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We present the results of acid—base experiments performed at the single ion (H* or OH™) limit in ~6 aL
volume nanopores incorporating electrochemical zero-mode waveguides (E-ZMWs). At pH 3 each E-
ZMW nanopore contains ca. 3600H" ions, and application of a negative electrochemical potential to the
gold working electrode/optical cladding layer reduces H* to H,, thereby depleting H* and increasing the
local pH within the nanopore. The change in pH was quantified by tracking the intensity of fluorescein,
a pH-responsive fluorophore whose intensity increases with pH. This behavior was translated to the
single ion limit by changing the initial pH of the electrolyte solution to pH 6, at which the average pore
occupancy (N)pore ~3.6H/nanopore. Application of an electrochemical potential sufficiently negative to
change the local pH to pH 7 reduces the proton nanopore occupancy to {(n)pore ~0.36H*/nanopore,
demonstrating that the approach is sensitive to single H* manipulations, as evidenced by clear potential-
dependent changes in fluorescein emission intensity. In addition, at high overpotential, the observed

fluorescence intensity exceeded the value predicted from the fluorescence intensity-pH calibration, an
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Accepted 4th September 2020 observation attributed to the nucleation of H, nanobubbles as confirmed both by calculations and the

behavior of non-pH responsive Alexa 488 fluorophore. Apart from enhancing fundamental

DOI: 10.1039/d0sc037569 understanding, the approach described here opens the door to applications requiring ultrasensitive ion
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Introduction

Electrochemistry of single entities in structures at the nano-
meter length scale has received much attention recently
because it can reveal heterogeneity among entities that is
hidden in ensemble/bulk measurements,"* thus providing
a more nuanced picture of structure-property relationships
than ensemble-average measurements.”® One of the growing
areas in electrochemistry involves study of electron transfer
reactions in small, confined volumes ranging from zeptoliters (1
zL = 10>' L = (10 nm)®) to femtoliters (1 fL = 10" "> L = 1 um?®).
Electrochemistry in these volumes is particularly attractive,
because diffusive mass transport of the redox species is fast, iR
drops are small so experiments can be implemented with two-

“Department of Chemical and Biomolecular Engineering, University of Notre Dame,
Notre Dame, IN 46556, USA. E-mail: pbohn@nd.edu

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

T Electronic supplementary information (ESI) available: A detailed experimental
section including fabrication of E-ZMW devices and spectroelectrochemical
experimental apparatus, structural characterization of E-ZMWs, tracking pH
changes during potential scan up to —1.5 V, statistics of the maximum
normalized intensity value of 50 individual E-ZMWs, pH changes during the
potential scan with pH 3 buffered solution, calibration curve and pH changes
using Pt-based E-ZMWs, tracking pH changes during the potential scan with
different buffed pH solution. Video (5.6 x 5.6 um?) showing an increase in
fluorescence intensity in E-ZMWs during electrochemical proton reduction
(three potential sweep cycles). Video playing at 100 frames per second. See DOI:
10.1039/d0sc03756g
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sensing, based on the optical detection of H* population at the single ion limit.

electrode systems, and under proper electrolyte conditions,
the entire volume resides within the electrical double layer.'***
Exploiting these characteristics has produced unprecedented
observations and capabilities. Bard and co-workers studied
redox processes in attoliter volume emulsion droplets using the
stochastic collision of single emulsion droplets on ultra-
microelectrodes."'* Other groups have used this approach for
electrodeposition of nanoparticles using nanoparticle
precursor-filled emulsion droplets to achieve piece-by-piece
construction.”*” In addition, Unwin and co-workers devel-
oped scanning electrochemical cell microscopy (SECCM), where
the electrolyte solution protruding from a nanopipette forms
a localized electrochemical cell which can be scanned over an
electrode surface to characterize the spatial distribution of
electroactive sites.'®*?

In our laboratory, we have been interested in coupling zL/aL-
volume electrochemistry with spectroscopic processes to ach-
ieve shot-noise limited electrochemical measurements. To
achieve this, we developed a hybrid nano-electrochemical/
nanophotonic structure - the electrochemical zero-mode
waveguide (E-ZMW) - capable of addressing individual mole-
cules, enzymes, and nanoparticles at volumes down to the zL
scale by taking advantage of electrofluorogenic reac-
tions."'>?*2% E-ZMWs are based on conical nanopores in a thin
metal film (typically 100-200 nm thick Au) on an insulator
(typically, fused silica). The bottom of the nanopore constitutes
a sub-wavelength diameter aperture from the dielectric
substrate into the (~zL) fluid volume of the E-ZMW. When the
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ratio of the bottom diameter and metal thickness is beyond
a cutoff value determined by the refractive index of the
medium,* far-field modes do not propagate. Under these
conditions, the excitation radiation is confined within the
conical nanopore, with the intensity decaying exponentially
along the axial direction.® E-ZMWs thus act as photonic
nanobeakers with active volumes ~10*® L. It is straightforward
to fabricate massively parallel arrays of such E-ZMW nano-
beakers, and they can be efficiently monitored using optical
techniques such as wide-field fluorescence microscopy, result-
ing in high throughput data collection. Time-sequence movies
of the optical images can, for example, be used to follow the
reactions occurring in each nanobeaker/E-ZMW and can be
analyzed individually. In contrast, the electrochemical data is
an ensemble measurement obtained from the whole array of E-
ZMWs.

In this work, wide-field fluorescence microscopy was used to
study the changes in local H' concentration, A[H'], during
electrochemical reduction of H' in arrays of individual ~6 alL-
volume E-ZMWs. With aqueous electrolyte at pH 3, each E-
ZMW nanopore initially contains ca. 3600H" ions, (1)pore
~3600. The Pourbaix diagram predicts that direct H' reduction
dominates over H,O reduction to H,/OH™ at acidic pH values,
so applying a potential E,pp < —1.0 V vs. Ag/AgCl reduces H' to
H,, thereby decreasing the local [H']. Changes in pH due to H"
reduction were monitored by adding sufficient pH-sensitive
fluorophore fluorescein to achieve a 3 pM solution, corre-
sponding to (#)pore ~10 fluorescein molecules per E-ZMW
nanopore. Changes in fluorescence intensity during H' reduc-
tion were then calibrated vs. pH, which allowed the pH in the E-
ZMW to be determined to a local [H'] as low as 10~” M (pH 7)
which is equivalent to an average occupancy (1) pore ~0.36H" per
E-ZMW. In some instances, the fluorescence intensity during H"
reduction was found to significantly exceed the maximum
intensity in the calibration curve, a behavior which is attributed
to the generation of H, nanobubbles within the E-ZMWs.

Results and discussion
Electrochemical zero-mode waveguide

Fig. 1 shows a schematic diagram of the experimental apparatus
(see ESI, Fig. S1 and S2,t for experimental details and proce-
dures for fabrication of E-ZZMW devices). Each E-ZMW nanopore
is 300 nm thick (200 nm Au and 100 nm SiO,) with bottom and
top diameters of ~95 nm and ~190 nm, respectively (Fig. S27).
The E-ZMW array was isolated in a polydimethylsiloxane
(PDMS) well and mounted on an inverted epi-illumination
fluorescence microscope equipped with a 100x oil-immersion
objective, and the Au optical cladding layer of the E-ZMW was
connected to a potentiostat, which ensures simultaneous elec-
trical connection to all nine nanopores, and used as the working
electrode. A platinum wire and a locally fabricated Ag/AgCl wire
were placed in the PDMS well and used as counter and quasi-
reference electrodes, respectively. A pH 3 solution containing
3 uM fluorescein and 0.2 M KNOj; supporting electrolyte was
introduced into the PDMS well. When the potential was scan-
ned to sufficiently negative potentials, the reduction of H' to H,
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produced a current which was integrated over the entire E-ZMW
array by the potentiostat. At the same time, the sentinel fluo-
rophores were excited at 458 nm in the E-ZMW configuration, as
shown in Fig. 1, and the corresponding fluorescence was
collected by the microscope objective, transmitted through
a dichroic/cutoff filter, and imaged onto the active area of an
EM-CCD camera with an image pixel size of 140 nm. Fluores-
cein is a pH-sensitive dye whose fluorescence increases with pH,
as the weakly emissive monoanion, F1, is converted into the
much more emissive dianion, FI>~.%% Thus, in principle, the
electrochemical reduction of H' to H, should deplete the local
concentration of H', shifting the FI /FI>~ equilibrium, and
leading to an increase in ZMW emission, as shown schemati-
cally in Fig. 1.¢

First, a calibration curve was created relating the fluores-
cence intensity to the pH of the electrolyte solution in aL-
volume solutions. The pH of a 0.2 M KNOj; electrolyte solu-
tion containing 3 uM fluorescein was adjusted to obtain solu-
tions ranging from pH 3 to 10, and contrast-adjusted optical
images, Fig. 2A, were obtained. The mean fluorescence intensity
of each E-ZMW was measured by averaging the intensity over
a 10 x 10 pixel region of interest. Then, the mean intensity of
each E-ZMW at pH X was scaled to the mean intensity at pH 3
using,

Innrm -

_ IpHX 7IpH3 (1)
IpH3

where I, is the normalized intensity value, and Iy 3(x) is the
measured mean intensity of a given E-ZMW array at pH 3(X),
where each E-ZMW pore intensity was normalized to the
intensity obtained from the same pore at pH 3 to account for
small pore-to-pore intensity variations. The images show that
fluorescence intensity increases with solution pH, and Fig. 2B
shows the relation of I, to solution pH determined in the
confined volume of the E-ZMW nanopores. The relationship is
approximately linear from pH 3 to 8, before rolling off above pH
8. Additionally, the normalized intensity-based -calibration
curve is independent of the laser irradiance in the range 176~
353 W cm ™2 It is worth mentioning that this calibration is
obtained at 3 uM fluorescein concentration, where (1) pore ~10
molecules in each E-ZMW, emphasizing the importance of
averaging, since a given pore must contain an integer number of
both FI~ and FI*~ species.

pH-dependent spectroelectrochemistry

Next, the E-ZMW fluorescence intensity changes were tracked
during potential sweeps in the range 0.0 V> E,p, > —2.0 Vat pH
3. Fig. 3A shows series of optical images obtained from a 3 x 3
array of E-ZMW nanopores at different applied potentials,
showing an increase in intensity at the most negative potential,
—2.0 V (video available in ESIT). The intensity changes of all
nine E-ZMW nanopores were then quantified and the normal-
ized intensity displayed as a function of time/potential in
Fig. 3B. In all three cycles of the potential sweep, the intensity
remains low until the potential is within a few hundred mV of
—2.0V, at which point the fluorescence peaks sharply. However,

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Schematic diagram showing the experimental apparatus. The E-ZMW spectroelectrochemical cell is mounted on an epi-illumination
fluorescence microscope. The apparatus is capable of acquiring both cyclic voltammetry data integrated over the entire array (top right) and
fluorescence images (bottom right) yellow to blue frames. (Center right) Schematic cross-section of a single E-ZMW nanopore — red stars
represent fluorescein molecules. Only molecules within the excitation volume of the E-ZMW can emit.

the peak normalized intensity values vary from cycle to cycle for
a given E-ZMW and also from nanopore to nanopore at the same
point in a given cycle. These variation are likely due to the axial
position at which fluorescein protonation occurs as well as
variations in the nascent formation of nanobubbles (vide infra).
Interestingly, some E-ZMW nanopores, e.g. green traces in the
middle and right panel in Fig. 3B, show I,y values substan-
tially above the maximum, I;,o;m ~1.2 shown in the calibration
curve in Fig. 2B. The distribution of maximum values is
summarized in Fig. 3C. Because the calibration curve for I,orm
plateaus at ~1.2 after pH 8, even if the local pH rises above 8,
intensity values significantly exceeding 1.2 cannot be explained

A pH3 pH4 pH5 pHB6

pH 10

Fig. 2

pH7 pH 8 pH9

(A) Wide-field fluorescence images of 3 x 3 E-ZMW arrays containing 3 uM fluorescein at different pH values. Scale bars are 2 pm. (B)

by pH alone. In addition, even though I,om exceeds the ex-
pected maximum, the corresponding cyclic voltammogram,
Fig. 3D, shows a response typical of the hydrogen evolution
reaction (HER). The small peak observed in the range ~ —0.5 to
—0.7 V on the first CV cycle can be assigned to the electro-
chemical reduction of surface oxide formed on the titanium
adhesion layer. The charge, ~3 nC, associated with this small
feature is ca. 100-fold smaller than that from direct H' reduc-
tion and so is ignored in the analysis. Furthermore, the increase
in current with the CV scans is attributed to an increase in the
exposed electrochemical surface area caused by electrochemical
reduction/cleaning of the gold electrode.
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Calibration curve showing /,orm as a function of pH at two laser power densities. Error bars represent the standard deviation of mean values

obtained from 9 individual E-ZMW nanopores.

This journal is © The Royal Society of Chemistry 2020
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Potential (V vs Ag/AgCI QRE)

(A) Wide-field fluorescence images of 3 x 3 E-ZMW arrays containing 3 uM fluorescein in 0.2 M KNOs at initial pH 3. Scale bars are 2 um.

(B) Applied potential waveform (top) and corresponding normalized fluorescence intensity — time traces (bottom) for all 9 individual E-ZMW

nanopores over three potential cycles 0.0 V > E oo > —2.0 V vs. Ag/AgC

-1

lscanned at 0.1V s~ . (C) Histogram of the maximum /,o,m values of the 9

E-ZMWs shown in panel B. (D) Cyclic voltammetry current response over the same potential window.

There are two revealing observations in these potential
sweep experiments: (a) the increase in emission intensity at the
negative end of the potential range, and (b) the anomalously
large maximum I,y values observed in some experiments. In
order to probe the dependence of the emission on pH, we
characterized the luminescence resulting from pH changes
produced during potential sweeps conducted at initial pH
values of 4, 6 and 8. The results in Fig. 4 show several interesting
points. As expected, the background fluorescence level
increases with pH. Furthermore, similar to the behavior at the
negative end of the potential sweep in Fig. 3B, I,,orm remains
constant until the negative end of the potential range is
reached, at which point it increases. However, there are

10954 | Chem. Sci, 2020, 11, 10951-10958

differences depending on the initial pH. When starting at pH 4,
which corresponds to (n)pore = 360H", the intensity maximizes
at Inorm = 0.7 £ 0.1 corresponding to an equivalent pH 6.57 +
0.53 and (1)pore = 1.53 & 1.59. At a starting pH of 6, (1)pore =
3.6H", the observed changes in I, indicate pH 7.10 £ 0.27
and (1) pore = 0.32 & 0.19. Finally, at initial pH 8 solution ({1)pore
= 0.036H"), no change in I, o, is observed due to change in the
proton concentration given that pH 8 significantly exceeds the
pK, of fluorescein (~6.4). To complement these observations,
control experiments were performed using buffered solutions at
pH 4, 6 and 8, Fig. S3.t Interestingly, these experiments show no
change in normalized intensity during potential sweep, as ex-
pected, due to buffer action.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Applied potential waveform (top) and corresponding individual fluorescence normalized intensity — time traces (bottom) for 3 different E-
ZMWs containing 3 uM fluorescein. Initial pH values (A) pH 4, (B) 6, and (C) 8.

It is important to interpret the observed electrochemically-
induced fluorescence changes in the context of the shifting
FI /FI*~ equilibrium, which can also be influenced by E-ZMW
properties. Three factors are important. (1) Ion migration and
ion accumulation. It is well known that nanopores are perm-
selective, although this effect can be minimized by employing
high concentration electrolyte (0.2 M KNO;).”” Negatively
charged silica, in particular can accumulate positively charged
ions/redox species.””*® In the present experiment, we did not
observe significant permselectivity effects, as shown by the
calibration curve, Fig. 2B. I/, increases linearly with pH due to
the increase in FI>~ concentration, suggesting that the nega-
tively charged silica layer does not substantially hinder trans-
port of FI /FI*~ into the E-ZMW nanopores. (2) Optical field
distribution. The optical field decays exponentially along the
axial direction within the nanopore such that the estimated
volume of the optical field, ca. 1 aL, is 6 times smaller than the
geometric volume (~6 aL).*® This indicates that under condi-
tions used in these experiments only (1) pt,pore ~1.7 fluorescein
molecules per E-ZMW are present in the effective optical
volume. Although any given nanopore contains an integer
number of molecules at a given time, fluctuations in occupancy
do not affect the observed intensity, because images are inte-
grated over 0.1 s, while fluorescein diffuses, (7)opt,pore ~50 1S,
into and out of the effective optical volume ~2 x 10° times
during the integration period, producing the uniform intensity
values observed in Fig. 2A; (3) statistical fluctuations in E-ZMW
nanopore population. The number of F1~ and FI>~ molecules in
the E-ZMW excitation region can alter the observed intensity
due to the difference in their fluorescence quantum yield. To
help elucidate the effect of FI /FI*>~ distribution we performed
a Monte Carlo simulation at pH 6, because it close to the pK,
(6.4) of fluorescein, Fig. S4.1 Even though the ratio of FI* /F1~ is
0.40 at pH 6 based on Henderson-Hasselbalch equation, the
Monte Carlo simulation provides an integer number distribu-
tion of FI>7/FI~ within the E-ZMW. Based on 10 000 iterations,
the distributions in Fig. S4C and Df show the number of FI™

This journal is © The Royal Society of Chemistry 2020

and FI>~ to be 7 + 1 and 3 + 1, respectively for single E-ZMW
with an average capacity of 10 molecules. Thus, the expected
FI>7/F1” ratio under these conditions is 0.43 + 0.15 in good
agreement with the equilibrium calculation. The simulation
emphasizes that the observed fluorescence intensity at the
single ion limit results from a time-averaged combination of
three stochastic phenomena: (a) the presence of H' ions and the
propensity for them to be transported to - and reduced at - the
working electrode, (b) the presence of the FI* /FI~ within the
optical excitation volume, and (c) the FI> /F1~ equilibrium. The
100 ms time constant of the image acquisition smooths out the
individual fluctuations, as shown in Fig. S4,f in all three
phenomena and recovers the steady-state-like E-ZMW fluores-
cence signal observed experimentally.

H, nanobubble formation

The other key observation from Fig. 3 concerns the anomalous
maximum I,,,., values. To further elucidate this observation,
the experiment was repeated using another E-ZMW structure
and scanned over a more limited range, 0.0 V> E,pp > —1.5 'V,
Fig. S5.1 These abbreviated scan experiments were performed:
(1) to test whether applying large negative potentials is solely
responsible for the observation of substantially elevated I;,orm
values in Fig. 3, and (2) to control for any possible electrode-
position of Pt ions (oxidized from the counterelectrode) at the
Au electrode/optical cladding layer of the E-ZMW. As shown in
Fig. S5,T even scanning the potential to —1.5 V produces I;,orm
values exceeding the maximum normalized intensity value at =
pH 8 in Fig. 2. Furthermore, Fig. S5B7 clearly indicates that the
electrochemistry does not vary appreciably between scans, even
though the maximum I,,o;m, values vary significantly. Repeating
this experiment multiple times with different substrates,
a histogram of maximum normalized value from 50 individual
E-ZMWs is obtained. Fig. S6,7 shows that, far from being an
anomalous observation, the majority (~90%) of E-ZMWs exhibit
I,orm values exceeding the pH 8 value.

Chem. Sci., 2020, 1, 10951-10958 | 10955
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Next, the experiment was repeated in 0.1 M pH 3 phosphate
buffer solution, as shown in Fig. S7,1 and the results compared
to those obtained from unbuffered solution. In the over-
whelming majority [94% of 50 E-ZMWs] of cases, no changes in
fluorescence intensity were observed, as exemplified by the
brown and blue traces in Fig. S7.7 The presence of the buffer
clearly results in a very different electrofluorogenic lumines-
cence behavior, indicating that the observation of anomalously
high I,,orm values in unbuffered solutions at the most negative
potentials is not an artifact. In addition, these results inform
the plausible mechanisms to explain the substantially increased
maximum /I, values. In particular, the calibration curve and
the results of the potential sweep experiments in buffered
solutions argue strongly that the large fluorescence spikes are
not the result of altered F1 /FI>~ ratios.

The electrochemical currents in Fig. 3D make it possible to
calculate the total charge passed. Allowing for variation in
maximum reduction currents among different cycles (40-90
nA), the estimated charge is ~200 nC, corresponding to the
reduction of 1.2 x 10" H' ions. This charge cannot be
accounted for solely by the initial population of H" at pH 3. In
the 9 nanopores over which the current is integrated, ~3.2 x
10" protons initially reside in the nanopores - or somewhat
more, if permselectivity is taken into account. There are two
possible ways this apparent limit could be circumvented: (1)
direct reduction of water by the HER, or (2) diffusion of H' from
bulk solution into the nanopores. After reduction of all the H"
ions initially in the nanopore (discounting impurities) direct
reduction of water would be the only viable faradaic process.
Thus, after the reduction of initially resident H' ions faradaic
current would have to be supported by a combination of H"
replenished by diffusion from bulk solution or by direct HER of
water. Ignoring activity effects, the last H' ion left in a nanopore
would represent a local pH ~6.5, further supporting the
conclusion that the non-canonical I,,., values are not due to
acid-base chemistry of FI /FI>". If H" were able to diffuse to the
E-ZMW array from a hemispherical volume, taking the diffusion
coefficient of H' in H,O at 300 K to be ~1 x 10~* cm* s™*, and
estimating the time window of reduction to be 4 s total, the
diffusive boundary hemisphere would be ~0.25 uL, which at pH
3 would encompass ~250 pmol, or ~1.5 x 10" H" ions. Thus,
the diffusive replacement mechanism would be able to
replenish H' ions reduced to H, within the nanopores. Obvi-
ously the mass transport problem for bulk H,O is even less
restrictive. Thus, a combination of H' diffusion and direct HER
is certainly feasible.

If direct acid-base chemistry is not likely responsible for the
anomalously large fluorescence spikes, what is? An intriguing
possibility is the formation of H, nanobubbles, which could
alter the fluorescence emission intensity in at least two ways, as
shown schematically in Fig. S8.1 First, fluorescein molecules
can adsorb at the H,-solution interface, which can increase the
fluorescence intensity substantially by allowing additional
fluorescein to diffuse into the E-ZMW and, as previously re-
ported, fluorescence at the air-water interface is 60 times
stronger than in the bulk.>** Furthermore, the presence of the
nanobubble changes the effective dielectric response function

10956 | Chem. Sci, 2020, 1, 10951-10958

View Article Online

Edge Article

of the E-ZMW nanopore, thereby altering the outcoupling effi-
ciency for emitted radiation.

To determine if the H, nanobubble hypothesis is plausible,
we first determined the bubble parameters based on observed
electrochemical currents and nanopore geometry. Bubble
formation is determined by the rate at which H, is generated
electrochemically, which in turn is governed by the observed
currents. The maximum observed current in Fig. 3D, 90 nA,
corresponds to 10 nA per nanopore. The current at a recessed
disk electrode is related to the concentration of H, generated by,

i]im (4/’1 -+ TC}")

= 2
Cr 4mnFDr? 2)

where i, = the limiting current, # = recess distance, r =
effective electrode radius, n = number of electrons transferred,
F = Faraday's constant, and D = diffusion coefficient.
Combining this with the Henry's Law constant, Ky (0.78 mM
atm ') yields the H, pressure,

PH2 = CHZ/KH [3)

which, in turn, is the sum of the external, P, and Laplace,
Praplace = 27Y/np Pressures, where v = surface tension, and r,, =
radius of the nanobubble. Using a limiting current of 10 nA per
nanopore gives an H, pressure of 116.8 atm. The resulting 116.8
atm Laplace pressure is consistent with an H, bubble of radius
~12 nm. A nanoband electrode in the shape of a right conical
frustum with bottom and top diameters of ~95 nm and
~190 nm, respectively (see Fig. S2t), is certainly capable of
accommodating a nanobubble of this size.

To test the nanobubble hypothesis further, we conducted
two sets of experiments. First, the calibration, Fig. S9,f and
potential sweep, Fig. S10,f experiments were repeated using
a Pt-based E-ZMW instead of Au. Although the calibration curve
is very similar to that observed with Au, Fig. 2B, I,om values
exceeding the maximum from the calibration curve (Iorm > 1.2)
were also observed, Fig. S10,f confirming that the anomalous
emission intensity phenomenon is independent of electrode
material. Second, the pH-insensitive Alexa 488 fluorophore was
employed, and a decrease in fluorescence intensity was
observed over most of the potential range with the exception of
the region near —1.5 V, where a small but reproducible increase
was observed over multiple cycles and multiple pores, indicated
by blue arrows in Fig. 5. Gooding and co-workers have docu-
mented the electrochemical reduction of Alexa 488 and
accompanying fluorescence quenching over most of the nega-
tive portions of the potential range explored here.*” We attribute
the modest increase in emission intensity observed at the most
negative potentials in Fig. 5 to a small population of unreacted
Alexa 488 whose intensity is enhanced by interaction with an H,
nanobubble, thus supporting the formation of nanobubbles
even under these conditions, which mitigate against
fluorescence.

White and co-workers identified a critical concentration of
H, (0.23 M) for the formation of nanobubbles, whereas in the
present experiments a lower H' concentration (pH 3) is

observed to produce H, nanobubbles.**** However, the

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Applied potential waveform (top) and corresponding individual
fluorescence normalized intensity — time traces (bottom) for 3
different E-ZMWs containing 3 pM redox-active AlexaFluor 488. Blue
arrows indicate increase in fluorescence intensity at the negative end
of the potential sweep.

nanobubbles observed here form randomly and are unstable.
For example, the green trace in the middle panel of Fig. 3B,
exhibits an I,orm above 1.2 for the first potential cycle, consis-
tent with nanobubble formation, whereas in the second and
third cycle no evidence of nanobubbles is observed. The
distribution of maximum I,o;m values shown in Fig. S61 also
makes it clear that the formation of nanobubble nuclei with
resulting anomalous (lorm > 1.2) maximum fluorescence
intensities is frequently, but not uniformly, observed. This is
confirmed by the typical data in Fig. S11A,} where the modest
increase in emission intensity is observed in the third cycle, but
not in the first two. It is likely that the confined environment of
the annular nanoband electrode in the E-ZMW affects nano-
bubble formation, but further experiments are required to
better understand the role of E-ZMW geometry and materials. It
is also worth noting that White and co-workers observed
a characteristic decrease in the current due to blockage of the
electroactive area by the nanobubble for electrodes with r <
50 nm. In the current experiments, we used nanocylindrical ring
electrodes with substantially larger surface area, and measured

This journal is © The Royal Society of Chemistry 2020
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current integrated over an ensemble of 9 nanopores, so we did
not observe any blockage-related current features.

In conclusion, electrochemical-fluorescence microscopy
with pH-responsive fluorescein was used to study redox-
modulated acid-base chemistry inside attoliter volume E-
ZMW nanopores under conditions that encompass the single
ion limit. The overarching behavior of these structures involves
the local depletion of H" and concomitant formation of H,
inside the nanopore at the most negative potentials. The local
pH was measured through the normalized fluorescence emis-
sion, which depends on the ratio FI>"/FI~ which in turn
depends on [H']. Near pH 7 these measurements involve a small
discrete number of protons interacting with a small population
of fluorescein molecules. Averaging over large times (relative to
diffusive transport into and out of the E-ZMW nanopores)
produces fluorescence intensities that smooth out fluctuations
in (a) H" population, (b) the presence of the FI*"/Fl~ within the
optical excitation volume, and (c) the FI>"/F1~ equilibrium.

In addition, in a plurality of cases, anomalously large fluo-
rescence intensities were observed at the most negative poten-
tials. Based on a consideration of the limiting currents,
nanopore geometries, and intensity distributions we attribute
the higher intensity to the formation of H, nanobubbles, which
both traps fluorophores at the H,-water interface thereby
enhancing the fluorescence intensity and also alters radiative
outcoupling. Together these observations enable optical studies
of the HER at the single entity level, making it possible to better
understand nanobubble formation at the electrode-electrolyte
interface. In addition, they may open the door to new diag-
nostics applications, such as DNA sequencing, by optical
measurement of H' release or consumption.
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