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Abstract

The aim of this study is to develop the first system based on chemical MOX sensors for
monitoring ethanol on the skin after consumption. Thus, non-invasive measurements to
monitor alcohol concentration and their correlation with blood and breathe Alcohol become
possible. Transdermal alcohol emissions by perspiration have been investigated during clinical
trials to demonstrate the relevance of this method. First, three commercial MOX sensors were
used after calibration in respect of the thermodynamic conditions of the skin surface. Then,
six volunteers have been selected for clinical trials with two cohorts of BAC target: 0.5 g/l and
0.8 g/I, and the three different sensors have been integrated in a wristband. We observed that
the skin emits ethanol concentrations and we found a consistent correspondence between
the kinetics of blood, breath and perspiration. MOX sensors can reliably estimate whether a
drinker consumed a low or significant amount of alcohol. After validating this method, we
developed our sensors based on tin dioxide thin sensitive layers with thickness of 50nm.

Sensitive properties of the films to ethanol were studied in the conditions of the skin surface.
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The sensor shows a higher response to ethanol (r = 7.8 for 50 ppm) with relative humidity of

50% and a lower consumption (55 mW) than commercial sensors (MICS 5524: 65 mW).



Keywords: metal Oxide sensor, gas sensor, ethanol detection, perspiration, transdermal

alcohol.

1. Introduction

Alcohol is one of the most important factors of avoidable death across the world, and
represents a high socio economic cost due to the alcohol related incidents and health concerns
(Alcoholism, alcoholic cirrhosis, cancer of upper aero digestive tracts, etc...), which continue
to increase [1-3]. Currently, the most commonly used alcohol detection methods are the
analysis of biological fluids such as blood, breath, or urine [4-6]. However, these detection
techniques have a limit of efficiency by not allowing continuous monitoring or passive
detection of the alcohol concentration in a non-invasive way. There is a growing need to
monitor indirectly the blood alcohol level of people who have jobs at risks, or for abstention
from alcohol for medical or legal reasons [7, 8].

Breathalyzers are widely used to determine BAC (Blood Alcohol Concentration) indirectly,
thanks to breath sample collection. Henry’s law allow to estimate BAC with a factor of 2100
comparing to BrAC (Breath Alcohol Concentration), but its results can be alter by humidity,
temperature, and individuals traits or by environmental factor [9]. One of the research areas
currently being investigated, is the detection of trace of alcohol on biological fluids existing
around the skin [10-13].

The interstitial fluid located just below the skin (around 500 um of the stratum corneum) have
an ionic composition similar to blood, and has been recently studied for alcohol monitoring.
The device is composed of an assembly of pyramidal structures with micro-needles

incorporating Pt and Ag wires, each with a micro cavity opening and integrating alcohol



oxidase enzyme for the detection of ethanol in the interstitial fluid. However this device is
invasive even if it is very low scale [10, 14-15].

Skin is considered as the largest organ in the body with around 1.5 m? surface area in adults
and the water loss (insensible perspiration) of the human skin shows a wide variations
between 3 and 25 pg H20 cm™?mint on the forearm [15]. Thus, since several decades the
increasing of noninvasive means for human lives safety, created great interest in research field
of volatile organic compounds (VOCs) detection in human body for wearable sensor
applications. The literature reported up to 400 VOCs emitted by human skin including ethanol.
Indeed, alcohol consumption generates the increase of ethanol concentration emitted by skin
[16]. After ethanol ingestion, it is metabolized principally by the liver and a little part is
removed in pure state by exhaled air or breath and also through the skin in proportion of 1 %

of consumed alcohol reported by Nyman and Palmlov [17-18].

Recent works used iontophoresis and electrochemical biosensing methods for determining
the BAC by monitoring ethanol concentration in sweat (sensible perspiration) induced by
pilocarpine via iontophoresis and amperometric detection of ethanol [12]. The biosensor is
composed by alcohol-oxidase enzyme and the Prussian blue electrode transducer. We notice
the correlation between the BAC and the values measured by the biosensor, however the
device is combined with a bulky non-wearable iontophoretic system, and required calibrating
the devices [8]. Besides other electrochemical biosensors based on iontophoresis and
amperometric detection of ethanol on a wearable temporary-tattoo platform have been
developed to detect alcohol on sweat [8, 12].

Skin emitted also insensible perspiration which enable to detect trace of alcohol and correlate
with Blood Alcohol Concentration. Indeed, water is lost from the skin in two ways: constant,

not visible, unnoticeable sweat in vapor phase from epithelial surface (insensible perspiration)



and sweat in liquid phase secreted by sweat glands [17-18]. Thus, insensible perspiration has
been studied in literature and allowed the development of both wearable devices (SCRAM
and WrisTAS) for measuring traces of alcohol on the skin [18-21]. The SCRAM is the ankle
bracelet currently used in USA by judicial system for monitoring alcohol consumption by
measuring ethanol in insensible perspiration. These devices are composed by electrochemical
sensors, are wearable and provide a reliable transdermal alcohol concentration. However they
are bulky and need regularly recalibration [17, 19].

In this document we will discuss a first wearable metal oxide gas sensors which enable
noninvasive alcohol monitoring on the skin. Our work consisted in the development of Metal
OXide (MOX) sensor capable to detect ethanol in insensible perspiration. The metal oxide gas
sensors are interesting because of their small size, low power consumption, continuous and
noninvasive measurements, good sensitivity and short response time and can be integrated
in embedded and autonomous device [23-25].

In the first stage, we monitored continuously transdermal alcohol concentration (TAC) with
commercial MOX microsensors and we correlated these data with blood (BAC) and breath
(BrAC) alcohol concentration, during clinical tests. With the aim to perform the clinical trials,
we selected 3 commercial MOX microsensors with good sensitivity to ethanol and we
integrated them in electronic bracelet.

After demonstrating that the ethanol is emitted through the skin in an amount sufficient to
be detected by the MOX sensors, we developed the first MOX multisensors for ethanol
monitoring through the skin, more sensitive and with the possibility of selective detection.
The sensitive material of SnO; thin film were deposited by RF reactive magnetron sputtering
on new transducers developed at the IM2NP Laboratory. MOX Sensor properties will be

investigated under ethanol exposure with interfering as humidity.



2. Experiment
2.1.Experimental Setup

An innovative and automated sensor calibration system was designed and built thanks to the

APPRISE (Personal Assistant of Health Prevention) project from Aix-Marseille University

(Foundation A*MIDEX) in order to test and study the sensor performances under ethanol

exposures. The experimental setup (Figure 1) was divided into three parts:

- Generation and control bench of ethanol, acetone and humidity vapors. Ethanol vapor is
generated by permeation system with different stages of dilutions via several automated
mass flow controllers (Figure 1a). Ethanol concentrations have been studied between 1
ppm and 100 ppm with relative humidity of 50 %

- An environmental chamber with temperature control and an integrated test cell made in
our laboratory to characterize and calibrate the sensors in the presence of various ethanol
concentrations (Figure 1b)

- A control and data acquisition systems (Figure 1c).

The gas flow rate is fixed at 250 sccm. Ethanol vapor is carried in the test chamber placed in

the environmental chamber at 33 °C which corresponds to the average temperature of the

skin surface. The sensor resistances are measured directly by three Keithley 2450

sourcemeters with a constant current biased sensor.

| —
|
Vector " : =
.
dry air A 7
— -
v Dilution Environmental Test Control and data
system chamber with acquisition system
temperature control with three
= and SnO, sensors sourcemeters, a
Eﬂ power supply and
Cu er
&4 Ethanol cetone 1 i
vapor Vapor Humidity
generation | [ generation || generation a) b) C)

Control bus

Figure 1. Experimental setup for ethanol microsensors characterization and calibration: Vapor generation (a),

Test chamber (b) and Data acquisition system (c).



2.2.Sensors calibration in Laboratory test bench
We selected three commercial VOCs sensors according to two criteria: ethanol sensitivity and
power consumption: MICS 5524 (SGX Sensors), TGS 8100 (Figaro Sensors) and CCS 801
(Cambridge Sensors) see table 1.

Tablel: Electrical parameters of MOX gas sensors used during clinical trials

unit TGS 8100 MICS 5524 CCS 801

Current Polarization A 20 1.7 1.4
Power consumption mwW 15 65 36
Heater voltage Vv 1.8 2.2 1.4

Response 50 ppm (RH: 50%) 2.56 3.83 2.04

The sensors were exposed to different ethanol concentrations during 30 s from 1 ppm to 100
ppm with 50 % relative humidity at a flow rate of 250 sccm. The MICS 5524 sensor showed
the best sensitivity (Figure 2) under ethanol vapor despite high relative humidity rate (RH 50

%). Therefore, we present only the results of the sensor MICS 5524 during the clinical trials.
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Figure 2. Comparison of commercial sensor responses under different ethanol concentrations



At a concentrations of 80 and 100 ppm, we observe two response levels, probably due to the
sensors saturation, hence the non-repeatability of the measurements.
2.3.Clinical trials
2.3.1.Subjects and criteria

All protocols were approved by the Ethics Committee and the National Agency for Safety of
Medicines and health Products (ANSM) and conducted according to Good Clinical Practices
and all subjects gave written informed consent before starting the trials. A total of six
Caucasian healthy adult alcohol drinkers (Alcohol consumption between 3 to 14 standard
glasses/week) composed of three men and three women were recruited and financially
compensated for their participation. Participants were recruited according to several inclusion
criteria. These characteristics included for example the age (between 22 and 28), a current or
past psychiatric disorder history, substance dependence history (no smoker or <5 cig/day), a

body mass index between 19 to 28 kg/m?2. Demographic characteristics are given in table 2.

2.3.2.Trial description
Trial lasted one day for each participant. Subjects were asked to fast after midnight on the day
of trial and it was confirmed via self-report on the morning of trial. Subjects’ urine and breath
samples were collected to perform drug, alcohol and pregnancy tests immediately upon
arrival at the pharmacology center of the Timone hospital at 7: 00 am. Then the subjects took
a breakfast low in lipid and fitted 2 wristbands, the first integrated MOX gas sensors and the
other wristband included humidity and temperature sensors. The wristbands were placed on
the subjects wrist so the sensors were almost directly facing the skin (about 2 mm). Volunteers
began alcohol administration 30 min after putting the wristbands on, allowing them to create
a base line of MOX sensors. Alcohol consumption lasted for 10 to 15 min before we began the

breath and blood sample collection to determine the Breath Alcohol Consumption (BrAC) and
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the Blood Alcohol Consumption (BAC), while MOX sensor measured alcohol emitted through
the skin by insensible perspiration (TAC). A meal was provided four hours after alcohol
administration. The test ended ten hours after alcohol consumption and the subjects BAC
controlled at 0.0 g/l for at least 3h minimum. Then the wristbands were removed. The Subjects

confirmed they were in total sobriety before leaving.

2.3.3.Alcohol administration protocol
The alcohol was given orally, which is the most described protocol found in literature and
which corresponds to the usual practice of alcohol ingestion. During the trial two different
targets of BAC will be studied: BAC of 0.5 g/l and 0.8 g/I, in compliance with the limits laid
down by French legislation. The main alcohol beverages consumed by each subject consisted
of a strong alcohol at 40 % (Vodka) mixed with a fruit juice. The amount of alcohol consumed
by each subject was calculated using the Widmark formula which is widely used but not
absolute and therefore may have some variability [20]. The final volume of beverage was

between 300 to 400 ml, depending on the subjects’ corpulence.

Table 2: Subject demographic characteristics and parameters of alcohol consumption

Subject 1 2 3 4 5 6
sex Female Male Female Male Female Male
Age (years) 25.5 245 26.0 25.0 23 24.5
Weight (Kg) 54 70 47 75 58 77
Target (BAC) 0.5 0.5 0.5 0.5 0.8 0.8
Alcohol consumed (ml) 47.0 54.0 73.0 79.0 83.5 129.0




2.3.4.Sample and Data collection

Blood samples were collected to determine and monitor the alcohol pharmacokinetics
appending on the amount ingested. The Blood samples were taken at precise time: T15’ (15
minutes after the end of consumption), T30’, T45’, T60’, T1h30, T2h, T2h30, T3h, T4h, T6h,
T8h, T10h. The total amount of blood was 84ml. The determination of BAC in the plasma was
performed by gas chromatography (GC) coupled to an Agilent 6850 Flame lonization Detector
(FID). The chromatographic column is a Macherey-Nagel capillary column OPTIMA WAX 30m-
0.25mm-0.25pum.

The Breath Alcohol concentration were measured at: T15'(15 minutes after the end of
consumption), 30°,45’, 60’, 1h30, 2h, 2h30, 3h, 4h, 6h, 8h, 10h using Alcotest® 7410 Plus from
Drager.

Transdermal alcohol concentration were performed thanks to wristband which integrated a
circuit of MOX gas sensors (TGS 8100, MICS 5524, CCS801) on a PCB included in little cavity
with a size of 0.5 cm?3. The cavity is opened on the top of the wrist skin surface. The mobile
test bench (Figure 3) and this specific wristband (Figure 4) have been especially designed for
clinical trials. MOX gas sensors were polarized with a constant current (1) and the conductance
variation were measured by three Keithley 2450 sourcemeters continuously all the time of

clinical trial for each subjects.

Figure 3. Mobile test bench for clinical trials
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Figure 4. Bracelet with the three MOX sensors

2.4.5n0; sensors for transdermal ethanol monitoring
2.4.1.Sensitive material SnO2

We selected tin dioxide based sensitive layer relying on the results reported in the literature.
Tin dioxide is n-type semiconductor oxide with a wide-band-gap (3.6 eV), and a wide range of
applications for various types of oxidizing or reducing gas/vapor detection. It is one of the
most sensitive layer used [25-31]. Our SnO; sensitive thin layers were deposited by RF reactive
magnetron sputtering technique on transducers patented by the CNRS-AMU-IM2NP
laboratory. These transducers are designed to have three sensors and two heaters in the same
membrane.

In this study we will present only the response of the central sensor. A thickness of 50nm of
the sensitive layer was measured by Dektak-6 profilometer. In fact, the thickness of the
sensitive layers plays a major role in improving the sensitivity of the sensors. The choice of a
thickness of 50 nm follows from previous studies and literature [32]. During the deposition
process a residual gas pressure and the Ar/O, mixture were fixed respectively at 22 pbar and
40 %/60 %. Finally an annealing under dry air at 500 °C for 12 hours was done in order to
improve the film oxidation, the nano-crystallization, and the stability of the sensitive layer.
Figure 5 shows the XRD patterns of SnO; thin film. The diffraction peaks show tetragonal rutile

structure of SnO; (JCPDS N°72-1147).
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Figure 5. XRD patterns of SnO2 deposited by RF reactive magnetron sputtering

3. Results and discussions
3.1.Clinical results trials
3.1.1.Blood Alcohol Concentration
After collecting and analyzing blood samples from each subjects, we observed that only the

subjects n°6 (Male) and n°1 (Female) actually achieved the expected blood alcohol levels, see

figure 6.
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Figure 6. Blood Alcohol Concentration Peaks by GC-FID analysis according to clinical trial subjects

We focused the results on the subjects N ° 1 and N ° 6, because it is for these subjects that the
measurement protocol was the most successful and which reached the blood alcohol

concentration expected for (respectively 0.5 g / | and 0.8 g / ), following ingestion of the

alcohol dose.
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3.1.2.Comparison of BAC, BrAC, TAC

The sensor conductance variations have been carried out continuously during the clinical
trials. Figures 7 and 8 illustrate the evolution of Blood, Breath and Transdermal Alcohol
Concentrations as function of time respectively for Subjects N°1 (peak BAC: 0.5 g/I) and N°6
(peak BAC: 0.8 g/L). Transdermal Alcohol Concentration is based on MICS sensor conductance
value. The first measurements were not very satisfactory as the sensors already detected the
ethanol in the ambient air coming from the glass before consumption. Also, we had to improve
the measurement protocol by isolating the sensor from the environment of the room by
improving the tightness of the bracelet to be sure only the ethanol obtained by perspiration
will be detected.

After drinking alcohol, blood tests and breath analyses showed a rapid rise in blood alcohol

levels to a maximum of about 30 min for subject N°1 and 45 min for subject N°6.
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Figure 7. Comparison of BAC, BrAC, and TAC for subject N°1

Regarding subject N°1, after the ingestion of the alcohol, it took 2h30 to stop traces of

alcohol in the breath and 3h to no longer have any traces of alcohol in the blood and have
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a peak delay of about 25 minutes. Beside, on the skin the sensor conductance don’t
thoroughly return to base line even 10 hours after alcohol ingestion. This kinetics is
comparable with other MOX sensors and for other subjects. This can be explained by a

very slow evacuation rate of alcohol through the skin [18-19].
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Figure 8. Comparison of BAC, BrAC, and TAC for subject N°6

Regarding subject N°6, it takes about 6h to stop traces of alcohol in the blood and in the
breath. In the same way we will note an increase in the conductance of the MOX sensors,
followed by a slow decrease in both cases. This variation can therefore be correlated with the
concentration of alcohol in the blood. These results show that the quantity of ethanol
evaporated from the skin is sufficient quantity to be detected by MOX sensors by perspiration
and the blood alcohol level (BAC) can be estimated after sensors calibration. We can also
observed that the TAC alcohol curve (G) is right shifted from the BrAC and BAC alcohol curves,
with a peak delay of about 80 minutes and took longer to reach zero. This behavior of the
sensor responses is certainly due to the metabolism of the human body at the skin level. The

same kinetic behavior was observed in alcohol elimination by urine [22].
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After demonstrating that the alcohol emitted by the skin after consumption can be detected
by the MOX sensors and can be correlated with the blood alcohol Concentration, we will
develop our MOX sensors based on SnO; sensitive layer, that will be more sensitive to ethanol,

with a more stable baseline and with lower power consumption than the current sensors.

3.2.5n0; Gas sensor results
3.2.1. Working temperature
Gas sensors were characterized using the ethanol test bench previously described in section
“experimental setup 2.1”. Figure 9 illustrates the sensor dependence to the temperature using
different concentrations (10 and 50 ppm) of ethanol with relative humidity of 0% and a gas
flow rate of 250 sccm. The responses increase with temperature up to 280°C and seems to be
decreasing after this temperature. It is well known that the response has a maximum for a
given temperature. Indeed the increase of the sensitivity can be attributed to the fact that the
thermal energy supplied is high enough to overcome the activation energy barrier to enable
the redox reaction and a significant increase in electron concentration induced from the
sensing reaction. Here we had chosen to operate at 280 °C which represents our optimal
temperature. Therefore we set the operating temperature at 280 °C, the power required to

reach this temperature is 55 mW.
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Figure 9. SnOz Sensor response versus temperature for ethanol concentrations with RH of 0%

3.2.2.5n0; sensors sensitive properties to ethanol
The sensors were exposed to different concentration of ethanol. Ethanol concentrations have
been studied between 1 ppm and 100 ppm with relative humidity of 50 % during 30 s. The gas
flow rate is fixed at 250 sccm with a temperature of 33 °C. The sensors were polarized at 1V
and the power consumption was fixed at 55 mW for the three sensors, which corresponds to
the optimum working temperature around 280 °C. Figure 10 shows the SnO; typical sensor
response to ethanol. It can be seen that the sensor shows a high sensitivity, a baseline stability
and fast response and recovery. These results can be attributed to the transducer used and to

the sensitive layer properties.
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Figure 10. Sensor response for ethanol concentrations, from 1 ppm to 100 ppm
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In fact, in metal oxide ethanol sensors as SnO; sensors, the interaction between ethanol
molecules and lattice oxygen Oo* can be described by the reaction (in Kroger-Vink) as below
[33]:
600" + CH3CH20Hads) = 2COz(g) + 3H20 () + 6Vo + 12€°

In the same way, the interaction between ethanol molecules and adsorbed species as Oz and
0,% can be described as:

CH3CH20H (ads) + 302 (ads) = 2C0O3 (g) + 3H20(vap) +3e”

CH3CH20H (ads) + 3027 (ads) = 2C0O; () + 3H20(vap) +6e
As a result, the conductivity of the sensor will increase with the ethanol concentration due to
the electrons produced by these reactions, as SnO; is an n-type semiconductor.
Otherwise our SnO; sensor response was compared to commercial sensors, used during the
selection of commercial MOX sensors (TGS 8100, MICS 5524, CCS 803, CCS 801, TGS 2620, TGS

2602) for clinical trials, see figure 11.
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Figure 11. Comparison of sensors response to ethanol

All sensors were tested at their optimum power of ethanol detection (TGS 8100: 15 mW, MICS

5524: 65 mW, CCS 803: 36 mW, CCS 801:36 mW, TGS 2620: 210 mW, TGS 2602: 280mW and
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our Sn0O3 sensors: 55mW) under two different concentrations of ethanol: 10 ppm and 50 ppm
with a relative humidity of 50%. It's easy to see that our sensor is more sensitive than the
commercial sensors tested and therefore will have a better detection of the transdermal
alcohol on the surface of the skin.

However the SnO; sensors can be more or less sensitive to ethanol and interference gases.

The reactivity between gases and the sensitive layer is a key part of the selectivity.

4. Conclusion and perspectives

This study reports real possibilities to detect ethanol vapor through perspiration across the
skin using MOX sensors. The results confirm that the two concentrations of ethanol absorbed
by the volunteers (0.5 g/l and 0.8 g/1) can be discriminated. So, we have seen that it is possible
to monitor non-invasively the blood alcohol levels. The responses were slightly shifted in time
due to the body metabolism processes. The delay between BAC peak and TrAC peak has varied
between 25 and 80 min. To improve MOX sensor sensitivity, we developed metal oxide sensor
based on SnO; sensitive nanostructured material. The sensors characterization have
demonstrated a high response to ethanol and a fast response and recovery times compared
to commercial sensors. These sensors should allow a better detection of alcohol on the skin
surface. Additional studies will improve the selectivity of the sensors by the use of all three

sensors of our chip.
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