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Abstract: This work reports the development and optimization of a rapid and low-cost pen-on-paper
plotting approach for the fabrication of paper-based analytical devices (PADs) using commercial
writing stationery. The desired fluidic patterns were drawn on the paper substrate with commercial
marker pens using an inexpensive computer-controlled x—y plotter. For the fabrication of electro-
chemical PADs, electrodes were further deposited on the devices using a second x-y plotting step
with commercial writing pencils. The effect of the fabrication parameters (type of paper, type of
marker pen, type of pencil, plotting speed, number of passes, single- vs. double-sided plotting),
the chemical resistance of the plotted devices to different solvents and the structural rigidity to
multiple loading cycles were assessed. The analytical utility of these devices is demonstrated through
application in optical sensing of total phenols using reflectance calorimetry and in electrochemical
sensing of paracetamol and ascorbic acid. The proposed manufacturing approach is simple, low
cost, flexible, rapid and fit-for-purpose and enables the fabrication of sub-“one-dollar” PADs with
satisfactory mechanical and chemical resistance and good analytical performance.

Keywords: paper-based devices; pen-on-paper; plotting; optical sensing; electrochemical sensing;
marker pens; writing pencil

1. Introduction

Although the use of paper as a platform to perform chemical assays has a long his-
tory [1-4], the birth of the modern field of paper-based analytical devices (PADs) was
marked by the pioneering work by the Whitesides” group [5] and the concept was further
extended in recent years with the introduction of 3D and folding PADs incorporating addi-
tional and promising functionalities for sample manipulation, transport and detection [6,7].

The key features of paper as a substrate for the fabrication of PADs are [1,8]: (a)
flexibility, which enables the formation of complex and conformable 2D and 3D structures
that are not subject to tearing upon bending; (b) low thickness (typically tens or hundreds
of micrometers), resulting in low (in the microliter or sub-microliter range) sample/regent
volume required for analysis; (c) absorbency, which allows storage and delivery of an
exact volume of samples/reagents inside the paper matrix and enrichment of the sample
via multiple addition/drying steps; (d) lightness (typically around 10 mg/cm?), which
enhances the scope for portability; (e) high surface-to-volume ratio, enabling the more
efficient immobilization of reagents, enzymes or biomolecular probes; (f) hydrophilicity
and capillary action, i.e., the ability of paper to wick fluids and allow solution movement
through capillary forces dispenses with the use of pumps and permits multidirectional
fluid flow in all directions; (g) chemical and biological inertness, enabling compatibility
with biological samples; (h) disposability and biodegradability, since cellulose is rapidly
degraded by microorganisms (~50 days) without toxic by-products and can be easily
disposed of by incineration, eliminating the problem of contamination with biological
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material; (i) low cost and wide worldwide availability, which reduces the overall cost of
the analysis.

As a result of recent advances in the field of PADs, a host of devices have been
developed for application in various fields such as clinical diagnostics and point-of-care
testing, environmental monitoring and food quality control [9-11]. The patterning of the
hydrophobic barriers is a critical step in the fabrication of PADs and several approaches
have been proposed in the literature; the relative advantages and drawbacks of these
methods have been summarized in many relevant reviews [8,12-17]. Among them, pen-
on-paper (PoP) strategies involve the use of a writing tool (i.e., suitable pen, crayon, pencil
or marker) to deposit functional materials on paper substrates with the view to create
either hydrophobic patterns or conductive areas (electrodes) [15]. PoP is considered as a
promising do-it-yourself approach towards the fabrication of “one-dollar PADs” [16,18].

In order to create hydrophobic patterns on paper, several materials and PoP method-
ologies have been applied: commercial wax pencils or crayons [19-21]; a heated pen to dis-
pense molten wax [22]; commercial acrylate-based plastic [23]; typo correction pens [24,25];
and 3D pens [26]. The disadvantages of these methods are the limited spatial resolution
achieved and the need for post-fabrication treatment (by heating or UV irradiation). On
the other hand, home-made pens or empty cartridges of commercial pens filled with
various hydrophobic materials prepared in-house have been reported for the creation of
hydrophobic patterns, including: trichloro perfluoroalkylsilane [27]; nail polish [28]; water-
based alkyl ketene dimer [29,30]; modified commercial permanent ink [31]; and solubilized
poly(methyl methacrylate) [32]. However, all these methods require a lengthy preparation
step, careful optimization of the composition of the functional material to be used and
heating (after the fabrication of the PADs) to eliminate residual solvents. Another promis-
ing alternative PoP strategy is the use of commercial permanent marker pens. These pens
are based on permanent inks (consisting of a hydrophobic resin, a solvent and a colorant)
of varying hydrophobicity; their advantages are that their composition is constant and
they are low cost and widely available with different tip sizes, offer reasonable resolution
and require no pre- or post-fabrication treatment. Initial PoP applications using marker
pens involved hand drawing of the desired patterns using a template [33]. More recently,
inexpensive computer-controlled x—y plotters were introduced that enable large-scale PoP
fabrication of PADs and better device-to-device reproducibility [34-36]. Regarding the for-
mation of electrodes on PADs, two main PoP fabrication routes exist. The first is based on
commercial or conductive inks formulated in-house and deposited on paper via ball-point
or drawing pens [22,37—40] while the second method utilizes deposition via abrasion with
commercial or home-made writing pencils [34,41-45].

Although the use of marker pens and writing pencils has been reported before for
the fabrication of PADs [31-34], surprisingly, no comparative studies exist on the type
of paper, the type of writing tool and the associated operational characteristics of the
resulting devices (such as their chemical resistance). Therefore, the aim of this work
was the development and optimization of a high-troughput and fast PoP method for the
fabrication of functional fully drawn PADs and electrochemical PADs using exclusively
mechanical plotting with commercial writing stationery. In this context, a systematic study
of the type of paper, writing tools and plotting conditions was undertaken to gain more
insight into the fabrication procedure. In addition, the chemical resistance to common
solvents and the mechanical rigidity of the PADs to multiple loading cycles were eval-
uated. Finally, applicability of the fully PoP-drawn PADs was demonstrated for optical
and electrochemical detection. Compared to the most popular PAD fabrication methods
(wax printing, inkjet printing and lithography), the proposed PoP approach exhibits the
following advantages: it does not require pre- or post-fabrication treatment (heating or
curing), thereby simplifying and speeding up the manufacturing process; it utilizes lower
cost and commercially available writing stationary; it offers greater flexibility since the
drawing process can be readily fine-tuned (in terms of single- or double-sided plotting,
number of passes and plotting speed); and, more significantly, it enables the fabrication
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Table 1.

of both fluidic patterns and electrodes with the same equipment in a sequential dual-step
mode by merely exchanging writing tools [15,16,18].

2. Materials and Methods
2.1. Reagents

All the chemicals were of analytical grade and purchased from Merck (Darmstadt,
Germany). De-ionized water was used throughout.

Aqueous methylene blue solutions (100 mg L~! and 10 mg L~!) were used for the
hydrophobicity tests and the chemical resistance tests.

The types of papers and marker pens used for the fabrication of PADs are listed in
Tables 1 and 2, respectively. Faber-Castell grade 3B, 5B and 7B pencils were used to draw
the electrodes.

Types of papers, specifications and longitudinal migration properties. Specifications are reported as stated

by the manufacturers (https:/ /www.mn-net.com/media/pdf/cb/85/77/Catalog-Filtration-EN.pdf; https:/ /d1lqgfmy9
cwiff.cloudfront.net/csi/pdf/e/mk01.pdf; https:/ /beta-static.fishersci.com/content/dam/fishersci/en_US/documents/

programs/scientific/brochures-and-catalogs/brochures/ge-healthcare-whatman-filtration-products-brochure.pdf) (ac-
cessed on 12 July 2021).

. . . Pore Longitudinal
Paper No. Type of Paper Nominal Speed Thickness Weight Size Migration
1 Whatman grade 2 filter paper 240'5/100 m} (Herzberg) 190 um 97 g/m? 8 um G
. 5 12-15
2 Munktell grade 1288 filter paper 70 s/100 mL (Herzberg) * 210 um 84 g/m um p
Macherey-Nagel grade MN . 2

3 640w filter paper 9s/10 mL (DIN 53137) 200 um 85 g/m 8-12 um P

) 1870 5/100 mL 2 .
4 Whatman grade 42 filter paper (Herzberg) 200 pm 100 g/m 2.5 um G
5 Whatman grade 1 130 mm/30 min ** 180um  87g/m?  NR G

chromatography paper

6 Whatman grade 1 filter paper 150'5/100 m*L (Herzberg) 180 pm 87 g/m? 11 pm G
7 Macherey-Nagel grade MN 261 90-100mm /30 min ** 180 um 90 g/m? NR G
8 Low-cost no brand filter paper NR* NR NR NR P

G, good; P, poor; * Filtration speed; ** Migration speed.

Table 2. Types of marker pens and their performance in terms of channel isolation properties (2 passes were applied to all

the pens; plotting speed 2.7 cm s™1).

Pen No. Type of Pen Channel Isolation

1 Staedtler permanent Lumocolor waterproof 0.4 mm (s) ((a) blue, (b) black, (c) red)

2 Unipin fine line waterproof PIN 08-200 0.8 mm no
3 Edding 8055 outdoor marker waterproof 1-2 mm no
4 Edding 791 paint marker waterproof 1-2 mm no
5 Shachihata Artline paint marker EK-440XF 1-2 mm (xylene free) no
6 Edding 300 permanent marker water-resistant 1.5-3 mm

7 Shachihata Artline laundry marker EK-770 0.7 mm (xylene free) no
8 Grand Paint Marker Olejowy paint marker GR-25 1.8 mm

9 Stabilo point 88/11 fine 0.4 mm (light blue) no
10 Stabilo pen 68/16 1 mm (green) no
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Table 2. Cont.
Pen No. Type of Pen Channel Isolation

11 Donau paintmarker D-oil permanent 2.2 mm (Yellow) no
12 Shachihata Artline Freezer bag marker EK-770 1 mm (xylene free) ((a) black, (b) blue) no
13 Edding 780 0.8 mm ((a) blue, (b) black)

14 United Office metallic marker 0.8 mm (F) HG02687E ((a) silver, (b) gold) no
15 Faber Castell Multimark 1523 0.4 mm (s) ((a) black, (b) blue, (c) red) no
16 BIC Marking Ultra Fine point permanent marker 0.6 mm (black) no
17 BIC Marking Pro ultra-resistant permanent marker 1.1 mm ss

, requires plotting on both sides of the paper; ss, requires plotting on one side of the paper; no, no isolation.

2.2. Instrumentation and Signal Evaluation

Fluidic patterns with the desired shape were drawn using the open-access soft-
ware Inkscape version 1.0.1 (Inkscape Project, https:/ /inkscape.org/about/ (accessed on
12 July 2021)). The AxiDraw extension for Inkscape was used for controlling an AxiDraw
desktop x—y plotter (Evil Mad Science LLC, Sunnyvale, CA, USA) connected to a PC via a
USB interface.

Images of the drawing lines and cross-sections obtained with the different mark-
ers were captured by a Carl Zeiss AXIO microscope (Oberkochen, Germany) connected
to a DSC-S75 Sony digital camera. Processing of the images and measurement of line
thickness was performed with the open-source Dscaler software and the Microsoft Photo
Editor application.

Optical detection on the PADs was based on reflectance colorimetry. The PADs were
scanned with a Deskjet F380 printer (Hewlett Packard, Palo Alto, CA, USA) using the HP
Solution Center and the “Scan with corrected tones” option. Further processing of the
digital images to convert the color intensity of the selected colored area to grayscale was
performed with InkScape 1.0.1.

The contact angle measurements were performed with a GBX Model DGD-DS contact
angle meter (Digidrop, Dublin, Ireland).

For electrochemical measurements, a Palmsens potentiostat, controlled by the PSTrace
5.5 software, was used (Palmsens, Houten, the Netherlands). All electrochemical data
evaluation was performed with the PSTrace 5.5 software.

2.3. Fabrication of PADs

The procedure for the fabrication of PADs is schematicaly illustrated in Figure 1. The
selected paper was positioned onto a flat glass surface and the selected marker pen was
inserted into the holder of the plotter. Several PADs were patterned on the paper and left
at room temperature for 5 min to allow the solvent to evaporate. For double-sided plotting,
the pattern was repeated on the reverse side of the paper after aligning the paper with the
aid of pre-set alignment marks drawn of the glass surface. In the case of electrochemical
PADs, the marker pen was removed from the holder of the plotter and replaced with a
writing pencil which was used to deposit the graphite electrodes. The electrode pattern
was aligned with the fluidic pattern with the aid of pre-set alignment marks drawn of
the glass surface. Finally, the paper was cut using scissors to obtain the individual PADs
which were carefully handled using tweezers. The plotting conditions are described in the
text. The nominal dimensions of the fluidic PADs designed and fabricated in this work are
shown in Figure S1 (Supplementary Material). The cost of each PAD (in terms of materials)
is less than USD 0.05.
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Design of electrode pattern

Fabrication of PADs Deposition of electrodes

Figure 1. Schematic illustration of the fabrication of the fluidic PADs used in this work.

2.4. Optical and Electrochemical Detection

The total phenolic content was determined by the Folin—Ciocalteu approach using
gallic acid as a standard. White wine samples were diluted 1:1 with de-ionized water. The
PADs were positioned horizontally and 5 uL of a 2.0 mol L~! of Folin-Ciocalteu reagent
was applied onto the center of the test zone. Then, a 10 uL aliquot of gallic acid standard
(in the concentration range 0-3 mmol L~! prepared in an aqueous solution containing 6%
(v/v) ethanol) was placed at the center of the test zone. Finally, 10 puL of a 20.0% (w/v)
NayCOj solution was applied to the center of the test zone (circular PADs) or the sample
zone (fluidic PADs). The Na,COj solution spread radially within the test zone (circular
PADs) or migrated to the test zone (fluidic PADs) to initiate the colorimetric reaction which
produced a dark blue/gray color; the PADs were left for 15 min to allow the reaction to
complete and then scanned. For comparison, a standard Folin-Ciocalteu method was
employed [46].

Cyclic voltammograms (CVs) of the ferrocyanide/ferricyanide redox couple in the
fluidic PADs were obtained by positioning them horizonatally and placing a deoxygenated
40 pL aliquot of a 0.002 mol L~! potassium ferrocyanide/0.002 mol L~! potassium ferri-
cyanide solution in 0.01 mol L~! KCl in the sample zone. The solution was allowed to
reach the test zone and the CV was recorded with respect to the pseudo-reference graphite
electrode at a scan rate of 10 mV s~ 1.

A gin sample was spiked with different concentrations of paracetamol and diluted 1:1
with 0.2 mol L=! H,SOy. An orange juice sample was spiked with different concentrations
of ascorbic acid, filtered and diluted 1:10 with 1 mol L~! phosphate buffer (pH 7). For
differential pulse (DP) voltammetry, the fluidic PADs were positioned horizontally, and a
40 pL aliquot of the sample was placed in the sample zone. The sample was allowed to
reach the test zone and the DP voltammogram was recorded with respect to the pseudo-
reference graphite electrode at a scan rate of 10 mV s~ ! with pulse height 25 mV and pulse
width 20 ms.

For all the electrochemical measurements, two conditioning measurements were car-
ried out (that were discarded) followed by three analytical measurements (that were stored).
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3. Results
3.1. Investigation of Type of Paper

Thus far, comparative data of different paper substrates in conjunction with the PoP
formation of PADs are very scarce (typically, Whatman grade 1 filter or chromatographic
paper is used by default). In this context, the type of paper is critical since it affects the way
the solution moves through the cellulose matrix. In this work, eight types of papers were
investigated including six types of filter paper (papers No 1-4, No 6 and No 8), differing
in their nominal filtration speeds, and two types of chromatographic paper (papers No
5 and No 7); the different papers used and their specifications are listed in Table 1. The
solution migration properties were investigated by fabricating fluidic PADs by single-sided
plotting with a BIC Marking Pro ultra-resistant permanent marker (pen No 17 in Table 2)
with two passes at 2.7 cm~!, placing the PADs at a horizontal position, applying 100 uL
of an aqueous solution of methylene blue to the sample zone of the fluidic device and
observing the device after the solution flow stopped; photos of the devices using the
eight types of paper are illustrated in Figure 2a. It was found that in filter papers No
2, 3, and 8, the solution traveled some distance along the fluidic channel but the flow
stopped before the solution reached the opposite end. Conversely, in filter papers No
1, 4 and 6 and the chromatographic papers 5 and 7, the solution eventually migrated
along, and reached the opposite end of, the fluidic channel, indicating better solution
longitudinal migration properties. From these results and the data in Table 1, a rough
inverse correlation can be established between the longitudinal migration efficiency and
the nominal filtration speed of the individual filter papers. This is accounted for by the
fact that two opposing migration effects are at play: axial migration (solution movement
as the liquid penetrates the paper moving from one side of the paper to the opposite side)
and longitudinal migration (solution movement along the fluidic channel with direction
from the sample zone to the test zone). In fast-filtering papers (i.e., papers No 2, 3 and
8), axial migration predominates and the solution rapidly penetrates the paper matrix,
forming droplets at the opposite side of the paper, an effect that was verified by optical
inspection; as soon as droplets are formed while the paper is held in the horizontal position,
the longitudinal solution movement stops. In slow-filtering filter papers (i.e., papers No
1, 4, 6) and the chromatographic papers No 5 and 7, the axial migration (i.e., the paper
penetration process) is much slower so that, in the timescale of the experiment, solution did
not have sufficient time to penetrate and reach the opposite side of the paper. Therefore,
longitudinal migration prevails and the solution moves along the entire fluidic channel
through capillary forces.

[INLINN IIITEA

Nol No2 No3 No4 No5 Noé No7 No8

(a) (b)

Figure 2. Photos illustrating (a) longitudinal solution transport in the 8 different types of papers (100 uL of methylene

blue; pen No 17; two passes; single-sided; pen plotting speed 2.7 cm s~1), (b) the effect of the plotting speed (in cm s~1) on

the isolation ability and the barrier line width (100 pL of methylene blue; pen No 17; paper No 5; single-sided plotting;

2 passes).
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Therefore, the slow-filtering filter papers No 1, 4 and 6 and the chromatographic
papers No 5 and 7 were found to possess satisfactory longitudinal migration properties
and could be potentially used for the fabrication of the PADs.

3.2. Investigation of the Type of Marker Pen

So far, no comparative data exist on the different types of commercial marker pens
for the PoP formation of PADs and only the Staedler permanent Lumocolor waterproof
(pen No 1 in Table 2) has been used for this purpose (e.g., [34,36]). However, according
to our initial experiments, the isolation capability of this marker pen was found to be
questionable and a systematic study of 17 types of commercially available marker pens
was undertaken to assess their channel isolation abilities (Table 2). The ink formulations
are proprietary to the respective manufacturers and no data of their chemical composition
are disclosed. However, all permanent markers utilize a coloring pigment, a hydrophobic
resin and a solvent. The pressure applied during the drawing process is sufficient to force
the ink to (partially or fully) penetrate the paper and the solvent quickly evaporates (in a
few minutes), leaving the dry resin on paper which ultimately serves as the hydrophobic
barrier. The channel isolation ability of each marker pen depends both on the composition
of the ink and its ability to penetrate the paper substrate. The channel isolation ability was
investigated by plotting the channels using two passes at 2.7 cm s, letting the ink dry for
10 min, applying 100 uL of an aqueous solution of methylene blue to the sample area of the
fluidic device and visually inspecting the device after the solution flow was stopped. Using
two passes, none of the pens No 1-16 achieved satisfactory isolation after plotting on one
side of the paper. Plotting on both sides of the paper (two passes on each side at 2.7 cm s~ 1)
provided satisfactory isolation ability with: the Staedtler permanent Lumocolor waterproof
pen (pen No 1); the Edding 300 permanent marker water-resistant 1.5-3 mm pen (pen
No 6); the Olejowy paint marker GR-25 1.8 mm (pen No 8); and the Edding 780 0.8 mm
(Pen No 13). However, double-sided plotting is undesirable since it necessitates reversal
of the paper, re-aligning and re-plotting. The BIC Marking Pro ultra-resistant permanent
marker (pen No 17) provided satisfactory isolation ability after plotting only on one side
of the paper using two passes at 2.7 cm s~ ! in combination with all the paper types and
was selected for further work. This was corroborated by microscopic examination of the
cross-section at the barrier areas which showed that the ink completely penetrated the
paper substrate with all the types of paper studied in this work (Figure S2 (Supplementary
Material)).

3.3. Investigation of the PAD Fabrication Parameters

Once pen No 17 was selected, different fabrication parameters were studied. One
important parameter is the actual border width which is directly related to the nominal
thickness of the marker pen’s point size. The nominal thickness of the selected pen No
17 is 1.1 mm but the actual width of the borders is larger and depends on the type of
paper substrate, the plotting speed and the number of passes. Table 3 summarizes the
border thickness achieved using different types of papers. While papers No 1, 4, 5, 6
and 7 offer good transport properties (as discussed in Section 3.1), papers No 1 and 6
cause excessive dispersion of the ink, resulting in wider borders (as shown in Table 3 and
Figure 2a). Papers 4, 5 and 7 produced statistically non-significant differences in both
optical and electrochemical detection and paper 7 was used for subsequent experiments.
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Table 3. Average border line thickness and contact angles on different types of paper using pen No
17 (nominal thickness 1.1 mm) (single-sided plotting; 2 passes; pen plotting speed 1.9 cm s™1).

Type of Paper Line Thickness = SD (mm) * Contact Angle (°) *
Paper 1 28+0.1 124 £49
Paper 4 20+02 117 £ 4.2
Paper 5 23+02 115 + 6.4
Paper 6 30£03 116 £5.1
Paper 7 22402 117 £ 4.2

*n =10.

Another important parameter is the plotting speed. As illustrated in Figure 2b, pen
plotting speeds higher than 5.7 cm s~! did not ensure effective channel isolation. Lower
pen plotting speeds yielded satisfactory channel isolation but led to wider borders and,
consequently, lower spatial resolution, as shown in Figure 2b and Table S1 (Supplementary
Material). In this work, pen plotting speeds in the range 1.9-3.8 cm s~! were normally
used.

The hydrophobicity of the selected pen No 17 was assessed via contact angle mea-
surements. Contact angles were measured by first drawing a circular area on the paper
substrate and then placing a drop of water on the plotted area. Contact angles recorded for
different paper substrates were >115°, suggesting a highly hydrophobic surface in all the
cases (Table 3); Figure S3 (Supplementary Material) demonstrates the hydrophobicity of
the selected pen No 17 on paper No 7.

Finally, the chemical stability of the borders drawn with pen No 17 in solutions
containing acids, bases and organic solvents was assessed by applying 100 pL of the
respective aqueous solution containing methylene blue to the sample area of the fluidic
device and recording the device after the solution flow was stopped. The results are
summarized in Figure 5S4 (Supplementary Material), showing that the devices can be used
in conjunction with aqueous solutions of common solvents (AcCN, EtOH and MeOH) in
the range 20-50% (v/v) and with aqueous solutions of common acids (HCI, H,SO4, HNO3)
and NaOH in the range 0.1-0.5 mol L.

Finally, in view of potential applications in biosensing (where successive washing
and rinsing steps are envisaged), the structural rigidity and the border resistance of the
PADs was tested using 20 successive cycles involving the addition of 50 uL of aqueous
solution and drying in ambient conditions (the total volume of solution added was 1 mL).
No leakage of the solution was observed under these conditions.

3.4. Applications in Optical and Electrochemical Detection

The PADs were applied in the determination of total phenolic content (using gallic acid
as standard) using reflectance colorimetry. Calibration plots for the determination of gallic
acid in the range 0-3 mmol L~! of the fluidic PADs and circular PADs (for comparison)
are illustrated in Figure 3a and the photos of the respective PADs for the assay are shown
as an inset. The limit of detection (LOD) was 0.015 mmol L~! and was calculated as the
concentration that corresponds to a signal equal to 3.3 x s, (Where sy, is the blank signal).
The between-device reproducibility was evaluated in different fluidic PADs for multiple
determinations of gallic acid at three concentration levels (Figure 3b); the coefficients of
variation ranged from 2% to 4%.
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Figure 3. Assay of total phenols using gallic acid as standard: (a) calibration plot and photos of the assay at different gallic

acid concentrations of fluidic and circular PADs, (b) photos illustrating between-device reproducibility at 3 concentration

levels (pen No 17; paper 7; single-sided plotting; 2 passes; pen plotting speed 2.7 cm™1).

The method was applied to the determination of the phenolic content of 10 white
wines and the results were positively correlated with the standard method (Figure S5,
Supplementary Material) [43]. It is worth noting that no leakage was observed despite the
fact that aqueous ethanolic solutions were used.

Deposition of electrodes was performed directly on the PADs using a second x-y
plotting step with commercial writing pencils. The electrochemical PADs were initially
characterized by CV using a ferrocyanide/ferricyanide solution as a redox probe. Figure
S6 (Supplementary Material) illustrates CVs using three grades of pencil (3B, 5B and 7B)
of different hardness. The medium-hardness 5B grade produced the highest redox signal
and the smallest peak-to-peak separation (suggesting better charge transfer properties); the
measured peak heights of the ferro/ferri couple were 78 & 6% of the theoretically calculated
peak heights. The harder pencil 3B produced the smallest redox signal (probably due to
the lower carbon content of the lead which results in a smaller active surface area) and the
largest peak-to-peak separation. Although the softest pencil 7B contains more graphite
than the other two, it produced intermediate results between pencils 3B and 5B and this
was attributed to the fact that the softer carbon material adhered poorly on the paper
surface. Figure 4a illustrates CVs of five different electrochemical PADs using the grade 5B
pencil; the between-device reproducibility (expressed as the coefficient of variation) in peak
heights was <8% (indicating satisfactory fabrication reproducibility) and in peak potentials
was <2% (indicating good stability of the graphite pseudo-reference electrode). The effect
of the number of passes with the pencil was also studied (Figure 4b) and it was found that
at least three passes are necessary to achieve a constant electrochemical response.

The electrochemical PADs were successfully applied to the detection of paracetamol in
gin. Paracetamol is an analgesic used to adulterate low-quality alcoholic drinks to prevent
hangover [41]. Figure 5a illustrates voltammograms and a calibration curve for paracetamol
(as an inset) obtained in the matrix of gin. The LOD (calculated as LOD = 3.3 x s;/a, where
s; is the standard deviation of the intercept of the calibration plot and a is the slope of
the calibration plot) was 3.1 mg L~! and the between-device relative standard deviation
ranged from 7-12%; the LOD was lower than the one achieved with the only existing
electrochemical PAD for paracetamol detection [41]. A second application involved the
determination of ascorbic acid in an orange juice sample. The determination was carried out
using the method of standard additions and representative voltammograms are illustrated
in Figure 5b together with the standard addition graph as an inset. The determined
concentration of ascorbic acid in the orange juice sample was 27.4 + 5.5 mg/100 mL (n = 3),
and the recovery was 95%. The LOD was 5.7 mg L~! and it was similar or better than those
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obtained with other electrochemical PADs [47,48]. The chemical resistance of the PADs
proved satisfactory in both samples involving ethanolic solutions, buffers and dilute acids.

0.8

E(V) E(V)
(@) (b)
Figure 4. CVs of a 2.0 mmol L~! potassium ferrocyanide/ 2.0 mmol L~! potassium fferricyanide solution in 0.01 mol L~!

KClI (a) of 5 different electrochemical PADs and (b) electrochemical PADs with 1, 2, 3 and 4 passes with the grade 5B pencil
(pen No 17; paper 7; single-sided plotting; 2 passes; pen plotting speed 2.7 cm s~!; pencil plotting speed 32 cm s~ 1).

5 - 5
4
¥ = 0.0665x + 0.1049 a g 3
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Figure 5. Application of the electrochemical PADs. (a) Voltammograms of different concentrations of paracetamol in a gin
sample (calibration curve as inset). (b) Determination of ascorbic acid in an orange juice sample (standard additions curve
as inset). Pen No 17; pencil 5B; paper 7; single-sided plotting; 2 passes; pen plotting speed 2.7 cm s~ ; pencil plotting speed
32 cms™ ).

4. Conclusions

A method for fabricating PADs via a PoP approach using x-y plotting with commercial
stationery was developed and optimized. Among the marker pens investigated for the
formation of hydrophobic barriers, the BIC Marker Pro could provide channel isolation
with single-sided plotting. Regarding paper types, slow-filtering filter papers as well as
chromatographic papers provided satisfactory longitudinal transport properties. Plotting
speeds < 5.7 cm s~ ! could be used in conjunction with aqueous solutions without leak-
age. The PADs offered satisfactory chemical resistance to aqueous solutions of common
organic solvents (in the range 20-50% (v/v)) and common acids and bases (in the range
0.1-0.5 mol L™ 1) and satisfactory rigidity after multiple loading cycles. A representative
optical assay (determination of total phenols) with the PADs exhibited positive correla-
tion with a standard optical method with between-device coefficient of variation <4%.
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Three-electrode electrochemical PADs were fabricated via x—y plotting with a writing
pencil. The grade 5B pencil was found the more appropriate while the between-device
coefficient of variation (using the peak heights of the ferri/ferro redox probe) was <8%. The
electrochemical PADs were successfully applied to detect paracetamol in gin and ascorbic
acid in orange juice. The proposed methodology to fabricate PADs is fit-for-purpose, rapid,
simple, low cost and flexible.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/chemosensors9070178/s1, Figure S1. Nominal (as designed) dimensions of the PADs and the
electrochemical PADs fabricated in this work, Figure S2. Cross-section profiles of the channels drawn
with pen No 17 using single-sided plotting on the 8 paper types studied in this work, Figure S3.
Demonstration of hydrophobicity of pen No 17 on paper No 7, Table S1. Effect of the drawing
speed on the barrier line width, Figure S4. Chemical resistance of devices plotted with pen No
17 on paper No 7, Figure S5. Correlation of the phenolic content (in gallic acid equivalents, GAE)
measured with the PADs and the standard method, Figure S6. CVs of a 2.0 mmol L~! potassium
ferrocyanide/2.0 mmol L~! potassium ferricyanide solution in 0.01 mol L=! KCl on PADs with
electrodes drawn with pencils of grade 3B, 5B and 7B.
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