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The low molecular weight hapten, Ochratoxin A (OTA), is a natural carcinogenic mycotoxin produced by Aspergillus and Penicillium 
commonly appears in wines, other foods, and in the en-vironment. An amperometric biosensor has been developed that uses th
synthetic peptide, NFO4; which possesses a high binding affinity and thus provides for molecular recognition of OTA; si-mulating th
e mycotoxin-
specific antibody. Biotransducers were produced from a microlithographically fabricated electrochemical cell-on-a-chip that uses the microdisc 
electrode array working electrode format augmented with microporous graphitized carbon (MGC) that was electrodeposited within a poly (aniline-
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mer layer. A redox mediator, iron-nickel hex-acyanoferrate (Fe|NiHCF) was amperometrically 
ip-coated with monomer cocktail that yielded poly(HEMA-co-AEMA) foam that was prepared in-situ 
followed by freeze drying of the chip to yield a 3-D support for the chelation of Zn2þ ions (ZnCl2) and 
is-tagged peptide, NFO4. To conduct the biosensors assay, HRP conjugated OTA was added to the free 
ncubated on the biospecific MDEA ECC 5037-Pt|MGC|HCF|Hydrogel-NFO4 bio-transducer. The 
mined after 5 min of enzymatic reaction following addition of standard substrate H2O2/luminol. 
(λmax¼425 nm) allowed direct comparison of amperometric and luminescence performance. Using 
e obtained maximum inhibition at 10 μg L�1 and half inhibition occurred at 2.1 μg L�1. Using 

metric bioassay (50 s) we obtained maximum inhibition at 10 μg L�1 and half inhibition occurred at 
NFO4
1. Introduction

Haptens are small, low molecular weight molecules that are
generally not antigenic by themselves but can induce an immune
response when conjugated to a carrier protein and made to elicit
the formation of antibodies against the hapten-protein complex
(Shan et al., 2002). It is therefore difficult to obtain antibodies
 LGEI, 6 avenue de Clavière, 

ics, Biosensors and Biochips 
as A&M University, College 

. Tria),

edu (A. Guiseppi-Elie).
against haptens and thus challenging to build immuno-biosensors
for such ubiquitous small molecules. Moreover, these small mo-
lecules have been suspected to be implicated in some disease. Of
particular interest is the example presented by the mycotoxin,
Ochratoxin A (OTA). OTA is a coumarinic mycotoxin produced
mainly by several Aspergillus ochraceus and Penicillium verrucosum
and is known to be powerful in its nephrotoxic, immunotoxic,
teratogenic and carcinogenic effects (O’Brien and Dietrich, 2005;
Pfohl-Leszkowicz et al., 2002; Smith et al., 1995). OTA is also
capable of mimicking natural hormones and has been shown to be
an endocrine disruptor leading to an increasing risk of cancer. This
mycotoxin is found in a variety of improperly stored foods and
beverages such as cereals and wine (Blesa et al., 2004a; Varga and
Kozakiewicz, 2006; Zimmerli and Dick, 1995). Wine is widely
consumed worldwide and represents the major intake of OTA
(Jørgensen, 2005), which has been largely reviewed by several
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authors (Blesa et al., 2004b; Varga and Kozakiewicz, 2006). The
International Agency for Research on Cancer (IARC) has classified
OTA in Group 2B (possibly carcinogenic agent) and a level of
2 mg kg�1 of OTA in wines has been established by the Regulatory
Commission of the European Community (European Commission
Commission Regulation, 2005; European Commission Regulation,
2010).

Standardized methods for OTA determination in food matrices
are already available. The commonly used technique for quality
control relies on immunoaffinity column (IAC), followed by re-
versed-phase high pressure liquid chromatography (HPLC) using
fluorescence detection (Visconti et al., 1999; Aresta et al., 2006).
Analytical methods to detect mycotoxins include thin-layer chro-
matography (TLC), liquid chromatography (LC), high-performance
liquid chromatography (HPLC) with fluorescence or diode array
detector, gas chromatography tandem mass spectrometry (GC–
MS) or with tandem electron capture detection (GC–ECD), im-
muno-affinity column chromatography and enzyme-linked im-
munosorbent assays (ELISAs) (WHO, 2002). These techniques have
been successfully applied to single as well as multiple-analyte
detection of mycotoxins such as aflatoxins, Ochratoxin A, fumo-
nisin, and deoxynivalenol (DON) in cereals, coffee, beer and wine
(Bhat et al., 2010).

In order to protect the health of consumers, producers and the
regulatory bodies concerned are always looking for new, faster,
more convenient and less expensive methods of detection and/or
monitoring. During the last decade, various immuno-biosensors
have been developed against OTA (Alarcón et al., 2006; Liu et al.,
2009; Prieto-Simón et al., 2008; Radi et al., 2009a, 2009b). En-
zyme-Linked Immunosorbent Assays (ELISAs) have been devel-
oped and deployed for OTA. However, these have generally shown
poor correlation coefficient (0.74) when compared to standard
HPLC methods (Buckle et al., 1985; Huybrechts and Tangni, 2010).
In addition, the coefficient of variation (CV) representing intra-
assay and inter-assay variability among ELISAs can be quite high,
being 3–22% (Candlish et al., 1986; Meulenberg, 2012). Detection
systems with antibodies show high affinity and selectivity but
depending upon the matrix or experimental condition, several
disadvantages appear. Among these disadvantages are thermal
denaturation and solvent effects. To overcome these drawbacks,
several alternatives to OTA antibodies are being pursued for de-
velopment. Among these multiple strategies are molecular re-
cognition that relies upon molecular imprinted polymers (MIPs)
(Ali et al., 2010; Yu and Lai, 2010), DNA aptamers (Cruz-Aguado
and Penner, 2008a, 2008b) and phage display libraries (Giraudi
et al., 2007).

In previous work, a new bioanalytical format that allows the
rapid capture, concentration and detection of OTA was introduced
(Soleri et al., 2015). In this enzyme-linked, peptide-based im-
munosorbent assay ELISA format (Bazin et al., 2013), N-terminal
histidine tagged NFO4 was immobilized onto three-dimensional
porous chitosan foam that was pre-adsorbed with divalent M2þ

ions to allow pre-concentration and simultaneous detection of the
mycotoxin on the high surface area biopolymer. OTA-HRP con-
jugate was added to the OTA containing standards or samples and
together competitively incubated on the biospecific chitosan foam.
Chemiluminescence signals were generated by the addition of
H2O2/luminol and recorded (λmax¼425 nm) following 5 min of
enzymatic reaction.

In the present study, we develop and demonstrate a novel
amperometric peptide-biosensor wherein the NFO4 synthetic
peptide (VYMNRKYYKCCK-NH2) was immobilized as the bior-
ecognition element in a similarly constructed biorecognition layer.
A microfabricated, dual responsive electrochemical-cell-on-a-chip
that is based on the microdisc electrode array format for its
working electrodes, the ECC MDEA 5037-Pt/Au, has been
previously developed (Guiseppi-Elie et al., 2005b), packaged
(Rahman et al., 2009c) and fully characterized (Justin et al., 2009;
Rahman et al., 2009a) to serve as a biotransducer for the am-
perometric or voltammetric measurement of analytes such as
glucose and lactate (Kotanen et al., 2014; Guiseppi-Elie, 2011).
With critical microdisc dimensions of 25 μm, this device was en-
gineered to work with polymer hydrogel layers that naturally at-
tenuate the diffusivity of small molecules compared to buffer
(Kotanen et al., 2013; Palmisano et al., 2000). The biotransducers,
developed in conjunction with ABTECH Scientific, Inc. (Richmond,
VA, USA) were first chemically modified by immobilization of an
electroactive layer of poly(aniline-co-aminoaniline) that served to
entrain particles of mesoporous graphitized carbon (MGC) during
electrodeposition. Onto the PAn entrapped MGC was then elec-
trochemically deposited a mediator layer of nickel hex-
acyanoferrate (NiHCFe) nanocrystals that served to mediate per-
oxide response. This layer was subsequently decorated with a
biorecognition layer that comprised the histadine tagged OTA
linked via divalent zinc cations that were bound to a poly(HEMA-
co-AEMA) hydrogel. Amperometric biosensor bioassays were per-
formed in response to incubation of OTA samples and standards
with OTA-HRP conjugates in the presence of H2O2/luminol. Per-
forming the bioassay in a luminomitor permitted recording of the
optical signal (λmax¼425 nm) as well as the amperometric signal
as a function of time of the enzymatic reaction. This allows the
direct comparison of the bioanalytical performance of the am-
perometric and luminescence biosensor formats.
2. Experimental section

2.1. Chemicals and reagents

2.1.1. Preparation of electroconductive hydrogels
Poly(2-acrylamido-2-methyl-1-propanesulfonic acid) (PAMP-

SA) (CAS No.: 27119-07-9 15 wt% in water’ MW¼2,000,000, 6–10%
sulfonation, ρ¼1.10 g/mL), benzene sulfonic acid (BSA) (CAS No.:
98-11-3, C6H5SO3H‘ MW¼158.18), aniline monomer (An)
(Z99.5%’ CAS No.: 62-53-3‘ C6H5NH2’ MW¼93.13), m-phenyle-
nediamine monomer (AAn), (aka: meta-aminoaniline’ CAS No.:
108-45-2‘ C6H4-1,3-(NH2)2’ MW¼108.14), Mesoporous Grapha-
tized Carbon (MGC) (CAS No.: 1333-86-4‘ 20% graphite’ particle
size o500 nm (DLS)’ pore size¼0.25 cm3/g’ average pore
diameter¼137 Å’ surface area¼50–100 m2/g), poly(N-vinylpyrro-
lidone) (pNVP) (C6H9NO)n (CAS No.: 9003-39-8‘ MW�1,300,000),
Dulbecco’s phosphate buffered saline, benzophenone (reagent
grade 99%), ferrocene monocarboxylic acid (FcCOOH), and all other
common solvents (dimethyl formamide, isopropyl alcohol) were
purchased from Sigma-Aldrich Co. (St. Louis, MO, USA) and used as
received.

2.1.2. Preparation of the redox mediator layer
Potassium chloride ACS reagent grade (CAS No.: 7447-40-7‘ KCl’

MW¼74.55)’ nickel (II) chloride (CAS No.: 7718-54-9‘ NiCl2’
MW¼129.60)’ potassium ferricyanide (CAS No.: 13746-66-2‘ K3Fe
(III)(CN)6, MW¼329.24)’ hydrochloric acid (CAS No.: 7647-01-0‘
HCl’ MW¼36.46) were purchased from Sigma-Aldrich Co. (St.
Louis, MO, USA) and used as received.

2.1.3. Preparation of hydrogels
2-hydroxyethyl methacrylate (HEMA), tetra(ethylene glycol)

diacrylate (TEGDA, technical grade), oligo(ethylene glycol)(400)
methacrylate (OEG(400)MA), N-[Tris(hydroxymethyl)methyl]ac-
rylamide (HMMA, 93%), polyvinylpyrrolidone (pNVP, Mw

�1,300,000), amino ethyl methacrylate (AEMA, 98%), the photo-
initiator, 2,2-Dimethoxy-2-phenylacetophenone (DMPA, 99þ%),



and all other common solvents and buffers were purchased from
Sigma-Aldrich Co. (St. Louis, MO, USA). The HEMA, methacrylate
and diacrylate reagents were first passed over an inhibitor removal
column (Sigma-Aldrich) in order to remove the polymerization
inhibitors hydroquinone and monomethyl ether hydroquinone.

All aqueous solutions were prepared in deionized water (DI-
water) prepared by purifying reverse osmosis (RO) water through
a Milli-Qs plus (Millipore Inc.) ultrapure water system. Phosphate
buffered saline (PBS) was used at 0.1 M at pH¼7.2 unless other-
wise stated. HEPES buffer was prepared at 0.025 M and pH¼7.35.

2.2. Device fabrication and cleaning

The Electrochemical Cell-on-a-Chip Microdisc Electrode Arrays
(ECC MDEA 5037-Pt’ ABTECH Scientific, Inc.), an Ag/AgCl (3 M KCl)
reference electrode (RE803; ABTECH Scientific, Inc.) and a large
area platinum mesh counter electrode comprised a three-elec-
trode electrochemical cell. The ECC MDEA 5037-Pt is a micro-
lithographically fabricated dual analyte electrochemical transdu-
cer intended for amperometric and voltammetric biosensor ap-
plication and has been fully described. The microlithographic
fabrication and geometric patterning of the three-electrode elec-
trochemical biotransducers have been previously described (Gui-
seppi-Elie et al., 2005a) and assembly and packaging of the chip in
a manner suitable for implantation into small vertebrate animals
has similarly been described (Rahman et al., 2009b). Developed for
simultaneous monitoring of interstitial glucose and lactate (Jong-
won et al., 2006), the transducer possesses 37 recessed microdiscs
arranged in a hexagonal array. Each disc has φ¼50 μm for a total
working electrode area, WEA¼7.3�10�4 cm2 (Guiseppi-Elie et al.,
2005a). In summary, the electrochemical transducers
(0.2 cm�0.4 cm�0.05 cm) were fabricated from electron beam
vapor deposited platinum (100 nm) on an adhesion promoting
titanium/tungsten (Ti/W) layer (10 nm) onto a 0.5 mm thick
electronics grade borosilicate glass (Schott D263). The electrodes
were laid out as two separate three-electrode electrochemical cells
and the metallization passivated with 0.5 μm thick silicon nitride
(Si3N4). The nitride layer was eventually patterned and fluoro-
plasma etched to reveal the array of multiple microdiscs of the
working electrode, the large area counter electrode
(CEA¼7.3�10�3 cm2) and the shared reference electrode
(REA¼7.3�10�5 cm2) that were connected to the five bonding
pads. The MDEA 5037-Pt transducer was first ultrasonicated for
3 min in each of DI-water, isopropyl alcohol (IPA), and DI-water.
Next, the transducer was placed in a UV-ozone cleaner (Boekel
Industries) under irradiated ozone generation for 10 min followed
by 1 min of ultrasonication in IPA. This was followed by plasma
surface modification of the transducer to generate hydroxyl groups
on the silicon nitride surface (Harrick Plasma Cleaner). The
transducer was then immersed in PBS buffer, made the working
electrode of a three electrode electrochemical cell and was cath-
odically cleaned by sweeping the potential between 0 and �1.2 V
vs. Ag/AgCl at 100 mV/s for 40 cycles.

2.3. Electrodeposition of mesoporous graphitized carbon (MGC)

The solvent and UV-ozone cleaned MDEA 5037-Pt was mod-
ified by amperometric electrodeposition of the high surface area
mesoporous graphitized carbon (MGC). The electropolymerization
solution was prepared by adding MGC to 50/50 v/v/ DMF/H2O
(2 mg/mL) followed by the addition of aniline (0.1 M) and m-
aminoaniline (0.1 M), the addition of pNVP (2 mg/mL) and finally
PAMPSA (2 mg/mL). Two drops of Tween-20 was added to the final
10 mL of prepared suspension and the mixture sonicated at room
temperature (RT). The device was potentiostatically held at
þ800 mV vs. Ag/AgCl and subjected to timed immersion into the
electrodeposition solution for 50 s. The resulting device was de-
signated MDEA-5037-Pt|MGC-PAn.

2.4. Electrodeposition of redox mediator layer (RML)

The MDEA-5037-Pt|MGC-PAn was further modified by am-
perometric electrodeposition of a solid-state mediator multi-layer
following a modified literature procedure attributable to Karyakin
(Chen et al., 2012; Karyakin and Karyakina, 1999; Krylov and Lis-
dat, 2007; Sitnikova et al., 2011). The device was potentiostatically
held at �400 mV vs. Ag/AgCl and subjected to sequential im-
mersion with controlled timing into four separate aqueous solu-
tions held in a 96-well plate: A (5 s)¼50 mM KCl in (0.01 M)
10 mM HCl (serving as acidic solvent), B (50 s)¼3.0 mM K3Fe(III)
(CN)6þ3.0 mM FeCl2 prepared in A; C (50 s)¼1.5 mM K3Fe(III)
(CN)6þ3.0 mM NiCl2 prepared in A and finally, D (5 s)¼PBS 7.2.
This procedure was repeated five times without interruption, ef-
fectively creating a layer-by-layer, multi-layered structure of iron
(II,III) hexacyanoferrate(II,III) (Prussian Blue) formed in B followed
by a layer of nickel(II) hexacyanoferrate [Ni(II)HCFe] formed in C
and conditioned in PBS (D) and conditioned in dilute HCl (A).
Following mediator deposition, the resulting MDEA 5037-Pt|MGC-
PAn|HCF was tested in pH 7.2 buffered aqueous H2O2 solutions also
held in the 96-well plate before being used in bioassay develop-
ment. Electrodeposition of MGC and RML as well as amperometric
biosensor performance were all done using a customized multi-
mode potentiostat (BioSTAT, ESA Biosciences, Inc.) with custom
cabling to the MDEA 5037-Pt transducer as shown in Fig. 1A.
Electrical Impedance Spectroscopy (EIS) was performed on IME
1025-Pt devices (Yang et al., 2011) in freshly prepared 1� PBS
(40 mV p-t-p, 10�1–106 Hz, RT) using a Solartron 1260 Frequency
Response Analyzer equipped with ZView and ZPlot software.

2.5. Device coating with an amine-rich hydrogel layer

MDEA 5037-Pt|MGC-PAn|HCF devices were dip-coated in a
hydrogel monomer cocktail of HEMA (79 mol%), TEGDA cross-
linker (3 mol%), OEG(400)MA (5 mol%), HMMA (5 mol%), pNVP
(2 mol%), AEMA (5 mol%), and DMPA photo-initiator (1 mol%).
These monomer were prepared in 20% v/v solvent of 1:1 water:
ethylene glycol, degassed by bubbling with nitrogen, and once
coated onto the device immediately UV-cross-linked under flow-
ing nitrogen. Devices so prepared, MDEA 5037-Pt|MGC-PAn|HCF|
Gel, were incubated in 0.1� PBS overnight to achieve hydration
equilibrium and to release any unreacted monomer. The amine-
rich hydrogel served as the chelation sites for Zn2þ ions and
eventually his-tagged immobilization of NFO4 peptide, VYMNR-
KYYKCCK‐NH2, (Synthetized by Smartox, France).

2.6. Peptide-based competitive enzyme-linked immunosorbent assay

After washing with PBS, MDEA 5037-Pt|MGC-PAn|HCF|Gel de-
vices were placed in zinc chloride solution (100 mg L�1) overnight
at 20 °C (Soleri et al. 2015). They were then incubated with the his-
tagged synthetic peptide NFO4 in azide containing carbonate
buffered (15 mM Na2CO3, 35 mM NaHCO3, 0.2 g· L�1 NaN3, pH 9.6)
and were incubated at 37 °C for 3 h. Non-specific binding sites of
the peptide-coated device were blocked with casein solution at RT
for 3 h before performing the biommobilization. Devices were
immersed in OTA-HRP (horseradish peroxidase label) (Abcam,
France) conjugate (1,000 mg L�1) that was combined with PBS
containing unlabeled OTA (Sigma-Aldrich, France) of various con-
centrations (Soleri et al., 2015). The reaction was allowed to in-
cubate for 30 min at 4 °C. After washing away unbound OTA with
PBS, the device was quickly placed in 40 μl of luminol-hydrogen
peroxide (Pierce, France) that was already in the luminometer tube



Fig. 1. A. Micrograph of the two channel electrochemical transducer, the MDEA 5037-Pt, and its interfacing to the four channel multimode potentiostat, the esa Biostat,
wherein two channels are reconfigured to a single connector port. B. Schematic layout for the comparative evaluation of the two biosensor systems using the same molecular
recognition elements. Above: Optical detection mode (luminescence) using a luminometer. Below: Amperometric detection mode using a multimode potentiostat.
at RT (3 M™ Clean-Trace™ NG Luminometer, UK). Luminescent
data as well as amperometric data could be simultaneously col-
lected. The results obtained were inversely proportional to the
concentration of unlabeled OTA. During each test, nonspecific
binding (negative control) was determined by using an incubation
mixture (OTA-HRP) in which the peptide NFO4 was replaced by
100 μL of PBS buffer. Total analysis time per sample was ca.
40 min.
2.7. Antibody-based competitive enzyme-linked immunosorbent
assay

After washing with PBS, MDEA 5037-Pt|MGC-PAn|HCF|Gel de-
vices were placed in zinc chloride solution (100 mg L�1) overnight
at 20 °C (Soleri et al., 2015). They were then incubated in 6His-
tagged-Protein G at 5 mg/ml for 3 h at 4 °C. Non-specific binding
sites of the peptide-coated chip were blocked with casein solution
at RT for 3 h before performing the immobilization of monoclonal
antibody (AbCam, France ) at the dilution 1/1000, for 3 h at 4 °C.
Control samples remained in PBS until exposure to OTA-HRP
(1000 mg L�1). Devices were immersed in OTA-HRP (horseradish
peroxidase label) conjugate (1000 mg L�1) that was combined
with PBS containing unlabeled OTA of various concentrations
(Soleri et al., 2015). The reaction was left for 30 min at 4 °C. After
washing away unbound OTA with PBS, the device was quickly
placed in 40 μl of luminol-hydrogen peroxide (Pierce, France) that
was already in the luminometer tube at RT.
3. Results and discussion

3.1. Hardware configuration and instrumentation set-up

The ESA Multimode Potentiostat was electrically reconfigured
such that adjacent channels were merged to one of the four se-
parate five-pin connectors. In this way, two channels (e.g. Ch1 and
Ch 2) emerged from a single connector and similarly Ch 3 and Ch
4 emerged from another separate five-pin connector. The five pin
configuration was made compatible with the five electrodes of the
MDEA 5037 biotransducer chip via a compression fit, five-pin
Omnetics quick-connect/disconnect connector that connected to
the two working microdisc electrode array working electrodes, the
two large area counter electrodes and a single shared reference
electrode that reside on the chip. This instrumentation and device
configuration allowed potentiostatic electrodeposition of MGC via
aniline electropolymerization and hexacyanoferrate mediator
multi-layer formation to be completed in a series of timed steps
performed in sequence by immersion of the chip in the appro-
priate solution held in a 96-well plate at RT. In some instances,
fabrication could be directly followed by amperometric char-
acterization all done in one continuous operation within �10 min.
The experimental setup to allow a direct comparison of the che-
miluminescence and amperometric responses corresponding to
the two biosensor systems is schematically shown in Fig. 1B.

3.2. Peroxide response of biotransducer

It is customary to make high-solids suspension of MGC in
highly volatile solvents and to deposit these by dropcasting onto
micro- or macro-electrodes (Lu et al., 2014; Palani Barathi and



Fig. 2. Dose-response curve of steady state amperometric current (þ650 mV) vs.
concentration of hydrogen peroxide, H2O2 (mM), for a single device wherein the
microdiscs of the WEA were: Ch1 was modified with the MGC layer and Ch1 was
further modified by electrodepositon of the redox mediator layer.

Fig. 3. SEM of (A) Silverized and chloridized reference electrode (100 mm), (B) The unmo
aminoaniline) with mesoporpous graphitized carbon (1.0 mm), and (D) the electrodepos
Minnal, 2011; Thangaraj and Senthil Kumar, 2013). Here electro-
polymerization of aniline (Lin and Cui, 2006) and meta-aminoa-
niline to yield a copolymer was used as an additive microfabrica-
tion technique to simultaneously guide and immobilize the MGC
to the microdisc electrodes (Du et al., 2010; Kotanen et al., 2014) of
the MDEA as well as to introduce surface 1° amine functional
groups for subsequent reaction including complexation with Zn2þ

ions for the reversible immobilization of his-tag-peptides such as
NFO4 and for attachment of the poly(HEMA-co-AEMA) hydrogel.

Subsequent to PAn-MGC electropolymerization, cathodic elec-
trodeposition of five alternating layers of Prussian Blue: iron(II,III)
hexacyanoferrate and nickel hexacyanoferrate according to the
method of Karyakin (Sitnikova et al., 2011) produced a bio-
transducer with a redox mediator layer that was designed to re-
spond to the changing levels of hydrogen peroxide that accom-
pany HRP consumption of this reagent under bioassay conditions.
The MDEA 5037-Pt|MGC-PAn|HCF was tested in pH 7.2 buffered
aqueous H2O2 solutions also held in the 96-well plate before being
used in bioassay development. Fig. 2 shows the dose-response
curves of steady state amperometric current (þ650 mV) vs. con-
centration of hydrogen peroxide (mM), for a single device wherein
dified Pt microdisc electrode (1.0 mm), (C) Electropolymerized poly(aniline-co-meta-
ited Fe|NiHCF multi-layer on Pt microdisc electrode (30.0 mm).



Fig. 4. Bode plots of the electrical impedance, magnitude (LHS) and phase angle (RHS), showing the blank IME device, the of electroconductive hydrogel electropolymerized
onto the IME device and following multilayer mediator deposition. (40 mV p-t-p, 10�1–106 Hz, RT).

 Steady State Current (µA)
 Steady State Current (µA) CH2
 Luminescence (RLU)

Fig. 5. A. Amperometric current response of Ch1 of an MDEA-Pt|PAn-MGC|Ni-FeHCF|HG-NFO4 at 650 mV following incubation with OTA and OTA-HRP and following
addition of 50/50 H2O2 and luminol solution. The current reflects decreases in peroxide concentration. B. Simultaneous measurement of the amperometric current response
of Ch1 and Ch2 of an MDEA-Pt|PAn-MGC|Ni-FeHCF|HG-NFO4 at 650 mV (LHS) and the luminesence (RHS) following incubation with OTA and OTA-HRP and following
addition of 50/50 H2O2 and luminol solution.
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the microdiscs of the WEA are: Ch1 was modified with the MGC
layer and Ch2 was further modified by electrodepositon
(�400 mV) of the redox mediator layer. The presence of the
mediator layer clearly renders the device more sensitive to per-
oxide over this concentration range.

3.3. Electronmicroscopy of the biotransducer

Scanning electron microscographs (SEM) of the various steps in
the realization of the amperometric transducer as shown in Fig. 3.
Fig. 3A shows one of the silverized and chloridized reference
electrodes of the chip. Fig. 3B is a micrograph of the pristine Pt
surface (scale bar 1.0 mm) showing very little relief on that scale.
Fig. 3C is a micrograph of the electropolymerized poly(aniline-co-
meta-aminoaniline) containing entrapped mesoporpous graphi-
tized carbon particles (scale bar 1.0 mm). MGC particles were found
to be on the order of 70–100 nm in diameter. These particles are
specified to have a pore volume of 0.25 cm3/g, average pore dia-
meter of �137 Å (typical) and specific surface area 50–100 m2/g.
Fig. 3D is a micrograph of the electrodeposited Ni-FeHCF multi-
layer formed directly on platinum electrode (scale bar 30.0 mm).
These particles are clearly angular, implying crystalline nature, and
were �35 nm. Energy dispersive X-ray analysis revealed the pre-
sence of Ni and Fe, although the ratio could not be specifically
established.

3.4. Electrical impedance spectroscopy of biotransducer membranes

Shown in Fig. 4 is the electrical impedance spectra of MGC
immobilized by anodic electropolymerization of poly(aniline-co-
m-aminoaniline) (anodic) as well as following cathodic electro-
deposition of the mixed HCF mediator layer (cathodic) onto the
IME device (blank) as measured in pH 7.4 PBS at RT. The magni-
tude at low frequencies, approaching DC, informs the in-plane
electrical conductivity of the membrane. The in-plane membrane
magnitude is seen to increase, relative to PBS, following electro-
polymerization of the PAn-MGC composite layer. At pH 7.4 poly-
aniline is generally in the un-protonated form and is thus an in-
sulator. What is noteworthy is that its overall conductivity is less
than that of the PBS within which it is immersed. Upon cathodic
electro-deposition of the Ni-FeHCF mediator layer, the im-
pendence magnitude is seen to be less than that of free flowing
PBS buffer. In general, cathodic conditions reduce PAn films and
favor the pernigraldeine form. It is unclear if a redox relationship
is established between the mediator and the p(An-co-AAn).

3.5. Biosensor-based Bioassay of OTA

A competitive ELISA based assay was realized on the functio-
nalized microfabricated amperometric device with a concentration
that was 10�6 M in the NFO4 peptide and a concentration that was
1000 mg L�1of OTA-HRP. Both concentrations were selected based
on previously published optimization studies (Soleri et al., 2015).
After incubation of the device with OTA/OTA-HRP solution, devices
were dipped into the luminol-hydrogen peroxide solution and the
amperometric response was recorded continually by the po-
tentiostat and periodically by the luminometer.

First, we test the efficiency of our new device by measuring the
current response upon exposure to H2O2. As shown in Fig. 5A, the
consumption of H2O2 by the OTA-HRP can be followed amper-
ometrically as we observed a decrease in the amperometric cur-
rent response from 6�10�6 A to approximately 1.5�10�6 A.
These results are consistent with the consumption of H2O2 by HRP
over time.

One advantage of current device configuration is simultaneous
recording of the amperometric current response and the
chemiluminescence. As shown in Fig. 5B, discrete current and lu-
minescence measurements were recorded over a 15 minute period
resulting in a decrease of the amperometric signal and an increase
in the chemiluminescence signal over time. This figure also reflects
the reproducibility of the two channels of the MDEA device. The
noted difference is likely due to the difference in thickness of the
hydrogel membrane layer that was deposited by dip coating of the
discrete device in HEMA-AEMA cocktail. Dip coating creates a
drip-edge (Kuznetsov and Xiong, 2002) which is thicker over Ch2
compared to Ch1 and which, as a form, supports more bioimmo-
bilization’ which can account for the larger signals on Ch2 com-
pared to Ch1. The chemiluminescence signal, initially at back-
ground levels, rises rapidly to a maximum after 5 min and begins
to decay thereafter.

Following demonstration that the device can be used in am-
perometric and luminescence mode, we then go on and test dif-
ferent concentrations of OTA (0 mg L�1, 1 mg L�1, 2 mg L�1,
5 mg L�1, 10 mg L�1). Fig. 6A shows the temporal amperometric
current response upon exposure to H2O2. We can observe a peak in
the response corresponding to the time when the device is first
dipped into the luminol-hydrogen peroxide solution followed by
an approach to a steady state response. When we look at the
transient response or rate (Fig. 6B), we can observe a linear dose
response from 1.08 mA for 1 mg/L to 1.79 mA for 10 mg/L. While
when you look at the results at the steady state current we observe
an increase from 0.94 mA for 1 mg/L to 1.56 mA for 5 mg/L follow by a
small decrease due to the hook effect at 10 mg/L with a response at
1.41 mA.
4. Conclusions

Microfabricated MDEA 5037-Pt dual channel chips can be
physicochemically modified to support hydrogen peroxide dis-
charge. The use of a Ni-FeHCF layer enhances the peroxide signal
that is otherwise compromised when an electropolymerized
polyaniline layer is first deposited to support hydrogel attachment.
MDEA devices were found to be quite reproducible in their per-
oxide responses. However, bioassays implemented via bioimmo-
bilization onto dip-coated poly(HEMA) foam compromised on-
board channel reproducibility. Bioassays could be simultaneously
amperometric and chemiluminescent. The amperometric im-
plementation may be kinetic (rate) or steady state with the kinetic
implementation offering a broader dynamic range. The use of
amine rich biopolymers such as chitosan (previous works (Soleri
et al., 2015)) or synthetic polymer (e.g. poly(HEMA-co-AEMA)
hydrogel (current work) supports Zn2þ complexation and the use
of his-tagged bioimmobilization to implement biosensor-based
ELISA-type assays. The luminescence bioassay and the ampero-
metric bioassay (50 s) are quite comparable in their dynamic range
and detection limits.
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