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A B S T R A C T   

Non-invasive measurement of volatile organic compounds (VOCs) emitted from living organisms is a powerful 
technique for diagnosing health conditions or diseases in humans. Bio-based gas sensors are suitable for the 
sensitive and selective measurement of a target VOC from a complex mixture of VOCs. Conventional bio-based 
sensors are normally prepared as wet-type probes to maintain proteins such as enzymes in a stable state, resulting 
in limitations in the commercialization of sensors, their operating environment, and performance. In this study, 
we present an enzyme-based fluorometric electrospun fiber sensor (eFES) mesh as a gas-phase biosensor in dry 
form. The eFES mesh targeting ethanol was fabricated by simple one-step electrospinning of polyvinyl alcohol 
with an alcohol dehydrogenase and an oxidized form of nicotinamide adenine dinucleotide. The enzyme 
embedded in the eFES mesh worked actively in a dry state without pretreatment. Substrate specificity was also 
maintained, and the sensor responded well to ethanol with a sufficient dynamic range. Adjustment of the pH and 
coenzyme quantity in the eFES mesh also affected enzyme activity. The dry-form biosensor—eFES mesh—will 
open a new direction for gas-phase biosensors because of its remarkable performance and simple fabrication, 
which is advantageous for commercialization.   

1. Introduction 

There is a high demand for facile, selective, and sensitive measure
ments of volatile organic compounds (VOCs) in the gas phase. Numerous 
applications are conceivable: monitoring the natural environment 
(Sparks et al., 2012), industrial facilities (Cotte-Rodríguez et al., 2006), 
biological conditions of crops (Fabbri et al., 2020), and livestock animals 
(Neethirajan, 2017). VOCs are also emitted from humans as exhaled 
breath (Vasilescu et al., 2021) and transdermal gas (Iitani et al., 2021) 
without being invasive. Recent advances in basic research have revealed 
relationships between specific human-derived VOCs (H-VOCs) and dis
eases (Broza et al., 2015; Djago et al., 2021; Giannoukos et al., 2019). If 
small, easy-to-use, high-performance VOC sensors are available, it 

would be possible to check for signs of metabolic abnormalities and 
diseases simply at home. 

Exhaled breath and transdermal gas consist of more than 1000 ultra- 
low concentrations of VOCs (de Lacy Costello et al., 2014). Hence, 
H-VOCs are usually measured by gas analysis systems, such as gas 
chromatography-mass spectrometry, which possesses high selectivity 
and sensitivity (Beccaria et al., 2018). Gas-phase bio-based sensors using 
the molecular recognition ability of enzymes, antibodies, and peptides 
are considered suitable for the continuous and/or rapid measurement of 
exhaled breath and transdermal gas. Previously, we developed highly 
sensitive fluorometric gas-phase bio-based sensors (bio-sniffer (Arakawa 
et al., 2019) and sniff-cam (Iitani et al., 2020b)) based on the catalytic 
reaction of immobilized enzymes in an insoluble carrier. These sensors 
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allow quantification of VOC concentrations by measuring the reduced 
form of nicotinamide adenine dinucleotide (NADH), which is a coen
zyme of the enzymatic reaction. These measurements are based on its 
visible fluorescence (center wavelength of 460–490 nm) emitted during 
ultraviolet (UV) light (peak absorption wavelength of 340 nm) irradia
tion. While this series of gas-phase bio-based sensors successfully 
monitored metabolism based on H-VOC measurements, they have to 
overcome the common challenges of bio-based sensors, before they can 
become popular devices. 

The first challenge is to design a substrate for enzyme immobiliza
tion. Bio-based sensors are usually fabricated by immobilizing proteins 
on a substrate (Zdarta et al., 2018) by additive methods such as physical 
adsorption, ionic bonding, and covalent bonding (Homaei et al., 2013). 
Some of the substrate materials and reagents used for immobilization 
show autofluorescence with UV light irradiation, which becomes back
ground fluorescence. Removing undesired background fluorescence is 
one of the critical factors for achieving a highly sensitive fluorometric 
bio-based sensor. In addition, substrate structures can affect the diffu
sion of molecules to the biorecognition element (Gu et al., 2019); this in 
turn can affect the sensitivity and response time of gas-phase bio-based 
sensors. Bio-based sensors based on off-the-shelf substrates limit sensor 
performance because it is difficult to control their material character
istics and structure. Optimized substrates therefore need to be developed 
for specific applications. Gas-phase bio-based sensors ideally have a 
mesh-like structure with high air permeability. 

The second challenge is the complexity of the bio-based sensor 
fabrication and operation process (Battat et al., 2022). Some procedures 
are difficult to automate for the immobilization of proteins that require 
careful handling, making it difficult to implement in the mass produc
tion process for commercialization. Typical proteins such as enzymes 
most actively function in the liquid phase. Therefore, even gas-phase 
bio-based sensors must operate under wet conditions. The bio-sniffer 
needs to use a pump to circulate NAD-containing buffer solution (Ye 
et al., 2015), which limits miniaturization. The enzyme-immobilized 
mesh of the sniff-cam was wetted by NAD solution immediately before 
the experiment (Iitani et al., 2019b). In addition, when measuring 
gaseous chemicals using a wetted sensor element, it is necessary to 
transfer molecules from the gas phase to the liquid phase (Lapshin et al., 
2020; Yamada et al., 2021). The liquid layer may limit the sensor per
formance because of molecular transportation and solubility (Xing et al., 
2021). Therefore, both the structure of the substrate and its condition 
(wet or dry) are important concerns in the development of gas-phase 
bio-based sensors. 

To address these challenges simultaneously, we believe that bio
friendly electrospinning technology is promising (Nagase et al., 2017; 
Nagata et al., 2018; Takeda et al., 2016). Electrospinning is a method of 
converting polymer-containing solutions into fibers (Leach et al., 2010; 
Xue et al., 2019). The mainstream method for developing bio-based 
sensors using electrospinning is to immobilize proteins on the fiber 
surface (Liu et al., 2020; Tran and Balkus, 2012; Wang et al., 2009) 
rather than embedding them inside (Aldhahri et al., 2018; dos Santos 
et al., 2018; Tang et al., 2014). For instance, Li et al. reported a highly 
sensitive immunosensor fabricated with a titanium dioxide-based mes
oporous electrospun nanofiber modified with octadecylphosphonic acid 
for the adsorption of antibodies on the fiber surface (Li et al., 2020). In 
addition, Jeong et al. developed a cortisol biosensor based on N-doped 
multidimensional carbon nanofibers fabricated via electrospinning, 
which allowed the detection at 10 aM of cortisol by immobilizing anti
bodies on its surface (Jeong et al., 2019). In these studies, fibrous ma
terials with unique structures and functions were first fabricated by 
electrospinning, and then, proteins were immobilized on the surface to 
achieve outstanding functionality. 

In contrast, our strategy is to fabricate a ready-to-use sensor in a 
single step to simplify the manufacturing and premeasurement pro
cesses. This is achieved by electrospinning a mixture of enzymes, co
enzymes, and polymer solutions. In this process, an enzyme-embedded 

mesh with excellent air permeability is fabricated, which is suitable for a 
gas-phase sensor. The solvent of the polymer (and additive material) 
solution evaporates during the electrospinning processes (Uematsu 
et al., 2018). Therefore, the produced mesh is dry, which enhances the 
permeability of gaseous molecules. It is possible to use enzymes in 
bio-based sensors, even in the dry state, if the structure of the enzyme 
can be fixed in functional form. Few studies have shown that enzymes 
work in the dry state (Barzana et al., 1987; Dunn and Daniel, 2004). In 
addition, it has been reported that the functional groups in the envi
ronment around the enzyme affect stabilization of the structure (Bad
ieyan et al., 2017). Thus, it is possible that enzymes embedded in dry 
fibers composed of polymers can also express their functions. 

In this study, we first evaluated the autofluorescence and micro
scopic structure of electrospun meshes fabricated using five polymers. 
The catalytic activity of alcohol dehydrogenase (ADH) after embedding 
in the electrospun fiber was evaluated in the liquid phase. Subsequently, 
we tested the gaseous ethanol (EtOH) detection ability of ready-to-use 
enzyme-based fluorometric electrospun fiber sensor (eFES) meshes 
originating from ADH and cofactors. Finally, we investigated the pos
sibility of quantitative imaging of gaseous EtOH after optimizing the 
reaction conditions of ADH, including the pH and quantity of coenzyme. 

2. Experimental 

2.1. Materials and reagents 

The following polymers were selected as candidate materials to 
fabricate the eFES mesh. They were chosen following the maturation in 
fiber preparation by electrospinning in our previous studies, and pre
liminary experiments: poly-L-lactic acid (PLLA, molecular weight (MW): 
90,000, cat#: 18582-1, Polysciences Inc., USA); polyglycolic acid (PGA, 
MW: > 100,000, cat#: 06525, Polysciences Inc., USA); poly (lactic-co- 
glycolic acid) (PLGA, lactide:glycolide = 75:25, Mw (weight averaged 
MW): 76,000–115,000, cat#: 719927, Sigma-Aldrich, USA); poly
caprolactone (PCL, Mn (number averaged MW) 70,000–90,000, cat#: 
440744, Sigma-Aldrich, USA); and polyvinyl alcohol (PVA, PVA 
mixture, mainly composed of PVA and water, cat#: NA-150, Yamato, 
Japan). Dichloromethane (DCM, purity ≥99.5%, cat#: 22415-13, 
Nakalai Tesque, Inc., Japan), hexafluoroisopropanol (HFIP, purity: 
99%, cat#: PC4750, Apollo Scientific Ltd., UK), and acetone (purity 
≥99.5%, cat#: 014-00347, Fujifilm Wako Pure Chemical Corp., Japan) 
were used to prepare the polymer solutions. ADH (321 units/mg, from 
Saccharomyces cerevisiae, cat#: A7011) was purchased from Sigma- 
Aldrich, USA. NAD+ (cat#: 4405600) was purchased from Oriental 
Yeast (Japan). EtOH, methanol, 2-propanol, acetic acid, and sodium 
hydroxide were obtained from Fujifilm Wako Pure Chemical Corp., 
Japan. 

2.2. Selection of optimum polymer material for eFES mesh 

The fluorescence-based sensing principle of EtOH via the ADH- 
mediated redox reaction was used as a proof-of-concept model in this 
study (Fig. 1A). There are a wide variety of NADH-depended de
hydrogenases (Sellés Vidal et al., 2018), which allows for the future 
versatility of gas-phase bio-based sensors based on this principle. Briefly, 
the oxidized form of NAD (NAD+) is reduced to NADH when EtOH is 
catalyzed by ADH in an alkaline environment. In this reaction, only 
NADH showed fluorescence (λexcitation = 340 nm, λemission = 490 nm). 
Since the concentration of the NADH produced is correlated to the 
concentration of the EtOH, sensors incorporating this principle can 
quantify the EtOH concentration by measuring the fluorescence origi
nating from the NADH. 

In the fabrication of electrospun meshes, PLLA, PGA, PLGA, and PCL 
were prepared with 10, 15, 20, and 8 w/v% of polymer solutions, 
respectively. They were dissolved in a DCM-HFIP mixture (8:2), HFIP, 
acetone, and HFIP, respectively. The polymer solutions were obtained 
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by stirring overnight at 23 ◦C. The PVA mixture was used as the original 
product. Five polymer solutions (0.6 mL) were injected into a disposable 
syringe (cat#: SS01-T, Terumo, Japan) and then set in an electro
spinning system (NANON-03, MECC Corp., Japan) with a drum collec
tor. The initial electrospinning conditions and parameters are presented 
in Table S1. These parameters were manually varied to obtain a stable 
polymer jet during electrospinning. Fig. 1B shows a schematic of the 
electrospinning process. Note that the ADH and NAD+ were not present 
in the polymer solution used in this experiment. 

Next, the autofluorescence of the electrospun meshes at wavelengths 
longer than 400 nm, emitted by irradiating the excitation light at a 
wavelength of 340 nm, was compared using an optical system (Fig. 1C). 
A UV-LED (λpeak: 340 ± 5.5 nm, cat#: M340L4, Thorlabs, USA) was used 
as the excitation light source. A bandpass filter (BPFex, λ = 340 ± 42.5 
nm, cat#: 46-439, Edmund Optics, USA) purifying the excitation light 
was put in front of the UV-LED. The distribution of autofluorescence 
emitted from the electrospun mesh was captured using a CMOS camera 
(1920 × 1200 pixels, cat#: CS235MU, Thorlabs, USA) and recorded on a 
computer. A C-mount lens (focal length: 16 mm, aperture: F1.4, cat#: 
M1614-MP2, CBC, Japan) with 4.5 mm of extension tube was used to 
optimize the field of view, working distance, and distortion of images. 
To capture only fluorescent light, a long-pass filter (LPFfl, cut at a 
wavelength of 400 nm, cat#: 62-981, Edmund Optics, USA) was placed 
in front of the camera lens. An optical system was placed in a dark box. 
The mean value of the fluorescence intensity in a 15 mm × 15 mm re
gion of interest (ROI) in the captured images was measured using 
ImageJ2 (Rueden et al., 2017) in the FIJI project. 

The microscopic structure of the same meshes was then observed by 
scanning electron microscopy (SEM, VE-9800, Keyence, Japan) after Au 
sputtering using a magnetron sputtering system (MSP-10, Vacuum De
vice, Japan). 

2.3. Evaluation of ADH activity in the liquid phase 

ADH containing PCL and PVA solutions were prepared as follows. 
First, an 8% w/v PCL solution was prepared with HFIP. The PVA mixture 
was used as the original product. Next, 1 mg of lyophilized ADH powder 
was dissolved in 1 mL of Tris-HCl buffer solution (Tris, pH = 8.0, 0.1 M). 
Then, the ADH and polymer solutions were mixed at a ratio of 1:9 (v/v). 
In addition, PCL and PVA solutions without enzymes were prepared for 
the control experiments. The electrospinning was performed using a 
drum collector. The four fabricated mesh sheets were cut into 78.5 cm2 

which contained 7.2 units of ADH in a piece of mesh. Each mesh was 

soaked in a reaction reagent (1 M EtOH and 1 mM NAD+ in 1 mL of Tris 
at pH = 9.0, 0.1 M) and then shaken for 10 min at 23 ◦C. Subsequently, 
the mesh was removed from the reaction mixture. The absorption 
spectrum of the reacted solution was measured using a UV–Vis spec
trophotometer (V-660, JASCO, Japan) at a constant temperature 
(20 ◦C). In addition, a fluorescence image of the reacted solutions in the 
cuvettes was captured under UV (365 nm) irradiation. 

2.4. Bio-fluorometric gaseous EtOH imaging 

A ready-to-use eFES mesh was fabricated by electrospinning an ADH 
and NAD+ mixture containing PVA. To prepare the electrospinning so
lution for one eFES mesh, the lyophilized powder of 100 units ADH and 
5 μmol NAD+ were added to 50 μL of PVA and then mixed gently. For the 
control experiment, an eFES mesh without ADH was also prepared. The 
electrospun fiber was collected by a 3D printed holder covered with 
aluminum foil to add conductivity, with a 15 mm × 15 mm square hole 
(see Fig. S1). The fabricated mesh was installed in the experimental 
system (Fig. 1C) without any further treatment. Standard EtOH gas was 
applied from a gas outlet composed of a Pasteur glass tube placed 2 mm 
behind the eFES mesh. Standard EtOH gas was prepared using a stan
dard gas generator (PD-1B, Gastec Corp., Japan) with dry and clean 
carrier air. The gas application procedure was as follows. (I) No air was 
applied 0–20 s after starting the video recording (30 fps). (II) Then, 200 
ppm EtOH gas was applied to the eFES mesh for 20 s at a flow rate of 100 
mL/min. (III) Dry and clean air was then applied at a flow rate of 100 
mL/min. The control experiment was also conducted by applying dry 
and clean air at a flow rate of 100 mL/min instead of 200 ppm EtOH at 
step (II). 

The mean fluorescence intensity (In) was calculated from 250 × 250 
pixels of an ROI in each recorded image (nth). The average value of the 
mean fluorescence intensity for 0–20 s, which is the time without gas 
application, was defined as the baseline (I0). The change in the fluo
rescence intensity (ΔIn) was calculated as the difference between I0 and 
In. The rate of fluorescence change, which is the reaction rate of ADH, 
was also calculated by using the differentiation operation with dt = 5 s. 

2.5. Optimization of pH, NAD+ and ADH 

First, the pH values of the PVA mixtures were adjusted to 5, 6, 7, 8, 9, 
10, and 11 by adding a sodium hydroxide solution (1 M in pure water). 
eFES meshes at different pH values were prepared by electrospinning an 
eFES solution, which was a mixture of ADH, NAD+, and pH-adjusted 

Fig. 1. (A) Detection principle of EtOH based on the ADH-mediated catalytic reaction. (B) Schematic diagram of the production of eFES mesh by electrospinning. (C) 
Experimental setup for measuring gaseous EtOH by fluorescence imaging using eFES mesh. 
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PVA. The quantities of ADH and NAD+ in the 15 mm × 15 mm of eFES 
mesh were 100 units and 1 μmol, respectively. The effect of pH on the 
ADH activity in the eFES mesh was evaluated by applying 200 ppm 
EtOH. Statistical analyses of the gas-sensing data were performed using 
one-way ANOVA and Turkey-Kramer test with R software at a signifi
cance of p < 0.05. The gas application procedure was the same as that 
described in the previous section. A small piece of each eFES mesh was 
examined using SEM. 

Next, the effect of NAD+ on the eFES mesh was evaluated. The 
quantities of NAD+ in eFES were 0.1, 1, and 10 μmol. The pH of the PVA 
mixture was adjusted to 8.0. The electrospun eFES mesh contained 100 
units of ADH. The gas application procedure was the same as described 
in the previous section. 

The effect of the quantity of ADH in the eFES mesh was then eval
uated. The quantity of ADH varied between 50, 100, and 200 units per 
single eFES mesh (15 mm × 15 mm). The pH of the PVA mixture was 
adjusted to 8.0. The quantity of NAD+ used was 10 μmol per mesh. The 
gas application procedure was the same as described in the previous 
section. 

2.6. eFES mesh quantitative evaluation and selectivity 

In this experiment, the quantity of EtOH molecules applied to the 
eFES mesh was controlled to evaluate the sensing ability of the mesh. 
The eFES mesh was prepared by electrospinning ADH (50 units) and 
NAD+ (10 μmol) mixed with 50 μL of PVA (pH = 8.0). The concentration 
of EtOH gas and application time were fixed at 200 ppm and 20 s, 
respectively. The flow rates were set to 20, 50, 100, and 200 mL/min. As 
a result of a simple calculation, the numbers of gaseous EtOH molecules 
applied to the eFES mesh for 20 s were 2.7, 6.8, 13.6, and 27.3 nmol/s, 
respectively. 

Selectivity compared to EtOH was also tested using typical VOCs 
found in exhaled air and transdermal gas (acetic acid, 2-propanol, 
acetone, and methanol). The concentrations of acetic acid, 2-propanol, 
acetone, and methanol were set at 1.0, 1.0, 1.5, and 1.0 ppm, respec
tively. The gas application method was the same as that used in the bio- 
fluorometric EtOH imaging section above, replacing EtOH with the VOC 
molecules. 

3. Results and discussion 

3.1. Evaluation of electrospun mesh characteristics 

All the polymer solutions used in this study enabled the production of 
an electrospun mesh. Fig. 2A shows the results of SEM observations of 

the fiber shape and mesh structure made from PCL, PLGA, and PVA 
mixtures. A uniform mesh with a fiber diameter of approximately 1 μm 
was produced using each of the above polymers. The images shown as 
insets in Fig. 2B are autofluorescence obtained by irradiating excitation 
light (λ = 340 nm) on commercial cotton mesh and electrospun mesh 
made of PVA mixture. The cotton mesh was used as a substrate for 
enzyme immobilization in previous studies (Arakawa et al., 2015, 2017; 
Iitani et al., 2017b, 2018, 2019a, 2019b, 2020a, 2020b). The average 
autofluorescence intensity was calculated from the images of meshes 
made with different polymers (Fig. S2) whose values were then 
compared (Fig. 2B). The electrospun meshes showed lower auto
fluorescence compared to cotton mesh, which is a great advantage for 
fluorometric bio-based sensors. The PLLA electrospun mesh exhibited 
the lowest autofluorescence, which was 72% lower than that of the 
cotton mesh. However, PLLA was not used in the further experiments 
because it could not be mixed with the enzyme solution due to solubility. 
PLGA showed autofluorescence intermediate between PGA and PLLA. 
This result suggests that it is possible to precisely control the mechanical 
and chemical properties that are important for bio-based sensor devel
opment by designing polymers from the electrospinning materials. 
Among these candidates, PCL and PVA were selected for subsequent 
studies. PLGA was not selected because of the difficulty in stable elec
trospinning and large variation in fiber diameter. PGA was not selected 
because of its high autofluorescence. 

3.2. Activity of ADH 

Fig. 3 shows the absorption spectra of the reacted solution with ADH- 
containing electrospun meshes prepared with PCL or the PVA mixture. 
An absorption band derived from NADH was observed around 340 nm 
only in the ADH-containing electrospun mesh made of the PVA mixture 
(PVA/ADH mesh). Changes in absorbance according to EtOH concen
tration were observed using PVA/ADH meshes. In addition, NADH ab
sorption was not observed when the PVA mesh without ADH was 
immersed in the reaction solution. These results indicated that the 
enzymatic activity of ADH can be maintained even after electrospinning 
with a PVA mixture. In contrast, no absorption bands of NADH were 
observed in the PCL/ADH mesh. There are two possible causes of 
enzyme deactivation during the electrospinning process: denaturation 
due to exposure of ADH to organic solvents, and high voltage. ADH 
activity was maintained by electrospinning with PVA mixture using 
water as the solvent, which suggests that the enzyme deactivation in 
PCL/ADH was caused by an organic solvent rather than a high voltage. 
The inset image in Fig. 3 was obtained by irradiating the solution with 
UV light at a wavelength of 365 nm after measuring the absorption 

Fig. 2. (A) Typical SEM images of electrospun fiber meshes made from PCL, PLGA, and PVA. Magnifications of SEM images were as indicated. (B) Comparison of 
autofluorescence between cotton, PCL, PLGA, and PVA mixture. Inset images mapped autofluorescence intensity as pseudo color according to the color bar. 
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spectrum. Blue fluorescence, which matches the fluorescence wave
length of NADH (λ = 460–490 nm), was observed only for PVA/ADH. 
These data support the hypothesis that NADH was generated by the 
catalytic reaction of ADH in PVA/ADH. Based on the results, a ready-to- 
use eFES mesh made of a PVA mixture was investigated in the following 
experiments. 

3.3. Imaging of EtOH by ADH and NAD+

To accurately observe the change in the distribution of VOCs over 
time, it is important that the gas-sensing element itself has high 
permeability. In previous studies, enzyme-immobilized meshes were 
used for imaging VOCs when they were sufficiently wetted with an 
NAD+ solution. In this case, the VOCs could be absorbed by the water 
contained in the mesh and diffused, making it difficult to accurately 
evaluate the distribution of the VOCs. In this experiment, we examined 
the usefulness of an eFES mesh as a gas-imaging element. Fig. 4A shows 
fluorescence images at − 20, 0, 10, and 90 s extracted from the recorded 
video (see Supplemental Video 1) obtained by 200 ppm gaseous EtOH 
application to the PVA/ADH/NAD+ eFES mesh from the backside. The 
colors in this fluorescence image correspond to the color bars indicating 
the fluorescence intensity. In gas imaging with the previous system, the 
fluorescence distribution was observed to spread in concentric circles 
around the gas application point. This was thought to be caused by the 
diffusion of VOCs by the liquid in the mesh. In contrast, in this experi
ment, the fluorescence distribution did not spread, and strong fluores
cence was observed only at the gas application point within the eFES 
mesh. Fig. 4B shows the change in the average intensity over time, 
calculated from the fluorescence video. The sensor output ΔI was 
defined as the difference between the average value for 1.6–1.7 min and 
the baseline. The eFES mesh showed an increase in fluorescence in
tensity when EtOH gas was applied, whereas no increase in fluorescence 
intensity was observed when dry air was loaded onto the eFES mesh 
(negative control A). In addition, no increase in fluorescence was 
observed when gaseous EtOH was applied to the eFES mesh without 
ADH (negative control B). This suggested that the increase in fluores
cence intensity when EtOH gas was applied to the eFES mesh was due to 
the enzymatic reaction of ADH. 

The NADH produced remained in the mesh, and the fluorescence 
intensity did not drop down to its initial value even after EtOH gas was 
applied. To solve this issue, we applied the image differential analysis 
proposed in our previous study (Iitani et al., 2018) to the fluorescence 
video (Fig. 4C; see Supplemental Video 2). 

Supplementary video related to this article can be found at htt 
ps://doi.org/10.1016/j.bios.2022.114453. 

In this method, the distribution of the ADH reaction rate, which 

Fig. 3. Comparison of absorption spectra among a reacted solution of (○) PVA/ 
ADH w/1 M of EtOH, (△) PVA/ADH w/10 mM of EtOH, (□) PCL/ADH w/1 M 
of EtOH, and (⋄) PVA w/o ADH w/1 M EtOH. The reaction time was fixed at 10 
min among all samples. The inset image shows fluorescence of the reacted 
solution with 1 M EtOH of PVA/ADH and PCL/ADH under UV (λ = 365 nm) 
irradiation captured by a smartphone camera. 

Fig. 4. Detection of 200 ppm gaseous EtOH applied for 20 s by eFES mesh (orange bands in B and D). (A) Fluorescence images representing the concentration 
distribution of gaseous EtOH at − 20, 0, 10, and 90 s after starting EtOH application. (B) Time course of mean fluorescence intensity of ROI after starting EtOH 
application (or air). (○) PVA/ADH/NAD+ w/EtOH; (△) PVA/NAD+ w/EtOH; (□) PVA/ADH/NAD+ w/o EtOH (air). The output signal ΔI was defined by averaging 
the fluorescence intensity from 1.6 to 1.7 min. (C) Resultant images of time domain-based differential analysis of fluorescence images at − 15, 0, 5, and 95 s after 
starting EtOH application. (D) Time course of differential of fluorescence intensity or ROI after starting EtOH application (or air). (○) PVA/ADH/NAD+ w/EtOH; (△) 
PVA/NAD+ w/EtOH; (□) PVA/ADH/NAD+ w/o EtOH (air). The output signal ΔD was defined as the difference between the peak max of the differential value and 
baseline (zero). 
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responds sensitively to EtOH concentration, was calculated. As a result 
of calculating the reaction rate, it was observed that the fluorescence 
change rate reached a peak (ΔD) with the application of gaseous EtOH to 
the eFES mesh, and then decreased (Fig. 4D). This decrease was prob
ably caused by the lack of pre-doped NAD+ owing to the reduction of 
almost all the NAD+ around the gas application area during EtOH 
application. 

Supplementary video related to this article can be found at htt 
ps://doi.org/10.1016/j.bios.2022.114453. 

3.4. Optimal pH, NAD+ and ADH 

We investigated the effect of the electrospinning solution pH on the 
enzymatic activity of the eFES mesh. The pH conditions did not notably 
affected shapes and diameters of the electrospun fibers (Fig. S3), 
ensuring almost equal gas permeabilities. Fig. 5A shows the relative 
values of ΔD obtained by EtOH application to the pH-adjusted eFES 
meshes (pH = 5, 6, 7, 8, 9,10, and 11), normalized by the strongest 
signal at pH 8. The statistical analysis using one-way ANOVA clearly 
showed significant difference in the whole data set. Subsequently con
ducted Turkey-Kramer test showed that differences on the signal values 
in the pairs of pH 6/pH 8 and pH 8/pH 11 were significant despite 
relatively large standard deviations, suggesting that the pH profile has a 
top around pH 8. This result is reasonable, considering that the optimal 
pH of ADH is 8.6–9.0 in the liquid phase (Iitani et al., 2017a). The actual 
pH of the electrospun fiber was unknown because of the lack of methods 
to measure it, but it was likely to be different from the pH of the pre
pared electrospinning solution owing to the volatilization of water in the 
PVA mixture during electrospinning. The change in enzyme activity 
with pH observed in this experiment was presumably due to the change 
in the higher-order structure of ADH (Raj et al., 2014). We assumed that 
the structure of ADH was fixed as a highly active and minimally hy
drated state in the eFES mesh because the water volatilization during the 
electrospinning process would reduce the degree of freedom for struc
tural change (Ohtake et al., 2011). It has been suggested that the 
air-liquid interface is a difficult environment for proteins such as en
zymes (D’Imprima et al., 2019; Glaeser and Han, 2017). As PVA has a 
large number of OH groups, stabilization of the enzyme structure may 
have occured in the electrospun fiber, as shown in a previous study 
(Badieyan et al., 2017). Based on this result, the PVA mixture prepared 
at pH = 8.0 was used in the following experiments. 

Fig. 5B shows the change in the fluorescence change rate over time 
when 200 ppm EtOH gas was applied to eFES meshes with NAD+

quantities of 0.1, 1, and 10 μmol per mesh. An increase in ΔD was 
observed with an increase of the NAD+ quantity in the eFES mesh 

(Fig. 5B inset). However, even at 10 μmol NAD+, the fluorescence 
change rate started dropping down during EtOH gas loading (the area of 
orange band in Fig. 5B), as observed in Fig. 4D. A rate-limiting reaction 
due to the lack of NAD+ seemed to occur. However, since more than 10 
μmol of NAD+ was not dissolved and a powdery mass was left, it was 
difficult to solve this issue by increasing the quantity of NAD+ in the PVA 
mixture. Therefore, the quantity of NAD+ per mesh was fixed at 10 μmol. 

Fig. S4 shows the typical responses of the eFES mesh with different 
quantities of ADH (50, 100, and 200 units/mesh). The maximum value 
of ΔD did not change when the quantity of ADH per mesh was varied. 
Therefore, the quantity of ADH per mesh was fixed at 50 units in the 
subsequent experiment. 

3.5. Quantitative and selective imaging of EtOH 

Fig. 6A shows the relationship between ΔD and the molar quantity 
(2.7, 6.8, 13.6, and 27.3 nmol/s) of EtOH gas applied to the eFES mesh 
with the time course of fluorescence change rate (inset graph of Fig. 6A). 
When sufficient quantity of NAD+ (10 μmol) was loaded in eFES mesh, it 
could quantitatively detect lower amount of EtOH gas (2.7–27.3 nmol/s 
for 20 s). The inset shows the fluorescence images obtained by applying 
gaseous EtOH at 6.8 and 27.3 nmol/s. Regardless of the quantity of EtOH 
applied, an increase in the fluorescence intensity was observed only at 
the gas loading point, suggesting that the quantitative imaging of 
gaseous EtOH under dry conditions could be possible. However, further 
studies are needed to determine the quantitative characteristics, such as 
robustness to ambient temperature and humidity disturbances (Yang 
and Russell, 1996a, 1996b). Furthermore, whether ΔD proportionally 
changes to the quantity of gaseous EtOH applied should be carefully 
examined to establish a practical calibration curve. 

Fig. 6B shows the responses of the eFES mesh to EtOH, acetic acid, 2- 
propanol, acetone, and methanol. The signal was selectively obtained 
for EtOH. This suggests that not only the activity but also the substrate 
specificity of ADH was maintained in the eFES mesh after electro
spinning. The high selectivity of the eFES mesh enables its use in gas 
mixtures, such as gaseous samples from living organisms, for future 
applications. 

4. Conclusion 

In this study, we developed a ready-to-use eFES mesh using an 
electrospinning technique applicable to the mass production. The bio- 
based sensor was designed to detect EtOH in the gas phase based on 
the fluorescence changes caused by ADH without pretreatment before 
measurement. First, we compared polymer materials for electrospinning 

Fig. 5. (A) Dependence of ADH activity with EtOH on the pH of the PVA mixture used to immobilize ADH by electrospinning. The normalized signal of ΔD was 
plotted as a relative value of 100% at pH = 8.0. (B) Time course of differential signals that were obtained by applying gaseous EtOH (lasting for 20 s, orange band) to 
PVA/ADH/NAD+ meshes with different quantities (0.1, 1.0, 10 μmol) of NAD+. The inset graph showed a relationship between NAD+ quantity in eFES mesh and ΔD. 
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in terms of autofluorescence, stability of electrospinning, and the pos
sibility of retaining other materials, such as enzymes. By comparing 
different polymers, it was found that the PVA mixture, which was 
mainly composed of water and PVA, can be used to embed ADH in the 
fibers by electrospinning while maintaining a low background and 
enzyme activity. In addition, a ready-to-use eFES mesh, which can be 
used immediately after production without any pretreatment before use, 
was obtained by electrospinning the PVA mixture with ADH and NAD+. 
The optimal conditions were experimentally determined for the pH of 
the PVA mixture and the quantities of ADH and NAD+ added. The 
optimized eFES mesh generated fluorescence changes according to the 
number of EtOH molecules applied. In addition, no output was produced 
for VOCs, other than EtOH. These results suggest that hydrophilicity of 
the polymer substrate could be a crucial criterion to maintain enzymatic 
activity even in a vapor phase and the eFES mesh can be used as a sensor 
to measure the distribution of gaseous EtOH. To further improve the 
sensor performance, additional studies on optimization of the hydro
philic polymer materials, interaction between the polymer and enzyme, 
and the mechanism of maintaining enzyme activity in fibers are neces
sary. These studies are currently underway in our laboratories. 
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