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An electrochemical immunoassay based on the redox cycling method was presented using vertically
paired electrodes (VPEs), which were fabricated using poly(3,4-ethylenedioxythiophene):poly(styrene-
sulfonate) (PEDOT:PSS) as an electrode material and parylene-C as a dielectric layer. For the application to
immunoassays, different electrochemical properties of PEDOT:PSS were analyzed for the redox reaction
of 3,355 -tetramethylbenzidine (TMB, the chromogenic substrate for enzyme-immunoassays) at
different pH conditions, including the conductivity (e), electron transfer rate constant (k,,p), and double-
layer capacitance (Cgq). The influencing factors on the sensitivity of redox cycling based on VPE based on
PEDOT:PSS were analyzed for the redox reaction of TMB, such as the electrode gap and number of elec-
trode pairs. Computer simulation was also performed for the redox cycling results based on VPEs, which
had limitations in fabrication, such as VPEs with an electrode gap of less than 100 nm and more than five
electrode pairs. Finally, the redox cycling based on VPE was applied to the medical diagnosis of human
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hepatitis-C virus (hHCV) using a commercial ELISA kit. The sensitivity of the redox cycling method for the
medical diagnosis of hHCV was compared with conventional assay methods, such as TMB-based
chromogenic detection, luminol-based chemiluminescence assay, and a rapid test kit (lateral flow
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1. Introduction

Redox cycling is a modified amperometry method that ampli-
fies the current signal through repeated oxidation and
reduction of the target analytes."”® Conventional single-mode
amperometry is performed using a single working electrode
(generator), and it generates a signal from the reduction (or
oxidation) of analyte molecules. In the case of redox cycling,
the analyte molecule is involved in the repeated oxidation and
reduction cycle between two working electrodes called genera-
tor and collector electrodes. Therefore, the resulting signal is
amplified through the repeated redox reactions (cycles)
between the two working electrodes. The electrode gap must
be as small as possible to maximize the efficiency of the redox
cycling since the analyte is mass-transported between the gen-
erator and collector electrodes through diffusion.
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The interdigitated electrode (IDE) is often used extensively
for redox cycling, and the redox cycling was previously
reported to be amplified up to 10-fold compared with conven-
tional single-mode amperometric detection.”®” The first
electrode (WE1, generator) was made up of one pair of IDE, as
shown in Fig. 1(a), while the second electrode (WE2, collector)
was made up of the other pair of IDE. The electrode gap needs
to be fabricated as narrowly as possible in order to increase
the efficiency of redox cycling because the electrode gaps affect
the diffusion of the redox couple. This is because the
efficiency of redox cycling sharply increases as the electrode
gap between the two electrodes decreases. However, the elec-
trode gap for IDE based on lab-based photolithography was
limited to several micrometers."*® Furthermore, costly pro-
cesses such as e-beam lithography or stepper processes are
required to fabricate the IDE under micrometers. In the pre-
vious report, we showed that the vertically paired electrode
(VPE) could be easily fabricated as an electrode with a submic-
rometer electrode gap.”'® The electrode gap between each elec-
trode was easily controlled to be less than one micrometer
using parylene as a dielectric layer because the fabrication of
VPE has been carried out by sequential deposition and etching
process, and various metals (Au, Pt, and so on) have been used
as electrode materials.'® Recently, poly(3,4-ethylenedioxythio-
phene):poly(styrenesulfonate) (PEDOT:PSS) was reported to be
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Fig. 1 Fabrication procedure of the vertically paired electrode (VPE). (a) Comparison of an interdigitated electrode (IDE) and vertically paired elec-
trode (VPE). (b) Fabrication process of the vertically paired electrode. (c) SEM images of VPEs with different numbers of electrodes.

effectively used for the fabrication of VPE to increase the fabri-
cation yield in comparison with metal electrodes by avoiding
the electric shot problem from an incomplete wet-etching
process.''* Using PEDOT:PSS as an electrode material
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(200 nm) and parylene-C as a dielectric layer (500 nm), sequen-
tial deposition and etching processes were used to fabricate
VPE, as shown in Fig. 1(b). The electrode was then exposed to
reactive-ion etching (RIE), which could etch the electrode
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material and the dielectric layer by a single step process.
Therefore, the electrode gap of VPE could be made to be much
shorter than the conventionally used IDE, and the so-made
VPE was applied for the hypersensitive immunoassay
through the electrochemical measurement of 3,3',5,5-tetra-
methybenzidine (TMB, the chromogenic substrate of enzyme-
immunoassays)."*"*

In this study, VPEs with a different number of electrode
pairs were fabricated using PEDOT:PSS as an electrode
material and parylene-C as a dielectric layer. The influencing
factors for the sensitivity of VPE were analyzed according to
the electrode gap and the number of electrode pairs using the
redox reaction of TMB, and the computer-simulated results.
Finally, a commercial ELISA kit was used to perform redox
cycling detection based on the VPE for the medical diagnosis
of human hepatitis-C virus (hHCV). The sensitivity of redox
cycling was compared to the TMB-based chromogenic detec-
tion, luminol-based chemiluminescence assay, and a commer-
cial rapid test (lateral flow immunoassay).">*®

2. Experimental section
2.1 Materials and methods

The conducting polymer PEDOT:PSS, TMB, and phosphate
citrate buffer were purchased from Sigma-Aldrich Korea
(Seoul, Korea). hHCV ELISA kits were bought from Innovation
Biotech Co. (Beijing, China). hHCV rapid test (lateral flow
immunoassay) was purchased from Abbott Korea (Seoul,
Korea). Polystyrene microplates were bought from SPL Co.
(Seoul, Korea). The photoresists (AZ-GXR601 and ARP-3220)
were purchased from NM Tech (Namyangju, Korea). Ag/AgCl
reference  electrodes were purchased from Warner
Instruments, LLC (Hamden, CT, USA). The counter electrodes
were made from Pt wire with a diameter of 2 mm.

2.2 Fabrication of VPE

The VPE was fabricated on a SiO, wafer by sequentially depos-
iting a PEDOT:PSS electrode (200 nm) and parylene-C film
(500 nm), as shown in Fig. 1(b)."**° The wafer was cleaned
with acetone and IPA before the photoresist (GXR601) was pat-
terned on it. PEDOT:PSS electrodes were spin-coated on the
photoresist (PR) and baked at 170 °C on the hot plate. Acetone
was used to eliminate PR (lift-off process). A parylene-C film
(500 nm) was deposited between the PEDOT:PSS electrodes by
thermal deposition according to the following steps: (1) evap-
oration of parylene-C dimers at 180 °C, (2) pyrolysis of dimer
into the monomer radical at 650 °C, and (3) deposition on the
PEDOT:PSS electrode at room temperature.>"** The deposition
process was repeated to fabricate 2-pair and 3-pair electrodes.
The hole-structure with a 2 mm diameter was fabricated on
the top-layer of VPE using photoresist (ARP-3220) on the pary-
lene. Finally, the electrodes were exposed to the RIE process
with a mixture of O, and CF, gas and 100 W power. The thick-
ness of parylene-C and PEDOT:PSS was measured using AFM
from Park Systems (Suwon, Korea).

This journal is © The Royal Society of Chemistry 2023
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2.3 Characterization of PEDOT:PSS electrode

The conductivity of PEDOT:PSS (thickness of 200 nm) was
measured using the 4-point probe system (KEITHLEY 2400
source meter, USA). The conductivity was estimated according
to the following equation: ¢ = L/(R-A), where L represents the
distance between the 4 probes (1 mm), A represents the thick-
ness of the film (200 nm), and R represents the measured
resistance.*

The double-layer capacitance was estimated according to
the equation: i = C-(dV/dt), where C represents the capacitance,
and the capacitance corresponds to the linear slope of the
current (i) at a given potential (0 V against Ag/AgCl) of series of
magnitudes of the cyclic voltammogram at different scan
rates, as shown in Fig. S1(a).f>**® The CV was performed
using a commercial IVIUM potentiostat (Eindhoven,
Netherlands). The Ag/AgCl pellet pseudo reference electrode
(Warner Instrument LLC) was used as a reference electrode.

The k,pp value represents the electron transfer rate constant
for the redox reaction of the following equation: d[Fe(CN)s*"]/
dt = kapp[Fe(CN)s’].%° The kupp value for the PEDOT:PSS elec-
trode was determined according to the Nicholson method, as
shown in Fig. S1(b).1 >7*®

2.4 Redox cycling with VPE

The redox cycling was carried out as previously reported.?
The redox cycling signal was measured using a bi-potentiostat
from IVIUM potentiostat (Eindhoven, Netherlands). The Ag/
AgCl pellet pseudo reference electrode (Warner Instrument
LLC) was used as a reference electrode. When the stability of
the Ag/AgCl pellet reference electrode was tested using the Ag/
AgCl (3 M KCl) reference electrode from Metrohm (catalog #:
6.0733.100), the open circuit potential (OCP) between the two
reference electrodes was within the error range (+5 mvV) of the
reference electrode at +2.397 mV.*° The redox cycling signal
was measured by changing the potential of the collector elec-
trode while the cyclic voltammetry (CV) was performed at the
generator electrode. As the first step, the potential of the col-
lector electrode was controlled to be the reductive potential of
—200 mV against the Ag/AgCl electrode while the generator
electrode carried out CV of ox-TMB-2. The fixed potential of
the collector electrode at —200 mV was used for the reduction
of ox-TMB-2 (into TMB), which amplified the oxidative current
of the cyclic voltammogram at the generator electrode (noted
as “(1)” in Fig. 3(a)). As the second step, the potential of the
collector electrode was controlled to be the oxidative potential
of +400 mV against the Ag/AgCl electrode while the generator
electrode carried out the CV of ox-TMB-2. The fixed potential
of the collector electrode at +400 mV was used for the oxi-
dation of TMB (into ox-TMB-2), which amplified the reductive
current of the cyclic voltammogram at the generator electrode
(noted as “(2)” in Fig. 3(a)). The final signal was calculated
from the difference between the increased oxidative current of
the first step (noted as “*” in Fig. 3(a)) and the increased
reductive current at the second step (noted as “**” in Fig. 3(a)).
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2.5 Immunoassay for hHCV

The ELISA test for antibodies against the human hepatitis-C
virus (hHCV) from Innovation Biotech Co. (Beijing, China) was
performed according to the manufacturer’s instructions.*®
From the manufacturer’s instruction, the commercial ELISA
kit was certified to have indicated 100% sensitivity and 99.5%
specificity for the patients’ positive samples (n = 520). The
cutoff value for the diagnosis of hHCV was decided following
the protocol of the test. The positive sample was serially
diluted (ten times of two-fold dilution) using the sample
diluent included in the kit for the standard curve of the anti-
HCV antibody ELISA test. The standard sample, including
positive and negative samples, was stored in the incubator for
1 h at room temperature. After the washing steps with the
ELISA kit’s buffer, HRP-conjugated secondary antibodies were
incubated for 30 min at room temperature. The quantity of
anti-HCV antibody was determined by 30 min of TMB reaction
with hydrogen peroxide solution from Sigma-Aldrich. Using an
ELISA reader (Versamax, Molecular Devices, USA), the OD was
measured at a wavelength of 450 nm following quenching with
a 1:1 volume ratio of 2 M sulfuric acid solution. After the
quenching process, the solution was dropped on the electrode
wells to perform the redox cycling measurement as described
above. The redox cycling current difference between the TMB
stock solution (OD = 0, without ox-TMB-2 molecules) and the
diluted TMB solutions was set as a redox cycling signal for the
ELISA kit.>"*? The test results were also compared with the
commercially available rapid test (lateral flow immunoassay)
from Abbott Korea (Seoul, Korea) for the medical diagnosis of
hHCV. The manufacturer provided that the sensitivity and
specificity of this rapid test kit were certified to be 99.3% and
98.1%, respectively.

2.6 Computer simulation

The properties of VPE were simulated using COMSOL
Multiphysics® software.™” For the simulations, the electrodes
were replicated using a two-dimensional rotation model. The
model electrodes were designed as VPEs. The dielectric layer
was placed between the two electrodes, corresponding to the
generator and collector electrodes. In the model electrodes,
two parameters were controlled: (1) electrode gap (10-700 nm)
and (2) number of paired electrodes (from 1- to 10-pairs). The
reference potential of the electrode cell was set as +197 mV,
which is equal to the Ag/AgCl reference electrode, and the
potential sweep range for the generator was —200 mV to
+500 mV versus the reference potential. The stationary poten-
tial of the collector was set as —200 mV and +400 mV. The
electrochemical reaction was simulated based on the Butler-
Volmer equation. For the simulation, the maximum element
size was set to be 33.5 pm and the minimum element size was
set to be 0.15 pm. The standard redox potential of TMB was
set to be 200 mV, and the diffusion coefficient of TMB was 1.0
x 107° m® s' from previous works.>*® The electrolyte’s
diffusion coefficient (D) was set as 1.0 x 10~° m> s> The
current signal of the simulated redox cycling was set as the

1352 | Analyst, 2023, 148, 1349-1361

View Article Online

Analyst

difference between the reductive peak current and the oxi-
dative peak current.

3. Results and discussion
3.1 Properties of VPE based on PEDOT:PSS

The redox cycling was used to amplify the amperometric
signal through the repeated redox reactions for each analyte
molecule. For the hypersensitive redox cycling, the number of
electrode pairs was reported to be increased, and the electrode
gap needs to be fabricated as narrow as possible because the
transport of the analyte to the electrode was carried out by
diffusion.**3® The practical approach to improve the sensi-
tivity of redox cycling was proposed to make VPEs, as shown in
Fig. 1(a). The VPE could be fabricated by repeated deposition
of electrodes and dielectric layers, and then the electrodes
could be exposed by the etching process, as shown in Fig. 1(b).
As the deposition of metal and dielectric layer with the thick-
ness of less than one micrometer could be easily possible, the
electrode gap of VPE could be controlled to be on the submic-
rometer level.'® The previous report fabricated VPE with metal
electrodes and parylene-C as a dielectric material.'® The
etching was performed to expose the electrodes using multi-
step fabrication processes, which required wet-etching pro-
cesses for metal electrodes and dry-etching processes for the
dielectric layer of parylene-C. As the fabrication was performed
using multi-step fabrication processes, it took a long proces-
sing time and a low fabrication yield. Furthermore, the wet-
etching process of the metal electrodes frequently resulted in
the over-etching and contamination of neighboring
electrodes.'™? Using PEDOT:PSS as an electrode material for
VPE, the problems of the metal electrode could be overcome,
and the etching process could be carried out as a single step
using RIE under the condition of O, and CF,.° The thickness
of the parylene defines the electrode gap between the electro-
des, and the VPEs with multiple pairs of PEDOT:PSS electrodes
are effectively fabricated for multiple paired electrodes.> The
contamination and the over-etching problems from the
repeated wet-etching process could also be overcome using a
single-step RIE-etching. Using the RIE-etching, the parylene-C
film could also be etched together with the PEDOT:PSS elec-
trode, and the thickness of parylene can be controlled on the
nanometer scale.”*' As shown in Fig. 1(c), the SEM images
show that VPEs with 1-, 2- and 3-pair electrodes were fabricated
using PEDOT:PSS as an electrode material, and the electrode
pairs within VPE are clearly exposed after the RIE-etching
process.

The conducting polymer, PEDOT:PSS, is usually reported to
have properties of metal electrodes at strongly acidic con-
ditions because the interaction between PEDOT and PSS is
changed.’”*®* As shown in Fig. 2(a), polystyrene sulfonate
(PSS™) is known to be reduced to polystyrene sulfonic acid
(PSSH), and hydrogen sulfate (HSO,™) has a coulombic inter-
action with PEDOT after the treatment of sulfuric acid. Such a
reaction is known to change the conformation of PEDOT:PSS

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Electrochemical properties of PEDOT:PSS. (a) Structure of PEDOT:PSS at different pH values. (b) CV analysis of TMB at different pH con-
ditions using the PEDOT:PSS electrode. (c) Conductivity and apparent electron transfer rate of PEDOT:PSS at different pH conditions. Inset presents
the cyclic voltammogram of 50 mM ferricyanide + 1 M KCl for k., estimation. (d) Double-layer capacitance of the PEDOT:PSS electrode at different
pH conditions.

from the coiled structure to the linear structure, reducing the
energy barrier and improving the electron transfer. This work
applied PEDOT:PSS as an electrode for VPE. Because the com-
mercial immunoassays have frequently used the chromogenic

This journal is © The Royal Society of Chemistry 2023

reaction between an enzyme called HRP and TMB as a chromo-
genic substrate, the feasibility of PEDOT:PSS for the ampero-
metric analysis of TMB was estimated. From the enzyme (HRP)
reaction in immunoassays, TMB is oxidized through two step
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oxidation reaction:"** TMB (Amax = 285 nm, transparent) — ox-
TMB-1 (Amax = 652, 370 nm, blue color, pH = 5.6) —» 0x-TMB-2
(Amax = 450 nm, yellow color, pH = 1.2).”°**° At strongly acidic
condition, the equilibrium between ox-TMB-1 and ox-TMB-2
was directed predominantly to the production of ox-TMB-2.”*!
At first, the redox reaction of TMB at such different pH con-
ditions was analyzed using the PEDOT:PSS electrode. As
shown in Fig. 2(b), both oxidized TMB products (ox-TMB-1 and
ox-TMB-2) could be observed at pH 5.6 using cyclic voltamme-
try (CV) with a working electrode (made of PEDOT:PSS with an
electrode area of 27 mm?®).""*> After treatment of 2 M sulfuric
acid (at pH 1.2), the ox-TMB-1 product was rapidly changed
into ox-TMB-2, and the ox-TMB-1 peak disappeared in the
cyclic voltammogram. When the shapes of the cyclic voltam-
mograms at two different pH conditions were compared, the
peak potential separation (AEp) was changed from 260 mV
(pH 5.6) to 40 mV (pH 1.2) at acidic pH. These results showed
that the reversibility of the redox reaction for TMB could be
significantly improved at pH 1.2 when PEDOT:PSS was used as
a working electrode for CV.>”*>*

For the analysis of influencing factors for the electro-
chemical properties of PEDOT:PSS, the change in conductivity
(0), electron transfer rate constant (k,pp), and double-layer
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capacitance (Cq;) were estimated at different pH conditions.
When the conductivity was estimated using a four-point probe
measurement (KEITHLEY 2400 source meter, USA) at different
pH conditions, the conductivity was observed to be steeply
increased from 3.3 x 10* S m™" (pH 10.0) to 9.4 x 10* S m™*
(pH 1.0), as shown in Fig. 2(c). These results indicated that the
PEDOT:PSS changed to have the property of a conductive elec-
trode (Au: 4.1 x 107 S m™, Pt: 9.4 x 10° S m™", glassy carbon:
2.2 x 10* S m™, graphite: 2.1 x 10> S m™")*** at strongly
acidic condition.’’*® Additionally, the peak potential separ-
ation (AE, = E,, — E.p,) between the cathodic and anodic peaks
of CV was observed to be decreased at strongly acidic condition
from the comparison of the cyclic voltammograms of TMB.
Such change in the peak potential separation represented the
improved reversibility of the redox reaction, which was corre-
lated to the increase of the apparent electron transfer rate con-
stant (kapp).””*® From the CV analysis, the apparent electron
transfer rate constant (kapp) was 6.2 x 107> cm s~ for PEDOT:
PSS. These results also indicated that the PEDOT:PSS changed
to have the property of a metal electrode (Au: 0.1 cm s™*, Pt:
0.2 cm s, glassy carbon: 6.6 x 107> cm s, graphite: 107° cm
s7')” with a significantly increased conductivity at strongly
acidic condition.?”*® Therefore, PEDOT:PSS was observed to
have improved conductivity and CV parameters at strongly
acidic condition, which was used for the immunoassays based
on the enzyme reaction of HRP and TMB. The double-layer
capacitance of PEDOT:PSS was also calculated at different pH
conditions. From the CV analysis, the PEDOT:PSS electrode
had a double-layer capacitance of 3.7 uF cm™? at pH 5.6 and
4.9 pF em™ at pH 1.2, as shown in Fig. 2(d). The PEDOT:PSS
electrode was estimated to have a far lower double-layer capaci-
tance than the conventional metal electrodes,” which indi-
cated that the lower i-V background in CV analysis could be
achieved in comparison with the conventional metal
electrodes.*®*° These results showed that the PEDOT:PSS elec-
trode’s properties were changed to be near the metal electro-
des, such as a high electron transfer rate and a high conduc-
tivity. From these results, the conducting polymer, PEDOT:
PSS, was chosen as an optimal electrode material for the ana-
lysis of TMB at the strongly acidic pH, which had been used
for the immunoassays based on the enzyme reaction of HRP
and TMB.>*?*° The electrochemical parameters are summar-
ized in Table 1 in comparison with other electrode materials,
such as carbon electrodes and metal electrodes.

Table 1 Characterization of the electrochemical properties of elec-
trode materials

Conductivity AE, Kkapp Cal

(Sm™) (mV) (ems™)  (uFem™2) Ref.
PEDOT:PSS 9.4 x 10* 40  62x107> 4.9 This work
(at pH 1.2)
Gold 4.1 %107 80 0.1 30.9 7 and 45
Pt 9.4 x 10° 70 0.2 64.2 7 and 45
Glassy carbon 2.2 x 10* 60  6.6x107° 12.9 7 and 47
Graphite 2.1 x10° 60 107° 5.0 7 and 46

This journal is © The Royal Society of Chemistry 2023
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3.2 Redox cycling of TMB with VPE

The VPE fabricated with PEDOT:PSS as an electrode material
and parylene for dielectric layers was used for the redox
cycling of ox-TMB-2 using the generator electrode and collector
electrode.’” The potential of the collector electrode for redox
cycling was determined from CV analysis of TMB. As shown in
Fig. 2(b), the anodic peak for the oxidation of TMB (TMB to ox-
TMB-2) was observed at the potential of 290 mV against the
Ag/AgCl reference electrode, and the cathodic peak for
reduction of TMB (ox-TMB-2 to TMB) was observed at the
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The redox cycling was carried out by changing the potential of
the collector electrode while the CV was performed at the gen-
erator electrode, as shown in Fig. 3(a). As the first step, the
potential of the collector electrode was set at a reductive poten-
tial of —200 mV against the Ag/AgCl electrode while the genera-
tor electrode carried out the CV of ox-TMB-2. The fixed poten-
tial of the collector electrode at —200 mV was used for the
reduction of ox-TMB-2 (into TMB), which amplified the oxi-
dative current of the cyclic voltammogram at the generator
electrode (noted as “(1)”). As the second step, the potential of
the collector electrode was set to an oxidative potential of

potential of 250 mV against the Ag/AgCl reference electrode.””"  +400 mV against the Ag/AgCl electrode while the generator
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Fig. 3 Redox cycling of TMB using the vertically paired electrode (VPE). (a) Redox cycling of TMB using the alternating potential of the collector
electrode. (b) Standard curve for the redox cycling of ox-TMB-2 at different pairs of electrodes. (c) Comparison of the simulation and experimental
data of the redox cycling signal for different electrode gaps. (d) Comparison of the simulated and experimental data of the redox cycling signal for

different electrode pairs.
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electrode carried out the CV of ox-TMB-2. The fixed potential
of the collector electrode at +400 mV was used for the oxi-
dation of TMB (into ox-TMB-2), which amplified the reductive
current of the cyclic voltammogram at the generator electrode
(noted as “(2)”). The final signal was calculated from the differ-
ence between the increased reductive current of the first step
(noted as “*”) and the increased oxidative current at the
second step (noted as “**”)."

The redox cycling was performed for standard TMB solu-
tions at different OD values. The standard samples were made
by diluting the ox-TMB-2 solution after quenching with 2 M
sulfuric acid. As shown in Fig. 3(b), the redox cycling of the
standard TMB solution was carried out using 1-pair, 2-pair,
and 3-pair VPEs with a fixed electrode gap of 500 nm. When
the results were compared with the conventional single-mode
electrode, the detection range of 3-pair VPE, as well as the
limit of detection (LOD) of VPE, appeared to be far improved
in comparison with the single-mode measurement with the
LOD of 0.015 (in OD unit). The measurement sensitivity was
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observed to increase as the number of electrode pairs
increased for VPE. When the amplification ratio of redox
cycling was estimated for the TMB sample at the OD value of
1.0, the redox cycling signal apparently reached the saturation
for the 3-paired VPE. When the redox cycling signal at the OD
value of 1.0 was compared with the single-mode amperometry
(1.6 pA), the redox cycling signal was estimated to be amplified
as high as 3.6 pA (2.3-fold amplification) for the 1-pair VPE,
6.6 pA (4.2-fold amplification) for the 2-pair VPE, and 12.7 pA
(8.2-fold amplification) for the 3-pair VPE in comparison with
the single-mode amperometry. Such an increased sensitivity
was considered to occur from the influencing factors for the
redox cycling based on VPE, such as the number of electrode
pairs and the electrode gap. Although the electrode pair above
the five were difficult to fabricate in this study, the VPEs could
realize a very sensitive immunoassay with redox cycling
detection.

The properties of VPE were simulated using COMSOL
Multiphysics® software.™” For the simulations, the electrodes
were replicated using a two-dimensional rotation model, as
shown in Fig. S2(a).f Through the computer simulation, VPEs
were designed to have a narrow electrode gap and a high
number of electrode pairs, which were limited to fabricate
using a lab-based fabrication process. The electrode model
was designed for VPE using the electrical conductivity (¢) and
dielectric constant (¢) of the PEDOT:PSS and parylene film, as
shown in Fig. S2(a).} **°>%® In order to estimate the influence
of the electrode gap on the redox cycling signal, VPEs (1-pair)
were fabricated with the controlled electrode gaps of 700 nm,
500 nm, and 300 nm. As shown in Fig. 3(c), these VPEs were
used for the redox cycling of TMB (Fig. S2(b)T), and the redox
cycling signal was measured to be 4.28 pA, 5.4 pA, and 9.4 pA
for VPE with the electrode gap of 700 nm, 500 nm, and
300 nm, respectively. VPEs with the controlled electrode gaps
of 200 nm, 50 nm and 10 nm were then designed for computer
simulation, and the redox cycling signal was calculated to be
increased to be 6.0 pA, 7.7 pA, 13.8 pA, 30.4 pA and 51.0 pA for
VPE with the electrode gap of 700 nm, 500 nm, 200 nm, 50 nm
and 10 nm, respectively. These results from the real experi-
ment and computer simulation showed that a steep increase
could be made as the electrode gap decreased to less than
100 nm. The influence of number of electrode pairs was esti-
mated by fabricating 1-, 2- and 3-pair VPEs (with an electrode
gap of 500 nm). As shown in Fig. 3(d), these VPEs were used
for the redox cycling of TMB (Fig. S2(c)f), and the redox
cycling signal was measured to be 15.6 pA, 36.2 pA and 39.9 pA
for 1-, 2- and 3-pair VPEs, respectively. VPEs with a large
number of electrode pairs were then designed for computer
simulation, and the redox cycling signal was calculated to
increase to 13.8 pA, 29.7 pA, 37.0 pA, 52.9 pA and 59.9 pA for
the 1-, 2-, 3-, 5- and 10-pair VPEs, respectively. These results
from the real experiment and computer simulation showed
that a steep increase of the redox cycling signal could be made
as the electrode gap decreased to be less than 100 nm, and the
number of electrodes in VPEs increased to be larger than
5-pairs using the improved fabrication method.
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3.3 Application of redox cycling to immunoassays

Amperometric measurements for immunoassays have been
reported in previous works because of the advantages of
electrochemical methods, such as simple instrumentation and
high sensitivity.”"*'*?* In this work, the hypersensitive
electrochemical analysis of the immunoassay was demon-
strated for the quantification of ox-TMB-2 using the redox
cycling with vertically paired electrode (VPE). As shown in
Fig. 4(a), ELISA tests consist of sequential treatment of anti-
HCV antibodies and secondary antibodies conjugated with
HRP. The immunoassay aimed to quantify the target analytes
(hHCV antibody) using the enzyme reaction of HRP, and TMB
was used as a chromogenic substrate. After the fixed reaction
time (30 min), the enzyme (HRP) reaction was quenched with
2 M sulfuric acid and the ox-TMB-1 was further oxidized into
0x-"TMB-2 (4ax = 450 nm). This immunoassay was carried out
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according to the manufacturer’s instruction. The redox cycling
was then carried out for the quantification of ox-TMB-2.">

For the application of the redox cycling method to the
ELISA test, the VPEs with different numbers of electrode pairs
were used for the commercial hHCV ELISA test. The redox
cycling with the VPE (with an electrode gap of 500 nm) was
applied to the immunoassay for the detection of hHCV anti-
bodies. The redox cycling signal was measured by changing
the potential of the collector electrode (at the oxidative poten-
tial of +400 mV and at the reductive potential of —100 mV vs.
the Ag/AgCl reference electrode). The standard hHCV samples
were prepared by serial dilution of positive sera in the ELISA
kit. For comparison, chromogenic detection at 450 nm was
measured for the same reaction solution. For both analysis
methods, the three standard deviations and the mean value of
the negative sample were used to calculate the LOD. The cutoff
value for the medical diagnosis of hHCV was estimated using
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Fig. 4 Immunoassay of the anti-HCV antibody with vertically paired electrodes. (a) Schematic view of the immunoassay procedure for the anti-HCV
antibody. (b) Comparison of sensitivities for the anti-HCV antibody ELISA kit according to the number of electrode pairs. (c) Standard curve for
detecting anti-HCV antibodies using redox cycling with the 3-pair VPE, chemiluminescence assay, and chromogenic method. (d) Comparison of
assay results between the 3-pair VPE redox cycling and the rapid test (lateral flow immunoassay).
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Fig. 4 (Contd).

instructions from the manufacturer of the ELISA kit (cutoff
value = 0.1 plus OD for the negative control at the wavelength
of 450 nm). When the VPE with different number of electrode
pairs was used for redox cycling, the sensitivity of redox
cycling was observed to increase with increasing number of
electrode pairs in VPE. As shown in Fig. 4(b), the 3-pair VPE
showed the highest signal among the three kinds of VPEs in
the whole concentration range. The LOD was estimated to be
for 44.1 (unit of dilution factor) for 1-pair VPE, 104.3 for 2-pair
VPE and 376.8 for 3-pair VPE. These results showed that the
redox cycling-based VPE with 3-pair electrodes could have
more than 8-fold increased sensitivity in comparison with VPE
with 1-pair electrode.

The sensitivity of the redox cycling method was compared
with the conventional detection methods based on chromo-
genic reaction and luminol-based chemiluminescence.'>'®
The standard hHCV samples were also prepared by serial
dilution of positive sera in the ELISA kit. As shown in Fig. 4(c),
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the LOD was estimated to be for 13.0 (unit of dilution factor)
for the chromogenic reaction, 45.8 for chemiluminescence and
376.8 for redox cycling with 3-pair VPE. These results indicate
that the redox cycling based on the 3-pair electrode had a far
higher sensitivity and a wider detection range than the conven-
tional methods based on the chromogenic reaction and
luminol-based chemiluminescence. The assay results for the
hHCV ELISA test based on redox cycling was also compared
with a commercially available rapid test (lateral flow immuno-
assay) for the diagnostics of hHCV. The standard hHCV
samples were also prepared by serial dilution of positive sera
in the ELISA kit. As shown in Fig. 4(d), the LOD value was cal-
culated to be 80.3 (unit of dilution factor) for the rapid test kit
and 376.8 for the redox cycling with VPE. These results showed
that the redox cycling with VPE could be used to diagnose
hHCV with a far higher sensitivity and a wider detection range
compared with the rapid test.

4. Conclusions

An electrochemical immunoassay based on the redox cycling
method was presented using vertically paired electrodes
(VPEs), which were fabricated using poly(3,4-ethylenediox-
ythiophene):poly(styrenesulfonate) (PEDOT:PSS) as an elec-
trode material and parylene-C as a dielectric layer. For the
application to immunoassays, different electrochemical pro-
perties of PEDOT:PSS were analyzed for the redox reaction of
3,3',5,5"-tetramethylbenzidine (TMB, the chromogenic sub-
strate for immunoassays) at different pH conditions, such as
conductivity (o), electron transfer rate constant (k.pp), and
double-layer capacitance (Cq;). The PEDOT:PSS in acidic con-
ditions exhibited an electron transfer rate constant similar to
that of metal electrodes, but much faster than that of carbon
electrodes. The double-layer capacitance was similar to that of
carbon electrodes, which had a far lower I-V background, so
CV analysis could be achieved in comparison with the conven-
tional metal electrodes. The influencing factors on the sensi-
tivity of redox cycling with VPEs based on PEDOT:PSS were
analyzed for the redox reaction of TMB, such as the electrode
gap and number of electrode pairs. In this study, two para-
meters of the electrode were controlled: (1) the electrode gaps
(300 nm, 500 nm, 700 nm) by controlling the thickness of the
parylene film, and (2) the number of electrodes (1-pair, 2-pair,
3-pair). The effect of the electrode gap and the number of elec-
trodes on the redox cycling measurement were analyzed with
vertically paired electrodes. The sensitivity of the redox cycling
measurement in TMB was observed to increase with a decrease
in the electrode gap and an increase in the number of electro-
des. Computer simulation was also performed for the redox
cycling results based on VPEs, which had limitations in fabri-
cation, such as VPEs with an electrode gap of less than 100 nm
and more than five electrode pairs. Finally, the redox cycling
based on VPE was applied to the commercial ELISA kit test to
detect the human hepatitis-C virus (hHCV) antibodies. The ver-
tically paired electrode-based redox cycling measurement
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showed that more sensitive detection could be achieved in
comparison with conventional detection methods, such as
chromogenic detection, luminol-based chemiluminescent
detection and the commercially available rapid test (lateral
flow immunoassay).

Abbreviations

PEDOT Poly(3,4-ethylenedioxythiophene)
PSS Poly(styrenesulfonate)
TMB 3,3',5,5"-Tetramethylbenzidine

hHCV  Human hepatitis-C virus
IDE Interdigitated electrode
WE Working electrode

VPE Vertically paired electrode
RIE Reactive-ion etching

HRP Horseradish peroxidase
PR Photoresist

Cv Cyclic voltammetry
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