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ABSTRACT: We describe micro- and nanoelectrode array analysis with an automated version of the array microcell method
(AMCM). Characterization of hundreds of electrodes, with diameters ranging from 100 nm to 2 μm, was carried out by using
AMCM voltammetry and chronoamperometry. The influence of solvent evaporation on mass transport in the AMCM pipette and
the resultant electrochemical response were investigated, with experimental results supported by finite element method simulations.
We also describe the application of AMCM to high-throughput single-entity electrochemistry in measurements of stochastic
nanoparticle impacts. Collision experiments recorded 3270 single-particle events from 671 electrodes. Data collection parameters
were optimized to enable these experiments to be completed in a few hours, and the collision transient sizes were analyzed with a U-
Net deep learning model. Elucidation of collision transient sizes by histograms from these experiments was enhanced due to the large
sample size possible with AMCM.

■ INTRODUCTION
Single-entity electrochemistry (SEE) entails the one-at-a-time
characterization of individual entities of interest, such as cells,
(nano)particles, molecules, etc., with a discrete electrochemical
response assignable to each entity measured.1−4 SEE measure-
ments provide a means to capture the complexity and
variability of a population sampled. Among SEE experiments,
particle collision electrochemistry has received much attention
since the 2004 report by Lemay and co-workers.5 Collision
experiment studies include fundamental electrochemistry,6−10

sensing,11,12 and catalysis.6,13−15 Reports of entities of just a
few nanometers in size16,17 with transient current magnitudes
as low as ∼200 fA13 have also been described. Collision studies
can be categorized by the event type such as blocking, catalytic,
or particle coulometry18 and are typically performed using
individual microelectrodes to study a relatively small number
of collisions. Only a few reports have been published
containing >1000 events for a single system.19 Specifically
for blocking-type collisions, the maximum number of events
that can be recorded at a single electrode may be as low as 10

or fewer because of the larger size of the colliding entities (e.g.,
polymer microspheres or bacteria) relative to the size of the
electrode. These small sample sizes (typically less than 300
events) limit the applicability of collision methods to problems
involving heterogeneous analyte particle populations. High-
throughput methods for electrochemical analysis using arrays
of macroscale electrodes exist,20−22 but tools applicable to
micro- and nanoscale systems are limited.23 Beyond the
extension of serial electrochemical methods to new analytes,
high-throughput approaches also provide opportunities to
improve statistical validation, theoretical simulations, and
machine learning approaches. Here, we describe the
application of the array microcell method (AMCM) to high-
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throughput SEE measurements of nanoparticle collisions.24

Findings offer insight into collision experiments and suggest
broader application of AMCM in high-throughput electro-
analysis.
AMCM is a scanning droplet method analogous to probe-

based electrochemical platforms like scanning capillary
microscopy,25 scanning microcapillary contact method,26−28

and scanning electrochemical cell microscopy.29 Such
techniques have found use in high-throughput SEE studies23

including single-particle characterization, surface modification,
electrodeposition, and corrosion.4,24,25,30,31 AMCM uses a
relatively large pipette [30−50 μm inner diameter (I.D.)] and
operates in a two-electrode configuration consisting of a quasi-
reference counter electrode inside of the pipette (loaded with
electrolyte solution), with the working electrode being a single
micro- or nanodisk in a microelectrode array (MEA).32

Electrodes in the MEA are nominally an order of magnitude
smaller than the opening of the pipette. A small volume
electrochemical cell is formed between an electrolyte droplet at
the pipette tip and an electrode in the MEA, with the
microelectrode disk defining the working electrode area, and
the droplet and pipette shank defining the volume of the
electrochemical cell. Moving the pipette between disks in the
MEA allows each electrode to be individually addressable
without complex wiring, facilitating serial electrochemical
measurements. A version of AMCM was nominally described
in 2018 for corrosion applications33 and expanded to studies of
electrodeposition24 and characterization of combinatorial
materials.34

During AMCM, each electrode can be controlled
independently (i.e., potential program, sweep rate, etc.).
When the droplet contacts a new electrode of the array, a
new electrochemical experiment can be carried out in a serial
fashion. With known array spacing, pitch, and dimension, the
pipette positioning protocol can be optimized to match the
array.31 Here, we take advantage of these features to automate
pipette movement with a field-programmable gate array
(FPGA), which enables high-throughput analysis.
We benchmark the performance of automated AMCM for

high-throughput measurements via characterization of nano-
electrode arrays (NEAs) and MEAs by cyclic voltammetry and
chronoamperometry (CA). Diffusion/evaporation effects in
the AMCM droplet geometry are considered with finite
element method (FEM) simulations.35 High-throughput SEE
particle impact experiments with 500 nm polystyrene (PS)
beads at 2.1 μm diameter Au disk electrode arrays were then
performed and analyzed. Collision experiments yielded 3270
single-particle events from 671 electrodes. Data collection
parameters were optimized to perform experiments in a few
hours, and the results were amenable to evaluation with a U-
Net deep learning model.

■ MATERIALS AND METHODS
Chemicals. Solutions were prepared with deionized water

(resistivity = 18.2 MΩ cm, Thermo Scientific). The following
chemicals and materials were used as received: hydroxyme-
thylferrocene (FcMeOH, 99%, Strem Chemicals), H2SO4
(Macron Chemicals), KCl (VWR Analytical grade), HClO4
(concentrated, Fischer Scientific), chlorotrimethylsilane
(Sigma-Aldrich), ethanol (200 proof, Decon Laboratories),
and PS beads (500 nm diameter, PS03N, Bangs Laboratories,
Inc.).

Microfabrication. Platinum nanoelectrode arrays (Pt
NEAs) and Au MEAs were fabricated by lithography and
deposition techniques, as summarized in Figures S1 and S2,
with layout as shown in Figure S3.
Array Microcell Method. Micropipettes and electrode

arrays were fabricated, as described in Supporting Information.
The automated AMCM setup was as shown in Figure 1. The

electrode array was positioned before scanning via x,y,z stepper
motors (T-JOY3 joystick control, Zaber). Positioning of the
pipette was performed using a second set of x,y,z stepper
motors with fine control (MMP3, Mad City Laboratories Inc.)
and was aided by a magnified camera. During scanning, only
the pipette is manipulated, while the sample remains
stationary. A Chem-Clamp potentiostat (Dagan) with a 1 V/
nA current amplifier head stage was used for the electro-
chemical measurements. An FPGA (sbRIO-9626, National
Instruments) was used to collect data and control the
potentiostat. The entire setup was placed in a Faraday cage
and set on an air table for vibration isolation. A complete
description of the AMCM scanning protocol and insurance
mechanism, used to prevent pipette crashes, is detailed in
Figure S4 with supplementary text. In brief, a bias (Eapp) is
applied between the pipette and MEA during approach until
electrical contact is made causing a current spike trigger,
halting the pipette. An electrochemical measurement is then
carried out before the pipette retracts and moves to the next
electrode. This continues in a raster scan, where each pixel of
the scan corresponds to a single electrode of the array.
Evaporation of solvent from the pipette tip during the
experimental setup caused excess analyte to build up, which
was normalized following the first row of measurements of
each scan. Data from electrodes in the first row, electrodes
where the insurance mechanism was required, or electrodes
where poor electrical contact was made were removed from
the data set before further analysis.
An inner environmental chamber that contains the sample

and pipette is purged with water-saturated N2 gas. A wet
sponge also surrounded the sample. A larger chamber encloses
the sample stage, pipette holder, and positioning camera in a

Figure 1. AMCM schematic for fully automated scanning and
electrochemical measurements at an electrode array. Pipette
approaches with Eapp applied to trigger current response upon droplet
contact with the electrode, measured via iWE. Environmental control
consists of a humidity chamber with flowing humidified N2 gas and a
temperature/humidity sensor.
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polycarbonate box. Humidity and temperature sensors were
installed directly above sample surface, ∼10 mm away from the
pipette tip during measurements. All AMCM experiments were
performed at ∼80% relative humidity, which was the optimal
humidity for preventing excess evaporation and ensured that
electrical connections to the working electrode were dry.
Electrochemistry and Collision Experiments. To

remove stray capacitance, AMCM CVs shown were back-
ground subtracted using a voltammogram where no electrical
contact was made between the droplet and electrode array. To
extract E1/2 and ΔE values from the CVs, a 40 Hz notch filter
(quality factor q = 1) was applied to remove excess noise for
each scan. Values for E1/2 were found from the global
minimum in the first derivative of each CV. Values for ΔE
were calculated as |E3/4 − E1/4|, where E3/4 and E1/4 are the
normalized 3/4 and 1/4 wave potentials, respectively.36

Collision experiments for 500 nm diameter PS beads were
recorded with beads loaded into the AMCM pipette from the
start of the experiment. The filling solution for these
experiments was prepared by adding 6 μL of aqueous PS
bead stock (diluted 25-fold from the commercial suspension)
and 0.5 mL of 2 mM FcMeOH with 0.7 mM KCl. To
minimize the aggregation of the beads, the filling solution was
sonicated for 2 min immediately before filling each pipette. All
CA experiments were conducted with AMCM by applying
potential step from −0.1 V (200 ms) to 0.4 V (10 s) vs Ag/
AgCl, and current was collected at a sampling rate of 2 kHz.
Collision events were quantitated via a modified U-Net deep

learning model written in PyTorch that was trained with
synthesized and experimental data. Step height and Ilim were
then extracted at each event. Up to 12 collision events were
analyzed per electrode, with subsequent events being rejected
to prevent analysis of collisions occurring from multilayers of
particles. Current−time transients from t = 2−10 s were
analyzed. Details of the U-Net model, training, and
postprocessing are included in Supporting Information. Code
is available on GitHub for free at https://github.com/
KLDistance/unet_collision_detector.
FEM Simulations. FEM simulations of AMCM experi-

ments were performed using COMSOL Multiphysics v 6.1.
Simulations of AMCM are detailed in Supporting Information,
including determination of the meniscus solution velocity due
to evaporation (vdry). In the figures, all simulated data are
plotted as dashed lines and experimental data as solid lines.

■ RESULTS AND DISCUSSION
Preparation and Electrochemical Characterization of

Au MEA and Pt NEA. NEAs and MEAs were produced by
standard microfabrication techniques (Figures S1 and S2) in a
clean room environment. Wafer-level fabrication produced 16
chips for measurement containing 3.6 K electrodes each.
Arrays were fabricated with a single conductive layer (Au or
Pt), with an insulative layer defined by etched features in a 90
nm layer of SiNx. A recessed electrode geometry results, with
Pt NEAs that contained electrode diameters of nominally 505,
330, and 100 nm (Figure S1), and Au MEAs that were 2.1 μm
in diameter (Figure S2). An additional layer of patterned resist
atop the SiNx contained labels and position indicators and
created a visible circle around each electrode that was 40 μm in
diameter (Figure S3). This layer is necessary for visualization
of the array via optical cameras, provides a hydrophobic surface
for stable droplet formation during AMCM, and minimizes
parasitic capacitance. Ratios of the inner pipette to electrode

radii were maintained at >20 to minimize the geometry effects
on mass transport.37

Consistency of the electrodes within an array was assessed
with electrochemical measurements. Electrode quality was
inferred through kinetic measurements of the ideal redox probe
FcMeOH. The AMCM setup and scanning protocol are
described in Figure 1 and in Supporting Information, including
Figure S4. Voltammograms at Au MEAs and Pt NEAs were
collected by using micropipettes (Au MEA I.D. 35 μm O.D. 61
μm, Pt NEA I.D. 45 O.D. 75 μm) filled with 2 mM FcMeOH
and 25 mM KCl. The filling solution for NEA experiments also
included 4% v/v ethanol to improve wetting. A map of the
extracted transport limited current (Ilim) at 0.6 V vs Ag/AgCl
and the corresponding relative probe-to-substrate distance
(Dps) map are presented in Figure 2a,b, respectively. The scan

began at the x,y position 0,0 and continued down the y-axis.
The AMCM scanning protocol is configured to ensure that
recessed electrodes of the array are properly aligned with the
pipette tip. However, the protocol includes an “insurance
mechanism”, which prevents probe crash in the event no
electrical contact is made between the pipette meniscus and an

Figure 2. Heat maps of the Ilim current extracted at 0.6 V vs Ag/AgCl
from voltammograms of FcMeOH oxidation (a) and the relative Dps
recorded by the z-axis of the pipette stepper-motor (b) at 2.1 μm
diameter electrodes within a 15 × 9 array with 135 total electrodes
measured. Pipettes (I.D. 35 μm O.D. 61 μm) were filled with 2 mM
FcMeOH and 25 mM KCl, and all voltammograms were recorded at
100 mV/s.
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electrode (see Supporting Information for description). Larger
electrodes (e.g., >1 μm diameter) were found to wet easily
upon contact, and scans proceeded across the 15 × 9 array
(135 electrodes total) without interference, as exhibited by the
homogeneous electrode response (Ilim ± standard deviation =
−0.81 ± 0.04 nA) and the minimal relative Dps variation (∼3
μm) shown in Figure 2. Using heat maps to visualize the data
provides insight into the disparity in electrochemical response
across the array. For example, maps revealed an e-beam
lithography error that produced two electrodes (confirmed by
electron microscopy) in one row of the array for 505 nm
diameter Pt NEAs (Figure S6), which was observed as an
increase in Ilim for FcMeOH oxidation (Figure S7). The
average Ilim difference between the erroneous double feature
and standard 505 nm diameter Pt electrodes at 0.6 V was 56
pA, highlighting both the uniformity in the electrode response
and the ability to characterize a large number of electrodes
with precision. Electrodes with such errors, or positions at
which the insurance mechanism was triggered, were identified
and excluded from further analysis. Properly formed electrodes
show no sign of leakage of the SiNx layer,

38 further validating
array quality.
Aggregate AMCM voltammetry results for FcMeOH

oxidation on Au-MEAs and Pt-NEAs are shown in Figure 3.
The averaged forward sweep from voltammograms at 2.1 μm
Au-MEA, 505, 330, and 100 nm Pt-NEAs are shown with the
corresponding electron micrographs in Figure 3a−d. The
sigmoidal shape of voltammograms at Pt NEAs is indicative of
a radial diffusion profile produced at each electrode similar to
conventional ultramicroelectrodes (UME).39 Deviation in Ilim
and shape of voltammograms, from the behavior of a disk
UME40 in a conventional cell for 2.1 μm disk diameter Au-
MEA, was investigated in detail with FEM simulations.
Histograms of E1/2 and ΔE values extracted from AMCM
voltammograms are presented in Figure 3e−f. For 2.1 μm

diameter Au MEAs, the extracted E1/2 and ΔE values were 201
± 3 mV vs Ag/AgCl and 57 ± 1 mV, respectively. The ΔE
value is consistent with reversible one electron transfer using
the Tomes ̌ criterion.41
The known formal potential for the oxidation of FcMeOH is

0.197 V vs Ag/AgCl,42,43 and the measured E1/2 values for 505,
330, and 100 nm electrodes were 195 ± 1, 197 ± 1, and 199 ±
4 mV vs Ag/AgCl, respectively. For 505 and 330 nm diameter
Pt electrodes, ΔE was 61 ± 2 and 59 ± 2 mV, respectively,
while 100 nm electrodes exhibited ΔE of 73 ± 7 mV (Figure
3e). We postulate two possible causes for the shift in the ΔE at
100 nm diameter Pt NEAs. First, the ratio of recess depth and
electrode radius is approximately 1.7, which is large enough to
cause geometry-dependent change in mass transport at the
electrode surface and lead to deviation in the calculated ΔE.37
Second, small remnants of SiNx, undetectable by standard
characterization methods, such as SEM, are more likely to
remain on smaller electrodes after reactive ion etching.
Partially blocked electrodes could result in slower apparent
kinetics.44,45 Smaller electrodes (<100 nm diameter) have also
been reported to exhibit slower apparent kinetics in
voltammetric measurements; however, this is experimentally
improbable to observe at the size range explored in this
study.46

Environmental and Geometric Effects on the AMCM
Electrochemical Response. AMCM voltammetry displays
two critical differences from the expected behavior for
conventional disk UMEs: first, a deviation in shape including
a nonzero current at the start of the experiment (i.e., when Eapp
≪ E1/2) and second, recorded values of Ilim for FcMeOH
oxidation being larger than what the UME theory permits. We
attribute these differences to the combined influences of the
AMCM geometry and solvent drying at the pipette meniscus.
These effects were investigated by comparing experimental
AMCM CVs and CAs to FEM simulations.

Figure 3. Electron micrographs and the averaged forward sweep from AMCM cyclic voltammograms of FcMeOH oxidation at nominally (a) 2.1
μm diameter Au electrodes and Pt nanoelectrode diameters of (b) 550 nm, (c) 330, and (d) 100 nm diameter Pt electrodes, respectively. Pipettes
were filled with 2 mM FcMeOH and25 mM KCl (and 4% v/v EtOH for Pt NEA measurements); all voltammograms recorded at 100 mV/s and
error bars represent the standard deviation. Extracted (e) E1/2 and (f) ΔE from voltammograms in (a−d); error bars are the square root of the
number of counts in each bin.
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During AMCM, the pipette−substrate contact produces a
meniscus near the pipette outer radius, around 1−4 μm tall,
where the electrolyte solution is exposed to air in the humidity
cell. Our findings suggest that the small amount of solvent
evaporation occurring at this pinned meniscus creates
convection inside the pipette, which increases the transport
of FcMeOH at the MEA disk. A similar phenomenon has been
investigated previously in microfluidics applications to produce
evaporative pumping in microchannels.32 Drying further
increases the amount of FcMeOH available to the MEA disk
due to the accumulation of FcMeOH near the meniscus as the
evaporating electrolyte solution is replenished from the back of
the pipette.47−49

To implement evaporation at the pipette meniscus in the
FEM simulation, the meniscus was assigned an outflow
velocity boundary condition in a Navier−Stokes simulation,
with a coupled flux boundary condition in the Nernst−Planck
simulation (Figure S8). A meniscus outflow velocity (vdry),
analogous to an evaporation rate, was set to 6−8 μm/s by
adjusting its value so that the simulated CA for a set of three
Au-MEA disk diameters (2.1, 4.4, and 6.6 μm) matched those
from the experiments shown in Figure S9a. The flux boundary
condition set the net flux (diffusion and convection) of
FcMeOH/FcMeOH+ to 0; with the coupled velocity
condition, this had the effect of producing diffusive flux
dependent on vdry at the meniscus, i.e., solutes are concentrated
as the solvent evaporates and convection is generated to
replace the lost solvent.47−49 This simplified approach to
modeling the solvent evaporation is realistic here because the
amount of evaporation is low due to the humidity cell, and the
MEA disk is relatively far from the drying meniscus. Figure 4

shows an averaged, measured AMCM CA for 2.1 μm diameter
Au electrodes plotted with the results from the FEM model.
The three simulated current plots are AMCM configuration
with evaporation at the meniscus (blue), AMCM configuration
without evaporation (red), and a UME in a large volume cell
(green).
To accurately reflect the small amount of additional drying

that occurs before the start of the experiment (i.e., when the
pipette is moved to a new disk), simulations included a 15 s
accumulation period in which drying was allowed to occur, but
the MEA disk was deactivated for FcMeOH oxidation by

setting Eapp = −0.3 V vs Ef. After the accumulation period, Eapp
was stepped to produce simulated data with Dps = 2 μm and
vdry = 6 or 8 μm/s, as shown in Figures 4 and S10, respectively.
Concentration profiles, solution velocities, and concentration
with arrow plots showing convective and diffusive flux of
FcMeOH are shown in Figures S11 and S12. Models establish
that drying at the meniscus increases the transport of FcMeOH
to the disk by two mechanisms: convection toward the disk
from the back of the pipette by flow of the solution and
diffusion, which further increases the FcMeOH concentration
in the droplet due to accumulation of the solute at the drying
meniscus.
Chronoamperograms in Figure 4 exhibit a decrease in the

transport limited current magnitude over time for both the
experimental data and AMCM models. This occurs because in
the confined geometry of AMCM, FcMeOH is steadily
depleted in the droplet faster than it can be replenished
from the pipette. This depletion effect is further illustrated by
the dependence on electrode size shown in Figure S7a, where
larger electrodes exhibit a steeper decrease in the current
response for both experiments and simulations. Convective
flux can replenish the droplet cell, affecting the rate of
FcMeOH depletion, where a higher vdry, larger Dps, or larger
pipette will increase the convection of the solution toward the
pipette tip, counteracting the low FcMeOH diffusive flux.
Eventually, as more evaporation occurs, convection will
dominate, causing an increase in oxidation current over time,
as shown by the simulated responses in Figure S7b. At very
high rates of evaporation (which were not observed here),
transport of FcMeOH (or any other analyte) will be impacted
by its solubility, setting an upper limit on evaporative effects.
The effect of the AMCM geometry and evaporation is analyzed
in detail in the Supporting Information for voltammogram
measurements (Figure S10).
High-Throughput Single-Entity Nanoparticle Colli-

sion Studies with AMCM. Automated AMCM provides an
excellent opportunity to examine particle collision experiments
in a high-throughput manner. AMCM particle collision
experiments were performed with 2.1 μm diameter Au MEAs
and 500 nm diameter PS beads (pipette I.D. 45 μm, O.D. 75
μm). In addition to beads, pipettes were filled with 2 mM
FcMeOH and 0.7 mM KCl solution. At each electrode, Eapp =
0.4 V vs Ag/AgCl was applied for 10 s to facilitate the
migration of the negatively charged PS beads to the Au surface
during FcMeOH oxidation.5 Representative AMCM CA traces
containing steps correlating to particle adsorption are shown in
Figure 5 (additional CA collision data in Figure S13), with an
illustration of a single particle on an electrode to scale.
Quantitation of 3270 collisions events from 671 electrodes was
performed by a deep learning modified U-Net model. The U-
Net model was pretrained with synthesized CA curves
containing steps and was fine-tuned using experimental CAs
of FcMeOH oxidation. Step magnitudes were captured by
taking the difference between the average of 8 px before and
after the rising edge of each event in a post-processing step.
Details of data analysis via deep learning are listed in
Supporting Information (Figure S5).
A histogram of the step heights normalized to the baseline

current is shown in Figure 6a. A bimodal distribution was
observed in step heights, with distributions centered at 3.35
and 18.85‰ (Figure 6a). Peaks in distributions arise because
the normal flux of the redox species is not uniform over the
MEA disk surface; larger steps are observed when particles

Figure 4. Comparison of averaged AMCM chronoamperograms
(solid line, N = 135) at 2.1 μm Au electrodes and the simulated
response (dashed lines) with (vdry = 6 μm/s) and without (vdry = 0
μm/s) evaporation physics. Pipette (I.D. 35 μm O.D. 61 μm) filled
with 2 mM FcMeOH and 25 mM KCl.
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land at the electrode edge than when they land at the
center.50,51

Current steps resulting from particles adsorbed at different
radial positions on the electrode surface were simulated to
correlate the step height with the particle landing location.
Simulated step heights and total FcMeOH flux 100 nm above
the electrode surface are plotted versus the particle position in
Figure 6b. Similar to experiments using conventional UMEs,
simulated steps show dependence of flux as a function of
particle position on the electrode.50−52 Electrode geometry was
divided into three categories, defined by the radial position of
the particle on the electrode (see Figure 6b): center (0−0.6
μm), edge (0.6−1.05 μm), and SiNx (1.05−1.4 μm). For
simulated positions with r ≥ 1.05 μm, the particle rests on the
SiNx ledge. From these simulations, events with a step
magnitude of 2−12.5 and 10 to 15‰ were attributed to
collisions at the SiNx and center regions, respectively.
Collisions at the electrode edge comprise most of the events
ranging from 12.5 to 25‰. The measured peak step height at
the electrode edge was 18.8‰. Simulated step height for the
position nearest the electrode edge (0.85 μm) was 18.02 and
18.14‰ with (vdry = 6 μm/s) and without (vdry = 0 μm/s)
evaporation (Figure 6b). Simulations establish that convection
caused by evaporation in these experiments does not have a
significant effect on the expected step heights as a function of

the landing location of the particle. Flux of FcMeOH rapidly
drops at the electrode edge, leading to collisions with step
heights of roughly 2 to 14.5‰ with a peak at 3.35‰, as shown
in Figure 6a. However, there is more variation in the geometry
at the Au/SiNx interface, making it possible that some
collisions classified as “edge” may be on the SiNx ledge. In
addition, simulated step magnitudes at a radius of 1.05−1.4 μm
are between 4.3 and 12.5‰ (Figure 6b), indicating that the
measured collision events <4‰ are either particles beyond a
radius of 1.4 μm moving on the electrode surface51 or colliding
on top of previously adsorbed particles.
SEE particle collisions at 671 electrodes were collected by

AMCM in ∼5 h of experiments, including sample preparation,
where four to five collisions were recorded on average per
electrode. Traditional methods employing single UMEs for
each collision experiment would require multiple days to
weeks, estimating a nominal experimental acquisition time at
an individual electrode of ∼15 min. The bimodal distribution
in Figure 6 has been reported previously for disk UMEs by
Moazzenzade and co-workers;48 the present study provides
additional experimental confirmation with statistical validation
owing to the large sample size enabled by automated AMCM.

■ CONCLUSIONS
We have advanced AMCM to allow for automated serial
measurements of hundreds of electrodes in a single experi-
ment. Cyclic voltammetry and CA using AMCM at electrodes
0.1−2 μm in diameter were demonstrated and analyzed. SEE
measurements of nanoparticle collisions with machine
learning-aided data analysis confirm AMCM as a suitable
tool for high-throughput SEE experiments at the microscale.
By the combination of automated instrumentation, micro-
fabrication, and data analysis, AMCM provides a route to high-
throughput, serial electrochemical experimentation.

■ ASSOCIATED CONTENT
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The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.analchem.4c01092.

Additional experimental details, methods, AMCM
electrochemical data, and FEM simulations of CA/CV
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Figure 5. Chronoamperograms from three 2.1 μm diameter Au
electrodes where Eapp was held at 0.4 V vs Ag/AgCl for 10 s. Pipettes
contained 500 nm PS beads in 2 mM FcMeOH and 0.7 mM KCl.
Inset is a to-scale illustration of a single 500 nm bead at an electrode
surface.

Figure 6. (a) Histogram of step frequency where step heights (Istep) are normalized to the baseline transport limited current (Ilim) just before each
event. (b) Simulated normalized step height across the electrode surface without (black boxes) and with (red boxes) evaporation. Solid black line is
the simulated FcMeOH flux where Vdry = 6 μm/s from the 2D axisymmetric model with the same dimensions and conditions as the collision
model.
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