concentrations from 1 mg/L can be
detected due to the background, while the detection limit in
methanol and water is below 1.7 ug/L.

However, the literature indicates that such concentrations of
ketamine are not significantly affecting humans compared to
knockout drops when taken orally.’® In fact, much larger
quantities ranging from 100 to S00 mg are typically required
for psychoactive effects.”® Since CBS-IMS can detect much
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smaller concentrations, it is well suited for the detection of
ketamine in drinks, for example.

Second, we spiked the herbicide isoproturon in various
water samples (river water, spring water, stream water, tap
water); see Figure 7. Although the water samples have different
matrices, resulting in different solvent peaks between K, = 2.12
and 1.82 cm® V™' s and background peaks between K, = 1.76
and 1.41 cm® V™' 57!, the peaks of isoproturon can be clearly
detected in all samples. In addition to the unknown
isoproturon monomer adduct at Ky = 1.29 cm* V™' 57}, the
protonated monomer at Ky = 1.37 cm? V™! s7! and dimer at K,
=0.99 cm® V™! s7! as well as the sodium-bound monomer K, =
1.32 cm* V™' s7! and dimer at K, = 0.96 cm®* V™' s7! are also
present, as it was in previous ESI-IMS measurements.>” As
shown in this and other previous publication, an appropriate
additive could lead to only one peak per substance.””*"~*!
Thus, an easier assignment of the analyte peaks in the ion
mobility spectrum becomes possible. It proves that especially,
the analytes of interest are enriched in the coating of the
blades. Larger impurities do not accumulate and are washed
away during the rinsing process. This means that CBS provides
a useful sample preparation method for IMS. A wide range of
practical applications are possible for CBS-IMS, even in
complex samples.
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Figure 6. Ion mobility spectra of pure 80:20 water/mulled wine (top)
and spiked with 1 mg/L ketamine (middle) and 8 mg/L ketamine
(bottom), extracted via coated blades and detected via CBS-IMS. The
peaks in the drift time spectrum can be assigned as follows: solvent
peaks (1) at K = 2.11, 2.04, and 1.97 cm* V™' 57" and background
peaks (2) between K, = 1.79 and 1.01 cm® V™! 57! as well as the
ketamine peak (3) at K, = 1.37 cm® V™' 571,

B CONCLUSIONS

In this paper, the first coupling of coated blade spray and ion
mobility spectrometry is presented, and basic feasibility is
shown by preliminary investigations. The coated blades allow
easy sampling and selective analyte enrichment by micro-
extraction, while the blades also serve as the electrospray
ionization emitter. The blades are automatically positioned by
an autosampler in front of a compact high-resolution ion
mobility spectrometer and wetted with a solvent droplet of 20
uL. This approach exploits the advantages of CBS toward field
applications.

It was shown that the individual components can be
extracted from a mixture of benzodiazepines and ketamine and
that these components can be ionized, separated according to
their ion mobility, and detected by IMS. Furthermore, the
application in complex matrices such as river water or mulled
wine is demonstrated. This shows basic feasibility toward fields
of application, for example, in environmental sensing or for
point-of-care analysis. To further increase sensitivity, longer
extraction times and higher drift voltages can be selected.”®
Furthermore, the ionization efficiency might be further
improved by suitable additives, as has been shown in previous
publications on ESI-IMS and ESI-MS.””*°~*!' Further
improving CBS-IMS and investigating additives in the
desorption solution for better desorption and ionization
efficiency will be carried out in subsequent work.
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Figure 7. Ion mobility spectra of different types of water spiked with
500 pg/L isoproturon extracted via coated blades and detected via
CBS-IMS. The peaks in the ion mobility spectrum can be assigned as
follows: solvent peaks (1) between K, = 2.12 and 1.82 cm®> V™! s7*
and background peaks (2) between K, = 1.76 and 1.41 cm®* V™' s™" as
well as the protonated isoproturon monomer peak (3) at K, = 1.37
cm? V7! 57! sodium-bound isoproturon monomer (4) at K, = 1.32
em? V™' 7!, and an unknown isoproturon monomer adduct ($) at K,
=1.29 cm V™' s7" as well as the protonated isoproturon dimer (6) at
Ky =0.99 cm? V7! s7! and sodium-bound isoproturon dimer (7) at K,
=096 cm* V7! 57!,
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