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The ability of zero-mode waveguides (ZMW) to guide light into subwavelength-diameter nanoapertures has
been exploited for studying electron transfer dynamics in zeptoliter-volume nanopores under single-
molecule occupancy conditions. In this work, we report the spectroelectrochemical detection of
individual molecules of the redox-active, fluorogenic molecule flavin mononucleotide (FMN) freely
diffusing in solution. Our approach is based on an array of nanopore-confined recessed dual ring
electrodes, wherein repeated reduction and oxidation of a single molecule at two closely spaced annular
working electrodes yields amplified electrochemical signals. We have articulated these structures with an
optically transparent bottom, so that the nanopores are bifunctional, exhibiting both nanophotonic and
nanoelectrochemical behaviors allowing the coupling between electron transfer and fluorescence
dynamics to be studied under redox cycling conditions. We also investigated the electric field intensity in
ZMWs (E-ZMW) and the amplification of
fluorescence by redox cycling agrees well with predictions based on optical confinement effects inside

electrochemical through finite-element simulations,
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the E-ZMW. Proof-of-principle experiments are conducted showing that electrochemical

and

fluorescence signals may be correlated to reveal single molecule fluctuations in the array population.
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Introduction

The development of techniques to detect and manipulate
individual molecules in solution has yielded unprecedented
insights into molecular-scale processes, including macromo-
lecular dynamics, conformational changes, and intermolecular
interactions.' Observing single molecules is critical, because the
behavior of the ensemble may reflect either the broadly shared
median behavior of the population, or the activity of a small
number of highly active members, or a mixture of the two. The
most widely-used single-molecule observation techniques rely
on optical>® or force-transduction* mechanisms, rather than
complementary electrical or electrochemical measurements.
Electrochemical detection of a single molecule in solution

“Department of Chemical and Biomolecular Engineering, University of Notre Dame,
Notre Dame, IN 46556, USA. E-mail: pbohn@nd.edu; Fax: +1 574 631 8366; Tel: +1
574 631 1849

*Departmemt of Chemistry and Biochemistry, University of Notre Dame, Notre Dame,
IN 46556, USA

t Electronic  supplementary
10.1039/c7sc02250f

1 These authors contributed equally to this work.

information (ESI) available. See DOI:

§ Present address: Department of Chemistry, University of North Carolina at
Chapel Hill, Chapel Hill, North Carolina 27599, USA.

This journal is © The Royal Society of Chemistry 2017

Cross-correlation of single molecule fluctuations in amperometric response and single photon emission
provides unequivocal evidence of single molecule sensitivity.

represents a formidable challenge, because the generated
currents are at, or below, the noise floor of the measurement. To
address this challenge, redox cycling (RC) is commonly
employed to amplify electrochemical currents, especially in
scanning electrochemical microscopy (SECM). RC has been
used to detect short-lived intermediates in electrochemical
reactions,” image neurotransmitter release from living cells,®
implement stochastic sensing with nanogap transducers”® and
investigate the catalytic properties of surfaces.>'® It has also
been used to detect small numbers of molecules in closed,
nanometer-high cavities formed by impinging a wax-coated
metal tip onto a conducting substrate’ or by immersing
recessed nanoelectrodes in mercury.*?

Fluorescence microscopy is also sufficiently sensitive to
interrogate individual molecules and complexes, giving it
the capacity to discover and quantify the lifetimes and move-
ments of novel species obscured in ensemble average studies of
biological systems.'®>* However, single molecule fluorescence
of biomolecules is constrained by the spatial resolution limi-
tations imposed by the diffraction of light (~250 nm for visible
radiation).>*>® As a result, to attain single-molecule occupancy
within the typical focal volume, ~1 femtoliter (1 fL = 10 *° L), of
a diffraction-limited laser spot, the concentration of fluorescent
species is restricted to the low nanomolar range. That is low
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compared to the typical micromolar Ky, values characteristic of
biomolecular interactions.”?*** A common scheme to overcome
this “concentration barrier” in single-molecule fluorescence is
to excite only a limited number of fluorescently-labeled mole-
cules within the focal volume, while the majority of molecules
outside the focal volume remain unexcited.* This can be ach-
ieved by: (1) stochastic activation of photoactivatable/switchable
fluorophores coupled to photoactivation, diffusion, and excita-
tion;***** or (2) decreasing the focal volume,* as in the case of
total internal reflection microscopy, confocal, stimulated
emission depletion microscopies, and light emission in zero-
mode waveguides (ZMWs).>>#

ZMWs are subwavelength-diameter cylindrical
apertures clad in metal, e.g. gold, aluminum, which limit the
incident excitation beam to a non-propagating zeroth-order
mode, thus forming an evanescent field. The intensity of this
field decays exponentially with distance in the nanoaperture,
thus constraining the excitation volume to the order of 100 zL (1
zL = 107%" L), ~3 orders of magnitude smaller than that in
diffraction-limited microscopy. Because of this small excitation
volume, single-molecule fluorescence imaging using a ZMW
allows for the detection of single, fluorescent molecules at bulk
concentrations up to 10 uM, or even as high as mM with special
techniques, such as ZMW FRET.*** In chemical sensing, ZMW-
based technology is an attractive platform for single-molecule
detection due to the potential for high parallelism and the
tolerance of uM concentrations of fluorescent species.***¢

Previously, we exploited ZMWs to investigate homogeneous
electron transfer dynamics of sarcosine oxidase, both with its
nominal substrate, N-methylglycine (sarcosine), as well as
a non-canonical substrate, 1-proline.*” Subsequently, we
extended these experiments to use the optical cladding layer of
the ZMW as the working electrode in spectroelectrochemical
studies of single electron transfer surface-
functionalized flavin adenine dinucleotide®® and electro-
fluorogenic behavior of freely diffusing flavin mononucleotide
(FMN) under single molecule occupancy conditions.* Flavins,
like FMN, contain an isoalloxazine chromopore, which is fluo-
rescent in the oxidized state (FMN), while the reduced state
(FMNH,) exhibits dramatically lower light emission, i.e. a dark
state. Intriguingly, FMN has a relatively constant fluorescence
emission efficiency over a large pH window, but the electro-
chemical behavior varies significantly with pH.>*** These
properties, coupled with the intrinsic biochemical relevance as
important cofactors in flavoenzymes, make the flavins excellent
candidates for monitoring single molecule fluorescence under
active potential control in an electrochemical ZMW (E-ZMW).

Here we present the first experiments in which single-
molecule fluorescence is cross-correlated with electron trans-
fer events in freely diffusing FMN in an E-ZMW. The structure
and principle of operation of the E-ZMW device is illustrated in
Fig. 1(A). A recessed dual ring electrode (RDRE) E-ZMW array
enables the detection of very low currents and the simultaneous
optical monitoring of fluorescence emission, thus providing
both optical and electrochemical signatures from the same
population of single molecules. In the RDRE geometry, redox
between two independently-biased ring
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events in

cycling occurs
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electrodes that are separated by a thin (100 nm) insulating layer.
Electrical currents generated at the bottom-ring electrode, i,
and top-ring electrode, i, are independently measured. Using
the RDRE arrays as E-ZMWs, we are able to record the current
produced by the redox cycling of FMN molecules at the same
time as the photon flux generated by fluorescence of oxidized
FMN molecules in the optically-active region enclosed by the
bottom electrode, which simultaneously serves as the optical
cladding layer in the nanophotonic E-ZMW structure. Constant
potential (amperometric) experiments show strong correlation
between E,;,; and fluorescence intensity under single-molecule
occupancy conditions, while potential step experiments are
utilized to examine the coupling between molecular transport
and electron transfer in the E-ZMW. Statistical fluctuations in
array population are also characterized by cross-correlating the
single-molecule fluctuations in amperometric response and
single-photon emission from freely diffusing FMN. Cross-
correlation analysis of the stochastic signals and analytical
results for the distribution of residence times are in close
agreement, supporting the interpretation that the current/
fluorescence signal fluctuations represent single molecule
population excursions.

Experimental section
Chemicals and materials

Flavin mononucleotide, citric acid monohydrate, trisodium
citrate dihydrate, sulfuric acid (95%), hydrogen peroxide (30%),
acetone and Au etchant (KI-I, solution) were obtained from
Sigma-Aldrich. Photoresist (PR) AZ5214E (AZ Electronic Mate-
rials) and polydimethylsiloxane (PDMS) (Dow Corning) were
purchased and used according to the manufacturers' specifi-
cations. All reagents were used as received without further
purification, and the solutions were prepared using a Milli-Q
Gradient water purification system (Millipore).

Fabrication of E-ZMW devices

Similar to the procedure used for developing recessed dual ring
electrode arrays,* the nanopore arrays were fabricated via
a combination of standard photolithography, layer-by-layer
deposition, and focused ion beam (FIB) milling. The complete
process flow is shown in Fig. S1.1 A glass coverslip was cleaned in
piranha solution (3 : 1 sulfuric acid (95%) : hydrogen peroxide
(30%) — Caution - Strong oxidizer, use with extreme care), rinsed
with DI water, and dried at 110 °C. The cleaned glass coverslip
was patterned by photolithography using AZ5214E PR to define
a bottom electrode with a width of 100 pm. A 100 nm thick Au
film was deposited by electron-beam evaporation (UNIVEX 450B,
Oerlikon) using 10 nm Ti as an adhesion layer on the patterned
glass coverslip. Then, an acetone lift-off step was used to remove
the photoresist. A 100 nm thick SiN, layer was deposited by
plasma-enhanced chemical vapor deposition (PECVD 790,
Plasma-Therm), Fig. S1(A).f Using the same lithographic
method, the top Au electrode was deposited perpendicular to the
bottom electrode, creating an overlapping intersection area of ca.
200 um x 200 pm containing two Au layers separated by a 100

This journal is © The Royal Society of Chemistry 2017
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Fig.1 Electrochemical zero-mode waveguide (E-ZMW) device. (A) Schematic diagram of the experimental configuration. Freely diffusing redox-
active molecules are repeatedly reduced and oxidized at recessed dual ring electrodes, leading to a measurable current. As focused light from
a 458 nm laser penetrates into the E-ZMW, its intensity exponentially decreases to generate a zeptoliter-volume excitation volume confined near
the bottom electrode. The E-ZMW can be used to observe single electron transfer events using simultaneous optical and electrochemical
measurements. (B) Plan view photograph of the E-ZMW device at large scale. (C) Schematic cross-section of an E-ZMW device (not to scale). (D)
Cross-section SEM image of 4 adjacent E-ZMW nanopores showing dual recessed Au ring electrodes separated vertically by ~100 nm of SiN,.

nm-thick SiN, layer, Fig. S1(B).{ Next, an additional 100 nm thick
SiO, layer was deposited after removal of the photoresist
covering the entire substrate, Fig. S1(C). A dual-source FIB
instrument (Helios Nanolab 600, FEI Corp.) was used for milling
and characterization. Nanopore arrays were patterned in a 20 pm
x 20 um square array with a lattice spacing of 250 nm, Fig.-
S1(D).T FIB milling was performed at 30 kV acceleration, 0.28 nA
ion aperture, and 0.1 ps dwell time to produce the RDRE array.
These FIB-milled pores exhibit a conical frustum shape with
typical top diameter, d;,p, ~ 100-120 nm, and bottom diameter,
dbottom ~ 60-70 nm. Immediately after milling the device, an
ohmic background current was observed between the two elec-
trodes, arising from a small bias (10 mV) observed between the
top and bottom electrode in a dry environment. This is
presumably caused by a combination of redeposition of partially
etched Au along the nanopore walls and implanted Ga’, result-
ing in a partial short between the two electrodes. This conduct-
ing layer was removed by immersing the device in dilute Au
etchant solution for 1-3 min. After cleaning the device with DI
water, the top and bottom electrodes were well-insulated (resis-
tance > 10 MQ.).

The E-ZMW device was fabricated by attaching coverslip
glass containing the nanopore array to a glass microscope slide.
In brief, a slide (75 mm x 25 mm, 1 mm thick, Corning 2947)
prepared to be the upper mounting layer was drilled to allow
electrical and fluid contact with the nanopore array using a 2
mm-diameter diamond drill at 18 000 rpm. Then, the drilled
slide glass was cleaned with ethanol, acetone, and DI water and

This journal is © The Royal Society of Chemistry 2017

dried under a stream of N,. A double-sided adhesive film (no.
5603, Nitto) was used to attach to the nanopore array to the
upper supporting slide, after appropriate openings were made
for electrical contact with the nanopore array, forming an E-
ZMW device, as shown in Fig. 1(B) and (C).

Modeling and calculations

Numerical calculations were performed with a finite element
method using COMSOL Multiphysics version 5.2. The simula-
tion was performed over a two-dimensional domain represent-
ing the geometry and dimensions of the zero-mode waveguides
employed in our experiments. The zero-mode waveguide is
represented by a single pore of the recessed dual ring electrode
array, consisting of a recessed bottom-ring electrode, 100 nm
insulating later, recessed top-ring electrode, and 100 nm top
insulator layer. The geometry is adapted from scanning electron
micrographs (SEMs) of FIB cross-sections. The modeling
domain above the single pore was sufficiently large to avoid
boundary artifacts, and the mesh was refined both within the
pore and in the region just above the pore to provide sufficient
numerical resolution. Details of the simulations are given in the
ESLt

Electrochemical measurements

Electrochemical measurements were performed with a CH
Instruments electrochemical analyzer (Model 750E) using a Pt
wire and Ag/AgCl (RE-5B, BASi) as auxiliary and reference

Chem. Sci,, 2017, 8, 5345-5355 | 5347
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electrodes, respectively. The nanopore-confined top- and
bottom-ring electrodes operate as separate working electrodes.
All potentials are reported vs. Ag/AgCl reference at 300 K. Both
the reference electrode and auxiliary electrode were immersed
in a 100 pL PDMS reservoir in direct fluid contact with the E-
ZMW device. Amperometric traces were acquired by fixing one
electrode at an oxidizing potential and the other at a reducing
potential, +0.3 V and —0.4 V, respectively.

Fluorescence measurements

A custom-built confocal microscope was used to collect all fluo-
rescence data. The instrument has a customized optical path
depicted in Fig. S2(A).f 458 nm excitation radiation from
a continuous wave laser (Sapphire 458 LP, Coherent) was passed
through a spatial filter to select the TEM,, mode, then passed
through a quarter wave plate to produce circularly polarized light
to avoid polarization artifacts. A dichroic filter (Z488RDC,
Chroma Technology Corporation) reflected the collimated beam
into the back aperture of a 40x, 1.30 NA oil immersion objective
(420260-9900-000, Carl Zeiss, Inc.) to produce a diffraction-
limited spot with 40 uW power (2.5 x 10* W cm™?) at the focal
plane. Fluorescence emission was collected by the same objective
(epi-fluorescence) and passed through three emission filters
(ET500lp, ET525/50m, ET500lp, Chroma Technology Corpora-
tion) before being focused through a 30 um diameter confocal
pinhole to reduce background radiation before detection by
a single-photon avalanche photodiode (SPCM-AQR-16, Perki-
nElmer, Inc.). A hardware correlator (TimeHarp260 PICO Single,
PicoQuant) was used to collect single molecule fluorescence data.
The fluorescence optical path was augmented with a trans-
illumination path to assist in locating the ZMW pores. To
access the trans-illumination path, collimated radiation from
a 632.8 nm laser was used to illuminate the back (upper) surface
of the ZMW array. A mirror was selectively rotated into the
detection path to allow monitoring of the transmitted radiation
by a video-rate CCD camera (JE7462DC, Javelin Systems). Once
located, the pore array was indexed to the motion of a piezoelec-
tric stage (P-517.2CL, Physik Instrumente) to reliably center the
x-y focal position of the objective on the ZMW pore of interest.

Results and discussion
Characterization of E-ZMW device

A schematic illustration of the E-ZMW device is shown in
Fig. 1(A). E-ZMWs with 250 nm inter-pore spacing were fabri-
cated to form square arrays of annular insulator-electrode—
insulator-electrode RDRE nanopore stacks, in which each
electrode layer is individually addressable, i.e., the electrodes of
the same layer in each nanopore are always at the same
potential (see Experimental section for details). The design was
chosen to optimize the probabilities of: (a) observing optical
events with diffraction-limited microscope illumination, and (b)
re-capturing molecules escaping from an individual nanopore
in a neighboring nanopore. A plan-view photo and a schematic
cross-section of the E-ZMW device are shown in Fig. 1(B) and
(C), respectively. Fig. S1t illustrates the fabrication process
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using photolithography, layer-by-layer deposition and FIB
milling to produce nanopore RDRE arrays. This simple direct-
write approach enables direct formation of highly precise
nanopore electrodes, but FIB direct writing produces pores with
conical frustum shapes, rather than the cylindrical shapes ob-
tained using electron beam®*** or nanosphere lithography.*>*¢
Fig. S31 shows SEM images of the entire array with an inter-pore
distance of 250 nm, as well as magnified images of the same
array. Fig. 1(D) shows a cross-section of the typical pores
produced by FIB milling.* The overetched region below the Au/
glass interface typically decreases with pore diameter, and well-
controlled milling processes yield pores overetched by less than
50 nm. From bottom to top, the cross-section image in Fig. 1(D)
shows the bottom Au electrode (bright), silicon nitride (dark
grey), the top Au electrode (bright), and silicon dioxide (grey).
The nanopores exhibit a conical shape with a slightly larger
aperture at the top electrode than at the bottom electrode.
Structures fabricated for this study generally had di,, ~ 100~
120 nm, and dpottom ~ 60-70 nm with diqp : dpottom ratio ~ 1.7.
The E-ZMW RDRE arrays facilitates spectroelectrochemical
experiments, because they allow optical access through the SiO,
floor to redox cycling of fluorigenic redox species.

For wavelengths above the cutoff wavelength of the nano-
aperture, A., where A. ~ 1.7d and d is the pore diameter, the
evanescent field decays exponentially with distance at a rate that
depends on the radius and diameter. The optical intensity
through a cylindrical ZMW can be expressed as

I(z) = Ie 1)

where I, is the maximum intensity, 4 is the decay constant and z
is the distance in the pore. The decay constant is defined as,***®

N N 12

— — 2
() ()] @
where, A, is the wavelength in the ZMW medium. If the fluo-
rescence intensity is assumed to be proportional to the excita-

tion profile, then the effective optical volume, V.g,***° in
a conical ZMW is given by

1
S}
A

md’ A
24 (3)

Veff =

To assess the behavior in the conical E-ZMW nanopores
studied here, finite element simulations were performed at
various conical frustum sizes and geometries. Fig. 2(A) and
S4(A)-(E)t show the electric field in a series of conical frustum
pores each having a ratio of top diameter, d.p, to bottom
diameter, dyottoms dop/dbottom = 2. As Fig. 2(A) and S4(A)-(E)t
illustrate, the field decays exponentially, and the nanostructures
provide excellent attenuation, primarily determined by dpottom-
Fig. 2(B) shows that I(z) decays rapidly, limiting the optical
observation volume to ca. the first 20 nm into waveguide,
depending on the bottom diameter of the guide. Using atten-
uation in excess of 1/e” as the threshold for an evanescent field
strength unlikely to excite fluorescence, the exact position in the
pore at which a fluorescent molecule can be excited varies with

This journal is © The Royal Society of Chemistry 2017
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effective volume of a single nanopore.

pore diameter and shape; however the effective volume, where
the majority of excitation/emission events occur, is always
constrained to the bottom-ring electrode area of the RDRE
nanopore. Fig. S4(F)t shows the relative attenuation of energy
density inside apertures. Fig. 2(C) shows how the effective
optical volume, Vegopt, depends on dyottom at diop:dpottom values
of 2.0. The effective volumes for different pore shapes deviate
from each other only at large dpotom values. The concentration
required to achieve a molecular occupancy expectation value of
1, i.e. (n) = 1, is also shown in Fig. 2(C) as a function of dpottom-
Based on the simulations shown in Fig. 2(A) and taking into
account the volume of the overetched region, the total effective
volumes of the ZMWs used in this study are approximately 280
zL, assuming that the volumes of the metal-enclosed pore and
the overetched region are roughly equal. At this volume,
molecular occupancy of (1)qpe,pore = 1 is expected at 5.9 pM. In
contrast, the effective volume for electrochemical reaction,
Vetijelec, 1S shown as a function of dperom in Fig. 2(D), as well
as the corresponding concentration at which there is, on
average, one molecule in the observation volume at any given
time. The average number of molecules present in the electro-
chemically active region of a single nanopore is given by
(M) echem,pore = CVegtrelecNa, Where C is the FMN concentration,
N, is Avogadro’s number, and Vegelec is the volume of the active
region for electrochemical reactions enclosed by the Au-SiN,~
Au multilayer. For this volume, molecular occupancies of
(M) echem,pore = 1 is expected at 0.94 pM.

This journal is © The Royal Society of Chemistry 2017

Dynamics of coupled fluorescence and electrochemistry

Fig. 3(A) shows the chronofluorometry of 1 uM FMN in 100 mM
citrate buffer at pH 2.9 obtained from the 6561 nanopores
E-ZMW RDRE device, conditions where the electrochemical
occupancy per pore iS (7)echem,pore ~ 1. For acidic aqueous
environments with pH 3-5, FMN undergoes a 2e /2H' reduc-
tion to FMNH,.”” Analogous to the more familiar chro-
noamperometry experiment, chronofluorometry monitors the
fluorescence, as opposed to the current, response of a redox
system to alternating potential steps. Chronofluorometry was
performed at the bottom working electrode, WEy, (leaving the
top working electrode, WE,, to float) by stepping between
oxidizing and reducing potentials vs. Ag/AgCl (Eypp = +0.3 V
and —0.4 V) in order to produce conditions in which FMN
alternates between fully oxidized FMN and fully reduced
FMNH,, the latter being the fully protonated form of reduced
FMN, appropriate to experiments at pH 2.9. Although both
longer and shorter time windows were investigated, the 10 s
potential steps used in Fig. 3(A) are sufficiently long to allow the
system to achieve steady state at both oxidizing and reducing
conditions, and it is clear that the fluorescence response is
strongly correlated to the applied potential steps. We calculate
that, under the diffraction-limited illumination conditions, the
fluorescence signal is measured from ~5 to 10 nanopores, each
containing (1) echem,pore ~ 1, out of the 6561 nanopores in the
E-ZMW array.

Chem. Sci,, 2017, 8, 5345-5355 | 5349
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(A) Experimental scheme and chronofluorometry of 1 uM FMN in 100 mM citrate buffer at pH 2.9. The potential of bottom electrode (Ey) is

modulated at 10 s intervals between +0.3 V and —0.4 V, while the potential of top electrode (E) floats. The temporal offset between optical and
electrochemical data is caused by a trigger delay between the start of optical vs. electrochemical data acquisition. (B and C) Experimental
schemes and current/fluorescence-time traces of 10 nM FMN in 100 mM citrate buffer at pH 2.9. Representative trajectories of the electrical and
optical signals are given by the red and black solid lines, respectively. The insets show magnified views of the simultaneous electrical and optical
signal excursions, which are highlighted in gray. (B) E, = —0.4 V vs. Ag/AgCl, while E; floats. (C) E, = +0.3 V while E; floats.

Fig. 3(B) and (C) show current/fluorescence-time response
measured at the much lower occupancy, with a per pore
(1) echem,pore ~ 0.01 for a total array (7)echem,array ~ 65 Obtained
at 10 nM FMN. The amperograms were obtained by applying
constant potential, E;, = —0.4 V (reducing potential, Fig. 3(B)) or
+0.3 V (oxidizing potential, Fig. 3(C)), while the top electrode
was disconnected (floating). The sign of current excursions at
the bottom electrode are negative and positive, corresponding
to reduction and oxidation, consistent with the applied

5350 | Chem. Sci., 2017, 8, 5345-5355

reducing and oxidizing potentials to the electrodes. The pres-
ence of a FMN molecule in one of the pores in the array causes
an observable electrochemical current due to self-induced redox
cycling mediated by the floating electrode,
sient change in the fluorescence intensity (gray highlights and
insets in Fig. 3(B) and (C)). When a reducing potential is applied
to the bottom electrode (Fig. 3(B)), oxidized species are able to
redox cycle as the system approaches steady-state, causing
a transient decrease in the fluorescence intensity. However,

859 as well as a tran-
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when an oxidizing potential is applied, the fluorescence signal
increases transiently, since any redox cycling species are in the
fluorescent oxidized state at the bottom electrode. Fig. S5 and
S61 show control experiments performed in 100 mM citrate
buffer at pH 2.9 as supporting electrolyte, exhibiting the back-
ground signal of current and fluorescence intensity at reducing,
Fig. S5(A),T and oxidizing potentials, Fig. S5(B)} without redox
cycling, and with redox cycling in Fig. S6.} It is noteworthy that
the control experiments show background currents that are
symmetric and display exceptionally low noise. Background
optical signals are observed which are tentatively assigned to
bulk fluorescence emission, scattering due to the sub-
wavelength aperture array, and radiatively coupled surface
plasmon modes, which are independent of applied potential.

Electrochemical and optical signal amplification by redox
cycling

Encouraged by the subwavelength lateral field confinement
provided by the E-ZMWs, we explored the enhancement of FMN
molecules by redox cycling inside an E-ZMW, as well as the
current amplification between generator and collector elec-
trodes. Fig. 4 shows an example of simultaneous electrical and
optical measurements obtained at 1 pM FMN, (1) cchem,pore ~ 1,
in the presence of redox cycling (GC mode) and without redox
cycling as described previously (non-GC mode). The current/
fluorescence-time traces in Fig. 4(A) were obtained by
applying the oxidizing potential, E, = +0.3 V vs. Ag/AgCl while
WE; was held at E; = —0.4 V (GC mode) or floating (non-GC
mode). Fig. 4(A) shows that the current and fluorescence
intensity in GC mode (red line) are higher than those measured
in non-GC mode (black line). The current and fluorescence
amplification are attributed to redox cycling of FMN molecules
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between generator and collector electrodes. To further test this
interpretation, we inverted the roles of the electrodes, making
WE, oxidizing and WE,, reducing, as shown in Fig. 4(B). The
amperograms shown in Fig. 4(A) and (B) are very similar,
reflecting nearly identical electrochemical amplification ach-
ieved by redox cycling, independent of which electrode is anode
or cathode. Conversely, when WE;, is set to a reducing potential
of —0.4 V, Fig. 4(B), the fluorescence intensity in GC mode is
lower than that in the non-GC mode, when the bottom electrode
is allowed to float. This behavior is consistent with the reduc-
tion of fluorescent FMN to non-fluorescent FMNH, at E, =
—0.4V in combination with the optical field confinement in the
E-ZMWs, illustrating the contribution of small excitation
volume, spatial localization, and enhanced signal-to-
background ratio in the spectroelectrochemical experiments.

Single molecule spectroelectrochemical behavior in GC mode

In a fluorigenic system, like FMN/FMNH,, electron transfer
events may be translated to changes in fluorescence emission
efficiency in the E-ZMW RDRE array. Here, we investigated
electrofluorogenic behavior of freely diffusing FMN molecules
under redox cycling conditions (E, = —0.4 V, E, = +0.3 V). Fig. 5
shows a comparison of the current/fluorescence-time traces
obtained at five different FMN concentrations. Fig. 5(A) shows
the simultaneous electrical and optical control measurements
performed in 100 mM citrate buffer at pH 2.9. Since no fluori-
genic redox species are present in the system, the observed
fluctuations (<£50 fA) correspond to the background noise level
of the spectroelectrochemical measurement system. In
contrast, Fig. 5(B) shows current/fluorescence-time traces
measured at 1 nM FMN in GC-mode. First, it is evident from
inspection that the generator and collector currents are mirror
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Fig. 4 Experimental schemes for continuous electrical and optical measurements while switching the bias potentials of the electrodes. Data
acquired from 1 uM FMN in 100 mM citrate buffer at pH 2.9 on an E-ZMW RDRE array with and without redox cycling. (A) E, = +0.3 V vs. Ag/AgCl
while E; floats (non-GC mode, black line) or held at —0.4 V (GC mode, red line). (B) £, = +0.3 V vs. Ag/AgCl (non-GC mode, black line) while E,,
floats (non-GC mode, black line) or held at —0.4 V (GC mode, red line). Red and black lines in the optical signals correspond to GC mode and

non-GC mode, respectively.
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Fig.5 Current/fluorescence-time traces and histograms for different FMN concentrations: (A) no FMN, (B) 1 nM, (C) 10 nM, (D) 100 nM, and (E) 1
uM. FMN concentrations of 1 nM, 10 nM, 100 nM and 1 uM, where the average molecular occupancy, (N)optarray ~ 0.01, 0.1, 1, and 10, respectively.
Each of the panels is organized as follows. Top: simultaneous time traces of electrochemical current (red and blue lines) and optical intensity

(black line) in E-ZMWs under redox cycling conditions (E, = —0.4 V, E; =

+0.3 V). The currents measured at the bottom and top electrodes are

represented by the red and blue solid lines, respectively. Simultaneous electrical and optical fluctuations of concurrent events are highlighted in
gray (B and C). (B, inset) Magnified view of a single molecule spectroelectrochemical correlated event. Bottom: histograms of the fluorescence

intensity distribution. Each histogram was created from data acquired over 180 s.

images, as expected. We attribute the top-bottom correlated
current fluctuations to single molecule fluctuations in the
array population, A(#)echem,array = =1, which are reflected in the
current at both electrodes due to high efficiency redox cycling.
At 1 nM FMN, the average number of electrochemically

5352 | Chem. Sci., 2017, 8, 5345-5355

in the entire E-ZMW RDRE
array is given by ((1)echem,pore ~ 0.001) X 6561 pores ~ 6.5 =

accessible molecules

<n>echem,array-
In addition, sometimes correlated electrochemical and
spectroscopic signal excursions were observed (highlight in

This journal is © The Royal Society of Chemistry 2017
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Fig. 5(B)). Discrete features which we attribute to the entry or
departure of a single FMN molecule from the optically probed
region (10 pores) of the E-ZMW RDRE array. It is important to
note that every observed spectroscopic excursion was correlated
to a current excursion, although the converse was not true. This
is because the electrochemical measurement probes all 6561
nanopores, while optical measurements only address a small
subset of these, as the diffraction-limited focused laser spot
only excites ~10 pores, (1)opt,pore ~ 0.001 x 10 pores ~ 0.01 =
(M)opt,arrays at 1 nM. Thus, the number of optical detection
events is expected to be a small fraction of the electrochemical
events, as is observed.

For 10 nM FMN in Fig. 5(C), which corresponds to (1) opt,array
~ 0.1, discrete steps are still discernible in the electrochemical
and optical measurements but occur more frequently. For
higher concentration (Fig. 5(D) and (E)), changes in the
instantaneous number of molecule become a smaller propor-
tion of the overall signal and occur so frequently that they can
no longer resolved with simultaneous electrical and optical
measurements, although the fluctuations in the generator and
collector currents are still correlated all the up to 1 uM.

Synchronization of the optical and electrochemical signal
excursions was verified by cross-correlation analysis (see ESIT for
details). Fig. 6 shows the analysis of current/fluorescence-time
traces measured at 1 nM FMN in GC-mode for single-molecule
redox cycling. The reduction and oxidation currents were fit to
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a model integrating responses from background, double layer
reorganization, and Cottrell current, as shown in Fig. 6(A). As
illustrated in Fig. 6(B), a normalized electrochemical signal was
obtained by combining the two electrical signals from the
separate amperometric traces to decrease random noise, then
dividing by the standard deviation of the summed signal. The
optical signal was fit to a linear model to remove drift, and then
normalized by its standard deviation as well. As fluctuations
occur much more frequently in the electrical signals, the overall
cross-correlation of the electrical and optical signals shows little
correlation; however, when the signals are examined in small
windows of a few seconds, specific instances of correlation
become apparent. Fig. 6(C) and (D) show cross-correlation of the
optical and the associated electrochemical signals for the data
shown in Fig. 6(B). In this particular data set, two times were
identified with unequivocal evidence at ¢t = 52 and 168 s -
highlights in Fig. 6(C) and (D). The maximum lag is observed
near —5 samples at 10 Hz sampling bandwidth. Such correlation
relies on the interpretation that the optical deviation corre-
sponds to a singular electrical signal, i.e. a low probability that
two electrical deviation events occur within the same window,
thus this method was only applied to the 1 nM FMN data.
Fig. S71 shows the same analysis for optical and electrochemical
data at ¢ = 134 and 143 s, where no optical signal above the
background is observed, from the data set shown in Fig. 6(B).
The fitting and cross-correlation algorithms were checked for
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Fig. 6 Cross-correlation analysis for single molecule detection. (A) Fitting the electrochemical signal from 1 nM FMN in the E-ZMW array under
redox cycling condition to the model (red lines, see ESIT for details). The recorded amperometric traces (black lines) are given by the data set in
Fig. 5(B). (B) Normalized electrochemical (red line, top) and fluorescence signal (black line, bottom) from the experimental data in Fig. 5(B). Cross-
correlation of the optical events from E-ZMWs and the associated peaks in electrochemical current at (C) 52 s and (D) 168 s from the data set

shown in (B).
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false positives by analyzing the traces from data collected with no
FMN present, which showed no areas of correlation. Similar
analysis of current/fluorescence-time traces measured at 10 nM
FMN in non-GC mode also showed no correlation, as expected.

Conclusion

We demonstrate a new strategy for real-time observation of
individual fluorigenic redox-active molecules as they freely
diffuse into and out of zeptoliter-volume E-ZMW RDRE nano-
pores. In the RDRE geometry closely-spaced generator-collector
electrodes are used to efficiently detect electrochemical
response at pore occupancies in the range (1) echem,pore ~ 0.001~
1, while the E-ZMW portion of the structure provides efficient
confinement of the optical field, allowing investigation of the
spectroelectrochemical behavior of FMN molecules both with
and without redox cycling. The resulting coupled spectroelec-
trochemical events allowed observation of single molecule fluc-
tuations in the FMN population on the array and, in some cases,
detection of correlated electrochemical and spectroscopic events.

These electrochemically-active zero-dimensional
photonic structures constitute a particularly advantageous plat-
form for further studies because: (1) the average occupancy of
individual pores may be controlled by solution concentration at
facile concentration levels; and (2) the dual ring electrodes in
each individual pore are held at the same potential as all the
other pores through direct connection, thus the electrochemical
signal is increased through integration over the entire array. We
also note that the second ring electrode, instead of facilitating
redox cycling, may be used to control solution conditions, e.g.
PH, or synthesize short-lived reactive species which can then be
captured in the nanopore and efficiently studied. Spectroscopic
response can be examined either on a defined sub-array of E-
ZMW nanopores, as was done here, or on the entire array using
wide-field imaging. The central characteristic of the E-ZMWs in
this study is that both single molecule electrochemical and
optical fluctuations can be acquired simultaneously. We thus
envision a wide range of applications integrated system for
genomics, proteomics, and single-enzyme analysis where spec-
troelectrochemical detection may ultimately prove preferable to
the currently established other detection techniques.
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