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Herein, we report an enzyme-based electrochemical biosensor
composed of screen-printed electrodes on a polyimide film for
detecting ethanol in skin gas. The linear range and sensitivity were
50 to 150 ppb and 344 mA cm™2 ppb 1, respectively. On-body testing
showed that skin gas ethanol increased from 1500 s onwards after
alcohol consumption.

Monitoring ethanol concentrations in human blood is crucial
for assessing alcohol consumption, disease diagnosis, and
forensic medicine."? Ingested ethanol is absorbed in the gas-
trointestinal tract, passes through blood vessels, and is partially
discharged as exhaled breath or skin gas.** Therefore, accurate
detection of ethanol concentrations in exhaled breath or skin
gas can be used to predict blood alcohol levels and measure the
degree of intoxication. However, the concentration of skin gas
components emitted from humans is at the ppb level, which is
very low compared to the concentration of components in
exhaled breath.>>® For example, the ethanol concentration in
exhaled breath ranges from 37-207 ppb, whereas in skin gas,
it is in the range of 3.6-79.2 ppb min~'.> Therefore, highly
sensitive sensors are needed for skin gas measurements.
However, unlike exhaled breath sampling, skin gas sam-
pling may require less conscious involvement from the person
being tested. Therefore, skin gas sensors are envisioned as
effective and simple tools for the screening of diseases and
metabolic activity without limiting the behavior of the tested
person.>” In contrast to exhaled breath measurements, skin gas
measurements have the potential for continuous monitoring.
Recently, we reported the successful fabrication of a screen-
printed biosensor for detecting acetaldehyde gas, suitable for
measuring skin gas concentration levels.® The sensor was
fabricated by screen-printing a mesoporous carbon working
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electrode, carbon counter electrode, and Ag/AgCl reference
electrode onto a porous polyimide film. MgO-templated carbon
(MgOC), which features controlled pore sizes, has been fre-
quently employed as the working electrode in biosensors and
biofuel cells.”*" To firmly bind the enzyme to the MgOC
surface, MgOC was grafted with glycidyl methacrylate (GMA)
to form grafted MgOC (GMgOC)."

Furthermore, a polydimethylsiloxane (PDMS) chamber was
attached to the acetaldehyde electrode and filled with a measure-
ment solution containing the electrolyte and mediator.® The sam-
ple gas was delivered to the electrode through the porous polyimide
film. This led to the accumulation of acetaldehyde in the meso-
porous GMgOC, thereby increasing the sensitivity of the sensor.
The sensor had a dynamic range of 0.02 to 0.1 ppm, which was low
enough for skin gas measurements.® In this study, we fabricated an
ethanol sensor in a similar manner and utilized it for the contin-
uous monitoring of ethanol in skin gas during on-body tests.

Electrodes were screen-printed on the porous polyimide film
(PIM-1000N; Tokyo Ohka Kogyo Co.) as previously reported.®
The printed sensor was modified by drop-casting 10 pL nicoti-
namide adenine dinucleotide (NAD)-dependent alcohol dehy-
drogenase (ADH; Fujifilm Wako Pure Chemicals) solution
(20 U) in 100 mM phosphate buffer, pH 8.0, followed by drying
under reduced pressure (0.1 MPa) for 1.5 h. Before the mea-
surements, agarose gel was fabricated by dissolving agarose
(Nippon Gene Co.) in 100 mM phosphate buffer (pH 8.0) by
heating and stirring. The dissolved gel was allowed to cool
before methoxy-5-methylphenazine methyl sulfate (1-MeO PMS;
Fujifilm Wako Pure Chemicals) and NAD was added and was
stirred. Finally, the gel solution (0.5 mL) was drop-cast onto the
electrodes and allowed to solidify at room temperature. The
measurements were immediately performed.

The gas delivery system used in this study was similar to that
used previously,® with a mass flow controller added before the
measurement cell to control the sample gas flow rate. Ethanol
gas was measured using chronoamperometry, where a potential
of —0.01 V was applied for 60 s, followed by a potential of 0.4 V
using a potentiostat (PalmSens).
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Fig. 1 Representative chronoamperograms of the ethanol gas biosensor.
Measurement conditions: 100 mM 1-MeO PMS, 5 mM NAD, 0.1 M phos-
phate buffer, pH 8.0, in agarose; 0.4 V vs. Ag/AgCl; gas flow rate:
0.37 L min™".

The fabricated ethanol gas sensor was characterized by
chronoamperometry (Fig. 1). A Michaelis-Menten-type depen-
dency on the ethanol concentration in the sample gas was
observed, with an apparent K, value of 277 ppb and a maxi-
mum current density of 0.13 mA cm ™2 (Fig. 2). Furthermore, a
linear range of 50-150 ppb was observed with a sensitivity of
344 mA cm™ 2 ppb ! (Fig. 2, inset). The dynamic range was then
extended to 1 ppm (Fig. 2). While optical sensors can measure
ethanol gas concentrations in the low ppb range,**? electro-
chemical sensors in the literature measure concentrations in
the hundreds of ppb to ppm range."*'® Therefore, the ethanol
gas sensor developed in this study is unusually sensitive for an
electrochemical sensor. Additionally, because the concen-
tration of ethanol in the human skin gas emitted during
alcohol consumption ranges from 70 to 110 ppb,’ these results
indicate that the developed ethanol gas biosensor is suitable for
monitoring skin gas.
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Fig. 2 Concentration dependency of the ethanol gas biosensor.
Measurement conditions: 100 mM 1-MeO PMS; 5 mM NAD; 0.1 M phos-
phate buffer; pH 8.0; in agarose; 0.4 V vs. Ag/AgCl; gas flow rate: 0.37 L
min~%. N = 3, 90% confidence interval. Red line indicates a Michaelis—
Menten-type fit. Inset: close-up of the linear range with a linear regression
line.
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Furthermore, the agarose gel electrolyte allowed the sensor
to be more flexible compared to the liquid electrolyte filled-
PDMS chamber used previously.® With the gel electrolyte, there
was also less risk of the measurement solution leaking and
coming in contact with the skin. Although the components of
the measurement solution are not harmful, contact with the
skin should be avoided.

For proof-of-concept purposes, one of the authors conducted
a self-test (N = 1) by consuming different alcoholic beverages
and monitoring the sensor response. This procedure was con-
ducted only to validate the technical operation of the device
and does not constitute a clinical or human subject study. For
this on-body self-test, a sensor was attached to the wrist of the
author (male, 40s) using surgical tape and connected to a
potentiostat (Fig. 3). The wrist was chosen as the measurement
site because of its abundant blood vessels, thin skin, and low
risk of interference from perspiration. Ethanol in blood dif-
fuses into the interstitial fluid through the skin and is emitted
as skin gas. The skin gas passes through the porous polyimide
of the sensor device and reaches the working electrode, where
the ethanol is detected.

After measuring the baseline response for 10 min, the author
consumed beverages containing varying percentages of alcohol
(Fig. 4). The start of beverage intake was set to 0 s. The alcoholic
beverages consumed were 500 mL containing 5% alcohol, 350 mL
containing 9% alcohol, 175 mL containing 7% alcohol (twice),
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Fig. 3 On-body test of the ethanol gas biosensor. (a) Scheme of the
measurement principle with the sensor device on the skin. Green dots
represent ethanol molecules. Arrows represent movement of ethanol
molecules. (b) Photograph of the sensor device attached to the wrist of
the test subject.
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Fig. 4 Results of the on-body test of the ethanol gas biosensor. (blue line)
Response current of the ethanol gas biosensor. (red triangles) Alcohol
concentration in breath according to a commercial alcohol detector.
(arrows) Intake of alcoholic beverage: (black arrow) 500 mL 5% alcohol;
(orange arrow) 350 mL 9% alcohol; (blue arrows) 175 mL 7% alcohol;
(green arrow) 20 mL 40% alcohol; and (pink arrow) 100 mL 3% alcohol.

20 mL containing 40% alcohol, and 100 mL containing 3%
alcohol. Simultaneously, the alcohol concentration in the breath
of the author was measured at 1 min intervals using a commer-
cially available alcohol detector (AC-018, Toyo Mark Manufacturing
Co., Ltd).

The response of the skin gas sensor remained at the baseline
for 1500 s and then increased significantly for the remaining
measurements (Fig. 4). In contrast, the alcohol concentration
in the breath spiked after every intake of alcohol and then
remained constant (Fig. 4). This discrepancy can be explained
by the differences in the processes through which ethanol
is present in the breath and skin gas. Directly after alcohol
consumption, residual ethanol in the mouth and throat
increases the concentration of ethanol in the breath, leading
to the observed spikes in breath measurements (Fig. 4). The
consumed alcohol is then absorbed into the bloodstream.
A fraction of the ethanol in the blood diffuses into the alveoli
of the lungs and is expelled via breath. Another fraction of
ethanol in the blood diffuses into the interstitial fluid and is
expelled as skin gas. In contrast to the skin, the lungs are
optimized for gas exchange. Therefore, it is reasonable to
assume that ethanol emissions through the skin are less
efficient and may have a larger time lag. Most ethanol is
metabolized in the liver and removed from the bloodstream.
These processes lead to a time lag between alcohol consump-
tion and reliable detection of ethanol in breath and skin gases.
This delayed detection of ethanol in the breath was not
observed in this study, as the ethanol concentration in the
breath was dominated by the contribution of residual ethanol
in the mouth and throat (Fig. 4). The ethanol concentration in
the skin gas was not affected by the residuals, and an increas-
ing ethanol concentration was detected from 1500 s onwards
(Fig. 4).

The response current density difference from the baseline at
the end of the on-body test was approximately 0.057 mA cm ™,
which is slightly higher than the linear range of the skin
gas sensor (Fig. 4). Using the sensitivity of the linear range,
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the observed response corresponded to 166 ppb; as calculated
from the Michaelis-Menten-type fit of the calibration to 207 ppb
of ethanol in skin gas. In both cases, the observed value was higher
than the range reported by Arakawa et al. for ethanol in skin gas
after alcohol consumption (70-110 ppb®). However, Arakawa et al.
monitored the occurrence of ethanol in skin gas after a single
alcohol intake, whereas we monitored the ethanol in skin gas
during and after several consecutive alcohol intakes. Furthermore,
the ethanol concentration in breath reported by Arakawa et al. was
about 0.13 mg L~ ',* while the ethanol concentration in breath at
the end of this study was significantly higher at 0.21 mg L™ (Fig. 4),
corroborating with the observed higher ethanol concentration.

In this study, a skin gas sensor for ethanol monitoring was
successfully developed and tested using an on-body test. The
electrodes of the sensor, including the porous carbon working
electrode, were screen printed onto a porous polyimide film.
The ethanol gas reached the enzyme-modified sensing elec-
trode through the porous polyimide film. A gel electrolyte was
used to improve flexibility and safety during the on-body tests.
In laboratory tests, the sensor exhibited a linear range of
50-150 ppb and a dynamic range of up to 1 ppm. The sensitivity
in the linear range was 344 mA cm™> ppb ™. A clear increase in
skin gas ethanol was observed during an on-body test 1500 s
after the start of alcohol consumption. An ethanol concen-
tration of 166-207 ppb was detected at the end of the on-body
test approximately 80 min after the beginning of alcohol
consumption. Therefore, the electrochemical skin gas sensor
can be used to easily monitor ethanol in the skin gas.
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