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From glow-sticks to sensors: single-electrode
electrochemical detection for paper-based devices

A novel, portable, and inexpensive sensor for multiplex
determinations was developed using a single-electrode
electrochemical system, electrochemiluminescence,

and paper-based devices. The detection electrode was
fabricated using carbon paint and the dye contained in
commercial glow sticks was used as the optical reporter.
Besides the electrode material, the system was characterized
considering the potential applied, the dimensions of the
paper device, and the detection step. The system was
applied towards the detection of peroxide, including those
generated during the oxidation of lipids and those produced
by the enzymatic transformation of glucose.
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From glow-sticks to sensors: single-electrode
electrochemical detection for paper-based
devicest

Ezequiel Vidal, ©2° Claudia E. Domini,”
Daniel C. Whitehead @2 and Carlos D. Garcia @ *2

With the goal of creating a multipurpose platform for electrogenerated luminescence, a single electrode
electrochemical system was designed, developed, and validated. Glow sticks were used as the source of
the luminophore, which was used as the optical reporter for the biosensor. A smartphone was used as the
detector to quantify the electrochemiluminescence emissions. A disposable paper-based device was
designed and used as a two-compartment electrochemical reaction cell, affording the possibility to
individually optimize the sensing and detection reactions. This sensor assembly was tested under different
conditions, showing acceptable performance both
concentrations, to evaluate rancidity markers in edible oil samples, and to quantify the glucose

in the determination of hydrogen peroxide

concentration in soft drinks. The analytical performance of the single electrode, electrochemiluminescent
device showed a limit of detection for hydrogen peroxide of 1.02 uM, with a working range between 0.4
uM and 150 mM. The proposed approach represents the first example of a system that combines paper-
based devices, single electrode electrochemistry, electrochemiluminescence, and smartphone image
sensing. As such, it not only provides a convenient platform for the development of a variety of analytical

rsc.li/sensors

1. Introduction

A survey of the recent literature shows that while the
versatility of biosensors continues to increase,"™ most of
them only allow the determination of a single analyte®® often
requiring the inclusion of additional technologies to obtain a
comprehensive metabolite coverage.”® On the other hand,
the development of multiplex assays (i.e. those that allow
simultaneous analysis in a single run'®'") presents a new set
of analytical opportunities and can not only provide a more
complete description of the sample but also minimize
analysis time and cost."'? Towards these goals, a wide
variety of detection methodologies have been implemented in
multiplex systems, including colorimetry, fluorescence,'"®
surface plasmon resonance,"®'” electrochemistry,'”*® and
chemiluminescence.”®?° Although each of these strategies
offer specific advantages, these detection systems often
require specific instrumentation and operating parameters,
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applications but also broaden the versatility of ePADs.

which limit their application. Alternatively,
electrochemiluminescence (ECL, also known as
electrogenerated chemiluminescence) has emerged as one of
the simplest, most sensitive, and versatile detection platforms
that has been applied for a wide range of analytes.”’>* ECL
refers to the electrochemical generation of species (ie. a
luminophore and co-reactant) that then react to form
secondary species in excited states which finally decay and
emit light.>> While the most used luminophores are based on
the use of luminol*® or Ru(bpy);>",>” a variety of metallic
complexes and polyaromatic hydrocarbons have also been
reported.>*® It is also important to consider that ECL has
been coupled with traditional electrochemical approaches
such as amperometry>>' as well as bipolar
systems.®>"2%3273% Wwhile not strictly considered a bipolar
system, ECL can also be integrated with much simpler
electrochemical systems that use a single, resistive electrode®
to drive a potential drop across the detection cell.**’ This
approach, often referred to as single electrode electrochemical
systems (SEES),”"**?%3 can be implemented using a variety
of substrates including ITO*® or carbon-based systems,>"*
and hold great promise for bioanalytical applications.>"*:839

Considering the recent expansion of low-cost analytical
platforms, this paper describes the possibility to couple SEES
and ECL with paper-based analytical devices (PADs). Unlike

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d2sd00041e&domain=pdf&date_stamp=2022-05-19
http://orcid.org/0000-0002-0809-0544
http://orcid.org/0000-0001-6881-2628
http://orcid.org/0000-0002-7583-5585
https://doi.org/10.1039/d2sd00041e
https://doi.org/10.1039/d2sd00041e
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sd00041e
https://pubs.rsc.org/en/journals/journal/SD
https://pubs.rsc.org/en/journals/journal/SD?issueid=SD001003

Open Access Article. Published on 12 April 2022. Downloaded on 11/11/2025 6:40:05 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Sensors & Diagnostics

ePADs (mostly based on amperometry) or traditional SEES
(where the redox species are mixed and in direct contact with
the electrode), this paper describes the possibility to use a
dumbbell-shaped paper device that allows separating the
anodic and cathodic reactions, using individually-optimized
reaction conditions. To maximize access to the platform, carbon
paint was used as the electrode material and the dye contained
in commercial glow sticks was used as the optical reporter. The
operation and performance of the proposed system was
investigated using standard solutions of hydrogen peroxide and
the applicability of the approach was demonstrated by
measuring lipid peroxides in edible oils and glucose (via
glucose oxidase) in soft drinks and fruits. To the best of our
knowledge, this study represents the first demonstration of the
use of paper-based devices coupled with a single-electrode
electrochemical system. This combination along with detection
using a smartphone provides a convenient platform for the
expansion of detection schemes applied to pPADs.

2. Experimental section
Materials and methods

Aqueous solutions were prepared in deionized water (MilliQ,
Millipore water systems; Billerica, MA, USA). Citrate buffer
(0.1 M; pH = 6.0) was prepared using sodium citrate
dihydrate (Sigma-Aldrich, St. Louis, MO) and citric acid
(Aldrich Chemical Co. LLC, Milwaukee, WI), adjusting the pH
with 0.1 M HCI and measuring the pH with a glass electrode
and a digital pH meter (Orion 420A+, Thermo; Waltham,
MA). A 30% aqueous solution of hydrogen peroxide was
purchased from Fisher BioReagents (Merelbeke, Belgium),
and a-p-glucose was obtained from Aldrich Chemical Co. LLC
(Milwaukee, WI). Glucose oxidase from Aspergillus niger (=15
000 units per g, 160 kDa, isoelectric point 4.2) was purchased
from Sigma-Aldrich. In all cases, the electrolyte solution was
prepared to contain 0.2 M NaOH (Acros Organics, Geel,
Belgium), 1 M KCI (EM Science, Gibbstown, NJ), and 0.2 M
Triton-X (Aldrich Chemical Co. LLC, Milwaukee, WI). The
surfactant was added to the electrolyte to facilitate the
contact between the aqueous solution and the carbon
electrode as well as to enhance the ECL.**

Glow sticks (Glow; Irving, TX, USA) were purchased at a
local store and were carefully disassembled to extract the dye,
contained in the inner glass ampule.**** In order to
rationally approach the utilization of the glow sticks, the
chemical composition and optical properties of the dye
contained within were investigated by a combination of thin-
layer chromatography, HPLC-MS (Agilent 6545 LC/Q-TOF
systems, Agilent Technologies, Santa Clara, CA), and
fluorescence spectroscopy (Quantamaster, Photon Technology
International, Inc.). As shown in Fig. SI 1,} we confirmed the
presence of two dyes (attributed to 9,10-diphenylanthracene
that emits blue light and 2,4-di-tert-butylphenyl 1,4,5,8-
tetracarboxynaphthalene diamide that emits deep red light).**
In addition, we confirmed the presence of at least 5
additional compounds, including butyl benzoate, butyl
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citrate, tributyl acetylcitrate, tri-n-butyl aconitate and
bis[3,4,6-trichloro-2-(pentyloxycarbonyl)phenyl] oxalate. It is
also important to mention that, unlike the response obtained
with luminol/H,0, (ref. 38) or Ru(bpy);*'/tripropylamine®®
that can be rapidly turned on and off, the co-reactants and
catalysts contained in the glow sticks can be selected to
provide a much longer luminescence.*>**

Paper-based devices

Devices were designed using CorelDraw X6 (Corel Corp.,
Ottawa, Canada) and then cut using a CO, laser engraver
(Mini 24, 30 W, Epilog Laser Systems, Golden, CO, USA).*®
The pPADs used were fabricated by using Whatman 3MM
chromatography paper (VWR International, Radnor, PA, USA).
The final design (Fig. 1a) features a circular detection spot
(diameter of 4.5 mm, where the ECL reaction took place) and
a square sample spot (20.25 mm?, where the analyte was
dispensed). A small channel, width of 1.5 mm and length of
4 mm, was used to connect these two spots while preventing
the solutions in each spot from mixing.

Electrode fabrication

ITO electrodes (20 Q Sq* or 100 Q Sq™') were purchased
from Nanocs, NY, USA and were used to benchmark our
system against a previous report.>® Carbon paper
(Freudenberg H23C6) was purchased from FuelCellsEte, TX,
USA. Pyrolyzed paper electrodes were prepared as previously
reported by our group?” by pyrolyzing chromatography paper
using a Lindberg Blue M tubular furnace (Thermo Scientific;
Dubuque, IA) under a controlled atmosphere. Carbon paint
electrodes (CPE) were prepared by dispensing 2 mL of carbon
paint (E3178, Ercon Inc.; Wareham, MA) on top of a regular
microscopy glass slide (25 x 76 mm) and letting it dry
overnight in a convection oven at 40 °C.** The selected
dimensions allowed placing multiple devices in parallel for
multiplex sensing. Resistivity measurements of these

electrodes were performed wusing a Keithley 2636A

b

Detection spot

Sample spot

Fig. 1 Schematic representation of the sensor including the principles
of SEES. a) Scheme of the paper device indicating the reactions
occurring in each spot, b) general overview of the SEES-ECL proposed
method, c¢) diagram showing electrical potential along the electrode, d)
real captures of the ECL response using the smartphone. Conditions:
25V, sample volume: 2.5 uL, [H,O,] 0.05-150 mM.
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SourceMeter coupled to a Jandel cylindrical four-point probe
(Leighton Buzzard, England).

In all cases, a 3 mm conductive copper tape (Sparkfun
Electronics, Niwot, CO, USA) was placed along both long
edges of the electrode (Fig. 1b) to ensure a uniform
electrical contact between the carbon paint electrode and
the power supply. Similar to the situation described by Du
et al®' and as shown in Fig. 1c, the potential applied to
the contacts (AE) induced the circulation of current
through the carbon electrode and the development of a
uniform electric field across the electrode. When a paper
device soaked in electrolyte was placed on the carbon, a
small fraction of the current was diverted through the
device, driving the electrochemical reactions at the two
ends of the paper device.

Image capture

In all cases, the ECL intensity was calculated from images
obtained with a Motorola G plus (48 megapixels built-in
camera) smartphone and the phone's native application in
manual mode. While similar approaches have been
previously described,*>*® images related to this application
were obtained setting the white balance to fluorescent mode,
the capture time to 8 s and the ISO value to 3200 (maximum
sensitivity). The capture was started 15 s after the power
supply was turned on and another capture (in normal mode,
flash on) at the end of the experiment to image the paper
device and identify the region of interest. Representative
images of the luminescence obtained are shown in Fig. 1d.
To limit the effect of stray light, an ad-hoc box was built
using black plexiglass. The box also enabled fixing the position
of the smartphone with respect to the single electrode. The
parts for the box were cut using a CO, laser engraver following
guidelines from a previous report.”® As shown in Fig. SI 2;} the
box allowed placing the camera 85 mm away from the surface
of the device, which was determined as the minimum distance
required to focus on the surface of the electrode. The box was
mounted on a plexiglass base that fixed the position of the
microscope slide with respect to the cell phone's camera. An
additional opening was made at the bottom of the box to enable
the electrical connection between the electrode and the power
supply. Images were processed using Image] software (https://
imagej.nih.gov/). The process started with the identification of
the regions of interest (ROI) of every paper chip using the flash-
illuminated capture. Once all the regions were placed with the
ROI manager function, the picture color channels were split
into the corresponding red, green, and blue channels (Fig. SI
31). Then, a measure of each ROI was done using the RGB
measure tool. It is important to mention that although the
luminescence emitted by the glow stick looks pink to the naked
eye, the camera in the cell phone does not provide the same
sensitivity across the spectrum,’>>® resulting in purple-tinted
pictures. The data were then transferred to a spreadsheet and
plotted using OriginPro 2016 software (OriginLab Corporation;
Northampton, MA). In all figures, the datapoints and error bars
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represent the average and standard deviation, respectively, of at
least 3 independent measurements.

Measurement procedures

In all cases, the selected electrode was first placed on the
plexiglass base and then connected to the power supply (30 V
DC, 10 Amp, CSI3010SW, Circuit Specialists; Tempe, AZ). Then,
the paper devices were placed on the electrode surface in the
normal position with respect to the electric contacts of the
single electrode. Unless otherwise stated, the circular extreme
of the paper chip was oriented towards the anode (positive
pole). Then, 6 pL of electrolyte (0.2 M NaOH, 1 M KCl, and 0.2
M Triton-X) were deposited in the middle of the device,
allowing the solution to wet the entire device by simple
wicking. Then, 1 uL of dye contained in the glow stick was
dispensed on the middle of the round spot of the paper device
(facing the anode). Because the paper device was pre-wetted
with the aqueous electrolyte, the hydrophobic solution
containing the dye remained on top of the paper device. Then,
2.5 pL of the selected analyte sample (i.e. hydrogen peroxide,
edible oil, or glucose) were dispensed on the square spot of the
paper device facing the cathode. This sequence minimized the
possibility for the sample to mix with the detection reagents.
Next, the system was covered with the plexiglass box, the cell
phone was placed on top with the camera facing the device,
and the application to capture the images was started. Finally,
and unless otherwise noted, the power supply was turned on
and 15 s later, a photograph was obtained (8 s exposure) to
record the ECL response, followed by a final, flash-illuminated
image to record the position of the paper device with respect to
the field of view. For the experiments targeting the detection of
glucose, 1 pL of a solution containing glucose oxidase (1 mg
mL™ dissolved in citrate buffer, pH = 6.0) was placed in the
middle of the sample reservoir (square spot) and allowed to
interact with the cellulose for 10 min at room temperature.>
After that, the previously-described procedure was applied for
the measurements, noting that pre-wetting the sample spot
with the buffer containing the enzyme prevented the
penetration of the alkaline electrolyte. Validation of the results,
corresponding to real samples, was performed by comparison
with reference methods (mFOX method®® for the peroxides in
edible oils and a colorimetric method for the quantification of
glucose™).

3. Results and discussion
ECL detection

To demonstrate the feasibility of our system to perform ECL,
the effect of potential applied (on/off) on the ECL intensity
was investigated using 2.5 pL of a solution containing 0.15 M
H,0, as the sample. The results (Fig. 2) showed that unless
the potential was applied to the system, no luminescence was
developed. In contrast, when the power was on, a sharp
increase in the ECL intensity was observed, reaching a
maximum intensity at approximately 20 s. This value remains
constant for a few seconds and then begins to gradually

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 ECL intensity as a function of time, comparing the response of
the device when no power was applied (control), when power was
applied for only 30 s, or when power was applied for 60 s. The inset
shows a picture showing the position of the detection spot with
respect to the paper device. Conditions: Eiox = 25 V, sample volume =
2.5 plL, [H20;] = 150 mM, device length = 12 mm.

decrease. It is worth noting that the decrease in ECL (after 25
s) was observed either with or without the power source
connected, an issue that was attributed to a combination of
dehydration of the device and the consumption of the oxidant.
In order to identify the most convenient exposition time that
will balance sensitivity towards ECL and analysis time, a series
of photographs were collected using the described conditions
and after connecting the power supply for 15 s (data not
shown). While short exposition times (between 1/30 and 4 s)
allowed us to follow the kinetics of the process, they also
provided less intensity, limiting the sensitivity of the system.
On the other hand, our results showed that longer exposures
(i.e. between 16 and 32 s), lead to overexposed images that
often exceeded the operational time of the paper devices. As a
compromise, an exposure of 8 s was selected as optimal and
used for all subsequent experiments. These experiments not
only allowed for the confirmation of ECL (vs. direct reaction
with H,0,) as the mechanism leading to the emission of light
but also selecting 23 s (15 s activation + 8 s capture) as the
optimum read-out time.

As a secondary control experiment to confirm that the
electro-oxidation of the luminophore was responsible for the
emission of light (anodic ECL), two paper chips were placed
on the carbon electrode, oriented in opposite directions, with
the detection spot facing the anode of the cathode. As shown
in Fig. 2 (inset), the luminescence was only observed when
the detection spot was oriented towards the anodic region of
the chip. These results indicate that, unlike other
experiments where both the oxidation of the luminophore
and the reduction of the analyte occur in either extreme of
the same electrochemical cell,>"*® the two spots of the paper-
based device behave like individual hemi-cells which are
electrically connected by the electrolyte soaking the stem.
Although only the major components of the dyes in the glow
stick were identified, these results demonstrate that the
luminophore can be electrochemically oxidized without the
need of additional co-reactants.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Electrode selection

As previously noted,®® the material selected for the
fabrication of the electrode has a critical effect on the
response because its resistivity defines the electric field
gradient between the copper contacts. Therefore, five
different electrode materials were considered as candidates
for the proposed SEES-ECL system, including two ITO
substrates and three carbon-based substrates (i.e. carbon
paper, carbon ink, and pyrolyzed paper’’). In order to
compare the performance of these electrodes with respect to
their properties, the resistivity of the materials was measured
and related to the ECL obtained under identical conditions
(Fig. 3a). Generally, we observed that the higher the resistivity
of the electrode, the higher the resultant signal. While a
detailed explanation can be found elsewhere,*® these results
can be explained considering that the electric field gradient
generated is distributed between two resistors in parallel,
corresponding to the carbon paint electrode or the paper
device (soaked with electrolyte). Because both resistors
experience the same potential difference, the current
circulating through the paper device (which drives the
electrochemical reactions) is inversely proportional to the
relative resistance of the substrate. Among the substrates
evaluated, carbon paper (Freudenberg H23C6, 0.69 + 0.01 Q
sq") and pyrolyzed paper (4.39 = 0.01 Q sq ") featured the
highest conductivity, leading not only to Joule heating but
also to an ECL response that was barely distinguishable from
the blank. While the carbon paper (Freudenberg H23C6) is
hydrophobic and performed slightly better, the hydrophilic
and porous pyrolyzed paper allowed part of the solution from
the paper device to leach into the substrate, contaminating
the platform and severely impacting the ECL response.
Although ITO 20 (22.12 + 0.01 Q sq”") and ITO 100 (89.8 +
0.01 Q sq™") enabled the electrochemical activation of the
paper device, a relatively small signal was observed, an issue
that was attributed to a combination of the resistivity and the
poor electrocatalytic properties of the ITO.>” Because it
featured the highest resistivity (1573 + 3 Q sq™'), the
electrode fabricated with carbon paint rendered the highest
potential gradient (9.04 V cm™, Fig. SI 4f) which, in turn,
allowed more current to circulate through the paper device
and produced the highest ECL signal. This potential is
consistent with previous literature reports.*® Based on these
results, carbon paint electrodes were selected as the most
appropriate one for this study and were used for the
remaining experiments.

The effect of the potential applied to the carbon paint
electrode on the ECL response was investigated in order to
maximize the signal intensity. Only a marginal change in the
ECL intensity was observed over a 0-10 V range (Fig. 3b),
suggesting that the potential difference developed at the ends
of the paper device was simply not sufficient to drive the
electrochemical reaction. Over the 10-25 V range, an
exponential increase in the ECL response with respect to the
potential applied was observed. Above this voltage, however, a

Sens. Diagn., 2022, 1, 496-503 | 499
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Fig. 3 a: Effect of the material selected for the electrode on the ECL response. Conditions: Eio, = 25 V, sample volume = 2.5 uL, [H,0,] = 150 mM,
read-out time = 23 s, device length = 12 mm. b: Effect of the potential applied to the carbon paint electrode on the ECL response. Conditions:
sample volume = 2.5 uL, [H,O,] = 150 mM, read-out time = 23 s, device length = 12 mm.

significant drop in the signal intensity was observed, an issue
that was attributed to a combination of evaporation of the
electrolyte and the fast deterioration of the contacts between
the electrode and the paper device. Based on these results, a
potential difference of 25 V (9.04 V em™, Fig. SI 41) was
selected as the optimal value for the remaining experiments.

Effect of the dimensions of the paper device and sample
volume

The paper device was designed to contain the detection
system (glow stick dye) and the sample separated by a salt
bridge (Fig. 1), used to minimize the chance for direct
contact between the solutions by diffusion but allowing the
electrical connection between the two spots. Chromatography
paper was selected due to its homogeneous color, thickness,
and wicking properties,’® noting that the selection
determines the volume of reagents needed and the
subsequent electrical and optical response. Thus, considering
that the selected electrode produced a potential difference of
9.04 V cm™' (Fig. SI 41), the effect of the device's length on
the ECL response was investigated. A significant increase in

V)
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o o o o
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-
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0 y T d
0 10 20 30
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the intensity of the ECL response was observed as the length
of the device increases from 8 to 12 mm (Fig. 4). These
results can be explained considering the electric field of the
substrate underneath the device, where the longer the device,
the bigger the potential difference. However, a significantly
lower ECL response was obtained in paper devices longer
than 12 mm, an issue that was attributed to the evaporation
of the electrolyte in the device due to Joule heating. It is
important to emphasize that paper chips below 8 mm were
not included in the figure because these devices were unable
to maintain the detection and samples physically separated.

Studies comparing the intensity of ECL as a function of
sample volume were also performed. For these experiments,
the devices were pre-wetted with the electrolyte, the detection
solution was added, and finally increasing volumes of H,O,
were dispensed in the sample spot. A proportional increase
in the ECL intensity was observed as the sample volume
increased, reaching a maximum when 2.5 pL was added
(Fig. 4b). Larger samples simply flooded the sensor leading
to lower intensity values. In these cases, a clear
chemiluminescence emission was observed in the periphery
of the paper device, voiding the analysis.

o
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Fig. 4 a: ECL intensity as a function of the length of the paper device. Conditions: carbon paint electrode, Eiox = 25 V, sample volume = 2.5 pul,
[H,0,] = 150 mM, read-out time = 23 s. b: Dependence of the ECL intensity on the volume of the sample added to the sample spot. Conditions:
carbon paint electrode, Eio: = 25V, [H,0,] = 150 mM, read-out time = 23 s, device length = 12 mm.
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Fig. 5 Calibration curve for hydrogen peroxide as a function of ECL
intensity. Conditions: carbon paint electrode, Eiox = 25 V, sample
volume = 2.5 puL, read-out time = 23 s, device length = 12 mm.

Based on these results, devices with a total length of 12
mm and a sample volume of 2.5 puL were selected as optimal,
noting that these values are dependent on the volume of
electrolyte (6 pL) used and can be specifically adjusted to fit
other applications.

Analytical response

Considering that H,0, is the oxidant contained in most glow
sticks, this analyte was initially selected to determine the
analytical performance of the system under the previously
optimized conditions. Higher concentrations of H,0, led to
higher ECL intensities (Fig. 5). From these results, the
working range (0.4 uM-150 mM), the limit of detection (LOD,
1.02 uM), and the limit of quantification (LOQ, 3.38 uM) were
calculated based on the standard deviation of the
background noise.”® Although these values are comparable
with representative examples reported in the literature,>®
the proposed approach provides greater versatility and
simplicity than traditional systems, including those based on
SEES***” and ePADs.**%°

In order to use this information to calculate the
concentration of unknown samples, the relationship between

120
90+ [

60 -
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30 60 ) 120
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the ECL response and the [H,0,] (in log scale) was also fitted
with a sigmoidal function (Boltzmann function, see Fig. 5).

Real sample analysis

To demonstrate its applicability, the proposed methodology
was used for two distinct analytical approaches: the direct
analysis of peroxides in edible oils and the enzyme-mediated
analysis of glucose.

Edible oils contain a mixture of natural saturated and
unsaturated fatty acids, triglycerides, phytosterols and
phenolic compounds. While the addition of antioxidants can
certainly slow the process, exposure of these samples to
oxygen and high temperatures leads to the formation of
oxidation products such as fatty acid peroxides,®® altering the
quality of these products and potentially affecting the health
of consumers. Thus, a number of analytical strategies have
been applied to measure the formation of primary/secondary
compounds produced or other parameters that can help
monitor lipid oxidation.®””®® In order to facilitate these
measurements, the proposed system was applied for
determining the peroxides generated in canola oil during
mild heating. For these experiments, oil samples (20 mL)
were placed in a convection oven (80 °C) and aliquots were
taken at different intervals (12 h apart). The peroxide content
in the samples was analyzed using the proposed methodology
and the ECL responses converted to concentrations using the
established calibration curve (Fig. 5). The results showed that
longer incubation periods led to higher ECL responses,
confirming the formation of the peroxides in the oil samples
(see Fig. SI 5%). These findings were validated by analyzing
the same samples by the mFOX method.”® As can be
observed in Fig. 6a, a very good agreement between the two
methodologies was obtained, highlighting not only the
versatility but also the simplicity of the proposed paper-based
SEES approach.

To further demonstrate the advantages of the proposed
system, an enzyme-mediated analysis was also performed.
While it should be noted that the approach is not intended

(o2}
)

F-S
1

N
N

[H,0,] uM (by SEES-ECL) ©

o

4 6
[H,0,] uM (by Ref. Method)

o
N

Fig. 6 a: ECL intensity of edible oils after the heating process. Conditions: 2.5 uL sample volume, voltage applied 25 volts, 1.2 mm paper length. b:
Determination of glucose in soft drinks (1000x diluted) and fruit juice using the proposed SEES biosensor. Conditions: 2.5 uL sample volume,

voltage applied 25 volts, 1.2 mm paper length.
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to outperform other biosensing platforms, the glucose/
glucose oxidase system was selected as a model. In this case,
the only modification performed was the addition of 1 uL of
a solution containing glucose oxidase (1 mg mL™" dissolved
in citrate buffer, pH = 6.0) to the detection spot. Considering
that the oxidation of glucose releases H,O, in stoichiometric
amounts, the response after addition of standard solutions of
glucose was evaluated against the curve developed with H,0,
(Fig. 5). The clear overlap between both curves (Fig. SI 67)
confirmed the utility of the proposed system towards the
analysis of H,0, whether initially present in the sample or
generated from a reaction. Next, the proposed system was
applied to determine glucose in different samples, including
three different soft drinks, fresh fruit juice and a sample of
dehydrated fruit. In order to obtain solutions containing
appropriate concentrations of glucose, these samples were
either diluted (x1000 times, for the soft drinks) or vortexed
for 10 min in buffer (citrate, pH = 6.0). The results from each
of these samples (Fig. SI 7f) were validated using a
colorimetric method based on a reaction using glucose
oxidase and iodine (reading the absorbance at 353 nm).>® As
can be observed in Fig. 6b, a very good agreement between
the two methodologies was also obtained, demonstrating the
possibility to extend the applicability of the described
approach to bioanalysis.

4. Conclusions

A novel, portable, and inexpensive sensor for multiplex
determinations was developed using SEES, ECL, and paper
based analytical devices. The detection electrode was
fabricated using carbon paint and the dye contained in
commercial glow sticks was used as the optical reporter.
Besides the electrode material, the system was characterized
considering the potential applied, the dimensions of the
paper device, and the detection step. Under the optimum
experimental conditions, a sigmoidal relationship between
the ECL signal (that was recorded using a smartphone) and
the concentration of H,0, was obtained. These results
allowed the application of the system towards other peroxide-
dependent reactions including the oxidation of lipids and the
enzymatic transformation of glucose. We believe the
proposed system, where one single glow stick can provide
enough reagent for more than 100 determinations, could
allow the development of numerous additional applications
and bridge the gap between recreational chemistry and
paper-based analytical electrochemistry.
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