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This Letter reports a new optical fiber gas sensor for
measuring breath acetone. The sensor is based on photonic
bandgap (PBG) mode laser emission sensing technology
using liquid crystal (LC), which is combined with silica fiber
and chiral nematic liquid crystal (CNLC), thus providing an
ultra-compact, fast-response and simple-to-produce sensing
system with a fast response that can accurately and quanti-
tatively determine the concentration of respiratory acetone
within the normal oral temperature range (35–38°C). Since
LCs are affected by temperature, we propose a method that
eliminates the influence of the temperature to solve the prob-
lem of the temperature influence when measuring gas. The
detection of acetone leads to splitting of the dual laser peaks,
with a linear correlation of 0.99. The sensor has a limit of
detection of 65 ppm for acetone vapor and thus is suitable
for breath acetone detection in diabetic patients. © 2023
Optica Publishing Group

https://doi.org/10.1364/OL.489552

Variations in human respiratory acetone levels are associated
with ketosis, which is the production of ketone bodies from the
oxidation of non-esterified fatty acids [1]. Ketone bodies are by-
products of fat metabolism that include β-hydroxybutyrate and
acetone. These two ketone bodies end up undergoing enzymatic
degradation or spontaneous decarboxylation. The increase in
acetone may be caused by diabetic ketoacidosis and a high-fat
diet, and acetone is a reliable indicator of ketone body circulation
[2]. An increase in acetone levels is accompanied by the possi-
bility of diabetes. However, biomedical measurement regarding
diabetes in humans currently relies on blood glucose analysis.
Acetone levels can rise to 40 ppm in adults on a ketogenic diet
[3] and to 360 ppm in children with epilepsy who rely on high-fat
and low-carbohydrate diets [4]. Poorly controlled diabetes can
lead to ketoacidosis, in which acetone can increase to 1250 ppm
[5]. In fact, the correlation between blood glucose and breath
acetone has been validated, and breath acetone analysis can be
used to identify and monitor clinical diagnostic procedures [6].

In recent years, the increasing emergence of non-invasive
screening techniques has gradually compensated for the

shortcomings of traditional diagnostics, and they now serve an
important role in the diagnosis, prevention, treatment, and eval-
uation of diseases, such as in the diagnosis of respiratory acetone
utilizing LAPS (light-addressable potentiometric sensors) [7], in
the detection of the concentration of acetone in exhaled breath
using a mass spectrometer [8], and in the measurement of ace-
tone vapor by a MEMS (microelectromechanical systems)-based
sensor for the non-invasive screening of diabetes [9]. Although
these methods have certain advantages in gas detection, they
also have deficiencies, such as the need for expensive and bulky
equipment and complicated experimental preparation. In the
future, non-invasive diagnosis will replace traditional diagnosis
methods in medical clinical diagnosis and screening.

Liquid crystal (LC) materials with high birefringence have
been comprehensively used in sensing fields such as biologi-
cal [10], electric field [11], and pH [12] detection. At the same
time, LCs are used for the measurement of chemical gases.
For example, Li et al. developed a polymer cholesteric liquid
crystal film to detect acetone vapor [13], Sutarlie et al. devel-
oped an LC polymer array to detect gaseous amines [14], Li
et al. developed a blue-phase liquid crystal fiber-based device
for sensing organic vapor [15], Batir et al. used a polydimethyl-
siloxane (PDMS)-based photonic interpenetrating network LC
film to detect gas [16], and Bolleddu et al. transformed the
phase transition of organic vapor to LC droplets into electrical
signals for use in sensors [17]. However, there are some issues
with these techniques, including the influence of temperature,
the limitation of semi-quantitative detection, and the high limit
of detection (LOD). Therefore, we proposed optical fiber as a
carrier for LC and quantitatively detected the gas concentration
using its liquid crystal spectrum. In our previous work [18],
liquid-crystal-based optical fiber gas sensing was both affected
by temperature and had a broad reflection spectrum with a high
detection limit, so a new detection method is urgently needed to
solve these problems.

In chiral nematic liquid crystal (CNLC), the director spon-
taneously twists along the direction perpendicular to the long
axis of the molecule due to the chiral molecules. The periodic-
ity generated by this helical twisting leads to a one-dimensional
photonic bandgap structure, i.e., when circularly polarized light
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propagates along the helix axis, the CNLC can reflect circularly
polarized light with the same handedness as the helix direc-
tion. When optically pumped with a pulsed laser, the photonic
band edges of dye-doped CNLC (DDCNLC) can achieve low-
threshold mirrorless lasing [19]. The wavelength of the laser
emission corresponds to the reflection band edge of the CNLC,
which can be tuned by shifting the reflection band within the
fluorescence emission spectral range of the laser dye [20].

Herein, for the first time, we develop a temperature-effect-
eliminating gas sensor based on photonic bandgap (PBG) mode
lasing for the detection of breath acetone using a 2× 2 multimode
fiber splitter. This sensor is a fiber probe with hollow capillary
fibers (HCFs) that are filled with polyglycerin-10 and DDCNLC.
When the pulsed laser is coupled to the fiber, the emission
spectrum of the sensor exhibits a sharp single peak in the PBG
mode. The proposed sensor is applied to the measurement of
breath acetone for the first time and solves the problem that the
sensor is affected by temperature in the human oral temperature
range. Ultimately, the sensor will realize the real-time detection
of human breath acetone.

Chiral dopants (R811, 25 wt. %) were added to form CNLC
after nematic liquid crystal E7 (from Chengzhi Yonghua, 74
wt. %) had been sonicated for 20 mins. R811 was purchased
from Beijing Inno-Chem. The laser dye 4-dicyano-methylene-2-
methyl-6-(4-dimethylaminostyryl)-4H-pyan (DCM, from Exci-
ton) with a concentration of 1 wt. % was added to CNLC as
the gain medium. Polyglycerin-10 (from Yousuo Chemical) was
used as an alignment agent in the experiment. UV curing glue
(LEAFTOP 9310, from Shenzhen Tegu) was used as the sealing
material for the fiber. A gas chamber with a capacity of 100
ml was used in the experiments. The fabrication process of the
optical fiber sensing probe is shown in Fig. S1 in Supplement 1.
When DDCNLC was filled into glycerol-containing HCF-100,
the DDCNLC self-assembled into radial structures within 10
mins [21]. Polarized optical microscopy images of the liquid
crystal after self-assembly are shown in Fig. S2 in Supplement 1
.

Figure 1 shows the configuration of the experimental system.
The pumping source used a frequency-doubled Nd:YAG pulsed
laser (λ = 532 nm, pulse duration 8 ns, repetition rate 5 Hz). The
pump laser was passed through the objective (40×) and coupled
into a 2× 2 optical fiber splitter (port 1). The output ends of the
optical fiber splitter were connected to the temperature probe
(port 2) and the gas probe (port 3) located in the water bath tem-
perature control system (temperature control accuracy ≤0.5°C),
respectively. The spectral signals from the excited DDCNLC
were collected via port 4 and transmitted to a high-speed optical
spectrum analyzer (OSA; PG2000; the spectral resolution was
0.04 nm and the spectral range was 550–650 nm).

The lasing peak appears on the edge of either λ1 or λ2, depend-
ing on the appropriate relative positions of the LC reflection and

Fig. 1. Schematic diagram of the optical fiber gas sensing
experimental system based on DDCNLC.

Fig. 2. (a) Dual-lasing spectrogram influenced only by the tem-
perature in the absence of gas. Inset: dual-lasing wavelength as a
function of temperature. (b) Relationship between the dual-lasing
wavelength difference (∆λ) for quantitatively detecting acetone in
the gas chamber and the temperature.

fluorescence peaks. The positions of the edges of the reflec-
tion band wavelengths are λ1 = nep and λ2 = nop, respectively.
p = 1/(βc) is the helical pitch, c is the concentration of the chiral
dopant, and β is the helical twisting power [22]. In other words,
the lasing peak depends on where the dye gets the optimal gain
[23]. When the reflection band edge is close to the fluorescence
emission wavelength of the DCM dye, the reflection band edge
can be amplified, generating the PBG.

All LCs are sensitive to temperature, which seriously affects
the gas measurement results. Therefore, we propose a method
that eliminates the influence of the temperature. A tempera-
ture probe and a gas probe containing the same LC produce
the same PBG laser peak. If the temperature changes when the
gas is detected, the wavelength difference (∆λ = λgas − λtemperature)
between the two laser peaks will be unchanged with temperature,
resulting in the elimination of the influence of the temperature
on the sensor. Figure 2(a) is the laser spectrum when it is only
affected by the temperature. The inset exhibits the dependence
of ∆λ on the temperature in the absence of any gas. The results
showed that the ∆λ between the two PBG laser peaks did not
change in the normal oral temperature range (35–38°C). In order
to further validate the minimal influence of the temperature
on the ∆λ between the two PBG laser peaks, we maintained
a constant concentration of acetone in the gas chamber. We
then observed whether the ∆λ between the two laser peaks
was affected as the temperature increased. When the two fiber
probes were placed in a toxic gas chamber containing a small
amount of acetone, the gas probe’s laser wavelength underwent
a shift. At this point, the acetone concentration was kept con-
stant, and the sensor was only influenced by the temperature, as
shown in Fig. 2(b). The ∆λ between the two peaks was 0 nm at
34°C. But, as the acetone concentration was increased, the gas
probe was affected by the gas, and the laser peak split into two
PBG laser peaks. The detection of acetone was influenced by
temperature fluctuations, resulting in a slight wavelength shift.
There was almost no change in the ∆λ between the two peaks
with increasing temperature, but the ∆λ increased slightly when
the temperature rose to 39°C. In conclusion, Fig. 2 shows a
slight increase in ∆λ as the temperature rises to 39°C, which
may be due to the influence of the cavity air pressure in the
sealed temperature probe. Therefore, this could lay the foun-
dations for the detection of breath acetone in the human oral
cavity.

Because the temperature sensitivity of the two optical fiber
probes is the same, the wavelength difference between the PBG
lasers generated by the two probes when sensing the gas is only
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Fig. 3. (a) Change in the dual-lasing emission spectrogram with
increasing acetone concentration for slight temperature fluctua-
tions. (b) Change in the dual-lasing ∆λ with increasing acetone
concentration. Inset: real-time detection of acetone concentration
and the dual-lasing peak wavelength dependence. (c) Relationship
between dual-lasing ∆λ and acetone concentration when influenced
by temperature fluctuations. Inset: Dual-lasing wavelength change
relationship subject to temperature fluctuations when measuring
acetone. (d) Dependence of the dual-lasing ∆λ on the concentration
of acetone at acetone concentrations.

affected by the gas concentration. Figure 3(a) shows the laser
spectrum obtained when measuring acetone vapor. The sensor
was placed in the gas chamber and 0.2 µL of acetone were
titrated at a time. Since the temperature probe was sealed with
UV-curing glue, the laser peak it produced was only affected by
temperature. When acetone was not titrated, the laser peaks of
the two probes were almost completely superimposed. But, as
the acetone concentration increased, the gas probe was affected
by the gas, and the laser peak split into two PBG laser peaks. The
detection of acetone was influenced by temperature fluctuations,
resulting in a slight wavelength shift. The key factors that cause
the blueshift of λ are an inclination of the helical axis of the LC,
a reduction in the elastic constant, a decrease in the refractive
index, and π-π stacking [24]. Different chiral agents also have
different sensitivities to the acetone response (see Table S1 and
Fig. S3 in Supplement 1), and this sensitivity may be determined
by the rigid group. Compared with the other three chiral agents,
R811 has fewer rigid groups and a higher sensitivity to the
acetone response. Figure 3(b) shows the resonance∆λ generated
by the two probes after temperature elimination, which further
verifies that there is a good linear relationship between the gas
concentration and the ∆λ. The inset shows the sensitivity and
linearity of the sensor with respect to acetone concentration
in the absence of temperature elimination. Slight fluctuations in
temperature cause a slight decrease in the linearity of this sensor
for gas sensing.

To obtain a low LOD, we titrated the minimum dose of ace-
tone, and the results are shown in Fig. 3(d). This result is as
expected, with the same linear correlation and sensitivity as
in Fig. 3(b). Figure 3(c) shows that the dual-lasing ∆λ can be
considered as a temperature-independent acetone measurement
with a linear fit of 0.99. The sensitivity deviation comes from

Fig. 4. (a) Sensor response time to acetone. (b) Repeatability of
the sensor in gas chambers with different acetone concentrations.

minor variations in the amount of acetone solvent injected into
the gas chamber each time and the accumulated deviations in
the selection of data points. As shown in the inset of Fig. 3(c),
when the acetone concentration was measured, the temperature
fluctuated. The temperature fluctuation between 35.5 and 37°C
leads to a linear correlation coefficient of 0.763, which means
that there is not a linear correlation in this case. Meanwhile, for
the linear calibration curve, the LOD in a limited concentration
range can be expressed as LOD = 3Sa/b [25], where Sa is the
standard deviation of the response and b is the slope of the cal-
ibration curve. The theoretical calculation of the LOD value is
65 ppm.

The laser wavelength response time and repeatability are
important parameters when testing gas-sensitive properties. Fig-
ure 4(a) presents the sensor’s response time to acetone detection.
Whether it was a low concentration or high concentration of
acetone, the response time of the sensor was within 50 s. The
response time decreased with decreasing acetone concentration,
but the recovery time was generally twice the response time. The
slight wavelength shift of the blue dots within the 0–40 s interval
is attributed to the presence of a small amount of residual ace-
tone gas in the gas chamber. Figure 4(b) shows the repeatability
of the gas sensor. To obtain repeatability data for this sensor at
different concentrations, three acetone concentrations were used
to test the performance of the sensor. After complete evaporation
of the acetone, we sequentially placed the sensor in gas cham-
bers containing different concentrations of acetone. During all
cycles, the wavelength returned to its initial position when the
sensor was placed in the air. In order to ensure that the sensor in
the gas chamber was in full contact with acetone and the sensor
was exposed to air without any residual gas, the switching time
of the sensor in the gas chamber and in the air was 5 mins. As
expected, the detection of the sensor is reversible.

Patients with diabetes have lower levels of insulin, which
is used to inhibit ketone synthesis, and have higher levels of
exhaled acetone [26]. The presence of comorbidities further
complicates exhaled breath analysis; for example, people with
both stage C heart failure and diabetes exhale higher amounts
of acetone [27]. Different combinations of the three exhaled gas
components (i.e., acetone, ethanol, and propanol) all correlate
with estimated blood glucose values [28]. To validate the PBG-
laser-sensor-based detection of respiratory acetone, seven adult
volunteers participated in a study. None of the subjects smoked,
took long-term medications, or had known chronic diseases.
The first six volunteers all collected their exhaled breaths before
lunch, and the last volunteer collected the gas at different points
in time. When measuring each exhaled breath, it was injected

https://doi.org/10.6084/m9.figshare.23843016
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Fig. 5. (a) Relationship between wavelength and acetone exhaled
before lunch in six adult volunteers. Inset: dual-lasing spectrogram
for the measurement of the sixth gas sample. (b) Breath acetone as a
function of wavelength at different points in the day from one adult
volunteer.

into a vacuum gas sample bag (100 mL) to exclude the influence
of other gas molecules.

The detection results for the exhaled breaths of different
volunteers are presented in Fig. 5. Figure 5(a) shows the
measurement results for six gas samples, and the inset shows the
spectrum of detection sample 6. Both samples 1 and 5 belonged
to patients who had suffered mild diabetes for 5 years, while
samples 2 and 4 belonged to patients who had suffered mild
diabetes for 4 and 7 years, respectively. Sample 3 was from a
patient with newly detected mild diabetes, while sample 6 was
from a patient with severe diabetes. The analysis revealed that
sample 6 had a gas content that was noticeably higher than those
in the other samples. Figure 5(b) shows the detection results
for exhaled breaths from the same severe diabetic patient at dif-
ferent time points. During the morning fasting state, acetone is
produced from lipolysis and lipid oxidation as an energy sub-
strate [2], so the acetone concentration in exhaled breath is lower.
But, after lunch and evening meals, acetone levels tended to rise.

Traditional diabetes detection is mainly based on blood glu-
cose analysis. This paper has proposed a non-invasive method for
disease detection. Meanwhile, a new liquid-crystal-based light
gas sensor was developed that can be used to measure human
breath acetone. The proposed sensor has the characteristics of a
fast response, simple production, and the quantitative detection
of the acetone concentration by a PBG mode laser with high
recognition. We have proposed a method that eliminates the
influence of the temperature and utilizes dual-laser wavelength
difference (∆λ) sensing of the acetone concentration. The effect
of temperature fluctuations can be eliminated even when ace-
tone is detected. The sensor can accurately detect acetone and
is not affected by the temperature within the range of body tem-
perature. The performance of the sensor was further verified
by collecting and detecting respiratory acetone from different
diabetic patients.
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