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Abstract

Understanding functional states of individual redox enzymes is important, because electron
transfer reactions are fundamental to life, and single enzyme molecules exhibit molecule-to-
molecule heterogeneity in their properties, such as catalytic activity. Zero mode waveguides
(ZMW) constitute a powerful tool for single molecule studies, enabling investigations of binding
reactions up to the micromolar range, due to the ability to trap electromagnetic radiation in
zeptoliter-scale observation volumes. Here, we report the potential-dependent fluorescence
dynamics of single glutathione reductase (GR) molecules using a bimodal electrochemical ZMW
(E-ZMW) where a single ring electrode-embedded in each of the nanopores of an E-ZMW array
simultaneously serves to control electrochemical potential and to confine optical radiation within
the nanopores. Here, the redox state of GR is manipulated using external potential control of the
Au electrode in the presence of a redox mediator, methyl viologen (MV). Redox state transitions
in GR are monitored by correlating electrochemical and spectroscopic signals from freely-
diffusing MV/GR in 60 zL effective observation volumes at single GR molecule average pore
occupancy, (n) ~ 0.8. Fluorescence intensities decrease (increase) at reducing (oxidizing)
potentials for MV due to the MV-mediated control of the GR redox state. The
spectroelectrochemical response of GR to the enzyme substrate, i.e., glutathione disulfide (GSSG),
shows that GSSG promotes GR oxidation via enzymatic reduction. The capabilities of E-ZMWs
to probe spectroelectrochemical phenomena in zL-scale confined environments show great
promise for study of single enzyme reactions and can be extended to important technological

applications, such as those in molecular diagnostics.

Keywords: zero mode waveguides; single enzyme molecules; glutathione reductase; redox

mediator; fluorescence spectroscopy; nanopore arrays
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Introduction

Individual molecules exhibit variable behavior as evidenced by multiple functional states,
state-dependent kinetics, and static and dynamic disorder, associated with intrinsic conformational
variations and intermolecular interactions. In particular, enzymes display a rich array of such
behaviors, involving sequential functional/structural changes presenting multiple kinetic states
depending on conformation and substrate affinity.!-> Furthermore, single molecule investigations
are useful in understanding chemical/physical phenomena in cells, because copy numbers of
critical enzymes can be quite small and thus exhibit fluctuations reflecting both intrinsic variability
and in situ perturbations.® Therefore, single molecule experiments are necessary to provide
accurate information on enzymatic kinetics, catalytic activities, and systemic response to

environmental stresses in small probe volumes.” 3

High sensitivity spectroscopic approaches developed over the last 2-3 decades have
enabled molecular investigations in structures of limited dimensionality, revealing subpopulations
with different properties, down to the single molecule level. The heterogeneity present in single
molecule experiments can be compared to the results of ensemble measurements which report on
averages over phenotypes. In addition, single molecule sensitivity, implemented in parallel over
arrays of single molecules, can enable the detection of rare events which may be lost in ensemble
measurements.”!! Among the strategies for high sensitivity studies of small collections of active
molecules, redox cycling-based electrochemical detection is a powerful method to examine redox-
active species due to the ability to follow redox behavior at very low levels.!? This is made possible
by the signal amplification which results from rapid, alternating oxidation and reduction of redox
species confined in a nanogap electrochemical cell.!3-!'” However, both the technical challenges of

high precision fabrication at the nanometer length scale and limitations on the gain-bandwidth
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product applicable to measuring electrochemical signals constitute major hurdles to realizing
purely electrochemical single molecule measurements.'> 1> One way to circumvent this problem
is to convert electron transfer processes to photon emission events, since spectroscopic
measurements can often be realized at the shot noise limit, accessing measurements with relatively
high S/N ratios and with the prospect of obtaining spatially resolved information.'> 1829 For
spectroscopic studies at the single molecule level, the molecule of interest should be confined in
an observation volume at a concentration adequate to isolate a few copies of the molecule from
the bulk solution. However, many enzymatic reactions occur in the micromolar concentration

range, thus requiring ultrasmall, zL-scale, observation volumes for single molecule studies.

In this regard, zero-mode waveguides (ZMWs) represent a promising platform enabling
single molecule studies at relatively high, uM, concentrations, by confining the optical radiation
in a small, typically zL-scale, observation volume.?!>* ZMWSs are photonic nanostructures
consisting of sub-wavelength sized holes in thin metal films which, under the right conditions, can
efficiently confine optical radiation in zL-al observation volumes. Furthermore, above a material-
and geometry-dependent cut-off wavelength, the intensity of the optical field decays along the
axial direction in the ZMW, consistent with an evanescent field. Due to the extremely small
observation volumes, ZMWs allow single molecules to be isolated and observed at micromolar
concentrations. Real-time optical signals on ZMW platforms®* 2> have enabled single molecule

22,31 protein-protein 3%

studies of DNA sequencing,?6-2® RNA modification,?3° enzymatic activity,
33 and ligand-protein interactions.>* Extending this concept, our laboratory has developed a
bimodal photonic-electrochemical nanoarchitecture, i.e., the electrochemical ZMW (E-ZMW), in

which a metal cladding layer serves simultaneously to confine the optical field and as a working

electrode (WE) to control potentials. The characteristics of the E-ZMW have been successfully
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characterized using potential-dependent fluorescence by correlating electrochemical and

spectroscopic signals generated from single electron-transfer events.3?

In the present work, we investigate the potential-dependent fluorescence dynamics of
single molecules of glutathione reductase (GR) in E-ZMWs. GR is an oxidoreductase capable of
catalyzing the reduction of glutathione disulfide (GSSG) and plays a key role in preventing
oxidative stress in eukaryotic cells.3® 37 Moreover, GR is a homodimer flavoenzyme possessing a
single flavin adenine dinucleotide (FAD) cofactor per monomer, which is strongly fluorescent in
the oxidized state (GRox), but nearly dark in the reduced state (GRred), as mediated by the reaction,
FAD + 2H" + 2¢” 2 FADH2.3%*! Here, we explore the in situ fluorescence dynamics of GR under
external potential control and in response to surrounding environmental perturbations in the
vicinity of the enzymes in E-ZMWs, Figure 1A. Since direct, tunneling-mediated electron transfer
to GR occurs infrequently due to the long distance between the redox active center of GR and the
electrode surface, and the ineffective charge transport characteristics of the intervening amino

acids,*>%

an alternative strategy was utilized here, in which electron transfer is assisted by a
mediator in order to manipulate the redox states of GR molecules located distal to the electrode.**
Methyl viologen (MV) is an efficient electrochemical redox mediator between GR and the Au
nanopore electrodes.*> *3 Single ring electrode-embedded E-ZMWs were fabricated to perform
electrochemical measurements to monitor GR enzymatic reactions controlled by external
potentials in the presence of a redox mediator. In addition, the real-time fluorescence dynamics of
GR was monitored by measuring the on/off fluorescence signals corresponding to interconversion
between emitting and dark GR redox states under potential control. Further, GR fluorescence

dynamics was characterized under a variety of reaction conditions, for example, different GSSG

concentrations.
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Experimental Section

Chemicals and Materials. Glutathione reductase (GR) from baker's yeast (S. cerevisiae),
L-glutathione oxidized form (GSSG), potassium phosphate monobasic, potassium phosphate
dibasic, potassium nitrate (KNO3), methyl viologen (MV) dichloride hydrate, and sulfuric acid
(H2SO4) were purchased from Sigma-Aldrich. Poly(dimethylsiloxane) (PDMS) monomer and
curing agent were obtained from Dow Corning. Glass coverslips (Nexterion Uncoated High
Performance 1.5H Coverslips, Glass D263) were purchased from Applied Microarrays. All
electrolyte solutions for spectroelectrochemical measurements were prepared using deionized (DI)
water obtained from a Millipore Milli-Q system (p ~18.2 MQ cm). GR in PB solution was
prepared by centrifuging (10,000 x g, for 10 min) the GR suspension (supplied in ammonium
sulfate containing 0.1 mM dithiothreitol; DTT), separating the GR pellet, and adding an
appropriate amount of reaction buffer, to avoid the interference of DTT with redox reactions on
the gold electrode. Planar Au electrodes were prepared by depositing 100 nm-thick Au on pre-
cleaned glass slides (Glass D, Applied Microarrays, Inc.), using an electron beam evaporator

(Airco Temescal FC-1800).

Fabrication and Characterization of E-ZMW Devices. E-ZMWs were fabricated by
following the previous methods reported by this laboratory®> ¢, as shown in Figure S1. In brief,
a patterned Au layer was produced by photolithography and electron beam deposition of 100 nm-
thick Au on pre-cleaned glass coverslips. Then, a 100 nm-thick silicon dioxide (Si0z2) layer was
deposited as the top layer by plasma-enhanced chemical vapor deposition (PECVD, Unaxis 790,
Plasma-Therm). Focused ion beam (FIB) milling (FEI-Helios Dual-beam FIB) was used to create
nanopore arrays in the multilayers, i.e., 80 pm x 80 um with an interpore distance of 2 pm, and 2

arrays in total per device, resulting in 3362 pores. The E-ZMW structures were characterized using
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scanning electron microscopy (SEM), with an accelerating voltage of 5 kV and an electron beam

current of 0.1 nA.

Spectroelectrochemical Measurements. Cyclic voltammetry (CV) and multiple potential
step experiments were performed using either CHI 750E or CHI 760E electrochemical workstation
(CH Instruments, USA) in a three-electrode system with a Pt counter electrode (CE) and a
Ag/AgCl reference electrode (RE) (Harvard Apparatus, USA). CVs were measured at scan rates
of 50 or 100 mV s°!. Fluorescence measurements were conducted on an Olympus IX71 wide-field
epi-illumination microscope equipped with a 100x oil-immersion objective (1.45 NA, Olympus
Corporation, Japan) with illumination at 458 nm, Figure 1A. An electron multiplying charge-
coupled device (EMCCD) detector (Andor Technology, UK) was used to collect the resulting
fluorescence signals (200 ms/frame). Typically, 5 pixel x 5 pixel area corresponding to 800 nm x
800 nm was defined as a region of interest (ROI) for a single nanopore, and the fluorescence
intensity from single nanopores was obtained by averaging the signal counts over each ROI, as

illustrated in Figure 1B.

Results and Discussion

Development and Characterization of E-ZMWs. E-ZMW devices were fabricated by a
combination of photolithography, multilayered deposition, and FIB milling to produce highly-
ordered, single ring Au electrode-embedded nanopore arrays, Figure S1. The nanopore arrays
were structurally characterized by SEM imaging, Figure 1C-E. Each E-ZMW nanopore in the
array consists of a 100 nm Au ring electrode/cladding layer topped with 100 nm SiO2 on a glass

coverslip. The nanopore array size is 80 um % 80 um with 2 pm interpore distance, and the FIB-
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milled pores are conical-shaped with top and bottom diameters of 110 and 80 nm, respectively,
producing a single pore volume of ca. 1.8 aL (1 aL = 10"'® L). In the ZMW, the optical field decays
exponentially along the axis of the nanopore, Figure 1A, when the incident wavelength is greater
than a critical cutoff wavelength, A, ~ 1.7d, where d is the pore diameter, resulting in an
observation volume occupying only a fraction of the geometric ZMW volume.?> The effective

optical volume, Vefr, is estimated to be ca. 60 zL (1 zL = 10! L), according to,

7d?A

Verr =3, ()

where the decay constant, A, defined as,?!>47-48

I 1) (12
-] &

where A,, is the wavelength in the ZMW medium. Thus, for the E-ZMW structures used here,
single molecule average occupancy in the effective observation volume, i.e., (n) = 1, is achieved

at a concentration of ~28 uM.

Electrochemical Characterization of MV-Mediated GR Reduction. First, the
electrochemical response of GR was investigated on planar Au electrodes (ca. 0.28 ¢cm?). In the
absence of MV, no cathodic faradaic current was observed in the cyclic voltammogram (CV) of
GR and GSSG in the range —1.0 V < Egppr < 0.3 V, indicating negligible direct reduction of GR
and GSSG at Au electrodes in this potential window, Figure S2. The redox-active centers,
consisting of an FAD-binding domain proximal to a Cys-Cys disulfide bridge, are buried deep
within the 118 kDa, ~120 X 62 X 84 A GR structure,*” 3 making direct electron transfer from the
electrode surface inefficient. To overcome this issue, methyl viologen, MV?*, was introduced as a

redox mediator to shuttle electrons from the electrode to the GR active site(s), as depicted in Figure
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2A.* % The electrochemical reduction of MV?* to MV™ is fast and electrochemically reversible
on Au, and the reduction of GRox to GRred is thermodynamically driven by MV*, given the
standard redox potentials of FAD/FADH2 (E°'r,p = —0.22 V) and MVZ/MV™ (E° = —0.42 V),
Figure 2B. The voltammogram of 5 mM MV?" in 0.1 M phosphate buffer (PB) and 0.1 M KNO3
atpH 7.6 in Figure 2C, shows the cathodic MV?"/MV* peak at ca. -0.87 V vs. Ag/AgCl. Notably,
an additional current peak at ca. —0.65 V, is likely associated with MV “-mediated oxygen
reduction reaction,’!> 3 since the corresponding peak diminishes or disappears in solutions in

which O is rigorously excluded (data not shown).

Next, to confirm the MV™-mediated reduction of GR, voltammetric responses were
measured at increasing GR concentrations in the presence of 5 mM MV and 5 mM GSSG, Figure
2D. Cathodic current increases with increasing GR concentration, while oxidation peak current
concurrently decreases, suggesting effective MV*-mediated GR reduction. In other words, MV™
acts as an electron donor, transferring electrons to GR, generating oxidized MV?*, which is
subsequently reduced electrochemically at the Au electrode, as depicted in Figure 2A, thus leading
to the increasing cathodic current associated with MV?" reduction. A plot of reaction rate as a
function of GR concentration in Figure S3 shows a linear response of enzymatic reaction rate to

increasing enzyme concentration in the presence of a large excess of substrate.

The electrochemical response of the MV/GR/GSSG system was then investigated in E-
ZMW nanopore arrays. Before commencing the main electrochemical experiments, the Au E-
ZMW ring electrodes were cleaned by performing multiple CV scans in 0.5 M H2SO4 to remove
residual damage and implantation from the ion milling process. The CVs in Figure S4 show that
both oxidation and reduction current responses are suppressed on the first cycle. However, the

current gradually increases with increasing scan numbers and finally becomes much larger at the
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19th cycle, reflecting facile oxidation of Au and subsequent reduction of the gold oxide formed,

but not causing structural change, which was confirmed through SEM imaging.

Next, the voltammetric responses were obtained as a function of GSSG concentration in
the presence of 5 mM MV and 6.5 uM GR in 0.1 M PB/0.1 M KNOs3 solution, Figure 3. In the
presence of GR, the cathodic current due to MV?" reduction increases with increasing GSSG
concentration, Figure 3A. Since MV™ does not directly react with GSSG (see Figure S5D), this
observation implicates the enzymatic reduction of GSSG by GR. As shown in Figure 2A, GRieq is
oxidized to GRox during the reduction of GSSG, and is subsequently reduced back to its initial
state GRrea by MV™, thus producing an increase in MV?, as reflected in the higher reduction peak
current. The rate of enzyme reaction initially increases as substrate concentration increases, but
once enzyme active sites become saturated, further increases in substrate concentration have
negligible effect on the enzymatic reaction rate, resulting in the saturated current response
observed at high concentration of GSSG in Figure 3B. Using a Michaelis-Menten model, as shown
in Figure S6, we obtained the kinetic parameter for GR, i.e., Km value of ca. 83 uM, which is in
reasonable agreement with the reported Km value of 61 pM determined from large volume
homogeneous assays.’* Meanwhile, GSSG in the absence of GR, does not exhibit an increasing
current response with concentration, with or without MV, as shown in Figures SS5D and S5C,
respectively. The slight current decrease with increasing GSSG concentration in Figure S5C is
likely due to interaction between the Au surface and the disulfide GSSG, resulting in decreased
accessible surface area. In contrast, addition of increasing amounts of GR to a solution with
constant MV and GSSG, produces increasing cathodic MV currents, as shown in Figure S7, due
to the catalytic activity of GR. Taken together these experiments illustrate that MV is an efficient

redox mediator for the electron transfer between GR and Au and that the redox scheme shown in
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Figure 2A accurately depicts the behavior in the presence of MV, GR, and GSSG.

Potential-Dependent GR  Fluorescence in E-ZMWs. Having characterized the
electrochemical behavior of MV/GR/GSSG in E-ZMWs, we next explored the in situ fluorescence
behavior of GR under electrochemical potential control in E-ZMWs. Fluorescence measurements
were performed on a wide-field epi-illumination microscope with illumination at 458 nm, and an
EMCCD detector was used to detect the fluorescence emission, as shown schematically in Figure
1A. Typically, signals in a 5 pixel x 5 pixel region of interest (ROI), corresponding to 800 nm X
800 nm, were averaged to determine single-nanopore fluorescence intensities, as shown in Figure
1B. In the absence of applied potential, GR exhibits a low level of randomly-timed fluorescence
emission events. Given that the 200 ms frame rate of the EMCCD camera is too slow to resolve
individual fluorescence transitions, these emission events are interpreted to result from transport
of individual GR molecules into/out of the nanopore being imaged. Furthermore, in the absence of
MY, a potential-independent fluorescence response is observed upon the application of 10 s long
potential steps between —0.95 V and 0.0 V vs. Ag/AgCl in 22 uM GR solution, where the average
occupancy of the effective observation volume, (n)etr is ca. 0.8, Figure S8. This is attributed to
the inefficient electron transfer between the GR redox sites and the electrode, although GR is
fluorescent in the oxidized state and non-fluorescent in the reduced state at 0.0 V and —0.95 V,

respectively.

Fluorescence measurements were then conducted in the presence of 1 mM MV to examine
the effectiveness of manipulating GR redox state by diffusing MV. The CV of 22 uM GR and 1
mM MYV solution in Figure 4A displays cathodic and anodic peaks characteristic of MV in E-
ZMWs at ca. —0.90 V and —0.84 V vs. Ag/AgCl, respectively, and thus the half-wave potential,

Ein, is ca. —0.87 V. Because GR is effectively reduced only by MV-mediated electron transfer, the
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fluorescence of freely-diffusing GR in nanopores was investigated by modulating the redox state
of MV, and the fluorescence dynamics of GR were investigated by the application of multiple 10
s potential steps between —0.95 V and —0.75 V, as shown in Figure 4B. It is important to note that
electrochemical signals shown in Figure 4C were collected by integrating over the entire array
consisting of 3362 nanopores, whereas spectroscopic imaging permits interrogation of the
fluorescence signals from individual nanopores containing a single (or a few) molecule(s) at
relatively high signal-to-noise ratio. As shown in Figures 4D and S9, the fluorescence signals
from single nanopores containing both GR and MV, respond to the external potentials by exhibiting
higher fluorescence intensities at oxidizing potentials, which is obvious upon from the averaged
fluorescence response from 350 pores shown in Figure 4F, the side-by-side image comparison of
the E-ZMW arrays at —0.95 V and —0.75 V in Figure 4G, and the application of Savitzky-Golay
smoothing to single pore fluorescence data in Figure S9. Importantly, the potential dependence of
the fluorescence recorded from nanopores containing MV-only solution in the absence of GR is
insignificant, as shown in Figure S10D, verifying that the dynamic fluorescence changes are

caused by redox state changes of GR.

Clearly, the distinct fluorescence behavior obtained upon the application of different
external potentials in E-ZMWs results from the manipulation of the GR redox state by MV-
mediated electron transfer. At the more negative potential, Eqppi = —0.95 V, MV?" is reduced to
MV* which then donates electrons to one of the FAD cofactors in GRox, reducing it to FADH2 in
a 2e7/2H" process, resulting in lower fluorescence signals. On the other hand, when Euppr = —0.75
V, MV?2* is the dominant redox state, and MV-mediated GR reduction is negated. Reduced GR can
subsequently either be reoxidized by an available oxidant, e.g. adventitious Oz or a specific oxidant,

such as GSSG, or it can diffuse out and be replaced by a new GR molecule diffusing into the
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nanopore. As an additional check on this interpretation, the fluorescence response was monitored
by applying either a reducing or an oxidizing potential in the middle of a time window for which
the potential was otherwise held at open circuit potential, Figure S11. As expected, at —0.95 V, the
fluorescence intensity decreases consistent with MV-mediated GR reduction resulting in a non-
fluorescent GR in the observation volume. However, once the electrode is returned to OCP (Figure
S11(/ef?)), the fluorescence signal increases, even though no external potential is applied,
consistent with repopulation of the nanopore by oxidized GR, which is the dominant form present
in bulk solution. On the other hand, when Eqppi = 0.0 V is applied in the middle of an OCP window,
the fluorescence intensity remains unchanged. Finally we note there is significant pore-to-pore
heterogeneity in fluorescence intensity levels at either oxidizing or reducing potentials, as shown
by the single molecule fluorescence images in Figure 4G. These pore-to-pore differences in
fluorescence reflect differences in (a) average pore occupation (predominantly (n) =0 or 1) during
the time window over which signals are integrated, (b) axial position of the fluorescent GR
molecule relative to the evanescent field, and (c) the presence and proximity of any quenching

agents.

Fluorescence Response to GSSG. Finally, the fluorescence dynamics of GR was monitored
in response to the presence and concentration of the enzyme substrate, i.e., GSSG, by comparing
fluorescence signals obtained in the absence and presence of GSSG in 22 uM GR and 1 mM MV
solution in E-ZMWs, Figure 5. Multiple potential steps between —0.95 V and —0.75 V were applied
to the Au ring electrodes, and fluorescence signals from nanopores were recorded for 60 s. When
Eappi s set to a reducing value, —0.95 'V, very little difference in the fluorescence histograms is
observed upon the addition of GSSG, Figure SA. However, when the potential is set to a more

oxidizing value, —0.75 V, a readily apparent change in fluorescence histograms is observed in
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response to GSSG addition, Figure 5B. These observations are consistent with a picture in which
GR is continuously reduced by MV™ at —0.95 V, even in the presence of relatively high
concentrations, 5 mM, of enzyme substrate, suggesting that GRox is effectively reduced by MV™
before it can substantially affect the fluorescence intensity. However, when the potential is
switched to the more oxidizing —0.75 V, there is insufficient reduced MV™ to effectively reduce
the GSSG-oxidized GR, thereby resulting in higher fluorescence intensities with increasing GSSG
concentration. Clearly, after the application of a reducing potential step (—0.95 V) both GRox and
GRred are present in solution. Then, the addition of GSSG shown in Figure 5B results in an increase
in fluorescence, because GSSG promotes the reoxidation of the GRred produced from the previous
potential step. This behavior is confirmed by comparing the histograms obtained with Eqppi = —
0.95 V and —0.75 V in the presence of 1 mM GSSG, Figure SC. These data clearly show that a
meaningful response is obtained in the presence of GSSG upon switching the potential from —0.95
V to —0.75 V, consistent with the fluorescence from GRox being determined by the interplay

between MV2"** and GSSG/GSH, as discussed above and shown in Figure 2A.

Conclusions

In this work, freely-diffusing single GR enzyme molecules are interrogated in single Au
ring electrode-embedded E-ZMWs, where the optical radiation is confined within a sub-volume
of the nanopores, generating observation volumes of ca. 60 zL. This observation volume yields
average occupancy of (n) = 0.8 GR molecules per pore at 22 uM bulk GR concentration, thereby
supporting single molecule studies in the E-ZMWs. In addition, the ZMW metal cladding layer
does double duty, also functioning as a working electrode, which is embedded in the nanopore

array, enabling real-time spectroelectrochemical cross-correlation studies of single redox-active
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enzyme molecules. Since direct electron transfer to/from the working electrode to the active redox
sites of GR is challenging, a mediated electron transfer strategy was adopted employing MV as
the mediator. MV is an efficient mediator for GR redox, as demonstrated by both electrochemical
and fluorescence characterization of MV/GR/GSSG-containing E-ZMW nanopore arrays. Specific
evidence for this interpretation includes: (1) increasing cathodic current in response to GR-
mediated oxidation of MV** producing MV?*, (2) lower fluorescence intensities from GR observed
when the Au ring electrodes are held at reducing potentials and higher intensities at oxidizing
potentials, and (3) increasing fluorescence in response to increasing concentrations of the enzyme

substrate, GSSG, as well as higher cathodic currents (from MV?" reduction).

E-ZMWs represent a promising platform for in situ spectroelectrochemical investigations
of single enzyme molecules, since they make it possible to address small probe volumes under
tightly-controlled conditions, allowing high-throughput simultaneous detection from massively
parallel arrays of nanopores. Clearly, because the current studies utilized freely diffusing enzymes
at single occupancy concentrations, signals were necessarily integrated over many individual
molecules during the acquisition period of the camera. Next, we will immobilize enzymes on the
nanopore electrode surface with special attention to controlling enzyme orientation, so that the
fluorescence-correlated electrochemistry approach developed in this study can be applied to
quantify the fluorescence signals of GRox/GRred conversion, enzyme turnover, heterogeneity of
subpopulations, and response of enzymes to environmental stresses, e.g., reactive oxygen species
(ROS), generated in situ in nanopores. Thus, E-ZMWs not only enable effective experimental
strategies for single molecule enzyme studies, but also represent a platform capable of providing

insights for disease-targeted research, such as the ROS-related diseases.
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Potentiostat

5 x 5 pixel

Figure 1. A. Schematic illustration of the E-ZMW device to monitor spectroelectrochemistry of
freely-diffusing GR molecules via epi-illumination wide-field fluorescence microscopy.
Electrochemical potential at the Au ring electrode is controlled using a potentiostat in a 3-electrode
configuration with Pt wire and Ag/AgCl counter and reference electrodes, respectively, placed
outside the nanopores. B. Magnified fluorescence images of E-ZMW array containing GR.
Typically, a 5 x 5 pixel-area was selected to locate a single nanopore, i.e., region of interest (ROI),
and mean fluorescence signals were obtained by averaging the signals over the ROI. C-D. Top-
view SEM images of a subsection of the nanopore array (C) and a single nanopore (D). E. Cross-

sectional SEM image of a single ring electrode embedded in a nanopore.
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Figure 2. A. Cascade electron transfer reactions involved in MV-mediated GR enzymatic reactions
in the presence of GSSG on Au. B. Standard reduction potentials of MV2/MV** and FAD/FADHa.
C-D. CVs of 5 mM MV (C), and 5 mM MV + 5 mM GSSG with different concentrations of GR

(D) in 0.1 M PB/0.1 M KNO;3 at pH 7.6, on planar Au (4 ~ 0.28 cm?). Scan rate: 100 mV s™!.
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Figure 3. A. CVs of 5mM MV + 6.5 uM GR in 0.1 M PB and 0.1M KNOs solution (pH 7.6) as a
function of GSSG concentration, obtained in an E-ZMW array. B. Plot of cathodic current as a
function of GSSG concentration. Current values were taken from the cathodic current at —1.0 V in

panel A. Error bars represent the standard deviation (n = 3). Scan rate: 50 mV s°!.
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Figure 4. Spectroelectrochemical response to the potential perturbation in E-ZMWs containing 22
uM GR and 1 mM MV in 0.1 M PB at pH 7.6. Under these conditions the average pore occupancy
(n)etr ~ 0.8 A. Voltammetric response of GR and MV in 0.1 M PB, B. Multiple potential step
modulation between —0.95 V and —0.75 V at 10 s intervals for 60 s. C. Current response to multi-
potential steps from 22 uM GR and 1 mM MV. D. Background-subtracted fluorescence signals
from a representative single pore. E. Distribution of mean fluorescence intensities from single
pores at the applied potential steps, as shown in panel D. F. Background-subtracted average
fluorescence signals from 350 pores. G. Fluorescence frame images obtained at —0.95 V and —0.75

V. Acquisition time for fluorescence signals is 200 ms/frame.
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Figure 5. A-B. Distribution of average single pore fluorescence signals from E-ZMW pores
containing 22 uM GR ({n)efr ~ 0.8), | mM MV and different concentrations of GSSG in 0.1 M
PB at pH 7.6. The electrode potential was set to —-0.95 V (A) or —0.75 V (B). C. Fluorescence
response distribution of 1 mM GSSG in 22 uM GR and 1 mM MYV solution at —0.95 V and —
0.75 V. In all panels, histograms represent individual intensity bins, and solid lines are fits to

Gaussian distributions.
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Figure S1. A. Schematic illustration showing the fabrication procedure for E-ZMW devices. a.
Pre-cleaned glass slide, b. photolithography and Au deposition, ¢. SiO2 deposition, d. FIB milling.
B. Schematic cross-sectional diagram of a single ring electrode embedded in a nanopore with a
top diameter, d: ~ 110 nm, and a bottom diameter, d» ~ 80 nm. C. Optical image of a typical E-

ZMW device.
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Figure S2. Cyclic voltammetry E-ZMW solution components. A. GR at 6.5 uM (gray) and 22 uM
(red). B. supporting electrolyte plus buffer (gray), 5 mM GSSG (red), and 5 mM MV in 0.1 M PB

and 0.1 M KNOs at pH 7.6 (blue).
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Figure S3. Plot of reaction rate as a function of GR concentration. Each data point was obtained
from the increase in the cathodic current at —1.0 V in comparison with the current at [GR] =0 uM

in Figure 2D. The red line represents a linear fit for the plot (R? = 0.98).
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Figure S4. Successive cyclic voltammograms (CVs) of Au electrode in nanopore arrays containing

0.5 M H2SO4 for electrochemical cleaning. CVs at 1st (gray) and 19th (red) cycle are depicted.
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Figure S5. Cyclic voltammetry control experiments. A. Supporting electrolyte 0.1 M PB/0.1 M

KNOs. B. 1 mM MV in supporting electrolyte. C. GSSG at various concentrations in supporting

electrolyte. D. GSSG at various concentrations and 1 mM MYV in supporting electrolyte. All data

were acquired from E-ZMW nanopore arrays.
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Figure S6. Plot of reaction rate as a function of GSSG concentration. Each data point represents
the increase value of the cathodic current at —1.0 V in comparison with the current at [GSSG] =0

uM in Figure 3A. The red line is a fit to Michaelis-Menten kinetics.
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Figure S7. Voltammetric response from GR addition into 1 mM MV and 5 mM GSSG in 0.1 M

PB and 0.1 M KNOs3 at pH 7.6 in nanopore arrays.
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Figure S8. Spectroelectrochemical response of 22 uM GR in 0.1 M PB in E-ZMWs, conditions
where the average pore occupancy (n)err ~ 0.8. A. Step potential-time plot. B. Current response.
C. Representative fluorescence trajectory from a single pore under step-potential program in panel
(A). D. Representative fluorescence trajectory at open circuit potential (OCP) obtained from a

single pore.
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Figure S9. Background-subtracted fluorescence signals from a representative single pore shown
in Figure 4D with data smoothing by Savitzky-Golay filter (red) using a 3™ order polynomial fit

with 5 (A), 10 (B), and 25 (C) points.
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Figure S10. Spectroelectrochemical response of ImM MV in 0.1 M PB in E-ZMWs in the absence
of GR. A. Step potential-time plot. B. Current response. C. Representative fluorescence
trajectories under step-potential perturbation obtained from a single pore. D. Average fluorescence

signals from 350 pores with and without GR under step-potential perturbation.
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Figure S11. Representative fluorescence response obtained from a single nanopore, containing 22

uM GR and 1 mM MV in 0.1 M PB solution, upon applying either a
(right) potential, i.e. —0.95 V or 0.0 V for 10 s in the middle of a t

potential was otherwise held at open circuit potential.

reducing (/eft) or oxidizing

ime window for which the
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