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The enantiomers of chiral anesthetics (enflurane, isoflurane, desflurane) can be recog-
nized, and, additionally, extremely low concentrations of all common inhalation anesthet-
ics in ambient air can be monitored using simple on-line-operable gas sensors with
cyclodextrin coatings.

1. Introduction

Enantioselectivity plays an important role in biological systems and in pharmacology.
In the case of the chiral inhalation anesthetics, an enantiomeric bias has been proposed.
However, chiral inhalation anesthetics are still produced and clinically administered as
racemic mixtures, although the consequences of the (unintended) introduction of a chiral
center into these haloethers and its impact on enantioselective biological reactions are still
debated.?

One of the most popular methods of chiral recognition includes intramolecular entrap-
ment into cavities such as cyclodextrins used as coatings for sensors,®* or in gas chroma-
tography (GC).® Here we report on the chiral recognition of the anesthetics using a
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sensor array, which takes advantage of such entrapment mechanisms. Achieving chiral
discrimination with gas sensors is fundamentally more difficult than with GC, because the
former employ only one “theoretical plate” (one absorption/desorption step), whereas in
GC, discrimination typically results from the camulative effect of thousands of successive
absorption/desorption equilibria.®® GC, however, is an off-line procedure, whereas gas
sensors offer the unique advantage of fast and continuous monitoring.

2. Materials and Methods

The chiral model receptor used in this study was a very versatile modified y-cyclodextrin
derivative (octakis(3-O-butanoyl-2,6-di-O-n-pentyl)-y-cyclodextrin, CD, Fig. 1), which
had been dissolved in a polysiloxane matrix. This matrix is a polysiloxane backbone
bearing phenyl-, vinyl-, and methyl groups, and is commercially available from Macherey
and Nagel, Diiren, Germany (SE-54). Solutions of these polymers were sprayed onto
quartz plates (airbrush).'® The layer thickness ranged between 250 and 300 nm. In
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Fig. 1. Coatings and analytes investigated in this study: enantioselective octakis(3-O-butanoyl-2,6-
di-O-n-pentyl)-y-cyclodextrin, nonchiral sevoflurane, chiral enflurane, isoflurane and desflurane.
Only the respective (S)-enantiomers are shown.
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addition to the chiral sensors, reference devices coated with the non-enantioselective
polymer poly(etherurethane) (PEUT, Thermedics Inc., Woburn, MA, USA) were included
in the sensor arrays for the recognition of artefacts due to fluctuating gas phase concentrations
or contaminations of the (S)- and (R)-analytes.

Signal transduction (chemical to electrical) was achieved using thickness shear-mode
resonators (TSMRs). TSMRs are mass-sensitive transducers commonly used for monitor-
ing volatile organic compounds (VOCs) using polymer layers as sensitive coatings (Fig. 2).
The TSMR array consisted of discrete piezoelectric quartz crystals (AT-cut) with gold
electrodes operating at a fundamental frequency of 30 MHz (quartz plate thickness: 55.6
pm) purchased from Kristallverarbeitung Neckarbischofsheim, Germany. Each crystal
was powered by an oscillator circuit (bipolar, parallel resonance) constructed in our
laboratory. Only one single coaxial cable is required for voltage supply and signal
transmission. As shown by Sauerbrey,!? the vibrating frequency of a TSMR changes to a
first approximation in proportion to the mass deposited onto or removed from the surface.
When the polymer-coated TSMRs are exposed to analyte gas, sorption of molecules by the
polymer generates a change in the oscillating mass which in turn causes a shift in the
operating frequency (Fig. 2).!%!» The sorption strength depends on the interaction
mechanisms and forces (H-bridge bonds and dispersion forces) between matrix and analyte
molecules.

A self-developed scanner (up to 16 channels) operating at frequencies between 100
kHz and 100 MHz was controlled by a PCL 726 interface card (Labtech, Wilmington, MA)
in an IBM-compatible PC-AT and allowed for the sequential monitoring of each TSMR
output using a Hewlett-Packard 5334 B frequency counter. The computer acquired the
frequency values via an IEEE 488 interface bus. The first monitored frequency value of
each device was set equal to zero, hence the frequency differences were monitored in

Thickness Shear Mode Resonator (TSMR)
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Fig. 2. Signal wansduction by thickness shear-mode resonators (TSMRs). TSMRs are mass-
sensitive transducers. Upon exposure to volatile organic compounds, sorption of analyte molecules
by the polymer generates a change in the oscillating mass which in turn causes a shift in the operating
frequency.
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reference to this first value.

The frequency outputs of the TSMRs were recorded every 30 s at 0.1 Hz resolution.
The gate time of the counter (HP 5334 B) was setto 1 s for all the devices. The absolute
sensor responses were given by the frequency difference between gas exposure and
purging.

The complete sensor array containing three sensors coated with 10% (w/w) cyclodextrin
in SE-54, four sensors coated with 50% (w/w) cyclodextrin in SE-54, four sensors coated
with pure cyclodextrin as well as five nonchiral reference sensors (three SE-54, two PEUT)
was mounted in the flow-through cell. Hence all sensors were simultaneously exposed to
the analyte gas at a constant temperature of 303 K. The array approach was chosen here to
demonstrate the reproducibility of the sensor results (from sensor to sensor) and to ensure
statistically significant conclusions (especially o—values) from a broad database. It is no
more appropriate to rely on single sensors showing incidental signal behavior (see Tables
la and 1b).

The chiral analytes (Fig. 1) included both enantiomers of enflurane (2-chloro-1-
(difluoromethoxy)-1,1,2-trifluoroethane), isoflurane (2-chloro-2-(difluoro-methoxy)-1,1,1-
trifluoroethane), and desflurane (2-(difluoromethoxy)-1,1,1,2-tewafluoroethane). The enan-
tiomers were separated by preparative GC on cyclodextrin-containing stationary phases. A
racemic mixture of the gaseous anesthetics was fed to a preparative column containing
80% (w/w) ceramic support (Chromosorb®, P(AW-DMCS) 80-100 mesh, Macherey-
Nagel, Diiren, Germany) and 20% (w/w) of a mixture of 90% (w/w) SE-54 and 10% (w/w)
modified y-cyclodextrin (Fig. 1). The pure enantiomers were condensed at the bottom of
the column and collected in cooling traps by using liquid nitrogen (details of the prepara-
tive enantioseparation procedure are given in ref. 14). The purity was checked by GC-
analysis: (R)-(-)-isoflurane 88.5%, (S)-(+)-isoflurane > 97%, (R)-(-)-enflurane > 99%,
(S)-(+)-enflurane > 99%,(R)-(-)-desflurane 69%, and (S)-(+)-desflurane 94%. For exten-
sive studies on monitoring extremely low anesthetic concentrations in ambient air (opera-
tion theaters), we additionally investigated the nonchiral inhalation anesthetic sevoflurane
(Fig. 1, fluoromethyl-2,2,2-trifluoro-1-(trifluoromethyl)-ethylether).

The test vapors were generated by thermally controlled vaporizers using synthetic air as
carrier gas.!¥ Since the available quantities of the analytes in enantiomeric purity
(between 150 and 50 pL liquid) were very small, and the anesthetics are extremely volatile,
we cooled the vaporizers to 223 K and injected the liquids through septa. The thermostat
used for this purpose was an Ultra Kryomat® RUK 60 from Lauda Dr. Worbser GmbH,
Lauda-Konigshofen, Germany. The gas flow rate to the sensors was 200 ml/min at a total
pressure of 105Pa. The response time of the sensors is on the order of seconds (< 1 s).
However, the time necessary to reach an equilibrium state in our setup is about 5 min (tgo =
120 s) and results from adjusting a constant gas concentration in the chamber (volume 20
mL) at the chosen flow rate. The analyte liquids and the syringes were kept in dry ice to
limit the vaporization loss during the transfer into the vaporizers. Typical experiments
consisted of repeated, alternating exposures (10 min) of the sensors to air and entrained
vapor. The absolute sensor responses are the differences in the signals between analyte
equilibration and the purging state (dry air).

The chiral separation factors derived from GC measurements, Oigc, were determined at
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303 Kusing a fused silica capillary column (Iength: 25 m, inner diameter: 0.25 mm) coated
with 50% (w/w) modified y-cyclodextrin dissolved in SE-54. The average film thickness
was 0.25 um. Helium was used as carrier gas at an inlet pressure of 1.1 x 10° Pa.

3. Results and Discussion

For all chiral analytes the responses of the chiral sensors to the individual enantiomers
showed an unprecedented difference in contrast to the signals of the reference sensors
(Tables 1a and 1b). An array of 16 sensors was used: three sensors coated with 10% (w/w)
CD, four sensors with 50% (w/w) and pure CD as well as five reference sensors. Two
reference sensors were coated with PEUT and three with the pure SE-54. The relative
sensor responses (with respect to the frequency shift associated with the coating deposi-
tion) averaged over 3 — 5 subsequent identical runs are displayed for (R)-, (S)-enantiomers
and the racemates for enflurane and desflurane. Sensor index, type of coating and
frequency shift due to coating are given in the upper part. The experimentally determined
a-values for a certain concentration are listed at the bottom of the tables. In going from
50% (w/w) CD in SE-54 to the pure CD, the o ,,-values for both anesthetics increase
only slightly. This is in agreement with findings in GC measurements. There is a
maximum o’-value for a certain mixing ratio of the recognition unit and the polymer
matrix depending on the nature of the coating and of the analyte. In our case, this optimum
value is reached for mixtures between 50% and 60% (w/w) CD in SE-54:

The fast sensor response, the complete desorption upon purging with air and the
repeated enantioselective absorption are depicted for enflurane in Fig. 3 (top). The
frequency change, Af; of the sensor coated with 50% (w/w) cyclodextrin in SE-54 is more
pronounced for the S-(-)-enantiomer compared to the R-(+)-enantiomer of enflurane.
Hence, the interaction between the CD-recognition unit and the (S)-enantiomer is consid-
erably stronger than that between the CD-cage and the (R)-enantiomer. The sensor signals
upon exposure to the racemic mixture are of intermediate height. This finding is in
agreement with the results of GC and "H-NMR spectroscopy: longer retention time of the
S-(-)-enantiomer on a chiral stationary phase containing CD !9 (Fig. 3, bottom) and larger
downfield shift in the presence of CD as a chiral shift reagent."” The enantiomers of the
other chiral anesthetics, isoflurane and desflurane could be discriminated analogously to
enflurane.

Table 2 shows the chiral discrimination factors Olgnsor (Osensor 1S defined as the ratio of the
frequency shift upon exposure to the more strongly sorbed enantiomer to the frequency
shift upon exposure to the less sorbed enantiomer) and those obtained by GC (Oigc is
defined as the ratio of the net retention times of the respective enantiomers) for the chiral
anesthetics using CD (50% (w/w) in SE-54) as the selective coating. The standard
deviations were calculated for a subset of five sensors with comparable layer thicknesses.
The discrimination factors obtained using the nonchiral reference sensors equal unity with
a standard deviation of 1.3%, which proves the identical gas phase concentrations of both
enantiomers of the chiral analyte. For structurally related isoflurane and desflurane, the
(R)-enantiomers produce a larger frequency shift compared to the (S)-enantiomers. For
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Fig. 3. Corresponding sensor signals and gas chromatograms of enflurane obtained with a selective
layer of 50% (w/w) modified y-cyclodextrin in SE-54 (solid line). In addition, the sensor responses of
the-nonchiral reference sensor (PEUT-coating) are shown (dashed line). The sensor responses upon
alternate exposure to the enantiomers and synthetic air as a reference gas are given in Hz, the analyte
concentrations in pg/L. The corresponding GC retention times (fused silica capillary column, 25 m,
0.25 mm inner diameter, 1.1 bar He) are displayed in min.

Table 2
o-values at 303 K obtained through sensor measurements (five sensors) and GC investigations (fused
silica capillary column, 25 m, 0.25 mm diameter, 1.1 bar He). The sensitive layer consisted of 50%
(w/w) modified y-cyclodextrin dissolved in SE-54.

Gas chromatography

Gas sensors

Analyte Oge (303 K) Retention factor Olensor (303 K)  Signal height
Enflurane 2.00 S>R 1.85+0.017 S>R
Isoflurane 1.34 R>S 1.28+0.005 R>S
Desflurane 1.72 R>S 1.54+0.021 R>S
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enflurane, the reverse holds true. This is in perfect agreement with the results of GC, where
the retention factors of the (R)-enantiomers of isoflurane and desflurane are larger than
those of the (S)-enantiomers, and an inversion can be observed in the case of enflurane.
The GC elution order, representing the strength of the occurring interactions, is hence
reflected in the signal intensities of the sensor responses. The numerical sensor o-values
clearly correspond to those obtained by gas-chromatographic methods involving high plate
numbers (Table 2). Thus, the detectability of enantiomers by cyclodextrin-coated gas
sensors and the coincidence of these results with those of GC measurements were estab-
lished for the first time. In arelated study on chiral amides,*®! quantitative determination
of the enantiomeric purity or the enantiomeric composition of chiral analytes could be
successfully demonstrated. The methods and algorithms used there can be analogously
applied to the cyclodextrins in the present study. In comparison to gas chromatography,
the advantages of enantioselective sensors include, in addition to on-line capability, the
defined sorption conditions, i.e., defined analyte concentration, steady-state signals, and a
single theoretical plate, all of which are beneficial for elucidating mechanisms of chiral
recognition. Their drawbacks include the need for calibration with pure enantiomers. In
practical applications, it would be sufficient to have one sensor coated with CD (50% w/w
or alternatively pure CD) and another coated with PEUT to perform reliable enantiomeric
discrimination. The purpose of using an array was to demonstrate the general viability of
this approach and the reproducibility of the sensing performance.

Furthermore, the detectability of inhalation anesthetics is improved by a factor of 20 to
50 using selective modified cyclodextrin instead of, e.g., a pure polysiloxane or another -
standard polymer. The extrapolated threshold values at a rather conservatively estimated
noise level of 1 Hz (compare ref. 10) are 45 ug/L (7 ppm) for desflurane, 20 ug/L (2.5 ppm)
forisoflurane, 5 pg/L (0.6 ppm) for enflurane, and 13 pg/L (1.6 ppm) for sevoflurane in the
case of using a sensor coated with pure CD. An important feature for immediate practical
application thus includes the on-line detection of minimal concentrations of these anesthet-
ics in operating theaters.
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