
Sensitive Imaging of Electroactive Species in Plasmonic
Electrochemical Microscopy Enabled by Nanoconfinement
Samuel Groysman, Yisi Chen, Adaly Garcia, Christian Martinez, Kevin Diego-Perez, Miriam Benavides,
Yi Chen, Zijian Wan, Shaopeng Wang, Rujia Liu, Dengchao Wang, Chong Liu,* and Yixian Wang*

Cite This: ACS Electrochem. 2025, 1, 974−986 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Spatially resolved sensing is a burgeoning area of electrochemistry that, in contrast to traditional electrochemical
techniques, allows for the analysis of heterogeneous systems such as neurotransmitter release from cells. Of these techniques, optical
microscopy methods are valued for real-time high throughput sensing. However, improving the sensitivity of many optical
techniques remains a challenge. Here, we modify the gold (Au) electrode of the standard plasmonic electrochemical microscopy
(PEM) setup with a mesoporous silica film (MSF) to achieve sensitive imaging of the electroactive species. Sensitivity enhancement
occurs via species nanoconfinement from the attraction of ions to the negatively charged silica films, thereby increasing the local
concentration change and magnifying the PEM signal. The performance of Au-MSF electrodes in the PEM setup was investigated
using 1,1′-ferrocenedimethanol, whose oxidized form carries a positive charge. Results revealed enhancement of the sensing signal,
with up to 37-fold improvement in the detection limit and up to 23 times improvement in the sensitivity. Importantly, Au-MSF
electrodes allowed for the quantification of detected concentrations, in contrast to Au electrodes, for which R2 values were
unacceptably low. Furthermore, Au-MSF electrodes also showed increased sensitivity for dopamine detection compared to Au
electrodes and were able to visualize localized dopamine release, showing this setup’s great promise for biological applications, such
as real-time imaging of the neurotransmitter release.
KEYWORDS: Mesoporous silica films, electrochemistry, surface plasmon resonance imaging, numerical simulation, dopamine detection

■ INTRODUCTION
Achieving spatially resolved sensing is essential due to the
fundamental heterogeneity of all systems. Sensors based on
traditional electrochemical techniques provide accurate, real-
time measurements of changes in the current at the working
electrode surface, but they lack the spatial resolution necessary
to investigate its heterogeneous response. Many techniques
have been developed to address the lack of spatial resolution
provided by traditional electrochemical methods. These
include direct current measurement techniques such as
microelectrode arrays, scanning electrochemical microscopy,
and scanning electrochemical cell microscopy, all of which are
able to map the sample surface with micrometer or nanometer
resolution.1−3 Additionally, optical imaging techniques serve as
a great alternative in this field, including single-molecule
fluorescence microscopy, Raman spectroscopy, and plasmonic
electrochemical microscopy.4−6 Scanning probe-based electro-
chemical techniques benefit from high spatial resolution but
are time-consuming and lack throughput, while optical
methods typically have high throughput and temporal

resolution at the price of diffraction-limited spatial resolution.7

Of these techniques, plasmonic electrochemical microscopy
(PEM) uses planar surface plasmon resonance (SPR) to
spatially resolve refractive index changes induced by electro-
chemical reactions.8,9 In contrast to other optical techniques,
such as single-molecule fluorescence microscopy,10 PEM is
label free, enabling the native imaging of samples without the
need for external markers. By virtue of building upon SPR,
PEM has diffraction-limited resolution and provides nano-
meter precision in the z-direction.11,12 This is essential to
accurately characterizing heterogeneous systems. However,
PEM typically requires concentrations at the millimolar level or
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higher.8,13,14 This requirement arises from a poor signal-to-
noise ratio at individual pixels and limited refractive index
changes associated with some redox reactions. As a result, the
applicability of a standard PEM setup is severely limited since
many applications, such as spatially resolving cellular
exocytosis, involve the detection of micromolar or sub-
micromolar concentrations.15−17

One possibility to increase the sensitivity of electrochemical
imaging techniques is the modification of the electrode surface.
Nanopore electrode arrays have been widely used for spatially
resolved sensing and can offer tunable properties depending on
the analyte under investigation.18−20 Mesoporous silica films
(MSFs) are arrays of nano-sized pores typically 1 to 3 nm in
diameter and 50 to 400 nm in height.21 MSFs and mesoporous
silica nanoparticles have been utilized for applications
including sensing, energy storage, and drug delivery.22−25

Previous work has shown that MSFs can enhance the
sensitivity of the SPR signal due to the nanoconfinement of
select chemicals on the negatively charged pore walls, which
have a high surface area.26−30 Similarly, MSFs were also shown
to enhance the electrochemical signal arising from the
oxidation and reduction of paraquat, a positively charged
pesticide.31 However, to the best of our knowledge, MSFs have
yet to be utilized in an optical imaging setup for spatially
resolved sensing of electrochemically active species.
Herein, we introduce electrostatic nanoconfinement facili-

tated by mesoporous silica films to PEM, enabling the sensitive
imaging of electroactive species (Scheme 1). In this setup, the

gold (Au) electrode, serving as both the PEM sensor and the
working electrode, was coated with a mesoporous silica film
through electrochemically assisted self-assembly (EASA),
forming Au-MSF electrodes.32 The potentiostat controls the
electrochemical processes through the three-electrode system,
while the PEM objective simultaneously monitors the optical
signal changes associated with these processes, generating
sequences of images. The raw signal can be extracted from the
plasmonic images (denoted as PEM signal, with units of %)
and can be differentiated with respect to time (denoted as
dPEM/dt signal, with units of %/s)) to better capture dynamic
changes in PEM signal during electrochemical measurements.
The signal enhancement phenomenon is hypothesized to

occur as a result of the electrostatic nanoconfinement of ions

within the charged pore, thereby leading to a greater
concentration change and, hence, a greater optical signal. We
observed profound enhancement of the PEM signal of a model
redox species, 1,1′-ferrocenedimethanol (FC), with a positively
charged oxidized form, 1,1′-ferroceniumdimethanol (FC+),
when nanoconfinement was incorporated: linear response for
micromolar concentrations as well as approximately 37-fold
improvement in the detection limit and 23 times improvement
in the sensitivity compared to a standard PEM setup without
nanoconfinement. The new technique was also able to visualize
the local delivery of dopamine from a micropipette,
demonstrating its potential in biological applications, such as
real-time imaging of neurotransmitter release. Additionally, we
introduced customized gridded gold electrodes that allow for
retracing imaging locations and demonstrated their sensing
capabilities.

■ RESULTS AND DISCUSSION
Real-Time Monitoring of Mesoporous Silica Film

Deposition and Characterization. Scheme 2 illustrates

the visual differences between the Au electrodes and the Au-
MSF electrodes. Two types of gold electrodes were used in the
experiments: ungridded gold (denoted as Au(UG)) and
gridded gold (denoted as Au(G)). Depositing an MSF onto
these electrodes results in Au(UG)-MSF and Au(G)-MSF,
respectively. Gridded electrodes were preferred due to the
presence of labels on the electrode surface, which facilitated
easier identification and analysis. As a result, most of the
working electrodes referenced in the main text were gridded,
though ungridded electrodes were also examined for
comparison.
The deposition of an MSF was monitored both electro-

chemically and optically. A Au(G) electrode was selected for
its ability to facilitate the identification of the same sensing area
across different experiments. Before deposition, a raw bright-
field image was captured (Figure 1A). MSF synthesis was
performed following reported procedures.32 The deposition

Scheme 1. Electrostatic Nanoconfinement Facilitated by a
Mesoporous Silica Film (MSF), Enabling Sensitive Imaging
of a Model Electroactive Species in the Plasmonic
Electrochemical Microscopy (PEM) Setupa

aThe PEM setup comprises a Au working electrode (W), counter
electrode (C), reference electrode (R), light source, and detector. The
sensitivity and limit of detection (LOD) are compared to a standard
PEM system without nanoconfinement. The imaging feature directly
reveals the enhancement of PEM signal by Au-MSF electrodes.

Scheme 2. Different Electrodes Used in PEM Experiments
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solution was prepared by combining 100 mM tetraethox-
ysilane, 32 mM cetyltrimethylammonium bromide, and 0.1 M
NaNO3 in a 1:1 (v/v) water/ethanol solution. The Au(G)
electrode was pretreated with 0.1 mM (3-mercaptopropyl)-
trimethoxysilane. Deposition was carried out at a potential of
-1.2 V for 5 s, during which plasmonic images were
simultaneously recorded (Figures 1B-1E). All images were
background-subtracted with the first deposition frame. Initially,
the intensity of the plasmonic signal decreased, likely due to
the double layer charging caused by the applied negative
potential (Figures 1B, C). Thereafter, the plasmonic signal
intensity increased as cationic surfactant hemimicelles
assembled on the surface of the Au(G) electrode, forming
vertically growing films (Figures 1D, E).33 To further analyze
the deposition process, we extracted the average plasmonic
signal (red) from the sensing area and correlated it to the
electrochemical signal (black) from the entire electrode surface
over the course of the deposition (Figure 1F). Unlike
traditional electrochemical techniques, the spatial resolution
provided by PEM allows for a detailed comparison of signal
intensity changes across different parts of the substrate. Figure
1G displays the PEM signals over deposition from the areas
marked with colored boxes in Figure 1C. This disparity in
signal increase (ranging from 14% to 26%) is due to the
heterogeneous nature of the Au(G) electrode and can be
mitigated if desired (see the section titled “Comparing Gridded
and Ungridded Gold Electrodes”). Interestingly, all plasmonic
deposition profiles exhibit a plateauing of the PEM signal at
around the 2 s mark of the deposition. This is likely due to the
deposition process slowing down and the plasmonic signal
saturating due to a significant PEM resonance angle change

during the deposition, as indicated by the red and black curves
in Figure 1H.
As expected for a modification of the PEM electrode, there is

a 6.1° increase in the resonance angle after deposition with a
moderate 1.7° decrease in the angle after surfactant removal
(Figure 1H). The dotted line represents the incident angle at
which the deposition process was imaged. The angle was
changed for subsequent experiments, with the exact value
depending on the angle sweep of the area being imaged. Cyclic
voltammograms (CVs) from various stages of the deposition
process align with literature predictions (Figure 1I).32 The
angle sweep and recorded CVs are similar to those from a
Au(UG) electrode (Figure S1).
Characterization by scanning electron microscopy (SEM)

and energy-dispersive x-ray spectroscopy (EDX) further
confirmed the deposition and uniformity of the mesoporous
silica films, showing some aggregation due to hydroxide radical
generation beyond the electrode surface,33 with EDX
indicating nearly complete surface coverage by silicon and
oxygen from silanol groups (Figures S2A-D). Atomic force
microscopy (AFM) images revealed an MSF thickness of 60 ±
11 nm and increased surface roughness (8 ± 1 nm) compared
to bare gold (1 nm), consistent with literature values (Figures
S2E-H).21

Visualization of Signal Enhancement along a Au/Au-
MSF Boundary. A boundary between the Au-MSF region and
the Au region (Figure 2A) was tested to directly investigate the
effect of signal enhancement.
We monitored the change in the current (Figure 2B) and

PEM signal intensity (Figure 2C) while performing CV using
250 μM FC. Strikingly, we observed greater PEM signal
change in the red Au-MSF region compared with the blue Au

Figure 1. Real-time deposition of an MSF. A, Bright field image of a Au(G) electrode before deposition (scale bar, 100 μm). B-E, PEM images of
the same area as (A) following background subtraction of the first deposition frame at 0.1 seconds (B), 0.6 seconds (C), 1.6 seconds (D), and 5
seconds (E) into the deposition process (scale bar, 100 μm). F, Real-time averaged PEM signal (%, red) and current (mA, black) during the 5
second deposition. G, Real-time PEM signal from the regions boxed in (C) over the 5 second deposition. H, PEM angle sweeps of the same area
before deposition (black), after deposition but before surfactant removal (red), and after surfactant removal (green). The dotted line represents the
incident angle used for imaging only during the deposition. I, Cyclic voltammograms of the Au(G) electrode (black) and the Au(G)-MSF electrode
before surfactant removal (red) and after surfactant removal (green). The starting potential is 0 V, the scan rate is 0.10 V/s, and the analyte is an
aqueous solution of 500 μM FC and 0.1 M NaNO3.
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region (Figure 2C). While the PEM signal for the Au region
displays typical charging and discharging behavior, the Au-
MSF region displays a clear increase near the standard
reduction potential of FC (∼0.2 V). This difference is also
apparent in the dPEM/dt signal plot from each region (Figure
2D). Since PEM is a microscopy-based technique, we were also
able to acquire images of the raw PEM signal of the region. As
with the average extracted signal, we observed a greater signal
change in the MSF region compared to the Au region at the
peak dPEM/dt oxidation potential of 0.23 V, the peak dPEM/
dt reduction potential of 0.22 V, and the vertex potential of 0.6
V, but not the starting potential of 0 V (Figures 2E-H). A
similar trend existed in the dPEM/dt images (Figures 2I-L),
with a notable difference being that the vertex potential does
not show a clear difference in signal intensity due to the
reaction reaching steady-state conditions. Notably, these
spatial signal differences are not detectable with traditional
voltammetric techniques, which provide only the average signal
for the entire sensing surface.
Interestingly, the dPEM/dt signal plot exhibits a peak

separation of approximately 0 V, suggesting a surface redox
process. This is likely due to PEM’s enhanced sensitivity for
reactions occurring near the sensing surface, making it

particularly responsive to adsorption of the oxidized form
FC+ onto the MSF, the proposed mechanism for signal
enhancement (see the section “Investigating the Mechanism of
Signal Enhancement”). As a comparison, we tested a diffusion-
controlled system, 10 mM potassium ferricyanide with a Au
electrode, and observed peak separation in the dPEM/dt signal
(Figure S3). It should be noted that the dPEM/dt signal was
not intended as an approximation for the current as it does not
accurately model processes with a diffusion-limited compo-
nent, as reflected by the CV (Figure 2B). Rather, the dPEM/dt
signal was used to highlight the change in the PEM signal over
time. Accurately converting the optical signal to current
requires knowledge of the changes in the local refractive index
per unit concentration for the oxidized and reduced molecules,
which proved difficult to acquire due to signal stabilization
issues with the oxidized species.
Directly imaging additional surfaces containing a boundary

between Au and Au-MSF regions has been challenging due to
the formation of residues at the edge, which makes it difficult
to achieve a clean boundary. Additionally, the significant
difference in resonance angles between Au and Au-MSF
regions complicates simultaneous imaging of both areas.
However, a consistent signal difference was observed between

Figure 2. PEM signal along a Au/Au-MSF boundary. A, Raw PEM image of a Au/Au-MSF boundary. B, CV of the entire working electrode
surface. C, Comparison of the raw PEM signal in the Au-MSF region (red) and the Au region (blue) in (A). D, Comparison of the time derivative
of the PEM signal in the Au-MSF region (red) and the Au region (blue) in (A). E-H, Background-subtracted PEM signal at the starting potential
(E), oxidation peak potential (F), reduction peak potential (G), and vertex potential (H). I-L, Time derivative of PEM intensity data from the same
area in (A) at the starting potential (I), oxidation peak potential (J), reduction peak potential (K), and vertex potential (L). Deposition was
performed at -0.8 V for 5 seconds. For all graphs, the starting potential is 0 V, the scan rate is 0.20 V/s, the electrolyte solution is 0.1 M NaNO3,
and the analyte is 250 μM FC. All scale bars are 20 μm.
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individual Au and Au-MSF electrodes across multiple experi-
ments. Specifically, at least 4 Au and 8 Au-MSF electrodes
were tested, and in all cases, the Au-MSF electrodes exhibited a
greater signal.
Quantitative Measurement Using Au-MSF Electrodes.

To further evaluate and quantify the enhanced sensing
capabilities of this new technique, we investigated the
concentration dependence of the PEM signal before and
after MSF deposition. The concentration dependence was
tested by analyzing the PEM signal with increasing
concentrations of FC added to a 0.1 M NaNO3 electrolyte.
For the Au(G) electrode (Figures 3A), the dPEM/dt signal
from the electrolyte only (Figure 3B) was slightly greater than
the signal from FC additions (Figures 3C and D), but little
difference was observed between the two FC concentrations.
In contrast, Figures 3E-H represents results from the Au(G)-
MSF electrode, which demonstrates a clear concentration-
dependent increase in the dPEM/dt signal. The white dots and
disks in the bright field images (Figures 3A and 3E) are likely
impurities or defects on the Au(G) electrode.
The dPEM/dt signals were extracted and plotted against the

applied voltage for both the electrolyte-only condition and
varying FC concentrations in Figure 4. As observed previously,
the Au(G) electrode did not show a clear linear concentration
dependence (Figures 4A), whereas the Au(G)-MSF electrode
showed a clear concentration-dependent signal increase across
two concentration ranges (Figure 4B and Figure 4C). The

calibration curves plotted using peak dPEM/dt values further
illustrate this trend. The Au(G) electrode displayed little
correlation and large standard deviations (Figures 4D),
demonstrating that the standard PEM setup lacks sufficient
sensitivity to detect concentration changes associated with the
transition between FC and FC+. In contrast, the calibration
curves from the Au(G)-MSF electrode demonstrated high
accuracy, achieving an R2 value of 0.95 for the 100 to 500 μM
range (Figure 4E) and an R2 value of 0.92 for the 10 to 50 μM
range (Figure 4F). The difference in slope/sensitivity between
these two concentration ranges is due to measurements being
performed in different regions of the Au(G)-MSF electrode.
This further highlights the necessity of using a spatially
resolved sensing technique to perform calibration at the
micrometer level.
Within the 10-50 μM range, the Au(G)-MSF electrode

achieved a limit of detection of 27 μM for the anodic current
and 35 μM for the cathodic current, representing an
improvement of up to 37 times compared to the Au(G)
electrode (Figures 4D and 4F, Table 1). The sensitivity was
also improved by up to 23 times (Figures 4D and 4F, Table 1).
More importantly, although we used the slope from the Au(G)
electrode calibration curve to calculate the limit of detection,
the R2 values were unacceptably low. This demonstrates that
the Au(G)-MSF electrode enables quantifiable detection of the
signal, whereas the Au(G) electrode does not provide reliable
quantification. Signal enhancement associated with MSF

Figure 3. Plasmonic imaging of Au(G) and Au(G)-MSF electrodes with FC additions. A-D, PEM data from a Au(G)-MSF electrode including the
bright field image at 0 V (A) and dPEM/dt images at the oxidation peak potential (0.23 V according to the plasmonic CV in Figure 2D) for 0.1 M
NaNO3 alone (B) and with 200 μM FC (C) or 500 μM FC (D) added. E-H, PEM data from a Au(G)-MSF electrode including the bright field
image at 0 V (E) and dPEM/dt images at the oxidation peak potential for 0.1 M NaNO3 alone (F) and with 200 μM FC (G) or 500 μM FC (H)
added. For all electrochemical measurements, the scan rate is 0.10 V/s and the electrolyte solution is 0.1 M NaNO3. All scale bars are 100 μm.
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deposition may partially arise from the lower signal for the
NaNO3 background compared with the Au(G) electrode. The
decrease in the background signal is likely a result of a lower
charging current for the Au(G)-MSF electrode, arising from a
smaller exposed surface area. Other factors contributing to
signal enhancement are discussed in the section “Investigating
the Mechanism of Signal Enhancement.”
One limitation to this setup is that standard deviations for

both PEM and dPEM/dt signals are not small (Figures 4F,
S5K, and L), which is also apparent in the plotted images. This
is likely due to the deposition process not being uniform at a
gridded electrode, as observed in Figure 1. Thus, we tested a
Au(UG)-MSF electrode to remove the variation introduced by
the heterogeneity of the grid (Figure S6). Notably, the
recorded plasmonic signals between the two electrodes are
quite consistent, with values of around 1.5% and 1.2%/s for the
PEM signal and dPEM/dt signal, respectively, for 500 μM FC.
As expected, the standard deviation for both PEM and dPEM/
dt signals is much lower for the Au(UG)-MSF electrode
(Figure S7). However, this did not correspond to a lower limit
of detection (Table 1) because the standard deviation for the
electrolyte was similar. Moreover, the sensitivity of the
Au(UG)-MSF electrode was also similar to that of the
Au(G)-MSF electrode (Table 1). This suggests that both

Au(UG)-MSF and Au(G)-MSF electrodes enhance the
plasmonic signal associated with FC and provide similar
sensitivities and limits of detections.

Investigating the Mechanism of Signal Enhance-
ment. We hypothesized that the PEM signal enhancement
was caused by electrostatic nanoconfinement, whereby
negatively charged mesopores enriched the concentration of
the cation FC+ formed from FC oxidation (Scheme 1). Porous
materials have unique mass transfer properties and can
potentially trap redox species during an electrochemical
experiment, acting as arrays of thin layer cells along the
surface of the electrode.34 To investigate this hypothesis, we
probed whether the negative charge of the MSFs is responsible
for confining FC+ and consequently enhancing the PEM signal.
We first performed qualitative numerical simulations of Au
(Figures 5A and 5B) and Au-MSF electrodes (Figures 5C and
5D) to investigate whether the mesopores can enhance the
local concentration of FC+. The surface charge density of the
pore was approximate using literature values,35 and the
simulation monitored a simplified experimental setup wherein
500 μM FC and FC+ diffused from an inlet at the bottom of
the geometry to an outlet at the top of the geometry. As
expected, no localized enhancement of FC or FC+ was
observed at the unmodified electrode (Figure 5A,B). However,
for the porous model, FC+ was enriched near the pore wall
(Figure 5D), while enhancement of FC was not observed
(Figure 5C). Simulation results from varied surface charge
densities further supported the hypothesis. At less negative
surface charge densities, the concentration of FC was
unaffected (Figure 5E), while a much lower concentration of
FC+ within the pore was observed (Figure 5F). Additionally,
enhancement is also likely facilitated by nanoscale transport

Figure 4. Comparing the concentration dependence of plasmonic signals for Au(G) and Au(G)-MSF electrodes. A, Extracted dPEM/dt signal
from the Au(G) electrode tested in Figures 3A-D. B, Extracted dPEM/dt signal from the Au(G)-MSF electrode tested in Figures 3E-H. C,
Extracted dPEM/dt signal from the Au(G)-MSF electrode at lower concentrations. D-F, Calibration curves for the anodic and cathodic sweeps of
the dPEM/dt graphs in parts A (D), B (E), and C (F). For all electrochemical measurements, the starting potential is 0 V, the scan rate is 0.10 V/s,
and the electrolyte solution is 0.1 M NaNO3. The analyte used is FC, with concentrations of 100 μM, 200 μM, 300 μM, 400 μM, and 500 μM
being denoted by red, orange, yellow, green, and blue curves, respectively, in A and B, and concentrations of 10 μM, 20 μM, 30 μM, 40 μM, and 50
μM being denoted by red, orange, yellow, green, and blue curves, respectively, in C. The black curve represents the electrolyte solution alone.
Pearson correlation coefficient (R2) values were calculated as described in the supplemental methods for the anodic (Rox) and cathodic (Rre)
sweeps. As supporting information, the CV data, raw PEM signals, and their corresponding calibration curves from electrodes shown in Figures 3
and 4 can be found in Figure S4 and S5.

Table 1. Plasmonic Sensitivity and Limit of Detection of Au
and Au-MSF Electrodes

Limit of Detection (μM)
Sensitivity

(%/(μM×s)×10−4)

Setup Anodic Cathodic Anodic Cathodic

Au(G) 1000 510 1.7 1.7
Au(G)-MSF 28 35 38 38
Au(UG)-MSF 38 51 21 24
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phenomena that further enrich the concentration of the redox
species.31,36

With the simulation confirming local enhancement in
concentration of FC+, we revisited the CV data to identify
evidence further supporting FC+ nanoconfinement, especially

Figure 5. Simulation of FC diffusion. A, B, Concentration distribution of the reduced (A) and oxidized (B) forms of FC at equilibrium in a
geometry approximating the Au electrode (scale bars, 0.5 nm). C, D, Concentration distribution of the reduced (C) and oxidized (D) forms of FC
at equilibrium in a geometry approximating the Au-MSF electrode (surface charge density = -0.035 C/m2). Both images are zoomed in near the
boundary between the pore and the solution (scale bars, 0.5 nm). E, F, Concentration profiles of the reduced (E) and oxidized (F) forms of FC at
equilibrium along the middle of the pore.

Figure 6. Comparison of normalized cathodic-to-anodic peak ratios for Au and Au-MSF electrodes. A−C, Normalized cyclic voltammograms for
500 μM FC at scan rates of 0.05 V/s (A), 0.10 V/s (B), and 0.20 V/s (C) normalized to the peak anodic current for a Au(UG)-MSF electrode
(purple), a Au(UG) electrode (blue), a Au(G)-MSF electrode (green), and a Au(G) electrode (red). D−F, Comparison of the cathodic-to-anodic
peak ratio of electrodes at scan rates of 0.05 V/s (D). 0.10 V/s (E), and 0.20 V/s (F); n = 5 for all groups, representing different concentrations
tested on the same gold electrode. Error bars represent ± SD (standard deviation). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 from one-sided
independent t-test. Where not shown, the difference between ungridded and gridded electrodes is not significant.
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by analyzing the cathodic-to-anodic peak ratio of the CVs. If
the pores trap FC+, the cathodic current (FC+ to FC), and
consequently the cathodic-to-anodic peak ratio, should be
greater for the Au-MSF electrodes than for Au electrodes. To
investigate this, we analyzed the cathodic-to-anodic peak ratio
of CVs recorded at three scan rates for 500 μM FC. At each
scan rate, CVs normalized to their respective peak anodic
current (Fc to FC+) show an increase in the cathodic current
after MSF deposition (Figures 6A-C). The original, non-
normalized CVs are provided in Figure S8. Normalized CVs
were used to better visualize the change in cathodic current, as
the absolute current values can be influenced by MSF
coverage. Statistical analysis further confirms that Au-MSF
electrodes have greater cathodic-to-anodic peak ratios than
their Au counterparts (Figures 6D-F). Additionally, the
cathodic-to-anodic peak ratio increases at higher scan rates

for Au-MSF electrodes, a trend previously reported for other
trapping systems.34 This is likely due to the oxidized species
having less time to diffuse out of the pores, leading to further
FC+ accumulation. Comparisons between Au(G)-MSF and
Au(UG)-MSF electrodes showed no statistically significant
difference at 0.05 and 0.10 V/s (Figures 6D, E). Since most
experiments were performed at 0.10 V/s, we conclude that the
two electrode types perform similarly and can be chosen based
on specific aims. Finally, it should be noted that the
electrochemical signal changes much less than the plasmonic
signal (Figures 2-4), which is likely the result of the greater
sensitivity of PEM to local concentration changes, such as
within the pores.12

We further investigated the effect of the negative charge of
the MSF walls by experimentally adjusting the pH of the
analyte solution. Since the isoelectric point of silica is known to

Figure 7. Effect of tuning the MSF surface charge density by adjusting solution pH. A, B, The effect of solution pH on electrochemical (A) and
plasmonic (A) signal. For A, B the analyte used is 500 μM FC, with pHs of 1.2, 2.2, and 5 being represented by red, green, and blue curves,
respectively. The black curves represent the electrolyte solution alone. For all graphs, the starting potential is 0 V, the scan rate is 0.10 V/s, and the
electrolyte solution is 0.1 M NaNO3.

Figure 8. Detecting dopamine locally delivered from a 10 μm micropipette. A, Brightfield image of the micropipette during approach. The inset is
an optical image of the pipette prior to use (scale bar, 50 μm). B−H, Images of the dPEM/dt signal at 0.1 V (B), 0.2 V (C), 0.3 V (D), 0.4 V (E),
0.5 V (F), 0.6 V (G), and 0.7 V (H) during the anodic sweep of a cyclic voltammogram with the pipette 3 μm above the sensing surface (scale bars,
100 μm). I, Extracted dPEM/dt signal during the CV for the red and black regions in (D). J, Extracted dPEM/dt signal from the line profiles in (E).
For all electrochemical measurements, a quiet time of 20 seconds was used at the starting potential of -0.2 V, the scan rate is 0.20 V/s, the
electrolyte solution is 0.1 M NaNO3, and the micropipette was filled with the same electrolyte solution plus 10 mM dopamine.

ACS Electrochemistry pubs.acs.org/electrochem Article

https://doi.org/10.1021/acselectrochem.4c00227
ACS Electrochem. 2025, 1, 974−986

981

https://pubs.acs.org/doi/suppl/10.1021/acselectrochem.4c00227/suppl_file/ec4c00227_si_001.pdf
https://pubs.acs.org/doi/10.1021/acselectrochem.4c00227?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acselectrochem.4c00227?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acselectrochem.4c00227?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acselectrochem.4c00227?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acselectrochem.4c00227?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acselectrochem.4c00227?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acselectrochem.4c00227?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acselectrochem.4c00227?fig=fig8&ref=pdf
pubs.acs.org/electrochem?ref=pdf
https://doi.org/10.1021/acselectrochem.4c00227?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


be approximately pH 2, changing the pH of the solution can
modify the MSF surface charge density, thereby influencing the
enrichment of charged redox species.31,37,38 As expected, at pH
values at or below the isoelectric point of silica, there is a slight
decrease in the peak cathodic current (Figure 7A) and a
significant decrease in the dPEM/dt signal (Figure 7B). This is
likely due to FC+ no longer electrostatically adsorbing to the
pore walls. Interestingly, there is minimal difference in the
signals for solution pHs of 1.2 and 2.2 (corresponding to
positively charged and neutral films, respectively), which may
be due to similarities in the favorability of the oxidation
reaction. Overall, the results support a model where the MSF
modification increases the plasmonic signal due to the local
enhancement of FC+ cations, caused by their electrostatic
attraction to the pore walls. Furthermore, the ability to tune
the surface charge density of MSFs shows the potential of
applying this setup to a wide array of charged species.
Imaging the Local Delivery of Dopamine. We next

aimed to image locally delivered dopamine (DA). DA is a
neurotransmitter with important roles in mood, cognition,
memory, movement, and other fundamental processes.39,40

Previous works have shown that the positive charge of
dopamine at neutral and physiological pH allows for its
selective detection in the presence of a negatively charged
modification of the electrode surface.41 Thus, the negatively
charged MSF will theoretically induce a similar enhancement
effect with DA as that with FC+. Bulk detection experiments
with DA yielded promising results: a Au-MSF electrode
displayed greater sensitivity than a Au electrode for the
oxidation of increasing concentrations of dopamine using CV
(Figures S9A and S9B). This motivated us to utilize this new
setup to detect the localized delivery of DA, mimicking the
neurotransmitter release process in living systems.
Specifically, a micromanipulator system was employed to

precisely control a 10 μm diameter dopamine-filled micro-
pipette to generate a localized concentration gradient on the
sensor surface (Figure 8A). Figures 8B−H shows the dPEM/dt
signal distribution across the sensor surface during the anodic
trace of a cyclic voltammogram recorded with the micropipette
positioned approximately 3 μm above the sensor. Near 0.2 V,
signal from the oxidation of DA appeared, peaking at 0.4 V.
This is further corroborated by the extracted dPEM/dt signal
plotted versus the voltage (Figure 8I) as well as a horizontal
profile of the dPEM/dt signal at 0.4 V (Figure 8J) comparing
the pipette area (red) to the background (black). Notably, DA
preconcentration through a waiting period at −0.2 V was
necessary, given that the extracted raw PEM signal for the
delivery site shows a signal different from the background only
in the first cycle, directly after the 20 s wait time (Figures S9C
and S9D). This is likely due to the time required for DA
adsorption onto the MSF walls, enabling effective nano-
confinement. Observing this behavior allowed us to subtract
the second cycle to enhance the observed signal. It should be
noted that the detected delivery site is not perfectly circular as
in previous work.42 This is a result of the dPEM/dt signal in
this experiment being dependent on DA accumulation after
nanoconfinement, which is highly sensitive to the hetero-
geneities of the electrode surface.
Although the micropipette was initially filled with 10 mM

dopamine, mass transfer in the bulk solution caused the
concentration at the orifice to decrease before approaching the
sensor (Figure S9E). Numerical simulations indicate that the
approximate concentration delivered to the sensor surface was

no more than 1.5 mM (Figures S9F−H). Although this
concentration remains at the millimolar level, the aim of this
first trial was to demonstrate the microscopy capabilities of our
new imaging setup with enhanced sensitivity enabled by MSF-
generated nanoconfinement. Future work will aim to further
improve the sensitivity of DA detection by adjusting
parameters of the MSF and exploring the incorporation of
catalytic nanoparticles or dopamine polymerization.43−45

Another focus of future work will be developing an accurate
method for quantifying the concentrations, including both the
source concentration (i.e., the concentration of redox species
inside a delivery pipette or a sample of interest) and the surface
concentration (i.e., the local concentration of redox species
reaching the electrode surface). We have attempted two
calibration approaches: the first involved exposing the system
to bulk solutions with varying DA concentrations that
approximately mimic the surface concentration, while the
second used delivery pipettes filled with varying DA source
concentrations. Both calibration curves exhibit linear depend-
ence on their corresponding concentrations (Figure S10).
However, both approaches have limitations, as discussed in the
supporting information. At this stage, we consider them as
proof-of-concept demonstrations, confirming the system’s
sensitivity to concentration changes. Further refinements will
be required once a better sensitivity level is achieved.

Comparing Gridded and Ungridded Gold Electrodes.
Although we have previously reported utilizing gridded gold
electrodes for PEM measurements,46 the use of ungridded gold
electrodes is far more common. This work represents the first
extensive application of gridded gold electrodes in this context.
It is therefore important to compare the advantages and
limitations of gridded versus ungridded gold electrodes. As
discussed, the primary benefit of gridded gold electrodes is
their ability to label specific locations for analysis, enabling a
consistent examination of the same sensing area across
different instruments. For instance, an area analyzed by PEM
can be further characterized by AFM to reveal morphological
details. In the context of biosensing with cells on MSFs, labels
can potentially correlate PEM results with fluorescence
microscopy data that provide cell-related information. This is
essential given the inherent heterogeneity of all systems.
However, gridded electrodes contribute to the heterogeneity of
the substrate by introducing areas elevated approximately 200
nm above the surface (Figure S11). Despite this, both the
current and the PEM signal are highly consistent between
gridded and ungridded electrodes. Moreover, since PEM is a
spatially resolved technique, any interference induced by the
grid can be mitigated by analyzing only the signal from uniform
areas and averaging the obtained signal. Similarly, the impact of
the grid can be minimized by decreasing the size of the labels.
Overall, gridded gold electrodes allow for precise measure-
ments, while also providing surface labels for additional testing.

■ CONCLUSIONS
MSF modification of the PEM setup has been shown to
improve the plasmonic imaging of FC and DA. The observed
increase in the signal is demonstrated to be a result of the
nanoconfinement of FC+ and DA to the negatively charged
walls of the mesopores, thereby causing a greater refractive
index change and a correspondingly greater PEM signal.
Thanks to its spatial and temporal resolution, PEM provides
information not otherwise accessible through traditional
electrochemical methods. For instance, PEM enabled real-
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time visualization of the deposition process, providing valuable
insights into the mechanism of MSF formation. By enhancing
the PEM and dPEM/dt signals, MSF-enabled nanoconfine-
ment significantly broadens the potential applications of PEM,
facilitating the plasmonic detection of redox species at
micromolar concentrations. The tunable surface charge density
of the nanopores further extends this capability to various
redox-active molecules. This development is especially
promising for PEM-based studies of biological systems, as
MSFs have demonstrated significant size selectivity, theoret-
ically enabling exclusion of large entities (e.g., cell vesicles)
while allowing smaller chemicals, such as neurotransmitters, to
diffuse through.47 This selectivity can enhance the specificity of
neurotransmitter detection during exocytosis by preventing
vesicular fouling of the sensing surface�a challenge observed
in SPR studies.48 Furthermore, MSFs can also shield cells from
the potentials applied during PEM experiments, minimizing
signal fluctuations due to cell movement and possible effects
on cell metabolism.
The use of gridded gold electrodes as labels allows for the

characterization of the same location of a sample using
multiple techniques, which is necessary due to the fundamental
heterogeneity of all systems, including cells. Future work will
focus on optimizing the signal enhancement, leveraging the
observed enhanced DA detection capabilities, and developing
accurate calibration methods to perform real-time imaging of
neurotransmitter release from cells.

■ EXPERIMENTAL SECTION
Chemicals and Materials. Ethanol (anhydrous), hydro-

chloric acid (HCl, 36%), and potassium ferricyanide (99%)
were purchased from Thermo Fisher Scientific (Waltham, MA,
United States). 1,1-ferrocenedimethanol (FC, 97%) and (3-
mercaptopropyl)trimethoxysilane (MPTMS, 95%) were pur-
chased from Sigma-Aldrich (Burlington, MA, United States).
Sodium nitrate (NaNO3, 99%), dopamine hydrochloride (DA,
99%), and tetraethoxysilane (TEOS, 98%) were purchased
from Alfa Aesar (Ward Hill, MA, United States). Cetyltrime-
thylammonium bromide (CTAB, 98%) was purchased from
MP Biomedicals (Irvine, CA, United States). Aqueous
solutions were prepared with double-deionized water (resis-
tivity = 18.2 MΩ cm at 25 °C, Milli-Q Ultrapure water EQ
7000 Purification System, MilliporeSigma, Burlington, MA).
All chemicals were used as received.
Ag/AgCl reference electrodes, Pt wire counter electrodes,

and Au(UG) electrodes were purchased from Biosensing
Instruments (Tempe, AZ). Au(UG) electrodes consisted of an
approximately 50 nm layer of Au deposited on top of a 2 nm
Ti layer on a flat glass coverslip. Au(G) electrodes were
fabricated by depositing a 2 nm Cr layer and a 47 nm Au layer
via an e-beam evaporator (PVD 75, Kurt J Lesker) on gridded
glass coverslips (Bellco Glass, Inc. Vineland, NJ, United
States), which were cleaned with acetone in an ultrasonic bath
for 10 min and rinsed with water. Gold rod electrodes and
alumina polishing powder were purchased from CH Instru-
ments (Austin, TX, United States). Silicon wells were cut from
flexiPERM slides purchased from Sarstedt (Germany).
Mesoporous Silica Film Deposition. Two types of Au

electrodes (ungridded and gridded) were applied for
deposition of the silica film following reported procedures.32

Prior to deposition, Au electrodes were washed with ethanol,
followed by water, three times. After hydrogen flame annealing,
the electrodes were pretreated with MPTMS (0.1 mM in

ethanol) for 1 min. MPTMS was removed by rinsing the
electrodes with ethanol. The starting sol consisted of 100 mM
tetraethoxysilane (TEOS), 32 mM cetyltrimethylammonium
bromide (CTAB), and 0.1 M NaNO3 in 20 mL of water and
20 mL of ethanol. Its pH was adjusted to 3 using HCl, and it
was stirred for 2.5 h at room temperature. The deposition was
performed via amperometry using a potentiostat (CHI760E;
CH Instruments, Austin, TX). Typically, a potential of -1.2 V
(vs 1 M Ag/AgCl) was applied for 10 s to the MPTMS-
modified electrode unless otherwise stated. When using PEM
for real-time monitoring of the deposition process, the
potential was only applied for 5 s to limit image overexposure.
Similarly, for the test on a silica/gold boundary, a potential of
-0.8 V (vs 1 M Ag/AgCl) was applied for 5 s to generate a
thinner boundary. This led to a smaller angle shift, allowing us
to use the same PEM detection angle to compare signals from
the coated and uncoated parts of the same electrode. Most
depositions were carried out with the electrodes lying
horizontally on the setup, except for the generation of a
boundary, where the deposition was performed by partially
immersing the MPTMS-modified Au electrode vertically
within the deposition solution. Following deposition, the
electrode was rinsed with an acidic wash solution composed of
50 mM NaNO3, 40 mM CTAB, and 19.5 mM HCl in 10 mL
water and 10 mL EtOH (unless otherwise specified), after
which the electrode was rinsed with water. After drying
overnight in an oven at 130 °C, the CTAB template was
removed by immersing the film-coated electrode in a solution
of 0.1 M HCl under mild stirring for 15 min. Alternatively,
electrochemical testing was performed before surfactant
removal. Deposition on gold rod electrodes was conducted
similarly, with the exception that the electrodes were polished
by using an alumina slurry solution prior to deposition.

Plasmonic Electrochemical Microscopy. Plasmonic
images were recorded by coupling a surface plasmon resonance
microscopy system (SPRM 200 Series; Biosensing Instru-
ments, Tempe, AZ, United States) to an electrochemical cell
connected to a potentiostat. The cell consists of a three-
electrode system: a Au electrode serving as the working
electrode with an attached silicon well (exposed area of 0.9
cm2), a Pt counter electrode, and a Ag/AgCl reference
electrode (1 M KCl). Throughout the deposition process, Au
electrodes were characterized with cyclic voltammetry using
FC before deposition, before surfactant removal, and after
surfactant removal. For all figures, the first cycle cyclic
voltammograms (CVs) are shown. PEM images were taken
at 50 frames per second using the Image SPR 1.8 application
(Biosensing Instruments, Tempe, AZ, United States) and
recorded as image stacks, while real-time data from 88 ROIs
(regions of interest, 54 μm × 54 μm) were simultaneously
plotted and recorded as numeric data. Further details of the
PEM procedure can be found in the Supporting Information.
PEM signals were presented either with original intensities or
their time derivative (dPEM/dt) in the format of image
snapshots or graphs plotted against time or applied voltages.
All plotted graphs and images are in percentage units (%) for
PEM signals or percentage units per time (%/s) for dPEM/dt
signals. The percent unit represents the absolute intensity
divided by the 16-bit integer limit. Note that all plasmonic
signals shown were not intended to be calibrated to match the
local current density. All conclusions were made by comparing
the relative plasmonic signals for each redox species. All graphs
follow the US convention for plotting voltammetric curves,
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using a Au working electrode, a Pt counter electrode, and an
Ag/AgCl (1 M KCl) reference electrode.
Micromanipulator Dopamine Delivery. For local

delivery sensing experiments, dopamine was released to the
Au(G)-MSF electrode using a micropipet controlled by a 3-
Axis Micromanipulator System (TRIO/MP-245A, Sutter
Instrument, Novato, CA, USA) and a head stage (Axon
Instrument, CV 203BU Molecular Device, San Jose, CA,
USA). Micropipettes with a tip diameter of approximately 10
μm were pulled from quartz capillaries (1.0 mm O.D., 0.5 mm
i.d., 7.5 cm length) using a P-2000 laser puller (Sutter
Instrument, Novato, CA, USA). The parameters were set to
Heat = 600, Filament = 4, Velocity = 20, Delay = 120, and Pull
= 45. The quartz micropipettes, filled with a 10 mM solution of
dopamine, cautiously approached the electrode. Upon contact,
denoted by a parabolic scattering pattern in the plasmonic
image, the pipette was retracted to the desired height above the
surface. The pipette was moved to a different region after
contact to avoid interference from the scratched region of the
sensing surface. While the collision may have slightly damaged
the pipette, it does not compromise our experimental
assumptions, as the pipette is used only as a localized source
of DA. Cyclic voltammetry was then performed after
amperometric pretreatment at -0.2 V for 20 s. The plotted
graphs show the signal of the second cycle subtracted from that
of the first cycle.
Statistical Comparison of Peak Ratio. Peak ratios of

Au(G), Au(UG), Au(G)-MSF, and Au(UG)-MSF electrodes
were compared by performing a student’s t-test using IBM
SPSS Statistics 27.0 (International Business Machines
Corporation, Armonk, NY, United States).
Numerical Simulation Based on Finite-Element

Method. Finite element method simulations of FC and DA
diffusion were conducted in COMSOL Multiphysics 6.0 and
6.2, respectively, using the “transport of diluted species” and
“electrostatics” modules. Detailed description of the simu-
lations can be found in the supplementary document.
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