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Electrochemical paper-based analytical devices represent an innovative and versatile platform for fluid

handling and analysis. Nevertheless, the intrinsic structure of the paper can impose limitations to both

the selection of the electrode material and the method selected to attach the electrodes to the device,

potentially affecting the analytical performance of the device. To address these limitations, we herein

propose carbon tape as a simple and low cost alternative to develop ePADs. The proposed material (in

the form of tape or tabs) was first characterized using a combination of contact angle analysis, resistivity,

Raman spectroscopy, cyclic voltammetry, and electrochemical impedance spectroscopy. Upon this initial

assessment, carbon tape was selected and modified with carbon nanotubes, to provide not only a better

surface for proteins to adhere to, but also an enhanced electroactive surface. The analytical performance

of the resulting device was assessed by integrating three enzymes that facilitate the oxidation of ethanol,

glucose, and phenol, and by performing the detection of these analytes in beer samples. The resulting

device, for which materials cost less than a dollar, represents a simple alternative material for ePADs,

applied in this case to monitor three of the most important parameters during the production of beers.
1. Introduction

Paper-basedmicrouidic devices (mPADs) represent an innovative
platform for uid handling and analysis.1,2 Since their re-
introduction in the late 2000s, these devices have been exten-
sively used in diverse clinical, environmental, and defense
applications.3–6 The advantages of this technology over traditional
microuidic platforms include lower cost, simplicity, portability,
and versatility.7–9 A variety of detection methods have been inte-
grated to mPADs including, but not limited to, colorimetry, uo-
rescence, and luminescence.1,10 Among these, the most common
detection method is colorimetry which, despite its simplicity,
features a performance that is oen limited by a narrow dynamic
range, low sensitivity, and variability due to environmental illu-
mination.11,12 To overcome these limitations, electrochemical
paper-based analytical devices (ePADs) were introduced by
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Dungchai et al.12 Electrochemical detection improves upon
simple colorimetric detection because of the inherent sensitivity,
availability of low cost potentiostats, and the potential to be
integrated with portable platforms.6–9,13–15 Furthermore, electro-
chemical detection allows the balancing of the sensitivity and
selectivity of the analysis by virtue of the selection of both the
electrode material and the operating potential.12 Additionally, the
intrinsic wicking properties of the paper can be used to deliver
the analyte to the electrode surface and increase the accuracy of
time-dependent measurements.12 Because of these advantages
over other detection methods, the development of electro-
chemical detection is considered one of the most promising
alternatives for mPADs.

As reported for previous electrochemical detection modes,
the electrode composition typically dominates electrochemical
behavior and functionality,13 making the material one of the
most important factors in the development of analytical
methods. The materials that are widely used for the production
of working electrodes on ePADs are metal-based16 and carbon-
based inks, which are deposited via painting, screen-printing
or stencil methods.10 Although these electrodes offer adequate
performance and reliability, the inks and pastes oen used for
their production suffer from high electrical resistance (due to
the presence of polymer binders) and lead to non-uniform
electrode surfaces, potentially compromising the applicability
of the devices.10,17 Besides penetrating into the paper substrate
This journal is © The Royal Society of Chemistry 2018



Fig. 1 Photograph of the paper-based microfluidic device with the
electrical connections, shown against a colored background.
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(decreasing the available area), these inks can be a signicant
fraction of the cost, as they range from $90 to $500 for 10 mL of
carbon-based inks and around $400 for 25 g of silver-
nanoparticles based inks.18 Besides the material, both the ex-
ibility of the material and the attachment of the electrodes to
the paper still present challenging aspects and can potentially
have an adverse effect on the electrode's performance.1,12,19

Aiming to address some of these limitations, this report
describes the potential advantages of two carbon-based mate-
rials (tabs and tape) as a simple alternative to develop ePADs.
The selected materials are inexpensive ($15–$40 per package)
and widely available, as they are usually used to provide elec-
trical contacts for electron microscopy. Due to their exibility
and their adhesive properties, the materials enable straight-
forward attachment to the paper substrate as well as the
attachment of electrical leads to the electrode. This simple
method makes ePADS ready for use in minutes. Here, the
characterization of these electrodes and their application
toward the enzyme-mediated detection of ethanol, glucose, and
phenols is described. The proposed ePADs were used tomonitor
the selected analytes in beer samples.
2. Materials and methods
2.1 Reagents

All aqueous solutions were prepared using 18 MU cm water
(NANOpure Diamond, Barnstead; Dubuque, IA) and analytical-
grade chemicals. Phosphate buffer solutions (PBS) were
prepared by dissolving anhydrous Na2HPO4 (Fisher Scientic;
Fair Lawn, NJ, USA) in ultrapure water. The pH of the solutions
was measured using a combined glass electrode connected to
a digital pH meter (Orion 420A+, Thermo; Waltham, MA, USA)
and adjusted with 1 M solutions of either NaOH or HCl. Two
conductive carbon materials were initially selected as potential
electrodes: sheets of carbon tape (#16085-1) and carbon tabs
(#16084-3), both from TedPella (Redding, CA). According to the
manufacturer, the conductive adhesive is a carbon-lled acrylic,
free of solvents, which may contain very small impurities of Al
and Si. Both materials are commonly used in electron micros-
copy and exhibit promising electrical properties. For the
modication of the electrodes, as-received multi-walled carbon
nanotubes (CNT; Sigma-Aldrich; St. Louis, MO) were used.
2.2 Preparation of the paper-based microuidic device

The paper-based devices were fabricated from 3MM What-
man™ Chromatography Paper and cut into a six-spoked wheel
design (Fig. 1). The six spokes were chosen to allow for multiple
electrodes and therefore perform multiple tests per device. The
design allows great versatility, leaving one electrode area avail-
able for the background and ve other areas for analyte detec-
tion. Furthermore, the electrode areas can be easily modied
with a bio-recognition element, such as an enzyme, to provide
specicity or a redox active byproduct to the device, or le
unmodied for the detection of naturally redox active materials
such as metals.
This journal is © The Royal Society of Chemistry 2018
The mPAD was cut using an Epilog Mini Laser Engraver,
equipped with a 30 W CO2 laser. To minimize the possibility of
igniting the devices (or damaging the edges of the device),
a steady ow of nitrogen gas and 50% speed/50% laser power
were utilized.20,21 Unlike wax printing or photolithography,22 the
CO2 laser not only denes the geometry of the device but also
creates hydrophobic edges that help retain the solution within
the device.20 Each device was designed to t within a square with
a side length of 32 mm, yielding eight devices per sheet of paper.
Each device was composed of six channels (length ¼ 12.5 mm)
and six circular electrodes (diameter ¼ 4 mm).
2.3 Raman spectroscopy

Raman spectra were excited with a 514.5 nm light from an Ar+

ion laser (Innova 200, Coherent, 500 mW). The scattered light
was collected using a f/1.2 camera lens (Nikon) in a 45� back-
scattering geometry and analyzed by using a triple spectrometer
(Triplemate 1877, Spex) equipped with a CCD camera (iDUS
420, Andor). The spectral resolution at the excitation wave-
length was 0.2 nm. Raman spectrum of indene was used for the
spectral calibration.
2.4 Electrochemical techniques

To investigate the electrochemical performance of the two
carbon materials, cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) were performed in 0.1 M phos-
phate buffer as supporting electrolyte with 0.1 M Fe(CN)6

3�/
Fe(CN)6

4� as the redox couple. A CHI660A Electrochemical
Analyzer (CH Instruments, Inc.; Austin, TX) was used for these
measurements. EIS data were obtained by scanning from
10�4 Hz to 105 Hz at a 5 mV amplitude, with 10 data points per
frequency decade. The impedance spectra were then analyzed
with the simulation soware Zview-Impedance® (version 2.4a)
by tting the spectra with a Randles-type equivalent circuit. A
standard three-electrode cell composed of the carbon tabs or
tape, a commercial Ag|AgCl|KClsat electrode, and a platinum
wire were used as the working, reference, and counter
Anal. Methods, 2018, 10, 4020–4027 | 4021



Table 1 Characterization of the two carbon materials by film resis-
tivity, contact angle, EIS, and CV. Experimental conditions are as
described in Fig. 2

Carbon tape Carbon tabs

Resistivity (mU cm) 1.0 � 0.2 6 � 1
Contact angle (�) 73 � 1 57 � 1
Rsol (U) 48 � 1 48 � 1
Rlm (kU) 33 � 9 37 � 2
Rct (kU) 80 � 4 142 � 5
C (mF) 7 � 1 5.5 � 0.6
CPE (mF) 201 � 2 352 � 6
a 0.839 � 0.007 0.819 � 0.007
DEp at 100 mV s�1 (mV) 437.8 � 0.8 453.6 � 0.7
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electrodes, respectively. Stripped 22-gauge tinned copper wires
and conductive silver ink (SPI supplies #05002-AB, West Ches-
ter, PA) were used to provide electrical contact. This connection
was sealed using three coats of liquid electrical tape (Performix;
Blaine, MN). It is critical to point out that the seal requires at
least 4 hours to cure and experiments performed with partially
cured seals yielded a number of experimental artifacts (data not
shown).

2.5 Contact angle and resistivity

To gain preliminary information related to the macroscopic
properties of the proposed carbon tape materials, both contact
angle and resistivity were determined. The contact angle was
studied to evaluate the wettability of the electrode by placing
a drop (5 mL) of ultrapure water onto a bare carbon tape elec-
trode and taking a lateral black and white picture of the droplet
with a smart phone camera. The contact angle was then
measured using the Low Bond Axismmetric Drop Shape Anal-
ysis (LB-ADSA) plugin for ImageJ soware.23 Resistivity
measurements were obtained with a Keithley 2636A Source-
Meter coupled to a Jandel cylindrical four-point probe (Leighton
Buzzard, England) with a 1 mm probe spacing. The thickness of
the material was then conrmed using scanning electron
microscopy (SEM). The measured resistivity values were
compared to those of other, well-known, carbon electrodes re-
ported in the literature.

2.6 Electrochemical detection

For simplicity, the proposed ePAD was fabricated considering
a standard two-electrode array. To improve the catalytic
activity of the detection electrodes, CNTs were added to the
paper (at the detection spot) by dispensing 5 mL of an ethanoic
suspension containing 0.05 mg mL�1 CNTs (this suspension
was placed in the ultrasonic bath for 30 min prior to use to
disperse the CNTs). Aer allowing the ethanol to evaporate,
the chips were rinsed with phosphate buffer to remove the
loosely bound CNTs. Three different enzymes were then
placed at three different electrode areas to allow for multi-
analyte detection: 1 mg mL�1 alcohol oxidase was placed at
electrode area #1, 1 mg mL�1 glucose oxidase was placed
at electrode area #3, and 1 mg mL�1 tyrosinase was placed at
electrode area #5. All three enzymes were deposited in the
same way: 5 mL of sample was deposited on top of the dried
CNTs and allowed to dry at room temperature for 30 min to
ensure adsorption onto the paper substrate, as demonstrated
in our previous work.24 Carbon electrodes, cut into 4 mm
diameter circles using the laser engraver, were placed over the
CNT-modied mPAD. An identically shaped carbon tape elec-
trode was also placed on the opposite side of the device, to
serve as the counter/pseudo-reference electrode. Stripped 22-
gauge tinned copper wires were then placed on both elec-
trodes using the inherent adhesive properties of the tape.
Conductive silver ink (SPI supplies #05002-AB, West Chester,
PA) was then painted on both the tinned copper wires and the
carbon tape electrodes to improve the electrical contact. The
silver ink was allowed to cure at room temperature for 5
4022 | Anal. Methods, 2018, 10, 4020–4027
minutes before sealing, along the edge of the electrode, with
scotch tape. A commercial transfer press was used to seal the
tape into place (heating function was not turned on to
preserve the activity of the enzymes).

2.7 Beer samples

To challenge the device with a complex sample, ve beers and
one cider were sampled for the alcohol, sugar, and total phenol
content. Samples were purchased at a local liquor store and
were stored at 4 �C to preserve the contents prior to measure-
ments. For the analyses, aliquots were taken by pipetting 30 mL
of each sample onto the center of the device and allowing 30 s
for the sample to wick (Fig. 3). Aerwards, 3 measurements
were taken for each enzyme area (15 s each) and a blank,
resulting in an overall analysis time of 3 minutes for all analytes
and a total analysis time of 3.5 minutes.

3. Results and discussion
3.1 Characterization of the carbon materials

As the rst approach to characterize the two carbon materials
(tape and tabs), resistivity (r) was determined according to eqn
(1), where A represents the cross-sectional area and l is the
distance between the two measuring electrodes. In both cases,
the resistance (U) of the electrodes was measured using a 4-
point probe and the material thickness was measured using
SEM (260 � 10 mm for the tape and 125 � 7 mm for the tabs).
These values are in agreement with those reported by the
manufacturer.

r ¼ UA/l (1)

While both materials exhibited low resistivity (in the order
of mU cm), the carbon tape featured a slightly lower value than
that for carbon tabs (Table 1). It is worth mentioning that the
resistivity of both materials is signicantly lower than the re-
ported value for Bellpale C-2000 commercial glassy carbon elec-
trodes25 as well as other standard carbon-based electrodes.26–29

The wettability of the carbon materials was examined by
measuring the contact angle between the surface and a water
droplet at room temperature. As can be seen in Table 1, both
carbon materials had contact angles <90�, suggesting that the
materials are only partially hydrophilic. These values are
This journal is © The Royal Society of Chemistry 2018
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slightly larger than those of other carbon-based materials,30–32

which (without the adhesive layer) display an average value of
approximately 75�. It is also important to point out that the
adhesive layer (�30 mm), which can be responsible for the
slightly higher hydrophobic character of the surface, has not
represented a signicant problem for this application. Should
such a layer impose any limitations to other applications, the
adhesive can be removed using ethyl acetate, ethanol, or
isopropanol.

To investigate the structure of the carbon material included
in the electrodes, Raman spectra were collected.33 The experi-
ments focused on two relevant peaks, at 1360 cm�1 (disorder-
induced D-band) and 1590 cm�1 (symmetry-allowed G-band of
graphitic materials).34 In agreement with previously reported
approaches,26 the D/G ratio was then calculated and compared
to other materials to estimate the relative abundance of the
disordered and graphitic fraction. As can be observed in Fig. 2A,
clear Raman signals were obtained for both samples, yielding
a D/G ratio of 0.86 and 1.16 for the carbon tabs and tape,
respectively. These values not only correlate with the lower
resistivity observed for the carbon tape but also are in line with
other carbon-based materials used as working electrodes.35
Fig. 2 (A) Raman spectrograph of the two carbon materials. (B) Depende
both the reduction and oxidation processes on the two carbon materials.
both materials. (D) Experimental (symbols) and model-generated (lines) N
obtained with 0.1 M phosphate buffer as the supporting electrolyte and

This journal is © The Royal Society of Chemistry 2018
In order to obtain information about the electrochemical
activity of the carbon electrodes, cyclic voltammograms were
recorded as a function of sweep rate. For these experiments,
Fe(CN)6

3�/4� was selected as a model inner sphere electro-
chemical couple, likely to evidence adsorption (hydrophobic
effects).36 As can be observed in Fig. 2B, the peak current of both
the reduction and oxidation electrochemical processes increased
linearly with the square root of the scan rate for both carbon
electrodes, suggesting that the rate of electron transfer was
comparable to the mass transport rate (quasi-reversible
behavior). In stark contrast to a fully reversible behavior, both
electrodes yielded a DEp that was highly dependent on the scan
rate and that ranged from 200 mV to almost 500 mV for both
materials (within the interval studied, Fig. 2C). These results are
characteristic of slow electron transfer kinetics and indicate that
the performance of electrodes could be limited by the electrical
resistance of the material.26 In addition, it is important to
mention that voltammograms obtained with carbon tabs also
showed additional peaks, suggesting the presence of additional
electroactive species on the surface of the material (ESI†).

Electrochemical impedance spectroscopy (EIS) was carried
out to obtain quantitative information about the electrical
behavior of the carbon materials and rationalize the results
nce of the peak current (DIp ¼ IpFerri/Ferro � IpBlank) on the sweep rate for
(C) Dependence of the peak potential difference on the sweep rate for
yquist plots obtained for the two carbon materials. Figures (B–D) were
0.1 M K3Fe(CN)6 as the redox couple.

Anal. Methods, 2018, 10, 4020–4027 | 4023



Fig. 3 Effect of sample volume on the distance travelled by the
colored water. Photographs shown on the figure are 30 s after the
colored drop of water was placed in the center of the microfluidic
device.

Fig. 4 Dependence of the anodic current as a function of the amount
of CNTs applied to the device. Conditions: detection potential ¼
�50 mV, 10 mM H2O2 in 0.1 M phosphate buffer as the supporting
electrolyte.
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obtained by CV. 0.1 M Fe(CN)6
3�/4� was also used as the redox

couple and the potential applied (+600 mV) was selected from
the voltammograms to maximize the current. The obtained
spectra was then tted with a Randles-type equivalent electrical
circuit (see insert in Fig. 2D), containing elements representing
the resistance of the solution (Rsol), the internal resistance of
the lm (Rlm), the charge transfer resistance (Rct), the capaci-
tance of the lm (C), and surface capacitance (CPE). To account
for the heterogeneity and roughness of the electrodes, the
capacitance of the surface was modelled with a constant phase
element (CPE, a ¼ 0.839 and 0.819 for the tape and tabs,
respectively) instead of a traditional capacitor.37–39 Table 1
presents a summary of the tting results, which are within the
range reported for other carbon electrodes27,28,40 and suggest
that the electrochemical process is limited by the charge
transfer resistance.26

Overall, these results indicate that the carbon tabs and the
carbon tape are similar products, with similar composition,
contact angle, resistivity, and electrochemical properties. The
main difference between the two materials was the peak shape
of the cyclic voltammograms; the tape demonstrated clear,
distinct peaks while the carbon tabs provided voltammograms
with less dened signals (ESI†). In addition, the charge transfer
resistance was also found to be slightly lower for the carbon tape
(80 kU vs. 142 kU). While technically either material could be
used to develop ePADs, we have also considered the overall cost:
the cost for carbon tabs was three times as high as that for the
carbon tape ($0.074 per electrode vs. $0.027 per electrode). With
this cost efficiency in mind as well as considering the lower
resistivity and higher charge transfer, carbon tape was chosen
as the carbon material for the ePAD and was used in all
subsequent experiments.

3.2 Design of the paper based microuidic device

A six-spoked wheel design was chosen to allow for multiple
electrodes and thus multiple analytes per chip, increasing the
throughput of the approach. In order to dene the sample
volume required to wick the device, increasing amounts of
buffer were spotted onto the center of the chip. Next, photo-
graphs of the chips were taken at 10 s intervals for 60 s using
a smartphone camera, to analyze the distance the solution
travelled. To analyze the photos, CorelDraw soware was used.
As can be observed in Fig. 3, a minimum of 30 mL was required
to ensure that the sample reached the detection spots, therefore
dening the minimum sample volume. It is also important to
point out that it only required 30 s for the solution (30 mL) to
wick the chip, adding to the advantages of the platform.

3.3 Tailoring the device towards the detection of H2O2

One of the potential advantages of the proposed electrodes is
that they could be integrated into a variety of electrochemical
methodologies, including the development of biosensors.
Therefore, CNTs were added to the device not only to improve
the electrochemical activity of the electrodes41 but also to
provide a convenient support to immobilize enzymes.42–44

Rather than modifying the electrode's surface with the CNT,
4024 | Anal. Methods, 2018, 10, 4020–4027
which would have negatively affected the adhesive properties of
the surface, the CNTs were deposited on the paper substrate.
The electrochemical response from 10 mM H2O2 (also prepared
in PBS) was measured in order to determine the optimum
amount of CNTs required. As can be observed in Fig. 4A, only
a marginal signal was observed when the devices without CNTs
were tested. This observation is consistent with previous liter-
ature reports describing the poor performance of plain carbon
electrodes towards the electrochemical detection of peroxide.45

Upon the addition of CNTs, progressively increasing ampero-
metric signals were measured with the addition of CNTs until
an apparent plateau was reached at 25 ng (5 mL of the suspen-
sion containing 0.05 mg mL�1). Further increase of the CNTs
(up to 50 ng) only resulted in slight increases in the electro-
chemical response. These results demonstrate that despite not
being directly deposited onto the electrode, the CNTs never-
theless are electrically connected to the carbon tape, providing
signicant improvement of the electrochemical response when
compared to the carbon tape without CNTs. 25 ng of CNTs was
This journal is © The Royal Society of Chemistry 2018



Fig. 5 Hydrodynamic voltammogram of 10 mM H2O2 using 0.1 M
phosphate buffer as the supporting electrolyte.
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deemed to be the optimal compromise between the amount of
CNTs used and the intensity of the electrochemical signal. This
amount of CNTs was used in all relevant experiments. Although
individual CNTs cannot be directly observed by SEM, which
reveals only the morphology of the cellulose substrate, the
presence of CNTs on the surface of the bers was conrmed by
EDS (see ESI†).

The optimal applied potential for the amperometric detec-
tion was determined by performing a pseudo-hydrodynamic
voltammogram. In this case, a solution containing 0.01 mM
H2O2 was dispensed in the center spot and allowed to wick
across the device. Then, detection potentials ranging from
�100mV to +100 mV were applied to each electrode, to generate
the typical i–t proles. Following previous reports,12 the poten-
tial limits were selected to avoid extraneous redox processes and
provide selectivity to the detection step. In all cases, the current
intensity at 5 s (time when a steady current was observed) was
recorded and plotted against the applied potential. It can be
observed in Fig. 5 that there was a signicant increase in the
current as the potential decreased from +100 mV to �100 mV.
When potentials within the 0mV to�50mV range were applied,
relatively stable current signals were obtained for the reduction
of H2O2. Based on this response, which is typical of carbon
electrodes,12 �50 mV was selected as an optimum potential for
the reduction of hydrogen peroxide and used to investigate the
sensitivity of the ePADs.

Under the optimum conditions, a linear relationship
between the current and the concentration of H2O2 was ob-
tained in the 100 nM to 100 mM concentration range (Ip, nA ¼
0.69 ln[H2O2, M] + 13.83; R2 ¼ 0.9993). While this dynamic
range is a clear advantage over previous devices,22,46 it is
important to acknowledge that the sensitivity of the system
should be further improved (slope in the semi-log scale).

Also using the optimum conditions for the detection of
H2O2, the reproducibility of the fabrication procedure was
evaluated. In this case, the results obtained with different
devices (n ¼ 6) were found to be within a 7% range, which was
considered acceptable for the scope of the project.
This journal is © The Royal Society of Chemistry 2018
3.4 Analysis of beer samples

The brewing process can be considered one of the oldest forms
of biotechnology. Today's overall market for beer is $110 billion,
with much of the market's gains attributed to cra beers ($26
billion, 8% annual growth).47 However the success, safety and
taste of beers depend on an intricate balance of the selected
water, yeast, sugars (malt, barley, etc.), and avoring agents
(hops).48–50 In some cases, fruits, herbs, or spices can be also
added to give beer a particular taste.

As a result, these ingredients result in a complex sample that
presents a challenge for analytical chemistry.51–54 Among pH
and other important analytes (including free amino acids, SO2,
proteins, and biogenic amines),55 the nal content of carbohy-
drates, alcohol, and phenolic compounds are of tremendous
importance. Carbohydrates not only support the fermentation
process but also contribute to the taste (sweetness), body, and
caloric content of the beer.48 Among the fermentable sugars
present in beer (fructose, glucose, maltose, and maltotriose),56

glucose is one of the most abundant components and is of
critical importance. The alcohol content (referring to the
ethanol content) not only is an important asset for the beer in
terms of calories and alcohol intake by the customer,50 but also
represents an important marker to monitor the fermentation
process. Last but not the least, phenolic compounds contribute
to the colloidal stability, antioxidant capacity, and shelf life of
beer. Along with alpha acids and a few other compounds,
phenolic compounds contribute to the distinct bitter taste of
some beers.49 To analyze carbohydrates, alcohol, and phenolic
compounds in beer using the proposed ePAD, three oxidases
where incorporated: glucose oxidase, alcohol oxidase, and
tyrosinase. While the rst two enzymes result in the formation
of H2O2, tyrosinase catalyzes the oxidation of phenols to the
corresponding quinones. Besides providing selectivity towards
the selected analytes, these enzymes also represent a simple way
to benchmark the performance of our device against previous
literature reports. It is also important to point out that due to
the difference in the reaction mechanism, a separate hydrody-
namic experiment was performed using 0.01 mM phenol as
a model compound. In this case, the optimal potential for the
reduction of benzo-quinone (the product of phenol with tyros-
inase) was also found to be �50 mV (see ESI†). In order to
determine the suitability of our device to provide useful infor-
mation related to the production of beer,57–61 these optimum
analytical conditions were applied to investigate the response of
the device towards the three selected analytes. The results are
summarized in Table 2, where the calculated limit of detection
(LOD, 3 � SDblank/slope), linear range, and sensitivity are
included. As can be noticed, the proposed strategy yields limits
of detection similar to those recently reviewed11,13 and reported
for alcohol,62 glucose,12 and phenolic compounds.4,63

Five beers and one cider were analyzed for their glucose,
ethanol, and phenol concentration using the proposed ePAD. As
summarized in Table 3, good agreements between the
measured concentrations and the concentrations declared by
the manufacturers were obtained. It is important to mention
that although the sugar content of the cider was reported to be
Anal. Methods, 2018, 10, 4020–4027 | 4025



Table 3 Comparison of the results obtained with the proposed ePAD with respect to the declared values for a cider and five beer samples

Sample Type

Ethanol (v/v%) Phenols (mM) Glucose (mM)

ePAD Reporteda ePAD Reporteda IBU ePAD Reporteda

OYAH Cider 6.0 � 0.9 6.0 1.3 � 0.5 1.318 � 0.001 0 50.12 � 0.02 59.03
Fresh as Helles Lager 5.4 � 0.9 5.4 1.9 � 0.5 1.726 � 0.001 18 0 � 1 0
Cherry Wheat Wheat ale 5.3 � 0.8 5.3 3 � 1 2.441 � 0.001 23 0 � 1 0
Ghost Rider Lager 6.1 � 0.6 6.0 6 � 2 6.4577 � 0.0005 55 ND ND
Palate Wrecker IPA 9.5 � 0.6 9.5 12 � 4 10.058 � 0.001 100 ND ND
Bitch Creek Brown ale 5.9 � 0.6 6.0 7.7 � 0.9 6.842 � 0.003 60 ND ND

a Analyte content declared or detected by spectrophotometry (ESI).

Table 2 Figures of merit for the selected analytes with 10 mM phosphate buffer as the supporting electrolyte

Analyte LOD Linear range Sensitivity R2

Glucose 0.34 mM 1.02 mM to 1 M I, nA ¼ 0.39 ln[Glu, M] + 1.28 0.9915
Ethanol 0.25 mM 0.75–150 mM I, nA ¼ 0.19 [EtOH, M] + 0.93 0.9898
Phenol 0.251 nM 0.753 nM to 25 mM I, nA ¼ 1.69 ln[Ph, M] + 56.47 0.9882
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8 g per 750 mL bottle, the ePAD measurement yielded a content
of 6.8 g per 750 mL, a difference that was attributed to the
selectivity of glucose oxidase towards glucose (and not other
carbohydrates).64 It was also found that the obtained alcohol
percentage matched the printed labels with 98–100% accuracy
over the concentration range between 5.3 and 9.5% thereby
demonstrating the potential practical applicability of the
device. Furthermore, we have also observed a direct correlation
between the phenol concentration and the bitterness of the
selected beers, reported as International Bitterness Units (IBU).
This observation further supports the established under-
standing that the phenols (among other compounds from the
hops) are responsible for the bitter taste of beers.

4. Conclusions

The use of a commercially available carbon tape as a simple and
effective electrode for electrochemical detection on paper-based
microuidic devices was demonstrated. The tape can be used as
either the working or reference electrode. The modication of
the mPADs with carbon nanotubes was implemented for the
enhanced detection of H2O2, the common target of many
biosensors. The applicability of the proposed device was
demonstrated by measuring glucose, ethanol, and phenols in
beers and ciders with good accuracy when compared to the re-
ported concentration on the printed labels.
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