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ARTICLE INFO ABSTRACT

Driving under the influence of cannabis and alcohol represents a major safety concern due to the synergistic
or additive effect of these substances of abuse. Hence, rapid road-site testing of these substances is highly
desired to reduce risks of fatal accidents. Here we describe a wearable electrochemical sensing device for the
simultaneous direct, decentralized, detection of salivary THC and alcohol. The new ring-based sensing
platform contains a voltammetric THC sensor and an amperometric alcohol biosensor on the ring cap, along
with the wireless electronics embedded within the ring case. Rapid replacement of the disposable sensing-
electrode ring cap following each saliva assay is accomplished by aligning spring-loaded pins, mounted on
the electronic board (PCB), with the current collectors of the sensing electrodes. The printed dual-analyte
sensor ring cover is based on a MWCNT/carbon electrode for the THC detection along with a Prussian-blue
transducer, coated with alcohol oxidase/chitosan reagent layer, for the biosensing of alcohol. THC and
alcohol can thus be detected simultaneously in the same diluted saliva sample within 3 min, with no cross
talk and no interferences from the saliva matrix. The new wearable ring sensor platform should enable law
enforcement personnel to screen drivers in a single traffic stop and offers considerable promise for ad-
dressing growing concerns of drug-impaired driving.
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1. Introduction drug detected in impaired drivers and motor vehicle crash victims

[7-9]. Researchers have recently found that drivers who had consumed

Alcohol and cannabis are the most commonly used psychoactive
drugs, and they are often used in combination [1-4]. Driving under the
influence of cannabis and alcohol is an increasing concern due to the
synergistic or additive effect of both compounds. Unfortunately, the
number of drivers using both cannabis and alcohol has increased dra-
matically in recent years. Recent reports have shown that over 10
million people in the United states have been driving under the impact
of unlawful drugs over a year [5], and that 32% of the total fatalities
from car crashes in the U.S.A in 2008 have been alcohol related [6].
Two thirds of the US trauma centre admissions are due to the motor
vehicle accidents with almost 60% of such patients testing positive for
drugs or alcohol [7]. Marijuana has been found to be the most prevalent
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mixed alcohol and marijuana have double odds of suffering a fatal road
accident [10-13]. Other studies show that collision risk, after mixing
the substances, is four times greater than the risk of a person who used
only one of the substances [14,15]. Cannabis, cocaine and metham-
phetamine are the drugs most frequently detected in drivers randomly
stopped for roadside drug screening [16]. It is important to notice that
driving impaired by any constituent, whether marijuana or alcohol, is
illegal and against the law in the United states. With the recent lega-
lization of recreational cannabis use, there are urgent needs to develop
rapid, accurate and simple roadside tests that can detect A°-tetra-
hydrocannabinol (THC), the main psychoactive ingredient in cannabis
[17], in non-invasive body fluids alone or simultaneously with alcohol.

Received 3 December 2019; Received in revised form 8 January 2020; Accepted 16 January 2020

Available online 16 January 2020
0039-9140/ © 2020 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/00399140
https://www.elsevier.com/locate/talanta
https://doi.org/10.1016/j.talanta.2020.120757
https://doi.org/10.1016/j.talanta.2020.120757
mailto:josephwang@eng.ucsd.edu
https://doi.org/10.1016/j.talanta.2020.120757
http://crossmark.crossref.org/dialog/?doi=10.1016/j.talanta.2020.120757&domain=pdf

R.K. Mishra, et al.

Existing roadside testing of suspected impaired drivers commonly in-
volved a number of different tests.

THC is a psychoactive drug which can be detected in body fluids,
such as saliva and blood, three to six hours after its consumption, and
can be retained in the body for several days [18]. Unlike the roadside
testing of alcohol in breath, there is no established rapid on-site
screening method for detecting THC [19-21]. Current THC measure-
ments in body fluids, such as blood, urine and saliva, are performed by
centralized laboratories using classical methods and bulky instruments
based on liquid chromatography, GC-MS and GC-MS with solid phase
micro-extraction [22,23]. As cannabis may exist at measurable amount
in the oral bio-fluid, and owing to its simple sample collection, saliva is
one of the recommended matrices for detecting THC, and is highly
suitable for rapid on-the-spot roadside tests [24-26]. Saliva-based THC
detection is of particular interest for on-site screening, as it is a non-
invasive method, and unlike blood assays, obviates the need for in-
vasive sample collection [27]. The concentration of THC in saliva is a
function of the time since the marijuana consumption [19], with a
maximum salivary THC level of 16 uM observed 1-2 h after consuming
the drug [28]. The ability to detect THC along with alcohol in the same
saliva sample is of particular recent interest considering the synergistic
effect of these drugs and the growing simultaneous recreational use of
these substances.

Wearable electrochemical sensors are very promising tools to detect
THC, as well as alcohol, in a timely and convenient manner. THC is an
electroactive compound and its oxidation reaction was discussed earlier
[29]. However, the electrochemical detection of THC is challenging due
to its hydrophobic character [18]. To address this challenge and im-
prove the THC solubility researchers have used different organic sol-
vents prior to its voltametric detection using glassy carbon electrode
[30]. Another electrochemical approach involved the preconcentration
of THC onto a carbon-paste electrode sensor [29].

We have witnessed a tremendous recent interest in wearable sensors
for on-body and on-site chemical detection [31-36]. Such wearable
chemical sensors have recently been introduced in a variety of form
factors, based on different clothing and accessories which can comfor-
tably be worn on the body. While early efforts towards wearable che-
mical sensors have focused on healthcare and fitness monitoring, recent
activity has led to the wearable devices for security and forensic ap-
plications [37-40]. We demonstrated recently a ring-based sensor
platform for detecting explosives and nerve agents in liquid/vapor
phases [40]. An oxygen saturation (SpO-) sensor, embedded in a finger
ring, has been developed by Sola et al. [41]. To the best of our
knowledge, there are no reports on using wearable devices for detecting
THC. On the other hand, wearable alcohol sensors have been demon-
strated using sweat [42,43], saliva [44] and tears [45] biofluids, with
good correlation to blood alcohol concentrations [46].

Herein, we demonstrate a ring-based sensor platform for the direct,
rapid and simultaneous electrochemical detection of THC and alcohol
in diluted saliva. The dual drug-of-abuse sensing ring cap offers direct
square-wave voltammetric detection of THC along with amperometric
(enzymatic) biosensing of alcohol, with no apparent cross talk, and high
sensitivity down to 0.5 pM THC and 0.2 mM alcohol. The wearable ring
body contains the embedded electronic board and enables a wireless
data transmission. The board houses the potentiostatic circuitry, the
microcontroller unit (MCU) and the antenna. Spring loaded pins are
used to connect the printed circuit (embedded within the ring case), to
the exposed current collectors of the sensing electrodes on the ring cap.
Such alignment of spring-loaded pins allows rapid replacement of the
sensor cover following each saliva assay. The resulting wearable THC/
alcohol ring sensor holds considerable promise for on-the-spot roadside
screening for drug-impaired driving and for alerting wearers about their
own intoxication levels before driving. We hope that this activity will
be extended to the use of wearable devices for detecting other major
drugs of abuse.
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2. Experimental
2.1. Chemicals and materials

Ag/AgCl ink (E2414) and carbon-Prussian blue (PB) ink
(C2070424P2) were obtained from Gwent Inc. (Torfaen, UK). Carbon
graphite ink (E3449) was obtained from Ercon Inc (Wareham, MA,
USA). All inks were used as received. Polyethylene terephthalate (PET)
was used as the substrate for fabrication of screen-printed electrodes.
Analytical grade dipotassium hydrogen phosphate (K;HPO,), potassium
dihydrogen phosphate (KH,PO,), sodium acetate, potassium chloride,
ethanol, A°-Tetrahydrocannabinol solution (1.0 mg/mL in methanol,
analytical standard, for drug analysis), ethanol, chitosan, glutar-
aldehyde, multiwall carbon nano-tube and alcohol oxidase (AOx) from
Pichia pastoris were obtained from Sigma-Aldrich (St. Louis, MO, USA).
All reagents were used without further purification. For on-body mea-
surements, a commercial Breathalyzer (BAC track(R) s80) was used to
assess blood alcohol concentrations. All chemicals were of analytical
grade and used without further purification. Ultrapure deionized water
was used in the preparation of aqueous electrolyte solutions.

2.2. Screen-printed electrodes fabrication process

Screen printing was carried out by following our previous publica-
tions [40]. Briefly, a semi-automatic MMP-SPM screen printer (Speed-
line Technologies, Franklin, MA, USA) and custom stencils designed
using AutoCAD software (Autodesk, San Rafael, CA) and produced by
Metal Etch Services (San Marcos, CA, USA) using stainless steel stencils
with dimensions of 12 X 12 inches were used. The alcohol biosensors
were screen-printed on a flexible PET sheet through multiple steps.
First, Ag/AgCl ink was used to prepare the reference electrode and the
conductive trails used for the electrical connections. The printed sheet
was then cured at 80 °C for 10 min. Subsequently, Carbon Prussian Blue
(PB) ink was used to print the working electrode and the layer was
cured at 75 °C for 10 min. Further, the working electrode was modified
by drop casting method. For the alcohol biosensor, 3 pL of enzyme
mixture (9:1 ratio of commercial AOx solution to 10 mg/mL BSA in
PBS) was applied to the working electrode and allowed to dry at 4 °C for
2 h. Next, 2 pL of 0.5% chitosan was applied over the dried enzyme
layer, followed by 0.5 pL of 2% glutaraldehyde, and the biosensor was
dried at 4 °C overnight. The transparent insulator (Dupont 5036, Wil-
mington, DE) was used to define the electrode area. For preparation of
THC sensor, 1% MWCNT was mixed with carbon ink and used for
printing the working and counter electrodes.

2.3. Electrode interface and electronics

The developed sensor strip was connected to a small lab-made
wearable wireless potentiostatic board which was developed on an FR-4
substrate, a composite material made of woven fibre glass cloth with an
epoxy resin binder that is flame resistant. The board — embedded within
the ring case - contained a SWV and amperometric circuit designed for
three-electrode system: working (WE), counter (CE) and reference (RE)
electrodes. The SWV circuit facilitates scanning potential excitation
waveform controlled by a micro controller unit (MCU). The MCU
functions to integrate an analog-to-digital converter (ADC) for the
current measurements at the WE. Details on the functionality of ring
board were described earlier [40] and further in the Results and Dis-
cussion section.

2.4. Electrochemical measurements

The square wave voltammetry (SWV) and amperometric experi-
ments were carried out using a home-made wireless potentiostatic
circuitry, embedded within the ring platform. The electrochemical
system was set using a screen-printed four electrodes system (WE1,
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WE2, RE and CE), which used Ag/AgCl as a joint reference electrode
and carbon as joint counter electrode. For THC detection, SWV mea-
surements were carried out at WE1 using electrode printed from 1%
MWCNT modified carbon ink. The frequency, amplitude and E step
were set as 20 Hz, 0.025V and 0.004 V, respectively, and the potential
was scanned from O to +0.8V. For ethanol biosensing, PB/AOx mod-
ified carbon electrode was used as working electrode (WE2) along with
amperometric measurements at an applied potential of —0.1V for 90 s
for monitoring the reduction of the enzymatically generated peroxide.
For each individual electrochemical measurement, 200 uL solution
droplet was dispensed on to the electrode to cover the entire electrode
surface of the ring cap. To establish the ethanol calibration curve, first,
the baseline of the buffer (PBS) medium was recorded at least for five
scans before spiking the ethanol over the 0.2-1 mM concentrations
range with 0.2 mM increment. For THC detection, a freshly prepared
500 uM THC solution was used to construct a calibration curve. First, a
stable, noise-free buffer baseline was recorded using SWV and subse-
quently for THC solutions over the 1-6 uM range, with 1 pM THC in-
crements.

2.5. THC/alcohol detection in saliva

For the detection of THC and alcohol in saliva, different con-
centrations of both analytes were prepared. Saliva samples were col-
lected immediately before analysis by spitting into a salivette tube and
were centrifuged to 10,000 rpm for 2 min. Four different aliquots of
centrifuged saliva were taken in four different Eppendorf tubes and
were spiked with known THC concentrations between 10 and 40 uM.
Next, these THC-spiked saliva samples were diluted 10-fold in PBS and
assayed on the ring cap sensor. The same saliva collection protocol was
used for alcohol detection. The collected saliva samples were divided
into six vials and spiked with ethanol to prepare final concentrations
ranging from 1 to 6 mM; these samples were subsequently diluted for
10 times to record the amperometric response. The analysis began with
recording of baseline (saliva with no ethanol) until it was stable, fol-
lowed by switching to the diluted saliva sample containing ethanol
within the 0.1-0.6 mM range. The total time for the simultaneous al-
cohol and TCH detection was ~6 min, including 3 min for the saliva
collection and treatment and 3 min for the alcohol and THC electro-
chemical measurements.

3. Results & discussion
3.1. Concept and mechanism of THC and alcohol ring sensor

The new dual-analyte THC/alcohol ring sensor system was realized
using our previously described miniaturized ring potentiostatic board
capable of performing SWV and chronoamperometry (CA) [40]. As il-
lustrated in Fig. 1, the ring is composed primarily of three parts, a ring
case, the electronic board and the sensor strip. The ring case is used to
enclose the electronic board, which has wireless capabilities to carry
out the voltammetric and amperometric measurements. The printed
sensor electrodes on the ring cap were coupled to the electronic board
(Fig. 1A). The unique connection system between the sensor and the
ring board will be further discussed in Fig. 2. For the dual THC/alcohol
detection in saliva, a screen-printed sensor layout was designed to re-
semble the cannabis plant leaves (Fig. 1Aa). The sensing system consists
of 4 electrodes: two working electrodes (WElryc and WE2,0, with
exposed areas of 23 and 8 mm?, respectively), the counter electrode
(52 mm?), and a Ag/AgCl reference electrode printed in between the
two working electrodes (24 mm?). The THC electrode was fabricated by
using screen-printing of a carbon graphite ink (Ercon Inc) modified with
MWCNT (1%). The THC detection was performed by SWV, while
monitoring the THC oxidation over a potential window from OV to
+1.0V. The complete four-electrode sensor ring for detecting the THC
and alcohol, worn on a human subject finger, is illustrated in Fig 1Ab
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and Ac shows the ring sensor structure with embedded electronic
component along with the printed sensor strip with dual electro-
chemical modality (SWV and amperometry). THC is a phenolic mole-
cule and its electrochemical behaviour resembles a typical phenolic
voltammetric response [47-49], with a well-defined irreversible anodic
peak current at +0.35 V (red curve), corresponding to a one-electron
oxidation process shown in the reaction mechanism of Fig. 1B. The
working electrode transducer for the alcohol biosensing was printed
using Prussian Blue ink (Gwent Inc.), which was later modified with a
bio-recognition layer of AOx/chitosan/glutaraldehyde [42]. The al-
cohol signal was recorded by monitoring the selective reduction of the
hydrogen peroxide (H,0,) product of the AOx reaction at the Prussian
Blue transducer (Fig. 1B right side). Such cathodic current signal is
directly proportional to the ethanol concentration [45]. A typical
chronoamperometric response to ethanol is shown in the schematic in
Fig. 1B (in blue).

3.2. Electronic board design and integration for ring sensors

The marijuana-leaf shaped printed electrode layout has been con-
nected to a miniaturized square-shaped potentiostat performing the
SWV and CA operations. The small printed circuit board (PCB) was
developed through the stacking of two electronic printed circuit boards.
The wearable ring sensor platform is enabled with both electrochemical
techniques SWV and CA (Fig. 1Ba). As illustrated in Fig. 2A, several
steps were involved to fabricate the screen printed sensor strip, which
sequentially included printing of a Ag/AgCl layer on PET substrate,
then printing of carbon and Prussian blue layers, following by printing
of the insulating layer to restrain the sensor diameter and define the
active area and to protect the standing connectors. Fig. 1Ab illustrates a
dual printed sensor array on PET while Fig. 2Ba shows the square-
shaped skeleton of the developed electronic board (PCB) with its elec-
tronic circuitry components. This miniaturized ring board
(15 x 15 mm?) is capable of performing SWV and CA measurements
independently. Fig. 2Bb depicts a microcontroller unit (MCU) used to
control the SWV potential scanning between the WE and the RE. The
applied potential can also be fixed for the chronomperometric opera-
tion. The controller unit integrates an analog-to-digital converter for
calculating the current at the WE, and a Bluetooth Low Energy (BLE)
host device, connected to a small chip antenna to enable the wireless
communication to a smart host device. A custom designed graphical
interface program using MATLAB operates the potentiostat wirelessly
and transmits the electrochemical sensor outputs.

For the practicality of ring sensor, a quick connect mechanism has
implemented to expedite the replacement of the used screen-printed
electrodes. This mechanism relies on spring loaded pins (Harwin, P70-
6000045) to connect the printed circuit board (PCB) in the body of the
ring to the exposed SPE on the ring cap. The spring-loaded contacts are
mounted on a custom printed circuit board (PCB) that aligns the pins
with the current collectors of the SPE. The current collectors are ex-
tended to the backside of the SPE with conductive copper tape (3 M,
1181 Tape). This interface board provides soldering points for four
wires on the opposite end of the assembly (Fig. 2C). The silicon glue is
applied to the surface of the PCB to mount the interface board and to
seal the electronics compartment. The wires were routed through the
sealed compartment to the PCB and connected as needed for the mea-
surements.

The miniaturized, wireless potentiostat served for performing the
amperometric and SWV measurements of alcohol and THC, respec-
tively. The system is implemented on two printed circuit boards which
are stacked to reduce the total system size. The power is supplied by a
+3.6V rechargeable Li-ion coin cell (PowerStream, LIR1620) which
provides enough power to run continuous measurements for over 7h.
The battery is mounted on the lower PCB along with the DC-DC reg-
ulators which provides stable supply and reference voltages for the
circuit. The upper PCB contains the potentiostat circuit and the MCU
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Fig. 1. (A) (a) Sensor design for simultaneous detection of THC and alcohol (scale bar 8 mm). (b) Real image of ring-based sensor platform embedded with marijuana
designed sensor for detecting THC-alcohol (scale bar 15 mm). (c) Images showing a ring polymeric case with the integrated electronics and replaceable screen-printed
electrodes based on (from left to right) a carbon modified with 1% MWCNT working electrode (WE 1), an Ag/AgCl reference electrode (RE), a carbon/Prussian-blue
working electrode (WE 2), and a carbon counter electrode (CE) (scale bar 5 mm); (B) voltammograms of THC detection (in red) on W1 using ring sensor along with
the THC oxidation mechanism, followed by alcohol detection mechanism using Prussian-blue modified sensor (W2); an amperogram of alcohol detection is illustrated

(in blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

(Texas Instruments, CC2640). The MCU has an integrated Bluetooth
Low Energy (BLE) radio which is used for all communication with the
system. The potentiostat circuit relies on three operation amplifiers and
a 2 channel, 16-bit DAC (Texas Instruments, DAC8563). The first am-
plifier is used to buffer the reference electrode. The high input im-
pedance of the buffer reduces the current flowing through the reference

electrode which helps to minimize polarization error. The second am-
plifier is the control amplifier and is configured with a feedback loop
which compares the buffered reference and the control signal. This
control signal is generated by one of the two output channels of the
DAC and is used to set the potential of the electrochemical cell. The
amplifier maintains the potential of the cell by sourcing or sinking the
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@ & @ e ©
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Fig. 2. Fabrication of ring-based wearable sensing platform with the screen-printed sensing electrodes and embedded electronic board for THC and alcohol detection.
(A) (a) Screen-printing steps for fabricating the sensing electrodes: step 1, Ag/AgCl current collectors and RE electrode; step 2, Carbon/1% MWCNT WE 1 and CE;
step 3, carbon-Prussian blue WE 2, final assembly with blue insulator and (b) image of sensor array. (B) (a) Image of the ring PCB showing, a, antenna, b MCU, ¢
potentiostat (on reverse side), and (b) block diagram illustrating the main subsystems - antenna, MCU, and potentiostat circuit. (C) (a) 3D model of the system with
integrated SPE and PCB. (b) Detailed view of SPE interface board showing the spring-loaded SPE contacts, (c) insertion of the SPE, (D) (a) placement of SPE on ring
(front side), and (b) mounting of the interface board (back side). Scale bar: 15 mm. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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appropriate amount of current. The third operational amplifier is con-
figured as a transimpedance amplifier and converts the electrochemical
current into a measurable voltage. The second DAC channel is used to
generate a bias voltage for the control and transimpedance amplifiers.
Adjusting this voltage allows tailoring of the measurement range of the
system for each analyte.

To start a measurement, a BLE command is sent to the wearable
system from the MATLAB user interface. This interface is used to es-
tablish a BLE connection with the potentiostat, configure the mea-
surement parameters, and display the results. After receiving the con-
figuration packets, the MCU generates two digital codes which are
representative of the control and bias signals. These codes are sent to
the 16-bit DAC which then updates the outputs to requested bias and
analog control voltages. In a SWV measurement, the control signal is a
superposition of a square wave and a staircase waveform. The 16-bit
DAC used in this application provides the required resolution to create a
high resolution SWV waveform. For the amperometric measurements,
this control signal is constant potential. Regardless of the technique, the
control signal is fed into the potentiostat circuitry to set the potential
between the working and reference electrodes. The change in potential
disrupts the equilibrium of the electrochemical cell and causes current
to flow between the counter and working electrodes. The potentiostat
then filters, amplifies, and converts this current into a voltage with a
transimpedance amplifier. This voltage is routed to the MCU where it is
sampled by an integrated 12-bit analog to digital converter. In a SWV
measurement the signal is sampled on both the rising and falling edge
of the square wave. This sampling technique measures both the forward
and reverse currents to minimize the impact of the non-faradic current.
The final current is the difference between these two currents. In an
amperometric experiment, the current is sampled at the constant rate
configured in the MATLAB interface. The sampled data is then trans-
mitted over BLE to the MATLAB interface where it is plotted for ana-
lysis. This process is repeated for the duration of the measurement. The
integration of electronic board and printed sensors on ring sensor (top
view of electrode placement) is illustrated in Fig. 2Da, and then the
front view is shown. Later, the integration of pins to the ring sensor at
the back is presented.

3.3. THC and alcohol detection

SWV and amperometry techniques were used for detecting THC and
alcohol, respectively, in PBS and diluted saliva. For THC analysis, SWV
measurements were carried out for initial optimization of potential,
scan rate, frequency and incubation time. Once the experimental
parameters were optimized, the THC calibration studies were per-
formed using 1% MWCNT modified carbon screen printed electrodes
with a marijuana design. Since the THC solution was prepared in me-
thanol, it is necessary to test the response of methanol first. Hence, a
control experiment was performed by simply testing methanol
(3.2 pM). Fig. S1 shows no interference when testing the methanol
present in the highest THC concentration (3.18 mM). Following opti-
mization and control tests, a calibration curve was built for THC in PBS.
Fig. 3a shows the typical anodic SWV scans obtained for THC in buffer
solution containing increasing THC levels in the range 1-6 uM, with
1 uM increments. This series displays good reproducibility and re-
peatability between the electrodes with a RSD of 2.23%. Such SWV
response increases linearly with each THC addition (Fig. 3a linear
graph). Using our printed 1% MWCNT/carbon ring-cap electrode al-
lows convenient and sensitive detection of cannabis with a defined SWV
peak at +0.3 V, even for THC concentrations as low as 0.25 uM (Fig.
S2). After establishing the THC response and obtaining the calibration
curve in buffer solution using ring-based sensor platform, five different
strip sensors were used to assess the reproducibility and repeatability of
the sensor in connection to 2 uyM THC solutions. As illustrated in the
Fig. 3Ab, the different printed electrodes display reproducible square-
wave voltammograms with favourable signal-to-noise characteristics.
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The current response was recorded and plotted with their current va-
lues vs number of sensors tested (Fig. 3Ab, right). This plot reflects the
similar current values and good repeatability with their current re-
sponses (RSD 2.67%, figure in the right; n = 3). The ethanol response
and concentration dependence were established independently on the
second enzyme-modified ring-cap working electrode, before testing of
real saliva samples. As demonstrated in Fig. 3Ba, such ethanol detection
was performed over the 0.1-1 mM range (with 0.1 mM increments)
using AOx-modified Prussian-blue sensors (Fig. 3Ba). The ampero-
metric ethanol biosensor displayed a very good response to these
0.1 mM additions, with favourable S/B characteristics. The resulting
calibration plot, shown on the right side of Fig. 3Ba, is highly linear up
to 0.8 mM, and start to level off at higher concentration. The re-
producibility of different ethanol ring sensors is evaluated in Fig. 3Bb
which displays 5 different amperograms for the biosensing of ethanol at
the different sensors. A highly reproducible response with a RSD of
1.5% (n = 5) is obtained, as indicated from the corresponding plot
(shown on the right side of Fig. 3Bb). Such repeatability test confirms
the reliance of the Prussian-blue surface printing and modification with
the AOx layer.

The ability of the system to detect ethanol and THC simultaneously in
the same solution was also studied. Fig. 3C examines the cross talk of the
neighbouring THC and alcohol sensors using the detection of ethanol
followed by THC measurements in the same PBS solution. Recording the
PBS base-line amperometric response (Fig. 3Ca) was followed by the ad-
dition of 0.8 mM ethanol (Fig. 3Cb, solid line). Subsequently, a SWV was
recorded on the THC sensor (Fig. 3Cc), followed by the addition of 4 M of
THC (Fig. 3Cd). These results clearly indicate that the presence of 0.8 mM
ethanol has no effect upon the SWV THC response.

3.4. THC and alcohol detection in saliva

Saliva is a challenging bio-fluid to perform direct electrochemical
analysis due to considerable amounts of serous or mucous fluid in its
composition, which makes saliva very viscous [33]. The high viscosity
and presence of macromolecules can impair the electron transfer pro-
cesses and hinder the electroanalytical performance. This challenge has
been addressed here by diluting the saliva, a rapid step suitable for on-
the-spot testing that minimizes the saliva viscosity (Fig. S3). Initially,
the whole saliva was tested as matrix to spiked THC and alcohol mo-
lecules, interestingly; only alcohol displayed a favourable performance
in whole saliva (Fig. S3a), while no THC peak was observed (Fig. S3d).
The best dilution ratio for detecting both compounds simultaneously
was found to be 1:10 (saliva: PBS).

Calibration of the alcohol ring sensor was performed in diluted
saliva samples collected according with the procedure reported in the
experimental section and illustrate in Fig. 4A. The obtained data shows
a very stable and smooth response of alcohol concentration in a linear
manner throughout the range of 0.1 mM-0.6 mM. In a similar way, THC
calibration was also performed in saliva samples. For THC detection,
WE1 was used, and it was modified by 1% MWCNT mixed in carbon ink
before printing. As illustrated in Fig. 4Bb, THC was tested over the
0.1-0.4 uM concentration range. A clean and smooth baseline was re-
corded before the THC analysis, indicating no interference from the
saliva constituents. The whole saliva samples were first spiked with
1-4 uM THC and subsequently diluted 10 times in buffer. Interestingly,
a distinct THC oxidation peak was obtained and recorded at +0.42V.
The related current values were plotted against THC concentration and
illustrated in Fig. 4Bb, as linear curve. Fig. 4C illustrated the cross-talk
studies performed in diluted saliva samples to evaluate the effect of
both molecules during their respective detection in real matrix. In-
itially, the saliva (1:10) baseline was recorded (Fig. 4Ca), followed by
the addition and amperometric measurement of 0.8 mM ethanol
(Fig. 4Cb, solid line). In the same saliva solution containing the 0.8 mM
ethanol, a SWV was performed (Fig. 4Cc) followed by the addition of
4 uM THC (Fig. 4Cd). As we can observe, there was no cross talking in
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Fig. 3. In vitro detection of THC and ethanol. (A); (a) Square wave voltammograms (frequency, 20 Hz, amplitude 25 mV, E step, 4 mV) for the oxidation of THC in
PBS (0.1 M, pH 7.4) in the range 1-6 uM (1 uM increment) using 1% MWCNT: Ercon carbon printed electrode. On the right side, the respective current values
obtained from THC oxidation , range 1-6 uM. Incubation time was 1 min. b) SWV response to 2 uM THC recorded using five different sensors (reproducibility of the
sensor performance) with their respective current responses (right side) (B) a) Alcohol response from 0.1 to 1 uM with 0.1 pM additions using AOx-modified Prussian-
blue sensor (W2); applied potential, —0.1V and respective calibration plot (right side)(b) Amperometric response for 1 mM EtOH recorded using five different
sensors, with the resulting current signals showing a good reproducibility among tested sensors (righ side). (C) In-vitro cross-talk evaluation of the alcohol/THC
sensor. The voltametric response of (a) PBS (dotted line) (b) PBS and 0.8 mM (solid blue curve) ethanol followed by the (c) SWV of PBS containing the previously
added 0.8 mM ethanol (dotted green line) and consecutive adition of (d) 4 pM THC (solid green line). (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)

the THC measurement following the ethanol detection. It is important
to notice that the cross talking of measuring ethanol after THC mea-
surement could not be performed as the THC solution contained dis-
solved methanol; however, in real scenario this would not be an issue
once THC is not dissolved in methanol in human saliva.

The performance of the wearable THC-ethanol platform was eval-
uated using real saliva samples. The system was tested first after alcohol
consumption in order to evaluate the ability of the sensor in measuring
relevant salivary ethanol concentrations after 1:10 dilution. Fig. 4D
illustrates the procedure employed for such decentralized ethanol
testing. The volunteer was asked first to consume 100 mL of alcoholic
beverage (19.5% Alc./Vol.), and saliva was collected every 10 min after
measuring the blood alcohol concentration (BAC) with a commercial
breathalyser. Fig. 4Db shows the CA of the several BACs where the
black amperogram corresponds to the saliva sample before drinking. It
can be observed that the sensor was able to successfully detect the BAC
variations following such 10-fold dilution of saliva in PBS. Using the
saliva corresponding to BAC 0.039% (Fig. 4Ea) a SWV baseline was
obtained, followed by the addition of 1 pM and 2 puM THC (Fig. 4Eb).
The corresponding voltammograms display distinct THC peak currents
for both concentrations, illustrating the ability to detect THC in real
sample containing physiological ethanol levels.

4. Conclusions

Alcohol and cannabis are often used in combination, and their
combined synergistic effects may greatly increase the risk of fatal ac-
cidents. To address these risks, we have presented a sensor ring concept,
based on embedding a powerful wireless electronic board into a ring
platform, along with a printed dual-sensor electrode cap, for the si-
multaneous field detection of salivary THC and alcohol. The attractive
capabilities of the new wearable sensor ring system have been de-
monstrated for sensitive and rapid voltammetric and amperometric
measurements of salivary THC and alcohol, respectively. The THC ring
sensor offers a detection limit of 0.5 UM, which is suitable for detecting
salivary THC even 24 h after the marijuana consumption [28]. Both
electrochemical techniques have been executed using the potentiostatic
circuitry embedded within the ring body. Such ring-based integration of
miniaturized wireless electronic interface facilitates selective “on the
spot” detection of cannabis and alcohol with no cross talk or false
alarms. The ring platform allows rapid replacement of the disposable
dual sensor strip, with the sensor strips having high storage stability
when considering the stability of the immobilized alcohol-oxidase en-
zyme. Additional sensors, such as pH and temperature, could be readily
integrated into the ring platform for addressing temperature changes or
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Fig. 4. THC-alcohol detection in Saliva samples. (A) Schematic illustration of saliva collection using Salivette tube (a), followed by the addition of THC-alcohol (b),
and dilution and then detection (c) using ring-based sensor platform. (B) (a) amperometric response of the ethanol (0.1-0.6 mM) in real diluted saliva (1:10) and
obtained current values of 1:10 diluted saliva spiked with ethanol (right side). (b) SWV response of THC spiked in 1:10 diluted saliva samples and corresponding
current values as linear graph (righ side). (C) Cross-talk evaluation of the alcohol/THC sensor. Amperometric response of (a) 1:10 diluted saliva in PBS; (b) diluted
saliva (1:10) and 0.8 mM ethanol response (solid line); (c) SWV of 1:10 diluted saliva containing the 0.8 mM spiked ethanol, followed by (d) spiking 4 pM THC (solid
line). Dotted lines are the baseline recorded for both ethanol and THC. SWV for the oxidation of THC in PBS (0.1 M, pH 7.4); ethanol measurements were performed
using an applied potential of —0.1V for 100 s. (D) (a) Procedure used for collecting saliva samples after consuming wine and detection using ring sensor. (b)
Amperometric response of ethanol in real diluted saliva before consuming wine (black, BAC 0.00%) and after the wine consumption (in red, 0.012%, in green, BAC
0.023%, in magenta, BAC 0.039%, in blue, BAC 0.051% and in brown, 0.062%) and respective current values (right side). Conditions: Square wave voltametric
measurements of the THC oxidation in PBS (0.1 M, pH 7.4); for ethanol, the applied potential was — 0.1V for 100 s. (E) (a) Response of 1:10 diluted saliva samples
before (dotted line) and at BAC level of 0.039%. , followed by (b) SWV of the saliva containing alcohol (dotted line) and same sample spiked with THC at 1 and 2 pM.
SWYV conditions, as in Fig. 3. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

variations in the saliva pH. The new wearable sensing concept can be
readily expanded for the monitoring of other drugs of abuse. The new
wearable platform thus holds considerable promise for rapid roadside
testing of drivers suspected of driving under the influence of alcohol
and/or drugs. We also expect that additional wearable chemical sensors
will be incorporated in the near future into rings or other accessories
which can be worn comfortably on the body.
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