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Abstract

The simultaneous detection of multiple analytes from a single sample is a critical tool for the
analysis of real world samples. However, this is challenging to accomplish in the field by current
electroanalytical techniques, where tuning assay conditions towards a target analyte often results
in poor selectivity and sensitivity for other species in the mixture. In this work, an electrochemical
paper-based analytical device (ePAD) capable of performing simultaneous electrochemical
experiments in different solution conditions on a single sample was developed for the first time.
We refer to the system as a Janus-ePAD after the two-faced Greek god because of the ability of the
device to perform electrochemistry on the same sample under differing solution conditions at the
same time with a single potentiostat. In a Janus-ePAD, a sample wicks down two channels from a
single inlet towards two discreet reagent zones that adjust solution conditions, such as pH, before
flow termination in two electrochemical detection zones. These zones feature independent
working electrodes and shared reference and counter electrodes, facilitating simultaneous
detection of multiple species at each species’ optimal solution condition. The device utility and
applicability are demonstrated through the simultaneous detection of two biologically relevant
species (norepinephrine and serotonin) and a common enzymatic assay product (p-aminophenol)
at two different solution pH conditions. Janus-ePADs show great promise as an inexpensive and
broadly applicable platform which can reduce the complexity and/or number of steps required in
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multiplexed analysis, while also operating under the optimized conditions of each species present
in a mixture.

INTRODUCTION

Methods for detecting multiple analytes simultaneously at the point-of-need are of
significant interest in many fields including clinical diagnostics,[1, 2] environmental
monitoring,[3, 4] and food safety.[5, 6] Multiplexed analysis typically minimizes the
required sample volumes, the ease and time of analysis, and/or cost of sensing. However, it
is challenging to quantify multiple species - where each species requires unigue conditions,
from a single sample in one device using simple analyses. Frequently, target analytes are
present at lower concentrations than background species[7] and matrix effects can inhibit
detection.[8] Moreover, each species may require different detection settings such as
detection technique, assay reagents, buffer type, and/or pH conditions, as well as intricate
modifications to the sensing surface to impart selectivity. This leads to difficulties in setting
experimental conditions for sensing of each analyte, often resulting in diminished sensitivity
and selectivity for one or more species in the mixture, or the requirement for altogether
separate detection methods or steps.[7] Integrated platforms or arrays of multiple sensors
have been applied to multiplexed detection.[9-12] These sensors are usually designed with
experimental conditions specific to a single target analyte, whereby separate preparation
procedures are required. However, this is insufficient for point-of-care (POC) diagnostics as
an individual procedures for the detection of each analyte increases the analysis time, cost,
material requirements and training required for an end-user.

In 2007, Whitesides and coworkers demonstrated the first microfluidic paper-based
analytical device (LPAD).[13] The device was used to perform multiplexed bioassays; since
this work, WPADs have been developed extensively for use in POC settings. WPADs are an
attractive platform for multiplexed POC testing as a result of their low cost, portability, low
sample consumption, ease of use, and disposability.[14] Flow is generated via capillary
action, precluding the need for mechanical or electrical pumps associated with traditional
microfluidic devices.[15] The porous paper matrix allows for storage of dried reagents,[16]
facilitating multi-step assays.[17] Through patterning with hydrophobic barriers, multiple
fluidic channels can be generated on a single paper device for multiplexing.[18, 19]
Colorimetric uPADs featuring multiple channels have been demonstrated extensively for
multiplexed detection, where the intensity or hue of a color change corresponds to the target
analyte concentration.[20-22] Despite their inherent simplicity, colorimetric WPADs are
limited by the requirement for a colorimetric substrate and poor detection limits and/or
sensitivity.[23-25] Additionally, splitting a sample into multiple channels results in a
decrease in the total number of moles of analyte available to produce a detectable color
change, negatively impacting detection limits.[26]

Electrochemical PADs (ePADs) provide a more quantitative detection method with lower
detection limits, increased sensitivity, rapid measurement times (<1 min), and amenability to
miniaturization.[27] Electrochemical detection is an appealing approach for multiplexed
detection, as through control of the applied potential, multiple species in a mixture can be
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detected in one measurement. However, this is insufficient when the target species exhibit
similar redox potentials, resulting in unresolved signals. In this case, the signals can
sometimes be resolved through pretreatments such as derivatization or chromatographic
separations, both of which are unsuited for POC sensing. Simultaneous electrochemical
sensing of multiple species without pretreatment can also be performed using chemically
modified electrodes (CMEs).[28-31] CMEs and arrays of CMEs have been incorporated
into ePADs for multiplexed detection of cancer biomarkers,[32, 33] heavy metals in
environmental[34] and human serum samples,[35] and an array of other environmental and
biological analytes. Still, the electrochemical experiments typically take place under a single
set of conditions, including pH, ionic strength, and solvent. This becomes problematic for
multiple-analyte detection as these parameters influence reaction rates and sensitivities and
the optimal conditions are frequently analyte specific.[36—38] Solution pH is a critical
variable, as pH controls metal speciation, redox potentials due to the concomitant transfer of
protons or hydroxide ions, and acid-base equilibria of species whose electroactivity is a
function of association or dissociation.[36—38] Often times, sensitivity is sacrificed for one
or more species in a mixture by performing analysis at a single pH.[39] Methods to
electrochemically control pH conditions in situ via the electrolysis of water for the detection
of a single pH sensitive species have been reported.[37, 40] However, one would ideally
conduct electrochemical analysis on a single aliquot, at the optimal detection conditions for
each individual analyte present simultaneously.

In this work, we demonstrate a Janus-ePAD for performing multiplexed detection with the
capability for in situ pH control for optimized electrochemistry. Unlike prior reports where
solution conditions were static in the device, our system has the ability to generate multiple
conditions in a single device from a single sample. Janus-ePADs are demonstrated for two
applications; the simultaneous detection of norepinephrine (NE) and serotonin (5-
hydroxytryptamine, 5-HT) and the detection of p-aminophenol (pAP). NE and 5-HT are of
significant interest since their electrochemical behaviors are pH dependent[41] and low
levels of NE and 5-HT are linked to several disorders, including depression, migraine, and
anxiety disorders.[42] pAP is often detected as the electrochemically active product in a
variety of enzymatic assays and is an important clinical and environmental contaminant.[23]
Since enzyme activity is pH dependent and enzyme specific, performing multiple enzymatic
assays at each enzymes’ optimal pH conditions from one sample is challenging. As a proof
of concept, the target analytes (NE, 5-HT and pAP) are detected at two different pH values,
pH 6.0 and pH 8.0, in a single device featuring in situ pH generation. Janus-ePADs provide a
new approach for the fabrication of high performance multiplexed sensing devices and has
broad reaching implications for simultaneous electrochemical detection of multiple species
at the POC.

EXPERIMENTAL SECTION

Chemicals, materials, and equipment

All chemicals were analytical grade and used as received, and all solutions were prepared
using purified water (18.2 MQ cm) from a Milli-Q Millipore water purification system. 5-
HT was acquired from Alfa Aesar (Ward Hill, MA). NE, potassium phosphate monaobasic,
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sodium phosphate dibasic, phosphoric acid (H3PO4), sodium hydroxide (NaOH) were
acquired from Sigma-Aldrich (St. Louis, MO). Potassium ferrocyanide (Fe(CN)g*~) was
acquired from Mallinckrodt (St. Louis, MO). Graphene oxide (GO) was acquired from XF
Nano, Inc. (Nanjing, China). Light mineral oil was acquired from Fischer Scientific (New
Jersey). pH-indicator strips with a pH range of 4.0 — 7.0 and 6.5 — 10.0 were acquired from
Merck (Darmstadt, Germany). Whatman 4 chromatography paper was acquired from Fisher
Scientific (Pittsburgh, PA). A XEROX Phaser 8860 printer was used to print wax patterns on
PADs following established protocols. An Isotemp hot plate from Fischer Scientific, set at
150°C, was used to melt the wax on the paper. Ag/AgCI ink from Gwent Group (Torfaen,
U.K.) was used to construct the conducting pads and reference electrode (RE). Carbon ink
from Ercon Incorporated (Wareham, MA) was used for the construction of the counter
electrode (CE). Boron doped diamond (BDD) powder was prepared through a previously
reported procedure.[43] The fabrication of the working electrode (WE) of BDD paste
electrode (BDDPE) followed the procedure described previously.[44] Stencil-printed Ag/
AgCl on a transparency sheet substrate was prepared as a conducting pad. To minimize BDD
paste consumption, an electrode body containing three smaller openings (0.1 x 2 mm
rectangles) was fabricated using a laser engraving system (Epilog, Golden, CO). The
BDDPE was prepared by mixing BDD powder and mineral oil (70:30, w/w) and filled into
the electrode body.

Device fabrication and operation

The design, details of the fabrication procedures and operation of the Janus-ePAD is shown
in Figure 1. Adobe Illustrator CS6 software was used to design device features containing
sample reservoir, two reagent zones and two detection zones. After printing the design using
a wax printer (Xerox Colorqube 8870), devices were heated on a hot plate at 175 °C for 50 s
to melt the wax through the paper, creating a hydrophobic barrier. The backs of the paper
devices, except the detection zones, were taped with Scotch packing tape to control fluid
flow and prevent leaking during the measurements. The electrochemical detection zone
consists of three layers: (i) CE and RE fabricated on 8 mm diameter circular hydrophilic
areas at the back side of wax-printed paper by stencil-printing, (ii) Whatman #4 paper pieces
inserted between the stencil-printed electrodes paper layer and WE layer to improve the
efficiency for the solution flow in the channel, and (iii) the BDDPEs. Two different pH
values of pH 6.0 and 8.0 can be generated by adding three 1.4 uL aliquots of 0.5 M H3PO,4
to the 15t reagent zone and three 1.4 pL aliquots of 0.5 M NaOH to the 2" reagent zone. Al
reagents and samples were applied on the front (wax-printed) side of device. Between each
reagent addition, the device was dried at room temperature.

For the measurement step, a polydimethylsiloxane (PDMS) lid was placed on the top of
device for applying equal pressure across the paper surface, thus controlling the flow rates.
A 60 pL aliquot of sample solution was gently introduced into the device at the sample
reservoir through the hole in the PDMS lid, capillary action carried solution along the
channels (the wax barrier served to confine and direct sample flow). As the solution reacted
with the H3PO,4 and NaOH deposited at the reagent zones, pH values of solution were
adjusted to pH 6.0 and 8.0, respectively. After the adjusted pH solutions flowed to detection
zones, the PDMS lid was removed and electrochemical detection was performed.
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Electrochemical Detection

All electrochemical experiments were performed using a model CHI832 bipotentiostat (CH
Instruments, Austin, TX) with four-electrode configuration including a reference electrode
(RE), a counter electrode (CE), and two working electrodes (WEs). All measurements were
carried out at room temperature (22+1°C). For NE and 5-HT detection, an electrochemically
reduced graphene oxide-modified BDDPE (ERGO-BDDPE) was used as the WE for NE and
5-HT detection in an attempt to enable simultaneous detection of both compounds as
described in our previous work.[44] Details of the ERGO-modified electrode preparation are
described in Supporting Information, section 1. Standard solutions of NE and 5-HT were
prepared in 0.1 M phosphate buffer (PB) pH 7.0, and a 60 pL aliquot was used for the
experiments. Differential pulse voltammetry (DPV) was employed for NE and 5-HT
detection with an amplitude of 60 mV, potential increment of 4 Hz, and a pulse width of 0.05
s. Electrochemical detection of p-aminophenol (pAP, EMD Milipore, Billerica, MA) was
carried out using differential pulse voltammetry (DPV). For DPV, a pulse amplitude of 50
mV, potential increment of 4 Hz, and a pulse width of 0.1 s were used.

RESULTS AND DISCUSSION

Electrochemical characterization of the Janus-ePAD

To validate the Janus-ePAD, Fe(CN)g*~ cyclic voltammetry was investigated with the two
detection zones / working electrodes. As shown in Figure 2, the BDDPEs exhibit well-
defined and symmetrical anodic and cathodic peaks, with similar peak currents and peak
potentials between the two working electrodes (4.23 + 0.03 (/1) Vs 4.55 + 0.18 (fyz2) KA,
—4.22 £ 0.11 (fpc1) Vs —4.61 £ 0.09 (fpc2) WA, 0.21 £ 0.01 (Epay) vs 0.23 £ 0.01 (Epap) V, and
—0.10 +£0.02 (Epcy) vs —0.12 £ 0.02 (Epc2) V vs Ag/AQCI). The average peak potential
separation (A£p) was found to be 311 + 12, and 351 + 13 mV for BDDPE1 and BDDPE?2,
respectively (7= 3). Due to its inner sphere electrocatalytic nature, Fe(CN)g*~ exhibits
electrochemical irreversibility at the BDDPEs. The electron transfer kinetics of this species
are impeded at oxygen terminated BDD and large A&, values have been frequently observed
at oxygen terminated BDD.[45, 46]

In situ pH adjustment in a Janus-ePAD

To carry out on-line adjustment of phosphate buffer pH from pH 7.0 to pH 6.0 or 8.0, 0.5 M
H3PO,4 and 0.5 M NaOH were dried on the two reagent zones and pH-indicator strips were
used to measure the solution pH in the detection zone. The parameters influencing the
adjustment of pH values were optimized including volume of sample/standard solution and
volume of H3PO,4 and NaOH solution.

The sample volume needed to wet the channels, reagent zones, and detection zones, was
initially investigated. Three 1.0 pL aliquots each of 0.50 M H3PO4 and 0.50 M NaOH
solutions were added into 15t reagent zone and 2"d reagent zone, respectively. Next, 45 to 65
pL of 0.10 M PB pH 7.0 solution was added into the sample zone. The pH-indicator strips
were placed on the bottom of each detection zones to observe the pH change and the
solution homogeneity after pH adjustment. The results are shown in Figure 3(a).
Homogeneous color change on pH-indicator strips, indicating full wetting, was observed at
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65 L, and consequently, 65 UL was chosen as the optimum condition. The amount of
H3PO,4 and NaOH is another important factor in the adjustment of pH value. Therefore, 0.50
uL to 1.8 L of 0.50 M H3PO, and 0.50 M NaOH was added to the 15t 3 4 reagent zone and
the 2" reagent zone, respectively, and 65 pL of 0.10 M PB pH 7.0 was applied to the sample
reservoir of the device to determine the optimal volume for adjusting pH on each side of
detection zones to pH 6.0 and pH 8.0. The pH-indicator strip was used to observe the change
in solution pH reaching the detection zones. As shown in Figure 3(b), the optimal volume of
0.50 M H3PO,4 and 0.50 M NaOH that can adjust the solution pH from pH 7.0 to pH 6.0 or
pH 8.0 was 1.4 pL.

Neurotransmitter detection

NE and 5-HT are important catecholamine neurotransmitters in biological samples. The
simultaneous detection of these compounds is of great importance since low levels of NE
and 5-HT have been correlated to several disorders, including depression, migraines, and
anxiety.[42] NE and 5-HT have similar oxidation potentials and cannot be discriminated
using bare BDDPEs.[44] In contrast, electrochemically reduced graphene oxide modified
BDDPEs (ERGO-BDDPE) can differentiate peak potentials, enabling simultaneous analyte
detection.[44] Figure 4(a) shows the DPVs of NE and 5-HT at ERGO-BDDPE at different
pH conditions. The redox behavior of NE and 5-HT are pH dependent, with shifting
overpotentials and peak currents as a function of pH. Clearly NE and 5-HT show preference
for differing pH conditions, with maximum oxidation currents for NE and 5-HT at pH 6.0
and pH 8.0 respectively as shown in Figure 4(b).

Electrochemical behavior of NE and 5-HT on Janus-ePAD

Differential pulse voltammetry (DPV) was used to evaluate the performance of the Janus-
ePAD for simultaneous detection of NE and 5-HT under their respective optimal pH
conditions. Initially, a solution consisting of 25 uM NE and 10 uM 5-HT was prepared in
0.10 M PB pH 7.0. The solution pH can be simultaneously adjusted to pH 6.0, and pH 8.0
by impregnating the reagent zones with H3PO4 and NaOH respectively. DPVs of NE and 5-
HT at the ERGO-BDDPEL and ERGO-BDDPE?2 are shown in Figure 5. At the ERGO-
BDDPEL1 (pH 6.0), NE and 5-HT exhibit oxidative peaks at 0.02 £ 0.01 and 0.15 + 0.04 VV
vs. Ag/AgCI respectively, with peak oxidation currents of NE and 5-HT was 0.40 + 0.02 and
0.12 + 0.04 pA respectively. For the ERGO-BDDE?2 (pH 8.0), the oxidation peak of NE and
5-HT occurs at potential of —0.053 + 0.042 and 0.10 = 0.02 V vs. Ag/AgCl, respectively, and
the oxidation current of NE and 5-HT was 0.31 £ 0.05 and 0.25 + 0.04 pA, respectively.
From these results, it can be observed that at ERGO-BDDPE2 (pH 8.0), the oxidation peak
potential of NE and 5-HT occurs at more negative values compared to ERGO-BDDPEL1 (pH
6.0). The highest peak current of NE was observed at ERGO-BDDPE1 (pH 6.0) while the
highest peak current of 5-HT was observed at ERGO-BDDPE2 (pH 8.0). These results were
in accordance with the results shown Figure 4, indicating that the Janus-ePAD can be used to
simultaneously detect NE and 5-HT at each species’ optimized pH conditions.

Janus-ePAD Detection Zone Design

The design of the Janus-ePAD also influences the performance. Three different designs were
fabricated as shown in Figure S2(a). For the 15t design, the CE and RE were fabricated on
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the wax-patterned paper and the WE sections were attached on the wax-patterned device
side opposite to the screen-printed CE and RE. For the 2"d design, the WEs were attached to
the device on the screen-printed CE and RE side. For the 3" design, the CE and RE section
were fabricated on a separate piece of wax-printed paper which was attached on the top of
wax-patterned paper and the WE sections were attached on the bottom of the device. Figure
S2(b) and S2(c) show the comparison of peak currents of NE and 5-HT at pH 6.0 and 8.0
obtained from different designs of Janus-ePAD. The oxidation peak current of NE and 5-HT
for the 2" design is the highest. This is due to the smallest distance between electrodes and
paper and all electrodes being completely covered by sample solution in the 2" platform. In
case of the 15t and 3" platforms, the low sensitivity may be a result of poor sample solution
coverage of the electrodes. The surfaces of the BDD electrodes are hydrophobic as a result
of the mineral oil binder, while the commercial inks used render the CE and RE hydrophobic
as well. The hydrophobicity of these surfaces likely leads to poor wetting of the electrode
surface at the end of the paper channels. The porous cellulose matrix of the paper channel
may also not be 100% saturated as fluid saturation decreases as the fluid front distance
increases from the source.[47]

Analytical performance

Using the optimized conditions, the analytical performance of the device for NE and 5-HT
detection was evaluated. As shown in Figure 6, the peak currents of NE or 5-HT increased
linearly with increasing concentration. For NE detection, at the ERGO-BDDPEL (pH 6.0), a
linear calibration plot was found over a range of 5.0 — 75 uM with a sensitivity of 0.019 pA
uM~L and correlation coefficient (R2) of 0.9849. At the ERGO-BDDPE2 (pH 8.0), a linear
calibration plot was found over a range of 10 — 75 pM with a sensitivity of 0.012 pA pM™1
and correlation coefficient (R2) of 0.9890. For 5-HT, at the ERGO-BDDPEL (pH 6.0), a
linear calibration plot was obtained over a range of 1.0 — 10 uM with a sensitivity of 0.017
HA uM~1 and R? of 0.9928. For the ERGO-BDDPE?2, a linear calibration plot was obtained
over a range of 0.5-10 pM with a sensitivity of 0.027 pA pM~1 and R? of 0.9909. The LODs
(3SDblank/slope) were 0.71 and 0.54 pM for NE and 5-HT, respectively, for the ERGO-
BDDPEL (pH 6.0). The LODs of NE and 5-HT were 1.2, and 0.38 UM, respectively, for the
ERGO-BDDPE?2 (pH 8.0). The analytical performance of these two electrodes is
summarized in Table S1.

pAP detection

Enzymatic assays are important detection motifs as a result of an enzymes inherent
selectivity toward target analytes.[48] Important applications of enzymatic assays include
clinical diagnostics, in enzyme linked immunosorbent assays (ELISAS), and in bacteria
detection, where enzymes produced by bacteria can be monitored in order to detect and
identify bacteria.[23, 48, 49] For example, S-Galactosidase (B-Gal) activity is often
monitored to detect £. coli contamination via the production of the electrochemically active
molecule p-aminophenol (pAP) from p-aminophenylgalactopyranoside (pAPG) substrate
hydrolysis.[23] Here, we demonstrate the simultaneous detection of pAP at two pH
conditions in the Janus-ePAD as both the enzymatic activity and the electrochemical
detection of the product are pH dependent processes. Multiplexed enzymatic assays have
been demonstrated on ePADs, for example, Dungchai et al. simultaneously determined uric
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acid, lactate, and glucose, however, each system was analyzed separately.[50] It would be
ideal to perform the assays at each enzymes’ optimal solution pH thus improving both
sensitivity and detection limits. This proof of concept is demonstrated as we believe the
Janus-ePAD would ultimately be used to perform multiplexed enzymatic assays at each
enzymes’ optimal pH conditions, and as such, pAP serves as a model analyte for these
applications.

The optimized conditions for on line pH generation as discussed above were used and pAP
was detected at BDDPEL1 (pH 8.0) and BDDPE2 (pH 6.0). As shown in Figure 7, upon in
situ pH generation, the peak potential and height for pAP oxidation vary with pH (Figure 7b)
as compared to the response obtained at BDDPE1 and BDDPE?2 when both cells operate at
pH 7.0 (Figure 7a). As the pH increases, the overpotential required to oxidize pAP
decreases. As demonstrated in the calibration curves for pAP obtained under dual pH
conditions in the Janus-ePAD (Figure 7c), the sensitivity increases by about a factor of 2,
increasing the pH from pH 6.0 (0.0022 uA pM™1) to pH 8.0 (0.0040 A puM™1). Of note here
is the larger standard deviations obtained at unmodified BDDPESs, which range from 15% to
47% of the average peak current (n = 3 devices). Upon further studies, it was found that the
presence of the mineral oil pasting liquid at the surface of the BDDPE contributes to two
phenomena that impact the reproducibility of the electrode response in the ePAD: i) time-
dependent extraction and subsequent pre-concentration of organic analytes (e.g. pAP) and ii)
slow electron transfer kinetics due the inhibitive layers of pasting liquid at the electrode
surface. Both of these phenomena are commonly observed with carbon paste electrodes,
however, when the electrodes are utilized in bulk solutions, dissolution of these inhibitory
pasting liquid molecules occurs immediately upon immersion in solution, and the electrode
surface is sufficiently active, while still being prone to analyte extraction.[51, 52] It was
found in this work, that in the paper-based device, this dissolution and subsequent activation
is a slow, time-dependent process as a result of small volumes confined to the cellulose
matrix at the electrode surface. For this reason, further studies are being carried out to
activate the BDDPEs prior to device fabrication so as to eliminate this time-dependent and
variable activation process. This, we believe, is the reason the pre-modified ERGO-BDDPES
provide more reproducible results, as the electrode surface is modified and thus activated
prior to attachment and use in the Janus-ePAD. Despite the poor reproducibility obtained as
a result of the unmodified BDDPEs, this work, to the best of our knowledge, is the first
demonstration of applying multiple solution chemistries to a single sample simultaneously in
a paper-based device.

CONCLUSION

A Janus electrochemical paper-based analytical device (Janus-ePAD) was described for the
first time. This device exploits the ability to pattern paper with multiple fluidic channels and
store dried reagents in specific zones to perform solution condition adjustment and
electrochemical detection in multiple sets of solution conditions on single sample
simultaneously. This Janus-ePAD has a wide range of implications in point-of-need paper-
based diagnostics where sensitive and selective multiplexed detection is necessary, as is
often the case in biomedical diagnostics, environmental monitoring, and food quality
analysis.[53-55] While multiplexed colorimetric and electrochemical PADs have been
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demonstrated extensively in the literature for a wide range of analytes, the reported ePADs
have not yet addressed the sensitivity of redox reactions to solution chemistry, and have
largely relied upon highly analyte specific chemically modified electrode (CME) systems.[7,
56] To offer a solution to this problem, in this work, the solution pH was adjusted on line to
carry out electrochemical detection of serotonin and norepinephrine at each species’ optimal
solution pH. p-aminophenol was also detected in two pH conditions simultaneously as a
proof-of-concept towards multiplexed enzymatic assays in the Janus-ePADs. In future
applications, it is important to note that not only can solution conditions (ionic strength,
buffer, reagents, etc) can be tuned in situ, but each detection zone may also contain either a
different working electrode material or working electrodes chemically modified for optimal
detection of one analyte in a mixture as well. We expect that the Janus-ePAD can be adopted
for sensitive and selective multiplexed detection where analytes require different
experimental conditions such as buffer type, ionic strength, and/or solvent. This ePAD can
reduce the complexity and/or time of analysis which an end user must carry out while
maintaining the highest degree of selectivity and specificity for each species in a mixture.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Schematic for (a) fabrication of the BDDPE WE (b) fabrication of the CE and RE on wax-
patterned paper (c) attachment of BDDPE WEs to paper device to fabricate Janus-ePAD (d)
Janus-ePAD design and (e) operation for multiplexed detection with in situ pH adjustment.
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Figure 2.

Cyclic voltammograms of 4 mM Fe(CN)g*~ in 0.1 M KCI at BDDPE1 (black line) and
BDDPE?2 (blue line) on Janus-ePAD. Scan rate: 50 mV s1, WE: BDDPE.
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Figure 3.

Effect of parameters for in situ pH adjustment of 0.10 M PB from pH 7.0 to pH 6.0 and pH
8.0. (a) Effect of sample/reagent volume and (b) volume of H3PO,4 and NaOH solutions on

the color change of pH-indicator strip
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(a) DPVs of 25 uM NE and 10 pM 5-HT in 0.1 M PB in the pH range of 5.0 — 9.0 at ERGO-
BDDPE, note DPVs are offset for clarity. (b) The relationship of oxidation current of NE

and 5-HT against pH (/7= 3). DPV measurements were performed at an amplitude of 60 mV,
potential increment of 4 Hz, and a pulse width of 0.05 s.
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Figure 5.
DPVs of 25.0 pM NE and 10.0 uM 5-HT in 0.1 M PB on Janus-ePAD at WE1 and WE2

where pH of 0.1 M PBS was simultaneously in situ adjusted from pH 7.0 to pH 6.0 (WE1)
and 8.0 (WEZ2), respectively. DPV measurements were performed at an amplitude of 60 mV,
potential increment of 4 Hz, and a pulse width of 0.05 s.
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(b)

OpH 6.0 CpH 8.0

5-HT concentration/ yM

Calibration curves for increasing concentration of (a) NE in the range of 5.0 — 75 uM (pH
6.0) and 10 — 75 uM (pH 8.0) and (b) 5-HT in the range of 1.0 — 10 uM (pH 6.0) and 0.5 —

10.0 uM (pH 8.0) (/7=3).
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Figure 7.

(a) DPVs obtained simultaneously in the Janus-ePAD for the oxidation of 60.5 uM pAP (pH
7.0), (b) DPVs obtained for pAP under pH conditions generated in situ, (c) pAP calibration
curves at pH 8.0 and pH 6.0.
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