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Abstract: This paper presents a novel method of fabricating an enzymatic biosensor for breath
analysis using chromatography paper as enzyme supporting layer and a liquid phase layer on top
of screen printed carbon electrodes. We evaluated the performance with ethanol vapor being one
of the breathing ingredients. The experimental results show that our sensor is able to measure the
concentration of ethanol vapor within the range of 50 to 500 ppm. These results suggest the ability of
detecting breath ethanol, and it can possibly be applied as a generic vapor biosensor to a wide range
of diseases.
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1. Introduction

Nowadays, breath analysis for disease diagnosis has attracted attention because it represents
a noninvasive diagnostics methodology. Furthermore, it was proven that human breath contains
biomarkers that can be used to diagnose diseases such as diabetes, lung cancer and halitosis [1].
Thus, it is now possible to monitor one’s body condition simply through breathing [2—4].

Many types of gas sensors such as the semiconductor type have been investigated and developed
so far [5-7]. The advantages of this type of sensor are its sensitivity and good response towards target
molecules in the gas phase. This type of sensor responds to the target substances by the physical
adsorption on the surface of semiconductor material, resulting in a change in the electric resistance [8].
This principle, however, does not provide good specificity, leading to a false result. This issue has
been addressed in the previous reports by targeting the substances using their specific enzymes [9-11].
These sensors measure electrical signals such as the current output due to the chemical reactions
between the enzymes and target molecules. Such enzyme electrodes are fabricated by immobilizing
a thin layer of enzyme at the electrode surface. Hence, the immobilization method used plays an
important role in the fabrication of enzyme electrodes. Various methods have been reported [12-17]
and generally cross-linking and entrapment method are often used [9,11,15-17].

However, these fabrication methods are time-consuming because of the complicated process
required for immobilizing the enzyme layer, such as irradiating the thin layer of enzyme with a
fluorescent light [15-17]. In order to complete the process, there are many procedures that need to
be done. Additionally, enzyme reactions do not occur under dry conditions, therefore, membranes
such as filter paper or a gel matrix must be attached to the electrode surface after placing the enzyme
layer [11]. This layer must be wet so as to prevent the performance degradation of the enzyme
electrode. Thus, previous methods for fabricating enzyme electrode gas biosensors have had problems
of requiring considerable time in preparing the enzyme layer on the electrodes.

Sensors 2017, 17, 281; d0i:10.3390/s17020281 www.mdpi.com/journal/sensors


http://www.mdpi.com/journal/sensors
http://www.mdpi.com
http://www.mdpi.com/journal/sensors

Sensors 2017, 17, 281 20f6

We propose to use chromatography paper (ChrPr) as an enzyme and water supporting layer in
an enzyme electrode for gas detection. Since chromatography paper is a porous material consisting
of cellulose fiber, it can be used as an enzyme supporting layer by simply soaking it in an enzyme
solution and then drying it. The dried enzyme supporting layer will be wetted prior to measurement.
As chromatography paper has high water absorbency properties, wet conditions can easily be realized
by just putting it in contact with the other solution. Our new method using ChrPr therefore provides a
simple but effective method to fabricate an enzyme electrode for gaseous detection.

In this study, we propose a new type of enzyme electrode for detecting substances in the gaseous
phase based on ChrPr enzyme immobilized on screen printed carbon electrodes. With ethanol vapor
being one of the ingredients of breath, we demonstrate the response, sensitivity, correlation of output
current with concentration, and its reproducibility. We also performed experiments to evaluate the
feasibility of modified ChrPr enzyme electrodes (ChrSPCEs).

2. Materials and Methods

We adopted the ethanol reaction with two enzymes, alcohol oxidase (AOD) and peroxidase
(HRP), and an electron mediator [Fe(CN)g]*~ (Ferro) [18], as shown Figure 1. Alcohol oxidase oxidizes
ethanol to acetaldehyde using oxygen (O,) as the electron acceptor, producing hydrogen peroxide as
byproduct, as shown in the following reaction:

CH3CH20H + Oz — CH3CHO + HzOz (1)

Subsequently, the HRP reduces hydrogen peroxide to H,O using Ferro as electron donor,
producing [Fe(CN)g]>~ (Ferri) as shown below:

H,0, + 2[Fe(CN)]*~ + 2H" — 2H,0 + 2[Fe(CN)¢]*~ ()
The reduction current of Ferri is then measured at the working electrode (WE) as follows:
[Fe(CN)6]*~ + e~ — [Fe(CN)e]*~ 3)

Thus, the reduction current of Ferri becomes proportional to ethanol concentration. The enzyme
supporting layer is constructed with two different layers of paper, namely, an enzyme layer and a
mediator layer. When both mediator and enzyme are immobilized in the same layer, the mediator
can be oxidized by natural peroxide substances, generating electro-active substances which can be
observed as background current. By separating the enzyme and mediator layers, this background
current can be reduced.

Acetaldehyde Ethanol

AQD catalysis >—<

0, H,0, H,0
HRP catalysis

Fe(CNg)* Fe(CNg)*

Electrodes

Figure 1. Enzymatic reaction at the surface of ChrSPCEs in ethanol detection.
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In this study, chromatography paper (ChrPr: 1Chr, Catalog No. 3001-861, Whatman, GE
Healthcare, Tokyo, Japan) was used as the enzyme supporting layer. Firstly, ChrPr was cut in a circle of
6 mm diameter. For the enzyme layer, ChrPrs were modified by dipping them into solution containing
phosphate buffer solution, prepared by mixing K;HPO, and KH,PO,4 (PBS: 100 mM, pH = 7.0, Wako,
Osaka, Japan), alcohol oxidase (AOD: 70 U/mL, From Pichia pastoris, E.C. 1.1.3.13, Sigma Aldrich Japan,
Tokyo, Japan) and peroxidase (HRP: 70 U/mL, From horseradish, E.C. 1.11.1.7, Wako). For mediator
layer, ChrPrs were modified by just dipping them into a solution containing PBS and reducing mediator
(Ferro: K4[Fe(CN)g], 100 mM, Wako). After they were left to dry in the refrigerator at 4 °C for 12 h,
the AOD, HRP and Ferro were immobilized in ChrPr, as shown in Figure 2a,b. Modified ChrPr
enzyme electrodes (ChrSPCEs) were constructed by placing modified ChrPr fabricated in the way
mentioned above on a screen printed carbon electrodes (SPCEs: DRP-110, Dropsens, Asturias, Spain),
as shown in Figure 2c. The sample vapor with ethanol concentrations at 0, 50, 100, 200, 500 ppm
were used in measurement. We prepared the vapor with ethanol (WEth: 50—500 ppm) by volatilizing
ethanol solutions (C,H¢O, 99.5 % v/v, Wako) in a sampling bag (F2s (PVDEF), 1-6332-12, ASONE,
Osaka, Japan) filled with air without ethanol (WoEth: 0 ppm). Figure 2d shows the measurement
setup of the ethanol vapor analysis. A chronoamperometry (CA) method was performed by applying
—200 mV step potential vs. Ag/AgCl to the working electrode. The 12 uL of PBS without enzymes
or ethanol was dropped on the dried enzyme supporting layer, and step potential was applied to
measure electric current. The 20 mL of sample vapor was then blown onto the wet enzyme supporting
layer for 20 s. A computer controlled potentiostat (ALS/CH Electrochemical Analyzer Model 610DR,
BAS, Tokyo, japan) was used to evaluate the reduction current of Ferri produced by the AOD and HRP
enzymatic reaction.

(b)

ChrPr with enzyme

PBS containing PBS containing : :
2 & ChrPr with mediator (Ferro)

mediator enzyme

(d)

Potentiostat_;

Measurement
Enzyme supporting layer |BiEEl

Screen Printed Electrode

Sensing part

Figure 2. Enzyme supporting layer is a lamination of enzyme layer and mediator layer. (a) ChrPrs
dipped into the solutions containing AOD and HRP or Ferro; (b) ChrPrs left to dry in a refrigerator
at 4 °C for 12 h, respectively; (c¢) Modified ChrPr enzyme electrodes (ChrSPCEs) placed onto the
screen-printed electrodes; (d) Measurement setup of ethanol gaseous analysis by the ChrSPCEs.

3. Results and Discussion

Figure 3a shows CA measurement results. No significant changes were observed when vapor
without ethanol (Eth = 0 ppm) is blown onto the ChrSPCEs as opposed to the case when the vapor
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with ethanol is blown, where an obvious increase in reduction current can be seen. After vapor with
ethanol was released, the output current started to increase linearly for 80 s and then observed to reach
a steady state at t = 200 s for all concentrations of ethanol vapor. This indicates the reducing current
produced by the oxidation of ethanol molecules diffused from the sample vapor into PBS. A time of
about 40 s was required for the output current caused by the enzyme reactions to increase.
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Figure 3. Typical current responses of modified chromatography paper enzyme electrodes for several
ethanol gaseous concentrations. (a) The chronoamperometory at Vo = —0.2 V with 0, 50, 100, 200 and
500 ppm; (b) The calibration curve of the reduction current taken at t = 200 s by enzymatic catalyst on
the concentration of ethanol gas.

Figure 3b indicates the calibration curve result. From the graph, the output current taken at

t = 200 s was positively correlated with ethanol vapor concentration up to 0 to 500 ppm (coefficient of

determination = 0.9776, n = 5). The regression equation of calibration curve was deduced by least
square method as shown below:

Is =0.003 Cs + 0.1924, 4)

where Ig is the output current (uLA), and Cs is the initial concentration of gaseous ethanol in ppm.
The calibration range covers the alcohol levels of driving under the influence (78 ppm) [9,19,20].
These results suggest that our sensor can potentially be used to measure concentration of ethanol in
expiration with feasible sensitivity.

The reproducibility of the sensor in ethanol vapor (50 ppm) can be evaluated by coefficients of
variation (CV). The CV value of the sensor was 12.6% (n = 5), demonstrating that our sensor has a
reasonably good reproducibility.

It is important to note that our sensor can be used for detection of various types of targets by just
changing the type of enzyme used. Gas sensors for the diagnosis of diseases such as cancer, sick-house
syndrome or diabetes are reported [1,2]. Some specific examples exploiting enzymatic reactions are
formaldehyde [21], acetone [22], and lactate [23]. These might be helpful for noninvasive and safe
diagnosis of diseases in the future.

4. Conclusions

A new type of enzyme electrodes, ChrSPCEs which are based on a modified chromatography
paper-immobilized enzyme has been designed. It is being evaluated by using the ethanol vapor in
order to certify its performance as a potential biosensor for gaseous analysis. A 78 ppm concentration
of ethanol vapor is identified as driving under the influence of alcohol. As ChrSPCEs can detect
ethanol vapor ranging in concentrations from 50 to 500 ppm, the results obtained in this paper, suggest
that ChrSPCEs is able to measure the ethanol in exhaled air. Finally, we discussed the significance of
our results and how this study might be useful in the near future. The ChrSPCEs can be applied as
vapor biosensors to a wide range of diseases by altering the type of enzyme immobilized in ChrPr.
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Supplementary Materials: The following are available online at www.mdpi.com/1424-8220/17/2/281/s1,
Figure S1: Sensor performance degradation during storage, Figure S2: Cyclic voltammograms, Figure S3:
Enzymatic current in cyclic voltammograms.

Acknowledgments: The results presented here are based on the master’s thesis by T. Kuretake submitted to
Ritsumeikan University.This work was supported by JSPS KAKENHI Grant Number 26289111.

Author Contributions: T. Kuretake and S. Uno conceived and designed the experiments; T. Kuretake performed
the experiments; T. Kuretake and S. Uno analyzed the data and wrote the paper. S. Kawahara and M. Motooka
performed the experiments regarding figures in the supplementary document.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Francesco, ED.; Fuoco, R; Trivella, M.G.; Ceccarini, A. Breath analysis: Trends in techniques and clinical
applications. Microchem. J. 2005, 79, 405-410. [CrossRef]

2. Amann, A,; Smith, D. Volatile Biomarkers, 1st ed.; Elsevier: Oxford, UK, 2013; p. 20.

3. Bajtarevic, A.; Ager, C.; Pienz, M.; Klieber, M.; Schwarz, K.; Ligor, M.; Ligor, T.; Filipiak, W.; Denz, H.;
Fiegl, M; et al. Noninvasive detection of lung cancer by analysis of exhaled breath. BMC Cancer 2009, 9, 348.
[CrossRef] [PubMed]

4. Wang, C; Sahay, P. Breath Analysis Using Laser Spectroscopic Techniques: Breath Biomarkers, Spectral
Fingerprints, and Detection Limits. Sensors 2009, 9, 8230-8262. [CrossRef] [PubMed]

5. Choi, S.-J.; Lee, I; Jang, B.-H.; Youn, D.-Y.; Ryu, W.-H,; Park, C.-O.; Kim, L.-D. Selective Diagnosis of Diabetes
Using Pt-Functionalized WO3; Hemitube Networks As a Sensing Layer of Acetone in Exhaled Breath.
Anal. Chem. 2013, 85, 1792-1796. [CrossRef] [PubMed]

6. Liu, F; Chu, X;; Dong, Y.; Zhang, W.; Sun, W.; Shen, L. Acetone gas sensors based on graphene-ZnFe,;O4
composite prepared by solvothermal method. Sens. Actuator B Chem. 2013, 188, 469-474. [CrossRef]

7. Righettoni, M,; Tricoli, A.; Pratsinis, S.E. Si: WO3 Sensors for Highly Selective Detection of Acetone for Easy
Diagnosis of Diabetes by Breath Analysis. Anal. Chem. 2010, 82, 3581-3587. [CrossRef] [PubMed]

8.  Rezlescu, N.; Iftimie, N.; Rezlescu, E.; Doroftei, C.; Popa, P.D. Semiconducting gas sensor for acetone based
on the fine grained nickel ferrite. Sens. Actuators B Chem. 2006, 114, 427—-432. [CrossRef]

9.  Mitsubayashi, K.; Matsunaga, H.; Nishio, G.; Toda, S.; Nakanishi, Y. Bioelectronic sniffers for ethanol and
acetaldehyde in breath air after drinking. Biosens. Bioel. 2005, 20, 1573-1579. [CrossRef] [PubMed]

10. Shimonomura, T.; Sumiya, T.; Ono, M.; Itoh, T.; Hanaoka, T. An electrochemical biosensor for the
determination of lactic acid in expiration. Procedia Chem. 2012, 6, 46-51. [CrossRef]

11. Minamide, T.; Mitsubayashi, K.; Saito, H. Bioelectronic sniffer with monoamine oxidase for methyl mercaptan
vapor. Sens. Actuators B Chem. 2005, 108, 639—-645. [CrossRef]

12.  Ahuja, T.; Mir, LA.; Kumar, D.; Rajesh. Biomolecular immobilization on conducting polymers for biosensing
applications. Biomaterials 2007, 28, 791-805. [CrossRef] [PubMed]

13.  Cosnier, S.; Senillou, A.; Gratzel, M.; Comete, P.; Vlachopoulas, N.; Renault, N.J.; Martelet, C. A glucose
biosensor based on enzyme entrapment within polypyrrole films electrodeposited on mesoporous titanium
dioxide. J. Electroanal. Chem. 1999, 469, 176-181. [CrossRef]

14. Kang, X.; Mai, Z.; Zou, X,; Cai, P.; Mo, J. A novel glucose biosensor based on immobilization of glucose
oxidase in chitsan on a glassy carbon electrode modified with gold-platinum alloy nanoparticles/multiwall
carbon nanotubes. Anal. Biochem. 2007, 369, 71-79. [CrossRef] [PubMed]

15.  Wan, K,; Chovelon, J.M.; Jaffrezic-Renault, N.; Soldatkin, A.P. Sensitive detection of pesticide using ENFET
with enzymes immobilized by cross-linking and entrapment method. Sens. Actuators B Chem. 1999, 58,
399-408. [CrossRef]

16. Chang, K.-S.; Hsu, W.-L.; Chen, H.-Y.; Chang, C.-K,; Chen, C.-Y. Determination of glutamate pyruvate
transaminase activity in clinical specimens using a biosensor composed of immobilized L-glutamate oxidase
in a photo-crosslinkable polymer membrane on a palladium-deposited screen-printed carbon electrode.
Anal. Chim. Acta 2003, 481, 199-208. [CrossRef]

17.  Leca, B.D.; Verdier, A.M.; Blum, L.]. Screen-printed electrodes as disposable or reusable optical devices for
luminol electrochemiluminescence. Sens. Actuators B Chem. 2001, 74, 190-193. [CrossRef]


www.mdpi.com/1424-8220/17/2/281/s1
http://dx.doi.org/10.1016/j.microc.2004.10.008
http://dx.doi.org/10.1186/1471-2407-9-348
http://www.ncbi.nlm.nih.gov/pubmed/19788722
http://dx.doi.org/10.3390/s91008230
http://www.ncbi.nlm.nih.gov/pubmed/22408503
http://dx.doi.org/10.1021/ac303148a
http://www.ncbi.nlm.nih.gov/pubmed/23252728
http://dx.doi.org/10.1016/j.snb.2013.06.065
http://dx.doi.org/10.1021/ac902695n
http://www.ncbi.nlm.nih.gov/pubmed/20380475
http://dx.doi.org/10.1016/j.snb.2005.05.030
http://dx.doi.org/10.1016/j.bios.2004.08.007
http://www.ncbi.nlm.nih.gov/pubmed/15626611
http://dx.doi.org/10.1016/j.proche.2012.10.129
http://dx.doi.org/10.1016/j.snb.2004.11.091
http://dx.doi.org/10.1016/j.biomaterials.2006.09.046
http://www.ncbi.nlm.nih.gov/pubmed/17055573
http://dx.doi.org/10.1016/S0022-0728(99)00223-5
http://dx.doi.org/10.1016/j.ab.2007.07.005
http://www.ncbi.nlm.nih.gov/pubmed/17678866
http://dx.doi.org/10.1016/S0925-4005(99)00103-3
http://dx.doi.org/10.1016/S0003-2670(03)00093-X
http://dx.doi.org/10.1016/S0925-4005(00)00732-2

Sensors 2017, 17, 281 60f6

18.

19.

20.

21.

22.

23.

Rama, E.C.; Biscay, J.; Garcia, M.B.G.; Reviejo, A.J.; Carrazon, ] M.P.; Garcia, A.C. Comparative study of
different alcohol sensors based on Screen-Printed Carbon Electrodes. Anal. Chim. Acta 2012, 728, 69-76.
[CrossRef] [PubMed]

Komagata, H.; Yoneda, S.; Sakai, H.; Isobe, K.; Shirai, T.; Fujimura, M.; Tabei, T.; Inoue, K. Breath Alcohol
Concentrations in Japanese Outpatients Following Paclitaxel and Docetaxel Infusion. Int. J. Pharmacol. Res.
2005, 25, 195-202.

Aomori, T.; Makino, H.; Sekizuka, M.; Hashita, T.; Araki, T.; lizuka, K.; Nakamura, T.; Yamamot, K. Effect
of Ethanol in Paclitaxel Injections on the Ethanol Concentration in Exhaled Breath. Drugs R&D 2012, 12,
165-170.

Achmann, S.; Hammerle, M.; Moos, R. Amperometric Enzyme-based Gas Sensor for Formaldehyde: Impact
of Possible Interferences. Sensors 2008, 8, 1351-1365. [CrossRef] [PubMed]

Landini, B.E.; Bravard, S.T. Breath Acetone Concentration Measured Using a Palm-Size Enzymatic Sensor
System. IEEE Sens. ]. 2009, 9, 1802-1807. [CrossRef]

Marek, E.M.; Volke, J.; Hawener, 1.; Platen, P.; Muckenhoff, K.; Marek, W. Measurements of lactate in exhaled
breath condensate at rest and after maximal exercise in young and healthy subjects. J. Breath Res. 2010,
4,017105. [CrossRef] [PubMed]

@ © 2017 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.aca.2012.03.039
http://www.ncbi.nlm.nih.gov/pubmed/22560283
http://dx.doi.org/10.3390/s8031351
http://www.ncbi.nlm.nih.gov/pubmed/27879770
http://dx.doi.org/10.1109/JSEN.2009.2033305
http://dx.doi.org/10.1088/1752-7155/4/1/017105
http://www.ncbi.nlm.nih.gov/pubmed/21386210
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 

