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ABSTRACT: Online exhaled breath analysis
holds great promise for noninvasive
medical diagnostics, health monitoring, and
environmental exposure assessment. However,
the complex nature of the breath matrix
and strong interference from water vapor and
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monitoring. The sensor employs a dual-resonator
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photoacoustic cell with resonant frequencies of 4110 and 13,115 Hz for selective ETCO, and ETO, detection, respectively. A
small sample gas volume of 2.6 mL enables a rapid response time of <0.5 s, enabling rapid tracking of changes in exhaled gas
concentration. The optimized system achieves detection limits of 12.6 ppm for CO, and 18.4 ppm for O,, with corresponding
normalized noise equivalent absorption values of 2.9 X 107% and 1.6 X 1077 cm~!-W-Hz~!/2. Real-time monitoring during human
respiration demonstrates clear tracking of physiological O, depletion and CO, enrichment, consistent with respiratory dynamics. The
developed sensor combines high sensitivity, fast response, compact size, and low cost, showing strong potential for continuous clinical

monitoring, perioperative care, and metabolic studies.
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Online exhaled breath analysis is rapidly emerging as a
powerful approach for medical diagnosis and personalized
healthcare. It provides noninvasive, real-time insight into a pat-
ient’s metabolic status by detecting a wide range of endogenous
and exogenous compounds. With virtually unlimited sample
availability, it enables continuous monitoring of health status,
disease progression, and therapeutic response. This technique
is particularly valuable in emergencies and critical care settings
where immediate results are essential, such as the management
of pneumonia, detection of drugs, and anti-doping testing.?
The noninvasive profiling of airway and systemic biomarkers has
thus become a key research focus, offering a unique window
into respiratory physiology and metabolic processes. For this
purpose, the end-tidal phase of exhalation is generally considered
as the most reliable sampling stage, as it provides a stable flow
and maximal concentrations of alveolar gases. The process of
breathing can be compared to flushing a long pipeline. During
the early phase of exhalation, the exhaled gas originates from
the trachea and bronchi, which constitute the anatomical dead

© XXXX American Chemical Society

A4 ACS Publications

space. This portion of gas does not participate in alveolar gas
exchange and is therefore primarily inhaled air, with a
composition similar to ambient air, providing limited physiologi-
cal information. In the mid-exhalation phase, a mixture of dead
space gas and alveolar gas is exhaled. During the end-exhalation
phase, instead, the final exhaled air almost entirely originates
from the alveoli, the primary sites of gas exchange, where volatile
compounds in the blood diffuse into the alveolar gas.>~” Thus,
the composition of this final portion of breath closely reflects
blood concentration and body metabolic state. Monitoring
end-tidal carbon dioxide (ETCO,) and end-tidal oxygen (ETO,)
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is a critical component of modern healthcare, providing essen-
tial information for maintaining patient safety.®~!' When
measured simultaneously, these parameters offer clinicians a
comprehensive, real-time assessment of a patient’s respiratory,
circulatory, and metabolic status, thereby enhancing safety dur-
ing anesthesia, surgery, and critical care. Breath analysis pro-
gressed from ancient empirical observations to a sophisticated,
interdisciplinary field of research. Early references can be traced
to traditional Chinese medicine and Hippocratic teachings,
which associated characteristic breath odors with specific disea-
ses, for instance, a sweet scent with diabetes and a putrid odor
with pulmonary abscess. A major milestone occurred in 1971,
when Linus Pauling applied gas chromatography to identify more
than 250 volatile organic compounds (VOCs) in frozen breath
samples, establishing the foundation for modern breathomics.'
Since then, several breath-based diagnostic tests have been stand-
ardized and incorporated into clinical practice, including ethanol
breath testing, fractional exhaled nitric oxide (FeNO) for asthma
monitoring, hydrogen (H,) and methane (CH,) tests for small
intestinal bacterial overgrowth, and the !3C-urea breath test for
Helicobacter pylori infection. Currently, gas chromatography
mass spectrometry (GC-MS) remains the most widely used
analytical platform for breath research owing to its high selectivi-
ty and robust compound identification capabilities. The advent
of real-time mass spectrometric techniques, including selected
ion flow tube mass spectrometry, proton transfer reaction mass
spectrometry, and secondary electrospray ionization mass spec-
trometry, has enabled online monitoring of VOCs with excep-
tional temporal resolution. When coupled with high-resolution
mass analyzers, these soft ionization methods have substantially
expanded metabolite coverage and facilitated untargeted com-
pound discovery.'*~!'S However, the inherent need for sample
preparation introduces several limitations, including sample deg-
radation, adsorption losses, and potential contamination. Addi-
tionally, the offline nature of GC-MS leads to delayed analysis
and limited temporal resolution. Furthermore, the high rela-
tive humidity and body-temperature conditions (approximately
37 °C) of exhaled breath complicate direct MS analysis, restrict-
ing the comparability and reproducibility of results.

Portable breath analyzers based on chemical sensors offer
potential for point-of-care detection of ammonia,'® acetone,!”
formaldehyde,'® and even aldehyde detection;'? however, they
are presently constrained by limited multianalyte detection capa-
bility and susceptibility to interference arising from the complex
composition of exhaled breath. Recently, optical gas sensors
have gained increasing attention due to their high detection accu-
racy and minimal cross-interference, making them particularly
suitable for breath analysis. To enhance detection sensitivity,
multipass optical absorption cells are commonly employed. For
instance, tunable diode laser absorption spectroscopy technology
employs a white cell or a Herriott cell, providing optical path
lengths ranging from approximately 0.1 to 80 m, thereby amplify-
ing absorbance in accordance with the Lambert—Beer law.>~
Furthermore, optical-cavity-based techniques, including cavity
ring-down spectroscopy, integrated cavity output spectroscopy,
and cavity-enhanced absorption spectroscopy, achieve effective
optical pathlengths onthe order of severalkilometers, substantially
improving trace gas detection sensitivity.*> >* However, the use of
large-volume cells introduces certain drawbacks: it increases the
sensor’s response time, amplifies susceptibility to environmental
fluctuations, and limits the detection of high-concentration gases
due to photodetector performance constraints.

Photoacoustic spectroscopy (PAS) isanindirect optical absorp-
tion technique particularly suitable for exhaled breath sensing, as
it detects acoustic waves generated by modulated light absorption
rather than light intensity.>>">° The main advantage of PAS is its
ability to operate with different laser types and wavelengths, mak-
ing it well-suited for the detection of various gases and adaptable
for multigas sensing configurations. Another unique advantage of
PAS is that the sensing limit is proportional to the excitation power
within the linear absorption regime, until saturation effects occur
at higher powers. **3* To achieve high detection sensitivity, it is
essential to select strong absorption lines and employ sufficient
excitation power.

Simultaneous measurement of multiple gases has become
increasingly important in various applications, including med-
ical diagnostics, environmental monitoring, industrial process
control, and safety surveillance. Multigas detection provides
real-time monitoring of complex gas mixtures, improves detection
efficiency, and delivers more comprehensive information than
single-gas measurements, which is critical for understanding
physiological processes, pollution sources, and chemical rea-
ctions. Several advanced optical spectroscopy techniques have
been developed for multigas detection, including QCL-based
dual-spectroscopy,*® self-calibrated 2f/1f wavelength modulation
spectroscopy,*® quartz tuning fork enhanced laser spectroscopy,’
and spherical photoacoustic cell enhanced PAS.>® These techni-
ques have successfully demonstrated simultaneous detection of
three or more gases, providing important references and guid-
ance for practical applications and the development of versatile
gas sensors.*? ™!

In this work, a low-cost red diode laser is employed as the
excitation source for online ETO, detection. Its high output
power of approximately 3 W ensures excellent O, detection
accuracy. Additionally, a near-infrared distributed feedback laser
(DFB) with an output wavelength of 2004 nm is simultaneously
employed for ETCO, detection. The system utilized a compact
two-resonator photoacoustic cell with a small sample gas volume
of only 2.6 mL, resulting in a response time below 0.5 s. This
configuration enables the sensor to rapidly track variations in
exhaled gas concentrations.

Bl ABSORPTION LINE SELECTION

Most of laser-spectroscopy-based O, gas sensors use the O,
molecule’s A-band (b12g+ — X3Zg_) absorption band near the
wavenumber of 13,100 cm™' as the excitation source, which is
the strongest band in the visible and infrared range. However,
the optical transition of the A-band is dipole forbidden, with
vibrational and rotational structures, leading to a comparatively
low spectral absorption of ~8.5 X 1072* cm/molecule. The
transition is nevertheless optically active because the triplet
ground state has a permanent magnetic dipole moment. As
shown in Figure S1a, a red diode laser with a central wavelength
of 764.89 nm was selected, providing a high output power of
~3 W. Besides, as shown in Figure S1b, a near-infrared DFB
laser emitting at 2004.02 nm was used, corresponding to a
CO, spectral absorption intensity of ~1.32 X 107! cm/mole-
cule for ETCO, detection. As shown in Figure S2, despite the
mid-infrared spectral line is over 100 times larger than the selec-
ted line, the high cost of the required laser and driver system
makes this approach unsuitable for real-time CO, detection.
Although 1572—1580 nm DFB lasers are more cost-effective, the
strongest absorption lines in this region are nearly two orders of
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magnitude weaker than those near 2004.02 nm according to the
HITRAN database. Considering both absorption strength and
the recent reduction in the cost of 2004.02 nm lasers, which are
now only about twice as expensive as typical 1572 nm devices,
the 2004.02 nm line provides a better balance between sensi-
tivity and system performance for breath CO, measurement.
Using the developed differential photoacoustic cell, the achieved
detection limit is adequate for breath CO, analysis. In addition,
400 ppm CO; and 2% H,O absorption curves are depicted in
Figure S3, demonstrating interference-free ETCO, measurement
in breath.*

B PHOTOACOUSTIC CELL SIMULATION AND DESIGN

To carry out the CO, and O, gas detection simultaneously, a
photoacoustic cell with two identical resonators was first simula-
ted. Further information on the photoacoustic cell is supplied
in the supplementary material. As a result, the photoacoustic
signal S is proportional to the cell constant Cg), excitation laser
power P, gas concentration C, and gas absorption coeflicient a,
ie, S = CeoPCa.¥*~* To carry out simultaneous high-precision
measurements of ETCO, and ETO,, a two-resonator photoa-
coustic cell was designed. Each resonant cavity is 35 mm in
length with an internal diameter of 4 mm. Two microphones
are mounted at the antinode position of the cavity. Moreover,
two buffer chambers are placed at both ends of the resonators to
reduce the gas-flow-induced noise; each chamber is 8 mm long
and has an internal diameter of 12 mm. The inner volume of the
developed photoacoustic cell is just 2.6 mL, although it emp-
loys two resonators and buffer chambers, which ensures a fast-
er gas response than the conventional photoacoustic cells.*~*
To further evaluate the performance of the photoacoustic cell,
COMSOL software was used to simulate the frequency and
photoacoustic signal. For the simulation, standard air has been
selected as a fluid medium inside the photoacoustic cell cavity.
At a temperature of 293.14 K and a pressure of 1 atm, its density
is 1.204 kg/m3, and the speed of sound is 343.23 m/s. A refined
physics-based mesh is used to discretize the 3D model of the
photoacoustic cel. COMSOL was employed to scan the cell
over a frequency range of 2000—15,000 Hz with a step size of
1 Hz. As shown in Figure 1, four resonant frequencies in longitu-
dinal mode of F; = 4110 Hz, F, = 4761 Hz, F; =12,539 Hz, and
F, = 13,115 Hz are calculated for each resonant cavity between
2000 and 150,00 Hz. From the color illustration of Figure Ia,
the sound pressure is depicted for different frequencies. In the
simulation cloud map, the color of the sound pressure ranges
from blue to red, indicating that the sound pressure increases.
The areas with colors close to dark blue have the lowest sound
pressure, and green represents a sound pressure of 0. It should
be noted that the middlemost signal phases of F; and F, are
negative in the two resonators. However, the phase valves are
positive for F, and F;. By using a homemade differential circuit,
only the F; and F, signals can be retained for gas sensing. The
peak values of the sound pressure signals differ by ~3 times.

In addition, a very weak signal appears near 9600 Hz in
the simulation results. This signal originates from a longitudinal
acoustic mode of the resonator, although the maximum acoustic
pressure of this mode does not occur at the center of the cavity
where the microphones are located. A small residual acoustic
pressure is still present at the center, which leads to the weak
signal observed in Figure 1. Because its amplitude is nearly two
orders of magnitude lower than that of the F; mode and cannot
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Figure 1. Photoacoustic sound pressure simulation of resonant cavity 1
(a) and cavity 2 (b). The sound pressure cloud maps of four different
frequencies are inserted in panel (a). After the differential calculation,
the sound pressure of two resonant frequencies is depicted in panel (c).

provide usable sensitivity, this mode is not considered in the gas
sensing measurements.

In order to verify the simulation results, the photoacoustic cell
resonant frequency is experimentally scanned between 2000 and
15,000 Hz. The scan step is 1 Hz. As shown in Figure $4, two
strong frequency curves with the center frequencies of 4001.6 and
10689.8 Hz are achieved and correspond to the F; and F, modes.
The measured full widths at half-maximum are 621 and 375 Hz,
respectively. According to eq S7, the Q-factor results are 6.5 and
28.5, respectively. For the following experiment, the F; frequency
representing the photoacoustic cell will be used for ETO, sensing,
while the F, frequency will be employed for ETCO, sensing.

B EXPERIMENTAL PROCEDURE AND SETUP

To enable simultaneous online detection of two gases, a
laboratory-based indoor differential PAS sensing system was developed,
as illustrated in Figure 2. A red diode laser (MDL-XF-760, Chang-
chun New Industries Optoelectronics Tech) with a central wavelength
of 7649 nm was modulated at 4001 Hz for O, sensing using 1f
intensity-modulation detection since the laser wavelength was not
tunable. The optimization results of the laser duty ratio from 30 to
70% are shown in Figure SS. The maximum photoacoustic signal of
4.3 mV was obtained at a 50% duty ratio under a 20% O, standard gas
mixture. After passing through the photoacoustic cell (PAC), the laser
output power was measured with a power meter (3A, Ophir Optronics
Solutions) and found to be 1.328 W at a 50% duty cycle. For CO,
detection, a 2004 nm butterfly DFB laser (EP2004-0-DM-B06-FM,
Eblana Photonics) was modulated with a slow-scan saw-tooth wave
and a fast-scan sine wave. The output power measured after the PAC
was 2.35 mW. The sine-wave modulation frequency was set to half of
the F; mode (5344.9 Hz) to implement the 2f wavelength modulation
detection. Two uncoated CaF, windows (WGS1050, Thorlabs) with
a diameter of 254 mm and a thickness of S mm were mounted at
both ends of the PAC to minimize optical absorption losses for the visi-
ble and near-infrared laser sources. Two low-noise electret condenser
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Figure 2. Schematic of the photoacoustic gas sensor system for ETCO, and ETO, detection.

microphones (EM258, Primo Microphones Inc., sensitivity —32 + 3
dB) were placed at the longitudinal centers of the two differential
channels to collect the standing waves in the designed differential PAC.
After a differential circuit and a preamplifier, the signal was fed into a
dual-channel lock-in amplifier (MFLI, Zurich Instruments). The lock-in
parameters were set to a 12 dB/oct filter slope and a 1 s time constant,
corresponding to a detection bandwidth of 0.25 Hz. A computer was
used to acquire and process the signals via a Labview program from
both the lock-in amplifier and the power meter. A gas dilution system
(GB 103, MCQ), a diaphragm pump (N813.5ANE, KNF), and a nee-
dle valve were used to control and maintain the gas flow and pressure.
A tube humidifier (PDMSXA-1000, Perm Select) was placed before the
PAC to maintain the gas humidity at a saturation level comparable to

that of exhaled breath.

Sensor Performance Evaluation for CO, and O,

The CO, gas concentration is ~0.04% in the atmosphere. However,
the concentration of ETCO, in exhaled breath is much higher, approxi-
mately ranging from 4 to 5%. During a complete exhalation cycle, the
range of CO, concentration variation is very wide, which poses a huge
challenge to both the dynamic range and response time of the sensor. A
standard CO,/ synthetic air gas mixture was used for CO, gas detection
evaluation. The optimal laser modulation amplitude that maximizes the
second-harmonic signal is ~2.2 times the half-width at half-maximum
(HWHM) of the Lorentzian-shaped absorption line.* As shown in
Figure S6, the photoacoustic signal increases as the modulation ampli-
tude rises. A modulation current depth of 22.5 mA was selected for the
following experiment. Figure 3a shows the sensor response as a function
of the CO, concentration varying from 0 to 1500 ppm CO,/ synthetic
air. A noise level of ~0.3 PV was measured for synthetic air. For a
300 ppm CO, synthetic air gas mixture, the detected signal resulted
in 7.1 pV, which corresponds to a 16 signal-to-noise ratio of ~70 and
a noise equivalent concentration (NEC) of 12.6 ppm. The normalized
noise equivalent absorption (NNEA) was calculated to be 2.9 x 107%
cm™!“W-Hz"!/2, considering the employed detection bandwidth and

optical power. To verify the linearity of the PAS-based sensor, the CO,
signals measured at the different concentration values were averaged
and are plotted in Figure 3b from 0 ppm to 1%. This plot with linear
fitting R? values >0.99999 confirms the linearity of the sensor system
response to the CO, concentration in a very wide range. A higher
standard gas up to 8% was also tested, confirming the system’s ability to
discriminate and quantify CO, in breath gas mixtures.

The O, concentration in the atmosphere is ~21%, and it is continu-
ously changing based on the atmospheric pressure, temperature, season,
altitude, and forest coverage. During pulmonary gas exchange, oxygen
diffuses from the alveoli into the blood, while carbon dioxide is released
in the opposite direction, leading to a decrease in O, concentration in
exhaled breath. As a result, the ETO, concentration typically ranges
between 13 and 16%, depending on respiratory efficiency, metabolic
activity, physical exercise, and pulmonary function. This physiological
variability poses a challenge for high-precision O, sensing in breath
analysis. As shown in Figure S7, the O, signal exhibits a linear growth
with the increase of laser power under 20% O,, without reaching
saturation absorption, which is consistent with the deduction of eq S7.
To achieve high detection sensitivity, an output power of 1.328 W was
selected for the next experiment. Moreover, gas pressure is a critical
parameter as it directly affects the Q-factor of the photoacoustic cell,
the vibrational—translational (V-T) relaxation rate, and the intensity of
its absorption spectrum. Figure S8 experimentally demonstrates a linear
increase in the signal measured for 20% O, concentration with the
gas pressure. Thereby, to maximize the signal and ensure an accurate
measurement of exhaled gas concentration, a pressure controller was
placed in front of the photoacoustic cell to maintain a constant and weak
negative pressure of 720 Torr.

In order to evaluate the detection sensitivity of the sensor, 20% O,/N,
gas mixtures were diluted with pure N,. A constant uV level background
signal was observed under pure N, conditions. As depicted in Figure 3c,
the photoacoustic signal maintains very smalljitters in a constant standard
gas under different concentrations. A 1 6 detection limit of 18.4 ppm was
obtained, which corresponds to an NNEA of 1.6 X 10~7 cm™!-W-Hz /2,
The O, signals measured at the different concentration values were

https://doi.org/10.1021/acssensors.5c03835
ACS Sens. XXXX, XXX, XXX-XXX


https://pubs.acs.org/doi/10.1021/acssensors.5c03835?fig=fig2&ref=pdf
http://pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.5c03835

ACS Sensors pubs.acs.org/acssensors
@ 4 (®) 54
1500 ppm CO, signal
sr o~ 210 Linear fit
30+ 1200 ppm 180 -
Zas| Z 150}
= 900 ppm =
= =
85200 s1or R? = 0.99999
@ 600 ppm @
S'15F S 9r
O O
10+ 300 ppm 60
L 30 F
5to ppm
0 40 80 120 160 200 240 0 1000 2000 3000 4000 2000 000 7000 g000 900400
Time (s) Concentration (ppm)
(¢) 2.0 (d)
3.0}k 0, Signal
10 % .
161 ,sl Linear fit
8% -
S 12k S0k
T 1.2 - z 2.0
= = 15} R?=0.999
&ost 4% ) !
e g 1.0+
S ek 2% Sh
05t
0%
0.0 0.0}
0 40 80 120 160 200 240 0 2 4 6 8 10 12 14 16 18 20 22
Time (s) Concentration (%)

Figure 3. (a) CO, gas sensor toward 0—1500 ppm concentration steps. (b) Linear response from 0 to 1 % CO, gas. (c) O, gas sensor toward 0-10%

concentration steps. (d) Linear response from 0 to 20 % O, gas.

averaged and are plotted in Figure 3d, and the linear fit gives an R* value of
0.999, confirming the sensor’s linear response in all the investigated range.

W SENSOR PERFORMANCE EVALUATION FOR ETCO,
AND ETO,

To evaluate the application value in medical monitoring and
metabolic analysis, a healthy adult male weighing 60 kg and
aged 24 was selected as the subject under test. To ensure the
reliability of the experimental data, the subject refrained from
consuming caffeine, alcohol, and other stimulants that may affect
metabolism for 72 h prior to the experiment and avoided engag-
ing in strenuous exercise. No food is consumed for 4 h before
the experiment to eliminate interference from diet on exhaled
gas composition. To prevent contamination of the photoacoustic
cell and optical windows by particles originating from the oral
cavity, a particle filter was installed upstream of the gas inlet. This
measure effectively blocked particulate matter in the exhaled
breath and ensured clean gas delivery into the photoacoustic
cell. Figure 4 depicts the concentration changes of O, and CO,
during a complete and slow respiratory cycle. The total data
acquisition period was ~52 s, corresponding to the complete
exhalation cycle. To better illustrate the temporal variations in
CO; and O, concentrations during the respiratory cycle, a side-
stream sampling method combined with prolonged exhalation
was employed. The subject took a deep breath with an exhalation
period greater than S s, and the exhaled gas was drawn into the
sensor using a pump, resulting in clearer data profiles. The results
indicate that during the inspiratory phase, the gas composition
inside the detection device is highly consistent with ambient air,
with an O, concentration of approximately 20.8% and a CO,
concentration of ~400 ppm. As the breathing process proceeds,

I 0, signal CO, signal
inspiratory
phase mixXing alveolar inspiratory
phase phase phase

Exhaled O, concentration (%)
Exhaled CO, concentration (%)

0 5 10 15 20 25 30 35 40 45 50 55 60
Time (s)

Figure 4. Detailed view of one breath cycle: inspiratory phase, mixing
phase, and alveolar phase.

gas from the respiratory dead space mixes with alveolar gas,
leading to a gradual transition of the gas composition from
ambient air to metabolic products. In this mixing phase, the O,
concentration gradually decreases, while the CO, concentration
increases. In the alveolar gas phase, the exhaled air reflects the
ongoing alveolar gas exchange, where O, diffuses into the blood
and CO, diffuses from the blood into the alveolar space. This
results in the characteristic end-tidal pattern, with CO, slowly
increasing and O, slowly decreasing toward their final concentra-
tions.”*1=6 This behavior is consistent with established respira-
tory physiology, confirming that the developed gas detection
system accurately captures the dynamic variations of O, and
CO, during breathing.

To further analyze the impact of respiratory frequency on the
concentrations of O, and CO, in exhaled breath, two controlled
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breathing patterns were tested: 10 s inhalation, followed by 15s
exhalation, and 10 sinhalation, followed by 25 s exhalation. Exper-
imental data revealed that under slower breathing frequencies,
the exhaled O, concentration decreased by approximately 3.1%
overall, while the CO, concentration increased by approximately
8.7% compared to faster breathing. Figure Sa shows the O, and
CO, concentration variations obtained for a 10 s inhalation and
1S s exhalation cycle, whereas Figure 5b illustrates the results
for a 10 s inhalation and 25 s exhalation cycle. This trend indi-
cates that a reduced respiratory frequency allows for a longer
alveolar residence time of air, promoting more complete gas
exchange between alveolar air and pulmonary capillary blood.
Consequently, exhaled gas composition more accurately reflects
the subject’s metabolic state. These experimental results not only
validate the reliability of the gas detection system developed in this
study for real-time, high-precision monitoring of respiratory gases
but also provide quantifiable experimental evidence supporting
its potential applications in clinical respiratory assessment and
metabolic analysis.

B CONCLUSIONS

A compact differential photoacoustic cell was developed for
real-time monitoring of exhaled CO, and O,. Two resonant
frequencies of 4110 and 13,115 Hz were employed for end-tidal
CO, and O, detection. A red diode laser at 764.9 nm and a
near-infrared DFB laser at 2004 nm served as excitation sources,
achieving minimum detection limits of 12.6 ppm for CO, and
18.4 ppm for O,. The corresponding NNEA values were 2.9 X
1078 cm™'“W-Hz~"2 for CO, and 1.6 X 107 cm™!'-W-Hz~one-half
for O,. The small gas cell volume enabled a fast response time
(<0.5 s), allowing rapid tracking of concentration changes dur-
ing exhalation. Breath tests conducted on a healthy subject
showed that the O, concentration decreased, while the CO,

concentration increased during exhalation, consistent with respi-
ratory physiology. Variations in breathing frequencies produced
distinct O, and CO, dynamics, confirming the reliability and
responsiveness of the system.

Theresultsindicate that the proposed PAS-based sensor enables
accurate, sensitive, and dynamic monitoring of respiratory gases.
The system offers key advantages of low cost, high sensitivity,
and rapid response, making it highly promising for noninvasive
clinical diagnosis, perioperative monitoring, and critical care
applications. Moreover, with appropriate laser sources, the method
can be further extended to detect additional exhaled biomarkers,
significantly enhancing the scalability and forward-looking nature
of the technology. For example, CsH; can indicate inflammatory
diseases and transplant rejection; C,Hg reflects lipid peroxidation,
oxidative stress, and lung cancer; 3CO,/12CO, can indicate
Helicobacter pylori infection (peptic ulcers, gastric cancer); COS
isassociated withliver disease and acute rejectioninlung transplant
recipients; CS, is relevant for disulfiram treatment for alcoholism;
NHj; can indicate liver and renal diseases and exercise physiology;
CH,O canbe amarker for cancerous tumors; CO reflects smoking
response, lipid peroxidation, CO poisoning, and vascular smooth
muscle response; C3HgO is indicative of ketosis and diabetes
mellitus. This demonstrates that the system has the potential
to serve as a versatile and cost-effective optical platform for
comprehensive breath analysis.
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