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We report here the fabrication and electrochemical characterization of a three-dimensional paper-based
analytical device made from pencil (hard and soft) and paper as a low-cost, simple, easy-to-use device
for p-nitrophenol analysis. The three-dimensional device integrates filtration and was fabricated from
conventional printing paper patterned with a wax printer. A quick response code (QR) was added to the
device to enable the user to rapidly assess p-nitrophenol information. The counter electrode was drawn
on the paper while the working electrode consisted of a short section of graphite obtained from a pencil

llfzﬁgifs:ed analytical devices (30 x 0.3 mm). p-Nitrophenol was selected as the target analyte and basic parameters such as solution pH,
Pencil buffer concentration, and pulse amplitude were optimized. Under optimized conditions (0.1 M acetate

buffer, pH 4.0), a detection limit of 1.1 wM was obtained. The devices showed high sensitivity and a linear
range for p-nitrophenol, 10 to 200 wM. The devices were employed to determine p-nitrophenol in water
samples and the results showed recoveries ranging from 91.8 to 108.2%.

p-nitrophenol
Electrochemical detection
Point-of-need.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The use of insecticides and pesticides in agricultural has
increased dramatically over the past several decades [1]. Many of
these molecules are extremely toxic to humans and are associated
with numerous health problems [1,2]. In addition, insectides can
undergo biodegradation process to form harmful byproducts [2].
p-Nitrophenol (pNP) is one example that can be found in wastewa-
ter and agricultural run-off due to biodegradation of parathion and
methyl parathion [3]. The harmful effects of pNP on humans varies
depending on exposure time and includes headaches, fever, breath-
ing trouble and even death at high levels of exposure [4]. As a result,
monitoring pNP in water is important, and many analytical tech-
niques have been described to detect this molecule [5-8]. There
is also a need for simple, disposable, point-of-need, low-cost and
fast analysis systems for toxic pollutants to provide cost effective
exposure risk assessment [9,10].
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In recent years there has been a renewed interested in dispos-
able analytical devices that are easy-to-use, low cost, and can be
used at the point-of-need [11]. The device substrate is one impor-
tant consideration for minimizing cost while achieving portability
[9,11]. Paper has been used to construct paper-based analytical
devices (WPADs) because of its broad availability, low cost, ease
modification and simple manipulation [9,11,12]. wPADs can be fab-
ricated using a variety of methods [13-16]. Among the fabrication
methods, wax-printing is the most common and has been success-
fully used to create devices with colorimetric, chemiluminescent
and electrochemical detection [13,16].

Electrochemical detection for paper-based analytical devices
(ePADs) is attractive because it uses small, inexpensive instrumen-
tation and can achieve low detection limits with high sensitivity
[17,18]. To date, many electrode materials including gold [19,20]
silver [21] and carbon [22] have been used in paper-based plat-
forms. The low cost, easy fabrication, wide potential window and
inert nature of carbon make it an attractive material for electrode
fabrication [23-26].

Graphite pencils are an attractive electrode material for paper-
based analytical devices. Pencils are cheap, available in many
different diameters and lengths, found in every part in the world
and are highly conductive [27]. The carbon content in pencils is
specified by two main grades, which can be H (less carbon) and B
(more carbon) [27]. As a consequence, B grade pencils have higher
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graphite to clay ratios making easier to leave a black trace on paper.
Following this line, Bontempelli’ group demonstrated the construc-
tion of carbon electrodes by directly drawing conductive tracks
using a grade B pencil [28,29]. However, in order to achieve better
electrochemical characteristics H grade pencils are the best choice
due to lower background currents, lowest AEp and peak-to-peak
current ratios close to one [30]. On the other hand, it is difficult to
fabricate conductive tracks on paper using harder pencils, which
turns necessary the construction of a new layout to couple the
working electrode while keeping the main advantages of paper-
based devices.

Here the fabrication of a three-dimensional electrochemical
paper-based device using either graphite H or 6B is reported with
the goal of providing better electrochemical responses along with
a simple, easy-to-use and low-cost ePAD for the determination of
p-nitrophenol.

2. Experimental
2.1. Materials and Equipment

All chemicals were of analytical grade and used as received.
Conventional printing paper was acquired from a local book-
store. Whatman #1 chromatography paper was acquired from
Merck (Sdo Paulo, Brazil). p-Nitrophenol (pNP) was acquired from
Merck (Darmstadt, DE). Potassium ferricyanide, potassium ferro-
cyanide, phenol, 4-aminophenol and 1,4 dihydroxy benzene were
acquired from Sigma-Aldrich (St. Louis, MO). Sodium hydrox-
ide, disodium phosphate (Na,HPO,4) and monosodium phosphate
(NaH,PO4) were acquired from Synth (SP, Brazil). Potassium chlo-
ride was obtained from ]J. T. Baker (NJ, USA). Acetic acid was
from TEDIA (Fairfield, USA) and sodium acetate from Merck (Rio
de Janeiro, Brazil) and were also used as received. The reagents
were weighed on an analytical balance (Sartorius model BP 211D
Goettingen, Germany) to 5 decimal places. A XEROX ColorQube
8570 printer from XEROX (Campinas, Brazil) was used to print the
devices.

A hot plate from Fisatom was used to melt the wax. Pencil
graphite H (0.3 mm x 60 mm) from Pentel and pencil graphite 6B
from General’ were used for electrode fabrication. Araldite® epoxy
resin from Brascola (SC, Brazil) was used for sealing the pencil leads.
Double- and single-sided tapes were purchased from a local book-
store.

The solutions were prepared using purified water in a MilliQ
Millipore system (Billerica, MA, USA) and a Corning pH/Ion Anal-
yser model 350 (Corning, NY, USA) was used to measure the
solution pH. Working standard solutions were prepared daily
by dilution of the stock solutions with 0.1 M Acetate buffer at
pH 4.0.

2.2. Fabrication of the electrodes

The counter electrode was fabricated using a 6B pencil to fill
the designated area. The graphite was applied for 1.5 minutes to
provide electrical contact. The morphology of the paper surface
before and after drawing was imaged using a JEOL JSM-5610LV
scanning electron microscope (SEM).

The fabrication procedure for the working electrode is described
below. Briefly, pencil graphite was cut and sealed using glass capil-
lary tubes and epoxy resin. Before the electrochemical experiments,
the electrodes were polished with alumina (0.3 wm) and washed
with water to remove weakly adsorbed alumina particles [31].
After fabrication, pencil graphite electrodes (PGEs) were attached
to paper using double-sided tape.

Fig. 1. Picture of the QR code with an integrated two-electrode system.

2.3. Construction of the Electrochemical Paper-based Devices
(ePADs)

For the construction of the ePADs, designs were printed on con-
ventional printing paper A4 size (210 x 297 mm) using a solid ink
printer (ColorQube 8570). The printed paper was heated on a hot
plate at 115°C for 120s. After this process, the thermally treated
paper was allowed to cool to room temperature and the QR (Quick
response) code printed on top of the wax using the same printer. QR
codes are a two-dimensional code that hold additional information
in an easy to read format by most smartphones [32].

We initially printed an entire sheet of paper with a selected
color. We have selected the contrast of green to black to fabri-
cate our devices Fig. 1. The QR codes were constructed using free
software (http://www.qrstuff.com). The information to be read was
typed in the space provided for the code construction. After gener-
ation, the code has been copied and positioned on one of the device
faces. After heating, the QR code, folding line and RE/CE line were
printed on paper surface (Fig. 2, step (a)). The QR code was designed
to have 625 mm? with a distance to the edges of 2 mm. After that,
the face of the device containing the RE/CE line was treated in a
hot plate (Fig. 2b). Caution: The face of the QR code cannot touch
the hot plate or the information will be lost. Fold the device and use
a forcep to touch only RE/CE face. Next, the paper was flipped and
double-sided tape was inserted. On the other face, a pencil was used
to make the reference electrode (Fig. 2, step(c)). Biopsy punches
of 4 and 6 mm were used to open small circles on the center of
the double-sided tape and QR code faces, respectively (Fig. 2, step
(d)). For step (e), a hydrophobic black square of 15 x 15 mm with a
hydrophilic circle (d =5 mm) was created using Whatman #1 chro-
matography paper and attached on the backside of the QR code
using single-sided tape, taking care to not cover the hydrophilic
circle. The pencil graphite was attached on the paper-based device
using double-sided tape, as shown in Fig. 2f. To prevent the sample
pH from affecting response, a drop of the buffer was adding during
the filtration layer preparation and allowed to dry before use.

2.4. Electrochemical Measurements and QR Code Reading

For the electrochemical measurements, the PGE was positioned
horizontally as shown in Fig. 2f. For the analysis, 100 pL of sample
or standard was added to the filtration zone created in the center of
the QR code. Alligator clamps were used to make electrical contact
to the electrodes on the ePAD.
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Fig. 2. Construction steps for the ePQR. (a) Printed QR code and alignment lines. (b) Heat treatment of the face designed for the construction of the RE/CE system (face
33 x 29 mm). (c) Drawn RE/CE and inserted double-sided tape. (d) The devices were punched and folded. (e) A punched single-sided tape was used to attach a black
hydrophobic square (225 mm?) containing a hydrophilic circle (d =5 mm) on the opposite face of the QR code. (f) Picture of the attached WE on the device.

The voltammetry experiments were carried out with a PGSTAT-
12 potentiostat/galvanostat from Autolab Eco Chemie (Utrecht, The
Netherlands) connected to a PC (Software GPES 4.9). For the elec-
trochemical experiments, a two-electrode system was employed
using a single carbon counter-electrode (CE) and a PGE work-
ing electrode (WE). The differential pulse voltammograms were
obtained at 50 mV s~! in the potential range of 0.0 to 1.2V versus
carbon.

Tap water from three locations was collected and analyzed for
p-nitrophenol. The samples were fortified with 40 wM of pNP and
analyzed as described above. The instructions and more informa-
tion on pNP detection were accessed using an iPhone model 4S
(Apple) using a QR code reader.

3. Results and Discussion
3.1. Device Layout

A two-electrode system was selected to facilitate the measure-
ment procedure and the coupling with the QR code because of
the fabrication and operational simplicity of this configuration. For
ePAD fabrication, we used conventional printing paper because it
is readily available, lower cost than filter paper, and no flow is
required through the device. The QR code size was 25 x 25 mm with
a2 mm quiet zone, defined as the distance between the code and the
edges (Fig. 2) to make it easier for the QR code reader [32]. A filtra-
tion spot was created in the center of the QR code and aligned with
the RE/CE system using a folding step. Double-sided tape was used
to attach the WE to the top device layer. The horizontally attached
pencil was positioned close to the reference electrode to minimize
IR drop. In our case, the three-dimensional format (2D code with

filtration spot + pencil graphite) is important because it makes elec-
trode (both WE and CE/RE) and filter spot alignment easier. In this
format, the filtration process is easily performed, the analyst only
needs to add the sample and wait.

3.2. SEM images of the paper-based platform

The paper-based platform morphology was characterized
before and after graphite deposition using scanning electron
microscopy. Fig. 3(a) shows scanning electron micrographs of the
wax-patterned paper after the heat treatment. The image shows a
fibrous structure where the pores in the paper are filled by wax and
other reagents. Printing paper are typically modified with chem-
icals or additives to improve surface properties [33]. After the
electrode fabrication procedure, a significant change in the paper
morphology is observed with the paper fibers being covered with
graphite sheets (Fig. 3(b)). Fig. SD 1 shows more images at different
magnifications. The carbon film had no cracks and wrinkles demon-
strating the viability of the simple and low cost procedure to create
conductive and flexible tracks on paper-based platforms.

3.3. Electrochemical Characterization

The first experiments were conducted using two and three elec-
trode systems in order to compare the response of the graphite
CE/RE with a traditional reference electrode. From Fig. 4a it can be
observed that regardless of whether the experiments are on paper
or in a conventional electrochemical cell, the current response is
essentially the same as confirmed by running a statistical test (t-
student) using anodic peak currents from the voltammograms.
A negative peak shift of 203mV was observed, as expected,
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Fig. 3. Scanning electron micrographs of the paper before (a) and after (b) the pencil
drawing procedure.

shifting the formal potential (Epa+Epc/2) to 0V versus C. The rea-
son for the cathodic shift is expected because the reference and
working electrodes are made from the same material and dipped
in the same solution [34]. The PGE gives a normalized peak-to-
peak current ratio of ~1.0 and peak-to-peak separation (AEp)
of 96 mV. The separation of anodic and cathodic peaks is higher
than expected for ideal reversible electrochemical processes (AEp
~ 60mV for one electron) [35], but is lower than reported for
some screen-printed electrodes [36]. These results demonstrate
the viability of the approach for making accurate and sensitive
measurements.

The electrochemical oxidation of 200 wM pNP at the ePAD is
shown in Fig. 4b. The cyclic voltammogram for the first cycle shows
awell-defined oxidation peak at 0.9 V vs. carbon in the forward scan
and no peak in the reverse scan. As the electrode is cycled, the peak
current associated at the oxidation process decreases and the peak
potential shifts toward more positive potentials. This result sug-
gests that the products of the electrochemical reaction of pNP are
adsorbing on the PGE surface, as previously described [37]. As a
result of this electrode fouling, first run results are reported for
all subsequent experiments. The influence of the scan rate was
also studied. Fig. 4c shows the cyclic voltammograms for scan
rates of 10-50 mV s~!. As can be observed, the current associated
with the electrochemical oxidation process increases as the scan
rate increases as expected. The anodic peak currents were plotted
against square root of the scan rate and a linear correlation was

found (Fig. 4d), indicating that the electroactive species reaches
the electrode by diffusion [35]. Also, the anodic peak potential does
not shift toward more positive potentials indicating facile electrode
kinetics.

Since the ePAD code is disposable, one of the main concerns
is that the approach should have low relative standard devia-
tions. We prepared and tested 8 devices and found a relative
standard deviation of 6.3% by measuring pNP levels of 200 WM.
The deviation is acceptable considering the construction process is
manual.

3.4. Effect of pH and Supporting Electrolyte Concentration

The effect of solution pH from 2.5 to 8.0 on the ePAD response
was evaluated by measuring the peak current in the cyclic voltam-
mograms. As can be observed in Fig. 5a, the electrochemical
response for pNP oxidation decreased as the solution pH increased.
Graphite pencils are usually fabricated using kaolinite, solvents and
graphite powder [38]. Kaolinite is a clay mineral which has nega-
tive charges in its structure and may be repelling negative charged
molecules like pNP on higher pH values. Thus, the higher electro-
chemical responses were found when pNP solution was prepared
in the pH range of 2.5 - 4.5 (pKa=7.16) [39].

The impact of buffer concentration was evaluated next. Typ-
ically, conventional electrochemical experiments are done using
electrolyte concentrations at least 100 times higher than the ana-
lyte [40]. Fig. 5b shows the influence of the supporting electrolyte
concentration on the response of the device. As can be observed,
the response reaches a plateau at 25 mM and remains constant for
higher concentrations. Basically, the small size of the PGE mini-
mizes ohmic drop effects (IR drop) making it possible to obtain
voltammograms even at low supporting electrolyte concentrations.
In the absence of supporting electrolyte, the ePAD still gives > 80%
of the maximum response, however, the anodic peak shifts toward
more positive potentials (SD 2).

3.5. Differential Pulse Voltammetry (DPV)

Differential pulse voltammetry was selected for the analyti-
cal application of the ePAD to water samples. DPV is among the
most sensitive electrochemical techniques. In order to improve the
detection limit of pNP, the impact of pulse amplitude was first opti-
mized. Amplitudes from 10 to 200 mV were investigated (SD 3).
The anodic peak current increased from 10 to 125mV and then
remained constant until 200 mV. Thus, 125 mV was selected for the
remaining experiments.

The analytical curve for pNP determination was constructed
using the ePAD using the conditions of higher response obtained
so far. Fig. 6a shows the DPVs obtained for different pNP concen-
trations. The peak potential variation observed in Fig. 6a can be
attributed to the triboelectric effect, which is a type of contact elec-
trification, due to mechanical drawing process [41]. The analytical
curve was linear from 10 to 200 wM (Fig. 6b) and can be described
by the following equation:

Ipa(nA)=30.2(£3.6) +7.6(+0.1) [p-nitrophenol](M) (1)with a
correlation coefficient of 0.998. The limit of detection (LOD) was
found tobe 1.1 wM and calculated as being the concentration which
produced a signal-to-noise (S/N) ratio of 3.

The maximum concentration of pNP to protect freshwater and
saltwater aquatic life should not exceed 4.0 wM and 0.86 uM [42],
respectively. The United States Environmental Protection Agency
(EPA) has set the concentration of this class of compound at 72 uM
to protect human health [43]. The ePAD has a LOD lower than the
values above reported, except for the analysis of saltwater aquatic
life samples where it is higher but still comparable.



M. Santhiago et al. / Electrochimica Acta 130 (2014) 771-777 775

300

150

04

1/ nA

-150 —Ag/AgCl

——Carbon

-300

.04 -02 00 02 04 06
E/V

2004 (c)

50 mVs"

40 10

02 04 06 08 1.0 12
E/Vvs.C

1254 (b)
100
75
g —Background
=501 —cCycle1
25] —Cycle2
—Cycle 3
04
02 04 06 08 1.0 1.2
E/Vvs.C
150
(d)
125
1004
©
o
= 75
504— ’ '

~

3 4 5 6
V1I2 / (mv s-1)112

Fig. 4. (a) Cyclic voltammograms recorded in 0.1 M KCl solution containing 1 mM Fe(CN)4~/3~ at 30mV s~! using a three electrode system (blue line) and ePQR with two
electrodes (grey line). (b) Cyclic voltammograms obtained at 30mV s~ in the absence (background) and presence of 200 uM pNP in 0.1 acetate buffer solution at pH 4.0. (c)
Cyclic voltammograms obtained for different scan rates 10-50 mV s~! in the presence of 200 wM pNP in 0.1 acetate buffer solution at pH 4.0. (d) Plot of anodic peak current
vs. square root of the scan rate. The error bars indicate the standard deviation of three devices.

3.6. Filtration System for ePADs

Water samples may present dispersed solid particles, one of the
first steps adopted in laboratories of analysis is the filtration. To
combine the filtration system with the QR code a piece of chro-
matographic paper was incorporated to the device. The size of the
circle in the QR code is the only factor that can hinder the decod-
ification process. We have observed that for circles up to 6 mm in
diameter there is no reading complication. Thus, the contribution of
the hydrophilic circle diameter on the collected volume was stud-
ied. Fig. 6¢c shows a graph of the collected volume (back face) versus
filtration time. The procedure adopted to measure the volume in the
back face is described in SD 4. As can be observed, the collected vol-
ume increases as function of time for a fixed diameter. To obtain fast
response devices, the filtration time can also be reduced by increas-
ing the diameter of the filtration spot. Here, a filtration zone of 5 mm
and 40 s for the filtration time (volume ~ 25 pL) were selected for
further experiments. One point that should be highlighted is the
sample volume that is applied on the spot for filtration. The vol-
ume of the sample is not need to have a strict control, being one
drop enough.

3.7. Study of interferences

For studying potential interferences, compounds with a simi-
lar chemical structure and same functional group were selected.
Thus, VPDs were obtained in the presence of 4-aminophenol, 1,4
dihydroxy benzene and phenol using the optimized conditions. No
interference in the peak current for pNP was observed when all
compounds ([interferents and pNP] =50 M) were tested in 0.1 M
acetate buffer at pH 4.0 (Fig. SD 5).

3.8. Water Sample Analysis

We selected tap water samples from three locations, spiked
them with pNP and used the ePAD to measure the levels of pNP
for the selected samples. We have included information in the QR
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Fig. 5. (a) Graph of anodic peak current versus solution pH for 0.1 M buffers.
(b) Anodic peak current vs. acetate buffer concentration. Conditions: The voltam-
mograms were obtained in the presence of 200 WM pNP at 30 mV s~. The error bars
indicate the standard deviation of three devices.



776 M. Santhiago et al. / Electrochimica Acta 130 (2014) 771-777

[1 pA (a)
200 uM
M <
c
100 ~
©
M/ -e-
\zs_f/
h____u_______,,,,f——~"’/
Background
00 02 04 06 08 1.0 1.2

E/Vvs.C
100
—=—6mm (c)

?'.- go{ ~—"-%mm
-
)
§ 604
°
>
T 40
-
5}
2
o 20/
(6]

o .

0 20 40 60 80 100 120

Time /s

1800

1500 e
1200+
900
600

300

o : :

0 50 100 150
[p-Nitrophenol] / pM

200

ePAD for p-nitrophenol

Graphite H (r = 150 um)

Sample volume: 100 vl

Filtration time: 40 s

[pNP] uM = (signal(nA) - 30.2) / 76
Report if [pNP1> 72 M

EPA: 1-800-858-7378

Chiefs: Lauro/Chuck

Company: UNICAMP / CSU

Fdate: 12/13/2013

Fig. 6. (a) Differential pulse voltammograms (DPVs) obtained for different concentrations of pNP in 0.1 M acetate buffer solution pH 4.0 and pulse amplitude of 125mV. (b)
Analytical curve. (c) Graph of the collected volume vs. filtration time for different diameters. (d) Scanned information on the screen of the cell phone. The error bars indicate

the standard deviation of three devices.

Table 1
Results obtained for the determination of pNP in water samples.

Water samples [pNP] found/puM Recuperation/%

1* 413 (+£1.5) 98.9-106.2
2% 415 (+£2.8) 95.5-108.2
3* 38.7 (£ 2.5) 91.8-103.8

* The samples were spiked with 40.0 M pNP.

code to help the analyst perform the analysis, including type of pen-
cil, sample volume, filtration time, analytical curve, concentration
levels defined by EPA and more (Fig. 6d). The concentration of pNP
in the samples can be obtained in less than 3 minutes using the
proposed device combined with the QR code reader of the iPhone.
The results of the water sample analysis can be viewed in Table 1.
The recovery levels of the three spiked samples varied from 91.8
to 108.2%, indicating that there is no matrix effect observed in the
results. It is important to stress that the level of pNP present in the
sample was not detected by the device, giving the same signal of
the blank.

4. Conclusions

The construction, characterization and application of a three-
dimensional electrochemical paper-based analytical device for
p-nitrophenol determination in water samples was reported. We
demonstrated that low-cost conventional printing paper is an
alternative platform for the fabrication of reference and counter
electrodes using a drawing process. The carbon tracks formed by
soft pencil were characterized by SEM and were free of cracks and
wrinkles. The device was characterized by cyclic voltammetry and
showed AEp of 96 mV, Ipa/Ipc ~1.0 and reversible electrochemical

responses for the redox probe studied here (Fe(CN)g*~/3-). For
the analytical application, p-nitrophenol was selected as a target
molecule and the ePAD gave a detection limit of 1.1 wM for this
compound. The proposed 3D layout allows a pump-free filtration,
electrochemical detection and proper analysis and interpretation
of the result in less than 3 minutes. We believe that 3D layouts
for electrochemical paper-based analytical devices will be used in
many analytical applications since the folding step is very simple
and open many possibilities that may be explored with different
detection methods.
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