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Abstract


Acetone is a well-known biogas involved in lipid metabolism and is considered a potential biomarker for diabetes. However, the conventional detection methods for acetone face the limitations of large size, complex usage, and cross-sensitivity. In this study, we developed a portable device comprising a porous colorimetric acetone analytical chip composed of 2-nitrophenyl hydrazine and porous glass. The analytical chip was highly sensitive and selective for acetone because it was based on the chemical reaction between acetone and hydrazine in a nanoporous material, which provides a large surface area. The device consisted of a 450 nm laser light source and a photodiode detector with a volume of less than 40 mL. Acetone gas was measured in the atmosphere for 10 min using the developed flow–stop method. The measurable acetone concentration ranged from 0 to 6.0 ppm with a detection limit of 0.22 ppm. We successfully conducted a feasibility study using human exhaled breath and analyzed the relationship between exercise and the acetone concentration in the breath. An upward trend in exhaled acetone levels was seen post-exercise for each individual.






Keywords:


breath acetone; colorimetric analytical chip; small volume detection; flow–stop method












1. Introduction


Recently, exhaled breath has attracted considerable attention for biogas production. Unlike invasive tests such as blood tests, which are commonly used for disease diagnosis and health checks, diagnosis and testing through exhaled breath can be performed non-invasively, substantially reducing the physical and psychological burden on patients. Exhaled breath contains over 200 volatile organic compounds (VOCs) [1,2], several of which are associated with specific diseases and have the potential to serve as biomarkers. For example, methyl mercaptan [3,4] is associated with periodontal disease and halitosis, nonanal [5,6] with cancer, and acetone [7,8,9,10] with diabetes and lipid metabolism. Among these VOCs, acetone in human exhaled breath tends to be present at higher concentrations than other VOCs. Therefore, measuring acetone requires sensitivity in the sub-ppm range and selectivity against other VOCs.



The prevalence of diabetes, for which acetone has potential as a biomarker, is increasing worldwide. According to the WHO, the number of diabetes patients, which was 200 million in 1990, reached 830 million in 2022, and 14% of adults aged 18 and over were affected by diabetes. The prevalence of diabetes has doubled from 7% in 1990 to 14% in 2022, and in 2021, well over 2 million people died from diabetes and its complications [11]. Therefore, it is crucial to develop a highly sensitive and simple technology to measure acetone concentration in exhaled breath for the early diagnosis of diabetes. In this regard, several studies on the correlation between blood glucose concentration and breath acetone levels have been reported [12,13,14]; non-invasive breath measurements can complement invasive blood glucose monitoring, which is daily adopted by some diabetic patients. To improve clinical translational value, simple, non-invasive breath measurement devices that can be used at home are required. In addition, regular breath monitoring and recording of changes in data, even if the patient does not have diabetes, may aid in diagnosis and early detection in hospitals.



Recently, mass spectrometry (MS) techniques [15,16,17,18,19,20,21,22], such as gas chromatography–MS [16,17,18] and proton transfer reaction (PTR)–MS [19,20,21], have been used to measure acetone in exhaled breath, enabling the detection of a wide range of substances with very high precision. Electric noses have also been employed for similar applications [23]. However, these devices are large, expensive, and require specialized operators, making them impractical for widespread use. Research has been conducted to address this issue by using non-invasive testing technologies such as electrochemical sensors [24], semiconductor sensors [25,26], and MEMS technology [27,28,29].



Jiang et al. [24] used a mixed potential acetone sensor based on stabilized zirconia combined with a Cd2SnO4 sensing electrode, which detected acetone concentrations in the range of 0.05 to 200 ppm at an optimal operating temperature of 600 °C. The sensor exhibited excellent reproducibility, selectivity, and long-term stability. Clinical tests of the sensor on the exhaled breath of healthy individuals and patients with diabetes were conducted, verifying a strong correlation between the response values, acetone concentration, and blood ketone levels. Orasugh et al. [25] synthesized a series of graphene oxide@cellulose nanocrystal (GO@CNC) nanoparticles (NPs) using a modified Hummers’ method and reported a detection limit of 5 ppm for an optimized sensor based on GO3@CNC3 NPs. Jahromi et al. [26] developed a solid acetone sensor using PbS nanosheets. This sensor exhibited high selectivity and detected acetone concentrations ranging from 1 to 20 ppm. The sensor also detected acetone at concentrations as low as 1 ppm at room temperature (25 °C). Rabih et al. [27] developed a MEMS sensor functionalized with a blend of chitosan/polyethylene glycol polymer, demonstrating good reproducibility, response, and reversibility for acetone concentrations ranging from 0.05 to 5 ppm. In addition, they measured the cross-sensitivity to 2-propanol and methanol, reporting that the responses to these substances were 24% and 33% lower, respectively, compared to the response to acetone at the same concentration. Zhang et al. [28] designed an FAIMS-MEMS gas sensor and reported that acetone concentrations were greater than 1.8 ppm. The structure of the FAIMS gas sensor consisted of ionization, migration, and collection zones, and the accelerated gas ions were detected after passing through the migration zone. Sachdeva et al. [29] developed a thin-film MEMS-based gas sensor incorporating a tin oxide (SnO2) thin film, achieving acetone detection at 1.5 ppm with an operating temperature of 360 °C. The response and recovery times were approximately 3 and 4 min, respectively. Electrochemical, semiconductor, and MEMS sensors offer rapid response times, and some of them exhibit sufficient sensitivity for breath analysis. However, mitigating cross-sensitivity remains a major challenge.



Previously, we developed a detection chip using 4-nitrophenylhydrazine (4-NPH) as the detection reagent in a porous glass [30]. This chip used a chemical reaction as the principle and was unaffected by alcohol interference. Acetone concentrations ranging from 0.5 to 5 ppm were detected by measuring the absorbance at 390 nm. However, the passive exposure method used in this approach requires several hours for detection. In this study, we used 2-nitrophenylhydrazine (2-NPH), a structural isomer of 4-NPH, which forms a reaction product with acetone that has a longer absorption wavelength than that of 4-NPH. In addition, we developed a portable device to enable rapid detection using the active exposure method. A measurement method (flow–stop method) for rapid detection using a small gas volume was also explored. In addition, we measured the exhaled breath of individuals engaged in physical activity using a device containing the 2-NPH analytical chip.




2. Materials and Methods


2.1. Analytical Chip


Porous glass (8 mm × 8 mm × 1 mm, with an average pore diameter of 4 nm and a specific surface area of 200 m2/g) (Porous glass-4nm, Akagawa Glass Co., Ltd., Osaka, Japan) was used as the substrate. A 50 mL solution of methanol (special grade, FUJIFILM Wako Pure Chemical Co., Osaka, Japan) containing 7.55 × 10−3 mol/L of 2-NPH (purity > 98.0%, Tokyo Chemical Ind., Tokyo, Japan) and 4.66 × 10−2 mol/L of hydrochloric acid (reagent grade, FUJIFILM Wako Pure Chemical Co., Osaka, Japan) was prepared as an impregnation solution. The porous glass was immersed in the impregnation solution for 4 h and subsequently removed from the solution and dried under a dry nitrogen atmosphere for over 20 h to obtain an analytical chip. Upon immersing the porous glass in an impregnation solution, 2-NPH was transported into its pores, and the solution was then dried to fix the 2-NPH inside the pores.




2.2. Preparation of an Acetone Atmosphere


The acetone atmosphere used for exposure of the analytical chip was prepared with the concentration range from 0 to 6.0 ppm, with relative humidity (RH) ranging from 25 to 70% at 23 °C, as follows. A smart bag (AAK-30, GL Sciences Inc., Tokyo, Japan) with a 30 L volume was inflated with dry air and, subsequently, 40 μL of acetone aqueous solution with the desired concentration (0 to 0.205 mol/L) and a specific volume (115 to 393 mL) of deionized water (conductivity 0.06 S/m) were injected into the smart bag. The acetone solution and water were allowed to evaporate for more than 24 h in a controlled environment at 23 ± 3 °C. The acetone concentration in the prepared atmosphere was in the range from 0 to 6.0 ppm, and RH ranged from 25% to 70% at 23 °C. The acetone concentration in the prepared atmosphere was determined using a gas chromatograph equipped with a semiconductor detector (SGEA-P3-A; NISSHA FIS, Inc., Kyoto, Japan). In addition, 2 L of acetone gas was transferred from the prepared 30 L atmosphere into a 2 L smart bag (AAK-2, GL Sciences Inc., Tokyo, Japan), and the concentration was confirmed using a gas chromatograph (SGEA-P3-A).




2.3. Humidity Dependency Evaluation


For analytical chips using porous glass, the value of the molar absorption coefficient of the material in the porous glass can be highly dependent on humidity. This can cause large errors in the analytical results, which are calculated using the absorbance values. Therefore, the humidity dependence of the molar absorption coefficient of acetone-2-NPH (A-2-NPH), which is the reaction product between acetone and 2-NPH, was measured. Initially, two types of after-exposure analytical chips containing different amounts of A-2-NPH with different absorbances at 446 nm were prepared. Next, each analytical chip was stored at 80% RH condition for approximately 1 h. Subsequently, the analytical chip was moved in an atmosphere with 30–40% RH, and the UV–Vis–NIR spectrum was measured every 7 min using a spectrophotometer (U-4100, HITACHI High-Tech Co., Tokyo, Japan).




2.4. Portable Device and Measurement Method


2.4.1. Portable Device and Measurement Setup


The developed portable device and its setup are shown in Figure 1. The body of the device was fabricated using acrylic resin via a 3-D printer. As the maximum absorption wavelength of A-2-NPH was 446 nm, a blue laser light source (PL450B, ams-OSRAM, Steiermark, Austria) operating near 450 nm was used, and the detector was a photodiode (BPW21, ams-OSRAM, Steiermark, Austria). The dimensions of the device were 2.5 cm × 1.0 cm × 1.5 cm, with a total volume of 3.75 mL. Teflon tubes were connected to the top and bottom of the device, with volumes of 21.5 mL and 12.6 mL for the upper and lower valves, respectively, resulting in a total volume of 37.9 mL, including the device and tubes. Inside the device, a holder of the analytical chip was placed between the light source and detector. During measurements, the upper tube was connected to the exposed gas (prepared acetone atmosphere or exhaled air), and the lower tube was connected to a small pump (MP-Σ30N II or MP-Σ500N II, SHIBATA SCIENTIFIC TECHNOLOGY Ltd., Saitama, Japan) to regulate gas flow at an adjustable flow rate.




2.4.2. Constant Flow Measurement


Initially, the light intensity was measured without placing the analytical chip inside the device, and the measured value was used as a reference. The analytical chip was placed in an indoor atmosphere for approximately 1 h as a pretreatment. Next, the pre-treated analytical chip was placed inside the device, and the prepared acetone atmosphere (0.356–3.41 ppm) with 50% RH was connected to the upper tube and introduced into the device at a flow rate of 1.0–5.0 L/min for 10 min. The blue laser was turned on at 1 min intervals, and the light intensity transmitted through the analytical chip was measured using the photodiode.



For device performance evaluation, the upper valve was replaced with a three-way valve, enabling gas with and without acetone, which was connected to each of the three-way valves, to alternately flow every 10–12 min. The acetone concentration of the gas was gradually increased from 0.5 to 6.0 ppm. The blue laser was turned on at 0.5 min intervals, and the light intensity through the analytical chip was measured using a photodiode.




2.4.3. Flow–Stop Measurement


Initially, the light intensity was measured without placing the analytical chip inside the device, and the measured value was used as a reference. Next, a pretreated analytical chip was placed inside the device. The prepared acetone gas (0–5.84 ppm) with 50% RH was connected to the upper tube and introduced into the device at a flow rate of 1.0 L/min for 1 min, after which the pump was stopped. The upper and lower valves were closed for 9 min to seal the device. During this 9 min period, the light intensity through the analytical chip was measured every 30 s or 1 min.





2.5. Exhaled Air Analysis


A study involving four males (aged 20–22 yrs) was conducted, which was approved by the university’s ethical committee. Exhaled air was collected during and after the exercise. The procedure for exhaled air collection is illustrated in Figure 2. Before exercise, the subjects fasted for more than 12 h, and the exercise consisted of 30 min of cycling on a stationary bike with a 50 W load. Exhaled air was collected at 0, 15, and 30 min after the start of the exercise and every 15 min thereafter. Three samples were collected during the exercise, and six or seven samples were collected after the exercise. The exhaled air collection method was as follows: Deeply inhale, exhale the first 2 s of breath, and then exhale approximately 1 L into a 2 L of sampling bag (AAK-2, GL Sciences Inc., Tokyo, Japan). The sampling bag containing the exhaled air was left to stand for 24 h in a controlled room at 23.0 ± 3.0 °C with 35 ± 15% RH to allow for humidity adjustment. The bag was then connected to the upper tube of the device and allowed to flow into the device at a rate of 1.0 L/min for 1 min, after which the pump was stopped. The upper and lower valves were closed for 9 min to seal the device. During this 9 min period, the light intensity through the analytical chip was measured every 30 s or 1 min. Simultaneously, the acetone concentration in the exhaled breath was measured using the gas chromatograph (SGEA-P3-A).





3. Results


3.1. Characteristics of the Acetone Analysis Chip


The analysis chip made from porous glass was colorless and transparent, making it suitable for analysis using optical methods. Figure 3a shows the change in the absorbance spectra of the analytical chip measured using a UV–Vis–NIR spectrophotometer (U-4100) before and after exposure to an acetone atmosphere of 6.62 ppm for 3 h. The reaction between 2-NPH and acetone is illustrated in Figure 3b. Before exposure, the analytical chip exhibited an absorption peak at 354 nm, which was attributed to 2-NPH. After exposure to acetone, a new absorption peak appeared at 446 nm, which was attributed to the reaction product of acetone and 2-NPH, A-2-NPH, and the absorption at 354 nm decreased after exposure. The decrease at 354 nm and the increase at 446 nm changed with the isosbestic point, indicating that in the reaction between acetone and 2-NPH, only the reaction producing A-2-NPH occurred. We have already developed detection chips using 4-NPH as the reagent for acetone detection [20]. However, in this study, we decided to use 2-NPH instead of 4-NPH. The absorption peak of acetone-4-NPH was observed in the UV region, whereas that of 2-NPH was observed in the visible region. There are various inexpensive and small light sources in the visible range, which are advantageous for developing equipment. The calibration curve for the analytical chip using 2-NPH exposed to acetone gas and sealed in a Tedlar bag for 3 h is shown in Figure 3c. The calibration curve was linear from 0 to 6 ppm, confirming that the reaction product was stable and the reaction proceeds rapidly.




3.2. Performance of the Portable Device Using Constant Flow Method


The relationship between the absorbance calculated from the output of the portable device and that measured using the spectrophotometer is shown in Figure 4a. The absorbance of the device is calculated using Equation (1).


    Abs   PD   = − l o g      V   1       V   0       



(1)




where V0 is the voltage measured by the photodiode when the laser is irradiated without the chip, and V1 is the voltage measured by the photodiode when the laser is irradiated through the chip. In the absorbance range from 0.15 to 1.2, a linear relationship is obtained, and the relationship between the two is expressed by Equation (2).


    ∆ Abs   PD   = 0.822 · ∆   Abs   446    



(2)




where AbsPD is the absorbance of the portable device, and Abs446 is the absorbance of the spectrometer at 446 nm. In the absorbance range of 0–0.15, the relationship deviates from linearity. This deviation may be attributed to the output of the photodiode being non-linear, because the light source was too strong. The relationship between the difference in absorbance of the analytical chip inserted into the portable device and the flow rate when the chip is exposed to an acetone atmosphere at a concentration of 2.01 ppm for 1 min is shown in Figure 4b. The effect of the flow rate was small at flow rate above 1.0 L/min because the analysis chip was a porous material, and the acetone molecule diffusion in the porous material was the rate-limiting step for the detection reaction. In contrast, at a flow rate below 1.0 L/min, the effect of the flow rate was large because the supply of acetone molecules to the analytical chip was the rate-limiting step. Based on these results, the flow rate was set to 1.0 L/min for subsequent experiments.



The gas with and without acetone alternately flows every 10 and 14 min at a flow rate of 1.0 L/min, as shown in Figure 4c. The vertical axis represents the difference per 0.5 min. The concentration of acetone was gradually increased, and the RH of the gas was 50 ± 5% at 23 °C. After the introduction of acetone gas, 4 min was required to reach a steady absorbance difference and to recover the absorbance difference to zero. At a flow rate of 1.0 L/min, 4 L was required to obtain a constant response and recovery. The volume of 4 L was approximately 100 times that of the portable device. As such a larger volume is required, it was assumed that the adsorption and the desorption of acetone on the acrylic resin surface of the portable device occurred. In addition, after a 4 min flow, we can obtain constant values of the absorbance difference. Therefore, the adsorption and the desorption of acetone on the acrylic resin surface would be in reversible equilibrium. Acetone is adsorbed by physical adsorption, and desorption occurs when the air, which does not contain acetone, is passed through the device.



Because it was determined that a 4 min flow is required to achieve a steady absorbance difference, when considering the calibration curve of the constant flow method, the absorbance values after a 4 min flow were used, and the absorbance at 4 min was set to zero. Figure 5a shows the relationship between the exposure time and the absorbance, where exposure time of zero is the time after 4 min of flow. A linear relationship between the two was obtained for each concentration; the higher the acetone concentration, the higher the slope of the line. Figure 5b shows the relationship between the slope of the line and the acetone concentration. A linear relationship is obtained between the two and is expressed by Equation (3).


  S l o p e = 0.0013 · C  



(3)




where slope represents the change in absorbance over time (min) and C is the acetone concentration (ppm). When the amount of gas to be analyzed is 10 L or more, the acetone concentration can be calculated using Equation (3) by adopting the constant flow method. However, the constant flow method is considered unsuitable for breath measurements because the volume of exhaled breath is reportedly only 1–2 L.




3.3. Performance of the Portable Device Using Flow–Stop Measurement


To measure acetone concentration in exhaled breath with a volume of 1–2 L, we developed a flow–stop method. In the flow–stop method, 1 L of acetone gas first flowed into the device; the gas was stopped, the upper and lower valves were closed to seal the portable device, and the absorbance of the analysis chip was measured every minute for 5–10 min. Figure 6a shows the relationship between the absorbance and time elapsed after the flow is stopped, using 1 L of exposed gas with acetone concentrations ranging from 0.905 to 5.72 ppm under conditions of 23.5 ± 1.5 °C and 45 ± 10% RH. The absorbance began to saturate as the closing time increased because the portable device had a closed space, and the number of acetone molecules in the closed space was limited. As the reaction progressed, the number of acetone molecules in the space decreased. As the number of acetone molecules decreased, the amount of A-2-NPH produced also decreased, and the absorbance tended to saturate. The concentration of A-2-NPH can be calculated by solving the reaction rate equation for 2-NPH and acetone in a closed space, and the absorbance is proportional to the amount of A-2-NPH. Therefore, the absorbance is expressed by Equation (4).


    Abs   t   = A ×   1 − exp ⁡ ( − B × t )    



(4)







Here, A is the saturation value of the absorbance at infinite time, which is the absorbance when all the acetone molecules in the closed space of the device have reacted. B is a constant that depends on the diffusion coefficient of acetone and the desorption rate of the acetone adsorbed on the device. The coefficients t and Abst represent the time (in minutes) elapsed from the flow–stop time and the absorbance at that time, respectively. The relationship shown in Figure 6a is fitted using Equation (4), and B has an average value of 0.199, with a standard deviation of 0.0885.



In addition, because exhaled breath was highly humid, it was necessary to determine the effect of humidity on the molar absorption coefficient of A-2-NPH and to apply a correction for accurate measurements. Figure 6b shows the relationship between the absorbance of the analytical chip at 446 nm and that at 1900 nm. The absorbance at 1900 nm of the analytical chip was proportional to the number of water molecules adsorbed on the porous glass’s surface of the chip, and this value was also proportional to RH at approximately 23 ± 2 °C. Figure 6b shows the results for the two analytical chips with different absorbance values at 446 nm. Because no reaction with acetone occurred, the change in absorbance was attributed to the change in the molar absorption coefficient. The molar absorption coefficient was linearly affected by the absorbance at 1900 nm. Based on these results, we corrected the absorbance values at 446 nm as a function of the humidity.



The background of absorbance at 446 nm, which is the absorbance of the analytical chip before exposure to acetone, where there is no A-2-NPH in the analytical chip, is 0.116, which is subtracted from the background value from each absorbance, as shown in Figure 6b. Next, the relationship between the ratio of absorbance and RH is calculated using 50% absorbance as the standard using the Equation (5), which shows the relationship between absorbance at 1900 nm and RH.


    A b s   1900   − 0.106 =   0.709 − 0.106   ×    R H   50     



(5)




where 0.106 and 0.709 are the absorbances at 1900 nm at 0% and 50% RH, respectively. The relationship obtained is shown in Figure 6c. This figure shows the relationship between the correction factor (k) based on 50% of the molar extinction coefficient and RH, which is expressed by Equation (6).


  k = 0.0293 × R H − 0.465  



(6)







Therefore, if the correction value based on 50% of Abs446 is A50, A50 can be expressed by using Equation (7).


    A   50   − 0.116 =    A − 0.116   k     



(7)




where A is the calculated saturated absorbance at 446 nm using Equation (4). Using Equations (6) and (7) and the measured values of the absorbance at 446 nm and RH, we can calculate the absorbance at 446 nm corrected to 50%.



The relationship between the acetone concentration and the corrected A (A50) values calculated using Equations (4), (6), and (7) is shown in Figure 6d. A linear relationship is obtained between the two, and the relationship is expressed by Equation (8).


  C =      A   50     0.0077     



(8)




where C is the acetone concentration (ppm) in the exposed atmosphere and A50 indicates the corrected A value based on 50%.



Therefore, we obtained the acetone concentration as follows.



	(i)

	
The A value was calculated by using the results of the flow–stop measurements and Equation (4).




	(ii)

	
The A value is corrected using Equations (6) and (7).




	(iii)

	
Acetone concentration is calculated using Equation (8) and the corrected A value.







We also considered the effect of interference gases. The sensor operation relies on a chemical reaction between carbonyl groups and hydrazine compounds, without in-volving the interference of alcohols. Our experiments also confirm the non-interference of ethanol in the reaction. The carbonyl compound 2-butanone, which is contained in breath, is considered to cause interference effects. However, our experiments conducted with this substance yielded a B value of 0.22, and the corresponding sensitivity was 52% for the same concentration of acetone. Notably, the reported concentration of 2-butanone in exhaled air was 2.2 ppb [31], which is insufficient to cause interference. In addition, aldehydes, which are present in trace amounts in breath, do not cause interference.




3.4. Exhaled Breath Measurement


Exhaled breath (1 L) was collected after the exercise, and measurements were performed using the flow–stop method after 24 h of standing still in a Tedlar bag. Preliminary studies revealed that the humidity of the atmosphere collected in the sampling bag was the same as that of the indoor air after it was left to stand for 24 h. Therefore, the RH of the collected exhaled breath was equal to the that of the indoor air, and the acetone concentration was calculated using the flow–stop method. Figure 7a shows the relationship between the acetone concentration calculated using the developed device and the results measured by the gas chromatograph (SGEA-P3-A). The concentrations of the four subjects varied, with some showing low values and others showing high values. However, the measured concentrations exhibited good agreement with those obtained by the SGEA-P3-A, indicating a determination coefficient of 0.82. In addition, Figure 7b shows the time changes in the exhaled acetone concentrations after exercise for each individual. The acetone concentration in the exhaled breath after exercise exhibited an increasing trend for all subjects; however, the rate of increase varied between individuals. In the feasibility study, the number of samples in the feasibility study was four, which was insufficient to evaluate the performance of the device. Therefore, we intend to increase the number of samples in the evaluation in future research.





4. Conclusions


In this study, an analytical chip using porous glass and 2-NPH and a portable device equipped with a blue laser and a photodiode was developed to investigate a simple method for measuring acetone in exhaled breath. The reaction product of 2-NPH and acetone (A-2-NPH) exhibited an absorption peak at 446 nm in the visible-light region. The reaction progressed rapidly, and A-2-NPH was highly stable. Acetone measurements were performed using the constant flow and the flow–stop methods with a portable device. In the constant flow method, acetone concentrations of 0–3 ppm were measured at a flow rate of 1.0 L/min and a measurement time of 10 min. This method required a gas volume of 10 L. In the flow–stop method, acetone concentrations of 0–6 ppm with a detection limit of 0.22 ppm were measured with a measurement time of 10 min, and the required gas volume was only 1 L. In addition, humidity correction was possible, and the coefficient of determination between the acetone concentration of the developed device and analytical chip and that of the gas chromatograph was 0.93. Furthermore, exhaled breath measurements were performed on four healthy individuals using the flow–stop method. The coefficient of determination between the acetone concentration of the developed device and analytical chip and that of the gas chromatograph was 0.82, demonstrating good agreement. Moreover, an increasing trend in exhaled acetone concentration was observed after exercise for each of the subjects. In this breath measurement, a time interval of 24 h was maintained between breath collection and measurement to control humidity. In addition, the information on interfering gases was inadequate. Further, the number of participants who performed the breath measurement was only four, which was insufficient for evaluating the performance of the device. In the future, we plan to conduct real-time breath measurement, examine interfering gases, and increase the number of participants who undergo breath measurements to examine the feasibility of measuring the composition of real breath.
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Figure 1. Portable device and setup for measurement. 
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Figure 2. Process of breath sample collection. 
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Figure 3. Characteristic of 2-NPH analytical chip; (a) absorption spectrum changes of the analytical chip before and after exposure to acetone atmosphere at 6.62 ppm for 3 h, (b) reaction formula between acetone and 2-NPH, and (c) calibration curve used passive exposure method; exposure time: 3 h. 
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Figure 4. Device performance in the constant flow method; (a) relationship between absorbance measured by spectrometer and that measured by developed portable device, (b) dependence of absorbance difference/min on flow rate (acetone concentration: 2 ppm, exposure time: 1 min), and (c) changes in absorbance difference/0.5 min when exposed alternately to acetone and acetone-free atmosphere. 
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Figure 5. Calibration of the constant flow method; (a) absorbance changes and exposure time, (b) relationship between the slope of absorbance–time curve and acetone concentration. 
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Figure 6. Performance of the flow–stop method; (a) relationship between the sealing time and absorbance using 1 L of acetone atmosphere (acetone concentration: 0.905–5.72 ppm, Temp: 23.5 ± 1.5 °C, RH: 45 ± 5%), (b) relationship between the absorbance of the reaction products and the absorbance of 1900 nm in two chips with different product amounts, (c) the correction factor of molar absorption coefficient of A-2-NPH and RH, and (d) calibration curve of A50 vs. acetone concentration. 






Figure 6. Performance of the flow–stop method; (a) relationship between the sealing time and absorbance using 1 L of acetone atmosphere (acetone concentration: 0.905–5.72 ppm, Temp: 23.5 ± 1.5 °C, RH: 45 ± 5%), (b) relationship between the absorbance of the reaction products and the absorbance of 1900 nm in two chips with different product amounts, (c) the correction factor of molar absorption coefficient of A-2-NPH and RH, and (d) calibration curve of A50 vs. acetone concentration.



[image: Chemosensors 13 00136 g006]







[image: Chemosensors 13 00136 g007] 





Figure 7. Exhaled breath measurement; (a) relationship between acetone concentration in exhaled breath measured by portable device and by SGEA-P3-A during and after exercise, and (b) time-dependent change in acetone concentration in exhaled breath after exercise. 
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