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Electrochemically controlled blinking  
of fluorophores for quantitative  
STORM imaging

Ying Yang    1,4, Yuanqing Ma    1,2,4, Jonathan F. Berengut    2,3, 
Lawrence K. Lee    2,3, Richard D. Tilley    1, Katharina Gaus2,5 & 
J. Justin Gooding    1 

Stochastic optical reconstruction microscopy (STORM) allows wide-field 
imaging with single-molecule resolution by calculating the coordinates 
of individual fluorophores from the separation of fluorophore emission 
in both time and space. Such separation is achieved by photoswitching 
the fluorophores between a long-lived OFF state and an emissive ON 
state. Although STORM can image single molecules, molecular counting 
remains challenging due to undercounting errors from photobleached or 
overlapping dyes and overcounting artefacts from the repetitive random 
blinking of dyes. Here we show that fluorophores can be electrochemically 
switched for STORM imaging (EC-STORM), with excellent control over the 
switching kinetics, duty cycle and recovery yield. Using EC-STORM, we 
demonstrate molecular counting by using electrochemical potential to 
control the photophysics of dyes. The random blinking of dyes is suppressed 
by a negative potential but the switching-ON event can be activated by 
a short positive-potential pulse, such that the frequency of ON events 
scales linearly with the number of underlying dyes. We also demonstrate 
EC-STORM of tubulin in fixed cells with a spatial resolution as low as ~28 nm 
and counting of single Alexa 647 fluorophores on various DNA nanoruler 
structures. This control over fluorophore switching will enable EC-STORM to 
be broadly applicable in super-resolution imaging and molecular counting.

Super-resolution light microscopy methods have revolutionized cell 
biology by enabling imaging with resolution below the diffraction limit 
of light such that single proteins and detailed cellular structures can be 
observed in cells1–6. The suite of single-molecule localization micros-
copy methods, such as stochastic optical reconstruction microscopy 
(STORM)6,7 and photoactivated localization microscopy4,5 are particu-
larly attractive because they use conventional wide-field approaches 

but with an order of magnitude higher resolution. This is achieved via 
the separation of point spread functions (PSFs) of the emission from 
individual fluorophores and the subsequent localization of emitters. In 
the STORM technique (direct STORM)6, emitter separation is achieved 
by photochemically switching the organic dyes into the OFF state using 
a high-power visible laser. Then, a sparse subset of dyes is switched back 
to the ON state, either spontaneously or using a second ultraviolet (UV) 
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currents increased, and the fluorescence change appropriately corre-
lates with the current change between 0 and 0.3 V, with representative 
redox peaks at 0.17 V/0.08 V (Fig. 1e and Supplementary Video 2). On 
the basis of these findings, we proposed a possible radical-involved 
mechanism (Fig. 1f). When the potential is scanned in the negative 
direction, several thiol and oxygen reduction reactions may occur, 
leading to either the formation of thiyl radicals directly or reactive 
oxygen species23. In the latter case, intermediate oxygen radicals or 
products, such as the extremely reactive hydroxyl radical (HO•)24, 
hydroperoxyl radical (HO2

•) and hydrogen peroxide (H2O2)25, can react 
with organothiols to generate thiyl radicals26. In either case, the thiyl 
radicals can then react with the –ene functional group at a negative 
potential in the thiol–ene click reaction. When a constant potential 
was applied to the ITO surface, we observed that the more negative the 
potential, the more Alexa 647 on the surface was converted into the OFF 
state. We propose that this is due to the generation of more thiyl radical 
formations, resulting in more Alexa 647 being switched to the OFF state 
by thiol addition. Under a positive potential, the oxidation of thiolate 
anions to disulfides is thermodynamically more favourable, and the 
electrochemical oxidation of thiols then facilitates the dissociation 
of C–S (ref. 27). These dissociated thiolate anions rapidly react with 
other thiols or thiyl radicals to form disulfides instead of propagating 
with the –ene functional groups on Alexa 647. The electrochemically 
controlled thiol–ene reaction to switch the fluorescence ON and OFF 
also works for other STORM dyes, such as ATTO 488 (rhodamine) and 
ATTO 647N (carbopyronine) dyes (Supplementary Figs. 2 and 3 and 
Supplementary Videos 3 and 4). The detailed mechanisms of reversible 
thiol–ene reactions that can be driven by electrochemical potential are, 
however, not yet completely understood, and further experimental 
exploration will be necessary.

To study the switching kinetics of Alexa 647 by using EC-STORM, 
the rate constants for switching the dyes between the fluorescence ON 
and OFF states (Fig. 2a; kon and koff) using electrochemical switching 
were measured. Our finding (Fig. 2b) shows that with electrochemi-
cal switching, kon can dramatically increase with positive potentials, 
whereas the more negative potentials increase the rate constant 
koff. In comparison, using photoswitching (Supplementary Fig. 4), 
kon increases with the intensity of UV laser and koff increases with the 
intensity of the 642 nm laser, as others have previously reported6.

As a key switching characteristic that would affect the STORM 
imaging quality, the duty cycle, defined as the fraction of time a fluo-
rophore is ON within a given period, was studied28. The results shown 
in Fig. 2c demonstrate that varying the electrochemical potential 
allows for the tuning of the duty cycle over a wide range, from 4 × 10−5 
to 4 × 10−3. In contrast, within the same STORM buffer, and under the 
same imaging laser power, altering the intensity of the UV laser resulted 
in duty cycles varying only between 6 × 10−4 and 1 × 10−3. That is, the 
range of duty-cycle variation achieved through electrochemical control 
could be 50 times higher than that achieved through UV laser control. 
The insights into the alterations in duty cycle with varying potentials 
provide guidance for the application of EC-STORM with different imag-
ing requirements, which will be discussed below.

Successfully recovering the OFF-state fluorophores is critical for 
resolving the underlying structure. Here we evaluated what portion of 
fluorophores could be resolved using electrochemical switching. The 
number of molecules (212 ± 33 in the field of view) was quantified in an 
oxygen scavenger buffer without cysteamine such that no switching 
could occur. After adding cysteamine, we performed STORM imag-
ing using both electrochemical and photochemical switching. With 
the initial OFF switching using an intense 642 nm laser followed by 
UV activation laser, only ~67% of Alexa 647 was recovered (Fig. 2d,e), 
with the primary loss occurring during the initial OFF-switching 
phase (Supplementary Fig. 5). In contrast, with the electrochemical 
switching OFF and then back ON, 217 ± 39 Alexa 647 molecules were 
counted, representing a 100% recovery yield. The results indicate that 

laser. The locations of the subset of dyes in an imaging frame can then 
be precisely determined. This process is repeated over many imaging 
frames and a super-resolution STORM image is reconstructed from the 
fitted locations. Since a STORM image is built molecule by molecule, it 
should be possible to determine the number of underlying molecules. 
However, achieving this can be fairly difficult in practice. For example, 
the initial switching OFF of the dyes with an intense laser leads to pho-
tobleaching8; the bleached molecules will no longer be visible and result 
in undercounting. Undercounting or missed events can also occur when 
ON-state fluorophores overlap with densely labelled biological samples. 
Perhaps more problematic is the random blinking that makes a single 
dye appear as several molecules, leading to overcounting. This issue is 
especially difficult to overcome for cyanine-based dyes with prolonged 
dark time between re-blinking, and temporal grouping will fail9.

The challenges with over- and undercounting of fluorophores are 
mostly related to control over the switching of fluorophores. To address 
these challenges, here we propose the use of electrochemistry to switch 
the fluorophores between their ON and OFF states. The inspiration 
came from previous research demonstrating that the fluorescence of 
some fluorophores can be altered by an external electrical potential10. 
However, in previous research10–13, only the brightness of the fluorophore 
was tuned using electrochemical potential with the change synchro-
nized across all the fluorophores. The stochastic switching of molecules 
between their ON and OFF states, as required for STORM imaging, was 
not achieved. To understand why the electrochemical switching of 
fluorophores might be possible requires an understanding of how the 
fluorophores can be photochemically switched between the ON and 
OFF states. A simplified Jablonski diagram (Fig. 1a) for the commonly 
used STORM dye Alexa 647 depicts this mechanism7,14,15. Briefly, the 
OFF-state transfer of Alexa 647 is a photoinitiated thiol–ene reaction6,16. 
The majority of Alexa 647 dyes are first excited into a singlet state using 
a 642 nm laser at high power (10–30 kW cm−2) where they can further 
intersystem cross into a triplet state17,18. From the triplet state, the fluo-
rophores can then enter a long-lived dark state6 when organothiols react 
with the polymethine bridge of Alexa 647 and disrupt the conjugated 
π-electron system16. The reaction is reversible such that the C–S bond for 
the OFF-state Alexa 647 can dissociate, either by oxygen oxidation or by 
UV irradiation, which will switch Alexa 647 back to the ON state. In con-
ventional STORM, to keep Alexa 647 in the OFF state for a longer duration, 
an oxygen scavenger system (like glucose and glucose oxidase) is used 
to reduce the oxygen concentration by ten times to ~5–20 µM (ref. 19).

Results
Electrochemical fluorescence switching
To assess whether we could use electrochemistry to control the thiol–
ene reaction between thiol and Alexa 647, we used an indium tin oxide 
(ITO)-coated glass coverslip as the microscope slide to simultaneously 
perform electrochemistry and fluorescence imaging10,20,21 (Supplemen-
tary Fig. 1a). The standard oxygen scavenger, Tris buffer, with cysteamine 
(a typical STORM buffer) was utilized as the imaging and electrochemical 
buffer solution. As evident in Fig. 1b,c and Supplementary Video 1, Alexa 
647 can be switched between its ON and OFF states by applying positive 
and negative electrochemical potentials in the STORM buffer, respec-
tively. Much more ON-state Alexa 647 can be observed at a positive 
potential (0.2 V) than at a negative potential (–0.5 V). Supplementary 
Video 1 shows that at a constant potential, Alexa 647 molecules exhibit 
the characteristic stochastic blinking behaviour, whereas the external 
electrochemical potential has a direct effect on the emitter density.

To understand the underlying electrochemical reactions between 
the OFF- and ON-state transfer of organic dyes, cyclic voltammetry 
and differential pulsed voltammetry were performed (Fig. 1d,e and 
Supplementary Fig. 2b). We noted that two pairs of redox peaks were 
present when cysteamine was in solution. These two redox peaks 
could be attributed to the redox reactions of thiol and thiyl radicals22.  
With Alexa 647 accumulation on ITO, both oxidation and reduction 
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Fig. 1 | Electrochemical switching of the fluorescence of Alexa 647.  
a, Simplified Jablonski diagram showing how Alexa 647 is switched between the 
ON and OFF states under STORM conditions. In the ON state, Alexa 647 can be 
excited from the ground state (F0) to the excited singlet state (F1). From F1, Alexa 
647 may either relax to the ground state by emitting photons or alternatively 
undergo intersystem crossing to the dark triplet state (T1). From the triplet 
state, molecules may return to the ground state via oxidation by oxygen or 
progress to a long-lived dark state (FH) after reacting with a primary thiol. Alexa 
647 molecules in the dark state may return to the ground state via oxidation by 
oxygen, or alternatively, by exposure to UV radiation. F0 and F1 are called the ON 
states, whereas T1 and FH are the OFF states. b, Electrochemically switching Alexa 
647 ON and OFF. The image frames show that at 0.2 V, the majority of Alexa 647 
molecules are in their ON state, whereas at −0.5 V, many of the molecules appear 

to be in the OFF state. The imaging sample is Alexa 647-labelled microtubules 
of COS-7 cell, and a single 642 nm laser with an intensity of 2 kW cm−2 was used 
as the excitation source during imaging. Scale bar, 5 µm. c, Corresponding 
electrochemical-potential-regulated fluorescence switching curve for the data 
in b. d, Cyclic voltammograms of bare ITO (green line) and Alexa 647/ITO (black 
line) in the STORM buffer at a scan rate of 20 mV s−1. e, Correlation between the 
fluorescence intensity and current change corresponding to the redox peaks at 
0.17 V/0.08 V on cyclic voltammograms for the Alexa 647/ITO sample.  
f, Proposed mechanistic pathways for electrochemically induced switching of 
Alexa 647. Under a negative potential, the thiol reacts with the –ene functional 
group at Alexa 647 via an anti-Markovnikov addition to form a thiol ether, and 
hence, Alexa 647 will be switched into the OFF state. Under a positive potential, 
C–S-bond dissociation will switch Alexa 647 back to the ON state.
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electrochemical switching coupled with a moderate imaging laser is 
an effective approach for resolving all the underlying fluorophores.

Two- and three-dimensional EC-STORM imaging
Understanding the electrochemical switching capability of Alexa 647 
motivated us to use it for EC-STORM imaging (Fig. 3). A common chal-
lenge in conventional STORM imaging on biological samples is the 
emission overlap of multiple fluorophores. With standard localization 
algorithms, PSF overlap can lead to false localizations, resulting in blur-
ring of the STORM image, as seen in regions with crossing filaments 
(Fig. 3b,c). Filtering out the overlapped emitters means the image can 
appear discontinuous. With the development of ‘multi-emitter fitting’ 
algorithms29–32, which greatly improved the localization capability for 
overlapping PSFs, a compromised resolution can still be obtained32,33. 
To maintain a low emitter density in conventional STORM, the pow-
ers of the coupled lasers during data acquisition8,28 or the imaging 
buffer and labelling density need to be optimized. With EC-STORM, 
we demonstrated the capability to adjust the duty cycle with potential, 
thereby offering effective control over the emitter density (Supple-
mentary Fig. 6a and Supplementary Videos 5 and 6). When a negative 
potential was applied to the ITO surface, the emitter density could 
be substantially reduced and less PSF overlapping occurred during 
EC-STORM imaging compared with the conventional STORM condi-
tion (Supplementary Fig. 6b). This reduced the PSF overlapping that 
led to fewer blurred features in the highlighted regions for EC-STORM 

compared with conventional STORM (Fig. 3b,c). Using Fourier ring 
correlation analysis34, we assessed the STORM image resolution. 
The analysis showed an improvement in the image resolution with 
EC-STORM compared with STORM in the zoomed-in region, where the 
tubulins are densely packed (Fig. 3b), with estimated values ranging 
from ~37 to ~33 nm. A slightly improved resolution was also observed 
in the low-density region (Fig. 3c), with estimated values from ~30 nm 
(STORM) to ~28 nm (EC-STORM). The results shown in Fig. 3 demon-
strate that applying a negative potential in EC-STORM can lower the 
duty cycle and reduce the artefacts caused by PSF overlapping.

We also tested the working depth of electrochemically controlled 
fluorophore switching by imaging Alexa 647-labelled polystyrene 
beads in highly inclined and laminated optical sheet illumination 
mode35. This setup allowed us to image Alexa 647 molecules at vari-
ous z locations (Supplementary Video 7). Our findings confirmed 
that effective electrochemical switching is applicable for at least 2 µm 
from the surface (Supplementary Fig. 7a–c). We applied EC-STORM for 
resolving the Alexa 647-labelled microtubules with a biplane detection 
approach36 (Supplementary Fig. 7d), and the z-dimension information 
of the microtubules was obtained. The results confirmed that electro-
chemical activation is feasible for three-dimensional STORM imaging.

Single-molecule counting
The key capability of EC-STORM that extends beyond imaging is molec-
ular counting. The practical challenges in conventional STORM for 
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Fig. 2 | Switching kinetics, duty cycle and recovery yield using 
electrochemical switching. a, Measurement for rate constants kon and koff 
using the electrochemical switching method. By applying a negative potential 
(–0.80 V) to the ITO surface, Alexa 647 will be switched into the OFF state;  
a subsequent positive potential (0.15 V) will reversibly switch the Alexa 647 back 
to the ON state. The rate constant was determined by counting the number 
of molecules in the field of view as a function of time and then fitting the 
distribution to a single exponential function. b, Rate constants kon and koff were 
determined under different positive and negative electrochemical potential 
values. Note that kon is measured versus –0.80 V, and koff is measured versus 
0.15 V. The error bars denote mean ± standard deviation (n = 5 replicates of 
measurements). c, Box plot for the duty cycle (n = 25 moving windows) at each 
applied potential. The boxes extend from the 25th to 75th percentiles, with 

the centre lines representing the median values. The whiskers reach out to the 
largest and smallest values, not exceeding 1.5 times the interquartile range (IQR) 
from the upper- and lower-box hinges, respectively. d, Reconstructed STORM 
images obtained under different conditions using single Alexa 647-labelled DNA-
origami-modified ITO slide. The presented images come from different regions 
of the same slide. A total of 2,000 image frames were collected to reconstruct 
each STORM image. ‘No switching’ refers to a STORM-style image performed in 
an oxygen scavenger buffer but without cysteamine such that all the adsorbed 
Alexa 647 molecules are expected to remain in the ON state. Methods details 
the settings for recovery yield measurement. Scale bar, 5 µm. e, Corresponding 
recovered molecules that could be imaged under the ‘no switching’, ‘EC’ and ‘UV’ 
conditions. The error bars denote mean ± standard deviation (n = 6 replicates of 
different imaging regions).
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molecular counting arise from undercounting issues from the inacti-
vation or photobleaching of fluorophores or the overcounting issue 
from the random re-blinking of dyes9,37. In Fig. 2, EC-STORM shows 
exceptional features: it allows for the reversible ON and OFF switching 
of fluorophores; it has a low duty cycle at a negative potential to avoid 
PSF overlapping; it can activate 100% of the dyes. Owing to this, we 
designed a molecular-counting strategy using EC-STORM (Fig. 4a). The 
electrochemical potential was pulsed between negative and positive 
values for many cycles. With longer durations at the negative potential, 
Alexa 647 molecules were held in the OFF state, and only a small subset 
of molecules would be switched ON during the short positive-potential 
pulse (Supplementary Video 8). If we assume that the probability of 
a switching-ON event is identical for each Alexa 647 molecule, the 

probability of switching-ON events is, therefore, determined by the  
total underlying number of Alexa 647 molecules. By calibrating  
the probability of a single fluorophore switching ON at a known site, 
the number of Alexa 647 molecules in unknown regions can then be 
calculated on the basis of the ON-event frequency. The results shown 
in Fig. 4b support our hypothesis that the random blinking of Alexa 
647 was efficiently suppressed under a negative potential, and over 
95% of the ON events occur at a positive-potential pulse. By employing 
autocorrelation analysis38, we determined the average ON time of single 
Alexa 647 molecules from the autocorrelation decay curve (Fig. 4c)39. 
The result shows that the average ON time of Alexa 647, when subjected 
to pulsed potential settings, was ~2.5-fold shorter compared with the 
values observed under the UV activation condition.
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As proof of the molecular-counting principle, we then applied 
EC-STORM to count the DNA nanoruler samples. The DNA nanoruler 
was designed with Alexa 647 labels at two ends, which were separated 
by 94 nm. Figure 4d shows a consistent observation with the expected 
fluorophore separation. A schematic of the two types of DNA nanoruler 
used for molecular counting is shown in Fig. 4e. The examples for the 
fluorescence time traces showed that significantly higher number of 
ON events were observed for nanoruler #2. Figure 4f displays the his-
tograms that highlight the distinctions between the two groups of DNA 
nanorulers. In contrast, an extensive overlap of the histograms for the 
total number of ON events between the two nanorulers was observed 
under the photoactivation condition (Supplementary Fig. 8a). This is 
probably due to the substantial heterogeneity in Alexa 647 switching 
under UV activation, with some molecules repeatedly blinking, whereas 
others are difficult to activate. This indicates that the pulsed potential 
forces more dyes to enter the ON and OFF switching for more cycles, 
making single-molecule counting more practical. To assist in quantify-
ing the absolute number of Alexa 647, we applied the DNA origami with 
one binding site for Alexa 647 for calibration (Fig. 4f). The histogram 
of the total ON events for a single Alexa 647 shows the peak centred 
at 1.68 ± 0.10. Using this number, the averaged total number of Alexa 

647 molecules at nanoruler #1 and nanoruler #2 were calibrated as 
4.10 ± 0.18 and 7.07 ± 0.29, respectively (Table 1).

To gain further evidence for the total number of Alexa 647 mol-
ecules bound to each type of nanoruler, we also counted Alexa 647 on 
the DNA nanoruler from the maximum brightness (Supplementary 
Fig. 8b–d). In detail, we turned on all the Alexa 647 molecules in the 
STORM buffer by ramping the potential from –0.8 to 0.6 V. Subse-
quently, an EC-STORM image was obtained in the same field of view to 
determine the location for each well-folded DNA nanoruler. The spatial 
coordinates were used to extract the fluorescence time traces during 
the ramping of electrochemical potential and estimate the total num-
ber of Alexa 647 molecules. This showed consistent numbers of Alexa 
647 at nanoruler #1 and nanoruler #2 as obtained from EC-STORM, 
namely, 4.04 ± 0.10 and 7.24 ± 0.21, respectively (Table 1).

Discussion
The single-molecule localization-based STORM technique demands 
well-controlled ON and OFF switching of the organic dyes. Here we pre-
sented an electrochemical switching method referred to as EC-STORM 
that affords robust control over switching using Alexa 647 dye as an 
example. The proposed switching is based on the electrochemically 
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10 W cm−2 of UV laser were ON) and EC-STORM where the potential was pulsed 
(red line; 1 kW cm−2 of 642 nm laser was ON). The average correlation time at 1/e 
of the maximal autocorrelation amplitude is shown by the dotted line, which was 

~323 and ~138 ms for conventional STORM and EC-STORM (pulsed potential), 
respectively. d, EC-STORM image of a DNA nanoruler acquired by reconstructing 
5,000 frames of images as the electrochemical potentials are pulsed. Two ends 
of the DNA nanoruler were labelled with Alexa 647 and were separated by 94 nm. 
e, Example for the fluorescent trajectories of two types of DNA nanoruler as the 
electrochemical potentials are pulsed. A representative schematic of the two 
types of nanoruler is provided on the left. f, Histograms for the total number of 
ON events counted on various DNA origami samples. To ensure the exclusion 
of random re-blinking events, only ON events occurring at a positive potential 
were counted. A single Alexa 647 refers to the origami labelled with single 
Alexa 647; nanoruler #1 and #2 refer to the DNA nanorulers illustrated in e with 
6 or 12 binding sites for Alexa 647 at each end (total binding sites of 12 or 24), 
respectively.
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coupled reversible thiol–ene reaction. We thoroughly evaluated the 
switching kinetics and duty cycles in response to an applied potential.

Our experiments show that the electrochemical switching of fluo-
rophores has several promising benefits for STORM application. First, 
substituting electrochemical for photochemical switching allows for 
switching molecules to the OFF state with a moderate imaging laser, 
and eliminates the need of a UV laser to reactivate the molecules dur-
ing data acquisition. As such, unwanted photobleaching would be 
mitigated. A second benefit is the fine control over the duty cycle 
achieved by altering the potential. This means that the emitter density 
can be substantially reduced under a negative potential to prevent PSF 
overlapping, such that densely packed samples can be easily imaged 
with EC-STORM. A third advantage is that the reversible and fast ON 
and OFF switching of Alexa 647 using electrochemical potential allows 
molecular counting. With all the fluorophores switching to the OFF 
state by a negative potential, the probability of ON events under a posi-
tive potential is determined by the underlying number of fluorophores. 
The working principle for molecular counting using EC-STORM is 
similar to the quantitative point accumulation for imaging in nanoscale 
topography (PAINT)40,41, whereas EC-STORM only requires standard 
dye-labelled antibodies, which reduces the high fluorescence back-
ground from floating imager strands, as well as yields faster imaging 
and counting processes. Finally, the synchronized optical and electro-
chemical features of the method will allow the study of electrochemical 
events at the single-molecule level, such as probing electrochemical 
sensing interfaces and where electrochemistry is occurring within 
nanoconfined spaces42,43.

Taken together, the electrochemical switching of fluorophores to 
control their switching characteristics has the potential to transform 
single-molecule localization microscopy from a powerful imaging 
tool to single-molecule imaging tools with a broader range of imaging 
capabilities. Accompanying this dramatic increase in capabilities is the 
potential simplification of the microscopes to only requiring an imag-
ing laser and an off-the-shelf electrochemical potentiostat.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41566-024-01431-0.
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Methods
Chemicals and materials
Alexa 647-labelled goat anti-rabbit IgG secondary antibody and 
anti-α-tubulin primary antibody were purchased from Thermo Fisher 
Scientific. ATTO 647N-labelled goat anti-rabbit IgG secondary antibody 
was purchased from Sigma-Aldrich. All the solvents used were of the 
analytical grade unless further indicated. All the chemicals, unless 
noted otherwise, were of the analytical grade and used as received 
from Sigma-Aldrich. Aqueous solutions were prepared with Milli-Q 
water of 18.2 MΩ cm resistivity.

The ITO-coated coverslips (8–12 Ω, 22 × 22 cm2) were purchased 
from SPI Supplies. Supplementary Fig. 9 provides a detailed compari-
son between the ITO and glass coverslips, demonstrating similar per-
formance for total internal reflection fluorescence (TIRF) and STORM 
imaging.

Oxygen-scavenging Tris buffer was prepared as follows: (1) stock 
buffer A containing 50 mM Tris, 10 mM NaCl (adjusted to pH 8); (2) 10% 
glucose was added to buffer A followed by adding 0.5 mg ml–1 glucose 
oxidase and 40 µg ml–1 catalase.

The buffer solutions for conventional STORM and EC-STORM are 
identical, with 50 mM cysteamine added to the oxygen-scavenging 
Tris buffer.

Synthesis of single dye-labelled DNA origami. Single-layer, 
twist-corrected DNA origami rectangles44 were designed with one 
binding site for an oligonucleotide labelled with the fluorophores 
(Alexa 647 or ATTO 647N), and eight biotinylated staples for surface 
attachment. Supplementary Table 1 provides the staple sequences for 
one binding-site origami. The DNA origami structures were synthesized 
in a one-pot 60 µl reaction containing 10 nM scaffold strand (M13mp18, 
Bayou Biolabs), 100 nM staple strands, 200 nM binding site staples and 
300 nM dye-labelled oligos (all from Integrated DNA Technologies) in 
1× Tris-EDTA buffer (Sigma-Aldrich) with 12.5 mM MgCl2. The solution 
was annealed using a thermal ramp (65 °C for 15 min and then 60 °C 
to 44 °C in 160 steps at 6 min per step and then held at 25 °C). DNA ori-
gami structures were purified from excess staples and labelled oligos 
via polyethylene glycol precipitation45. After this, the structures were 
ready for ITO sample preparation and image acquisition.

The single Alexa 647-labelled DNA origami was utilized for 
learning the switching rate constants, duty cycle, recovery yield and 
single-molecule-counting calibration. The single ATTO 647N-labelled 
DNA origami was used to demonstrate the electrochemical switching 
of carbopyronine dyes.

DNA-origami-covered ITO sample preparation. Immobilization 
of DNA origami (GATTAquant) was achieved by modifying clean 
22 × 22 cm2 ITO following the below protocols: wash ITO three times 
with phosphate-buffered saline (PBS) and incubate the ITO with 200 µl 
of bovine serum albumin–biotin solution (1 mg ml–1 in PBS) for 30 min. 
Remove the bovine serum albumin–biotin solution and wash it three 
times with PBS. Make sure not to scratch with the pipette tip on the 
surface. Incubate the ITO with 200 µl of neutravidin solution (1 mg ml–1 
in PBS) for 30 min. Remove the neutravidin solution and wash the 
chamber three times with 1× PBS supplemented with 10 mM magne-
sium chloride (the so-called immobilization buffer). Dilute 2 µl of the 
DNA origami solution with 200 µl immobilization buffer. Incubate 
the ITO with this solution for 30 min. Wash the ITO three times with 
the immobilization buffer and store in the immobilization buffer for  
imaging.

Immunofluorescence staining. Immunostaining was performed using 
COS-7 cells (ATCC CRL-1651) cultured with Dulbecco’s modified Eagle’s 
medium fortified with 10% FBS, penicillin and streptomycin, and incu-
bated at 37 °C with 5% CO2. COS-7 cells were plated in six-well plates with 
ITO slides at ~10,000–20,000 cells per well on the day before fixation. 

Then, 10 µl of gold nanorods (A12-25-650-PAA-DUG-25, NanoParTz) was 
added to the ITO coverslip for fiducial drift correction.

The immunostaining procedure for microtubules consisted of 
primary fixation and permeabilization for 90 s with 0.40% glutaralde-
hyde (Sigma) and 0.25% Triton X-100 (Sigma) in PBS; second fixation 
for 7 min at 37 °C with 4.00% glutaraldehyde in PBS, washing with PBS, 
quenching with 0.40% NaBH4 (Sigma) for 10 min, washing with PBS, 
incubation for 3 h with rabbit anti-α-tubulin monoclonal antibody 
(ab216650, Abcam) diluted to 2 µg ml−1 in a blocking buffer (0.20% 
Triton X-100 and 3.00% BSA in PBS), washing with PBS, incubation 
for 1 h with secondary anti-rabbit IgG antibodies labelled with Alexa 
647 or ATTO 647N at a concentration of ~2.5 µg ml−1 in PBS and wash-
ing with PBS; third fixation for 5 min with 2.00% paraformaldehyde 
in PBS; and finally washing with PBS. Note that at the current stage, 
EC-STORM is applicable only to fixed cells, and a cell permeabilization 
step is essential. This step not only allows the entry of antibodies during 
immunostaining but also enables the effectiveness of electrochemical 
potential within the cell.

Electrochemistry. Cyclic voltammetry, chronoamperometry and 
differential pulsed voltammetry were performed by the SP-200 poten-
tiostat (Bio-Logic). All the electrochemistry measurements were car-
ried out in a custom chamber (Chamlide EC 22, Live Cell Instrument) 
containing an Ag|AgCl|3 M KCl reference electrode and a Pt-wire 
counter-electrode, where the working electrode was the ITO-coated 
coverslips.

STORM imaging and analysis. The TIRF images were collected on a 
ZEISS Elyra SP2 super-resolution photoactivated localization micro-
scope. The collimated and linearly p-polarized 642 nm laser was 
reflected from the 642 nm long-pass dichroic mirror and focused at 
the back focal plane of the ×100, 1.46-numerical-aperture oil objec-
tive. The focus is laterally shifted along the back focal plane to provide 
either episcopic illumination (0°) or TIRF illumination (66.7°). The 
TIRF angle was identical between the glass and ITO surface. The fluo-
rescence was collected by the same objective and guided to a cooled 
electron-multiplying charge-coupled device camera (iXon DU-897). 
For STORM imaging, 1–4 kW cm−2 of 642 nm laser was used for excita-
tion with less than 50 W cm−2 of 405 nm laser for photoactivation. For 
electrochemistry-based STORM, only 1–4 kW cm−2 of 642 nm laser 
is used. For two-dimensional STORM, 2,000–20,000 images were 
acquired on a single electron-multiplying charge-coupled device cam-
era with an exposure time of 33–100 ms and camera gain of 80–120. 
The localization analysis was performed in Zen 2.3 software (black 
version). Cross-correlation-based drift correction provided in ZEISS 
Zen software was used for sample drift correction.

For the STORM imaging of the microtubule samples, an initial 
OFF-switching step is needed to turn off the ON-state fluorophores. 
The practice is that we set the light path in the episcopic-illumination 
mode. For conventional STORM, a 5 kW cm−2 of 642 nm laser is turned 
on for 30 s, and all the fluorophores in the focusing region enter into the 
blinking mode. In EC-STORM, a negative potential (–0.8 V) is applied to 
the surface as a moderate-power 642 nm laser (2 kW cm−2) is turned on 
for 5–10 s; the fluorophores in the focusing region are quickly turned 
OFF. Subsequently, we set the light path to the TIRF mode for conven-
tional STORM or EC-STORM imaging.

A biplane detection approach was applied to reconstruct the 
three-dimensional STORM image under the electrochemical switch-
ing mode. The fluorescence signal from Alexa 647 was evenly split 
onto two cameras by a long-pass dichroic beamsplitter (690 nm, 
AHF Analysetechnik). The tube lens in the shorter-wavelength light 
path was shifted closer to the camera so that the molecules located 
at 600 nm higher in the sample space are focused onto this camera. 
Before three-dimensional image acquisition, the sample with 100 nm 
microspheres (orange fluorescence (540/560 nm), Thermo Fisher 
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Scientific) was imaged in the TIRF mode for two camera alignments. 
The beads were also used for axial-distance calibration, where the 
piezo-stage was moved up at 50 nm step size from –1,350 to +1,350 nm 
relative to the middle point of the two focal planes as the images were 
collected. During imaging, the objective was parked in the middle of the 
two focal planes to produce maximal contrast in the shape variation of 
the PSF across the two cameras. To reconstruct the three-dimensional 
EC-STORM image, 30,000 images were simultaneously acquired on two 
separate cameras with an exposure time of 33 ms. The exposure time 
of the two cameras was synchronized by the internal trigger provided 
in ZEISS Elyra.

Rate constant for Alexa 647 switching. To measure the rate constants 
kon and koff using the electrochemical switching method, the Alexa 
647-labelled tubulin samples were imaged under a 642 nm reading laser 
(2 kW cm−2). By applying a negative potential to the ITO surface, Alexa 
647 molecules are switched into the OFF state; a subsequent positive 
potential reversibly switches them back to the ON state. The rate con-
stant was determined by counting the number of molecules in the field 
of view as a function of time and then fitting the distribution to a single 
exponential function (Fig. 2a). For EC-STORM, the rate constant kon at 
each potential was measured versus –0.80 V and koff at each potential 
was measured versus 0.15 V. For comparison, the rate constants kon and 
koff using photochemical switching were measured by irradiating the 
sample with a strong 642 nm laser to switch OFF Alexa 647 (koff) first 
and then reduce the 642 nm laser to 2 kW cm−2 on and turn on the UV 
light to switch the OFF-state fluorophores back to the ON state (kon).

Duty cycle. The single Alexa 647-labelled DNA origami sample was 
utilized for measuring the duty cycle (fraction of time a molecule 
spends in its fluorescence-ON state28,46). The measurement process 
always commenced in a new region of interest, where the Alexa 647 
molecules had not switched to the OFF state. These initial ON frames 
were utilized to determine the location of each DNA origami. Once 
the molecules entered the stochastic blinking mode, single-molecule 
fluorescence time traces were extracted. Within a measurement  
time window of 300 s, the last fluorescence-ON time was assumed to 
indicate photobleaching of the molecule. The survival fraction was 
dynamically calculated in a moving window of 5 s as the fraction of 
molecules that had not undergone photobleaching. The duty cycle was 
dynamically calculated in a moving window of 15 s. As the molecules 
experienced photobleaching over time, the duty cycle was normal-
ized by the fraction of molecules that survived in the moving window.

Recovery yield comparison. The STORM images were obtained under 
different conditions for the same single Alexa 647 molecule-covered 
ITO sample, but in different regions. Here 2,000 frames were collected 
to reconstruct the final STORM image. ‘No switching’ represents the 
STORM image in the oxygen scavenger buffer without cysteamine in 
which all the Alexa 647 molecules were in the ON state. Under the ‘EC’ 
condition, a –0.8 V potential was applied for 10 s for switching off the 
dyes and then an electrochemical potential was applied from –0.10 to 
0.35 V during data collection to ensure a higher number of Alexa 647 
molecules could be activated to the ON state. Under the ‘UV’ condition, 
a 10 kW cm−2 of 642 nm laser was applied for 10 s for the initial switch-
ing OFF of the dyes, and the UV laser intensity was increased from 10 
to 200 W cm−2 during data collection. Then, 1 kW cm−2 of 642 nm laser 
was turned on during data collection for all the conditions. Under the 
EC and UV conditions, after 500 frames, there are very few molecules 
to make sure we have imaged nearly all the molecules that have been 
turned ON.

Molecular counting using pulsed electrochemical potential 
(EC-STORM). The electrochemical potential was pulsed between 
–0.6 V for 900 ms and 0.1 V for 100 ms for 250 cycles. A STORM image 

was generated as the potential was pulsing. To filter out the complete 
nanorulers with two labelling sites, we first examined the pairwise 
Euclidean distance between all the possible pairs of localization events 
in the STORM table. Localization events that belong to the same nanor-
uler tend to be more closely packed in space; therefore, the pairwise 
distance between the localization events of the same nanoruler was 
much smaller than the distance between the different nanorulers. 
Once the densely packed, nanoruler-like regions were isolated, we 
analysed the distance between the localization events inside the region 
of interest to its centre of mass. A single-spotted nanoruler due to 
misfolding-related damage would produce a much smaller value com-
pared with a dual-spotted nanoruler and hence was excluded from 
the STORM image. Once the dual-spotted nanoruler was identified, 
the localization events within the nanoruler were segregated into two 
groups on the basis of the pairwise molecule distance. The distance 
between these two groups (from centre to another centre of the group) 
will be analysed (Fig. 4d). From the constructed STORM image, the 
localization for each DNA origami is obtained; we then analyse the 
fluorescence trajectories of these well-folded DNA nanorulers from 
the raw videos and count the total number of ON events.

Absolute molecular counting at the DNA nanoruler using maximum 
brightness. First, we aimed to activate all the Alexa 647 molecules on 
the DNA nanoruler by ramping the electrochemical potential from –0.8 
to 0.6 V and deactivate the dyes by reversing the potential to –0.8 V. To 
enhance the statistical accuracy of molecular counting, we repeated 
this potential-ramping process for three cycles and recorded the first 
video. Second, to identify the locations of well-folded and labelled DNA 
nanorulers, we performed EC-STORM in the same region. We took a sec-
ond video comprising 5,000 frames with the applied potential linearly 
increasing from –0.2 to 0.2 V. The locations of intact nanorulers, with 
the two ends separated by 94 nm, were obtained from the reconstructed 
EC-STORM image. We excluded the degraded DNA nanorulers that exhib-
ited only one end. Third, using the locations of the intact DNA nanorul-
ers, we extracted the fluorescence trajectories from the first video for 
each DNA nanoruler. By grouping fluorescent events with similar inten-
sity in the intensity–time trace and plotting them in descending order, we 
generated a stepwise fluorescence decay curve (Supplementary Fig. 9c). 
From this curve, we estimated the fluorescence intensity of single dyes. 
We then determined the total number of Alexa 647 molecules at each 
DNA nanoruler on the basis of maximum brightness.

Data availability
Source data are available via Dryad at https://doi.org/10.5061/
dryad.7pvmcvdx9 (ref. 47). Some of the raw data for EC-STORM or 
conventional STORM are not suitable for distribution through public 
repositories due to the large file size and are available from the corre-
sponding author upon request. Source data are provided with this paper.

Code availability
Custom MATLAB (MathWorks) codes used for data processing are avail-
able via Dryad at https://doi.org/10.5061/dryad.7pvmcvdx9 (ref. 47).
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