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Abstract

A two-dimensional imaging system (Sniffer-camera) for visualizing the

concentration distribution of ethanol vapor emitting from wine in a wine glass has

been developed. This system provides image information of ethanol vapor

concentration using chemiluminescence (CL) from an enzyme-immobilized

mesh. This system measures ethanol vapor concentration as CL intensities from

luminol reactions induced by alcohol oxidase and a horseradish peroxidase

(HRP)-luminol-hydrogen peroxide system. Conversion of ethanol distribution

and concentration to two-dimensional chemiluminescence was conducted using

an enzyme-immobilized mesh containing an alcohol oxidase, horseradish

peroxidase, and luminol solution. The temporal changes in CL were detected

using an electron multiplier (EM)-CCD camera and analyzed. We selected three

types of glass—wine glass, cocktail glass, and straight glass—to determine

differences in ethanol emission caused by the shape effects of the glass. The

emission measurements of ethanol vapor from wine in each glass were

successfully visualized, with pixel intensity reflecting ethanol concentration. Of
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note, a characteristic ring shape attributed to high alcohol concentration

©CoO~NOUTA,WNPE

appeared near the rim of the wine glass containing 13°C wine. Thus, the alcohol

13 concentration in the center of the wine glass was comparatively lower. The

16 Sniffer-camera was demonstrated to be sufficiently useful for non-destructive

19 ethanol measurement for the assessment of food characteristics.

26 Keywords; optical imaging; alcohol oxidase; luminol reaction;

29 chemiluminescence; wine glass
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1. Introduction

Recently, consumers worldwide have been interested in information on

food products and beverages such as aroma, safety, characteristics, and quality

[1, 2]. In particular, humans have been drinking and tasting wine since ancient

times, which is essentially nutty and aromatic but can consist of a variety of

smells and tastes [3,4]. Many analytical methods have been reported for the

characterization of wine as well as juice, fruit, and other alcoholic beverages

[5-8]. Measuring and monitoring ethanol vapor from alcoholic beverages,

foodstuffs, and pharmaceutical products is useful in evaluating the extent of

maturation during food and drink production [9-12]. The qualities of foods and

drinks have been estimated using optical sensors, gas chromatography,

semiconductor sensors, and other methods [13-17]. While the human nose can

recognize up to 10,000 distinct odors, it is difficult for the general public to

identify the odor of food products without special olfactory abilities [18]. Thus, in

food analysis, volatile organic compounds (VOCs) emitted from food products

represent critical components for food selection, and these can be examined
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with sensors, detection devices, and chemical analysis [19, 20]. Various VOCs

such as methanol, ethanol, acetaldehyde, hexane, and 2-phenylethanol derived

from some foods and beverages can be identified by gas chromatography, mass

spectroscopy, and sensory analysis [20-23]. However, these methods are time

consuming and require destructive testing and large-scale equipment. Moreover,

the concentration and distribution of these VOCs vary temporally and spatially.

Therefore, simple, rapid, and non-destructive methods are essential to

characterize the odors from food products.

Gas chromatography and gas chromatography—mass spectroscopy

have recently attracted attention as useful and precise methods for identifying

different gaseous organic compounds. Highly sensitive and selective detection

has been achieved for many chemical species using these tools. However, the

equipment necessary is expensive and large. These machines are also not

suitable for the determination of real-time changes and concentration distribution.

For this, continuous and easy monitoring of the spatial behavior of various gas

components is required. Some technology employing enzymatic reactions has
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been developed in the form of gas sensors—such as biochemical gas sensors

for ethanol, acetaldehyde, and various other VOCs—that are based on an

NADH-dependent fiber-optic biosensor [24,25]. These enzyme-based

biosensors are highly selective and sensitive for target chemicals in food

analysis. In addition, chemiluminescence (CL) is a significant method in the field

of analytical chemistry [26]. CL does not require other ultra-violet or visible light

irradiation, which enables downsizing and simplification of the detection system.

We apply alcohol oxidase (AOD), which catalyzes the conversion of low

molecular weight alcohols with molecular oxygen into aldehydes and hydrogen

peroxide. This allows for the production and analysis of CL using a horseradish

peroxidase (HRP)-luminol-H,O, system. The CL generated by this catalytic

reaction is stimulated by the ethanol vapor from wine, and can be imaged and

analyzed with an imaging system. In this way, imaging of the concentration

distribution of ethanol vapor from wine is demonstrated using a CL reaction.
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2. Experimental setup

Experimental procedure for imaging

A cotton mesh (100% cotton, thickness 1 mm, interval size 1 mm) was

used for enzyme stabilization. AOD (E.C.1.1.3.13, A2404-1kU, 10—40 units/mg

protein, from Pichia pastoris, Sigma-Aldrich Co., USA), HRP (E.C.1.11.1.7,

169-10791, 100 units/mg, Wako Pure Chemical Industries, Ltd., Japan), and

photo-crosslinkable poly(vinyl alcohol) containing stilbazolium groups (PVA-SbQ,

type SPH, 9C-10L, 10.4 wt%, Toyo Gosei Co., Ltd., Japan), were used for

enzyme immobilization. A 5.0 mmol/l luminol (01253-60, Kanto Chemical CO.,

Inc., Japan) solution was prepared in a Tris-HCI buffer solution (100 mmol/l) for

measurement of the CL generated by ethanol. These solutions were prepared in

deionized distilled water using a Milli-Q purification system (Millipore Co., USA).

The solution was stable when stored in the dark. The CL analysis system was

constructed with an electron multiplier (EM)-CCD camera (L3C95-05, e2v

technologies limited, UK) and a video encoder. Imaging analysis of CL was

conducted using Cosmos 32 software (Library Inc., Japan).
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Optical imaging system for ethanol from wine

The system for imaging ethanol vapor from a glass of wine was

constructed as shown in Fig.1. AOD/HRP-immobilized substrates were prepared

with PVA-SbQ with a volume to weight ratio of 1:2. The mixture of enzyme and

PVA-SbQ was coated and spread onto a mesh substrate, then cured, and

treated with ultraviolet radiation. The size of the mesh substrate was 8 x 8 cm?.

The enzyme-immobilized mesh was stored at 4°C for 4 hours. Together, AOD

and HRP were used to generate the CL signal triggered by gaseous ethanol,;

Tris-HCI buffer solution was the medium for the AOD-catalyzed reaction. HRP

was used to catalyze the CL reaction. Ethanol is oxidized to acetaldehyde and

hydrogen peroxide by AOD in the presence of oxygen. The peroxide then reacts

with the luminol solution, catalyzed by HRP, generating CL (A= 460 nm). The

reactions are summarized as follows [27]:

Ethanol + O, Acetaldehyde + H,0, 1)

HRP

luminol + H,O, + OH- 3-aminophthalate + 2H,0 + N, +hv (9

The range of imaging is important to consider in the detection of ethanol
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concentration from wine, which can be “which can be higher than 200 ppm. In

©CoO~NOUTA,WNPE

order to enhance the sensitivity of our system, Tris-HCI buffer solution (0.1 mol/l,
13 pH 9.0) was selected and used for further investigation into measuring ethanol
16 vapor from wine. Fig. 2 shows characteristics of six glasses: Riesling wine glass,
19 Pinot Noir wine glass, Cabernet Sauvignon wine glass, a cocktail glass, a
standard wine glass, and a straight glass. We selected Japanese red wine
26 (Delica Maison, Suntory Holdings Limited, Japan) and a wine glass (Vinum XL,
29 Riesling Grand Cru, Riedel, Tiroler Glashutte GmbH, Austria) for ethanol vapor

32 imaging.



©CoO~NOUTA,WNPE

Analyst

Sniffer-camera for imaging of ethanol vaporization from wine: effect of wine glass shape
T. Arakawa et al.,

3. Results and discussion

Evaluation of the ethanol vapor imaging system

The  enzyme-immobilized  substrate  was  saturated  with

concentration-adjusted luminol solution and installed in a dark box in preparation

for CL measurement. A UV irradiation time of 5 minutes at low power was used

for immobilization of the enzymes onto the mesh substrate using PVA-SbQ.

These conditions were optimized to reduce functional damage to the AOD and

HRP proteins. The AOD- and-HRP immobilized mesh substrates were evaluated

by measuring their response to varying concentrations of gaseous ethanol

injected into the imaging system (system detailed in a previous work [28, 29]).

Standard gaseous ethanol was injected at a flow rate of 200 ml/min for 20

seconds. The pH 10.3 luminol solution was highly sensitive to ethanol vapor,

however calibration range was narrow from 10 to 200 ppm ethanol vapor [30].

The pH 9.0 luminol solution was selected for a wide calibration range of imaging

to visualize high concentrations of ethanol vapor. Intensity changes for various

concentrations of standard gaseous ethanol were achieved (Fig.3). The insets of
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Fig. 3 show images of CL intensity peaks at each concentration of ethanol vapor

at 300 and 800 ppm. These images indicate that the gradation of CL relates to

the concentration distribution of ethanol vapor on the mesh substrate. The

average intensity of CL rapidly increased following the injections of standard

ethanol vapor, with peaks appearing at 30 seconds, then gradually decreasing

until 120 seconds at 100 ppm ethanol vapor. CL average intensities were related

to the concentration of ethanol vapor over the range of 50 to 800 ppm with a

correlation coefficient of 0.994. The total volume of each sample of standard

gaseous ethanol was 66 mL.

Ethanol vapor imaging of a glass of wine

The direct ethanol vapor imaging system for a wine glass is shown in

Fig. 1. This system was designed for easy and simple collection and detection of

samples of evaporated ethanol from a glass of wine. We slid the enzyme mesh

substrate slowly over the wine glass before imaging to reduce fluctuations of

ethanol vapor in the reservoir. The schematic images of the bright-field CCD
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image and the original black and white image recorded by the CCD camera are

shown in Fig. 4. The 2-D color profile and 3-D profile were analyzed by image

analysis software. The 2-D color intensity profile was analyzed from the top of

the glass, and the 3-D color intensity profile was converted with the bright-field

image and 2-D color profile at an angle of 30 degrees. The Z-axis of the 3-D

profile represents CL intensity, or the concentration distribution of evaporated

ethanol. Since we adapted an 8-bit EM-CCD camera for this experiment,

concentration could be expressed over 256 different colors. In this way, the

measurement of ethanol vapor emissions from the wine was successfully

visualized, with the intensity of each pixel reflecting ethanol concentration

distribution.

Effect of temperature on ethanol vapor distribution

Wine temperature is very important for tasting and smelling the aroma

when we drink. In general, a sommelier serves a wine at a specific optimal

temperature based on the brand and type of wine. We selected and evaluated
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wine at 13°C and 24°C for imaging the concentration distribution of evaporated

ethanol. We poured a 100 ml sample of wine at each temperature into separate

wine glasses, and waited for the temperatures to stabilize. As before, we slid the

enzyme mesh substrate slowly over the wine glass. CL intensity rapidly

increased thereafter (Supplemental Movie 1). Fig. 5 shows 2-D color profiles,

3-D profiles, and cross-sectional intensity distributions of ethanol vapor from

wine at 13°C and 24°C, with images captured at 20 seconds and 10 seconds

after imaging, respectively. A characteristic ring shape appeared near the rim of

the glass at 13°C. It was thus assumed that ethanol vapor concentration of the

wine at the rim of the glass was in the hundreds of ppm. The intensity profile at

the center of the glass at 13°C was 50% weaker than the intensity at the rim of

the glass. In contrast, 24°C wine did not exhibit the characteristic ring shape; a

high concentration of ethanol vapor appeared over the whole surface of the wine

glass. Figure 6 shows time-intensity relation of ethanol vapor from wine at 13°C

and 24°C wine in wine glass. The intensity of 24°C wine was rapidly increased at

the area of edge and center of glass, which intensity was almost the same
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concentration. Conversely, the intensity of 13°C wine was gradually increased,

and the concentration at the edge of wine glass was 2 times higher than one of

the center of wine glass. Fig. 7 shows characteristic ring shapes of three wine

glass of Riesling, Pinot Noir and Cabernet Sauvignon wine glass. The

characteristic ring shapes appeared individually at the rim of the each glass. The

diameter of these ring were peak width at half-height of intensity. The diameter

of ring shape of Cabernet Sauvignon wine glass was much larger than other

glass.

Ethanol vapor imaging of different glass shapes

Ethanol vapor imaging of wine in three types of glass is shown in Fig. 8.

A cocktail glass, standard wine glass, and straight glass were evaluated for

ethanol vapor imaging. The concentration distribution from the cocktail glass and

straight glass were high regardless of glass shape and temperature. The

characteristic ring shape of ethanol vapor did not appear except in the wine

glass at the optimal wine temperature.

Fig. 8 shows the average intensity profiles at the center and edge of the
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wine glass at temperatures of 13°C, 24°C, and 30°C. Ethanol vapor from wine at

24°C and 30°C rapidly increased within 10 seconds regardless of measurement

point, whereas the intensity only gradually increased at 13°C. The intensity in

the center of glass required approximately 50 seconds for a saturated image.

Differences in ethanol vapor concentration were estimated to be two-fold at the

same temperature.

These results show we can visualize the concentration distribution of

ethanol vapor based on the influence of wine temperature at 13°C and 24°C.

The alcohol concentration in the center of the wine glass was lower than other

areas at 13°C. This phenomenon allows us to smell the aroma of the wine in the

center of the glass at a lower alcohol concentration. Accordingly, the shape of

wine glass has a very sophisticated and functional design for tasting and

enjoying the aroma of wine.
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Conclusion

We used alcohol oxidase to catalyze the conversion of low molecular

weight alcohols and molecular oxygen into aldehydes and hydrogen peroxide,

which can be visualized using the HRP-luminol-H,O, system for ethanol vapor

imaging. The temporal changes for various concentrations of ethanol vapor were

successfully detected and imaged. The developed method directly imaged

ethanol vapor from wine using CL. We established that the characteristic ring

shape around the rim of the wine glass, observed at 13°C, is attributable to a

higher alcohol concentration near the rim. In future work, this system could be

used to image volatile organic compound information from the human body,

halitosis, and non-destructive food analysis.
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Figure caption

Figure 1. Experimental setup for optical imaging of wine. (a) Fabrication process
of the AOD- and HRP-immobilized mesh for imaging using UV cross-linkable
PVA-SbQ. (b) This system was composed of wine poured into a wine glass, an
immobilized enzyme mesh, and an EM-CCD recoding system.

Figure 2. Experimental setup of six types of glass for ethanol vapor imaging:
Riesling wine glass, Pinot Noir wine glass, Cabernet Sauvignon wine glass, a
cocktail glass, a standard wine glass, and a straight glass.

Figure 3. Calibration curve of this system for ethanol vapor measurement using
pH9.0 and pH10.3 luminol solution. The CL intensities detected with optical
imaging were related to the concentrations of ethanol vapor from 30 to 800 ppm
(pH9.0).

Figure 4. Schematic image of the bright-field CCD image and original CCD
image. 2-D color profiles and 3-D profiles were analyzed by image analysis
software.

Figure 5. 2-D color profiles, 3-D profiles, and cross-sectional intensity distribution
of the ethanol vapor from wine showing the influence of wine temperature. (a)
Wine glass at 13°C, (b) Wine glass at 24°C. Images were captured at 20
seconds for 13°C and 10 seconds for 24°C.

Figure 6. Temporal changes of evaporated ethanol CL intensity from 13°C and

24°C wine at the center and edge of a wine glass.
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Figure 7. 2-D intensity profile of the cocktail glass, wine glass, and straight glass.

The concentration distribution of ethanol vapor with the characteristic ring shape

©CoO~NOUTA,WNPE

11 appeared at the edge of the wine glass.
13 Figure 8. Temporal changes of evaporated ethanol CL intensity from wine at the

16 center and edge of a wine glass.
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Schematic image of three types of wine glass
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