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Abstract:

As a marker of human metabolism, acetone is important for lipid metabolism
monitoring and early detection of diabetes. In this study, we developed a handheld acetone
biosensor based on fluorescence detection by utilizing the enzymatic reaction of secondary
alcohol dehydrogenase (S-ADH) with B-nicotinamide adenine dinucleotide (NADH, Aex =
340 nm, Aem = 490 nm). In the reaction, NADH is oxidized when acetone is reduced to 2-
propanol by S-ADH, and acetone concentration can be measured by detecting the amount of
NADH consumed in this reaction. First, we constructed the compact and light weight
fluorometric NADH detection system (209 g for the sensing system and 342 g for PC) which
worked with battery. Then, sensor characteristics were evaluated after optimization of
working conditions. The developed system was able to quantify the acetone at a range of 510
nM to 1 mM within 1 minute. The developed battery-operated acetone biosensor
demonstrated its ability to measure acetone concentration in exhaled breath condensate of 10
healthy subjects at rest (23.4+15.1 uM) and 16 h of fasting (37.7+14.7 uM) and distinguish
with significant differences (p = 0.011). With the advantages of handholdable, high
sensitivity and selectivity, this sensor is expected to be widely used in clinical diagnosis and

wearable biochemical sensors in the future.
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Introduction

Diabetes mellitus (DM) represents a prevalent chronic metabolic disorder primarily
characterized by persistent hyperglycemia, with cardiovascular disease, renal failure, and
neuropathy all being possible consequences of this disease. It is projected that 578 million
people will have diabetes by 2030 and close to half of all diabetics do not know they have
diabetes!> 2, making early detection and timely diagnosis of diabetes very important.
Currently, diabetes is mainly diagnosed by measuring blood glucose levels, but this method
requires taking the patient's blood, which can cause pain and a certain psychological burden
on the patient?.

Acetone is a metabolite of fat breakdown in the body. The three ketone bodies,
acetone, beta-hydroxybutyric acid, and acetoacetic acid, can be found in blood, urine, and
exhaled breath. The biochemical pathways and principles of acetone production are well
understood®. In diabetic patients, insufficient insulin secretion or the presence of insulin
resistance leads to abnormal fatty acid metabolisms. As a result, the liver produces excessive
ketone bodies, including acetone. Therefore, the concentration of acetone in diabetic patients
is usually higher than that in healthy people. The plasma acetone concentration in healthy

people has been reported to be 15+5 uM, whereas in diabetic patients the plasma acetone
concentration can reach 1690£780 uM?>. Exhaled acetone usually ranges from 0.2 to 1.8 ppm
in healthy people, and from 1.25 to 2.5 ppm in diabetic patients®. Some references show that

acetone levels in patients with type 1 diabetes can be as high as 25 ppm’, thus suggesting that

acetone may be a potential biomarker for diabetes. Numerous studies have been conducted
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regarding the measurement of acetone in exhaled breath®°.

Exhaled breath condensate (EBC) is a liquid sample formed by condensing exhaled
breath at low temperatures with the aid of a specialized exhaled breath collection device.
EBC is primarily composed of water formed by condensation, but also contains volatile
organic compounds (VOCs) as does exhaled breath!®!!. For example, acetone, which is
associated with diabetes'>!3, and propionate, which is associated with asthma-COPD
overlap'#, can be found in EBC. There have been many studies reporting the association
between biomarkers contained in EBC and lung cancer, inflammation, SARS-CoV-2
(COVID-19), and asthma'>-20. Monteiro Fernades et al. developed plasma optical sensors for
the measurement of acetone content in EBC, but no actual EBC measurements have been
performed?!. EBC can be collected frequently and safely, and samples can be obtained
quickly and are easier to store and transport than gaseous samples. Several commercially
available devices exist that allow for easy and convenient collection of EBC 22 (e.g., RTube).
Therefore, the development of facile but reliable EBC sensing devices is expected to provide
a more noninvasive and convenient solution for the assessment of lipid metabolism.

There are several methods available for the detection of acetone in aqueous samples.
Common methods such as liquid chromatography and selected-ion flow-tube mass
spectrometry, can achieve accurate measurement of acetone*’?°, but are costly and
complicated to use, making it difficult to meet the needs of clinical and personal health
management. Other detection methods, such as colorimetric methods?, resistive sensor?’-2%,
cataluminescence sensor3?,ion mobility spectrometry?!, photometric methods*? and Fourier

transform infrared spectroscopy analysis®3, also suffer from long processing time and
P py y gp g
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insufficient selectivity. The limitations of the existing methods are even more prominent in
scenarios that require frequent monitoring or real-time detection, such as the daily
management of diabetic patients. For these reasons, we need a portable, fast, and highly
sensitive and selective sensor for acetone detection in aqueous samples.

In our previous research, we have developed a biochemical gas sensor, biosniffer,
based on an enzymatic reaction, which can measure VOCs including acetone, methanol,
ethanol, acetaldehyde, and 2-propanol with high sensitivity and selectivity by detecting
changes in fluorescence signals®#3°., However, the sensor requires a 100-volt AC power
source to power the light source, and the large size of the light source and its driver makes it
difficult to carry around, limiting its application in clinical and home environments.
Therefore, in this study, a handheld battery-powered sensor for acetone detection in aqueous
samples was developed, which is small, light in weight, and capable of rapid detection at
room temperature to meet the needs of Point-of-Care Testing (POCT) in clinical testing or

wearable applications in the future.

Experiment

Reagents and materials

Secondary alcohol dehydrogenase (S-ADH, EC. 1.1.1.x, 1 unit mg™!, product# E001)
was bought from Daicel Chiral Technologies (Japan). Hydrophilic polytetrafluoroethylene
(H-PTFE) membranes (product# JGWP14225, 80 um thickness, 80% porosity, 0.2 um pore
size) were bought from Millipore Corporation (USA). B-nicotinamide adenine dinucleotide

(NADH) was bought from Oriental Yeast (product# 44326000, Japan). The method of 2-
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methacryloyloxyethyl phosphorylcholine polymerized with 2-ethylhexyl methacrylate
(PMEH) production was described in a previous study*#!. Phosphate buffer (PB) solution
was prepared by using potassium dihydrogen phosphate (product# 169-04245, FUJIFILM
Wako Chemical, Japan) and disodium hydrogen phosphate (product# 197-02865, FUJIFILM
Wako Chemical, Japan). Buffers were made using ultrapure water. Acetone, 2-butanone, 2-
pentanone, 2-propanol, acetaldehyde, formaldehyde, 1-propanol, ethanol, nitric Acid,

ammonia and methanol were all bought from FUJIFILM Wako Chemical (Japan).

Detection principle of acetone and basic components of the sensor

Fig. 1a shows the principle of an enzymatic reaction based on the measurement of
acetone by S-ADH, which catalyzes the reduction of acetone in a slightly acidic environment
at pH 6.0-7.0 by oxidizing NADH. NADH fluoresces at 490 nm of wavelength under UV
irradiation at 340 nm. The intensity of the fluorescence correlates with the concentration of
NADH, and the amount of NADH consumed depends on the concentration of acetone, thus
acetone can be detected and quantified by fluorescence measurements.

Based on the above measurement principle, the acetone sensor consists of three basic
elements: an enzymatic reaction part, an excitation light source part and a fluorescence
measurement part, as shown in Fig. 1b. The enzymatic reaction part consists of a fiber-optic
probe (product# SMA(F)/STU 1000-0.04m/SL 1.5(F), Ocean Photonics, Japan) and an S-
ADH immobilized enzyme membrane. The S-ADH enzyme membrane was fabricated in the
same way as in our prior study*. Briefly, after cleaning the hydrophilic PTFE membrane

with ultrapure water, the S-ADH solution (100 mg/mL, 10 uL/cm?) and PMEH solution (10
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w/w% in ethanol, 10 uL/cm?) were mixed and applied to the membrane, which was then
dried in a refrigerator at 4 degrees Celsius for 3 h to cure. The excitation light source section
consisted of a UV-LED (product# UF4LU-0GDO01, DOWA, Japan), an original driver circuit,
and a band-pass filter (BPF, product# HMX0340, A = 340 + 5 nm, Asahi Spectra, Japan). The
driver circuit consists of a lithium-ion battery (3.7 V, 2000 mAh, product# DTP605068,
DATA POWER TECHNOLOGY, China), a DC/DC converter (product# LTC3111,
LINEAR TECHNOLOGY, USA), and a variable current source integrated circuit (product#
LT3092EST, Analog Devices, USA). In the excitation light source section, the UV-LED
generates ultraviolet light at a wavelength of 340 nm, which serves as the excitation light for
NADH. The band-pass filter removes all wavelengths except 340 nm to prevent interference
with the experimental measurements. The fluorescence measurement part consisted of a BPF
(product# 65-087, 492+5 nm, Edmund Optics, USA) and a photomultiplier tube (PMT,
product# H11890-210, Hamamatsu Photonics, Japan), which counts photons based on the
received fluorescence signal, converts it into a digital signal and transmits it to a computer.
A photograph of the fluorescence detection system is shown in Fig. 1c. The fiber-optic probe
in the enzyme reaction part, the UV-LED in the excitation light source section, and the PMT
in the fluorescence measurement part were connected by a bifurcated optical fiber (product#

SMA(F)/STU 1000-0.04m/SL 1.5(F), Ocean Photonics, Japan).
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Fig. 1. (a) Principle of acetone detection. (b) Schematic diagram and (c) photo of acetone

measurement system.

Sensor optimization including LED light intensity, NADH concentration and

selectivity

The light intensity of the UV-LED was varied by changing the value of the current,
and the current values required for light intensities at 340 nm from 30 pW to 180 uW were
measured and determined using a power meter (product# 7201550, Ophir Photonics, Israel).

The standard deviation of PMT readings (noise) of the blank solution and average intensity
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of 5 uM NADH solution (signal) were measured to calculate the signal-to-noise (SN) ratio.
The experiments proceed with different excitation light power to optimize the excitation
condition. Also, detection range for NADH concentration was evaluated at optimized
excitation light intensity. In the experiment, first, a black-painted cuvette (BRA759116, As
One) was filled with PB (pH 8.0, 100 mM, 300 pL), and then fiber-optic probe immersed
into it and irradiate the excitation light. Second, NADH solutions were added every 3 minutes
to bring the concentration of NADH in the cuvette from 1 nM to 10 mM.

Next, optimum initial NADH concentration for measuring the acetone in aqueous
media was evaluated. The concentration of NADH has a significant impact on the enzymatic
reaction. Insufficient NADH concentration leads to reduced sensitivity due to inadequate
NADH availability for the enzymatic reaction, while excessive NADH concentration results
in increased background noise, which is unsuitable for high-sensitivity acetone detection.
Therefore, we compared three widely varying concentrations: 5, 50, and 500 pM. In the
experiment, NADH was added to PB at different concentrations. The S-ADH-immobilized
membrane was fixed to the fiber optic probe using flexible silicone tubing and immersed into
NADH solution. Then, acetone solution was added into the cuvette at three-minute intervals
to vary the acetone concentration from 10 nM to 10 mM. Note that pH of the buffer and S-
ADH amount used for immobilization were same as our previous paper34.

To assess the selectivity of the sensor, common VOCs in breath and similar VOCs
with acetone (2-butanone, 2-pentanone, 2-propanol, acetaldehyde, formaldehyde, 1-propanol,
ethanol, and methanol) were measured. The change in fluorescence intensity was measured

with S-ADH-immobilized membrane equipped probe by adding each VOCs at 50 uM into
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50 uM NADH solution.

Measurement of acetone in EBC

Ten healthy adult participants (7 males and 3 females, aged 21-28 years) participated
in the collection of EBC using the RTube (Respiratory Research, USA). The collection
device consisted of a large three-way tube (made of polypropylene), which separated saliva
from expiration, a one-way valve (made of silicone rubber), and a collection tube that was
cooled by a cooling sleeve placed around it. The experiment was planned and conducted in
accordance with the Declaration of Helsinki and was approved by the Ethics Committee of
the Tokyo Medical and Dental University (approval number: M2020-002). Prior to the
experiment, the methods and significance of the study were explained in detail to the
participants, and written informed consent was obtained from the participants. All subjects
were asked not to drink anything other than water for 2 hours, to avoid exercise for 2 hours
before sampling, to refrain from smoking for 72 hours before EBC collection. Also, they
rinsed their mouths with water immediately before EBC collection. Prior to taking the sample,
a questionnaire was administered to each volunteer asking about basic information including
sex, age, body mass index, diet and lifestyle habits. To compare the effect of fasting time on
the acetone content of EBC, samples were taken 4 h and 16 h after a meal. The content of the
meal was not controlled. During the sampling process, the participants maintained constant
breathing for 8 min with an RTube in a sedentary state. Collected EBC samples were stored
in a freezer at -80 degrees Celsius after being divided into aliquots. EBC samples thawed

back to room temperature before measurement.
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Measurements were performed under optimal conditions with a NADH concentration
of 50 uM. To avoid NADH dilution effect, 1 pL of 5 mM NADH solution was added to 99
uL of EBC to make an EBC sample containing 50 uM of NADH. Then, 100 pL of the EBC-
NADH solution was added to 300 uL of 50 uM NADH solution to measure the acetone

concentration.

Results and discussion

Optimal excitation intensity for sensitive measurement of NADH

The SN ratios at different excitation light intensities were evaluated using the NADH
fluorescence detection system (see Fig. 2a). The highest SN ratio was observed at an
excitation light intensity of 120 uW. This is since a weak light level results in a weaker signal,
whereas a strong light level results in too much noise. Fig. 2b shows the increase in
fluorescence intensity with increasing NADH concentration from 10 nM to 10 mM with
excitation light intensity of 120 uW. The initial fluorescences without NADH was used as a
baseline to calculate the sensor output (Afluorescences) of the sensor. The Afluorescences
was subtract baseline value from fluorescence signal. The relation between fluorescent
intensity values and NADH concentration is plotted in Fig. 2¢. These plots were fitted using

kaleidaGraph software to derive Eq.1.
Afluorescences (cps) = A X [NADH conc.(nM)]*B Eq.1
Where A =541.85,B=0.73
The lower limit of quantification of the fluorescence detection system was calculated

to be 20 nM after bringing the 10-fold value of base line standard deviation into Eq.1.
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Fig. 2. (a) Comparison of SN ratio under different excitation light intensity. (b) Response
curve for NADH measurement. (c) Calibration curve of NADH at 120 uW of excitation light

intensity.

Fig. 3a shows an example of the S-ADH biosensor response to a standard acetone
solution. As acetone was dripped in, NADH was consumed leading to a decrease in
fluorescence intensity. The amount of change in Afluorescence by adding acetone was
defined to AF as indicated. Using the initial fluorescence without acetone as a baseline, AF
were determined from the difference between the baseline and the stable fluorescence
observed at different acetone concentrations. The value of AF was positively correlated with
the acetone concentration. Fig. 3b shows the detection range of the sensor for acetone
detection in aqueous samples at different NADH concentrations, with the detection range
changing as the NADH concentration changes. In other words, detection ranges of acetone
can be controlled by changing the NADH concentration. The acetone concentration in EBC
reported about tens of uM and the initial NADH concentration of 50 uM has the lowest

coefficient of variation (C.V.) value at 10 uM acetone (see Fig. 3c). Therefore, we chose to
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use a 50 uM NADH solution in the EBC detection. To enhance the accuracy of exhaled breath

oNOYTULT D WN =

condensate (EBC) measurements, we performed additional quantification of acetone in the

10 range of 1-30 uM, which yielded a linear response. The calibration equation for acetone with

50 uM NADH is shown in Eq. 2.
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solution at initial NADH concentrations of (®) 5 uM, (m) 50 uM, and (€) 500 uM (¢) C.V in

the measurement of 10 puM of acetone for different NADH concentrations (d) The
quantification curve for acetone detection when the NADH concentration is maintained at 50

uM.

AF (cps) = A + B X [acetone conc. (nM)] Eq.2

Where A =7965.1, B=13224

The results of the biosensor selectivity evaluation are shown in Fig. 4. The
fluorescence intensities of 2-butanol and 2-pentanone were 138% and 111% compared to
acetone, respectively, whereas the fluorescence of the other substances was almost
undetectable. This indicates that the selectivity of the biosensor depends on the specificity of
the S-ADH enzyme. Several studies have shown that 2-butanone and 2-pentanone are present
at very low concentrations (nM-levels) in blood and urine and exhaled breath (sub-ppb-

levels)*>~#, and therefore their effect can be negligible in acetone measurements in EBC.
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51 Measurement of acetone in EBC

54 Fig. 5a shows the process of EBC collection, where the subjects used the RTtube for
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8 min after filling out the questionnaire and collected an average of 1.0 to 1.5 mL of EBC.
As shown in Fig. 5b, the fluorescence intensity did not change after added 100 pL of a
mixture of buffer and NADH, whereas the fluorescence intensity decreased immediately after
added a mixture of EBC-NADH solution and reached a steady state within 1 min. The values
of fluorescence changes were different between 4 h and 16 h after a meal for the same subject.
The concentration of acetone in EBC could be calculated by bringing this fluorescence

change value into the quantitative equation for acetone.
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50 The measurement results of acetone in EBC are shown in Fig. 6. The average value
of'acetone content in EBC at4 h and 16 h after the meal is shown at the top. The concentration

55 of'acetone in the 16 h EBC was significantly higher than in the 4 h EBC (p =0.011), Student's
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t-test), which is due to the fact that as the fasting time increases, the body begins to break
down fat as a source of energy®. During lipid catabolism, fatty acids are p-oxidised to
produce acetyl coenzyme A. When the rate of production exceeds the utilization capacity of
the tricarboxylic acid cycle, the excess acetyl coenzyme A is converted to ketone bodies. As
the production of ketone bodies increases, the level of acetone in the blood rises. Acetone in
the blood is the most volatile ketone body and enters the alveolar airspace as part of the gas
exchange process and is eventually exhaled and dissolved in the EBC. The detection

capability of the acetone sensor has been demonstrated with actual samples of EBC.

p=0.011
I I
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Fig. 6. Comparison of acetone concentration in EBCs at 4 h and 16 h after a meal.

To verify the accuracy of the acetone measurement in the EBC, three samples were
selected for the spike and recovery test. The experiment was conducted by configuring an

acetone standard solution with the same concentration of acetone as that in the EBC solution,
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and then mixing the EBC solution and the standard solution in a 1:1 ratio. The output values
of the EBC solution and the mixed solution were compared. The results showed essentially
the same output for both solutions with an average recovery of 105% (see Fig. S1).

We further validated the sensor's accuracy through absorbance measurements. The
detection principle is analogous to fluorescence detection: during the S-ADH enzyme-
catalyzed reduction of acetone, NADH, serving as a coenzyme, is consumed. Since NADH
exhibits absorption at 340 nm wavelength, acetone concentration can be determined by
measuring the decrease in absorbance. The specific methodology was as follows: An enzyme
mixture solution was prepared by dissolving S-ADH in 500 uM NADH solution using pH
6.5 buffer to achieve a final enzyme concentration of 2 mg/mL. The enzyme mixture solution
was pipetted into a microplate (product# 3870-096, IWAKI, JAPAN), and baseline
absorbance was measured using a microplate reader (product# SH-1000lab, HITACHI,
JAPAN). Subsequently, acetone solution was introduced, and the changes in absorbance
were measured to derive the quantification equation. Three EBC samples were selected for
comparative analysis using this method. The results demonstrated that acetone
concentrations determined by both methods were substantially consistent (see Fig. S2). The
results of the spike and recovery test and the absorbance measurements demonstrated the
accuracy of the acetone biosensor.

Compared to traditional colorimetric methods, our sensor demonstrates enhanced
sensitivity. In contrast to high-performance liquid chromatography (HPLC) and ion mobility
spectrometry (IMS), our sensor offers superior portability through its handheld design. When

compared to photometry and Fourier transform infrared spectroscopy (FTIR) analysis, our
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sensor provides simplified operational procedures with minimal sample preprocessing
requirements. In comparison with semiconductor chemical sensors, our sensor exhibits

higher selectivity for acetone and enables real-time detection at ambient temperature.
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Conclusion

We have developed a handheld fluorescent biosensor for the highly sensitive
detection of acetone (an indicator of fat metabolism) in aqueous samples. The total weight of
the fluorescence detection system was first reduced to 209 g from the original system (5114
g) by using a lithium-ion battery, short optical fibers, and a lab-made compact excitation light
driver, making the system handheld. The UV-LED intensity and NADH concentration were
then optimized to enable the sensor to detect acetone in the range from 510 nM to 1 mM. The
sensor was used to measure the EBC of 10 healthy participants and a significant difference
was found between the acetone concentration at 4 h and 16 h of fasting. The measurement
results were validated by absorbance measurements and spike and recovery test (recovery
rate was 105%). These findings provide not only validation of the sensor's utility, but also a
new avenue for metabolic status monitoring. The results of this research contribute to the
development of wearable biosensors in the future, which are expected to be widely used in

diabetes diagnosis and personal health management.
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