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a b s t r a c t

This study describes a new strategy for real-time detection of alcohol in saliva and sweat. Phospho-
tungstic acid (PTA) is a colorless, photoelectrochromic heteropoly acid that can be reduced by ethanol
under ultraviolet (UV) radiation to produce an intense blue color. This system has useful properties in the
development of a new alcohol sensor: (1) the blue color can be detected by the naked eye or mobile
camera, even at low ethanol concentrations; (2) color intensity is proportional to ethanol concentration;
and (3) once exposed to air, reduced PTA is subsequently oxidized and returns to its colorless state of-
fering sensor reusability. Based on these properties, we developed a simple device consisting of a PTA-
impregnated non-woven material and a low-cost UV lamp that can be used to evaluate the alcohol
concentration in saliva and sweat. We further enhanced the practical applicability of this sensor by
demonstrating the integration of digital image analysis, multivariate analysis, and mobile camera tech-
nology with this sensor. This device can be potentially used in vehicles as a convenient, reusable alcohol
sensor for drivers.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

The World Health Organization estimates that diseases and ac-
cidents linked to alcohol consumption cause over three million
deaths per year. This risk increases in individuals aged 20e39 years,
where approximately 13.5% of all deaths can be attributed to
alcohol [1]. Alcohol is absorbed directly through the stomach and
small intestine, before it passes into the bloodstream where it ac-
cumulates, whereas a portion is metabolized by the liver or
excreted in the breath, urine, and sweat. Ethanol acts as a central
nervous system depressant, and its effects include cognitive,
judgment, memory, and motor impairment and sensory dysfunc-
tion. When large amounts are consumed in short periods (binge
drinking), it may cause vomiting, amnesia, or even death [2].

The standard means of determining alcohol levels in the body is
by the direct measurement of the blood alcohol concentration
(BAC). BAC is defined as the ratio between the mass of ethanol in a
nsal),
given volume of blood. BAC has been widely adopted as the key
parameter in tests to measure alcohol intake. However, BAC cannot
be measured in situ, as it requires the use of chromatographic
methods [3]. Real-time alcohol detection is usually performed with
a breathalyzer, which estimates BAC from the concentration of
ethanol in the breath. The limitations of this protocol include the
high cost of the device, the continuous need for recalibration, and
the short lifetime of ethanol in breath [4]. In addition, the use of
breathalyzer is typically challenging for people with compromised
lung capacity, such as those with asthma and other pulmonary
disorders, which restricts them from pumping sufficient amount of
breath in the device to allow measurements [5].

As ethanol is dissolved in all body fluids, it can be measured, not
only in blood or breath but also in urine, saliva, vitreous fluid, and
sweat [5,6]. Saliva and sweat have deserved special attention for
use in ethanol measurements because the ethanol levels in these
fluids match those of blood after a certain time of ethanol con-
sumption: in saliva: from 20 min of onward from the completion of
the drinking (the slope of the relationship: 0.95) [7], and in sweat:
1 h after alcohol consumption (the slope of the relationship: 1.01)
[8]. Therefore, in the context of road traffic regulations, both saliva
and sweat are good candidates formeasuring drivers’ blood ethanol
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levels. Furthermore, the current illicit drug testing for drivers is
based on a saliva swab, and the potential availability of a similar
saliva-based test for alcohol can offer a good proposition to regu-
lators and drivers alike.

The concentration of ethanol in human saliva is commonly
measured using enzymatic methods. The QED saliva alcohol test,
for instance, uses alcohol dehydrogenase and nicotinamide adenine
dinucleotide (NADþ) to convert ethanol to acetaldehyde and
reduced nicotinamide adenine dinucleotide (NADH) [9]. The NADH
is then measured photometrically and correlated to the ethanol
concentration in the sample [10]. Alco-Screen is based on two
enzymatic reactions: first, alcohol oxidase reacting with the
ethanol present in the test sample to produce hydrogen peroxide,
which, in a second reaction, oxidizes a color indicator (3,30,5,50-
tetramethylbenzidine or 2,20-azino-bis(3-ethylbenzothiazoline-6-
sulphonic acid) [11] in the presence of a peroxidase enzyme. Co-
lor intensity is related to the concentration of alcohol in the sample.

Sweat has traditionally been an underused resource in non-
invasive health monitoring, despite it containing a wealth of
physiologically relevant information [12]. Its usage is primarily
limited by the fact that it is hard to collect enough sample to
quantify analytes, unlike the case of urine or saliva [13]. Two stra-
tegies have been developed to overcome this limitation: (1) the use
of sweat patches that collect larger volume of sweat, which can
later be desorbed and analyzed by gas chromatography [14]; and
(2) induced sweat production through physical exercise or pilo-
carpine iontophoresis (local chemical stimulation of the sweat
glands) [15]. Once sweat has been extracted, the ethanol content
can be potentially determined by different techniques depending
on whether the measurement is in situ or it uses enzymatic re-
actions similar to that in case of saliva [16] or in a laboratory [17].

Polyoxometalates (POMs) have received widespread attention
because of their intriguing photoredox chemistry. A particularly
interesting property of POMs is photoelectrochromism, that is,
their ability to be reduced from a nearly colorless state to a colored
form in the presence of an electron (ee) donor under ultraviolet
(UV) light. The reduced POMs, commonly known as ‘heteropoly
blues’, present a characteristic deep blue color, which is visible to
the naked eye, even at low concentrations, because of their high
extinction coefficients [18e20].

In the present study, we propose a new colorimetric method to
measure the ethanol concentration in sweat and saliva using
phosphotungstic acid (PTA). Notably, unlike other colorimetric
methods, the proposed sensor does not use enzymes, which offers
the potential to overcome challenges of high assay costs and
enzymatic instability under ambient conditions. PTA, a multiredox-
active photoelectrochromic POMmolecule, is reduced to an intense
blue color by ethanol in the presence of UV light, allowing quan-
titative detection of ethanol. The subsequent spontaneous oxida-
tion of reduced PTA in air offers a unique feature of reusability to
these sensors. Using this concept, we have developed a sensor
device based on a PTA-impregnated non-woven material and an
inexpensive UV lamp, which in combination with the strengths of
mobile camera image capturing and multivariate analysis offers a
powerful platform for non-invasive detection of ethanol in body
fluids (Fig. 1).

2. Materials and methods

2.1. Reagents and instruments

PTA hydrate (H3[P(W3O10)4]$xH2O), phosphomolybdic acid hy-
drate (H3[P(Mo3O10)4]$xH2O), and artificial saliva and sweat con-
stituents were purchased from SigmaeAldrich. PMO (Na6
[P2MoVI18O62]) was synthesized as previously reported [21].
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Ethanol and acetaldehyde standards were prepared frommedicinal
ethanol (96%) and synthesis grade acetaldehyde (>99%), respec-
tively, both purchased from SigmaeAldrich. Reagents were
weighted using a BOECO Balance BAS 31 plus (d ¼ 0.1 mg).

The UV light sourcewas a Jiadi 36Watt Nail Gel Curing UV lamp,
consisting of four 9-Watt halogen tubes with lmax at 365 nm (UVA).
Headspace gas chromatography (HS-GC) analysis was carried out
using a 7890A Agilent (USA) gas chromatographer coupled to a
mass spectrometer triple quadrupole QuattromicroGC fromWaters
(USA). UVevisible absorbance spectra of solutions were recorded in
a 96-well plate format using a Nanoquant Infinite M200 Pro mul-
tilabel plate reader.

2.2. Artificial sweat and saliva formulations

To simulate human sweat and saliva, we used simplified for-
mulations containing the most relevant electroactive species
[22,23]. We prepared 100 mL of each fluid by dissolving solutes in
distilled and deionized water at the following concentrations:

2 � artificial sweat: 100 mM sodium chloride (NaCl), 5 mM
potassium chloride (KCl), 2.5 mM sodium sulfate (Na2SO4),
9 mM ammonium chloride (NH4Cl), 4 mM urea (CO(NH2)2),
40 mM lactic acid (CH3CH(OH)COOH), 0.24 mM glucose
(C6H12O6), and 0.06 mM ascorbic acid (C6H8O6)
2 � artificial saliva: 20 mM sodium chloride (NaCl), 30 mM
potassium chloride (KCl), 7 mM potassium phosphate mono-
basic (KH2PO4), 3 mM potassium phosphate dibasic (K2HPO4),
4 mM ammonium chloride (NH4Cl), 2 mM urea (CO(NH2)2),
2 mM calcium chloride (CaCl2), 0.4 mM magnesium chloride
(MgCl2), 3 mM lactic acid (CH3CH(OH)COOH), and 0.25 mM uric
acid (C5H4N4O3).
2.3. POMs reduction by ethanol

Three POMs were tested: phosphomolybdic acid (PMA), PTA,
and PMO. Aqueous solutions of POMs at 0.1, 1, 5, and 10 mM were
exposed to different ethanol concentrations. Even after 1 h, POM
reduction was not observed (t ¼ 0). These samples were then
irradiated under UV light for 10 min (t ¼ 10 min).

2.4. UV lighteinduced and ethanol-induced reduction of PTA

A fixed volume (100 mL) of aqueous PTA solution (10 mM) was
independently mixed with 100 mL of aqueous ethanol solutions at
different concentrations in a 96-well plate to give final ethanol
concentrations of 1, 2.6, 5.4, 10.9, and 21.7 mM and the final PTA
concentration of 5 mM. We prepared three controls: a mixture of
100 mL of PTA solution and 100 mL of H2O served as the PTA control;
amixture of 100 mL of PTA solution and 100 mL of artificial salivawas
used as the saliva control; and finally, a mixture of 100 mL of PTA
solution and 100 mL of artificial sweat served as the sweat control.

To test ethanol concentrations in saliva and sweat samples,
ethanol was first diluted (1/100) in artificial saliva or sweat. Then
100 mL of this ethanol in artificial saliva or sweat solutions were
independently mixed with 100 mL of an aqueous PTA solution
(10 mM), obtaining final ethanol concentrations of 1, 2.6, 5.4, 10.9,
and 21.7 mM. The plate was then sealed with an adhesive sealer to
prevent potential evaporation during UV light exposure. The plate
was exposed to UVA light (365 nm) for 30 min, and the absorbance
at 745 nm was recorded using a multilabel plate reader. The tests
were performed in triplicates, and the average absorbance at
745 nm was plotted along with standard deviations.



Fig. 1. Schematic of the developed sensor for determining EtOH concentration in sweat and saliva. The method is based on a PTA-impregnated non-woven material, an inexpensive
UV lamp and either naked-eye colorimetric detection or mobile phoneebased digital color analysis.
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2.5. Headspace gas chromatography

We used standards of acetaldehyde and acetaldehyde þ ethanol
to compare with the three different samples prepared for the HS-
GC analysis: (1) PTA-EtOH non-irradiated with UV light, (2) PTA-
EtOH irradiated with UV light for 30 min, and (3) PTA-EtOH irra-
diated with UV light for 210 min. PTA and EtOH concentrations
were 5 mM in all cases. Samples were gradually injected into the
chromatography column just after been irradiated to avoid reox-
idation by air, with the exception of (3) that was injected 24 h after
UV light exposure. Vials were maintained at room temperature
until insertion into the autosampler, at which time, they were
heated to equilibrium at 70 �C for 10 min with an agitation of
500 rpm. A 0.5 mL of headspace sample was injected into the col-
umn (capillary column VOCOL from Supelco, USA) with the injector
and transfer line bothmaintained at 220�C. The GC conditions were
as follows: column temperature began at 40�C, was held for 2 min,
then increased to 200�C at a rate of 8�C/min for a total of 20 min.
The GC was operated with a 10:1 split ratio with a 7 mL/min
continuous column flow rate using helium as a carrier gas. The MS
was operated in electron impact ionization (EIþ) mode at 70 eV.
The full scan was 20e250 Da, and the source temperature was
220�C.
2.6. PTA reductioneoxidation cycles

These experiments were performed both in solution and on the
surface of non-woven substrates. (1) Solution: 1 mL of aqueous PTA
solution (10mM)wasmixed with 1mL of aqueous ethanol solution
(21.8 mM) in a 10 mL glass vial with butyl septa to give a final
ethanol concentration of 10.9 mM and a final PTA concentration of
3

5 mM. The sample was exposed to UVA light (365 nm) for 10 min
and then left at room temperature for 60 min until they lost the
blue color. This cycle was repeated up to 15 times, and blue color
development on UV exposure was still repeatedly observed. (2)
Non-woven substrate material: A fixed volume (25 mL) of aqueous
PTA solution (5 mM) was placed over non-woven substrate mate-
rial pieces of 15 � 15 mm and dried overnight at 37�C. Once the
water in the drop of PTA was totally dried, a solid (PTA) appeared
deposited on the surface of the non-woven material. Subsequently,
a 10.9 mM EtOH solution was prepared in water, and 25 mL of this
diluted ethanol solution was placed over the PTA-embedded non-
woven substrate material. The sample over the non-woven sub-
strate material was exposed to UVA light (365 nm) for 10 min.
Pictures of the substrates were taken after each UV light irradiation
time with a Samsung SM-A920F mobile phone camera, and blue
color was followed by the naked eye. The blue drop was left at room
temperature to lose blue color and to allow EtOH solution evapo-
ration (around 45 min). Once dried, PTA was left embedded over
non-woven substrate material for reuse, and a new 25 mL aliquot of
the diluted ethanol solution was added. The cycle was repeated
three times, and blue color after the exposure to UV light was still
repeatedly observed.
2.7. UV lighteinduced and ethanol-induced reduction of PTA over
non-woven substrate material and linear discriminant analysis

A fixed volume (100 mL) of aqueous PTA solution (5 mM) was
placed over several non-woven substrate material pieces of
15 � 15 mm and dried overnight at 37�C. Ethanol was first
diluted (1/100) in artificial saliva or sweat. Then, 100 mL of these
solutions containing 1, 2.6, 5.4, 10.9, and 21.7 mM ethanol were
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independently placed on non-woven substrates over dried PTA.
Finally, the samples over the non-woven substrate material
pieces were exposed to UVA light (365 nm) for 10 min. Pictures
of the substrates were taken after each UV light irradiation event
with a Samsung SM-A920F mobile phone camera, and blue color
evolution was followed by naked eye. Each test was performed
six times. The red, green, and blue (RGB) colors from each sample
were picked from a fixed area containing an average of 12 points.
Three separate regions were chosen on a single image to
generate the RGB matrix where the RGB were displayed as
Generic RGB colors. The RGB values of the color images were
then tabulated and analyzed by linear discriminant analysis
(LDA) to generate independent clusters using the LDA score plots.
LDA was performed using OriginPro software. The training set
was created through replicate measurement of different ethanol
concentrations to create a matrix of six (replicates) � five
(concentrations) � three (RGB channels). All raw data were
subjected to LDA to differentiate the change in color against
ethanol concentration. This was used as the training matrix. The
same treatment was applied to another set of data to evaluate
the unknown ethanol concentration in the test samples.

3. Results and discussion

POMs are photoelectrochromic molecules, and their reduction
to a blue product requires two components, an electron donor and
an appropriate photoexcitation source, typically the UV light
[24e26]. POMs can, therefore, be used as sensors of UV radiation
doses in the presence of a fixed concentration of an appropriate
electron donor or as sensors of reducing analytes at a fixed UV
dosage. In this sense, we have recently reported that PMA can
differentiate between UVA, UVB, and UVC radiation in the presence
of lactic acid as an electron donor [18].

A large variety of POMs with a combination of different transi-
tion metals (Mo, W, V, Nb, and Ta) and heteroatoms (P, Si, and Al) in
their structure are commercially accessible [27e29]. Each of these
POMs displays a unique reducibility characteristic for the transition
metal embedded in the structure. This implies that by using an
appropriate POM molecule and UV light, different electron donors
can be potentially detected. In the present work, we use ethanol's
capacity to reduce PTA in the presence of UV radiation as a model
system to detect alcohol in simulated sweat and saliva formula-
tions. To the best of the authors' knowledge, this is the first time
that the application of a POM for colorimetric detection of ethanol
is demonstrated.

PTA was determined as the best candidate for alcohol detection
from a group of three POMs, including PMA ([PMoVI12O40]3�), PMO
([P2MoVI18O62]6�), and PTA ([PWVI

12O40]3�) investigated in our
current study. Although the aqueous solutions of three POMs are
almost colorless (PTA) or with a yellowish tinge (PMO and PMA),
their reduced forms are intense blue with broad absorption bands
in the UVevis regions centered around 700e800 nm. First, to
establish the proof-of-the-concept, we exposed aqueous solutions
containing different concentrations of the three POMs to increasing
ethanol concentrations at room temperature. None of the three
POMs were reduced directly by ethanol, even at high POM and/or
ethanol concentrations (Fig. 2).

We then repeated the previous experiments under UV radiation.
As shown in Fig. 2, PTA was reduced after 10 min of UV radiation,
even at low ethanol concentrations. The color change was visible to
the naked eye at PTA concentrations of 5e10 mM. Interestingly, the
blue intensity increased with an increase in the ethanol concen-
tration. Although molybdate-based POMs are generally more
effective redox catalysts than tungstates, the observed results are
4

expected as tungstates are more powerful oxidizing agents capable
of oxidizing a variety of organic compounds under UV and near-
visible radiation [30]. Overall, PTA was clearly the most promising
candidate, as it provided the strongest response, that is, an intense
blue color visible to the naked eye, thus highlighting the potential
of a PTA/UV light system for use as a colorimetric, concentration-
sensitive ethanol sensor.

The photoreduction of PTA takes place with the concomitant
oxidation of ethanol to acetaldehyde (Fig. 3A) [31]. This was
confirmed by (HS-GC), wherein acetaldehyde (MeCHO) and ethanol
(EtOH) gave signals at 4.56 min and 5.25 min, respectively, and the
positions of those signals were not significantly influenced in the
presence of PTA (Fig. 3B). To validate the PTA-induced oxidation of
EtOH into MeCHO, UV-exposure time-dependent experiments
were performed, which revealed continuously increased produc-
tion of MeCHO at the expense of EtOH with the increasing UV
exposure (Fig. 3C).

Interestingly, when the sample pre-exposed to the UV light
was subsequently stored in air for 24 h, no change in the HS-GC
profile was observed, suggesting that the reaction abruptly stops
once the photoirradiation is discontinued. This strong depen-
dence of PTA-induced EtOH to MeCHO conversion on the pres-
ence of UV trigger is quite useful in achieving enhanced sensor
stability, as the sensor output will not continue to change once
the UV irradiation source is removed. Overall, these in-
vestigations support the redox nature of the underlying chemical
reaction between PTA and ethanol and its good potential for
EtOH sensor development.

An additional advantage of using PTA as an alcohol sensor relies
on the fact that its reduced form can spontaneously reoxidize to a
colorless form in the air. In this context, PTA acts as a catalyst that
can convert to its original form after performing the redox reaction
mentioned previously. This oxidation of reduced PTA to its native
form solely relies on ambient O2 without affecting the relative
EtOH: MeCHO proportions in the reaction, as evident from the HS-
GC data (compare blue and red curves in Fig. 3C). Thus, PTA-based
sensors have a good potential to be reused for multiple cycles, as in
each cycle, fresh EtOH available to PTAwill oxidize toMeCHO on UV
exposure without exhausting the catalytic efficiency of PTA
[24e26]. In fact, these redox cycles are also the basis of the pho-
tocatalytic activity of tungsten-based POMs (e.g. PTA) [28]. In
contrast, it is quite hard to reoxidize the reduced forms of
molybdenum-based POMs (e.g. PMA and PMO), making PTA a
unique molecule for EtOH sensing.

To validate their reusability, once PTA was reduced by ethanol
under UV radiation, we exposed the blue sample to air. The blue
color completely disappeared after 60 min, returning to the initial
colorless PTA. Interestingly, when the sample was exposed to the
UV irradiation, it turned blue again. In fact, we could repeat the
oxidizedecolorless/reducedeblue PTA cycle at least 15 times
(Supplementary Information, Fig. S1). The sensor reusability is
commonly not achieved with colorimetric sensors, making this
property of PTA of paramount importance, as it can be exploited to
develop reusable ethanol sensor.

In subsequent experiments, we tested the ability of PTA to
detect ethanol in simulant human body fluids, such as sweat and
saliva. We first analyzed if the test based on PTA and UV irra-
diation showed any non-specific cross-reactivity with these
simulant body fluids (i.e. color production without ethanol). In
this experiment, we added PTA (5 mM) to simulant sweat and
saliva, spiked with the highest potential biological concentration
of other electroactive species, that is, glucose, lactic acid, ascor-
bic acid, and uric acid that are known to be generally present in
these body fluids [12]. As found in Fig. 4B, in these conditions,



Fig. 2. Ethanol-induced POM (PTA, PMO, and PMA) reduction in the absence or presence of UV light (10 min).

Fig. 3. (A) PTA/ethanol photo-redox cycle. PTA structure was obtained from Crystallography Open Database (COD, 9016537) [32]. The figure was created using Mercury
software. (B) HS-GC retention time (tR) and peak identification: acetaldehyde (4.56 min) and ethanol (5.25 min). (C) HS-GC study of a mixture of PTA and ethanol as a function
of UV irradiation time.
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hardly any color developed, pointing out that the potentially
interfering species in saliva and sweat do not compromise the
sensor operation. We subsequently repeated the same
5

experiments with simulated sweat and saliva spiked with
different concentrations of ethanol. As evident from Fig. 4, the
intensity of the blue color, corresponding to reduced PTA,



Fig. 4. (A) Photographs of wells with different ethanol concentrations and 5 mM PTA
after 30 min of UV radiation. Dashed-line rectangle marks the alcohol rate for novice
drivers and black rectangle for standard drivers. (B) Absorbance of the samples at
745 nm after 30 min of UV radiation.
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increased with ethanol concentration, becoming especially
intense at 5.4 and 10.9 mM ethanol. These ethanol concentra-
tions match BACs of 0.25 and 0.5 g of ethanol in 1 L of blood,
which are the maximum permissible alcohol concentrations for
novice and standard drivers, respectively, in most countries [33].

Once the ability of PTA to test the permissible alcohol con-
centrations for drivers was established, we set up a simple device
for practical applications by optimizing the UV light exposure
time and by embedding PTA in a non-woven substrate material.
For this purpose, a fixed amount of PTA solution (5 mM) was
drop-casted and dried over non-woven substrates, followed by
exposure to simulated sweat and saliva samples containing
different ethanol concentrations. After UV irradiation for 10 min,
we obtained similar results to those in solution, that is, the in-
tensity of the blue color increased with increasing ethanol con-
centration (Fig. 5A). However, the limited ability of human eye to
detect subtle changes in color intensities may restrict the ability
of this sensor to qualitative or, at the best, semiquantitative
analysis. To further expand the practical applicability of the
proposed EtOH sensor for quantitative detection of EtOH in body
fluids, we used digital color analysis of the images captured by a
mobile camera. The use of digital analysis has already shown its
potential to quantify colorimetric sensor data [34e37] with sig-
nificant progress already made in high-resolution imaging and
low power computing technologies. Further, the underlying al-
gorithms for digital analysis can be easily integrated with exist-
ing digital and mobile cameras without requiring significantly
new hardware components. The RGB color model is one of the
simplest tools that can be used for digital analysis, as an image's
6

color is a combination of these three components in different
proportions [36]. The RGB analysis can then either be combined
with discriminant analysis or red chromatic shift analysis to gain
critical insights into the sensor data, including analyte quantifi-
cation [34,35,37]. For instance, discriminant analysis of the RGB
values has previously allowed the development of a simple tool
for solvent identification [34,35]. We adopted a similar approach,
wherein we combined the RGB values of the color generated by
the sensor with a multivariate discriminant analysis
[34,35,38,39] to develop an efficient tool for confidently quanti-
fying ethanol concentrations in simulated sweat and saliva
samples. For this, we first assessed the change in color in each
case using a color evaluating program, which allowed conversion
of the color image into RGB values (Supplementary Information,
Figs. S2 and S3). It is clear that the extent of change in the RGB
values increases as a function of increasing ethanol concentration
in both simulated sweat (Fig. S2) and saliva (Fig. S3). It is also
evident that the UV exposure time plays a critical role in the
sensor operation with changes in the RGB values maximized on
10-min UV exposure. Therefore, we used LDA as the multivariate
statistical analysis tool of choice on the RGB values obtained after
10 min of UV exposure of the sensors to understand the extent of
color change under different experimental conditions. LDA
allowed quantitative differentiation of the RGB values of sensors
on its exposure to each of the tested ethanol concentration
(Fig. 5B and C). For instance, the analysis of the RGB values ob-
tained from different concentrations of ethanol in sweat gener-
ated three canonical factors where two of the factors were the
most significant. The two-dimensional canonical score plot of the
two dominant factors showed six independent clusters, each
corresponding to different ethanol concentrations used in the
present study (Fig. 5B). Although there was no overlap between
the clusters, clusters obtained at lower concentrations were close
to each other to some extent. It is important to note that the
distance between the clusters correlates well with the degree of
the color response obtained at different concentrations of
ethanol in sweat. Considering that LDA was able to distinguish
the different ethanol concentrations, we used this set of data as
the training set. We then validated the ability of the RGB-LDA
analysis to differentiate among ethanol concentrations in sweat
by determining the ethanol concentration in unknown samples
(test set). The system could identify the ethanol concentration in
the test samples with 100% accuracy. We then extended this
approach to assess the photographs of simulated saliva samples
on the sensor surface. As seen from the respective canonical plot
in Fig. 5C, RGB-LDA could discern different concentrations of
ethanol with high resolution, such that clusters corresponding to
each ethanol concentration appear independent of each other.
Based on this RGB-LDA analysis, we can infer that the proposed
sensor offers a limit of detection of 1 mM ethanol in body fluids.
Similar to that in the case of sweat, the system could identify the
ethanol concentration in the unknown test samples with 100%
accuracy. However, significantly better resolution of clusters in
saliva samples than in sweat suggests that the precision of the
proposed sensor for detecting different concentrations of ethanol
is likely to be significantly higher when saliva is used as a choice
of body fluid.

Finally, we checked the reusability potential of our ethanol
sensing device. For that, a drop of PTA (5 mM) was drop-casted and
dried over non-woven substrates, followed by exposure to 10.9 mM
of EtOH (0.5 g/L BAC). After UV radiation (10 min), a blue color
developed. Once air-dried, we repeated the same cycle twice more,
resulting in the reappearance of blue color (Fig. 5D). This suggests
that the proposed ethanol sensing device is reusable.



Fig. 5. (A) Representative photographs showing changes in the colors of sweat and saliva samples containing different ethanol concentrations on the surface of non-woven
substrate sensors preconditioned with 5 mM PTA after 10 min of UV radiation. Dashed-line rectangle marks the alcohol rate for novice drivers, and solid-line rectangle marks
the alcohol rate for standard drivers. (B and C) Canonical score plot for the RGB values obtained from LDA for different ethanol concentrations in (B) sweat and (C) saliva after 10 min
of UV exposure. The solid spheres (�) show clustering of data for different ethanol concentrations as obtained from LDA analysis of the training set, whereas the crosses (�) show the
ability of the chosen algorithm to confidently detect the concentration of ethanol in unknown samples (test set). (D) Sensor reusability study tested over a non-woven substrate
using 10.9 mM of EtOH (0.5 g/L) and 10 min of UV radiation. In each cycle, the first photograph corresponds to a PTA-impregnated substrate, whereas the second and third
photographs represent the EtOH solutions before and after UV exposure, respectively.

M. S�anchez, A. Gonz�alez, L. Sabio et al. Materials Today Chemistry 21 (2021) 100491
4. Conclusion

We have developed a new strategy for determining blood alcohol
content by measuring ethanol concentration in saliva and sweat.
This system is based on the use of colorless PTA as a photo-
electrochromic agent and a low-cost UV lamp. The alcohol con-
centration correlated with the intensity of the blue color produced
by reduced PTA, allowing quantitative colorimetric detection of
ethanol. Furthermore, after exposure to ambient air, the reduced
PTA was oxidized back to its original colorless form, providing a
7

unique potential for the reusability of the ethanol sensor. Based on
these properties, we developed a simple device, consisting of a PTA-
impregnated non-woven substrate material and a low-cost UV lamp,
which can be used to evaluate the alcohol concentration in saliva
and sweat. By incorporating digital color analysis with the colori-
metric sensor system, we showed the potential applicability of the
system to be used on site without any need for sophisticated
equipment. This simple sensor device that works with higher pre-
cision on saliva than in sweat can be used in vehicles as a conve-
nient, reusable alcohol sensor for drivers.
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