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ABSTRACT

Electrochemiluminescence (ECL) has emerged as a promising chemistry-based imaging technique, yet its potential in optical

nano-imaging is still in the early stages. We report the label-free imaging of microobjects and nanoobjects with a sharp negative

optical contrast. The shadow ECL images obtained are the optical signatures of the blocking of the electron-transfer reaction
convoluted by the chemical reactivity and local diffusional hindrance of the ECL reagents by the object deposited on the electrode.
Here, we address first the critical aspect of the smallest spherical nanoparticle imaged by shadow ECL microscopy. By investigating

the imaging limits of shadow ECL, we demonstrate its capability to image single nanoparticles down to 50 nm. This work uncovers
the sensitivity of the method by not only showing the smallest particles imaged by shadow ECL to date, but also, counterintuitively,
a contrastive behavior of the single insulating particles with increased electrochemical rates at the insulator-electrolyte-electrode

triple point. Finally, the practical utility of this shadow ECL method is illustrated by imaging complex samples such as densely

packed particle assemblies or microbial Bacillus subtilis spores. It also opens new avenues for single-molecule and shadow ECL

nano imaging of catalytic and biological systems.

1 | Introduction

For an optical imaging technique, exploring its imaging lim-
its down to individual nanoobjects [1] not only demonstrates
its potential but also serves as a critical milestone in driv-
ing the development of novel functionalities such as super-
resolution methods [2, 3]. A long-standing belief was that single
molecule sensitivity would be unattainable and that the Abbe
diffraction limit represents an intrinsic resolution barrier for
imaging [4]. However, single molecule detection over the past
decades has enabled super-resolution microscopy techniques
including stochastic optical reconstruction microscopy (STORM)
[5], photoactivated localization microscopy (PALM) [6], points
accumulation for imaging in nanoscale topography (PAINT)

[7], and various derivative methods [8-19]. These technologies
paved the way for nanoscopy and have revolutionized various
fields such as biological imaging [6, 8, 11, 20, 21], nanomedicine
[15], catalyst design [16], etc [22, 23]. Their theoretical basis
lies in single-molecule localization methods [24]. Despite the
constraints imposed by Abbe’s limit, where even the smallest
fluorescent molecules appear as diffraction-limited spots (i.e.
Airy disks [25]), the ability to unambiguously detect and isolate
the signal from a single fluorescent molecule enables increas-
ingly precise localization of the emitter when imaging contrast
increases [26, 27]. By controlling the emission states of individual
fluorescent molecules and leveraging subsequently developed
algorithmic models to achieve representation of the point spread
function (PSF) [28], nano-imaging can thus be realized. One
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of the most critical foundations in this field is ensuring that
the photons emitted from a single molecule or nanoparticle are
measured by the detector [26]. For nanoparticles, this often sets
the smallest particle size that can be imaged by the fluorescence
(FL) microscope, and thus impacts the precision of super-
localization imaging techniques. Therefore, establishing the limit
of sensitivity of a new optical technique when imaging sub-
diffraction nanoparticles is essential for its development. Despite
the remarkable progress of super-resolution FL microscopy, light
excitation inherently introduces background FL interference,
phototoxicity, and unavoidable photostability issues such as
photobleaching under prolonged illumination.

Electrochemiluminescence (ECL), which generates photons from
electrochemical reactions rather than from photoexcitation as in
FL or phosphorescence, efficiently circumvents these issues [29].
In other words, it is intrinsically a chemistry-based microscopy,
which differentiates it from physics-based microscopy as FL. The
separation between the electrochemical excitation and light sig-
nal collection endows ECL with high sensitivity, rapid response,
simple setup and inherent high spatiotemporal resolution when
integrated with microscopy. Nowadays, ECL microscopy has
been applied in various fields, including immunosensing [30-
33], cell membrane imaging [34-36], sub-cellular entities [37-
40], spheroids [41, 42], DNA responsive nanocarrier imaging
[43], single protein imaging [44, 45], phase boundaries [46-
50], dynamic chemical reactions [51-54], etc [51, 55-59]. Super-
resolution ECL strategies have also emerged. Feng and coworkers
[60, 61] achieved super-resolution ECL imaging based on single
redox events combined with algorithmic reconstruction, enabling
mapping the activity of gold nanoparticles [62], ultrasensi-
tive immunoassays [63], and bacteria imaging [64]. Moreover,
since ECL reflects the electrochemical activity of the substrate,
another super-resolution strategy consists in employing analyt-
ical approaches [65] like the super-resolution radial fluctuations
algorithm to narrow the PSF of individual catalytic sites, enabling
sub-diffraction resolution imaging of single catalysts [66, 67].
Although single ECL events are intrinsically weak, most existing
super-resolution ECL strategies operate in a positive imaging
mode conceptually analogous to super-resolution FL microscopy,
where emissive target are detected against a darker background
[57, 68]. In these approaches, signal accumulation is achieved
either by repeated photon emission from the same fluorophore
(in FL) or by repeated electrochemical reactions occurring at
the same spatial site (in single molecule ECL). However, in the
latter case, diffusion effects may introduce additional challenges
to quantitative accuracy, as both reactant transport (i.e. diffusion)
and chemical dynamics can vary spatially and temporally.

In contrast, ECL uniquely enables an appealing negative imaging
mode, which is termed as shadow ECL [39, 40, 69-75]. Introduced
by Su and co-workers, this inherently label-free approach requires
minimal sample preparation, and has been applied to fingerprint
imaging [72, 73], cell-cell junction imaging [70], and even sub-
cellular organelles imaging [39, 40], etc. In shadow ECL, freely
diffusing luminophores produce a bright background, while tar-
get non-emissive objects locally hinder electron transfer and ECL
reagent diffusion at the electrode surface, generating a “shadow”
image (Figure 1a). In other words, shadow ECL microscopy is
based on a clever spatial distribution of light and dark related to
the local (electro)chemical activity. It presents some conceptual

similarities with other FL label-free microscopies, where the
cellular membranes block the diffusion of the free fluorophore
[76-80]. While shadow ECL may superficially appear as a simple
contrast inversion of the positive mode, its imaging capabilities
are not inherently equivalent. It is a dynamic approach because
it reflects the spatial distribution of the local diffusional fluxes
of ECL reagents, which may be affected by objects blocking
the initial electron-transfer reaction of the ECL process and/or
with different permeability for the ECL reagents. Shadow signals
may be masked by background luminescence from the diffusion
of surrounding emitters. So far, systematic studies on minimal
particle size that shadow ECL can resolve remain scarce.

In this work, we explore the spatial detection limits of shadow
ECL imaging by integrating multi-frame averaging techniques
allowing post-acquisition image enhancements and investigating
the effects of surface reactivity, optical pathways, exposure time,
reactant concentration, and even particle arrangement. We suc-
cessfully achieve shadow ECL imaging of single particles at least
as small as 50 nm and further extend it to the imaging of microbial
spores using the model ECL system consisting of the freely-
diffusing [Ru(bpy);]** luminophore with the tri-n-propylamine
(TPA) coreactant. The direct correlation between shadow ECL
and FL signals demonstrates the accuracy and sensitivity of
shadow ECL microscopy. In a first order approximation, the
shadow ECL decrease (i.e. leading to image contrast) can be
related to the fraction of the ECL reaction layer occupied locally
by the object under investigation. The study of the sensitivity
of shadow ECL allowing imaging sub-200 nm nanoparticles
provides both theoretical and experimental foundations for the
further methodological development of shadow ECL-based nano-
imaging.

2 | Results and Discussion

To investigate the shadow ECL imaging sensitivity, we selected
first spherical particles with sizes ranging from 6 um down to
50 nm. Since ECL is initiated by an electrochemical trigger, it
requires obviously an electrode surface. The electrode material
may be either opaque or transparent such as a glassy carbon elec-
trode (GCE) or an indium tin oxide (ITO) electrode, respectively.
Both are extensively used in the ECL field [81].

The oxidation of TPA occurs efficiently on carbon-based material
and it leads to bright ECL signals. However, the TPA oxidation is
notably less efficient on standard ITO electrodes, giving a much
lower ECL intensity compared to GCE. But both materials provide
different benefits because they allow to perform ECL imaging
experiments in different optical configurations. To extend the
applications of shadow ECL-based approaches, the objects were
imaged by shadow ECL microscopy in two optical configurations:
i) in transmission on ITO electrodes (for the sake of clarity,
denoted “ITO configuration”; Figures la and Sla) and ii) in
reflection configuration with GCE electrodes (denoted “GCE
configuration”; Figure Slb). The primary distinction between
these two experimental configurations is the optical pathway.
On one hand, due to the transparency of the ITO electrode
material, imaging can be directly conducted beneath the sample
and ECL light is transmitted through the electrode (Figure Sla).
On the other hand, for the opaque GCE electrode, ECL emission
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FIGURE 1 | (a) Scheme of shadow ECL microscopy for the ITO configuration operating in transmission mode with (b) the simplified ECL

mechanism involving [Ru(bpy);]** and TPA. (c) The shadow ECL and corresponding BF/FL images for different sizes of particles (1 pm, 450 nm,
200 nm, and 100 nm) on ITO. The blue circles facilitate the comparison between the shadow ECL and FL images. The electrolyte is 0.1 M PBS (pH =
7.4) containing 1 mM [Ru(bpy);]** and 100 mM TPA. Applied potential: 1.2 V vs. Ag/AgCl. Exposure time: 500 ms. The shadow ECL images for 1 um
and 450 nm particles are an accumulation of 20 original bright shadow ECL images to improve the signal-to-noise ratio (SNR), while the shadow ECL

for 200 nm and 100 nm is an accumulation of 50 and 120 images. Scale bars: 5 um.

must be transmitted through the object and the solution under
investigation before being collected by the microscope objective.
Given that imaging targets—such as polystyrene (PS) beads,
cells, and bacteria often exhibit some degree of transparency, this
possibly may introduce some additional optical effects such as a
lens effect [82-84] that influence the final imaging resolution. As
shown in Figure 1a, 63X water-immersion objective is positioned
below the transparent ITO electrode surface to record shadow
ECL images in transmission mode. Typically, a potential of 1.2 V
vs. Ag/AgCl was applied generating ECL emission on the entire
ITO electrode surface except at the level of dark spots where par-
ticles were sedimented. A simplified mechanism generating the
ECL emission is shown in Figure 1b. Single particles are clearly
resolved by shadow ECL microscopy (Figure 1c). At the particle
positions, heterogeneous electron transfer reaction and diffusion
of ECL reagents are locally hindered, producing distinct dark
spots against the bright ECL background. To confirm that these
shadows correspond to the target particles, bright-field (BF),
and FL images were recorded as references. For particles larger
than 1 ym, BF and shadow ECL images showed perfect match.
Although 450 nm silica beads remain visible in shadow ECL, their
BF contrast becomes weak. For particles smaller than 450 nm,
BF contrast is insufficient for accurate focusing; therefore, FL
particles were used for validation. The spatial correspondence
between FL and shadow ECL signals confirms that particles down
to 100 nm are detectable. In addition, a slightly brighter ring
surrounding the shadow of 3 um beads (Figure S2) is observed,
likely arising from enhanced electrochemical reaction rates [85],
as discussed later.

However, when the particle size decreases to 50 nm (Figure
S3), it becomes difficult to distinguish the particles in the FL
image because FL is performed in presence of the [Ru(bpy),|**
luminophore in solution. The excitation and emission FL spec-
tra of [Ru(bpy);]*" (Figure S4) exhibit an emission maximum
around 620 nm and an excitation maximum near 465 nm,
while maintaining relatively broad absorption below 500 nm.
Although the fluorescent beads used in this study were selected
to be spectrally as far as possible from the intrinsic background
photoluminescence of the luminophore, the relatively broad
bandwidth of the excitation light source with the limited FL dye
doping in such small size results in elevated background signals
in FL mode. Consequently, while the FL from the 50 nm particles
can be collected, it does not provide sufficient contrast to serve
as a reliable reference marker in all the experimental conditions.
Despite this, at all positions where FL from 50 nm particles was
detected, a corresponding negative shadow signal was consis-
tently observed in the ECL mode (Figure S3b). Taken together,
these results establish that shadow ECL reliably resolves ~100 nm
particles and approaches its fundamental imaging sensitivity near
50 nm on ITO. Whatever, the spatial distribution of the FL spots
follows the same pattern as the shadow ECL image (Figure 1c).

For the GCE setup, an inverted microscope was used to perform
reflection shadow ECL imaging. As shown in Figure S5,
under this configuration, 200 nm particles already approach the
sensitivity limit. Only the large aggregates are seen when imaging
100 nm particles without signal post-enhancement techniques
(see below and Figure S11). Notably, a lower luminophore
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FIGURE 2 | Shadow ECL and FL images of (a) 6 um, (b) 3 um, (c) 200 nm, and (d) 100 nm beads recorded in the (a-c) GCE or (d) ITO configuration.
Corresponding normalized shadow ECL (red) and FL (green) intensity profiles extracted along the ROI from the shadow ECL and FL images. Scale bars:
(a, b)5um and (c, d) 2 um. Exposure times: (a, d) 500 ms, (b) 1 s, (c) 200 ms. The image is obtained by averaging (a, b) 5, (c) 50, and (d) 120 original images
to obtain a better SNR. For the experiments in the GCE configuration (a, c), the Procell solution contained 30 uM [Ru(bpy);]**. For the experiments in
the ITO configuration (d), the PBS solution contained 1 mM [Ru(bpy);]** and 100 mM TPA solution. Same applied potential for (a-d): 1.2 V vs. Ag/AgCl.

concentration (30 uM) was employed for GCE due to the higher
oxidation efficiency of TPA on its surface [86], as excessive
concentrations possibly lead to the signal saturation. In a 16-bit
image, grayscale values (ranging from 0 for pure black to 65,535
for pure white) encode pixel brightness, directly correlating with
FL or ECL intensity. We utilized an electron-multiplying charge-
coupled device (EMCCD) for ECL signal detection, because
its unique gain register amplifies the weak signals, enabling
single-photon events to span hundreds of grayscale levels. This
property is critical for the weak-light system such as ECL and
thus the electrochemical efficiency and reagents concentrations
are essential factors. To determine the smallest detectable particle
size (i.e. the sensitivity), we compared the normalized intensity
profiles of shadow ECL and FL for particles of different sizes
(Figure 2). We first examined the intensity profiles of larger
particles on GCE (Figure 2a and b, corresponding to 6 and 3 um
particles, respectively) and observed that the FL intensity peak
aligns well with the shadow ECL intensity minimum, confirming
the spatial correspondence of shadow ECL signals with the
position of the particles. Similarly, for smaller objects (200 nm on
GCE and 100 nm on ITO, Figures 2c and 2d), discernible shadow
profiles matched FL intensity distributions, further proving the
shadow ECL are indeed caused by the nanoparticles obstructing
the electrochemical reactions on the electrode surface.

In order to further quantify the variation in shadow ECL intensity
profiles, we introduce the decrease shadow ECL ratio, providing
a metric to assess the shadow ECL imaging sensitivity:

I

Iaverage ~ 4shadow

I

decrease shadow ECL ratio =
average Ioffset

In the given equation I, indicates the average ECL intensity
in the bare electrode region. I .4, represents the ECL intensity
in the shadow region, and I g, represents the intrinsic signals
of the EMCCD. As shown in Figure 3, the decrease ratio for the
ITO configuration exhibits a near-linear relationship with particle
sizes ranging from 3 um to 100 nm. Within this range, a linear
fit between the decrease ratio and particle diameter yields the
equation y = — 0.0049 + 0.1333 x, with an R? value of 0.992
(Figure S6). In contrast, the GCE setup shows larger variations
and standard deviations. In a first order approximation, this linear
trend can be explained by the fraction of the ECL reaction layer
that is perturbed by the object under investigation. However, it is
very difficult to simulate because it involves several experimental
parameters and physicochemical effects: i) the hindrance of the
diffusion flux of the ECL reagents by the insulating objects, ii)
the ECL mechanism, which depends on the electrode material
(ITO or GC) and the concentrations of the ECL reagents, iii) the
thickness of the ECL emitting layer, iv) the spatial distribution of
the emitted ECL intensity with the distance from the electrode
surface, v) the influence of enhanced electrochemical reaction
rates at the triple insulator-electrolyte-electrode point (vide infra),
etc. Whatever, a linear-relationship suggests that the imaging
system responds uniformly to different particle sizes, meaning
its detection sensitivity remains consistent across various scales
without significant nonlinear distortions (such as saturation
effects or background noise interference). Thus, it further proves
that the imaging sensitivity of ITO is sufficient to approach at
least 100 nm particles. It should also be noted that for the 50 nm
particles in the ITO configuration, the measured decrease ratio
does not deviate significantly from the initial linear trend. When
the 50 nm data point is included in the fit, the resulting linear

40f12

Angewandte Chemie International Edition, 2026

85US01 7 SUOLULUOD dAIIER1D) 3(edl|dde sy Aq peusenob a1e sejole YO ‘8s Jo SajnJ 10} Ariq1T 8UIUO /8|1 UO (SUONIPUOD-PUe-SWLBIW00" A3 IM A Iq 1 julU0//Sdny) SUoNpUOD pue swie 1 8y} 88S *[9202/S0/TT] uo AriqiTauliuo AB|im ‘d1jgndey yoez) aueIyooD Ad ¥S9TZS20g @I1Ue/Z00T 0T/I0p/W0d A8 | ARiq1euljuo//sdny woij pepeojumod ‘8T ‘9202 ‘€22ETZST



FWHM (um)
0.0 0.5 1.0 1.5 2.0 25 3.0
0-5 T T T L] T T
—=—|TO

o —e— GCE
.‘E 0.4 Spores on ITO
- Spores on GCE
(&)
w 0.3 -
3
°
So0.2- L 74
)
) -~
3 /
o 0.1
] e’
a

0.0

0.0 0.5 1.0 1.5 2.0 25 3.0
Size (um)

FIGURE 3 | Evolution of the decrease shadow ECL ratio as function
of the particle (PS beads or spores) size in both ITO and GCE configura-
tions. The blue squares and red dots show the decrease ratio for the PS
beads in ITO and GCE configurations, respectively. The yellow and green
dots represent the relationship between the decrease ratio for spores and
their sizes on the ITO and GCE configurations, respectively. The size of
the spores is expressed in terms of FWHM. For the data point presented
for each particle and spore, n = 20. Error bars represent the standard
deviation.

relationship yields an R? value of 0.978 (Figure S7), which remains
high. This result further supports the capability of shadow ECL to
image particles down to this size regime. In contrast, the decrease
ratio on GCE shows a similar trend but with a higher variability
due to the experimental configuration used. Moreover, although
different numbers of frames were averaged for some particles
of different sizes, the number of averaged frames has only a
negligible effect on the decrease ratio of individual particles (see
Figure S8 for details).

Next, to investigate further the imaging capabilities of the
reported approach, we extracted the full width at half maximum
(FWHM) from FL, shadow ECL and post-enhanced shadow ECL
profiles for different particle sizes by 1D and 2D Gaussian fitting
(Figure S9). Compared with FL, shadow ECL generally exhibits
smaller FWHM values due to its intrinsically surface-confined
nature. By incorporating more spatial information, 2D Gaussian
fitting provides a more reliable description when particle size
approaches the imaging limit (see detailed discussion on FWHM
in Figure S9). Importantly, breakdown of FWHM scaling at 100-
200 nm does not imply imaging failure, which highlights the
distinction between detectability and apparent image width.

Except the setup itself, several additional factors should also be
considered to influence the imaging limits including: i) image
processing method (multi-frame averaging, contrast enhance-
ment and denoising), ii) exposure time, iii) reactant concentra-
tion, and iv) the stacking arrangement of targets. Notably, the
shadow ECL images showed here are not generated by the single
capture but by averaging multiple frames. As shown in Figure

S10, for 100 nm particles on ITO, the single image with 500 ms
exposure time fails to resolve the shadow signal due to the low
signal-to noise-ratio (SNR). The SNR is defined as [87]:

SNR =2
o

where S represents the signal intensity, and o represents the
noise standard deviation. For small particles, the signal is easy
to be overwhelmed by random noise, which mainly includes
three types listed as follows [88-90]: 1) Thermal noise of the
detector, which is generated by the thermal motion of electrons.
2) Readout noise of the detector, which is introduced by circuit
interference during signal digitization. 3) Shot noise of the
emitted photons (Poisson noise), which arises due to the discrete
nature of photons and their random arrival times at the detector.
Multi-frame averaging effectively improves SNR because the
signal accumulates across frames, whereas random noise remains
statistically uncorrelated. As a result, stacking N frames enhances
the SNR by \/ﬁ (derivation provided after Figure S10) [91].
Accordingly, the shadow signal of 100 nm particles becomes
distinguishable after averaging approximately 50 frames (Figure
S10).

Interestingly, multi-frame acquisition can be used to analyze
noise statistics and further improve SNRs by denoising algo-
rithms. Here, two representative post-processing approaches,
deconvolution, and deep-learning-based denoising, were applied
to shadow ECL images acquired near the imaging limit. When
particle size approaches 100-200 nm, the shadow contrast
becomes extremely weak and is further blurred by the optical
PSF. PSF-based deconvolution (Fiji, Richardson-Lucy algorithm;
see Supporting Information for details) partially compensates
for this blur and improves visual sharpness (Figures 4 and Sl1,
deconvolution). Moreover, it can also partially compensate for
small z-axis drift, making the image closer to that acquired at
optimal focus. Yet, caution is required as excessive iterations
can lead to overfitting of noise, causing the particle shadow
to be obscured again by background fluctuations. Next, the
contrast of the shadow ECL images was enhanced using Fast
Fourier Transform (FFT)-based band-pass filtering, followed by
the application of Noise2Self, a self-supervised image denoising
algorithm (see Supporting Information for details). FFT-based
filtering plays a major role in improving the visual appearance
of the images, while using Noise2Self can improve the SNR to
some extent without introducing artificial structures. As shown
in the Figures 4, Sl1, and S12, the post enhanced images of
nanoparticles exhibit a substantial improvement in visual con-
trast. For example, the normalized intensity profile of a 50 nm
particle shows a significantly enhanced shadow contrast after
post-processing (Figure S12b). However, pixel intensities in pro-
cessed images no longer represent absolute ECL intensities but
algorithm-modified values for contrast enhancement. Therefore,
physically meaningful parameters such as the decrease ratio are
evaluated using raw images. It should also be highlighted that
these post-processing methods are auxiliary tools applied only
after shadow ECL has already successfully detected nanoscale
particles. Post-processing enhances visual clarity, but it cannot
recover structural information that is not present in the raw data.
As shown by Figure 4, individual 100 nm shadow ECL features
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FIGURE 4 | From left to right: corresponding FL images, original shadow ECL images with the number of averaged frames that has been described

before, shadow ECL images obtained after deconvolution, and the post enhanced images using FFT-based bandpass filtering and Noise2Self algorithm
for (a) 200 nm and (b) 100 nm particles on ITO. The electrolyte is 0.1 M PBS (pH = 7.4) containing 1 mM [Ru(bpy);]>* and 100 mM TPA. Applied

potential: 1.2 V vs. Ag/AgCl. Scale bars: 5 um.

are clearly visible after post-processing and aggregated regions
(yellow-circled) display improved contrast (Figure Sllc).

Although multi-frame averaging markedly improves SNR,
increasing frame number does not indefinitely enhance shadow
ECL contrast. Comparison between 50-frame and 120-frame
averages reveals negligible differences in both intensity profiles
(Figure S13) and structural similarity index (Figure S14, SSIM
= 0.993), indicating that sufficient SNR is already achieved at
intermediate frame numbers. Excessive averaging increases
computational demand and prolongs acquisition time, making
the system more susceptible to instrumental drift, particularly
along the z-axis direction. Moreover, the choice between
multi-frame averaging and single long exposure requires careful
consideration. In principle, extending exposure time increases the
number of collected photons and can improve SNR, particularly
when readout noise and shot noise dominate (see detailed
discussion after Figure S15). However, in practice, long exposure
does not necessarily yield better shadow contrast. As shown in
Figure S15a, the image obtained with a 5 s exposure time appears
less distinct compared to an image generated by averaging 10
frames with a 500 ms exposure (Figure S15b) even though the
total detecting time is the same. This is because long exposure
also introduces other uncertainties. Background accumulation
increases shot noise, and high-intensity regions may approach
saturation, reducing contrast in weak shadow areas. More
critically, axial (z-axis) drift becomes difficult to manage during
long exposures. Although lateral (xy) drift remains minimal
under our experimental conditions, as confirmed by pre- and
post-imaging overlays and drift correction analysis (detailed
discussion after Figures S16 and S17), small axial drift caused
by thermal or mechanical fluctuations leads to defocusing
effects (Figure SI8). Minor z drift can be partially mitigated
by deconvolution, but significant defocus cannot be corrected
algorithmically. Under short-exposure conditions, z drift can be
promptly identified and compensated by refocusing; however,
during long exposures the lack of real-time feedback makes
such correction difficult, rendering z drift a more significant
limitation. Nevertheless, excessively short exposure is also
unfavorable. As shown in Figure S15b, 50 ms exposure failed

to reveal shadow features even after averaging 200 frames,
likely because critical details in dark regions are lost within
noise in individual frames and cannot be recovered by stacking.
Therefore, an optimal balance between exposure time and frame
number is essential for reliable shadow ECL imaging.

Since the ECL generation relies on the electrochemical reactions,
the factors influencing reaction kinetics, such as the concentra-
tion of the reagents, should be taken into consideration. On ITO,
decreasing the luminophore concentration to 30 pM markedly
attenuated the ECL emission, requiring long exposures (e.g., 10
s) to collect sufficient photons. Under this condition, 6-2 ym
PS beads remained detectable, but the images exhibited higher
background noise and the long exposure time made multi-frame
averaging impractical (Figure S19). For 1 um beads, the shadow
became difficult to distinguish even with a 30 s exposure time.
Consistently, the decrease ratio at 30 uM was lower than that at
1 mM [Ru(bpy);]** (Figure S19b), indicating a weaker contrast
between the shadow region and background. It is noted that in
Figure S19b, the relatively high decrease ratio observed for the
3 um beads at a luminophore concentration of 1 mM is most likely
attributed to the accelerated electrochemical reaction at the three-
phase boundary, which will be discussed in detail later. Since this
effect is volume-dependent, it can lead to a lower decrease ratio
for the larger 6 ym beads. In contrast, this trend is not evident
on ITO at 30 uM, most likely because the weak emission reduces
contrast and masks the three-phase-boundary contribution.

Similarly, we also tested both higher and lower [Ru(bpy);]**
concentrations on GCE setup (1 mM, Figure S20; 600 nM,
Figure S2la-c.) At 1 mM, careful tuning is required to avoid
partial saturation/overexposure. Despite the higher ECL inten-
sity, 200 nm particle imaging still failed, demonstrating that
simply increasing the ECL intensity does not necessarily push
the imaging sensitivity. When the concentration was reduced to
600 nM, single-frame images of 500 nm beads were difficult to
discern (Figure S21a). However, due to the higher ECL efficiency
on GCE, sufficient photons could still be collected with shorter
exposures by adjusting EMCCD gain, enabling multi-frame aver-
aging. As shown in Figure S21c, 500 nm beads became detectable
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after averaging 50 frames, whereas 200 nm particles still could
not be resolved as individual shadows and mainly appeared
as larger aggregates. This limitation likely arises from rapid
ECL decay in the confined reaction volume near GCE surfaces,
further diminishing the imaging quality of multi-frame averaging.
Comparing decrease ratios across concentrations (Figure S21d),
the values at 1 mM on GCE are relatively lower. One possible
explanation is that at this higher luminophore concentration,
the ECL reaction layer becomes thicker [70, 92]. For larger
particles, this reaction layer thickness may not significantly affect
imaging—even if the decrease ratio is lower, the shadow signal
remains distinguishable. However, for 200 nm particles, this
increased thickness may mask the shadow signal, ultimately
causing the limit in nanoparticle imaging discrimination. Owing
to the superior electrochemical activity of the GCE, even at a
luminophore concentration of 600 nM, sufficiently strong ECL
emission can be obtained without requiring long exposure times
(e.g., =210 s). As a result, the three-phase boundary-induced
acceleration effect is still reflected in the decrease shadow ECL
ratio under this condition, manifested by a higher decrease ratio
for the 3 ym beads. When the luminophore concentration is
increased to 1 mM, the ECL emission on the GCE appears to
become excessively strong, leading to an increased ECL layer
thickness and partial image saturation. These effects may then
mask the contribution of the three-phase boundary-accelerated
electrochemical reactions to the decrease ratio. Overall, the trend
of the decrease ratio in this case is relatively complex, as it
arises from the combined influence of image quality, three-phase
boundary acceleration effects, and variations in the ECL emission
layer thickness.

When discussing the imaging limit, the focus is often placed on
the ability to observe smaller particles. While this is reasonable,
certain implicit factors may be overlooked, such as the influence
of enhanced electrochemical reaction rates at the triple point
(insulator-electrolyte-electrode) [85, 93] on shadow ECL imaging,
which we aim to highlight here. Ciampi and co-workers reported
that insulating fouling on electrodes induces locally accelerated
electrochemical reactions, attributed to TPA adsorption and
current crowding at the triple point. Recently, they imaged by
ECL the enhancement of the mass transport by electrode fouling,
due to electrochemically actuated lateral density gradients [93].
In our study, a similar effect is observed at much smaller scales
(3 and 6 um PS particles; Figures S22 and S23). A characteristic
bright ring appears around the shadow region, more pronounced
for 6 um particles, consistent with enhanced mass transport and
adsorption near larger insulating objects. This phenomenon is
general and observed on both ITO and GCE.

According to Ciampi’s findings, this bright-ring enhancement
may become more prominent over time. To quantify this effect,
we defined an enhancement factor (EF) and compared the time
evolution of ECL intensities in the particle and in the background
region from 1s, 5 s to 10 s under single-frame 500 ms exposures
(Figure S24 for 3 um particles and Figure S25 for 6 um particles,
respectively).

enhancement factor = —mex —offset
Ibackground - Ioffset

I, refers to the maximum ECL intensity within the particle
region marked by the orange circle, while Iy,cigrouna Tefers to the
average ECL intensity within the background region marked by
the green circle in Figures S24 and S25. The definition of I g
is the same as before. Grayscale intensity distributions extracted
from ROIs (Figures S24 and S25) show that blank regions follow
near-Gaussian distributions, whereas particle regions exhibit
broader distributions due to the coexistence of bright-ring and
shadow pixels. With increasing particle size, the distribution of
the bright ring approaches Gaussian behavior, consistent with
less affected by stochastic fluctuations in larger pixel areas.
However, EF for both 3 and 6 um particles on ITO shows only
a slight decrease over 10 s (Figure S26). This is possible for several
reasons: (1) the experiments were conducted in a near-neutral
buffer (pH = 7.4), where [Ru(bpy);]**/TPA systems generally
show the highest emission [94], and the ITO electrode configu-
ration permits enough space for solution reaction and diffusion,
therefore, no obvious ECL decay was observed within 10 s; (2)
the particle sizes imaged here are still much smaller than those
reported in the previous study, thus limiting the enhancement
effect. In contrast, ECL on GCE decayed more rapidly. We further
analyzed the grayscale histograms and EF evolution within 5 s
for 6 pm PS particles on GCE (Figures S27 and S28). Because
the overall brightness was lower, the particle and background
grayscale distributions nearly overlapped; nevertheless, the EF
demonstrated that the enhancement at the triple point persisted
even under rapidly decaying ECL backgrounds.

We further examined the influence of exposure time (50 and
500 ms), frame averaging (to minimize temporal effects, images
with 50 and 500 ms exposure times were averaged over 200
and 20 frames), and luminophore concentration (30 uM) on this
enhancement effect (Figures S29-S31). Overall, the enhancement
is consistently stronger for 6 pym than for 3 pm particles (Figure
S32). Single-frame 50 ms images yield the highest EF values,
likely due to stochastic photon fluctuations artificially elevating
intensity peaks. Longer exposures (500 ms) provide better his-
togram separation between particles and background but slightly
lower EF. After multi-frame averaging, the histogram differences
were further accentuated. And it also reduced the EF, which
may be attributed to mild ECL decay during extended acquisition
time and smoothing of abnormally high-intensity pixels. When
the luminophore concentration was reduced to 30 uM (Figure
S31) while keeping the TPA concentration constant, the relative
proportion of TPA increased. Since adsorption of TPA is one
origin of the enhancement effect, the EF should increase under
these conditions. Moreover, since the long exposure time was
acquired to obtain enough emission, multi-frame averaging could
not be performed. As a result, the grayscale histograms of particle
and blank regions tended to overlap. The final results were
consistent with our prediction.

Undoubtedly, this enhancement effect influences shadow ECL
imaging. Notably, the decrease ratio of 6 um particles is lower than
that of 3 um particles on both ITO and GCE (Figure S33), deviating
from simple geometric scaling. Similarly, FWHM differences
between the shadow ECL of 6 and 3 um particles are smaller than
those between 3 and 2 um particles (Figure S9a), likely due to the
mass transport at the bright ring that influence the area of shadow
region. These findings raise an important question: whether a
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FIGURE 5 | Influence ofbead stacking on shadow ECL imaging. (a) FL and (b) shadow ECL images of an assembly of densely packed 6 um particles.
Same experimental conditions as in Figure 2 with the GCE configuration. Scale bar: 10 um. Exposure time: 500 ms. The shadow ECL image is obtained
by overlaying five original images to obtain a better SNR. (c) Comparison of decrease shadow ECL ratio for different locations of particles: center of the

stacking, corner particles and edge particles in (b) and other single isolated particles (n = 6 for center, n = 5 for corner, n = 11 for edge, and n = 20 for

single isolated particles.) Error bars represent the standard deviation.

similar triple-point enhancement effect exists at the nanoscale
and may partially mask shadow contrast near the imaging limit.

Since the target PS particles are spherical, a 200 nm diameter
particle has a very limited contact area with the electrode surface.
The effective contact diameter is likely less than 200 nm. Such
a small contact area is easy to be disguised by the background
interference. This distinction between overall particle size and
effective contact dimension is supported by the comparison of FL
and shadow ECL FWHM (Figure S9), where shadow ECL con-
sistently yields smaller values, reflecting surface contact rather
than total particle size. These observations raise an intriguing
question whether particle shape (e.g., square particles, where
the particle size and contact diameter should theoretically be
more consistent) or packing—by increasing effective contact
area could improve shadow ECL detectability for even smaller
objects.

To answer this question, we investigated more complex entities by
shadow ECL (i.e. tightly packed cluster of 6 um particles) on GCE
(Figure 5). The bead ensemble (~30 beads) exhibits strong overlap
in FL images due to mutual compression and multilayer stacking
(Figure 5a). In contrast, shadow ECL revealed 22 well-resolved
individual shadow spots (Figure 5b), corresponding to beads in
direct contact with the electrode. consistent with the surface-
confined nature of ECL [35]. As shown in Figure 5c, centrally
located beads display higher decrease ratios than peripheral
ones. Indeed, in the central region, the tight packing not only
caused some deformation, but also hindered more the diffusion of
luminophores compared to the peripheral ones. Here, the periph-
eral regions include both corner particles and edge particles. We
define corner particles as those with a larger contact area with
the solution, which may be influenced more by the diffusion of
surrounding luminophores, leading to a relatively lower decrease
ratio. However, when comparing the corner particles with the
edge and individually dispersed particles, the difference is not
significant. But still, the higher decrease ratio in the central part
further demonstrates that particle packing influences shadow
ECL imaging performance.

We have already demonstrated that shadow ECL is capable
of imaging nanoscale particles or ensembles, but its utility in
practical microbiological imaging remains to be explored. Here,

Bacillus subtilis spores were imaged after sedimentation on ITO
and GCE. A typical spore has a length of ~1.3 um and a
width of ~820 nm as confirmed by SEM (Figure S34). The
spores possess intrinsic FL, enabling direct comparison. Shadow
ECL successfully resolves individual spores on both substrates
(Figure 6a and c), with strong spatial correspondence to FL
images. Representative FL and shadow ECL intensity profiles of
a single spore (Figure 6b and d for GCE and ITO configurations,
respectively) further confirm this agreement, underscoring the
practicality of shadow ECL as a label-free technique. For both
ITO and GCE electrodes, the post-processed images of spores also
exhibit improved contrast with enhanced visual clarity (Figure
S35). Statistical analysis of decrease ratio vs. spore size (yellow
dots for ITO, green for GCE in Figure 3) reveals a well-defined
linear relationship (here, the size of spores was represented
by their FWHM). It also demonstrates the consistency of the
decrease ratio of spores with that of particles around 1 um in size.
This good agreement between the relationship of decrease ratio
and sizes also corroborates the accuracy of shadow ECL imaging
for biological application.

3 | Conclusion

In summary, we have demonstrated the potential of shadow
ECL as a label-free, simple, and effective imaging technique
for visualizing extremely small particles down to the nanoscale.
We systematically investigated the effects of multi-frame aver-
aging, exposure time, surface reactivity, post-acquisition image
enhancement, and optical configuration on imaging quality
and revealed the influence of luminophore concentration on
shadow ECL imaging. Insufficient luminophore concentration
leads to reduced ECL intensity, making it difficult to distinguish
shadow ECL signals from background noise, whereas excessively
high concentrations increase the ECL reaction layer thickness,
potentially masking shadow ECL of small particles. Under opti-
mal conditions (1 mM [Ru(bpy);]** and 100 mM TPA for ITO
setup), we demonstrated that shadow ECL can achieve imaging
sensitivities down to 50 nm particles. In addition, we conducted
a detailed discussion on the impact of increased electrochemical
rates at the insulator-electrolyte-conductor boundary on shadow
ECL imaging, demonstrating that this phenomenon may hinder
the imaging limit of shadow ECL. We also found that denser
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Same experimental conditions as in Figure 2. Exposure time: (a) 1 s and (c) 500 ms. Scale bar: 10 pm.

particle packing could facilitate the imaging limit. Finally, the
shadow ECL was successfully applied to image spores with high
image quality, which highlights the practical potential of shadow
ECL in microbial imaging applications.

The unique negative-mode imaging mechanism of shadow ECL
eliminates the need for labeling and its capability to detect
nanoparticles below the Abbe diffraction limit has been vali-
dated. This provides a theoretical foundation for shadow ECL
based nanoscopy. Given the widespread applications of shadow
ECL imaging in electrode-interface dynamics and single entity
imaging, we anticipate that super-resolution shadow ECL will
contribute to high spatiotemporal resolution and high-specificity
imaging, bringing new opportunities for advanced imaging
technologies.
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