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Biomarkers are compounds whose excessive concentration in breath may indicate disease states. High
precision laser absorption techniques, such as the multipass spectroscopy and cavity ring down spec-
troscopy at wavelengths corresponding to strong absorption lines of these compounds, are the appropri-
ate methods for a sensitive detection of biomarkers in breath. In this paper, we present our achievements
in optical detection of CH20O, C2Hg, NO2, OCS, NH3s, CHy4, and CO. The presented results prove that
with such systems, the detection of pathogenic changes at the molecular level is possible.

topics: disease biomarker, laser spectroscopy

1. Introduction

Numerous trace compounds present in human
breath contain information about individual fea-
tures of the body, as well as on the state of a per-
son’s health [1-3]. An excess of some of these com-
pounds (called biomarkers) can be related to cer-
tain diseases. Therefore, the investigation of air
exhaled from human lungs can serve as an effec-
tive tool of identifying various sicknesses at an
early stage of their development. For that rea-
son, a search for novel methods of biomarkers de-
termination is desirable [4, 5]. A novel type of
breath analyzers, which can be developed owing
to progress in laser spectroscopy and optoelectron-
ics, can be cheap, selective, sensitive and simple in
maintenance. Their non-invasiveness and real time
measurement ~ 1 min are their main advantages
when compared to the existing medical diagnostic
procedures.

The main goal of our work is to develop opto-
electronic sensors of various biomarkers in human
breath.

2. Experimental

An optical approach to biomarker detection in air
is based on the measurement of light absorption in
a gas sample at a wavelength that is specific for
a compound of interest (the so-called fingerprint).
The main difficulty is that this absorption is weak,
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since the concentration of the majority of biomark-
ers is much lower than 1 ppm. Therefore, high se-
lectivity and sensitivity of the detection system is
required.

2.1. Absorption spectrum selection

More than 3,000 various compounds were already
detected in exhaled air [4]. The mid-wavelength
infrared (MWIR) range is the best range for opti-
cal detection because for many species the lines are
strong and well distinguishable. Nevertheless, one
has to avoid a spectrum disturbance by the absorp-
tion bands of other gases (the so-called interferents)
which are present in human breath. We will show
the method of the fingerprint and the experimental
circumstances selection on examples of formalde-
hyde and ethane — the biomarkers of cancer and
other diseases [1, 6].

The formaldehyde absorption spectrum in the
MWIR range consists of two main bands situated
close to 3.6 and 5.8 ym [7]. The 5.8 pym band is
strongly affected by HoO absorption whose concen-
tration in breath exceeds formaldehyde density by
many orders of magnitude. The 3.6 pm band is
weaker but can be more easily used for the op-
tical detection of this compound due to cheaper
photodetectors and optical materials [8, 9]. It is,
however, still interfered by a strong absorption of
H,0, COy (both up to ~ 5% in breath) and CHy
(up to 5 ppm), as shown in Fig. la. The sep-
aration of spectra of these compounds might be
achieved by lowering of the gas pressure in the
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Fig. 1. Absorption spectra of formaldehyde at the
pressure of 1 atm (a) and 0.01 atm (b) together
with the spectra of the main interferents present in
breath.

sample to the value of 0.01 atm (see Fig. 1b).
It causes a decrease of collisional line broaden-
ing [10]. As a consequence, the overlap of lines is
reduced. Due to that, a sensitive optical detection
of CH>O can be performed within the wavelength
range of 3595.77-3595.91 nm. Although this is not
the strongest line set in the 3.6 pm band, we found
that it is the least disturbed by the interferents, and
consequently, it is the best fingerprint for the detec-
tion of trace amounts of this biomarker in breath.

The ethane absorption band is located near
3337 nm and consists of nine spectral lines [11].
In the gas mixture exhaled from the lungs, this
band can be disturbed by H,O, CH; and CH>0O
absorption (see Fig. 2a). The line of the order of
3336.8039 nm is the best for ethane detection. The
pressure lowering to 0.1 atm is sufficient to separate
this line from the interferences (see Fig. 2b).

2.2. Experimental setup

A high sensitivity of absorption measurement
can be achieved due to the application of spe-
cial methods. The cavity ring-down spectroscopy
(CRDS) [12-14] and the multipass spectroscopy
(MUPASS) [15, 16] belong to these approaches!.

TOptoacoustic spectroscopy (especially its quartz en-
hanced version — QEPAS) also belongs to these approaches.
However, it is not applicable to the measurement described
in this paper due to necessity of using of the reduced sample
pressure
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Fig. 2. Description as in Fig. 1, but for ethane.

Our experimental setup for CRDS is shown
in Fig. 3a. It was used for nitrogen dioxide, ni-
tric oxide, and carbonyl sulphide detection. The
investigated gas sample was placed in an optical
cavity whose quality factor was measured by an am-
plitude modulated semiconductor laser. The laser
was tuned to the fingerprint of the compound of in-
terest by temperature and current controllers. Us-
ing an oscilloscope, a decay of radiation intensity
transmitted through the resonator was observed.
This served for the determination of a photon life-
time (74) in the cavity. The presence of the absorb-
ing compound caused light quenching. As a conse-
quence, a decrease of the 74 value was observed in
respect of the photon lifetime (7,) measured in the
cavity free of the absorbing molecules. This enabled
to determine the absorber concentration using

1<1 1>’ (1)

N= [ _ —
oc\19 Ta

where o denotes the absorption cross-section and
c is the light speed.

The setup for a MUPASS experiment is presented
in Fig. 3b. An absorption cell equipped with two
mirrors was applied. The laser beam was intro-
duced to the cell through a small hole in one of
the mirrors and then multiply reflected between the
mirrors. About 20 m light path was achieved in the
sample. Due to that, a much larger sensitivity was
achieved than for the single pass spectrometry. The
laser wavelength was scanned across the absorption
line of the compound of interest using current mod-
ulation by the 91 Hz signal from a 2-channel gen-
erator. The absorber concentration was calculated
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Fig. 3. Simplified experimental setups for (a)
CRDS, (b) MUPASS.

using the Lambert—Beer law. Such a solution was
applied for ethane, carbon monoxide, methane, am-
monia, and formaldehyde detection.

One of spectral disturbances affecting optical sys-
tems takes place due to the unexpected interfer-
ences between the light beams. In the MUPASS
cells it occurs due to the overlapping of the radia-
tion scattered on various optical surfaces or in the
gas. This leads to a modulation of the registered
spectrum by the periodic fringes. Such a distur-
bance can significantly spoil the accuracy of the
experiment. We found that the wavelength mod-
ulation over the fringes period and the signal aver-
aging can effectively reduce these disturbances [17].
From a mathematical point of view, the method
is based on the theorem that the averaging of any

periodic function over its period (or multiplicity of
the period) provides the mean function value that is
constant. The 10 kHz sine signal from a 2-channel
generator was used for this purpose (see Fig. 3b).
It served for an additional laser wavelength scan-
ning. Its amplitude, and consequently the range
of wavelength modulation, was adjusted manually,
through looking at the oscilloscope for the best min-
imization of the interferences. The averaging (over
1,000 trigger pulses) was performed with a digital
oscilloscope.

3. Measurement and results

Using the methods described above, we developed
a set of sensors for the detection of several biomark-
ers of various important diseases. The results are
shown in Table I. Beside formaldehyde and ethane,
the application of the pressure reduction was also
necessary for NO (0.1 atm). The detection of other
compounds, i.e., NOs, OCS, NH3, CHy, and CO,
was performed at normal pressures.

The approaches to the detection of NO, NO,,
OCS, CO, CHy4, and NH3 were already presented
in [15]. Here, we will focus on recent achievements
related to formaldehyde and ethane measured using
the MUPASS method.

3.1. Formaldehyde

After the signal acquisition, further data process-
ing was performed with a custom program. First,
the background generated by the semiconductor
laser power modulation was removed. The excess
white noise was reduced with a low-pass digital fil-
ter. Due to that, the characteristic spectral lines of
formaldehyde were found. The fragment between
the first and fourth minimum was separated (the
three strongest lines — see Fig. 1b). The data pre-
pared in this way was then numerically integrated.

Biomarkers detected with our laser spectroscopy methods. TABLE I
Morbid Detection | Wavelength | Detection .
Compound . Diseases
level [ppb] | limit [ppb] [nm] method
nitrogen dioxide - 1 0.41 CRDS
th h tensi hiniti
nitric oxide 50 10 5262.2926 | CRDS astiia, Aypertension, Tiis,
airway inflammations
tic fibrosis, liver fail t
carbonyl sulfide 10 3 4877.7716 | CRDS CYSHC DTOSIS, Hver fatiure, acute
rejection of transplanted lungs
infl % itamin E defici
ethane 3.5 1 3336.8039 | CRDS tnammatoty, vitamin £ deiciency,
oxidative stress, scleroderma, cancer
h bilirubi i idative st
carbon monoxide 10 500 9333.7197 | MUPASS | Y PETPHITHUDINCILIA, OXICAMVE SLIEss,
asthma, respiratory infections
methane 10* 100 2253.6598 MUPASS | intestinal problems
trointestinal ul due t
ammonia 3000 1000 1527.0409 | MUPASS | BAstrotiestmal uicers cue to
Helicobacter pylori
formaldehyde 300 6 3595.78 MUPASS | lungs and breast cancer
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Fig. 4. Results of CH20 measurement based on

the successive concentration partition.

The results were compared with similar data regis-
tered for the 1 ppm calibrated mixture (Linde Gas)
that was used as a reference gas.

In order to test the linearity of our sensor for dif-
ferent formaldehyde concentrations, a procedure of
a reference mixture dilution in nitrogen was used.
In the first step, the mixture at the pressure of
0.01 atm was set to the sensor. After the signal col-
lecting, the pressure was raised to 0.02 atm using
nitrogen. Several minutes later (necessary for the
gases intermixing), the pressure was reduced again
to the starting value of 0.01 atm. We expected that
the mixture with the half density of formaldehyde
would be achieved in comparison to the previous
one. The consecutive operation of diluting and the
signal collecting was repeated ten times.

The results are shown in Fig. 4. It can be ob-
served that a step by step density partition with
the coefficient of 2 was not achieved. Only the
concentration of about 6 x 10'° cm ™3 was achieved
in 10 steps, starting from the reference density of
about 2.7 x 10 em™3 (1 ppm at 0.01 atm).

A formaldehyde deposit on the system walls was
responsible for this effect. This compound adheres
to the equipment in the form of a polymer — poly-
oxymethylene [18]. Once deposed inside the cell
at higher CHyO concentrations, it later evaporates
providing the gaseous formaldehyde.

We decided to benefit from the polyoxymethylene
deposition and use it for the detector testing at low
formaldehyde concentrations. The cell was evacu-
ated to the residual pressure of 10~7 atm and then
filled with pure nitrogen up to 0.01 atm pressure.
Then, due to CH>O evaporation from the walls, the
sensor was slowly filled with gaseous formaldehyde.
The concentration was measured every minute.

Temporal evolution of CHyO 1is presented
in Fig. 5. It can be well approximated by an ex-
ponential growth

n(t) = A[1 — exp (—kt) } 2)

The optimal values fitted are k ~ 5 x 107* s~ ! and
A~ 6x 109 cm~3. This allows to evaluate that
the cell was filled to the concentration of about
1.8 x 10° cm™3 within the first minute of the
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Fig. 5. Changes of CH20 concentration due to
polyoxymethylene evaporation from walls.
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Fig. 6. Test of ethane sensor linearity.

measurement. That corresponds to about 6.6 ppb
at 0.01 atm. This is a minimal value of the concen-
tration which can be generated in our experiment.
Such a precision shows that our formaldehyde sen-
sor is useful for medical application since the mor-
bid level of formaldehyde in breath was evaluated
to be 300 ppb [19].

Formaldehyde evaporation from the apparatus
walls makes the measurement of this compound
problematic when testing concentrations at the ppb
level. We found that an attempt at polyoxymethy-
lene removing by heating (up to 80°C) and pump-
ing is insufficient. Only the Mannich reaction is the
approach of the cell decontamination [18]. It re-
quires a temporary filling of the cell by ammonia
vapor that reacts with formaldehyde and its poly-
mer. However, the measurement of CH,O concen-
tration with clean equipment also causes the results’
adulteration due to sticking of the molecules to the
walls. This leads to the density lowering within the
time scale comparable to that presented in Fig. 5.
The reduction of the measurement time to single
minutes or less is the method to achieve a sufficient
precision, as it was shown in our experiment.

3.2. Ethane

In the case of ethane, a facilitation is that CoHg
does not stick to the walls like formaldehyde. There-
fore, the use of the procedure described in Sect. 3.1
in order to test the linearity of the sensor was
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ment.

successful. A calibrated 1 ppm ethane cylinder was
stepwise diluted in the sensor. According to the
spectrum analysis (see Fig. 2b), the experiment was
carried out at the pressure of 0.1 atm. The results
are shown in Fig. 6. One can evaluate that the sen-
sor worked linearly up to the concentration of 1 ppb
(about 2.7 x 10% cm™3).

For this concentration, the Allan deviation plot
was performed as well (see Fig. 7) [20]. The op-
timal precision was achieved for the integration
time of 20 s. Its value is 80 ppt approximately.
This means that the practically achieved detection
threshold of 1 ppb is sufficient for the study of the
air exhaled from human lungs since the morbid level
of ethane is equal to 3.5 ppb [18].

4. Conclusion

We presented optical sensors for the detection of
disease biomarkers present in air exhaled from hu-
man lungs. The application of ultrasensitive laser
absorption methods like CRDS and MUPASS to-
gether with various approaches leading to the re-
duction of interferences (i.e., the separation of spec-
tral lines by pressure lowering or reduction of fringe
interferences by the proprietary approach) and spe-
cial methods of data processing ensured a much bet-
ter detection limit than the morbid level. That al-
lows to look with optimism for future opportunities
of optical breath analysis application in medicine.
Continuous progress in optoelectronics will lead to
the construction of cheap and easy to maintain
desktop systems useful for screening.
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