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ABSTRACT: A skin-gas cam that allows continuous imaging of transcutaneous blood
volatile organic compounds (VOCs) emanated from human skin was developed. The skin-
gas cam is able to reveal the relationship between the local skin conditions and
transcutaneous blood VOCs in the field of volatile metabolomics (volatolomics). A ring-type
ultraviolet (UV) light-emitting diode was mounted around a camera lens as an excitation
light source, which enabled the simultaneous excitation and imaging of fluorescence. A
nicotinamide adenine dinucleotide (NAD)-dependent alcohol dehydrogenase (ADH) was
used to detect ethanol as a model sample. When gaseous ethanol was applied to an ADH-
immobilized mesh that was wetted with an oxidized NAD solution placed in front of the
camera, a reduced form of NAD (NADH) was produced through an ADH-mediated
reaction. NADH emits fluorescence by UV excitation, and thus, the concentration
distribution of ethanol was visualized by measuring the distribution of the fluorescence light
intensity from NADH on the ADH-immobilized mesh surface. In this study, a new gas
application method that mimicked the release mechanism of transcutaneous gas for quantification of the transcutaneous gas
concentration was evaluated. Also, spatiotemporal changes of transcutaneous ethanol for various body parts were measured. As
a result, we revealed a relationship between local skin conditions and VOCs that could not be observed previously. In particular,
we demonstrated the facile measurement of transdermal gases from around the ear where capillaries are densely distributed
below a thin stratum corneum.
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Volatile organic compounds (VOCs) that derived from
human are used to assess health conditions. Recently,

volatile metabolomics, so-called volatolomics,1 has been
applied in medical research, in addition to disease screening.
Dating back to ancient Greece, disciples of Hippocrates made
use of VOCs released from humans as an aid in disease
diagnosis.2 Since VOCs in exhaled breath and transcutaneous
gas reflect the VOCs present in circulating blood, investigation
of these gases allows us to realize metabolic disorders, genetic
disorders, and oncogenesis.3,4

VOCs are commonly analyzed in laboratories using a large-
scale system such as gas chromatography (GC)−mass
spectrometry (MS),5 proton transfer reaction−MS,6 selected-
ion-flow tube−MS,7 and solid-phase-microextraction−MS.8

Although these methods have high sensitivity and high
selectivity, they are unsuitable for smaller-scale analysis
because of the price and size of the instruments, the time
required for analysis, and the complexity of their operation.
Chemical sensors that have been functionalized using

various materials such as metal oxides and organic or inorganic
materials can be fabricated compactly and inexpensively.
Therefore, they are promising candidates for the monitoring

of VOCs in a nonlaboratory environment. For instance, a
system for detecting VOCs has been developed by mounting a
small gas sensor in a near-field communication tag and reading
out the sensor output with a smartphone.9 Such chemical
sensors, however, have difficulties in achieving both high
selectivity and sensitivity because they measure changes in
physical quantities, such as electrical resistance and mass,
which is caused by the adsorption of VOCs onto the functional
materials.10 When measuring VOCs in biological samples such
as exhaled breath and transcutaneous gas for medical purposes,
both high selectivity and sensitivity are required since breath
and transcutaneous gas are complicated mixtures containing
parts-per-trillion (ppt) to parts-per-million (ppm) extent of
VOCs.11

In recent years, we have conducted research studies focusing
on transcutaneous VOCs as substances that may be used to
monitor human health in comparison to breath VOCs. Breath
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VOCs are easy to measure because the concentration range of
VOCs in breath is at a parts-per-billion (ppb) to ppm level.
However, it is difficult to use these VOCs for long-term
monitoring as it is necessary to use a special mask when the
continuous measurement of a change in concentration is
required. This mask is required to collect only end-tidal air,12,13

but it increases the burden on the subject. On the other hand,
as transcutaneous gas is released continuously, it is more
appropriate than breath for the continuous monitoring of a
changing VOC concentration over time.14 However, the
drawback of the conventional transcutaneous gas measurement
method is that the resolution of the measurement of time is
reduced due to the gas condensation process.15−17 In addition,
transcutaneous gas has a unique characteristic in which the
entire skin surface area of 1.6 m2 may release VOCs. The
number of stratum corneum layers,18 distribution of capillary
vessels, and activity of secretory glands19 differ depending on
the part of the skin; hence, it has been reported that the
concentration of transcutaneous VOCs varies with the different
body parts.20,21 Therefore, spatial information, such as the
concentration distribution, must be taken into account, in
addition to temporal information such as the change in
concentration of VOCs over time.
Previously, we have developed a highly sensitive bio-

fluorometric gas sensor “bio-sniffer” based on an enzymatic
reaction and measured the concentration of transcutaneous
ethanol (EtOH) after drinking in real-time.22 We are also
developing a gas-imaging system, the “Sniff-cam”, that extends
the detection principle of the bio-sniffer to the measurement of
the spatiotemporal distribution of VOCs.23,24 However, the
conventional Sniff-cam had three issues: (I) transmissive UV
light was blocked by the body during the application of
transcutaneous gas because of the optical design; (II) the
quantitative imaging of transcutaneous gas was not achieved
since the concentration calibration method of the system was
not consistent with the release mechanism of the trans-
cutaneous gas; (III) the complex irregularities of the surface of
the human body were not considered. Because of these
problems, the real-time and quantifiable spatiotemporal
imaging of transcutaneous gas has not yet been achieved.
In this study, we first developed a “skin-gas cam” that is a

specialized system for real-time transcutaneous gas-imaging
and a gas application method mimicking the release
mechanism of transcutaneous gas. Then, we demonstrated
the potential of the developed system by measuring trans-
cutaneous EtOH and acetaldehyde (AcH) emitted from a
human subject who had consumed alcohol.

■ EXPERIMENTAL SECTION
Gas-Imaging System for Blood VOCs Derived from Human

Body. An enzymatic reaction of alcohol dehydrogenase (ADH, EC
1.1.1.1) that has a substrate specificity toward EtOH was utilized for
the selective imaging of EtOH. The ADH catalyzed the oxidation of
EtOH to AcH and the reduction of the oxidized form of nicotinamide
adenine dinucleotide (NAD+) to the reduced form of nicotinamide
adenine dinucleotide (NADH) under alkaline conditions (Figure 1a).
NADH that was produced in the enzymatic reaction of ADH shows
an absorbance peak at 340 nm and emits fluorescent light at a 490 nm
wavelength when excited with UV light. The intensity of the
fluorescent light emitted from NADH depends on its concentration,
which is produced by the ADH reaction. Regarding the fact that
NADH concentration is correlated with the concentration of EtOH,
the concentration of EtOH can be quantified by measuring the
intensity of the fluorescent light emitted from NADH. To measure

the spatial distribution of the EtOH concentration in the gaseous
phase, we used a 90 mm × 90 mm ADH-immobilized mesh. The
spatiotemporal change in the EtOH concentration can be measured
by the distribution of the fluorescence intensity of NADH. The
preparation of the mesh is described in the next section.

Figure 1b illustrates the conceptual diagram of the skin-gas cam.
This system was mainly composed of a commercially available camera
(ILCE-7s, Sony, Japan), two bandpass filters (BPF) for excitation
light (BPFEX, λ = 340 ± 42.5 nm; HOYA, Japan) and fluorescence
light (BPFFL, λ = 492 ± 10 nm; Edmund), an excitation light source
with UV light-emitting diodes (LEDs) (340X40L8SB, custom-made,
Dowa, Japan), the ADH-immobilized mesh, and a 2D pipe array (2D
Mako). This system allowed continuous real-time imaging of
transcutaneous EtOH via the excitation and fluorescence imaging of
NADH produced in the ADH-immobilized mesh from the same
direction, which was impossible when using the previous Sniff-cam.
The excitation light source structure is also shown in Figure 1b. Forty
ultraviolet light-emitting diode (UV-LEDs) (λ = 340 ± 5 nm; UF-
4VG-2H004, Dowa, Japan) with different radii were arranged
concentrically. The excitation light source was integrated with the
camera by inserting a lens into a through-hole of the excitation light.
The square BPFEX and circular BPFFL were placed on the same plane.
The BPFEX was custom-made with dimensions of 100 mm × 100 mm,
a thickness of 2.5 mm, and a through-hole 75 mm in diameter at the
center. The excitation light source was connected to the control box
and the DC-stabilized power supply (KX-100X, Takasago, Japan).
The camera was controlled by the computer, and fluorescence images
captured by the camera were sent to the computer via a video encoder
(Intensity Shuttle, Blackmagic Design, Australia) to observe the real-
time change in the fluorescence. The fluorescence distribution was
captured as a red-green-blue (RGB) color image with a size of 1920
pixels × 1080 pixels.

Besides, we used the 2D Mako to equalize the distance between the
complex surface shape of the body and the ADH-immobilized mesh
according to the irregularities of the skin surface. Since a rigid
honeycomb plate was used as a spacer between the skin surface and
the ADH-immobilized mesh in the previous study, the time required
to reach the ADH-immobilized mesh may change even when the
VOCs are released simultaneously from the skin surface (see Figure
S1). Therefore, evaluation of the spatiotemporal changes of the VOC
concentration in transcutaneous gas was difficult. In the method using
a 2D Mako, each pipe that could slide back and forth through a hole
individually in an acrylic plate was used to deform the ADH-
immobilized mesh that was pasted on the surface of the 2D Mako
(see Figure 1c). Thus, the distance between the skin surface and the

Figure 1. (a) Detection principle of the EtOH based on the ADH-
mediated catalytic reaction. (b) Schematic diagram of the skin-gas
cam. (c) Working mechanism of two-dimensional (2D) Mako.
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ADH-immobilized mesh could be kept at the pipe length, 10 mm, at
any position of the measurement area when the uneven surface of the
body was in contact with the 2D Mako.
Preparation of an ADH-Immobilized Mesh. ADH (0.365 mg,

60 units/cm2, 369 units/mg solid, from Saccharomyces cerevisiae;
A7011, Sigma-Aldrich) and 0.56 mg of bovine serum albumin (BSA;
306-13383, Wako, Japan) were dissolved in 112.5 μL phosphate
buffer solution (PB; 50 μL/cm2 at pH 8.0, 0.1 M) to prepare the
enzyme solution. Next, the enzyme solution was spread homoge-
neously on a 15 mm × 15 mm square of a cotton mesh (ISBN#
4987379020036; Ohki Healthcare Holdings, Japan), and then the
cotton mesh that absorbed the enzyme solution was stored in a
refrigerator for 1 h. Next, 18 μL of glutaraldehyde (GA; 8 μL/cm2)
solution that was prepared by a 10-fold dilution of a stock solution of
GA (25%; 079-00533, Wako, Japan) with PB (at pH 7.0, 0.1 M) was
applied dropwise onto the enzyme-absorbed cotton mesh. The cotton
mesh was then stored in the refrigerator for 1.5 h to allow crosslinking
between ADH and BSA. Finally, the excess ADH on the cotton mesh
was rinsed off using 80 μL/cm2 of PB (at pH 8.0, 0.1 M).
Evaluation of the 2D Uniformity of Excitation Light

Intensity. We evaluated the uniformity of the excitation light
intensity at a 340 nm wavelength emitted from the custom-made
excitation light source. Irradiating uniform intensity of excitation light
onto a 2D surface is essential to measure the concentration
distribution of EtOH appropriately because the fluorescence light
from NADH at a 490 nm wavelength varies with the intensity of the
excitation light.
The experimental setup for the evaluation of the 2D uniformity of

the excitation light intensity is shown in Figure S2. The 2D
distribution of the excitation light intensity was captured with the
camera by utilizing a white paper (Super white+, Askul, Japan) that
emitted fluorescence at around 490 nm resulting from the fluorescent
whitening agent irradiated with the excitation light. The distance
between the white paper and the excitation light, L, was varied at 0,
50, 60, 70, 80, 90, 100, 150, 200, and 300 mm to find the optimal
distance. The uniformity and intensity of the excitation light at each
distance were evaluated using the standard deviation and mean of the
fluorescence, which was calculated using ImageJ25 with the Python
script.
Development of a Gas Application Device that Enables 2D

Gas Application. Previously, to evaluate the quantitative character-
istics and response to standard gaseous samples of a known
concentration, we applied a standard gaseous sample at a flow rate
of 100 mL/min to the center of an ADH-immobilized mesh through a
gas injector constructed with a glass Pasteur pipette, as shown in
Figure S3a. The previous calibration method was not as accurate as of
the new method because of the fundamental differences between the
emission mechanism of transcutaneous gas that is released through
the dermis and epidermis. Therefore, we developed a new gas
application device that enables the application of gaseous samples to a
2D surface at a low flow rate. Figure S3b displays the concept of the
new gas application device that was constructed with a funnel-like

structure as a gas speed reducer and a porous membrane as a gas
diffusion membrane.

Figure S4a,b shows dimensions of the funnel-like speed reducer
and the overview of the new gas application device. The gas
application device had a structure that can be disassembled and the
gas diffusion membrane was fixed by a silicon O-ring so that it can be
easily replaced. Subsequently, experiments using various kinds of gas
diffusion membranes were performed to find a suitable one. The
specifications of the porous membranes used for comparison are
shown in Table S1. The material of the porous membrane was chosen
based on its antiadsorption characteristics of chemicals.

In the experiment, the gas application device with a porous
membrane was placed in a sample bag and sealed. Gaseous EtOH
(200 ppm) was then introduced into the gas application device to
evaluate the recovery rate. Subsequently, the concentration of gaseous
EtOH in the sample bag that diffused via the porous membrane was
measured by a gas detection tube (#112L, Gastec, Japan).

Next, we evaluated the uniformity of the concentration distribution
of EtOH emitted from the developed gas injection device by
measuring the fluorescence distribution when 5 ppm of gaseous EtOH
was applied to an ADH-immobilized mesh. In this experiment, 10
mM of an NAD+ solution (in Tris−HCl buffer at pH 9.0, 0.1 M, 80
μL) was applied dropwise onto the ADH-immobilized mesh. The gas
application method consisted of (I) recording simultaneously in 2 min
with dry air application, (II) switching to 5 ppm of gaseous EtOH and
applying for 2 min, and (III) changing to dry air and applying for 3
min. The recorded fluorescence images were analyzed by ImageJ with
a Python script to evaluate the fluorescence intensity distribution.

Evaluation of the Dynamic Range of the Developed
System. An experimental setup for the evaluation of quantitative
characteristics using a uniform 2D-surface concentration with a low
flow rate and standard gas application method is shown in Figure 2.
This experiment utilized a 2D Mako as well as spatiotemporal imaging
of the transcutaneous gas and a gas injection device placed on the
backside of the 2D Mako, whereas a 90 mm × 90 mm ADH-
immobilized mesh sample with 2280 μL of NAD+ solution (10 mM in
Tris−HCl at pH 9.0, 0.1 M) was attached to the front of the 2D
Mako. The same gas application method used to test the uniformity of
the concentration distribution of EtOH from the developed gas
application device was used. The recorded fluorescence images were
processed by the bicolor method,26 then the differential analysis
method was used to calculate the time course of fluorescence intensity
and the changing rate of fluorescence. Finally, the concentration
dependence of the system on the gaseous EtOH was evaluated.

Spatiotemporal Imaging of Gaseous EtOH Emitted from
Different Body Parts. Experiments involving human samples were
submitted to the Tokyo Medical and Dental University Ethics
Committee and performed after approval (approval number M2018-
160). We explained the purpose and method of the experiments to
the subjects who agreed to cooperate with the study and then
measured the body temperature, blood pressure, and heart rate to find
healthy adult subjects. Subsequently, an EtOH patch test,27 a simple
test for checking a gene polymorphism of aldehyde dehydrogenase 2

Figure 2. Experimental setup for the standard gaseous EtOH imaging to evaluate the dynamic range of the developed Sniff-cam.
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(ALDH2), was performed after the subjects finished filling out a
questionnaire about their physical conditions on the day of evaluation.
In the patch test, a plaster patch containing EtOH (Cat# 14033-00;
Kanto Kagaku, Japan) was placed on the inside of the forearm, and
the EtOH patch was removed after 7 min. It is possible to observe
ALDH2 gene polymorphism of the subject by observing a color
change at the skin at 10 min after the removal of the patch. We
classified whether the subject had flushing of the skin 17 min after
attaching the alcohol patch to a group of low-activity ALDH2
participants (ALDH2[−]). Otherwise, the subject was classified as
having high ALDH2 activity (ALDH2[+]). Note that when flushing
of the skin was observed 7 min after placing the alcohol patch on the
arm of a subject, it was judged that the risk due to alcohol drinking
was high, and subsequent experiments were not performed on those
subjects. In this experiment, distilled liquor (EtOH of 25%) was taken
orally over 15 min. The amount of alcohol was fixed to 0.4 g of EtOH
per 1 kg of body weight of the subject to equalize the consumption
rate of EtOH in alcohol metabolism in each subject. A 90 mm × 90
mm square of the ADH-immobilized mesh moistened with 2280 μL
of NAD+ solution (10 mM in Tris−HCl at pH 9.0, 0.1 M) was
attached to the surface of the 2D Mako. Then, the target body part
was pressed from the opposite side of the 2D Mako to fit the shape of
the ADH-immobilized mesh to the body surface. Fluorescence images
were processed by the bicolor method, and the differential analysis
method was used to calculate the temporal change of the changing
fluorescence rate to quantify the transcutaneous EtOH concentration
based on the calibration curve shown in eq 1.
Spatiotemporal Imaging of EtOH and AcH Emitted Around

the Ear. Ears are less prone to sweating than other body parts and

also have a high density of capillary blood vessels under a thin stratum
corneum, thus allowing the release of VOCs contained in blood via
transcutaneous gas. Therefore, they were considered as a suitable site
for monitoring blood VOCs via transcutaneous gas. We evaluated the
spatiotemporal changes in transcutaneous EtOH and AcH concen-
tration around the ear based on a reversible reaction of ADH.28,29 In
the experiment, an ear of the healthy subject was brought into contact
with the 2D Mako such that the ADH-immobilized mesh was exposed
to transcutaneous gas after the patient had consumed alcohol. Since
the simultaneous imaging of EtOH and AcH was not possible with the
current system, the spatiotemporal imaging of the transcutaneous
AcH was performed 3 days after the experiment for the
spatiotemporal imaging of EtOH for each subject to avoid the
influence of residual EtOH. We used two 90 mm × 90 mm squares of
the ADH-immobilized mesh for spatiotemporal imaging, one with
2280 μL of the NAD+ solution (10 mM in Tris−HCl at pH 9.0, 0.1
M) for EtOH and another with 2280 μL of NADH solution (0.5 mM,
in Tris−HCl at pH 6.5, 0.1 M) for AcH.

■ RESULTS AND DISCUSSION

Two-Dimensional Uniformity of the Excitation Light
Intensity. Figure 3a shows the distribution of the excitation
light intensity when L, which is defined as the distance
between the excitation light source and the target, was 0, 60,
and 100 mm. Additionally, Figure 3b shows the relationship
between the L and the excitation light intensity or 2D
uniformity of the light. The excitation light intensity showed a
maximum value when the distance L was 50 mm, and it then

Figure 3. (a) Distribution of the excitation light intensity with different distances, L (0, 60, and 100 mm) between the ring-type UV-LED light and
the excitation target. (b) The relationship between L and the average intensity of the excitation light, Iavg (●), and the CV of the excitation intensity
(□) over an area of 90 mm × 90 mm on the excitation target.

Figure 4. (a) Summary of the typical results of the fluorescence distribution and EtOH concentration recovery rate that was obtained using
different types of porous membranes as the gas diffusion membrane. (b) Time course of mean fluorescence intensity with the application of gaseous
EtOH via a developed gas injection device with different porous membranes (○ glass mesh; Δ PTFE with 5 μm of pore diameter; □ PTFE with 1
μm of pore diameter; ◇ PTFE with 0.2 μm of pore diameter). (c) Comparison of the variation in the fluorescence intensity distribution that is
shown in (b).
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became attenuated according to this distance. On the other
hand, the 2D uniformity was the best (CV of 4.2%) when L
was 60 mm. The intensity of the excitation light relatively
decreased at the center of the excitation target when L was
small. In contrast, when L was large, the excitation light
intensity in the peripheral portion became smaller, causing the
nonuniformity of the excitation light intensity (see Figure S5).
Therefore, we fixed L at 60 mm for subsequent experiments.
Evaluation of a Gas Injection Device that Enables

Two-Dimensional Gas Application. Figure 4a shows the
fluorescence distribution and recovery rate of the gaseous
EtOH concentration for representative results obtained in
experiments using various gas diffusion membranes. Figure S6
shows pictures of the gas detection tubes after the measure-
ment of the EtOH contained in the sample bag, and Table S2
shows the concentrations obtained from the detection tube.
Figure 4b shows the temporal changes in the fluorescence
intensity when 5 ppm of gaseous EtOH was applied to the
ADH-immobilized mesh through various porous membranes.
It was observed that when the applied gaseous sample was
switched from dry air to gaseous EtOH, the fluorescence
intensity gradually increased, and when switching back to dry
air, a steady-state value is attained. It was found that even when
using a developed gas application device that was designed to
have a sealed space, the EtOH was appropriately replaced
when the gaseous sample was switched. Also, the steady-state
values and rate of the fluorescence intensity were found to
change according to the pore diameter of the porous
membrane; the same was found when using the gas detection
tube. The steady-state value, ΔI, that was obtained by
averaging the fluorescence intensity between 390 and 420 s
after the start of the experiment and the slope of the
fluorescence intensity from 180 to 240 s were calculated to
evaluate the relationship between the pore size and the output
signal (see Figure S7a,b). It was determined that the
concentration of EtOH applied to the ADH-immobilized
mesh was constant when the pore diameter was 5 μm or more.
However, the logarithmic correlation between the pore
diameter and the slope of ΔI or the fluorescence intensity
ΔI was demonstrated for the case of a porous membrane with
a pore diameter of 0.1−5 μm. This data supports the
experimental data obtained from the gas detection tube.
Although the concentration of EtOH that diffused via the

porous membrane changed depending on the pore size, we can
conclude that the concentration of EtOH does not decrease
because of the gas diffusion membrane if the pore size was 5
μm or more. Figure 4c shows a comparison of the CV of the
fluorescence distribution calculated from the fluorescence
image of Figure 4a. The first data from the left of Figure 4a
was obtained using the previous gas application method, and
the fluorescence was concentrated at the center. Conversely,
when using the gas application device in which the gas
diffusion membrane was attached to the funnel-like flow-rate
reducer, the distribution of the fluorescence over the entire
mesh was observed. As shown in Figure 4c, the best uniformity
of the fluorescence intensity was obtained using a poly-
(tetrafluoroethylene) (PTFE) membrane with a 5 μm pore
diameter.

Quantitative Characteristics of the System. Figure 5a
shows images of the changing rate of fluorescence when 500
ppm of gaseous EtOH was applied on the ADH-immobilized
mesh via the 2D Mako using the new gas application device.
Figure 5b displays the temporal change in the differential value
with various concentrations of gaseous EtOH. The rate of
fluorescence increased with the application of gaseous EtOH,
and we observed that it recovered to its initial value after the
application of gaseous EtOH ceased, as it was found in
previous research. On the other hand, the changing rate of
fluorescence showed a peak value before switching to the dry
clean air with standard gaseous EtOH concentration over 5
ppm. It was determined that this was a result of the insufficient
NAD+ concentration required for the enzymatic reaction.
However, NAD+ concentration is sufficient for the trans-
cutaneous gas that contains lower than 1 ppm EtOH
concentration. Figure 5c displays images of the change in
fluorescence rate when loading gaseous EtOH at various
concentrations. The quantitative characteristics of the system
were computed based on the peak value, ΔD, as shown in
Figure 5d. The limit of quantification (LOQ) was 1.2 ppb,
which was determined by substituting 10 times the background
noise value into ΔD in the calibration equation (eq 1). This
result indicates that the developed system had a sufficient
dynamic range for the measurement of EtOH in trans-
cutaneous gas.

= × ΔDEtOH conc. (ppm) 0.303 0.404
(1)

Figure 5. (a) Images of the changing fluorescence rate with the application of 500 ppm of gaseous EtOH. (b) Temporal change in the fluorescence
rate with various concentrations of EtOH. (c) Images of the changing fluorescence rate that were obtained by the application of gaseous EtOH with
various concentrations. (d) Comparison of the calibration curve and dynamic range between the previously developed system and the newly
developed system.
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Furthermore, the selectivity of the sniff-cam is based on the
substrate specificity of ADH. In the previous paper, we
observed high selectivity of ADH against to EtOH among
typical VOCs that were contained in exhaled breath and skin-
gas after drinking.22

Spatiotemporal Imaging of Transcutaneous EtOH
from Different Body Parts. First, we evaluated an irradiation
power of the excitation light because UV light emitted from the
system could cause skin damage. The experimental setup of the
UV power assessment is shown in Figure S8. The power of UV
light that was irradiated through the ADH-immobilized mesh
and 2D Mako was decreased to 0.05% (0.0006 mW/cm2) of
original power (1.132 mW/cm2). The UV light was absorbed
and blocked by the ADH-immobilized mesh and the 2D Mako.
A blocking power was comparable to a commercially available
UV block filter (Table S3). However, long-time exposure to
UV is possible to cause skin damage even though the
irradiation power was weak. A minimal erythema dose
(MED) is one of the values used to assess the effect of UV
on skin.30,31 The MED varied with skin color. We decided the
maximum time of the experiment to be 4 h, which was the time
for MED to be 0.5 for subjects of any skin color. Therefore, we
considered that the effect of UV emitted from the sniff-cam on
the skin is negligibly small.
Video S1 shows a spatiotemporal change of transcutaneous

EtOH emitted around the palm region after drinking alcohol.
As shown in the video, the spatiotemporal imaging of
transcutaneous EtOH was made possible by the developed
system. Emission of EtOH started about 2 min after drinking,
then a high concentration of ethanol was observed about 30
min after drinking. The transcutaneous EtOH gas released
from the palm fluctuated greatly with time at around 30 min
after drinking. This fluctuation was considered to be due to
palmar sweating, as described in a previous paper.22 It is
known that palms have a high density of eccrine sweat glands
compared to other body parts, and mental sweating in addition
to thermal sweating can occur. Transcutaneous gases are not

only VOCs that are present in blood and released through the
skin, but also VOCs are contained in sweat. However, it is not
easy to monitor metabolism in the body using transcutaneous
gases under the influence of perspiration.
We then decided to perform spatiotemporal imaging on

various body parts to determine the optimal body part for
metabolic monitoring of transcutaneous gas where the effect of
perspiration is less, and the transmitted VOC concentration is
high. Figure 6a summarizes the perspiration rate and the
number of cell layers of stratum corneum,18 and it shows the
spatiotemporal images of EtOH levels obtained at the back of
the hand, fingers, sole, and ear. This spatiotemporal
information was not attainable with the conventional method
of transcutaneous gas measurement as it is necessary to seal the
target body part with a sample bag to collect VOCs via the
skin. In contrast, it is possible to observe the distribution of
transcutaneous gas in real-time and study the local dynamics of
the specific body part using the newly developed system. For
instance, a high concentration of EtOH was observed in the
area around the ear. The stratum corneum around the ear is as
thin as the eyelids, one of the thinnest skins of the human
body. Besides, there are fewer sweat glands compared with the
other body parts; hence, transcutaneous gas reflecting blood
VOCs is likely to be emanated from the ear. Unlike the palms,
these sites are not affected by sweating and would be a suitable
site for the transcutaneous measurement of blood VOCs.

Spatiotemporal Imaging of EtOH and AcH Around
the Ear. Spatiotemporal imaging of the EtOH and AcH was
performed around the ear, where the transcutaneous measure-
ment of blood VOCs using the developed system was deemed
suitable. Note that the spatiotemporal imaging of AcH with the
bio-fluorometric imaging method was based on the reverse
reaction of ADH. In the previous work, we compare the
reverse reaction of ADH and the forward reaction of ALDH to
develop a biosensor that detects AcH.28 As a result, the ADH-
mediated biosensor showed a broader dynamic range with
higher sensitivity compared to the ALDH-mediated biosensor.

Figure 6. (a) Summary of the sweat rate, the number of stratum corneum layers, and transcutaneous EtOH concentration distribution for various
body parts. (b) Concentration distribution of gaseous EtOH and AcH emitted from the ear after drinking alcohol, superimposed images of gaseous
EtOH and AcH concentration distributions. (c) Temporal change of the transcutaneous EtOH and AcH concentrations emitted around the ear
hole after drinking.

ACS Sensors Article

DOI: 10.1021/acssensors.9b01658
ACS Sens. XXXX, XXX, XXX−XXX

F

http://pubs.acs.org/doi/suppl/10.1021/acssensors.9b01658/suppl_file/se9b01658_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssensors.9b01658/suppl_file/se9b01658_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssensors.9b01658/suppl_file/se9b01658_si_002.mp4
http://dx.doi.org/10.1021/acssensors.9b01658


Therefore, we have been utilizing the reverse reaction of ADH
in the bio-sniffer32 and sniff-cam24 to detect AcH. Figure S9
shows a comparison of the quantitative characteristics of
gaseous AcH concentration using the previous system and the
newly developed system. The LOQ was improved by 10 times
relative to the previous system, and it was possible to quantify
10 ppb of gaseous AcH. The dynamic range was 10 ppb to 3
ppm, which encompassed the concentration of transcutaneous
AcH (43 ppb).14

Figure 6b shows the results of the spatiotemporal imaging of
EtOH and AcH in the area around the ear, performed on the
same subject on different days, as well as the results of the
superimposed display of the data (see Video S2). Figure 6c
shows the temporal changes in the EtOH and AcH
concentrations calculated from the changing rate of fluo-
rescence per 1 cm2 in the vicinity of the ear canal. It was
observed that the EtOH and AcH concentrations increased
after drinking, reached a peak concentration, and then
gradually decreased. This result indicates that metabolic
monitoring can be realized by measuring the blood VOCs
via transcutaneous gas in the area where the influence of
perspiration is small, the skin is thin, and blood vessels are
concentrated.

■ CONCLUSIONS
In this study, we developed a system aimed at establishing a
new method that can investigate the release mechanism of
transdermal VOCs in relation to local skin conditions. The
developed system differs from the conventional measurement
method in which it directly detects transcutaneous VOCs
without the need for collecting procedures of the VOCs. It
should also be noted that the sensitivity of this new system was
comparable to that of methods using large analytical
instruments such as GC−MS. The shapeshifting method
using 2D Mako enabled accurate spatiotemporal imaging by
equalizing the distance between the complex curved surface of
the human body and the enzyme mesh. Transcutaneous gas
has not been sufficiently studied because it is difficult to
measure. However, it has been suggested that it is associated
with skin diseases; therefore, the study of this gas is of
importance. For example, Farkas et al. reported that EtOH and
acetone concentrations in the skin might be associated with the
exacerbation of psoriasis,33 a common skin disorder.34 In their
review paper,35 they described that, “It is expected that the
development of methodologies measuring transdermal alcohol
concentration will provide additional tools for clinicians to
evaluate how alcohol influences skin physiology and different
dermatological conditions including hyperproliferative diseases
such as psoriasis” and “Different skin sites may show different
ethanol levels depending on the thickness of the stratum
corneum and on the density of follicles and sweat glands, thus
leading to higher and lower concentrations, which may also
have clinical relevance”. We believe that the developed system
and method can provide the required data for clinicians to
investigate the conditions and that it may help to promote
further research in the fields of metabolism and dermatology.
However, we demonstrated that it was possible to visualize

the transcutaneous EtOH emanated from the human body
only in the situation after drinking. In the previous paper, we
showed the result of quantitative imaging of EtOH in exhaled
breath without alcohol ingestion.26 The concentration of
breath EtOH without alcohol ingestion (around 0.1 ppm) was
approximately 1000-times lower than after alcohol consump-

tion (around 100 ppm). As same as in the exhaled breath, the
concentration of transcutaneous EtOH without alcohol
consumption is possible to be 1000-times lower than after
drinking; therefore, the LOQ of the system must be better than
0.1 ppb. The LOQ of the current system was 1.2 ppb; thus, we
have to improve over 10-times in the sensitivity of the system
to visualize transcutaneous EtOH emanated from the subject
without alcohol ingestion. However, the minimum limit
concentration of standard gaseous EtOH that can be prepared
is 10 ppb, and it is not possible to prepare the reliable standard
gas with a ppt level concentration by the current method.
Therefore, it is necessary to develop a low-concentration
standard gas preparation method and improve the sensitivity of
the system simultaneously.
In addition to the monitoring of metabolism by trans-

cutaneous VOCs, we would also like to investigate the
relationship between local lesions and transcutaneous VOCs.
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