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11 Abstract: The reliable online analysis of volatile compounds in exhaled breath remains a challenge
12 as a plethora of molecules occur in different concentration ranges (i.e. ppt to %), and need to be
13 detected against an extremely complex background matrix. While this complexity is commonly
14 addressed by hyphenating a specific analytical technique with appropriate preconcentration and/or
15 preseparation strategies prior to detection, we herein propose the combination of three analytical
16 tools based on truly orthogonal measurement principles as an alternative solution: field-asymmetric
17 ion mobility spectrometry (FAIMS), Fourier-transform infrared (FTIR) spectroscopy-based sensors
18 utilizing substrate-integrated hollow waveguides iIHWG), and luminescence sensing (LS). These
19 three tools have been integrated into a single compact analytical platform suitable for online exhaled
20 breath analysis. The analytical performance of this prototype system was tested via artificial breath
21 samples containing nitrogen (N2), oxygen (Oz), carbon dioxide (CO:z) and acetone as a model volatile
22 organic compound (VOC) commonly present and detected in breath. Functionality of the combined
23 system was demonstrated by detecting these analytes in their respectively breath-relevant
24 concentration range and mutually independent of each other generating orthogonal yet correlated
25 analytical signals. Finally, adaptation of the system towards the analysis of real breath samples

26 during future studies is discussed.

27 Keywords: exhaled breath analysis; field-asymmetric ion mobility spectrometry; FAIMS; Fourier-

28 transform infrared spectroscopy; FTIR; luminescence sensing; infrared sensors; hyphenated
29 techniques; hybrid techniques; acetone; carbon dioxide; oxygen
30

31 1. Introduction

32 Breath contains a wide variety of molecules in largely different concentration ranges - from ppt
33 to percent - that are potentially useful for therapy monitoring and elucidation of metabolic pathways.
34 The analysis of such a complex sample by a single analytical techniques is almost impossible. Hence,
35  the combination of orthogonal analytical tools appears to be a viable strategy addressing this issue.
36  To date, predominantly preconcentration, e.g. via solid-phase microextraction (SPME) fibers and
37  needle trap devices (NTD), and/or preseparation schemes, e.g. gas chromatography (GC) or
38  multicapillary (MCC) columns are implemented for addressing trace concentrations, and for
39  reducing the sample complexity. By combining preseparation schemes with FID[1], mass
40  spectrometers, (e.g. TOF-MS[2]) or ion mobility based detectors, e.g. IMS[3] or DMS[4] potent
41  analytical tools have resulted. However, MS-based equipment - while being able to detect a very wide
42 variety of analytes - tends to be costly, bulky and frequently not suitable for online analysis. Also, if
43 only one type of detector is used, potentially useful analytes (i.e. biomarkers) that are not sensitive to
44 the selected detector type remain undetected.
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45 Therefore, the integration of orthogonal detection schemes into a single hybrid analytical
46  platform is the nextlogical step. Only a few research groups have selected this path for exhaled breath
47  analysis. The probably most commonly selected approach is the use of electronic noses[5-10], i.e.
48  arrays of different colorimetric[8] or metal oxide sensors[9] individually responding to different types
49  of molecules. While these sensors arrays offer portable and rapidly responding breath detection
50  capabilities, specific biomarker identification and inter-device comparability remain challenging[11].
51 Vaks et al.[12] and Shorter et al.[13] both combined light sources emitting different wavelengths or
52 even wavelength regimes (i.e. subTHz, THz, IR) in order to broaden the scope of addressable analytes
53 in breath. However, even if these light sources complemented each other, hence providing
54 orthogonality to some extent the basic detection mechanism was essentially similar. Hence, molecules
55  not responding to the respective detection scheme (here, sufficient light absorption in the selected
56  wavelength regimes) will remain undetected. Consequently, truly orthogonal methods are based on
57  different physical principles generating the analytical signals, yet applied to the same sample. This
58  approach has already been proposed[14,15] and put into practice[10,16-20] by various research
59  groups. For example, Covington et al.[10] applied an eNose and GC-IMS to the same breath samples,
60  whereas Williams et al.[19] parallely used non-dispersive infrared analysis and PTR-TOF-MS on the
61  same sample set. It is important to notice though that all above-mentioned groups except Monks et
62 al[20] applied different analytical methods as standalone-techniques, i.e. the used analytical devices
63  were not integrated into a single setup. This entails extensive sample handling — and potentially
64  associated handling errors — and extended analysis times, e.g. required for separate sample injection
65  and limits application at the patient bedside. Furthermore, with the exception of Williams et al.[19]
66  offline breath analysis was performed frequently involving gas bags or sample storage, and thus
67  taking the risk of cross-contamination and sample degradation.

68 Only few groups have developed hybrid analytical devices that enable online breath analysis
69  based on truly orthogonal principles integrated in a single sensing platform. Tiele et al.[21] published
70 a portable device for CO2 and O2 detection that additionally measured temperature and pressure.
71 Miekisch et al.[22,23] presented a multidimensional sensing platform including hemodynamic
72 monitoring as well as comprehensive breath monitoring via capnometry, spirometry and PTR-TOF-
73 MBS, all being integrated into the same online monitoring platform. While Miekisch et al. analyzed
74 human breath, our research team has focused on exhaled mouse breath analysis within a mouse
75  intensive care unit (MICU) at the Institute of Anesthesiologic Pathophysiology and Method
76  Development (IAPMD) at Ulm University Medical Center, which requires as an additional challenge
77  the analysis of exceedingly (i.e. few hundreds of microliters) small breath sample volumes[24-26]. In
78  order to gain metabolic insights, 12COz, 3CO2 and Oz concentrations as well as the respiratory quotient
79  (RQ) were evaluated using various analytical tools (HWG-FTIR spectroscopy, interband cascade
80  laser based tunable diode laser absorption spectroscopy (TDLAS) and LS), which were all adapted to
81  the challengingly small breath volumes exhaled by a mouse or any comparable small animal model.
82  Besides these already quantifiable analytes in mouse breath, the detection of additional volatile
83  compounds such as acetone and H:S is currently in development for therapy monitoring and to aid
84  inunderstanding the underlying metabolism of traumatized mice.

85 Hence, the present study aims at extending the scope of addressable analytes in mouse breath
86  beyond CO: and O2 by combining FTIR and LS with FAIMS serving as truly orthogonal analytical
87 methods. The detection principles of iHWG based FTIR spectroscopy[27], LS[28] and FAIMS[29] have
88  been described in detail elsewhere. Oz detection via LS was necessary, as Oz is neither IR active nor
89  does it give rise to a FAIMS signal. Furthermore, CO2 could not have been detected by the
90 luminescence sensor and is not ionizable by the %Ni FAIMS ionization source, and hence, not
91 detectable by FAIMS. In turn, it provides a signal via IR spectroscopy/sensing techniques. Last but
92 not least, the luminescence sensor does not respond to VOCs, and the sensitivity of the selected IR
93  approach would not have allowed for VOC detection at the breath-relevant ppt or ppb concentration
94  range, even though a wide variety of breath-relevant VOCs are IR-active. Hence, integrating FAIMS
95  into the diagnostic platform was essential for reliable and sensitive trace VOC detection.
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96 Synthetic breath samples containing N2, Oz, COz and acetone as an exemplary breath VOC were

97  prepared and analyzed to demonstrate functionality of the developed hybrid prototype. The

98  presented data proves the feasibility of the integration of FAIMS, FTIR and LS into a single analytical

99  platform for simultaneous online analysis of Oz, CO2 and acetone as a breath VOC representative. It
100 was shown that the detection of all analytes was possible in the respective breath-relevant
101 concentration range, and that FAIMS, FTIR and LS signals were independent of one another, yet
102 correlated as determined at the same time within the same sample.

103
104 2. Materials and Methods
105 2.1 Hybrid Analytical Platform

106  2.1.1 Gas Sample Preparation

107 A stock gas mixture of 2.33 ppm acetone in synthetic air (+ 0.23 ppm, MTI Industriegase, Neu-
108  Ulm, Germany) was diluted down by synthetic air (produced with 20.5 vol.% O: grade 5.0, remains
109 N2 grade 5.0, H20 < 5 ppmv, NO+NO: < 0.1 ppmv, low molecular weight hydrocarbons CnHm <
110 0.1 ppmv, by MTI Industriegase, Neu-Ulm, Germany) and CO (technical grade (DIN EN ISO 14175),
111 >99.8 vol-%, N2 < 1000 ppmv, H20 < 120 ppmv, MTI Industriegase, Neu-Ulm, Germany) to eight
112 samples, containing acetone concentrations between 0 and 20 ppb and a background concentration
113 of3,40r5 % COz2and 19.6 + 0.5 % Oz (concentrations given here are volumetric concentrations). The
114  acetone, air and CO: flow were regulated by mass flow controllers (Bronkhorst El Flow Prestige, FG-
115 201CV-RBD-11-K-DA-000, 80 mL/min full scale capactiy for acetone; FG-201CV-ABD-11-V-DA-000,
116 3000 mL/min full scale capacity for synthetic air; Vogtlin red-y smart series, type GSC-A9KS-BB22,
117 200 mL/min full scale capacity for COz). For cleaning and drying purposes, air and CO: were filtered
118 through active charcoal (# 20626, Restek, Bad Homburg, Germany), molecular sieve (5A pore size,
119  #8475.2, Carl Roth GmbH & Co KG, Karlsruhe, Germany) and sintered glass filter elements
120 (VitraPor®, 40-100 um, 4-5.5 um, 1.5 um). The dew point of air and CO2 was measured to be -39.8°C
121 (humidity sensor SF52-2-X-T1-B, Michell Instruments, Ely, UK), corresponding to a water content of
122 192 ppm. The acetone sample gas was neither VOC filtered nor dried, since this would have caused
123 analyte loss. The water content in the acetone gas cylinder was assumed to be negligible due to the
124 dilution of acetone sample gas in comparatively big volumes of CO»/air.

125 Acetone and CO: were mixed first, by leading their flow through a filter with 0.5 pm pore size
126  (SS-2TF-05, Swagelok, Reutlingen, Germany) to induce turbulences for homogeneous mixing. The
127 combined acetone/CO:z flow was then combined with the air flow. A schematic of the gas mixing unit
128  is displayed in Figure 1 (left half) in section 2.1.2 together with the hybrid FAIMS-FTIR-LS sensing
129 platform.

130 2.1.2 Hybrid FAIMS-FTIR-LS Platform and Concentration-Dependent Measurements

131 The hybrid analytical platform is displayed in Figure 1. Gas samples were provided by the gas
132 mixing unit displayed in the left half of Figure 1 and described in the previous section. The sample
133 flow produced by the gas mixing unit was constantly kept at 2200 mL/min. The relief valve (SS-
134 RL3S4, Swagelok, Reutlingen, Germany) between the gas mixing unit and the FTIR/Oz sensor unit
135  was adjusted so that the flow reaching the FTIR/O:z sensor unit was 400 + 10 mL/min and the flow
136  through the FAIMS PAD was 1800 + 30 mL/min. These flows were regularly checked on with a digital
137  flow meter (ADM1000, J&W Scientific, Folsom, CA, USA) at the outlet of the Oz sensor and with the
138  flow sensor integrated in the FAIMS PAD, respectively. To minimize analyte adsorption along the
139  tubing walls, perfluoroalkoxy alkane (PFA) tubings (1/8” and 1/4” outer diameter, Swagelok,
140  Reutlingen, Germany) and heated (41 °C) Sulfinert tubings (#29242, Restek, Bad Homburg, Germany)
141  were used in order to minimize analyte adsorption.
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Figure 1. Experimental setup comprising the gas mixing unit and the hybrid analytical platform.
Numbers in blue are gas flows in mL/min.

Before starting a measurement series, a hold time was adopted until flow and pressure had
stabilized in the FAIMS device (1800 + 30 mL/min, 0.800 + 0.020 barg) to ensure reproducibility of the
FAIMS data. In case the flow and pressure varied beyond the given limits, the needle valve at the
exhaust of the FAIMS as well as the relief valve between FAIMS and FTIR were adjusted until flow
and pressure had stabilized for at least ten minutes in the range defined above.

Each measurement series included eight acetone/CO:/air gas samples. Prior to the analysis of an
acetone/CO»/air mixture, one sample containing pure air and one sample containing only air and CO
were recorded (see Table 1). During the pure air sample, the FTIR background was recorded, and the
according FAIMS spectrum was used to ensure that the system had entirely cleaned down after the
previous sample. The COz/air measurement, on the other hand, served as a background spectrum for
FAIMS. Before analysis, the respective sample gas was led through the setup for at least two minutes
to ensure a constant analyte concentration in the whole setup and during the entire measurement.

Table 1: Overview on the measurement protocol within the hybrid setup.

order injected sample FAIMS iHWG-FTIR LS

1 pure air verifying system  background -
cleanliness recording

2 COz/air background - -
recording

3 acetone/CO»/air acetone signal CO: signal Oz signal
recording recording recording

4 repeated for all further samples of a measurement series in random order

After recording a blank as the first sample of every measurement series, the remaining samples
were analyzed in a random sample order that was different in each measurement series. The COz
concentration was constant (3, 4 or 5 %) within one measurement series. Three measurement series
were recorded per CO:z concentration. For all air, COz/air and all acetone/COz/air samples, five FAIMS
spectra (~19 min) and five FTIR spectra (~ 3.5 min) were successively recorded, while the sample was
continuously flowing through the hybrid setup. Simultaneously, the O: concentration was
continuously monitored for the duration of the FAIMS measurements.
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166 2.2 Details on the Individual Analytical Methods
167  2.2.1 Field-Asymmetric Ion Mobility Spectrometry
168 FAIMS data were recorded with an OEM FAIMS PAD (Owlstone Inc., Cambridge, UK), using

169  the Lonestar software (version 4.912, Owlstone Inc.,, Cambridge, UK). After ionization by a ®Ni
170 ionization source, analytes were detected by the FAIMS sensor (gap size 37 um; RF waveform:
171 267 +2V maximum peak-to-peak voltage, 26 MHz +26 Hz RF, 25 % Duty Cycle, 51 steps;
172 compensation voltage (CV) from -6 to +6 V (512 steps, ~4.5 s per full CV scan), flow 1800 + 30 mL/min;
173 sensor temperature: 60 °C). The sample gas was continuously flowing through the spectrometer at
174 1800 + 30 mL/min as the data were recorded. The pressure could be regulated via the needle valve
175  (SS-2MG-MH, Swagelok, Reutlingen, Germany) at the FAIMS outlet and was set to 0.800 + 0.020 barg.
176 A membrane filter at the inlet of the FAIMS device (polytetrafluoroethylene (PTFE) membrane, 1 um
177  pore size), heated to 100 °C to avoid analyte accumulation in the filter, prevented particle
178  introduction into the FAIMS PAD. In order to avoid charge build up, the intersweep delay between
179  two subsequent recordings was set to 1500 ms. The obtained FAIMS spectra, also called dispersion
180  plots, displayed the ion current on the detector (z axis) in dependence on the CV (x axis) and the
181  percentage of the dispersion field (DF) which was scanned by varying the peak-to-peak-voltage
182  between 0 and 267 V stepwise.

183 2.2.2 Substrate-Integrated Hollow Waveguide Coupled Fourier-Transform Infrared Spectroscopy

184 CO:z concentrations were monitored via iHWG coupled FTIR spectroscopy. The setup and gas
185  cell have been described in detail elsewhere[30]. Light from an ALPHA FTIR spectrometer (Bruker
186  Optik GmbH, Ettlingen, Germany) was coupled into an iHWG (aluminum, 7.5 cm optical path
187  length, 4x4 mm internal cross-section, produced by fine mechanical workshop West, Ulm University,
188  Ulm, Germany) and then onto the internal detector of the spectrometer via two gold-coated off-axis
189  parabolic mirrors (Thorlabs, MPD254254-90-M01, 2" RFL). Using the software OPUS (version 7.2,
190  Bruker Optik GmbH, Ettlingen, Germany), IR spectra were recorded in the spectral range from 4000
191 to 400 cm? at a spectral resolution of 2 cm?, with 20 averaged scans, and at a flow rate of
192 400 + 10 mL/min. The Fourier transformation was done in OPUS, using the Blackman-Harris 3-term
193 apodization function. In order to exclude CO:2 from ambient air from the optical absorption paths, the
194  entire IR setup was housed in a plastic bag which was purged with synthetic air for at least 15 minutes
195  prior to as well as during each measurement series.

196  2.2.3 Oxygen Sensing

197 A flow-through Oz sensor, detecting Oz based on luminescence quenching, (FireStingO2, Pyro
198  Science GmbH, Aachen, Germany)[28] was used for monitoring the Oz concentration, supported by
199 the Software FireSting Logger (version 2.365, PyroScience GmbH, Aachen, Germany). One data point
200  per second was recorded.

201
202 2.3 Data Processing

203  2.3.1 Field-Asymmetric Ion Mobility Spectrometry

204 Since a direct import of the FAIMS data (.dfm format) into Matlab was not possible, FAIMS data
205  were exported from the Lonestar software as text files and then imported into Matlab (R2018A, The
206  Mathworks Inc., Natick, MA, USA). For baseline correction, the average of the five repetitions of the
207  FAIMS dispersion plot of an COz/air sample was substracted from the average of the five repetitions
208  of the subsequent acetone CO:/air sample. Acetone monomer and dimer peak volumes were
209  approximated by respectively summing all intensity values in selected regions of the dispersion plot
210 (monomer: 68 to 72 % DF, -2.75 to -1.95 V CV; dimer: 46 to 50 % DF, -0.35 to +0.45 V CV). These
211  integration windows were chosen equally wide for monomer and dimer peak and based on a
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212 compromise between achievable signal height and freedom from interferences with other spectral
213 components. The so obtained monomer and dimer peak volumes were then added together to obtain
214 the total acetone signal (from now on, only called “acetone signal”). Singly integrating the monomer
215 or the dimer peak would have distorted the FAIMS data evaluation: while the monomer peak was
216  very faint or even invisible at higher acetone concentrations, its contribution to the total acetone signal
217  athigher concentrations would not have been negligible.

218 After normalization with the mean acetone signal at the maximum measured acetone
219  concentration (20 ppb), the signal was averaged and the standard deviation was calculated. The
220  normalized and averaged acetone signal was plotted against the acetone concentration and an
221 asymptotic fit (y=A-B-C) was applied. Following IUPAC regulations[31], the concentration at the
222 limit of detection (LOD) and at the limit of quantification (LOQ) was estimated by inserting the signal
223  intensity at the LOD and the LOQ (us+3.29-08 and ps+ 10-08, respectively, with average normalized
224 signal intensity of the blank ps and its according standard deviation os) into the inverse of the
225  calibration function (x=In((A-Y)/B)/InC).

226  2.3.2 Fourier-Transform Infrared Spectroscopy

227 IR data were imported from OPUS into Origin Pro 2017G. An exemplary spectrum is shown in
228  Figure Al in the Appendix. For baseline correction, each IR spectrum was shifted by the median of
229  the data set, since the latter suitably represented the baseline. The area under the baseline-corrected
230 IR peak at 2360 cm! between 2200 and 2450 cm! was averaged for the five repetitions recorded in a
231  row for each sample. The so obtained CO: signal was then normalized by division by the overall
232 maximum CO: signal and the normalized signal was averaged for the three repetitions of the
233 measurement series recorded for each CO: concentration (3, 4 and 5 % COz). The according standard
234 deviation was calculated.

235  2.3.3 Oxygen Sensing

236 For each measurement, the Oz concentrations directly output by the FireSting Logger software
237  was averaged for the time span between 5 and 15 min after starting the O» measurement. Oz
238  concentrations recorded between 0 and 5 min were not included in the average, because the Oz
239  concentration reached an equilibrium after approximately 5 min (see Figure A2 in the Appendix).
240  The so obtained O: signal was then normalized by division by the overall mean O: signal; the
241  normalized signal was averaged for the three repetitions of the measurements series recorded for
242 each CO:2 concentration and the standard deviation was calculated.

243
244 3. Results and Discussion

245 3.1 FAIMS Results

246 As mentioned above, FAIMS dispersion plots of pure air and of COz/air were recorded before
247  recording an acetone/COz/air containing sample (for further detail also see Table 1 in Section 2.1.2).
248  Figure 2 exemplarily shows a dispersion plot for each sample type collected in positive mode. The
249  dispersion plot of pure air (Figure 2a) mainly showed the reactant ion peak (RIP), which, in positive
250  detection mode, appears due to the formation of ionized clusters of water molecules present in the
251 carrier gas[32]. The faint vertical signal in Figure 2a at around 0 V CV was approximately constant
252 for all recorded dispersion plots. It could not be erased throughout the whole project and was likely
253  to be caused by substances emitted from the tubings and the FAIMS device itself. The CO/air
254  dispersion plot (Figure 2b) also mainly showed the RIP. No clear analyte peak appeared, since CO2
255  is not ionizable by the ®Ni source. The faint additional trace at around -65 % DF and -3V CV
256  assumably occurred because of contaminations from the CO2 gas bottle that could not be entirely
257  removed by the used filters. The acetone/COz/air dispersion plot (Figure 2c) showed an intensity
258  decrease of the RIP as well as the appearance of two main additional peaks. Generally, once an
259  ionizable analyte like acetone is inserted into the FAIMS, one or two water molecules in the ionized
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Figure 2. FAIMS dispersion plots. (a) pure air sample (b) COz/air sample (c) acetone/COz/air sample
(d) background substracted acetone/CO2/air sample ((c) minus (b)). CO2 and acetone concentration of
these exemplary data were 4 % and 1 ppb, respectively. For the sake of clarity, not all four graphs
wear all three axes labels.

260  carrier gas clusters are replaced by the analyte molecules. Hence, the RIP intensity decreases and a
261  monomer and/or dimer peak appear, respectively. The tentative assignment of monomer and dimer
262  peak, as it is indicated in Figure 2¢, was based on the concentration-dependent behavior of both
263  peaks: while the monomer peak intensity showed an intensity maximum at lower concentrations, the
264  dimer peak constantly increased with increasing acetone concentration, as an additional water
265  molecule in each monomer cluster was replaced by a second acetone molecule, thus forming a dimer
266  cluster. The relative position of monomer and dimer peak also was in accordance with our
267  expectations and thus substantiated our peak assignment: the lighter, less bulky and hence more
268  mobile monomer cluster gave rise to a peak at a lower CV than the less mobile dimer cluster. The
269  exact origin of the faint feature between monomer and dimer peak in Figures 2c and 2d
270  (~50 %DF, -0.5 V CV) is unknown, but its potential effect is commented on in section 3.2. In order to
271  obtain the net monomer and dimer signal, Figure 2b was subtracted from Figure 2c for background
272 substraction. The resulting data is shown in Figure 2d. The z axis of Figure 2d was varied compared
273  toFigures 2a to 2cin order to make the monomer and dimer peak more clearly visible. At the position
274  where the RIP appeared in Figure 2a to 2¢, the signal intensity was negative in Figure 2d, since the
275  RIP intensity decreased while acetone was present in the FAIMS sensing region.

276
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277 3.2 Co-Dependencies of Acetone, CO2 and Oz Signal

278 The normalized total acetone signal, composed of monomer and dimer peak volume, was
279 plotted against the acetone concentration, shown for 3, 4 and 5 % CO: in Figure 3a. Due to saturation
280  of the FAIMS detector, the acetone signal converged towards a maximum value for higher acetone
281 concentrations. Thus, an asymptotic fit was applied. It is obvious from Figure 3a, that the acetone
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Figure 3: No mutual signal co-dependencies of acetone, CO2 and Oz were detected. All displayed error bars are
1o error bars. (a) Acetone signals recorded with FAIMS depend on the acetone concentration (asymptotic fit
y=A-B-Cx), yet is independent of the CO: content. (b) CO:2 signals recorded by iHWG-FTIR only vary
depending on the CO:z concentration. (c) Oz signals recorded by LS are neither influenced by the acetone nor by
the CO2 content.

282  signal was statistically identical, regardless if the CO2 concentration was 3, 4 or 5 %. Likewise, the
283  according analytical figures of merit, i.e. LOD, LOQ, R? and parameters of the asymptotic fit, did not
284  depend on the CO:z concentration (see Table 2). Hence, the CO:z concentration did not have any effect
285 on the FAIMS results. Reversely, Figure 3b and 3c reveal, that the acetone concentration did neither
286  affect the CO2 nor the O: signal. Also, the O2 signal did not change depending on the CO:
287  concentration, but stayed constant irrespective if 3, 4 or 5% CO: were present. In conclusion, no
288  mutual co-dependencies of the acetone, CO2 and O: signal were detected.

Table 2: Analytical figures of merit of the concentration-dependent FAIMS measurements of
acetone. No statistical difference between fit parameters A, B and C of the asymptotic fit (equation
y=A-B-C¥)at3,40r5 % CO2 R? concentration at LOD and concentration at LOQ varied, yet with
no clear trend visible depending on the CO: content. This indicates independence of the acetone
signal from the CO: concentration.

3 % CO2 4 % CO2 5 % CO2

fit parameter A 0.998£0.019  0.964+0.025  0.989 +0.023

fit parameter B 1.024+0.025  0.962+0.038  0.997 +0.034

fit parameter C~ 0.803+0.012  0.765+0.022  0.772+0.019

R2> 0.995 0.989 0.992

LOD [ppt] 145 78 56

LOQ [ppt] 358 405 165
289
290 The FAIMS error bars shown in Figure 3a are relatively big compared to the FTIR and LS error
291  barsin Figures 3b and 3¢, respectively. Several different sources have presumably contributed to the
292 acetone signal variance. First, three slight features apart from RIP, monomer and dimer peak were
293  visible in the dispersion plots of the acetone/CO/air sample (see Figure 3c at ~65 % DF /-3 V CV, at
294  ~50 % DF /-0.5V CV and at ~75 % DF / +0.5 V CV). As mentioned before, these possibly appeared
295  due to contaminations from the CO: gas bottle and due to evaporations from the tubings and the
296  FAIMS itself. Even if they do not seem to have fundamentally impacted the obtained data, these
297  contaminations might still have competed with acetone for the ionization energy in the FAIMS
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ionization region, therefore possibly altering the acetone signal intensity and increasing the
associated error bars. Furthermore, it cannot be excluded that slight humidity variations occured,
additionally enhancing the variance of the acetone signal. Finally, the saturation of the FAIMS
detector at higher acetone concentrations can be assumed to also have made a contribution to the
signal variance.

3.3 Towards Real Breath Analysis

It is our goal to further develop the hybrid FAIMS-FTIR-LS platform towards online analysis of
mouse breath. Already with the current setup, the detection of the main breath components COz, O
and acetone, as a breath VOC representative, was possible in breath-relevant concentrations.
Especially the fact that breath VOC detection is possible down to LODs and LOQs in the low to
medium ppt range with this hybrid setup, makes it a promising tool for real breath analysis, since
breath VOCs most often occur in ppt to ppb concentrations[33]. Furthermore, Oz, CO2 and acetone
signal were found to be mutually independent. This underlines the excellent orthogonality of FAIMS,
FTIR spectroscopy and LS, making their combination especially suitable for a complex matrix like
exhaled breath: simply by selecting a suitable combination of analytical methods, a first — at least
virtual — “preseparation” of the sample components has been undertaken, thus already simplifying
the analytical task.

Nevertheless, the hybrid setup and the experiments conducted with it need to be further evolved
before online analysis of real mouse breath is possible. First, unlike in our model samples, of course
more than one VOC is present in real breath. All these breath VOCs will compete for the FAIMS
ionization energy and therefore cause co-dependencies of their signals. To prevent this, preseparation
based on a GC or an MCC column will be integrated into the hybrid setup, enabling the VOCs to
reach the ionization region one by one. Since the contaminations discussed above (see Figure 2c) will
also be separated from the analytes via the GC or MCC column, the FAIMS signal variance may
additionally benefit from the preseparation scheme. Furthermore, alkanes, as an important class of
breath VOCs[34], cannot be detected with the current setup, because they are not ionized by the Ni
ionization source. This problem could be overcome by taking advantage of the modular flexibility of
the FTIR detection unit: extending the optical path length of the iHWG and replacing the FTIR
spectrometer by a more intense light source like a tunable quantum cascade laser, the LOD/LOQ for
alkane detection via FTIR could be shifted to breath-relevant concentrations. Moreover, the samples
tested until now only contained minimal amounts of water, whereas real breath is oversaturated with
humidity. Since the FAIMS detection mechanism is based on ionized water clusters, changes in
humidity have a major effect on the FAIMS signal intensity. Here, chemometric data treatment in
dependence of the present water level or experimentally filtering out the humidity by a condenser as
proposed by Maiti ef al.[35], which is explicitly suitable for dehumidifying breath without significant
VOC loss, could be possible solutions.

4. Conclusions

A compact hybrid sensing platform enabling orthogonal analysis of gas/vapor phase samples based
on FAIMS, FTIR and LS was presented, and its utility online analysis of synthetic breath samples
containing acetone, COz and O: was demonstrated. It was shown that the signals of these compounds
were independent of one another, and that all three components could be detected at their respective
breath-relevant concentrations. The LOQ of acetone could even be lowered to the medium ppt
concentration range, which renders the method a promising approach for the potential analysis of
trace level breath VOCs. Yet, challenges according to nonetheless integrating additional analyte
preconcentration/-separation strategies and dealing with high humidity levels will need to be
resolved prior to the useful analysis of real-world exhaled breath samples, and will be addressed
during future studies.

Abbreviations: A Angstrom, barg unit for gauge pressure in bar (pressure in bar exceeding atmospheric
pressure), CO2 carbon dioxide, CV compensation voltage, DF dispersion field, FAIMS field-asymmetric ion
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347 mobility spectrometry, FTIR Fourier-transform infrared spectroscopy, GC gas chromatography, IABC Institute
348 for Analytical and Bioanalytical Chemistry, IAPMD Institute for Anesthesiological Pathophysiology and
349 Method Development, iHWG substrate-integrated hollow waveguide, min minutes, LS luminescence sensing,
350 MCC multicapillary column, pL microliter, MICU mouse intensive care unit, N2 nitrogen, O2 oxygen, OEM
351 original equipment manufacturer, PFA perfluoroalkoxy alkane, ppb parts per billion, ppm parts per million, ppt
352 parts per trillion, PTFE polytetrafluoroethylene, RIP reactant ion peak, RQ respiratory quotient, TDLAS tunable
353 diode laser absorption spectroscopy, THz Terahertz, VOC volatile organic compound, °C degree Celsius.
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363  Appendix

364 The primary signals of CO2 and O2 recorded by FTIR spectroscopy and LS, respectively, are
365  shownin Figure Al and A2.

2.54
=20
[0]
o
c
8 151
o
8
< 1.04
N
(@)
O 0.54
0 O ) T T 1
4000 3000 2000 1000
366 Wavenumber [cm™"]
367 Figure Al: IR spectrum of 4 % COz. Acetone theoretically also is IR active, but is not detected here
g P y
368 due to its extremely low concentrations in the ppb range.
y pp g
18.20
=
= 18.18
Ke]
°
£ 18.16
[0
o
5
S 18.14-
c
(0]
(o]
< 18.12-
o
18.10 T T T T
0 200 400 600 800
3 69 time [s]
370 Figure A2: Oz concentration as detected by the luminescence sensor.
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