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ABSTRACT 
 

Rapid, periodic monitoring and detection of ethanol (EtOH) after consumption via a non-

invasive measurement has been an area of increased research in recent years. Current point-of-

care or on-site detection strategies rely on single use sensors which are inadequate for 

monitoring during a longer period. A low cost, portable and novel approach is developed here 

for real-time monitoring over several days utilizing electrochemical techniques. The sensor 

shows oxidation of the ethanol in phosphate buffer and artificial sweat using the amperometric 

response from the application of +0.9 V to the polyaniline modified screen printed electrode 

using 1 mM ethanol as the averaged amount of ethanol eliminated in sweat after the 

consumption of one alcoholic beverage. Our enzyme based electrochemical sensor exhibits a 

qualitative assessment of the presence of ethanol in small volumes (≤ 40 µL) of 0.1 M sodium 

bicarbonate and subsequently artificial sweat, with 50 measurements taken daily over 11 days. 

While quantitative information is not obtained, the sensor system exhibits excellent stability 

after 3 months’ dried storage in this complex biological matrix in an oxygen free cabinet. This 

addresses one of the key challenges for enzyme based electrochemical sensors, namely, the 

ability for real-time monitoring in complex biological matrices. The qualitative response 

illustrates the potential for this sensor to be exploited by non-experts which suggests the 

promise for their wider application in next-generation wearable electronics necessary for 

alcohol monitoring.   

 

KEYWORDS: Electrochemical Sensing, Alcohol, Biological Matrices, Reusable device, 

Artificial Sweat 

  



1.0 INTRODUCTION 

 

Alcohol is often considered as a “social lubricant”[1][2], or as a means of reducing inhibitions, 

reducing anxiety and improving well-being feeling or confidence. However, its heavy 

consumption can lead, in a short term, to an increase of criminality and physical aggressions[3], 

car accidents [4] or in a longer term to health problems affecting different organs (liver, 

pancreas etc.) [5].  

The most common methods to detect alcohol are the ones based on body fluids[6] such as 

blood[7–9], urine[10][11], breath[12,13]. The major drawbacks of these samples are that an 

active participation of the person is required for collection and measurements. Moreover, in the 

case of the blood, the sensor can be quite invasive and relatively painful for some individuals.  

Methods based on breath or blood analysis are useful for on field and “at the moment” 

measurement but show quickly their limitations if a periodic measurement is needed during a 

long period of time. Moreover, if analysis is needed on consecutive days, falsification of the 

samples can be done.  

Thus the need of less invasive, wearable, robust sensors for the passive measurement of alcohol 

level (continuously over a long period of time) has grown during the last 10 years supported 

by parallel studies which show that it is possible to remotely monitor different parameters of 

interest (blood pressure, human localization)[14][15] in a non-invasive way.  

Perspired sweat is a very attractive source of information due to ease of access, collection and 

analysis in comparison with the other biofluids previously mentioned. It can be sampled in a 

non-invasive way and does not require any action from the patient, which make it the ideal bio 

fluid for monitoring species of interest, especially in criminal justice system[16]. So research 

has focused on wearable alcohol sensors for continuous measurements [17–20] and a number 

studies have demonstrated that alcohol level in sweat can be correlated to the alcohol level in 

breath[21] and blood[7][22]. For the justice system, when a person is served with some form 

of control order, the sensor used should be able to detect when the offender ingests at least 1 

alcoholised drink (0.65 – 1.50mM alcohol in sweat) [23]. However, challenges are associated 

with the limited amount of sweat which may be produced by the body under normal 

circumstances. To overcome this problem, induced sweat can be produced via pilocarpine 

electrophoresis[24,25]. This technique stresses the body to force it to produce sweat, offering 



then more sample to analyse to the sensor but unfortunately during a short period of time (30 - 

120 min) [7] [26]. 

The acidity of the sweat may cause the inactivation of the enzyme in the case of enzymatic 

sensors. The optimum working pH for the alcohol oxidase (AOX) from Pichia pastoris is 7.5 

and issues surrounding activity when placed on an electrode surface have been suggested. 

Another important parameter to consider when developing a multi-use sensor, is the potential 

leakage of the enzyme from the sensing area of the device. Several immobilisation methods 

can be found in the literature from adsorption[27,28] to chemistry binding[29,30]. The 

adsorption method is the best to keep the activity of the enzyme intact, but this may result in 

leakage of the enzyme from the surface due to the weak attachment. Conversely, a strong 

attachment can result in the deactivation of the enzyme or reduction in the accessibility of the 

active sites of the enzyme[31]. 

At present, some wearable alcohol sensors are commercially available[32] or at a prototype 

stage [19]. Because these sensors can measure multiple time during several days, the data they 

generate can provide information’s about days of abstinence, and even distinguish between 

heavy or sporadic alcohol ingestions.  

One of the critical steps in the development of an electrochemical sensor is ensuring the transfer 

of the electrons involved in the reaction, from the sample to a sensor in a highly sensitive, 

accurate and repeatable manner.  To this end, conducting polymer have been widely studied 

during the last decade along with making them suitable for biosensor applications[33] coupling 

it to enzymes[34–36], antibodies[37–39]. 

Moreover, the relative low cost of synthesis and monomer precursors, high biocompatibility 

and stability make the conducting polymers (CP) very attractive for sensor manufacture.  This 

is  especially true of polyaniline (PANI) and polypyrrole (Ppy)[40,41]. Focusing on the 

PANI[42–46], it can be obtained in 3 different oxidation states, with the only conductive one 

being emeraldine in it protonated form (emeraldine salt – ES(Figure 1A)). The PANI as other 

CP is reversibly oxidized from its leucoemeraldine form to emeraldine involving 2 electrons in 

the process. Because of the advantage of the inherent proprieties cited above, PANI has been 

used in biosensors as well as a mediator[47–54] or as an immobilization matrix[55] for the 

detection of  a wide range of analytes such as ammonia [56,57], glucose [58,59], 

cholesterol[60–62].   



Commercial screen-printed carbon electrodes modified with polyaniline are utilised within this 

contribution. These devices are ideal for the fabrication of biosensors with high sensitivity, 

selectivity and efficiency as the technique of screen-printing used in their manufacture is well 

controlled and developed to such a degree that it is relatively easy to reliably  produce them at 

low cost in volume, yielding sensors with a high degree of reproducibility [63]. Moreover, 

there exist miniaturized variants of screen-printed electrodes making it possible to work with 

reduced sample volumes (few µL). Finally, these devices have been used in a big range of 

applications[64–66] due to their easy modification with enzymes, antibodies, DNA, to name a 

few. This contribution describes a qualitative alcohol approach for the monitoring of alcohol 

in sweat.  

2. MATERIAL AND METHODS 

 

2.1 Materials & Reagents  

Alcohol oxidase (AOX) from Pichia Pastoris(10-40 units/mg protein, Figure1B), 

glutaraldehyde (Grade II, 25% in H2O), 117 Nafion® (~5 % mixture of lower aliphatic alcohols 

and water), sodium bicarbonate (≥ 99.7 %, use as support electrolyte and control), potassium 

phosphate monobasic (≥ 98 %) and potassium phosphate dibasic (≥ 98 %) were purchased from 

Sigma-Aldrich. Urea, acetic acid (99.8 %), lactic acid (≥ 85 %), ammonium chloride (99.5 %), 

sodium chloride (≥ 99.5 %), sodium hydroxide (≥ 98 %), were used to prepare artificial sweat 

following the ISO 3160-2 and were also supplied by Sigma-Aldrich. All chemicals were used 

as received. All solutions were prepared in Milli-Q water (18 MΩ.cm). Absolute ethanol 

(EtOH-99.8 %) was supplied by VWR. 1 mM EtOH in 0.1 M sodium bicarbonate or synthetic 

sweat were prepared daily for analysis. AOX (0.075 U/L) was prepared daily in 0.1 M 

potassium phosphate buffer (pH 7.5) as recommended by the supplier. 

 

2.2 Instrumentation  

Metrohm carbon screen printed electrodes (SPE) with a 4 mm carbon working electrode 

modified with PANI (reference:110PANI), with carbon counter electrode and Ag reference 

electrode was used throughout with a maximum of 40 µL sample volume. To simulate a 

constant amount of sweat, a flow injection analysis (FIA) system (Metrohm) was used with 

the flow rate set at 0.1 mL/min. This delivered ~1 L of buffer over the course of 7 days to 

the specifically designed flow cell containing the PANI SPEs. 



2.3 Fabrication of AOX modified Electrode  

5 µL of 2.5 % 117 Nafion® was drop cast on to the working electrode and left to dry at room 

temperature. Afterwards, 40 µL of 0.1 % glutaraldehyde was deposited on the device and left 

to dry at room temperature during 5 h. Finally, a washing step with Milli-Q H2O is performed 

before 40 µL of 0.075 U/µL AOX is dropped on the electrode surface and left to dry at room 

temperature overnight (Figure 1C).  

 

 

 

 

 

 

Figure 1. Structure of the Polyaniline(A),  Structural domain[67] of the AOX monomer from Pichia 
Pastoris(B) and fabrication process of the sensor(C). 

 

3. RESULTS AND DISCUSSION 

 

3.1 Electrochemical Detection of Alcohol 

In an enzymatic sensor, a critical component of the design is the immobilization of the protein 

on the surface of the device. This step becomes even more vital for a sensor that must perform 

several times over multiple days. To address this requirement, the incorporation of conducting 

polymers was evaluated. One of the main advantages of conducting polymers is their 

biocompatibility with enzymes. Therefore, electrodes modified with PANI were investigated. 

Figure 2A illustrates the typical electrochemical response observed for a PANI film, showing 

the oxidation the emeraldine to leucoemeraldine and the associated reduction. When the 

enzyme is deposited on the electrode surface, the redox process is still observed but with a 

lower intensity due to the layer of the loaded enzyme. This decrease after immobilization of 

enzyme has previously been observed for films after enzymes were deposited [61,68] and 

suggests that electron transfer is hindered or slowed during the electrochemical reaction 

following deposition. There are a range of strategies for the immobilization of proteins ranging 

from the simplest such as adsorption [69] to more elaborated ones based on covalent 
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bonds[52,70–72] between species or cross linking[73], each of them with their own advantages 

and disadvantages. The main purpose of this work is to develop a sensor for the continuous 

monitoring of alcohol in sweat. Given the weakness of the bonds between AOX and PANI, the 

adsorption method would not be feasible. Therefore, a two-step approach using glutaraldehyde 

as a crosslinking agent between the enzyme and the polymer has been evaluated. A design of 

experiments has been done of 2 factors (concentration of AOX and percentage of 

glutaraldehyde) with 3 different levels for each of them. The results are provided in the 

supplementary information (Figure S1). It has been selected for further experiment, using 0.1 

% glutaraldehyde and 0.075 U/L, as a compromised between an acceptable current and 

economically viable reagent. 

 

Figure 2. Cyclic voltammetry of PANI modified electrode (black solid line line(A)), PANI modified 
electrode after immobilisation of AOX (grey short dash line(A)), 1mM H2O2 (solid line(B)) and 0.1M 
NaHCO3 (short dash line(B)) on PANI modified electrode, recorded in 0.1 M NaHCO3 as supporting 

electrolyte at a scan rate of 50 mVs-1 and Amperometric measurement (Eapplied: +0.9V; time:180sec) of 
1 mM EtOH (black solid line(C and D) and control (grey short dash line(C and D)) prepared in 0.1M 

NaHCO3). 

The mechanism of the enzymatic reaction is showed in Equation 1. The AOX will catalyse the 

reaction between the oxygen and the alcohol present in the sample to produce acetaldehyde  
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and H2O2. Afterwards, the H2O2 enzymatically produced will be electrochemically oxidised 

applying a constant potential. This oxidation will be seen through an increase in the intensity 

of the current recorded (Figure S2). The current would be proportional to the amount of H2O2 

generated and therefore provide an indirect measurement of the quantity of ethanol present in 

the sample. 

𝐸𝑡ℎ𝑎𝑛𝑜𝑙 + 𝑂2
𝐴𝑂𝑋
   𝐴𝑐𝑒𝑡𝑎𝑙𝑑𝑒ℎ𝑦𝑑𝑒 + 𝐻2𝑂2 (1) 

Equation 1. Enzymatic reaction on the sensing area. 

The oxidation of the H2O2 on PANI modified electrodes has been reported to  take place around 

+0.6 V [74,75]. On the Figure 2BError! Reference source not found., it can be observed how 

the oxidation of the hydrogen peroxide clearly appears at + 0.82 V. This potential is higher 

than previously published by other groups detecting H2O2 on PANI modified electrodes, 

although for mixed PANI/carbon electrodes these higher potentials have been observed[76,77]. 

One of the explanations could be that the amount of polymer in the ratio carbon/PANI is 

unknown and could be different than the one published by other groups. Another reason for 

this shift to higher potential would be the method used by the supplier to prepare the electrode 

and the polymer (doping process, electrochemical method) as this can impact on the 

electrochemical properties of the conducting polymer[78,79] as has been shown previously. 

Therefore, EtOH will be detected through the oxidation of the H2O2 present in the sample 

following reaction with AOX and monitored using amperometry. This is achieved by applying 

a constant potential during a period of time long enough to reach a plateau (Figure 2C). The 

shape of the amperogramm is characteristic of static system when the samples are not under 

any stirring action and are simply drop casted on the device[80–82]. The current which is 

recorded at this plateau is proportional to the concentration of H2O2 present in the sample and 

consequently to the amount of EtOH.  The difference in intensity (DI) between the control and 

the sample is utilised to qualitatively determine if EtOH is present in an unknown sample, if 

the sensor was monitoring the sample continuously (Figure 2D). It is essential to apply the 

adequate potential obtaining the highest analytical response and the highest specificity. In cases 

where a nonspecific potential is applied, the resulting current may be contributed by several 

electroactive species[83]. The lowest effective potential was chosen to avoid potential 

oxidation of other electroactive species in complex biological samples at high oxidative 

potentials. To achieve this, different potentials, from +0.2 V to +0.9 V were applied for 180 s 

and the resultant currents are shown in the supplementary file (Figure S3). It can be observed 

that the intensity of the current increases with more positive potentials. We therefore utilised 



an applied voltage of +0.9 V throughout this study. Those results are as expected viewing the 

shape of the cyclic voltammetry of Figure 2, where the maximum of the oxidation peak of the 

H2O2 was recorded around +0.82 V. It is not surprising to obtain the highest analytical response 

at +0.9 V. While the difference in response at 0.7 and 0.9 V on the CV is minimal, by holding 

the potential for 180 s results in a higher proportion of H2O2 undergoing oxidation following 

the interaction of EtOH with AOX, a more significant different in observed currents is observed 

in the chronoamperometry responses as seen in Figure S3. Note, higher potential have not been 

tested to limit as much as possible the interference’s effect (dopamine (+ 1.0 V), paracetamol 

(+1.1 V), [84,85]for instance or potential illicit substances[86]) at such positive potential, and 

for that reason, +0.9 V was utilised for subsequent analysis. This potential is the lowest 

effective potential avoiding potential oxidation of interfering electroactive species in sweat. 
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Figure 3. Amperometric detection(A) (Eapplied: +0.9V; time:180s) of ethanol (black solid line) and control (grey 
short dash line). Corresponding calibration curves (inset), Consecutive measurements(B) of 1 mM EtOH (black 

squares) and control (grey triangles). Test of the sensor with 1 mM EtOH (black squares) and control (grey 
triangles) after 3-month storage(C). 



 3.2 Analytical performance 

The analytical performance of this approach was also examined. The influence of EtOH 

concentration on the current response was investigated over a concentration range of 0.01 to 

1.00 mM (Figure 3A). This range has been selected based on the work published by A. Bhide 

et al.[23] where they managed to detect alcohol in sweat after ingestion of 1-3 drinks (0.65-27 

mM) of alcoholic beverages. For each concentration of the calibration study, 3 different sensors 

have been prepared and the average of the 3 obtained currents is plotted. As illustrated in Figure 

3AError! Reference source not found. and B, the current response increased linearly(R2 = 

0.993) over this concentration  range making the presented methodology suitable for the 

detection of small ingestions of alcohol. The detection limit (LOD) was calculated according 

to the 3sb/m criteria, where m is the slope of the linear range of the corresponding calibration 

plot, and sb was estimated as the standard deviation of the intercept. The LOD value thus 

obtained was 0.045mM/L which is 10 times lower than the amount of alcohol after the 

ingestion of 1 drink.  

3.3 Periodic detection of alcohol 

This work highlights the effectiveness of this approach for continuous monitoring of the 

presence of EtOH. Figure 3B illustrates the results obtained for an AOX-PANI modified 

electrode over 50 continuous scans over a 24-hour period, after a drop of 1 mM EtOH (black 

squares) or control (triangles). The same electrodes were used throughout the 24-hour period 

(at least 50 times in one day). After 3 measurements of 1 mM EtOH, a drop in the current is 

observed as expected when buffer has been placed on the device. The current increases again 

when 1 mM EtOH is dropped on the sensor. These increases and decreases in the current 

dependent on whether EtOH or control is sampled, which demonstrates the potential of this 

approach for a continuous monitoring of alcohol. The tendency in the general increase in the 

current recorded during each buffer analyses can be explained by the drying process. Alcohol 

traces may stay on the electrode surface and thus when the control buffer is tested the given 

response is due to the presence of alcohol in the previous tested sample. However, in every 

case the response increase if EtOH is added or decreases if a blank buffer solution is analysed 

highlighting that the approach can qualitatively determine if EtOH is present in the sample 

(Figure S4). This approach illustrates that the robustness of the sensor where it might be used 

over the course of 24-hours with over 50 measurements being taken while still being capable 

of providing qualitative information about the ingestion or not of small amount of EtOH (1 

mM being the equivalent of approximately 1 drink[23]). To simulate more accurately, its use 



for monitoring the presence of EtOH in sweat, it was tested within a specifically designed flow 

cell with a continuous flow rate of 0.1 mL/min. This ensured that the sensor did not dry out 

over the course of a 24-hour period. At defined intervals, 20 L of buffer or 1 mM EtOH were 

injected into the flow system, to simulate if EtOH had been consumed or not. As previously 

described, a voltage of +0.9 V was applied to the electrode after injections for 30 s and the 

resultant current monitored. This was done in triplicate, over the course of 11 days (Figure S5), 

this approach is still able to qualitatively determine if EtOH is present or not. The 12th day, no 

difference was observed between buffer and 1 mM EtOH, showing a similar trend to previously 

published work [87]. The proposed methodology is quite promising especially given the 

harsher mechanical forces present when using a simulated FIA system. If attached to the 

surface of an individuals’ skin, there is unlikely to be a high “flow” rate but more likely, the 

sample will evaporate with time and the volume of liquid on the sensor will be significantly 

lower. The goal of the FIA here is to maintain the electrode moisture content constantly. 

However, the flow rate generated by the pump may wash the electrode resulting in some 

enzyme leaking over the time, explaining the decrease in the current observed day to day. This 

washing effect would be considerably reduced on the skin of an individual. For these reasons 

the lifetime of the sensor is expected to increase when utilised on the surface of an individual.  

3.4 Long term stability 

Long term stability is another important parameter to take in account for potential future 

applications. Sensors have been prepared and after one hour drying at room temperature, the 

sensors are stored in a O2 free atmosphere for 90 days. After 3 months of storage, 40 L of 1 

mM EtOH or buffer is dropped successively on the different electrodes and amperometric 

measurements are performed by applying +0.9 V as previously described, with typical results 

shown in Figure 3C. As it can be observed in Figure 3C, after 3 control measurements the 

sensor is showing an expected behaviour. The shape of the plotted result is the same as 

observed in the section 3.3. A response is still obtained after 3 months when the sensor is stored 

in an oxygen free atmosphere at room temperature, and a clear difference can be observed in 

the intensity of the current at the end of the amperometric measurements (Figure S6)). This 

long storage stability is longer than other enzymatic sensors based on screen printed electrodes 

for the detection of alcohol[88][89]which obtained a 6 weeks and 8 weeks storage stability 

respectively. Moreover, the intensity of the current increases when 1 mM EtOH is analysed 

after the control measurements and decreases when a control sample is measured after running 

the samples containing ethanol. This highlights the potential for future real-world applications.  



3.5 Detection of alcohol in synthetic sweat 

  

In order to test the sensor in synthetic sweat, using the International Standardization 

Organization (ISO 105-E01:2013 Textiles and ISO 3160-2) recipe [90] the response of the 

system to 40 L of synthetic sweat (control) or 1 mM EtOH (prepared in synthetic sweat) was 

examined. As can been seen on the Figure S7 the sensor can distinguish between a sample 

containing alcohol and the control even in a complex matrix such as sweat. The reduced 

response was expected given the variety of components within sweat  (salts, acids) which can 

interfere in the response or reducing the enzyme activity[91–93]. This highlights the potential 

of such as system to be applied to long-term continuous monitoring within a biological matrix. 

Further work examining a larger range of possible chemical interferences and utilising a model 

system closer resembling human skin is needed to showcase the potential translation of this 

approach, nonetheless this work illustrates a proof-of-concept for electrochemical sensors 

within the field of continuous monitoring. 

4. CONCLUSION 

 

This contribution illustrated the proof-of-concept for an electrochemical sensor within a 

continuous monitoring application. Utilising disposable screen-printed electrodes modified 

with a PANI containing AOX film, a low-cost alternative to the complex instrumentation 

currently utilised for analysis of such samples is offered. Here we propose a timely qualitative 

sensor for screening of the consumption of alcohol, on a periodic basis. The ability of this 

approach to determine the presence of EtOH was demonstrated over 11 days and to function 

after 3 months storage. Finally, the sensor successfully manages to distinguish between control 

and EtOH samples within artificial sweat and with the capacity to operate with extreme low 

volume of samples. Within many health and law enforcement environments an easily obtained 

and rapid “yes or no” answer to the consumption of EtOH is often required, a criterion met by 

our proposed methodology. Despite the complex nature of matrices such as sweat, we did not 

observe any significant interference effects which negatively impacted upon our qualitative 

analysis at relevant concentrations. 

The proof-of-concept demonstrated within this contribution is strong, however further testing 

of the sensor is warranted. Current analysis has been performed on simulated scenarios utilising 

artificial sweat. In order to gain a greater understanding of the applicability of the current sensor 

it would be necessary to test the sensor upon other biological samples obtained following EtOH 

consumption. Further investigations into the impact of other commonly consumed substances 



such as medication, nicotine and / or illicit substances would also be of interest. Current 

investigations into the ability to negate the interference effect from naturally occurring species 

is on-going. Nevertheless, the current sensor design within the contribution demonstrates a 

promising avenue toward the expansion of electrochemical based sensors continuous 

individualised monitoring. 
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