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Abstract

Nanostructured materials offer the potential to drive future developments and applications of
electrochemical devices, but are underutilized because their nanoscale cavities can impose mass transfer
limitations that constrain electrochemical signal-generation. Here, we report a new signal-generating
mechanism that employs a molecular redox capacitor to enable nanostructured electrodes to amplify
electrochemical signals even without enhanced reactant mass transfer. The surface-tethered molecular
redox capacitor engages the diffusing reactants and products in redox-cycling reactions with the electrode.
Such redox-cycling reactions are facilitated by the nanostructure that increases the probabilities of both
reactant—electrode and product-redox-capacitor encounters (i.e., nanoconfinement effect), resulting in
substantial signal amplification. Using redox-capacitor-tethered Au nanopillar electrodes, we
demonstrate improved sensitivity for measuring pyocyanin (bacterial metabolite). This study paves a
new way of using the nanostructured materials in electrochemical applications by engineering the

reaction pathway within the nanoscale cavities of the materials.
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1. Introduction

Nanostructured materials for electrochemical applications have led to new discoveries and advances in
biological/chemical sensing,!- energy generation/storage,*¢ and information processing.” Many of the
novel or improved performances of nanostructured electrodes are attributed to their structural features.
Of particular interest is nanoconfinement in which a reactant enters a nanoscale cavity, resides in the
cavity for a long time, and frequent collisions with the cavity surface enhances the probability of an
electrochemical reaction.® ° Nanoconfinement has driven the development of next-generation

electrochemical devices like enzyme-free glucose sensors.!?

Nanoconfinement, however, acts as a double-edged sword; while it provides high surface area for
electrochemical reactions, it often imposes mass transfer limitations that impedes the reactant’s entry
into, and the product’s escape from, the nanostructured cavity.!- 'l 12 As schematically represented in
Figure 1a, once the “nanoconfined” reactant reacts (i.e., exchanges electron) at the electrode, it cannot
react again upon subsequent collisions with the electrode. This results in no further benefit of the

nanoconfinement effect for the electrochemical signal.

Herein, we report the development of an additional signal-generating mechanism to enable the
nanostructured electrodes to amplify electrochemical signals even without enhancing the efficiency of
reactant transport into the nanostructured cavity of the electrode. We envision that, if the product’s redox
state can be cycled back to that of the reactant in the nanoscale cavity of the electrode, it can exchange
electrons again with the electrode upon subsequent reactant—electrode collisions and generate an
amplified signal. For this, we employ a “molecular redox capacitor’—a molecule that can accept, store,
and donate electrons to provide an additional electron exchange mechanism. Specifically, the molecular
redox capacitor engages a product in repetitive redox-cycling reactions with the electrode and generates
an amplified electrochemical signal. As illustrated in Figure 1b, a catechol/o-quinone redox couple is
employed as a molecular redox capacitor because of its reversible and rapid charging and discharging.
We tethered this molecular redox capacitor to the electrode to localize its redox-cycling activity adjacent
to the electrode region where the reactant is consumed and the product is formed; this minimizes the
diffusional distance required for redox cycling. Figure 1c illustrates that such a redox-cycling reaction
via the tethered redox capacitor is expected to occur more frequently within the nanostructured electrode
because the probabilities of both the reactant—electrode encounter and the product-redox-capacitor

encounter are likely increased by the nanoconfinement effect.!3 Thus, electrochemical signals should be
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amplified by the synergistic actions of the molecular redox capacitor and the nanoconfinement effect.

We report that the molecular redox capacitor enables redox-cycling-based signal amplification for short
and tall Au nanopillar electrodes and demonstrate these capabilities for the detection of pyocyanin (PYO,
a redox-active biomarker of Pseudomonas aeruginosa infection). We show this amplification results
from both the nanoconfinement and the capacitor’s redox-cycling activities, and this signal enhancement

1s sensitive to nanoscale differences in the electrode structure.

2. Results and Discussion

2.1. Fabrication and Characterization of Nanopillar Electrodes. Au nanopillar electrodes were
fabricated by Au deposition onto polymer (polyethylene terephthalate, PET) nanopillar substrates (see
fabrication details in the Experimental Section and Figure S1 in Supporting Information).!*!® As a
control, a flat Au/PET electrode was fabricated by depositing Au onto the as-received PET substrate.
Figure 2 shows the scanning electron microscopy images of the Au-deposited short and tall PET
nanopillar substrates. The short Au/PET nanopillars (henceforth referred as short nanopillars) are 306 +
28 nm in height and are separated by 105 + 75 nm at an areal density of 41 + 4 um=. The tall Au/PET
nanopillars (tall nanopillars) are 441 + 36 nm high (i.e., 1.4 times higher than the short nanopillars) and
are separated by 119 + 92 nm at an areal density of 43 + 3 um-=. The electrochemically active surface
areas (EASAs) of the nanopillar electrodes, as well as that of the flat electrode, were evaluated with a
standard electrochemical procedure (Figure S2 in Supporting Information).!” The EASAs of the short
and tall nanopillar electrodes are 6.6 + 1.0 and 8.6 £ 1.1 times larger than that of the flat electrode,
respectively. For the nanopillar electrodes, the EASA ratio (short:tall = 1:1.3) is comparable to the ratio
of the nanopillar heights (short:tall = 1:1.4).

2.2. Construction of the Molecular Redox Capacitor System. To demonstrate our approach to signal
amplification in nanostructured electrodes using a molecular redox capacitor which is catechol/o-quinone
(CatRED/Cat®X, shortened to Cat), we employed two diffusible reactants, pyocyanin (PYO) and ferrocene
(Fc) (Figure 3a).2° PYO is a redox-active bacterial metabolite with a standard redox potential (E°) of
—0.25 V (vs. Ag/AgCl).?! Fc is a well-characterized and well-behaved redox probe with E° =~ +0.25 V.
CatRED/CatOX has E° = +0.2 V,?2 which is intermediate between those of PYO and Fc, thereby

thermodynamically enabling the redox reaction with each redox reactant (see below).
3
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As suggested in the thermodynamic plots in Figure 3b, Cat regenerates the oxidized state of PYO when
it is discharged while it regenerates the reduced state of Fc when it is charged; redox-cycling system is
formed of electrode—PYO—Cat®* and electrode—Fc—CatRFP. When the electrode is polarized at a potential
more negative than —0.25 V, PYO (initially in the oxidized state, PYO©°X) is reduced (i.e., PYOREP) at
the electrode. This PYOREP charges the electron-deficient Cat®X and turns back into PYOO9X, which is
reduced again at the electrode. A PYO molecule is thereby repeatedly reduced (by an electrode) and
oxidized (by Cat®X) and the PYO reduction current is thus amplified. The redox-cycling system involving
PYO only charges Cat, whose capacity to accept electrons from PYOREP consequently decreases, limiting
the repeated use of Cat. Such a limitation is overcome by the counteraction of Fc on the redox state of
Cat. When a potential more positive than +0.25 V is applied to the electrode, Fc (initially in the reduced
state, FCcRED) is oxidized (i.e., Fc©X) at the electrode, discharges the electron-rich CatREP and returns to
FcRED, which is re-oxidized at the electrode, amplifying the Fc oxidation current. In the redox-cycling
system involving Fc, Cat restores its discharged state. Therefore, the repetitive and reproducible use of

Cat is enabled by such a full redox-cycling system involving both PYO and Fc.

To ensure that the molecular redox capacitor immediately react with the product that diffuses from the
electrode, we tethered the molecular redox capacitor closely to the electrode surface via an electrically
inert molecular tether rather than dissolving it in a solution. As illustrated in Figure 3¢, we first formed
a hydroxy-terminated self-assembled monolayer (SAM) using 6-mercapto-1-hexanol (MCH). Catechol
was electrochemically oxidized at this MCH/Au electrode to generate o-quinone, which is highly
reactive,”® enabling its conjugation to the hydroxyl terminal** of MCH or its polymerization
(polycatechol has E° of ~0 V.25 which enables redox reactions with both PYO and Fc) and adsorption
onto the MCH layer (see Figure S3 Supporting Information for details). This surface-tethered Cat (or
polycatechol) can be directly charged and discharged by the underlying electrode rather than redox-
cycling with PYO and Fc; however, the direct Cat reduction and oxidation are insignificantly observed
and the amplification of the PYO and Fc signals after the Cat graft indicates that the Cat participates in

the redox reactions with PYO and Fc (see below).

2.3. Electrochemical Signature of Tethered Molecular Redox Capacitor and Redox-Cycling
Reaction. The formation of redox-cycling system based on a molecular redox capacitor was
electrochemically verified, as demonstrated in Figure 4. Electrochemical signals of PYO and Fc were
measured at the MCH/Au tall nanopillar electrode before and after the Cat graft. First, Figure 4a shows

the original (upper) and background-subtracted (lower) cyclic voltammogram of a buffered solution
4
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containing PYO, as recorded before the Cat graft. The PYO signal is observed around —0.25 V. When
Fc was added to the PYO solution (Figure 4b, red), an additional signal appeared at +0.25 V. The
addition of Fc did not induce a substantial change in the PYO signal, indicating negligible interaction
between PYO and Fc. After the Cat graft, in a PYO-only solution (Figure 4c, blue), the PYO reduction
peak current was amplified by a factor of 1.7 whereas the PYO oxidation peak current was similar,
compared with the PYO signal in Figure 4a. This asymmetric signal amplification evinces the redox
reaction between PYOREP and Cat®X. In the cathodic potential scan (from 0 to —0.45 V), the initial PYOQOX
is reduced to PYORED at the electrode, oxidized back to PYOOX by Cat®X and then re-reduced at the
electrode, through which only the reduction current is amplified. Because PYOREP is oxidized by Cat®X
in the cathodic scan before being oxidized at the electrode in the following anodic scan (from —0.45 to 0
V), no substantial changes in the apparent PY O oxidation current were observed. When Fc was added to
this PYO solution (Figure 4d, green), asymmetric amplification of the Fc signal was observed, indicating
that the redox reaction occurred between FcOX and CatREP; FcRED was oxidized at the electrode, reduced
back by CatREP and re-oxidized at the electrode, amplifying only the Fc oxidation peak current by a factor
of ~2.9 (vs. the Fc signal in Figure 4b). Notably, the PYO reduction peak current was further amplified
by a factor of 2.1 in this solution (i.e., 3.9 times greater than the PYO signal in Figure 4a). This
amplification was due to the transformation of CatREP to Cat®* during the Fc-involving redox-cycling

reaction, which increased the amount of Cat®X participating in the PYO-involving redox-cycling reaction.

To quantitatively characterize the asymmetric signal amplification by the Cat-based redox-cycling
reactions, we define the amplification ratio (AR) and rectification ratio (RR) (Figure 4e) by slightly
modifying the previously reported metrics.?® These two metrics were used as measures of the redox cycle

efficiency of flat, short nanopillar, and tall nanopillar electrodes, as discussed below.

2.4. Effect of Nanostructures on Redox-Cycling Reaction. To observe how the electrode nanostructure
affects the efficiency of the redox-cycling reaction based on a molecular redox capacitor, we compared
the PYO and Fc signals measured at the Cat-grafted flat, short nanopillar, and tall nanopillar electrodes.
As illustrated in Figure Sa, we first ensured that the electrode surface was fully functionalized with Cat
by repeating the Cat graft reactions until the PYO and Fc signals were saturated. Figure 5b shows the
background-subtracted cyclic voltammograms of PYO and Fc recorded after each Cat graft to the flat,
short nanopillar, and tall nanopillar electrodes (see Figure S4 in Supporting Information for the original
cyclic voltammograms). The PYO and Fc signals were saturated after the second, third, and sixth Cat

graft reaction for the flat, short nanopillar, and tall nanopillar electrodes, respectively. The final PYO
5
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reduction peak currents are 1.2 and 3.9 pA at the short and tall nanopillar electrodes, which are 6 and
19.5 times greater than that measured at the flat electrode (0.2 pA), respectively. Figure 5c¢ shows that
the AR and RR for the PYO signals are enhanced by the nanopillar electrodes and that greater ratios are
achieved by the tall nanopillar electrode, implying greater efficiency of the redox-cycling reaction. [Note:
similar variations in the AR and RR for the Fc signals are shown in Figure S5 in Supporting Information. ]
In the case of the flat electrode, the AR and RR approached unity, indicating an insignificant redox-
cycling reaction. We speculate that PYO, after being reduced at the flat electrode, readily diffuses away

from the electrode surface and rarely encounters Cat.

The aforementioned difference in the redox reactant signals appears to be attributable to the difference
in electrode surface areas. As shown in Figure 5d, the PYO reduction peak current increases with
increasing the electrode surface area both before and after Cat graft; however, it is not linearly
proportional to the electrode surface area. In Figure Se, to clearly show that the nanoconfinement effect
in the nanopillar electrodes indeed plays a critical role in the signal amplification, the PYO reduction
peak current is normalized by the electrode surface area. Before the Cat graft, the current density of the
PYO reduction peak was higher at the flat electrode (0.8 pA/cm?) than at the nanopillar electrodes (0.3
and 0.7 uA/cm? for the short and tall nanopillar electrodes, respectively). Such a decrease in the current
density for the diffusion-controlled reaction by nanopillar electrodes is generally observed for
nanostructured electrodes.?’> 28 After the final Cat graft, the current density obtained from the short
nanopillar electrode increased to 0.9 uA/cm?, which is comparable to that obtained from the flat electrode
(1.0 pA/cm?). Surprisingly, the tall nanopillar electrode provided the highest current density (2.5
nA/cm?), implying that the redox-cycle-assisted signal amplification occurred most efficiently at the tall
nanopillar electrode. PYO is less likely to escape from the cavity in the tall nanopillar electrode than
from that in the short nanopillar electrode. Thus, PYO collides with Cat and with the electrode more
frequently in the tall nanopillar electrode and, as a result, the PYO signal amplification is further
improved. [Note: similar variations in the current and current density of Fc oxidation peaks are shown in

Figure S5.]

Figure 5 conveys two conclusions. From a methods standpoint, the molecular redox capacitor offers a
new approach to characterizing and exploiting the structural features of nanostructured electrodes,
especially their nanoconfinement effects on electrochemical signals. It has been considered that the signal

amplification based on the nanoconfinement effect is only available for the electrochemical reactions of
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moderately slow electron-transfer kinetics. But, our method shows that the electrochemical reactions of
Fc and PYO having fast electron-transfer kinetics (Figure S6 in the Supporting Information) can be
amplified by the nanostructured electrodes, which we believe opens a new way of applying the
nanostructured electrodes. From a materials standpoint, the efficiency of the redox-cycling reaction can

be improved by tailoring the electrode structure at the nanoscale.

2.5. Applications. As a model application, we measured the concentration of PYO in buffered and
diluted serum (as a model body fluid) solutions. PYO is a metabolite solely produced and secreted by a
ubiquitous bacterium, Pseudomonas aeruginosa (P. aeruginosa), one of the major pathogens associated
with sepsis and clinical airway diseases (e.g., acute pneumonia, chronic lung infections) in cystic fibrosis
patients.?>-3! This pathogen is fatal especially to immunocompromised individuals and has developed
resistance to multiple antibiotics; therefore, the early detection of a P. aeruginosa infection is critical to
avoid a serious condition that leads to therapeutic challenges.’> PYO has recently emerged as a promising
biomarker in the electrochemical diagnostic of P. aeruginosa infection.334? In particular, the PYO signal
lies outside the potential window of common redox-active interferants (e.g., ascorbate, uric acid), which

enables direct electrochemical detection of PYO with appropriate selectivity.3 4!

To further improve the PYO signal amplification, we employed linear sweep voltammetry (LSV)
followed by the catechol discharging process. Figure 6 shows the PYO signals measured in the presence
of Fc at the Cat-grafted tall nanopillar electrode using cyclic voltammetry (CV) and the LSV without and
with the Cat pre-discharging process (i.e., the application of +0.4 V before running LSV). [Note: LSV
plots are presented after background-subtraction as shown in Figure S7 in Supporting Information.]
Similar PYO reduction peak currents were measured by CV (3.9 pA) and the LSV without Cat pre-
discharging (3.8 nA). After 30 s of the Cat pre-discharging process, the PYO reduction peak current
increased to 5.5 pA; the magnitude of this increment was dependent on the pre-discharging time (Figure
S7). During the Cat pre-discharging process, Fc is oxidized at the electrode and then discharges Cat,
increasing the electron-accepting capacity of Cat for the PYO-involving redox-cycling reaction. This
approach provides a convenient way of controlling and enhancing the extent of Cat discharging (i.e., by

varying the discharging time) and was thus used in subsequent PYO measurements.

We evaluated the sensitivities of PYO measurements conducted with the Cat-grafted flat, short nanopillar,
and tall nanopillar electrodes. Figure 7a shows the background-subtracted linear sweep voltammograms

recorded with the electrodes in buffered solutions in which the concentrations of both PYO and Fc were
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varied from 50 nM to 1 uM (see Figure S8 in Supporting Information for the original linear sweep
voltammograms). [Note: the concentration range was determined by considering the previously reported
PYO concentrations in clinical samples (i.e., from a few tens to 130 uM)** and the serum dilution in our
study (i.e., 100-times dilution).] Figure 7b shows the PYO reduction peak currents plotted as a function
of the PYO concentration, along with the linear fitting results for the low-concentration regions. The
nanopillar electrodes amplify the PYO signals and ultimately improve the measurement sensitivity by
decreasing the limit of detection (LOD) from 250.8 nM (by flat electrodes) to 61.0 nM (by short
nanopillar electrodes, a 3.7-fold decrease) and 16.3 nM (by tall nanopillar electrodes, a 15.4-fold
decrease), as shown in Figure 7c. When the same concentrations of PYO and Fc were spiked into the
100-times-diluted serum solutions, weaker PYO signals were recorded (Figure 7d,e) compared with
those recorded in the buffered solutions, likely because the complex serum components partially blocked
the electrode surface. More importantly, the LSV from serum solution showed no apparent interfering
signal in the potential range of the PYO signal (Figure S8 in Supporting Information). In the serum
samples, nanopillar electrodes amplify the PYO peak current and lower the LOD from 398.1 nM (by flat
electrodes) to 206.3 nM (by short nanopillar electrodes, a 1.9-fold decrease) and 31.9 nM (by tall
nanopillar electrodes, a 12.4-fold decrease) (Figure 7f), which correspond to 39.8, 20.6, and 3.2 uM in
undiluted serum, respectively (see Table S1 for comparison with the LODs obtained from other
electrochemical detection methods). Figure 7 clearly demonstrates that the nanopillar electrodes,
functionalized with a molecular redox capacitor, provides practical benefits in the electrochemical

sensing.

3. Conclusions

In summary, we developed a redox-capacitor-based electrochemical system to utilize the
nanoconfinement effect for amplifying electrochemical signals with nanostructured electrodes. We
chemically tethered the catechol-based molecular redox capacitor to Au nanopillar electrodes and flat
electrodes. The tethered capacitor redox-cycles with the reactants, pyocyanin and ferrocene, resulting in
their signal amplification and this signal amplification was especially important for the nanopillar
electrodes (vs. flat electrodes) due to the nanoconfinement effect. In particular, tethering the molecular
redox capacitor to the nanopillar electrodes provided improved sensitivity (i.e., lower LOD) for

measuring pyocyanin. We believe this work demonstrates the potential of nanostructured electrodes to
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provide improved electrochemical performances by designing the electron exchange reaction pathway

within the nanoscale cavity in the nanostructured electrodes.

4. Experimental Section

Materials. Catechol, 1-hexanethiol, 6-mercapto-1-hexanol, and pyocyanin were purchased from Sigma-
Aldrich. 1,1'-Ferrocenedimethanol and fetal bovine serum were acquired from Acros and from Millipore,
respectively. The polyethylene terephthalate (PET) substrate was obtained from Toray. Deionized water
(DIW, >18 MQ-cm) was prepared with a Human UP (Human Corp.). All solutions were prepared in a
phosphate buffer solution (0.1 M, pH ~7.2) except for the pyocyanin stock solution (10 mM), which was

prepared in ethanol.

Fabrication and Characterization of Nanopillar Electrodes. PET substrates were treated with plasma
using a home-built 13.56 MHz radio-frequency ion etching instrument. To produce short PET nanopillars,
PET substrates were treated with CF, plasma (plasma power: 100 W) generated from a CF, gas flowing
at 3 standard cubic centimeters per minute (sccm) under a chamber pressure of 56 mTorr for 2 min. For
tall nanopillar PET substrates, an additional Ar plasma treatment (plasma power: 100 W, Ar flow rate: 3
sccm, chamber pressure: 32 mTorr, duration: 1 min) was followed by the same CF, plasma treatment.
Subsequently, Au was deposited to a thickness of 150 nm onto PET nanopillar substrates by a sputtering
system at a deposition rate of 2.0 A/s under a working pressure of 7 mTorr. Flat Au electrodes were
fabricated by directly depositing Au onto an as-received PET substrate (i.e., without plasma treatment)
using the same sputtering method. The surface morphologies of the nanopillar substrates were
characterized by field-emission scanning electron microscopy (JSM-6700F, JEOL). The cross-section of
the nanopillar electrode was prepared and observed (tilted by 52°) with an ultra-high-resolution focused

ion beam (Helios G4, FEI).

Surface Modification of Au Electrodes. Prior to Au surface modifications, all of the Au/PET electrodes
were assembled into electrochemical cells and cleaned using a standard electrochemical process (see
details in the following subsection). Next, the Au surface was exposed to a 2 mM mercaptohexanol (MCH)
solution (freshly prepared in buffer) for 2 h at room temperature and then thoroughly rinsed with DIW.
At the MCH/Au electrodes, catechol (2 mM, freshly prepared in deaerated buffer) was electrochemically

oxidized at a constant potential of +0.3 V for 1 min while N, gas passed through the solution. The

9
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catechol-grafted electrodes were thoroughly rinsed with 50% ethanol to remove the physisorbed catechol

and o-quinone.

Electrochemical Measurements. All electrochemical measurements were carried out using a potentiostat
(ZIVE SP2, Wonatech) equipped with a homemade electrochemical cell that held the Au/PET electrodes,
Ag/AgCl (in 3 M NaCl) as a reference electrode, and Pt wire as a counter electrode. In the cell, the Au
surface with a geometric area of 0.13 cm? was exposed to the solution. The electrode potential is reported
vs. Ag/AgCl. To clean the Au electrode surface, we conducted cyclic voltammetry (CV) by scanning the
potential between 0 and +1.1 V at a scan rate of 0.05 V/s with the electrodes in buffer solution until a
reproducible cyclic voltammogram was obtained. For measuring the pyocyanin and ferrocene signals,
CV was performed by scanning the potential between +0.45 and —0.45 V at 0.2 V/s in three cycles; the
cyclic voltammograms at the second cycle are presented. Linear sweep voltammetry (LSV) was
performed from 0 to —0.45 V at 0.2 V/s with or without the catechol pre-discharging step (imposing +0.4
V for 10, 20, or 30 s). The electrode functionalized with the molecular redox capacitor were re-used for
a series of measurement with an electrode washing in 50% ethanol between each measurement. Clean
electrode surface was verified by the featureless background signal measured after electrode washing
and the reproducibility of the electrodes was verified by the consistent measurement of pyocyanin and
ferrocene signals. For estimating the limit of detection (LOD), measurements were conducted in triplicate
using three individual Au/PET electrodes for each substrate (flat, short nanopillar and tall nanopillar).
The LOD was calculated as 3o/sensitivity, where o is the standard deviation of the current of a blank

buffer solution and the sensitivity is the slope of the linear fit.
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Figure 1. Tethered molecular redox capacitor for electrochemical signal amplification in a
nanostructured electrode. (a) Once a molecular reactant enters the nanoscale cavity of a nanostructured
electrode, it is easily confined and frequently collides with the electrode surface (the “nanoconfinement
effect”). The reactant collision with a polarized electrode results in electron exchange. Frequent collisions
in a nanostructured electrode do not result in multiple electron exchanges. (b) After the reactant is
reduced (upper) or oxidized (lower) at the electrode, the product diffuses and encounters a molecular

redox capacitor, a catechol/o-quinone redox couple, tethered to the electrode surface. The catechol/o-
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quinone couple exchanges electrons with the product, cycling-back the redox state of the product to its
initial state and thus enabling further electrochemical reaction upon subsequent collisions with the
electrode (redox-cycling reaction). (¢) Redox-cycling reaction can be facilitated by the nanoconfinement

effect that can increase the frequencies of reactant—electrode and product—redox-capacitor collisions.
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a Short nanopillar b Tall nanopillar

100 nm

Figure 2. Structures of Au nanopillar electrodes. (a) Top (left) and cross-sectional (right) scanning
electron microscopy images of a short nanopillar electrode. (b) Cross-sectional (left) and top (right)
images of a tall nanopillar electrode. In the cross-sectional images, the heights and the interpillar

distances of Au nanopillars are indicated.
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Figure 3. Construction of the molecular redox capacitor system. (a) As diffusible reactants,

pyocyanin (PYO) and ferrocene (Fc) are used; as a molecular redox capacitor, catechol/o-quinone

(CatRED/Cat®X, Cat) is used. (b) At an electrode potential more negative than —0.25 V, PYO (initially in

the oxidized state, PYO©9X) is reduced by the electrode to become PYOREP (i). When encountering the

electron-deficient Cat®X, PYOREP transfers its electrons to Cat®X, thereby returning to PYOOX (ii). This

PYOOX can again be reduced at the electrode. At an electrode potential more positive than +0.25 V, Fc

(initially in the reduced state, FcREP) is oxidized (Fc©X) at the electrode (iii) and gains an electron from

the electron-rich CatREP to turn back into FcREP (iv), which can be reoxidized at the electrode. (¢) To

graft Cat onto the electrode surface, a self-assembled monolayer of mercaptohexanol (MCH) is formed

on the electrode. At this electrode, catechol is oxidized to become highly unstable o-quinone. The

putative chemical structures of the grafted Cat are shown.
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Figure 4. Electrochemical signatures of the redox-cycling system based on a tethered molecular
redox capacitor. (a-d) Original cyclic voltammograms (upper) and the corresponding background-
subtracted cyclic voltammograms (lower) recorded with the MCH/Au tall nanopillar electrode in
solutions containing PYO only (a,c) and PYO and Fc (b,d) before (a,b) and after (c,d) the Cat graft.
Dashed lines in the upper plots were measured in a blank buffer solution. (e) Definition of the

amplification ratio (AR) and the rectification ratio (RR) for the PYO and Fc signals.
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Figure 5. Electrode-dependent redox-cycling reactions. (a) N-times repetition of electrochemical

catechol oxidation with intermittent monitoring of the PYO and Fc signals until the signal becomes

saturated. (b) Background-subtracted cyclic voltammograms of 5 uM PYO and 5 uM Fc measured at flat

(left, inset: enlarged cyclic voltammograms), short nanopillar (middle), and tall nanopillar (right)

electrodes after each electrochemical catechol oxidation. (¢) The amplification ratio (AR) and

rectification ratio (RR) for the final PYO signals. (d) PYO reduction peak currents before the Cat graft

(black) and after the final Cat graft (red) as a function of an electrode surface area. (e) Current densities

of the PYO reduction peaks before the Cat graft and after the final Cat graft.
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Figure 6. Electrochemical signal amplification. (a) Background-subtracted cyclic voltammograms of
5 uM PYO and 5 uM Fc at the Cat-grafted tall nanopillar electrode. The inset shows the applied
potential profile over time. (b) Background-subtracted linear sweep voltammograms of 5 uM PYO and
5 uM Fc at the Cat-grafted tall nanopillar electrode without and with Cat pre-discharging at +0.4 V for
30 s (left) and the corresponding potential profiles (middle). Electron transfer during the Cat pre-

discharging is shown in right.
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Figure 7. PYO measurement in buffered and diluted serum solution using the Cat-grafted flat,
short nanopillar, and tall nanopillar electrodes. (a,d) Background-subtracted linear sweep
voltammograms of PYO and Fc (concentrations: 0.05, 0.1, 0.2, 0.5, I uM for each) recorded in buffered
(a) and 100-times diluted serum (d) solutions. Cat pre-discharging process was conducted for 30 s. (b,e)
PYO reduction peak currents as a function of the PYO concentration. Dotted lines are the linear fitting

results for the low-concentration regions. (¢,f) Limits of detection (LODs) of the PYO measurements.
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With molecular redox capacitors tethered to the electrode surface, nanostructured electrodes amplify

electrochemical signals even under the mass transport constraint.



