
iHWG-MOX: A Hybrid Breath Analysis System via the Combination
of Substrate-Integrated Hollow Waveguide Infrared Spectroscopy
with Metal Oxide Gas Sensors
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ABSTRACT: According to their materials and operating parameters, metal
oxide (MOX) sensors respond to target gases only by a change in sensor
resistance with a lack in selectivity. By the use of infrared spectroscopy, highly
discriminatory information from samples at a molecular level can be obtained
and the selectivity can be enhanced. A low-volume gas cell was developed for
a commercially available semiconducting MOX methane gas sensor and
coupled directly to a mid-infrared gas sensor based on substrate-integrated
hollow waveguide (iHWG) technology combined with a Fourier transform
infrared spectrometer. This study demonstrates a sensing process with
combined orthogonal sensors for fast, time-resolved, and synergic detection
of methane and carbon dioxide in gas samples.
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Because physical and biochemical methods in medical
monitoring and diagnostics have rapidly increased, breath

analysis, as a noninvasive sensing method, became more and
more important. Advances in the identification of disease
biomarkers increased the interest in exhaled breath analysis for
early disease detection and emerged new sensing methods.1,2

The complex matrix of exhaled breath is predominantly a
mixture of N2, O2, H2O, and CO2 along with more than 1000
volatile organic compounds (VOCs) at trace levels (ppt to
ppm), which varies widely from person to person.3 As the
composition of exhaled breath corresponds to complex
biochemical processes within the body, a large number of
these VOCs may serve as potential biomarkers for specific
diseases or metabolic disorders.2

Methane is the simplest hydrocarbon, and inhaling it can
cause suffocation. Potential effects at low concentrations are
headaches and dizziness that can be accompanied by nausea as
levels increase and unconsciousness till death.4 Methane has
been identified in exhaled breath as a biomarker for colonic
fermentation.5 Furthermore, studies demonstrated that meth-
ane in exhaled breath is significantly associated with
constipation in bowel patients. The detection of methane in
exhaled breath could also be used as a diagnostic test for
constipation and further direct the medical treatment of
patients (e.g., antibiotic approach).6 Studies have found up to
70 ppm of methane and 4−5% of CO2 in breath samples from
subjects with methane-producing colonic bacteria, which can
be associated with irritable bowel syndrome.7−9

However, the rather minute concentrations of VOCs in the
exhaled breath matrix pose a challenge to many sensing
applications.10 Gas chromatography combined with mass
spectrometry (GC−MS) is an analytical method which covers
a wide variety of compounds with high sensitivity and
precision and is considered to be the current gold standard
method in breath diagnostics.2 Despite excellent sensitivity,
GC−MS has some drawbacks including bulky dimensions,
high instrumentation costs, the need for highly trained
personnel, and elaborate sample preparation. Furthermore,
the response time is limited and is therefore less suitable for
real-time analysis and continuous monitoring.11 Highly
specialized methods for breath VOCs are selected ion flow
tube mass spectrometry and proton transfer reaction mass
spectrometry, both of which provide real-time analysis; hence,
their availability and costs limit the common application.2,12−14

Consequently, ideal breath analyzers should enable real-time
analysis, be inexpensive, comprise a small size, and provide
inherent molecular selectivity. Excellent approaches therefore
are optical methods based on infrared (IR) spectroscopy for
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direct sensing without extensive gas sample pretreatment,
enabling a nondestructive, selective, sensitive, and fast
detection or monitoring of molecular constituents.15,16 A
sensor system for gas-phase IR spectroscopy is composed of
three optical components: the light source, the gas cell, and the
detector. The mid-infrared region (MIR), as a light source, has
proven to have high molecular selectivity by highly
discriminative evaluation of excited vibro−rotational transi-
tions and sensitivity at trace-level concentrations, capability to
real-time monitoring, and possibility to integration and
miniaturization to a compact device footprint.2,17 Conven-
tional multipass gas cell assemblies (e.g., white cell or Herriott
cell) for IR spectroscopic investigations achieve high sensitivity
through extended absorption path lengths (several tens of
meters); however, these systems are usually bulky and require
higher probe volume (200 mL up to several liters) and longer
sample transient.10,18

To overcome the volume limitations of multipass cells for
breath diagnostics, Fourier transform infrared spectroscopy
(FTIR) in the mid-infrared spectral range was performed
successfully in combination with fiber-optical hollow wave-
guides (HWGs) to monitor 13C/12C ratios in mouse breath
samples.19 HWGs are coated silica or glass tubes, which serve
as a light conduit and simultaneously as a low-volume gas cell
with a short transient time. However, their deficiency in
robustness, flexibility, and compactness lead to further
improvements.
A new generation of HWGs is the so-called substrate-

integrated HWG (iHWG). The light-guiding channel is
integrated into the solid-state material, which builds also the
miniaturized gas cell, therefore improving the robustness and
also allowing different geometries to enhance the optical path
length (OPL) in a small device footprint. In contrast to equally
robust industrial process monitoring systems (e.g., by Horiba),
which enable monitoring high gas flows in harsh environments,
iHWGs may also be used to analyze exceedingly small flows
and, thus, minute sample volumes. This results in rapid sample
transient times and, correspondingly, an improved time
resolution.17,18,20 iHWGs have nowadays evolved into a key
component for a variety of gas sensing scenarios that readily
combine with a wide variety of light sources.19,21−29 To detect
even traces of gas molecules, a compact combination of
iHWGs with a new generation of miniaturized preconcentra-
tion devices was demonstrated for enriching and/or converting
VOCs relevant in exhaled breath analysis and environmental
and safety/security monitoring scenarios.10,30,31

Another attractive system which fulfils most of the
requirements for specific routine breath analysis is the
electronic nose (eNose) technology. Its advantages are
portability, low cost, and noninvasiveness.32 These systems
offer a number of significant features, real-time sensor
response, high sensitivity, a high variety of available sensors,
and flexibility in instrument design.33 eNose systems are based
on an array of different sensors to give a specific response to a
given odor. Changes in sensor signals are processed by
advanced pattern recognition algorithms for the identification
of fingerprints and discrimination, as the sensors have the
drawback of nonselectivity.32,34,35 Commonly used types of
sensors in eNose devices are semiconducting metal oxides
(MOX), conducting polymer composites, and intrinsically
conducting polymers.34

MOX sensors gained much attention because they have
been successfully used for fast and sensitive monitoring of trace

amounts of environmentally important gases such as carbon
monoxide and nitrogen dioxide and detection of gas leakages
under atmospheric conditions.36,37 This type of gas sensor is
composed of a sensitive layer deposited on a substrate (e.g.,
ceramic Al2O3), which is provided with electrodes to measure
electrical characteristics, such as conductivity. The device is
heated by a built-in resistive heater, which is electrically
separated through an insulating layer from the electrodes and
the sensing layer, to working temperatures between 200 and
400 °C.38

Heating the sensing layer to working temperature increases
the conductivity of the semiconductor, sensitivity, and
adsorption/desorption processes on the surface. The adsorbed
oxygen plays a crucial role in the sensing principle as it enables
the reduction/oxidation processes of target gases.39 At higher
temperatures, oxygen adsorbs on the surface by chemisorption,
therefore appearing in a charged species through electron
exchange with the conduction band.40−43

Besides response time and sensitivity, the ability to identify a
specific gas from a mixture is another performance indicator of
a gas sensor.44 However, even though MOX sensors are highly
sensitive, they are seldom highly selective, as most of them give
indiscriminate response to a variety of gases and show cross-
sensitivity (e.g., Figaro TGS 2611-C00 methane sensor
responds also to ethanol, hydrogen, and isobutane).45 Thus,
enhancing the selectivity is another important parameter
during the development of MOX sensors.36 This may be
achieved for such sensors via the so-called “fluctuation-
enhanced sensing” in combination with a modulation of
temperature and/or ultraviolet light at the sensor surface.46 A
higher selectivity can also be achieved via sensor arrays
composed of a variety of different MOX sensors.47

However, another drawback of MOX sensors in breath
diagnostics is that they are not feasible to detect carbon
dioxide (CO2), which is a constituent of breath and besides
nitrogen and water vapor, a versatile indicator for several
metabolic processes.27 Another important clinical parameter is
the so-called respiratory quotient. The respiratory quotient is
the ratio of produced CO2 over consumed O2, which can be
used as an indicator for metabolized pathways within biological
systems.48 In order to determine this, the use of optical sensors
is well suited.25

In this investigation, an approach is presented for a fast, real-
time, and simultaneous detection of CH4 and CO2 by IR and
CH4 by MOX.

■ EXPERIMENTAL SECTION
The optical setup for sample flow-through measurements is
schematically illustrated in Figure 1. The red line shows the optical
path of IR radiation. MIR radiation emitted from the FTIR

Figure 1. Schematic illustration of the optical setup for the flow-
through experiments.
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spectrometer (A) (IRcube, Bruker Optic GmbH, Ettlingen, Germany)
was first reflected by a planar gold mirror (B) onto an off-axis
parabolic mirror (C) (both by Janos Technology Inc., Keene, NH,
USA) and focused onto the incoupling facet of a 75 mm straight-
channel iHWG (D) (Research Team IABC, Ulm University). After
propagating through the iHWG, emanating IR radiation from its distal
end was directly focused to a liquid nitrogen-cooled mercury−
cadmium−telluride (MCT) detector (H) (InfraRed Associates Inc.,
Stuart, FL, USA) with an active detector element area of 4 mm2,
which also matched the dimensions of the iHWG channel. Spectral
interferences of ambient air constituents were avoided by encasing the
whole optical setup using commercially available large low-density
polyethylene polymer bags.
The TGS 2611-C00 MOX gas sensor (G) (Figaro Engineering

Inc., Mino, Osaka, Japan) was pinned on the MOXstick USB interface
(F) (JLM Innovation GmbH, Tübingen, Germany), inserted gastight
into the MOX gas flow-through cell (E) (sensor cap sealed with one
layer of Teflon tape). The MOX gas flow-through cell (gas inlet) was
then connected with the iHWG (gas outlet) using a 10 cm hose of 1
mm diameter with luer-lock connections (B. Braun Melsungen AG,
Melsungen, Germany). The MOX sensor was preheated 1 day prior
to experiment under its circuit conditions (circuit voltage VC = 5.0 V
and heater voltage VH = 5.0 V).
Measurement Procedure. Before each measurement, both

iHWG and MOX gas flow-through cells were purged using synthetic
air (20.5% O2, 79.5% N2, MTI IndustrieGase AG, Neu-Ulm,
Germany) at a flow rate of 100 mL/min. MOX experiments and IR
measurements were started simultaneously. Immediately after record-
ing the IR background spectra, 10 repeated sample measurements
were started and a defined gas mixture was set on the gas mixing
system. After recording five IR spectra of the sample, the gas flow was
instantly turned only to synthetic air to get the course of the purging
step.
Data Acquisition. For IR data acquisition and processing, OPUS

6.5 (Bruker Optik GmbH, Ettlingen, Germany) software package was
used. Each IR spectrum is recorded in the spectral range of 4000−700
cm−1 with a resolution of 2 cm−1 using a Blackman−Harris three-term
apodization function and is an average of 100 scans, which correspond
to 40 s. The MOX sensor signals were recorded using JLMlogSP 2.5
software (JLM Innovation GmbH, Tübingen, Germany) every 10 s.
Therefore, it was possible to obtain a time-resolved methane profile
for both IR and MOX measurements.
Data Evaluation. Each measurement was repeated three times,

and for the MOX measurements, five different gas sensors were used.
The average value was calculated from the 15 values obtained. The
error is represented as the standard deviation of the measured values.
For IR spectral evaluation of methane and carbon dioxide, an
integration method was developed with spectral regions, whose
parameters are listed in Table 1. Mean averaged values of the

integrated peak area were then plotted against time. For the relation
between different sample concentrations and sensor feedback, sensor
resistance changes of the MOX gas sensor during sample flow-through
were analyzed and six signals (which correspond to 60 s) before the
purging process were picked out for data evaluation and averaged for
each sample.
Apparatus. The iHWG (75 mm × 25 mm × 20 mm, L ×W × H)

used in this study (Figure 2a) was fabricated from the brass alloy
substrate (CuZnx). It provides an optical path length of 70 mm with a
cross section of 2.1 × 2.0 mm. Both substrates were polished with
commercially available diamond polishing suspensions to a mirror-like

finish to obtain high surface reflectivity. To further improve
reflectivity, a gold layer was galvanically deposited on the wave-
guiding channel. For enhancing the adhesion between gold and the
substrate and protecting brass from oxidation, an intermediate copper
layer (copper layer thickness of approximately 1 μm) was applied
through galvanic plating. Both ends were sealed gastight with MIR-
transparent BaF2 windows to form also a highly miniaturized gas cell,
which encloses a volume of 294 μL.17

To match the compact dimensions of the iHWG (75 mm), the
entire MOX gas flow-through cell was machined from the 75 × 20 ×
20 mm (L × W × H) aluminum block (Figure 2b). This material
provides robustness, low weight, high thermal conductivity, and high
stability against oxidation. Integration of the 75 mm-long gas channel
was achieved on a lathe by drilling from both sides to create a through
hole with a diameter of 3 mm, resulting in an internal volume of 600
μL. On both sides of the channel, M5 female luer-lock connectors
with PTFE O-rings were installed. A sensor fitting was introduced
into the device on top of the surface for the standardized TO-5
(transistor outline) package followed by a small channel of 3 mm
diameter to allow access from the MOX sensor to the gas channel. For
further precise fitment of the sensor, a flat 0.5 mm-deep countersink
with a diameter of 9.5 mm was cut for the sensor pin marker.

■ RESULTS AND DISCUSSION
The performance of MOX gas sensors with iHWGs were
evaluated in terms of sensitivity, precision, and orthogonality.
Figure 3 shows the whole absorption spectra of a sample

measurement from 100 ppm CH4 (blue) and 1000 ppm CH4

(ochre), both with 1000 ppm CO2. In both samples, CO2 can
be clearly detected; however, 100 ppm CH4 is not possible to
differentiate from noise with the used setup and measurement
procedure for MIR-iHWG measurements.
As shown in Figure 3, the selected spectral windows,

summarized in Table 1, offer readily accessible absorption

Table 1. Parameters for IR Spectral Evaluation

baseline correction [cm−1]

band integration [cm−1] region 1 region 2

CH4 band 1 3150−2875 3550−3300 2700−2550
CH4 band 2 1375−1225 1950−1800 1150−1000
CO2 2390−2280 2700−2550 2200−2050

Figure 2. Cross-sectional view of (a) iHWG and the (b) MOX gas
cell.

Figure 3. IR absorption spectra of 1000 and 100 ppm CH4 with 1000
ppm CO2 in comparison to humidified air/water vapor.
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lines. There is no overlap of the CH4 band 1 and the CO2 band
with a potentially interfering water signal resulting from
humidity. Consequently, both dry gas samples and humid
samples may readily be analyzed.
In Figure 4a, methane profiles (100 and 1000 ppm) of

samples with and without carbon dioxide are compared (for

CH4 band 1) and show the same course as CO2 does not affect
methane absorption. The same samples are compared in their
carbon dioxide profile, as shown in Figure 4b. Both samples
with 1000 ppm CO2 show a high absorption between 2390 and
2280 cm−1; hence, their integrated areas are equal. In the IR
spectrum, it is possible to distinguish between signals as gas
samples without CO2 show no absorption in this spectral
range. Therefore, the feasibility of MIR absorption spectros-
copy using iHWG for selective and simultaneous detection of
methane and carbon dioxide is demonstrated.
The MOX sensor was set to record one signal every 10 s,

which allowed a high time-resolved tracking of the samples
compared to the simultaneously started iHWG measurement
(one spectrum every 40 s). Other than the IR spectrum
(absorbance increases with increasing concentrations), increas-
ing concentrations of methane cause a decrease in MOX
sensor resistance. Likewise, a change in sensor response for
100 ppm CH4 is still detectable, which can be seen in Figure 5.
Data plotted in Figure 5a show that methane has a nonlinear

sensor response to sample concentration for the MOX sensor.
The higher time resolution has an advantage in data processing
as every 10 s a new signal is recorded, more signals can be
compared with the other two measurements of the sample and
not only one signal like in the iHWG experiments. Therefore,
variations through timing have a lower effect for MOX
measurements. For the error bars in Figure 5b, the triple
standard deviation of the 15 measured values obtained by
repeating a measurement three times for each of the five

investigated MOX sensors was used. Starting with the 250 ppm
methane measurements, the errors become larger with lower
concentrated samples. The manufacturer of the MOX sensor
suggests a sensitivity for methane above 300 ppm. This could
be one reason for the deviations at 100 ppm CH4, but it is still
possible to detect this low sample concentration.
The experiments were performed with and without 1000

ppm CO2 in the methane sample. As compared in Figure 6, no

Figure 4. (a) Comparison of the CH4 profile with and without 1000
ppm CO2. (b) Time-resolved carbon dioxide profile of samples with
and without 1000 ppm CO2 in methane and synthetic air.

Figure 5. (a) MOX sensor resistance change during flow-through
measurements. (b) Rs,m values vs different methane sample
concentrations.

Figure 6. Trajectory of sensor resistance change during the
measurement of 1000 ppm CH4 (black), 1000 ppm CH4 with 1000
ppm CO2 (red), 1000 ppm CH4 at 40 °C (gold), and 1000 ppm CH4
at 40 °C and 90% r.h. (blue).
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significant influence of CO2 on the sensor signal is detected.
The slight change evident for both samples is explained by the
drift of the MOX sensor. Also, the presence of oxygen
increases the sensor resistance and decrease the conductivity.
Hence, a lower oxygen content of the sample could affect the
slight decrease in sensor resistance.
In addition, data from measurements at 40 °C and at 40 °C

with 90% relative humidity were displayed. Here, it can be seen
that with increasing temperature, the resistance decreases
slightly. In the presence of humidity, however, the resistance
drops significantly more. However, this is not a major problem
for possible applications in breath gas analysis as these changes
in resistance are reproducible and constant for each condition.
Although a slight change in sensor resistance occurs with

CO2, the signals are nonspecific. A high sensitivity to methane
gas does not mean a high selectivity of the MOX sensor. The
combination of MOX with iHWG leads to a synergy effect
because CO2 and CH4 can be differentiated in the spectrum,
and performing quantitative measurements is possible.

■ CONCLUSIONS AND OUTLOOK

Our research shows that the combination of an iHWG with a
low-volume MOX gas cell is an approach to enhance the
selectivity of MOX sensors and hence their success in eNose
systems for breath diagnostics with additionally gained highly
discriminatory information from samples at a molecular level
with optical measurements.
Highly sensitive simultaneous measurements in real time

could be demonstrated for trace-level methane gas and carbon
dioxide in synthetic air during flow-through experiments in real
time.
The combination of these two orthogonal sensor tech-

nologies, where a physical and a chemical sensor cooperate,
allows us to overcome the disadvantages of the system-
inherent limitations of both sensors. This is possible because
the sensors operate in time coordination and thus complement
their own analytical response.
A synergic effect has been demonstrated for the use of the

two sensor technologies as 100 ppm of methane was not
possible to quantify in the IR measurement, but a signal change
was still detectable with the MOX sensor.
This signal change, of course, is not sufficient to make a

statement about the molecules present in the measured sample.
Only in combination with the IR measurements, molecules can
be identified, even if the IR signal is too low to make a
statement about the quantitative composition of the sample.
A high time-resolved signal change (1 signal/10 s) was

recorded by the MOX sensor during experiments compared to
iHWG, which needed 40 s for one spectrum (100 sample scans
averaged to one spectrum) and showed slight deviations, as
only one spectrum could be used for evaluation. This drawback
could be improved by increasing the number of sample
measurements or by reducing the spectral resolution and/or
the number of averaged scans for each spectrum. However, this
would negatively affect the spectral quality (higher noise level)
and consequently the achievable limit of detection.
The detection of CO2 and the simple recognition of

concentrations in complex gas samples are not possible with a
single MOX sensor. The combination with IR measurement,
which allows us to read the concentration of each molecule,
provides additional possibilities to calibrate and use MOX
sensors with gas samples of complex composition.

The established combination is an approach for future
research in breath analysis using IR spectroscopy and MOX
sensors. For measurements of exhaled breath gas samples
containing humidity, all fluidic pathways have to be heated to
avoid condensation. For most MOX sensors, an increased
temperature and the presence of humidity do not cause a
sensitivity problem because the measured resistance is only
additionally lowered by these factors.
By combining both cells into one device, the dead volume

should be reduced. Therefore, the setup could be extended to
an MOX array, thereby forming a hybrid electronic Nose
system (“iHWG-eNose”) for further discriminating sensor
responses to different molecules.
Instead of a simple commercial sensor, one may also

integrate one or more temperature and/or UV light modulated
sensors for enhanced selectivity. A combination whereby the
MOX sensor and IR system modulate each other is of course
also conceivable.
To employ the device in real-world breath analysis, further

improvements are necessary to improve the selectivity (e.g.,
using filters) and increase limits of detection.
Also, further system miniaturization is imagined using other

light sources [e.g., MIR quantum cascade lasers (QCLs)] and
detectors [e.g., deuterated triglycine sulfate detectors (DTGS)]
instead of the FTIR spectrometer and liquid nitrogen-cooled
MCT detector for iHWG measurements, which would enable
portable systems.
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