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ABSTRACT

The simultaneous detection of multiple analytesnfi@ single sample is a critical tool for the
analysis of real world samples. However, this iallemging to accomplish in the field by
current electroanalytical techniques, where turasgay conditions towards a target analyte
often results in poor selectivity and sensitivity bther species in the mixture. In this work,
an electrochemical paper-based analytical devicBRARY capable of performing
simultaneous electrochemical experiments in diffeeslution conditions on a single sample
was developed for the first time. We refer to thstem as a Janus-ePAD after the two-faced
Greek god because of the ability of the device eéofggm electrochemistry on the same
sample under differing solution conditions at tlaene time with a single potentiostat. In a
Janus-ePAD, a sample wicks down two channels frosmgle inlet towards two discreet
reagent zones that adjust solution conditions, aagipH, before flow termination in two
electrochemical detection zones. These zones &atdependent working electrodes and
shared reference and counter electrodes, faaigasimultaneous detection of multiple
species at each species’ optimal solution conditidre device utility and applicability are
demonstrated through the simultaneous detectiontwaf biologically relevant species
(norepinephrine and serotonin) and a common enzagraasay product (p-aminophenol) at
two different solution pH conditions. Janus-ePADew great promise as an inexpensive and
broadly applicable platform which can reduce thenplexity and/or number of steps
required in multiplexed analysis, while also op@gunder the optimized conditions of each

species present in a mixture.
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INTRODUCTION

Methods for detecting multiple analytes simultarsdpat the point-of-need are of significant
interest in many fields including clinical diagniost[1, 2] environmental monitoring,[3, 4]
and food safety.[5, 6] Multiplexed analysis typlgahinimizes the required sample volumes,
the ease and time of analysis, and/or cost of sgnslowever, it is challenging to quantify
multiple species - where each species requiresigreqnditions, from a single sample in one
device using simple analyses. Frequently, targalytes are present at lower concentrations
than background species[7] and matrix effects cdmnbit detection.[8] Moreover, each
species may require different detection settingh sas detection technique, assay reagents,
buffer type, and/or pH conditions, as well as g#te modifications to the sensing surface to
impart selectivity. This leads to difficulties ieting experimental conditions for sensing of
each analyte, often resulting in diminished sevigjitiand selectivity for one or more species
in the mixture, or the requirement for altogetheparate detection methods or steps.[7]
Integrated platforms or arrays of multiple sensbesve been applied to multiplexed
detection.[9-12] These sensors are usually desigmidexperimental conditions specific to
a single target analyte, whereby separate prepargtiocedures are required. However, this
is insufficient for point-of-care (POC) diagnosties an individual procedures for the
detection of each analyte increases the analyses ttost, material requirements and training
required for an end-user.

In 2007, Whitesides and coworkers demonstrateditsiemicrofluidic paper-based
analytical device (LPAD).[13] The device was usegerform multiplexed bioassays; since
this work, uPADs have been developed extensivalyuse in POC settings. LPADs are an
attractive platform for multiplexed POC testingasgesult of their low cost, portability, low
sample consumption, ease of use, and disposdl#ifyFlow is generated via capillary

action, precluding the need for mechanical or elsdt pumps associated with traditional
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microfluidic devices.[15] The porous paper matribows for storage of dried reagents,[16]
facilitating multi-step assays.[17] Through patteghwith hydrophobic barriers, multiple
fluidic channels can be generated on a single palesice for multiplexing.[18, 19]
Colorimetric uPADs featuring multiple channels have been dematestr extensively for
multiplexed detection, where the intensity or hfi@ @olor change corresponds to the target
analyte concentration.[20-22] Despite their inheremplicity, colorimetric uPADs are
limited by the requirement for a colorimetric subst and poor detection limits and/or
sensitivity.[23-25] Additionally, splitting a sanglinto multiple channels results in a
decrease in the total number of moles of analytlave to produce a detectable color
change, negatively impacting detection limits.[26]

Electrochemical PADs (ePADs) provide a more quatné detection method with
lower detection limits, increased sensitivity, dhpmeasurement times (<1 min), and
amenability to miniaturization.[27] Electrochemiadétection is an appealing approach for
multiplexed detection, as through control of theplegal potential, multiple species in a
mixture can be detected in one measurement. How#hvieris insufficient when the target
species exhibit similar redox potentials, resultingunresolved signals. In this case, the
signals can sometimes be resolved through pretesdtmsuch as derivatization or
chromatographic separations, both of which are iteduor POC sensing. Simultaneous
electrochemical sensing of multiple species witlmretreatment can also be performed using
chemically modified electrodes (CMESs).[28-31] CMBad arrays of CMEs have been
incorporated into ePADs for multiplexed detectioh cancer biomarkers,[32, 33] heavy
metals in environmental[34] and human serum sanjfls and an array of other
environmental and biological analytes. Still, tHecekochemical experiments typically take
place under a single set of conditions, includirtg, ponic strength, and solvent. This

becomes problematic for multiple-analyte detectsnthese parameters influence reaction
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rates and sensitivities and the optimal conditians frequently analyte specific.[36-38]
Solution pH is a critical variable, as pH controistal speciation, redox potentials due to the
concomitant transfer of protons or hydroxide icersg acid-base equilibria of species whose
electroactivity is a function of association orgtisiation.[36-38] Often times, sensitivity is
sacrificed for one or more species in a mixturepbyforming analysis at a single pH.[39]
Methods to electrochemically control pH conditianssitu via the electrolysis of water for
the detection of a single pH sensitive species Haean reported.[37, 40However, one
would ideally conduct electrochemical analysis osiragle aliquot, at the optimal detection

conditions for each individual analyte present dtemeously.

In this work, we demonstrate a Janus-ePAD for perifog multiplexed detection
with the capability for in situ pH control for optized electrochemistry. Unlike prior reports
where solution conditions were static in the devimer system has the ability to generate
multiple conditions in a single device from a seaglmple. Janus-ePADs are demonstrated
for two applications; the simultaneous detectiomnofepinephrine (NE) and serotonin (5-
hydroxytryptamine, 5-HT) and the detection of p-aomphenol (pAP). NE and 5-HT are of
significant interest since their electrochemicdidngors are pH dependent[41] and low levels
of NE and 5-HT are linked to several disordersluding depression, migraine, and anxiety
disorders.[42] pAP is often detected as the elebgmically active product in a variety of
enzymatic assays and is an important clinical amdrenmental contaminant.[23] Since
enzyme activity is pH dependent and enzyme spe@édorming multiple enzymatic assays
at each enzymes’ optimal pH conditions from one @anis challenging. As a proof of
concept, the target analytes (NE, 5-HT and pAP)atected at two different pH values, pH
6.0 and pH 8.0, in a single device featuring i §iH generation. Janus-ePADs provide a
new approach for the fabrication of high performemnaeultiplexed sensing devices and has

broad reaching implications for simultaneous etediemical detection of multiple species at
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the POC.

EXPERIMENTAL SECTION

Chemicals, materials, and equipment

All chemicals were analytical grade and used asived, and all solutions were prepared
using purified water (18.2 M cm) from a Milli-Q Millipore water purification stem. 5-HT
was acquired from Alfa Aesar (Ward Hill, MA). NEpfassium phosphate monobasic,
sodium phosphate dibasic, phosphoric acigP@®), sodium hydroxide (NaOH) were
acquired from Sigma-Aldrich (St. Louis, MO). Potass ferrocyanide (Fe(CN}) was
acquired from Mallinckrodt (St. Louis, MO). Grapleenxide (GO) was acquired from XF
Nano, Inc. (Nanjing, China). Light mineral oil wasquired from Fischer Scientific (New
Jersey). pH-indicator strips with a pH range of 4.0.0 and 6.5 — 10.0 were acquired from
Merck (Darmstadt, Germany). Whatman 4 chromatogrgggper was acquired from Fisher
Scientific (Pittsburgh, PA). A XEROX Phaser 886Mhpar was used to print wax patterns on
PADs following established protocols. An Isotemg ptate from Fischer Scientific, set at
150°C, was used to melt the wax on the paper. AGIAgk from Gwent Group (Torfaen,
U.K.) was used to construct the conducting padsrafetence electrode (RE). Carbon ink
from Ercon Incorporated (Wareham, MA) was used tfog construction of the counter
electrode (CE). Boron doped diamond (BDD) powdes \weepared through a previously
reported procedure.[43] The fabrication of the wagkelectrode (WE) of BDD paste
electrode (BDDPE) followed the procedure describgeviously.[44] Stencil-printed
Ag/AgCIl on a transparency sheet substrate was prds a conducting pad. To minimize
BDD paste consumption, an electrode body contaithnge smaller openings (0.1 x 2 mm
rectangles) was fabricated using a laser engrasyatgm (Epilog, Golden, CO). The BDDPE
was prepared by mixing BDD powder and mineral @i0:80, w/w) and filled into the

electrode body.
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Device fabrication and operation

The design, details of the fabrication proceduresd @peration of the Janus-ePAD is shown
in Figure 1. Adobe lllustrator CS6 software wasdus® design device features containing
sample reservoir, two reagent zones and two detezbtines. After printing the design using
a wax printer (Xerox Colorqube 8870), devices wezated on a hot plate at 175 °C for 50 s
to melt the wax through the paper, creating a hyldobic barrier. The backs of the paper
devices, except the detection zones, were tapdédSeivtch packing tape to control fluid flow
and prevent leaking during the measurements. Tdatrethemical detection zone consists of
three layers: (i) CE and RE fabricated on 8 mm et@mcircular hydrophilic areas at the
back side of wax-printed paper by stencil-printifig, Whatman #4 paper pieces inserted
between the stencil-printed electrodes paper lagdrWE layer to improve the efficiency for
the solution flow in the channel, and (iii) the BBBs. Two different pH values of pH 6.0
and 8.0 can be generated by adding three 1.4 jguais of 0.5 M HPO, to the f' reagent
zone and three 1.4 pL aliquots of 0.5 M NaOH to #ffereagent zone. All reagents and
samples were applied on the front (wax-printedesad device. Between each reagent

addition, the device was dried at room temperature.
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(a) Double side tape ' (d) Sample Reservoir
L utti
Transparency sheet _ﬁa“’ cutin
Double side tape
[ Detection Zones
SR e =0 Paste rd 'E?;eéz‘do: i) Drop 0.05 M H;PO,
! ? ii) Drop 0.05 M NaOH
iii) Dry

Auxiliary
Electrode’:hr*
Working

Electrodes \
Screen-printed Ag/AgCI ’ \
and carbon inks \\
i) Place PDMS lid
i) Drop standard/sample
Wax pattern i) Remove PDMS lid solution
Fllp over @

i) Measure
Whatman No.1

electrochemlwlly

(C)

BDDPE

Figure 1. Schematic for (a) fabrication of the BDDPE WE f@)rication of the CE and RE
on wax-patterned paper (c) attachment of BDDPE \WéEgaper device to fabricate Janus-
ePAD (d) Janus-ePAD design and (e) operation foltiphexed detection with in situ pH

adjustment.

For the measurement step, a polydimethylsiloxa@®) lid was placed on the top of
device for applying equal pressure across the papéace, thus controlling the flow rates. A
60 pL aliquot of sample solution was gently introducedo the device at the sample
reservoir through the hole in the PDMS lid, capylaction carried solution along the
channels (the wax barrier served to confine anectisample flow). As the solution reacted
with the HPQO, and NaOH deposited at the reagent zones, pH vatieolution were
adjusted to pH 6.0 and 8.0, respectively. Afterddpisted pH solutions flowed to detection

zones, the PDMS lid was removed and electrocherdataiction was performed.
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Electrochemical Detection

All electrochemical experiments were performed gsanmodel CHI832 bipotentiostat (CH
Instruments, Austin, TX) with four-electrode confrgtion including a reference electrode
(RE), a counter electrode (CE), and two workingteteles (WEs). All measurements were
carried out at room temperature (22+1°C). For N& &#HT detection, an electrochemically
reduced graphene oxide-modified BDDPE (ERGO-BDDW®R&3 used as the WE for NE and
5-HT detection in an attempt to enable simultanedatection of both compounds as
described in our previous work.[44] Details of tBeGO-modified electrode preparation are
described in Supporting Information, section 1.n8tad solutions of NE and 5-HT were
prepared in 0.1 M phosphate buffer (PB) pH 7.0, an@0 pL aliquot was used for the
experiments. Differential pulse voltammetry (DPV)asvemployed for NE and 5-HT
detection with an amplitude of 60 mV, potentialrgroent of 4 Hz, and a pulse width of 0.05
S. Electrochemical detection of p-aminophenol (p&ARJD Milipore, Billerica, MA) was
carried out using differential pulse voltammetryPMD. For DPV, a pulse amplitude of 50

mV, potential increment of 4 Hz, and a pulse wiottl®.1 s were used.

RESULTSAND DISCUSSION

Electrochemical characterization of the Janus-ePAD

To validate the Janus-ePAD, Fe(GN)yclic voltammetry was investigated with the two
detection zones / working electrodes. As shown igufé 2, the BDDPEs exhibit well-
defined and symmetrical anodic and cathodic peaits, similar peak currents and peak
potentials between the two working electrodes (4:28.03 (pa) VS 4.55 + 0.18 ifa)
WA, -4.22 + 0.11ifc)) VS -4.61 + 0.09ifcs) WA, 0.21 + 0.01Fpay) Vs 0.23 + 0.01Hya) V,
and -0.10 * 0.02Hyc1) vs -0.12 + 0.02Hyco) V vs Ag/AQCI). The average peak potential

separation AEp) was found to be 311 + 12, and 351 + 13 mV for BIH1 and BDDPE2,
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respectively if = 3). Due to its inner sphere electrocatalyticunat Fe(CNY* exhibits
electrochemical irreversibility at the BDDPEs. Tdlectron transfer kinetics of this species
are impeded at oxygen terminated BDD and latggvalues have been frequently observed

at oxygen terminated BDD.[45, 46]

06 ' 0.0 ' 0.6
E 'V vs Ag/AgCI

Figure 2. Cyclic voltammograms of 4 mM Fe(C§) in 0.1 M KCI at BDDPE1 (black line)

and BDDPE2 (blue line) on Janus-ePAD. Scan raten%G*, WE: BDDPE.

In situ pH adjustment in a Janus-ePAD
To carry out on-line adjustment of phosphate buftdrfrom pH 7.0 to pH 6.0 or 8.0, 0.5 M
HsPO, and 0.5 M NaOH were dried on the two reagent zamespH-indicator strips were
used to measure the solution pH in the detectiamzdhe parameters influencing the
adjustment of pH values were optimized includinduwee of sample/standard solution and
volume of HPQO, and NaOH solution.

The sample volume needed to wet the channels, meagees, and detection zones,
was initially investigated. Three 1.0 pL aliquotsclke of 0.50 M HPO, and 0.50 M NaOH
solutions were added int6'teagent zone and'®reagent zone, respectively. Next, 45 to 65

uL of 0.10 M PB pH 7.0 solution was added into thenple zone. The pH-indicator strips

10
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were placed on the bottom of each detection zamebgerve the pH change and the solution
homogeneity after pH adjustment. The results aosvehn Figure 3(a). Homogeneous color
change on pH-indicator strips, indicating full viregtt was observed at 6hL, and
consequently, 6@l was chosen as the optimum condition. The amolikizBO, and NaOH

is another important factor in the adjustment of yafue. Therefore, 0.50L to 1.8 uL of
0.50 M HPO, and 0.50 M NaOH was added to tiiéréagent zone and thé&°2eagent zone,
respectively, and 64l of 0.10 M PB pH 7.0 was applied to the samplesmnesir of the
device to determine the optimal volume for adjugtH on each side of detection zones to
pH 6.0 and pH 8.0. The pH-indicator strip was use@bserve the change in solution pH
reaching the detection zones. As shown in Figuibg, 3e optimal volume of 0.50 MJRQ,

and 0.50 M NaOH that can adjust the solution phinfigH 7.0 to pH 6.0 or pH 8.0 was 1.4

ulL.

(a)
Sample volume (uL)

60 65

pH Standard

6.0

8.0

.l &
o

(b)

Acid/base reagent volume (uL)

1.2 1.4 1.6 1.8

pH Standard

6.0

o
[6)]
-
o

8.0

Figure 3. Effect of parameters for in situ pH adjustment df0OM PB from pH 7.0 to pi8.0
and pH 8.0. (a) Effect of sample/reagent volume @mdvolume of HPO, and NaOH

solutions on the color change of pH-indicator strip

Neurotransmitter detection

11
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NE and 5-HT are important catecholamine neurotréiters in biological samples. The
simultaneous detection of these compounds is @t gngportance since low levels of NE and
5-HT have been correlated to several disordersludinty depression, migraines, and
anxiety.[42] NE and 5-HT have similar oxidation g@atials and cannot be discriminated
using bare BDDPEs.[44] In contrast, electrochenyce¢duced graphene oxide modified
BDDPEs (ERGO-BDDPE) can differentiate peak potésitianabling simultaneous analyte
detection.[44] Figure 4(a) shows the DPVs of NE &AdT at ERGO-BDDPE at different
pH conditions. The redox behavior of NE and 5-HE @H dependent, with shifting
overpotentials and peak currents as a function-bf@early NE and 5-HT show preference
for differing pH conditions, with maximum oxidaticzurrents for NE and 5-HT at pH 6.0

and pH 8.0 respectively as shown in Figure 4(b).

1.5
(a) (b)

—u—NE
—e—5-HT

MDHS 10L

R\ R —
pH & _ ./&"_H""“‘“---_i /!i
0 | YIO | SI.O | 9I.0

1 0.0 1 1
-0.3 0.0 0.3 5.0 6.

E/V vs. Ag/AgCI pH

k=]
T
~J
i/ A

Figure 4 (a) DPVs of 25uM NE and 10uM 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). {lne relationship of oxidation current
of NE and 5-HT against pHh(= 3). DPV measurements were performed at an amdgliof

60 mV, potential increment of 4 Hz, and a pulsetiwiaf 0.05 s.

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

12
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Differential pulse voltammetry (DPV) was used takenate the performance of the Janus-
ePAD for simultaneous detection of NE and 5-HT untheeir respective optimal pH
conditions. Initially, a solution consisting of 281 NE and 10uM 5-HT was prepared in
0.10 M PB pH 7.0. The solution pH can be simultarsbpadjusted to pH 6.0, and pH 8.0 by
impregnating the reagent zones witkPi@, and NaOH respectively. DPVs of NE and 5-HT
at the ERGO-BDDPE1 and ERGO-BDDPEZ2 are shown inrgi. At the ERGO-BDDPE1
(pH 6.0), NE and 5-HT exhibit oxidative peaks #&20+ 0.01 and 0.15 + 0.04 V vs. Ag/AgCI
respectively, with peak oxidation currents of NEl&HT was 0.40 + 0.02 and 0.12 + 0.04
1A respectively. For the ERGO-BDDE2 (pH 8.0), thedation peak of NE and 5-HT occurs
at potential of -0.053 + 0.042 and 0.10 + 0.02 VAg/AQCI, respectively, and the oxidation
current of NE and 5-HT was 0.31 £ 0.05 and 0.25.84QA, respectively. From these
results, it can be observed that at ERGO-BDDPE2 &}, the oxidation peak potential of
NE and 5-HT occurs at more negative values comperdeRGO-BDDPEL (pH 6.0). The
highest peak current of NE was observed at ERGO-BED(pH 6.0) while the highest peak
current of 5-HT was observed at ERGO-BDDPE2 (pH.8Gese results were in accordance
with the results shown Figure 4, indicating thate tdanus-ePAD can be used to

simultaneously detect NE and 5-HT at each speojatimized pH conditions.

13



10

11

12

13

14

15

16

17

18

19

il pA

0.0 1 1 L 1 L 1 1
-0.15 -0.05 0.05 0.15 0.25

E/V vs. Ag/AgCI

Figure 5. DPVs of 25.0uM NE and 10.QuM 5-HT in 0.1 M PB on Janus-ePAD at WE1 and
WE2 where pH of 0.1 M PBS was simultaneously in sitjusted from pH 7.0 to pH 6.0
(WE1) and 8.0 (WE2), respectively. DPV measuremerde performed at an amplitude of

60 mV, potential increment of 4 Hz, and a pulsetviof 0.05 s.

Janus-ePAD Detection Zone Design
The design of the Janus-ePAD also influences thieneance. Three different designs were
fabricated as shown in Figure S2(a). For tieldsign, the CE and RE were fabricated on the
wax-patterned paper and the WE sections were @aitiaoh the wax-patterned device side
opposite to the screen-printed CE and RE. For Tﬁei@sign, the WEs were attached to the
device on the screen-printed CE and RE side. Ro8fesign, the CE and RE section were
fabricated on a separate piece of wax-printed payéch was attached on the top of wax-
patterned paper and the WE sections were attaaghéakedoottom of the device. Figure S2(b)
and S2(c) show the comparison of peak currentstofhd 5-HT at pH 6.0 and 8.0 obtained
from different designs of Janus-ePAD. The oxidaf@ak current of NE and 5-HT for the
2" design is the highest. This is due to the smatlestince between electrodes and paper
and all electrodes being completely covered by sausmution in the 2 platform. In case of

the £'and & platforms, the low sensitivity may be a resulpobr sample solution coverage

14
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of the electrodes. The surfaces of the BDD eleesodre hydrophobic as a result of the
mineral oil binder, while the commercial inks usethder the CE and RE hydrophobic as
well. The hydrophobicity of these surfaces likebadls to poor wetting of the electrode
surface at the end of the paper channels. The parellulose matrix of the paper channel
may also not be 100% saturated as fluid saturadecreases as the fluid front distance

increases from the source.[47]

Analytical performance
Using the optimized conditions, the analytical parfance of the device for NE and 5-HT
detection was evaluated. As shown in Figure 6,piek currents of NE or 5-HT increased
linearly with increasing concentration. For NE a#ten, at the ERGO-BDDPEL (pH 6.0), a
linear calibration plot was found over a range & 5 75uM with a sensitivity of 0.019A
uM_l and correlation coefficient @R of 0.9849. At the ERGO-BDDPE2 (pH 8.0), a linear
calibration plot was found over a range of 10 -6 with a sensitivity of 0.012A uM™
and correlation coefficient @R of 0.9890. For 5-HT, at the ERGO-BDDPE1 (pH 6.8),
linear calibration plot was obtained over a ranfyg.0 - 10uM with a sensitivity of 0.017A
uM ™ and R of 0.9928. For the ERGO-BDDPE?2, a linear calilmatplot was obtained over
a range of 0.5-1QM with a sensitivity of 0.027A uM ™" and R of 0.9909. The LODs
(3SDyani/slope) were 0.71 and 0.54M for NE and 5-HT, respectively, for the ERGO-
BDDPE1 (pH 6.0). The LODs of NE and 5-HT were J@d 0.38 uM, respectively, for the
ERGO-BDDPE2 (pH 8.0). The analytical performancéhefe two electrodes is summarized

in Table S1.

15
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0.0 L 1 1 1 1 1 1 0.0 1 1 1 1 1 1
0 20 40 60 80 0 3 6 9
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Figure 6. Calibration curves for increasing concentratior(@fNE in the range of 5.0 — 75
uM (pH 6.0) and 10 — 7pM (pH 8.0) and (b) 5-HT in the range of 1.0 —iM (pH 6.0) and

0.5 — 10.0uM (pH 8.0) fi=3).

PAP detection

Enzymatic assays are important detection motit @sult of an enzymes inherent selectivity
toward target analytes.[48] Important applicatiosfs enzymatic assays include clinical
diagnostics, in enzyme linked immunosorbent as§BY$SAs), and in bacteria detection,
where enzymes produced by bacteria can be monitoreatder to detect and identify
bacteria.[23, 48, 49] For examplB;Galactosidasel¥Gal) activity is often monitored to
detectE. coli contamination vighe production of the electrochemically active noale p-
aminophenol (pAP) from p-aminophenylgalactopyradegpAPG) substrate hydrolysis.[23]
Here, we demonstrate the simultaneous detectiggABf at two pH conditions in the Janus-
ePAD as both the enzymatic activity and the elettemical detection of the product are pH
dependent processes. Multiplexed enzymatic assays Ieen demonstrated on ePADs, for
example, Dungchai et al. simultaneously determumgziacid, lactate, and glucose, however,
each system was analyzed separately.[50] It woelddbal to perform the assays at each
enzymes’ optimal solution pH thus improving botmsgvity and detection limits. This

proof of concept is demonstrated as we believelameis-ePAD would ultimately be used to
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perform multiplexed enzymatic assays at each engyaopimal pH conditions, and as such,

PAP serves as a model analyte for these appliction

The optimized conditions for on line pH generataandiscussed above were used and
pAP was detected at BDDPEL (pH 8.0) and BDDPE2g@H. As shown in Figure 7, upon
in situ pH generation, the peak potential and height foP pXidation vary with pH (Figure
7b) as compared to the response obtained at BDRREBDDPE?2 when both cells operate
at pH 7.0 (Figure 7a). As the pH increases, therpmtential required to oxidize pAP
decreases. As demonstrated in the calibration sufee pAP obtained under dual pH
conditions in the Janus-ePAD (Figure 7c), the simitgi increases by about a factor of 2,
increasing the pH from pH 6.0 (0.0022 pA iMo pH 8.0 (0.0040 pA uN). Of note here
is the larger standard deviations obtained at umieddBDDPES, which range from 15% to
47% of the average peak current (n = 3 devicespnUprther studies, it was found that the
presence of the mineral oil pasting liquid at thefexce of the BDDPE contributes to two
phenomena that impact the reproducibility of thecibde response in the ePAD: i) time-
dependent extraction and subsequent pre-concemtratiorganic analytes (e.g. pAP) and ii)
slow electron transfer kinetics due the inhibitiegers of pasting liquid at the electrode
surface. Both of these phenomena are commonly whbdewnith carbon paste electrodes,
however, when the electrodes are utilized in bulkitions, dissolution of these inhibitory
pasting liquid molecules occurs immediately upomignsion in solution, and the electrode
surface is sufficiently active, while still beinggme to analyte extraction.[51, 52] It was
found in this work, that in the paper-based devibes, dissolution and subsequent activation
is a slow, time-dependent process as a result all srolumes confined to the cellulose
matrix at the electrode surface. For this reasanthér studies are being carried out to
activate the BDDPEs prior to device fabricationasoto eliminate this time-dependent and

variable activation process. This, we believehesrieason the pre-modified ERGO-BDDPEs
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Figure 7. (a) DPVs obtained simultaneously in the Janus-ePAD for the oxidaiti60.5
UM pAP (pH 7.0), (b) DPVs obtained for pAP under pH conditions generatatl, (c)

PAP calibration curves at pH 8.0 and pH 6.0.

provide more reproducible results, as the electmat$ace is modified and thus activated
prior to attachment and use in the Janus-ePAD. iizege poor reproducibility obtained as a
result of the unmodified BDDPEs, this work, to thest of our knowledge, is the first
demonstration of applying multiple solution chemest to a single sample simultaneously in

a paper-based device.

CONCLUSION

A Janus electrochemical paper-based analyticalcdefdanus-ePAD) was described for the
first time. This device exploits the ability to fe&n paper with multiple fluidic channels and
store dried reagents in specific zones to perfowtuti®n condition adjustment and
electrochemical detection in multiple sets of golut conditions on single sample
simultaneously. This Janus-ePAD has a wide rangenplications in point-of-need paper-
based diagnostics where sensitive and selectivepiexied detection is necessary, as is often
the case in biomedical diagnostics, environmentahitoring, and food quality analysis.[53-

55] While multiplexed colorimetric and electrocheali PADs have been demonstrated
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extensively in the literature for a wide range oflgtes, the reported ePADs have not yet
addressed the sensitivity of redox reactions toteswi chemistry, and have largely relied
upon highly analyte specific chemically modifie@&rode (CME) systems.[7, 56] To offer a
solution to this problem, in this work, the solutipH was adjusted on line to carry out
electrochemical detection of serotonin and norgginee at each species’ optimal solution
pH. p-aminophenol was also detected in two pH dor simultaneously as a proof-of-
concept towards multiplexed enzymatic assays inJ#ms-ePADs. In future applications, it
is important to note that not only can solutionditions (ionic strength, buffer, reagents, etc)
can be tuned in situ, but each detection zone nsy @ntain either a different working
electrode material or working electrodes chemicatlydified for optimal detection of one
analyte in a mixture as well. We expect that theudaePAD can be adopted for sensitive and
selective multiplexed detection where analytes ireqiifferent experimental conditions such
as buffer type, ionic strength, and/or solvent.sTBIPAD can reduce the complexity and/or
time of analysis which an end user must carry coileMmaintaining the highest degree of

selectivity and specificity for each species iniatare.
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