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ABSTRACT: A multiparameter gas sensor based on distributed
feedback interband cascade lasers emitting at 4.35 μm and ultrafast
electro-spun luminescence oxygen sensors has been developed for
the quantiﬁcation and continuous monitoring of 13CO2/12CO2
isotopic ratio changes and oxygen in exhaled mouse breath
samples. Mid-infrared absorption spectra for quantitatively
monitoring the enrichment of 13CO2 levels were recorded in a
miniaturized dual-channel substrate-integrated hollow waveguide
using balanced ratiometric detection, whereas luminescence
quenching was used for synchronously detecting exhaled oxygen
levels. Allan variance analysis veriﬁed a CO2 measurement
precision of 1.6‰ during a 480 s integration time. Routine
online monitoring of exhaled mouse breath was performed in 14
mechanically ventilated and instrumented mice and demonstrated
the feasibility of online isotope-selective exhaled breath analysis within microliters of probed gas samples using the reported
combined sensor platform.
KEYWORDS: substrate integrated hollow waveguides, breath analysis, interband cascade laser, electrospun polymer nanoﬁber,
isotope enrichment
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enriched sugars and may directly be assigned to alterations of
metabolization processes. The increase of the isotope ratio in
the expired breath (a.k.a., enrichment) allows one to
noninvasively monitor glucose metabolism. Analytical techniques meeting the requirements of high precision and accuracy
for breath gas analysis include gas chromatography (GC−
MS)3,4 and isotope ratio mass spectrometry (IRMS).5
Although these techniques demonstrate excellent ﬁgures-ofmerit for δ13C analysis, their routine establishment is limited
due to large instrumental dimensions. Moreover, continuous
online measurements next to mechanically ventilated animals
are not feasible, as sampling is required. Online monitoring

xhaled breath analysis (EBA) has attracted a considerable
amount of scientiﬁc and clinical interest, as noninvasive
real-time identiﬁcation and quantiﬁcation of potential disease
biomarkers oﬀers substantial clinical potential. Due to the low
concentrations of biomarkers, highly selective and sensitive
analytical instruments and methods are required for the
detection and quantiﬁcation of relevant biomarkers for disease
diagnostics and metabolic status monitoring. The latter is
based on the analysis of endogenously produced breath
compounds or the analysis of breath metabolites after substrate
administration. Established biomarkers such as exhaled carbon
dioxide (CO2) and the carbon isotopologues, 13CO2 and
12
CO2, have been successfully demonstrated for the diagnosis
of Helicobacter pyroli infections, liver malfunction, bacterial
overgrowth, and fat absorption.1,2 Changes in isotopic ratio of
both isotopes is herein observed by administration of 13C© XXXX American Chemical Society
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capabilities for exhaled breath analysis will only gain
momentum if near real-time optical/spectroscopic techniques
are harnessed for the determination of relevant exhaled breath
biomarkers in microliter sample volumes, as required in mouse
breath analysis.
Spectroscopic techniques for online monitoring and
quantiﬁcation of breath components have recently attracted
attention due to continuous advancements in semiconductor
lasers technology. High sensitivity and selectivity for trace
concentration detection of breath biomarkers has taken
advantage of tunable diode laser absorption spectroscopy
(TDLAS), photoacoustic spectroscopy,6 and cavity ring-down
spectroscopy.7 Optical methods based on infrared laser
spectroscopy for CO2 and according isotope pairs exploit the
pronounced fundamental vibrational band ν3 of CO2 in the
mid-infrared (MIR) spectral range at 4.3 μm. With advancements in diode laser technology, and thus increasing
availability of light sources emitting in the 3−6 μm regime at
reasonable output power, interband cascade lasers (ICL)8−12
are of particular interest. ICLs oﬀer emission in the wavelength
regime of 3−6 μm at room temperature, provide the required
wavelength tunability, and feature low power consumption, as
needed for future portable devices. In addition to the
determination of the isotope ratio in low-volume samples via
the developed sensing system, fundamental insight into the
metabolic status of the mechanically ventilated small animals is
oﬀered via calculation of the respiratory quotient (RQ).
Signiﬁcant advances in sensor response time of optochemical
sensors have been achieved by processing the utilized polymer
into nanoﬁbers as introduced by Köstler and collaborators.13
Highly porous nanoﬁber structures were prepared by electrospinning the developed polymer formulation of PtTFPP
(platinum(II)-5,10,15,20-tetrakis(2,3,4,5,6-pentaﬂuorphenyl)porphyrin) immobilized in polystyrene.
In this article, we describe the development of a compact
multiparameter sensor system based on a combination of
TDLAS and optical oxygen sensors for online and continuous
quantiﬁcation of the 13CO2/12CO2 isotope ratio and oxygen
and, subsequently, determination of the respiratory quotient in
mechanically ventilated and surgically instrumented mice. The
obtained results were compared to GC−MS measurements for
validation.

Figure 1. (a) Experimentally determined transmission spectrum of a
mouse breath sample at 303 K and 980 mbar. (b) Allan variance
analysis revealing a precision of 1.3‰ when averaging 16 data points.

■

RESULTS AND DISCUSSION
The performance of the developed breath sensor system was
evaluated in terms of sensitivity, precision, and linearity. Figure
1a illustrates experimental direct absorption signal of both
transitions, P(58) and R(14), respectively, for the 12C and the
13
C isotopes around 2294 cm−1. The spectrum is obtained
from a real mouse breath sample showing clearly enriched
13
CO2 concentrations.
As shown in Figure 1a, the selected spectral window around
2294 cm−1 oﬀers resolved absorption lines of 12CO2 P(58) and
13
CO2 R(14) suitable for data analysis. The intensity ratio of
both isotope lines has been calculated as 1.16/1.00 (based on
line strengths derived from the HITRAN database14 for the
ratio of natural abundance (13CO2/12CO2: 1.11/98.89).
Further absorption lines (P 46f 2294.34 cm−1, P47e 2293.38
cm−1) are expected in this spectral region but, however, could
not be resolved due to chirp-limited spectral resolution and
rather broad absorption features at atmospheric pressure. As a
consequence, a surface response ﬁt was used for quantitative

analysis of both isotopes in order to compensate for any
occurring inﬂuence by underlying lines. Hence, despite the fact
that underlying CO2 absorption lines are not resolved herein,
their inﬂuence was compensated with suﬃcient accuracy.
The δ value precision was evaluated via an Allan−Werle
deviation analysis.15,16 The TDL was operated at a sample ﬂow
rate of 20 mL min−1 and a sampling interval of 2
measurements/min. As illustrated in the Allan deviation plot
in Figure 1b, the developed isotopic ratio sensor achieved a
precision of ∼1.3‰ when averaging 16 measurements (i.e.,
over a period of 8 min) for the TTR-%. Measurements of the
CO2 mole fraction (13CO2 and 12CO2) were made using
certiﬁed gas standards of 3 vol % total CO2 in nitrogen for 5 h,
indicating a TDLAS intra-assay precision of ±4.8‰ for total
CO2. As the TDLAS system is meant to be used during
extended measurement periods (i.e., on average 8 h), the drift
behavior was tested during a 16 h measurement of 3% CO2
(intra-assay precision of 8.85‰), and drift-free operation was
B
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demonstrated. The obtained precision level is comparable to
complementary approaches using laser spectroscopy for
detecting isotope ratios, which operate at reduced sample gas
pressures to achieve suﬃcient spectral resolution. The present
approach oﬀers real-time analysis of mouse breath at
atmospheric pressure; therefore, vacuum equipment is not
needed. Furthermore, the developed double-channel substrate
integrated hollow waveguide (dciHWG) oﬀers the ability to
simultaneously record sample and reference signals in a
balanced detection scheme to obtain the diﬀerence in δ, that
is, using the reference channel for the secondary isotope
standard.
Comparison TDLAS versus MS. The performance of the
senor was tested for the determination of the TTR ratio (i.e.,
tracer-to-tracee ratio = (13CO2/12CO2) × 100% − basal 13CO2
abundance in exhaled breath) and for total CO2 calculated via
the 13CO2 and 12CO2 concentrations within real exhaled
mouse breath samples and comparing the values validated via
GC/MS studies performed using the same mouse breath
samples. For glucose metabolism monitoring, 13C-enriched
glucose was administered during the studies presented herein,
resulting in exhalation of 13CO2. The variation in exhaled
tracer levels was monitored over an 8 h test duration, where
breath samples were collected hourly for reference GC/MS
measurements. Initial laboratory experiments indicated that the
observed TDLAS versus MS oﬀset was caused by pressure
broadening due to N2 serving as the background gas. This
oﬀset was avoided by calibrating the TDLAS system with CO2
mixed with synthetic air (O2 20%, N2 80%). Finally, the
developed sensor system was deployed for online breath
analysis during 14 mouse breath studies.
The obtained results for CO2 and TTR determination are
shown in Figure 2a,b. The orthonormal regression analysis
yields a slope of CO2 GC−MS/TDLAS = 0.987 ± 0.008 (R2 =
0.995) and TTR-% GC−MS/TDLAS = 0.994 ± 0.004 (R2 = 0.995),
corroborating excellent agreement between the developed
TDLAS setup and GC/MS validation measurements. A mean
deviation for the TTR of 12 and 14‰ for CO2 determination
was obtained. The concentration of exhaled CO2 ranged from
2.36 to 3.97%, and the obtained TTR values ranged from 0.78
to 7.95% (112 measurements executed in total). Exemplary
kinetic proﬁles obtained for four mice are shown in the
Supplementary Figure S- 9. All proﬁles show a fast increase in
enrichment after administration of 13C-enriched sugar.
Depending on the individual glucose metabolism of the
surgically instrumented mice, the TTR values decrease over
time.
The comparison shows that the developed sensor system
provides high accuracy during continuous monitoring of 13CO2
to 12CO2 ratios and for total CO2 in exhaled mouse breath
without the need of sampling, sample storage, and timedelayed analysis as required by GC/MS. Moreover, the
application of TDLAS enables obtaining real-time concentration values throughout the duration of the test, which could
not be obtained by any other method. First approaches toward
mouse breath analysis in the MICU were demonstrated by our
research team based on Fourier transform infrared spectroscopy approaches using sophisticated chemometric strategies
requiring advanced data treatment and complex calibration
procedures.17−19 Due to accurate and robust optics and
electronics in combination with integrative ﬁtting algorithms,
the TDLAS system uniquely facilitates online signal processing
and evaluation.

Figure 2. Correlation between dciHWG-TDLAS and GC/MS
measurements of (a) CO2 and (b) TTR-% of exemplary exhaled
mouse breath samples.

Oxygen Sensing. In addition to the analysis of the isotope
ratio, the developed sensor system is also capable of
monitoring the respiratory quotient with additional oxygen
sensing via the integrated optochemical polymer nanoﬁber
sensor. As previously described, two absorption spectra and 12
oxygen measurement points were recorded every minute.
The calculation of the respiratory quotient in exhaled mouse
breath was based on measuring the ratio of the volume of
exhaled carbon dioxide (Vc) to the volume of oxygen
consumed (Vo). The precision and long-term stability of the
oxygen sensor were analyzed. The oxygen sensor shows an
average minimum 99% recovery after being purged with
nitrogen, indicating high reversibility of the sensor. Relative
standard deviations are in the range of 0.14% for oxygen-free
medium to 0.19‰ for a 20% oxygen mixture, thus revealing
the capability of high-precision oxygen measurements. Longterm stability of the utilized electrospun oxygen sensor was
tested by the continuous determination of the phase shift of a
20% oxygen mixture in nitrogen for 16 h. Every 5 s, a phase
shift was determined and directly converted into an oxygen
concentration. A relative standard deviation of 0.39‰ was
found for a 16 h measurement period at a ﬂow rate of 20 mL/
min. No discernible drift of the signal was revealed, although
permanent illumination is known to cause photoinduced dye
C
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the oxygen content of both inhaled and exhaled air. Thus,
long-term monitoring of the oxygen content in compressed air
used for mechanical ventilation was performed, resulting in an
average oxygen concentration of 20.77 ± 0.05%. Furthermore,
precise synchronization of the two senor signalsIR and
luminescenceis essential. The implemented signal processing routine automatically determines the inhaled and exhaled
oxygen concentration and the exhaled carbon dioxide
concentration, which enables direct monitoring of the
respiratory quotient in exhaled mouse breath almost in real
time. In Figure 3b, an exemplary trajectory of the respiratory
quotient response of a mouse experiment starting at 08:00 and
ending at approximately 14:45 is shown.
A time delay of approximately 5 min between breath
exhalation and signal generation was inevitable due to the
required tubing for gas transportation, resulting from the rather
slow respiratory ﬂow from the mouse. All connection tubing
was kept as short as possible to minimize the dead volume and
reduce the delay in data acquisition. Prominent peaks and dips
due to intermittent changes in ventilation settings and
ﬂuctuations were smoothed due to the gas reservoir between
the expiratory branch of the respiratory unit and the breath
analyzer. Using additional smoothing functions in the data
evaluation procedure, that is, short moving average (3 data
points) in combination with Savitzky−Golay ﬁlter, provided
smoothed response data without losing any essential
information. Data points in Figure 3 are shown every 60 s,
resulting in suﬃcient temporal resolution for facilitating
physiologically meaningful respiratory data interpretation.
Indicating a metabolic shift from carbohydrate metabolism
to fat oxidation with increasing duration of the mouse
experiment, the determination of RQ values of all 14 mouse
experiments executed so far revealed a common trend with
respect to the decrease in RQ value toward the end of the
protocol to approximately 0.75. In addition to the signiﬁcant
drop of RQ values over time, sharp increases and declines are
evident in intervals of 30 min. These peaks are caused by socalled recruitment maneuvers (RMs).20 RMs are performed to
reopen/re-expand collapsed lung tissue occurring by inﬂation
of lung subunits. The usefulness of recurrent RMs in
mechanically ventilated mice with the speciﬁc aim to maintain
lung mechanics and other lung functions has been explored by
Reiss et al.21 It could be shown that RMs reduce the
development of pulmonary inﬂammation and prevent
atelectasis (i.e., incomplete expansion of the lung).
In summary, the successful combination of a low-volume
dual-channel iHWG with ICL-based TDLAS and complementary yet synchronized luminescence oxygen sensors
enabled the detection of various relevant biomarker molecules
serving as an advanced diagnostic strategy in exhaled mouse
breath analysis. To the best of our knowledge, this is the ﬁrst
report of a real-time multispectral gas sensor system enabling
continuous metabolic status monitoring via in-line analysis of
minute mouse breath samples during medical trials with a time
resolution at the scale of seconds. The innovative dciHWG gas
cell oﬀers rapid gas exchange while simultaneously serving as a
photon conduit and is designed to support a balanced
detection scheme for eﬃciently eliminating noise. In a next
step, expanding the capabilities of this measurement technique
via appropriate preconcentration schemes and extending the
IR wavelength regime to address further trace biomarkers via
their vibrational ﬁngerprint is anticipated.

oxidation and photobleaching. The limit of detection (LOD)
of the oxygen sensor was calculated as LOD = (3.3 σ/k), where
the standard deviation (σ) is the standard deviation of the yintercepts of regression and k is the slope of the calibration
graph. The LOD was determined at approximately 0.003%
oxygen, indicating a suﬃciently high sensitivity. The system
response time was determined to be 10 s for a ﬂow rate of 20
mL/min, resulting from gas exchange within the tubing
volume. Increasing the ﬂow rate of the pump to a ﬂow rate
of 200 mL/min led to a rise time of <2 s, indicating a higher
gas exchange rate. It should be noted that the slow ﬂow rate for
system testing was selected to correlate with real mouse
breathing periods (15−20 mL/min).
Monitoring of the Respiratory Quotient. The developed sensor system clearly provides suﬃcient sensitivity and
time resolution for enabling real-time exhaled CO2 and O2
monitoring, as shown in Figure 3. Conventional capnography
monitors and blood gas analyzers have only limited
applicability in mechanically ventilated mice for characterization of the energy metabolism characterization, due to the
low blood volume and small tidal volume.
To calculate the RQ in mouse breath, the diﬀerence in
exhaled and inhaled oxygen (ΔO2) is calculated by monitoring

Figure 3. (a) Example of continuous monitoring of exhaled carbon
dioxide (red) and oxygen (black) from a ventilated mouse. (b)
Respiration quotient as a function of time during an exemplary mouse
experiment.
D
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CONCLUSION
An innovative all-optical sensor system combining MIR
interband cascade laser technology with miniaturized dualchannel substrate-integrated hollow waveguide gas cells and
nanoﬁber-based luminescence schemes enables online monitoring of important metabolic parameters, including total
CO2, 13CO2 isotope enrichment, and O2 in exhaled breath of
mechanically ventilated mice. An ICL tunable diode around
4.35 μm was used for time-resolved infrared absorption
spectroscopy to determine 12CO2 (P58) and 13CO2 (R14)
during the respiration of mice in a mouse intensive care unit.
The breath analyzer was integrated into the respiratory
equipment of the so-called “mouse intensive care unit”
(MICU) and enables real-time direct exhaled breath
monitoring in microliter sample volumes. In combination
with the integrated oxygen sensor, accurate determination of
the basal metabolic rate based on online access to the
respiratory quotient is facilitated. Excellent agreement of the
obtained results was conﬁrmed by validation via GC/MS. The
developed breath analysis system is now in routine use in the
MICU at the Institute of Anesthesiologic Pathophysiology and
Process Engineering at the Ulm University Medical Center.
The presented sensor is anticipated to facilitate online
metabolic status monitoring in small animal models with the
potential to be scaled for alternative sensing scenarios where
addressing minute volumes of probed gas is challenging.

■

EXPERIMENTAL SECTION

Sensor Conﬁguration. In Figure 4a, the developed portable
sensing system comprising the TDLAS system for determination of
13
CO2/12CO2 ratio and the optical oxygen sensor is illustrated. The
combined sensor architecture is packaged into a standard 19 in.
housing with dimensions of 471 × 451 × 192 mm (L × W × H). In
situ online monitoring of exhaled breath components was achieved by
locating the senor system in-line within the expiratory branch. A small
animal respiratory system/ventilator was used for stable ventilation of
treated mice. A 100 mL gas reservoir was placed between the
expiratory branch and the sensor system to stabilize breath humidity
and to reduce ﬂuctuations.
For isotopic measurements, a thermoelectrically cooled distributed
feedback (DFB) interband cascade laser (S/N: 2082/04−09,
nanoplus GmbH), emitting single mode infrared radiation at 2294
cm−1 (4.35 μm), was used. Further details on the ICL characteristics
are provided in the Supporting Information. The laser diode was
packaged in TO-66 housing and was equipped with a collimating lens.
In the MIR spectral region, pronounced fundamental absorption
features of CO2 are located at 4.3 μm, which are 100 times stronger
than the ν2 band centered at 1.5 μm and the combination band ν1 +
ν3 centered at 2.7 μm. Several line pairs characteristic for
13
CO2/12CO2 can be addressed for direct absorption spectroscopy.
High-precision isotopic ratio measurements for mouse breath analysis
are accomplished by selecting absorption features with almost equal
line strength. In order to prevent spectral interference of both
isotopes, the respective absorption lines must be well-separated for
accurate data analysis, yet need to be located within the tuning range
of a single ICL.
Thus, absorption lines at 2293.81 and 2294.48 cm−1 (4.3595 and
4.3582 μm) of 12CO2 and 13CO2 were selected, as these lines are
suﬃciently close in frequency, yet spectrally separated for line ﬁtting.
Furthermore, their absorption strength is almost equal (12CO2 =
3.055 × 10−20; 13CO2 = 3.547 × 10−20) despite the disparity in
relative concentrations of each isotope. It is clearly evident that the
applied ICL readily covers the overlap of the P-branch of 12CO2 and
the R-branch of 13CO2 of the (0,0,1)−(0,0,0) vibrational transition in
this wavelength regime.

Figure 4. (a) Mouse breath experimental apparatus: PEEP, peep
positive end expiratory pressure system; ICL, interband cascade laser;
PD, pyroelectric detector (measurement and reference); A/D, AD
converter; DAQ, data acquisition system. (b) Dual-channel substrateintegrated hollow waveguide. (c) Front view of the developed
prototype mouse breath analyzer system.
Laser diode modulation was performed via a custom current/
temperature controller developed by OptoPrecision (OptoPrecision
GmbH, Bremen, Germany), enabling highly reproducible scanning
across absorption lines. Wavelength tuning of the DFB ICL was
performed by temperature tuning from 25.6 to 31.5 °C at a repetition
frequency of f = 4 MHz at a pulse width of 100 ns. A modulation
frequency of 555 Hz was selected to ensure an optimized signal-tonoise ratio. Scanning via temperature was executed during the ﬁrst 5 s
of each measurement, and the data evaluation was carried out in the
following 25 s.
Collimated radiation from the ICL was directly coupled onto a
wedged ZnSe window, which was integrated into the dual-channel
substrate-integrated hollow waveguide serving as 50/50 beam splitter
and as window of the hollow waveguide gas cell. Thus, 50% of the
emitted radiation was used as a reference beam (see Figure 4b). Both
beams propagate through the dciHWG gas cell (94 mm × 50 mm ×
E
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mmHg), 150 breaths·min−1 respiratory rate, 1:2 inspiratory/
expiratory time ratio, and 3 cm H2O PEEP. Catheters were inserted
into the jugular vein, the carotid artery, and the bladder. Anesthesia
was maintained with continuous i.v. ketamine, fentanyl, and
midazolam, titrated to reach deep sedation and analgesia as
documented by complete tolerance against noxious stimuli.
Normotensive hemodynamics (i.e., mean arterial pressure >55
mmHg) were achieved by i.v. hydroxyethyl starch (maximum infusion
rate 20 μL·g−1·h−1) in a balanced electrolyte solution (Tetraspan 6%,
Braun, Melsungen, Germany) and, if needed, together with
continuous i.v. norepinephrine. Animals were randomly assigned to
injection of vehicle (0.9% saline) or PBS (5 μL·g−1kg−1) i.p. Infused
glucose (50%) was given as stable, nonradioactive-labeled 1,2,3,4,5,6-C6glucose. After ∼8 h, the animals were killed through blood withdrawal
via the vena cava inferior. Over a total analysis period of 7 h, each
hour, two 1 mL samples were collected via appropriate plastic syringes
for validation by GC−MS analysis. To determine both expiratory CO2
concentration and CO2 tracer enrichment, the masses of m/z 44 and
m/z 45 were analyzed and evaluated. CO2 production rates were
calculated as the product of tidal volume, respiratory rate, and CO2
concentration. For online mouse breath analysis via the developed
TDLAS system, the analyzer was integrated into the respiratory
equipment of the anesthetized mouse, enabling continuous online
monitoring. As a measurement interval, two absorbance spectra and
12 oxygen data points per minute were collected, which provided the
time resolution desired by physiologists. The mouse breathing with
approximately 15 mL/min resulted in a gas exchange time of 1.2 s
within the iHWG.
Calibration. Calibration samples of 13CO2, 12CO2, and oxygen
were established with a gas mixing pump (DIGAMIX 2 M 301, H.
Wösthoﬀ Messtechnik GmbH, Bochum, Germany) and using a static
mixing method based on induced turbulences between 50 mL
syringes (B. Braun Melsungen AG, Melsungen, Germany). All gas
calibration samples were manufactured from pure technical grade
nitrogen, pure technical grade carbon dioxide, and pure medical grade
oxygen (all MTI Industriegase, Neu-Ulm, Germany). Certiﬁed test
gases with known CO2 and O2 concentrations were used for
validation purposes.

22 mm, L × W × H), providing a signal channel/cell and a reference
channel/cell enabling a balanced ratiometric detection for maximizing
the signal stability. Hence, absorption signal and reference signal are
simultaneously recorded, eliminating common mode noise. The
actually sampled gas volume is probed by the IR beam propagating via
the measurement channel with a 7.5 cm optical path length at a
sample volume of 315 μL achieved by a channel cross section of 2.1
mm × 2.0 mm. As ambient air was selected as the reference gas, the
reference channel was not sealed at both ends. The open reference
channel includes a gold mirror element at the bent (L × W × H: 5.01
mm × 5.01 mm × 0.7 mm) to facilitate radiation propagation within
the curved reference channel. After exiting the cell, the signal and
reference beam were directly transmitted onto two synchronized
pyroelectric infrared detectors (InfraTec GmbH, Dresden, Germany).
In order to provide stable measurement conditions and reduce
possible CO2 contribution from surrounding air, the inside of the
housing (see Figure 4c) was ﬂushed continuously with compressed
air.
Sample temperature variations have a strong inﬂuence on the
precision of the measurement, as the line strengths of the isotopes are
aﬀected by temperature. Thus, temperature ﬂuctuations in sample and
reference channels have to be minimized by thermostatically
controlling the sample compartment of the analyzer to a constant
temperature of 31.0 °C with a stability of ±0.002 °C. In addition, the
pressure inside the tubing system is monitored with an absolute
pressure sensor (AMSYS 4711-1200, AMSYS GmbH & Co. KG,
Mainz, Germany) during all experiments. Pressure broadening was
corrected by applying a correction factor using measured values of the
total pressure.
For oxygen sensing, mouse breath was passed through a smallvolume optochemical temperature-stabilized ﬂow-through cell with an
integrated oxygen sensor layer. Using a green light-emitting diode
(NSPES90S, Nichia) with an emission maximum of 518 nm, the dye
embedded within the polymer nanoﬁbers was excited to luminescence, and the phase shift after quenching via molecular oxygen was
detected using a photodiode. Analyzing ﬂuorescence lifetime provides
an evaluation method that is insensitive to intensity ﬂuctuations of the
light source and the ﬂuorophore concentration, thereby also
minimizing artifacts due to, for example, heterogeneously distributed
ﬂuorophores. Even more advanced, by excitation of the ﬂuorophore
using sinusoidally modulated light, the luminescence lifetime may be
evaluated as the phase shift between excitation and luminescence
light, which is a parameter thatfrom an electronic measurement
point of viewmay be determined with utmost robustness and
precision. In principle, the emission of ﬂuorescence is delayed versus
the excitation depending on the lifetime of the excited state of the
molecule. The phase shift φ described as tan ϕ = ωτ gives the angular
frequency of the sinusoidal modulation. This phase shift may then be
converted into oxygen concentration units based on the Stern−
Volmer theory.
For the analyzer shown in Figure 4c, signal and reference outputs of
both pyroelectric detectors were acquired and processed with a data
acquisition system calculating the absorbance, automatically ﬁtting the
absorption lines to Gaussian line proﬁles, and, thus, extracting the
isotopic ratio of 13CO2/12CO2. Using the concentration information
provided by the oxygen sensor then enabled RQ and the basal
metabolic rate to be directly processed.
Animal Study Protocol. The study protocol applied herein was
approved by the University Animal Care Committee and the Federal
Authorities for Animal Research of the Regierungspräsidium
Tübingen, (approved animal experimentation number: 1282). After
placement of the animal on the procedure bench equipped with a
heating pad and a lamp, a rectal temperature probe was inserted. In
order to expose the trachea, the right internal jugular vein, and the
right carotid artery, the anterior neck was incised. The lungs were
mechanically ventilated with a pressure-controlled, lung-protective
ventilation strategy using a small animal ventilator (FlexiVentTM,
Scireq, Montreal, Canada) after intubation of the trachea.22 After a
lung recruitment maneuver, respirator settings were 0.21 FiO2, 6−8
μL·g−1 tidal volume (titrated to maintain arterial PCO2 at 30−40
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