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Abstract: Single-molecule localization microscopy
(SMLM) has revolutionized optical microscopy by
exceeding the diffraction limit and revealing previously
unattainable nanoscale details of cellular structures and
molecular dynamics. This super-resolution imaging ca-
pability relies on fluorophore photoswitching, which is
crucial for optimizing the imaging conditions and
accurately determining the fluorophore positions. To
understand the general on and off photoswitching
mechanisms of single dye molecules, various photo-
switching reagents were evaluated. Systematic measure-
ment of the single-molecule-level fluorescence on and
off rates (kon and koff) in the presence of various
photoswitching reagents and theoretical calculation of
the structure of the photoswitching reagent-fluorophore
pair indicated that the switch-off mechanism is mainly
determined by the nucleophilicity of the photoswitching
reagent, and the switch-on mechanism is a two-photon-
induced dissociation process, which is related to the
power of the illuminating laser and bond dissociation
energy of this pair. This study contributes to a broader
understanding of the molecular photoswitching mecha-
nism in SMLM imaging and provides a basis for design-
ing improved photoswitching reagents with potential
applications extending to materials science and
chemistry.

Introduction

Single-molecule localization microscopy (SMLM), a repre-
sentative category of super-resolution microscopy, has
revolutionized optical microscopy by overcoming the dif-
fraction limit, which is a fundamental barrier to traditional
light microscopy.[1–6] The development of SMLM has
advanced the contemporary understanding of biology,
enabling researchers to study the organization of molecules
and complexes within cells on the nanoscale in unprece-
dented detail.[7–9] Recently, SMLM has opened up new
applications across various scientific disciplines. Such appli-
cations include semiconductor and polymer nanostructures,
enabling research into the nanoscale properties of
nanomaterials.[10–14] The super-resolution imaging capability
of SMLM is based on fluorophore photoswitching, which
enables precise localization of the individual fluorophore
molecules and the reconstruction of super-resolved
images.[15] Therefore, understanding the photoswitching of
fluorophores is important because this phenomenon is a
fundamental aspect of SMLM techniques such as stochastic
optical reconstruction microscopy (STORM) and photo-
activated localization microscopy (PALM).[4,5] Understand-
ing the photoswitching mechanism enables researchers to
optimize the imaging conditions, such as the laser parame-
ters, imaging protocols, and detection schemes, to take full
advantage of the photoswitching phenomenon, ultimately
resulting in improved spatial resolution.[16,17] Understanding
the photoswitching mechanism is also essential for accu-
rately determining and quantifying the positions and
intensities of individual fluorophores.[18] This quantification
is crucial in biological research, as it enables precise analysis
of cellular structures, protein distributions, and their dynam-
ics. Understanding the photoswitching properties of fluoro-
phores will also aid in developing better fluorophores for
SMLM with specific photoswitching properties, such as
brighter on-states and more reliable off-switching, thereby
enhancing imaging capability.[19] This knowledge can lead to
a deeper understanding of molecular photophysics and
broader applications in fields such as materials science and
chemistry.

Given the significance of understanding the photoswitch-
ing properties of fluorophores, many groups have proposed
various molecular photoswitching mechanisms for fluores-
cent dyes.[20,21] To reconcile the seemingly divergent results
reported by several groups, efforts have recently been made
to unify the different mechanisms for thiol-induced photo-
switching of cyanine dyes, which are the most utilized dyes
for SMLM. However, these studies focused only on thiol-
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induced photoswitching, particularly during the switching-
off step.[20–24] For example, a reversible transition occurs
between the fluorescent and dark transient states, in which
the formation of a nonemissive cyanine dye-thiolate
(Cy� SR) adduct is mainly responsible for the switching-off
step. However, the detailed mechanism by which the
fluorescent state is recovered remains unclear. Previous
studies only considered thiols as photoswitching reagents;
therefore, photoswitching reagents for SMLM have thus far
been limited to thiols.

Herein, by focusing on the recovery switch-on step of
the Alexa Fluor 647 dye, which is one of the most commonly
used fluorescent dyes for STORM,[25] we propose a unified
mechanism for photoswitching by analyzing various photo-
switching reagents. To generalize the photoswitching mech-
anism of the dye induced by other molecules, various
photoswitching reagent candidates, such as thiols (2-mercap-
toethylamine (MEA), dithiothreitol (DTT)), amines (ala-
nine, glycine), ethanol, hydrogen peroxide, halogenated
benzene compounds (chlorobenzene, iodobenzene), and
hydride compound (sodium hydride) are evaluated. The
data show that the two-photon effect detaches the photo-
switching reagent from the dye molecule during recovery to
the fluorescent state, which explains why high laser power is
required for fast photoswitching in STORM imaging.
Theoretical calculations suggest that this multiphoton ex-
citation is followed by dissociation in the excited state,
allowing spontaneous recovery of the dye from the dark-
state dye-photoswitching reagent adduct. Owing to this
multiphoton-induced dissociation of the adduct in the off-to-
on recovery process, dye molecules that are more strongly
attached to the photoswitching reagent molecule tend to
remain in the dark state longer and undergo fewer photo-
switching cycles. Moreover, in the presence of bulky photo-
switching reagent molecules, the dye molecules tend to
remain in the fluorescent on-state longer because the bulky
photoswitching reagent molecule has limited access to the
dye molecule. Based on this systematic investigation of
various photoswitching reagents, we tested NaN3 as a new
photoswitching reagent and successfully demonstrated
super-resolution imaging of microtubules, mitochondria, and
clathrin-coated pits (CCPs) with it. This systematic study of
the dye photoswitching properties in the presence of various
photoswitching reagent candidates is expected to enable the
optimal design of new photoswitching agents and improve
super-resolution imaging.

Results and Discussion

Mechanism of Dye Recovery to Fluorescent State via Two-
Photon-Induced Dissociation of Photoswitching Reagent from
Dye Molecule

First, we focused on the mechanism of recovery to the
fluorescent state of the dye, which remains relatively
unclear. Although it has been known that dye recovery
could occur by either photoinduced or thermal elimination
of the thiol from the dye-thiol adduct, the detailed mecha-

nism has not been investigated. The questions of what
determines and accelerates this recovery process and how
laser illumination can induce the dissociation of thiol from
the dye-thiol adduct remain unanswered (Figure 1a).

Before investigating this mechanism, we first examined
the formation of the dye-photoswitching reagent adduct
using UV/Vis absorption spectroscopy and mass spectrome-
try. As shown in Figure S1, we observed a decreased
absorption peak intensity of Alexa Fluor 647 (AF647)
(647 nm) and a newly formed blue-shifted peak intensity
(200–400 nm) with the addition of the photoswitching
reagent from both the simulated and experimental UV/Vis
absorption spectra, implying the formation of a dark state
by the AF647-photoswitching reagent adduct. We could also
observe the formation of the AF647-photoswitching reagent
adduct from mass spectra by accelerating its addition at high
pH (Figure S1). Based on this evidence, we next investigated
the mechanism of the off-to-on recovery step. We initially
measured kon with a variation of the excitation laser power
(0.15–1.7 kW/cm2). The rate of the recovery switch-on
process has been considered first-order in previous
studies.[20,22] As shown in Figure 1b, the recovery rate (kon)
increases as the excitation laser power increases. Notably, at
a significantly low laser power (0.15 kW/cm2), the dark state
of the dye (possibly the dye-thiol adduct) tended to persist
for longer, resulting in a very slow recovery rate (kon). By
contrast, at a high laser power (>0.85 kW/cm2), the dark
state of the dye could be quickly converted to the
fluorescent state, resulting in the fast photoswitching
required for super-resolution imaging. This not only explains
why a high laser power is required for SMLM imaging but
also suggests that the probability of dissociation of the thiol
from the dye-thiol adduct is related to the photon energy.
Interestingly, the slope of the log-scale graph of kon versus
the laser power was approximately 2, suggesting a two-
photon process for the off-to-on recovery process. This two-
photon dye-fluorescence recovery process is consistent with
the high laser power required to activate the dye from the
dark state.[26] The effect of additive UV illumination in this
process was also evaluated by excitation using a 405 nm laser
with a power of 17–51 W/cm2 combined with low-power
(0.15–0.2 kW/cm2) laser excitation (647 nm). As shown in
Figure 1b, even UV illumination with a low laser power
(0.15–0.2 kW/cm2) could accelerate this process by increas-
ing kon. Therefore, accelerated photoswitching of the dye
was achieved using UV illumination at a low laser power
(~0.2 kW/cm2) combined with excitation using a low-power
(0.15–0.2 kW/cm2) laser (647 nm). The recovery of the dye
to the fluorescent state by UV irradiation is also consistent
with the previously observed photoactivation of the reduced
dyes by UV light.[16] Therefore, the recovery of the dye from
the dark state to the fluorescent state via dissociation of the
thiol from the dye-thiol adduct can prospectively be induced
by blue photons (in the UV range) even under excitation
with a low-power laser or two photons of a red laser, which
can explain why high laser power excitation or UV
activation is required to activate the switching-on phenom-
ena of dyes.
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To further investigate the mechanism of dissociation of
the bond between the dye molecules and thiols induced by
laser illumination, the ground and first excited states of the
dye-thiol adduct were determined from theoretical calcula-
tions. Interestingly, a dissociative energy curve was con-
structed for the first excited state (Figure 1c). Therefore, the
simulated potential energy diagram shows that once the dye-
thiol adduct is excited to the first excited state, it quickly
follows the dissociation curve, resulting in the dye and thiol
molecules dissociation. The energy required for excitation
from the ground state (S0) to the first excited state (S1) was
calculated as ~345 nm, which is higher than the energy of
the red light (647 nm) and approximately two-photon energy
of the 647 nm light. As the length of the bond (C� S bond)
between the dye molecule and thiol increases, the excitation
energy decreases, as shown in Figure 1c. Thus, 405 nm
photons are also expected to excite the dye-thiol molecules
to the dissociated excited state. When the thiol is attached to
the dye molecule in neutral form (R� SH), which is different
from the deprotonated form (R� S� ), the calculated excita-
tion energy is even lower (~560 nm) (Figure S2). In this
case, a blue photon (405 nm), even with low power, could
induce dissociation of the dye–thiol pair.

To confirm the proposed two-photon mechanism of
bond dissociation in the dye-photoswitching reagent leading
to the recovery of the dye to the fluorescent state, various
photoswitching reagent candidates that interact with the dye
molecule with different binding energies were evaluated

(Figure S3a). As discussed above, prior studies on the
photoswitching mechanism considered only thiol as a photo-
switching agent, limiting further development of new photo-
switching reagents. To generalize the photoswitching mech-
anism, various molecules that could interact with the dye
molecule with different binding energies were selected as
photoswitching reagent candidates, including thiol (MEA,
DTT), amine (alanine, glycine), hydroxyl (ethanol, hydrogen
peroxide), halogenated benzene (chlorobenzene, iodoben-
zene), and hydride (sodium hydride) groups. To assess the
effect of the bond energy between the photoswitching
reagent and dye molecule on recovery of the dye to the
fluorescent state, the lifetime (τoff) of the dark state (i.e.,
dye-photoswitching reagent adduct) was measured at the
single-molecule level. The measured τoff was plotted as a
function of the calculated energy of the bond between the
reagent and dye molecule, as shown in Figure 1d. Interest-
ingly, photoswitching reagents with strong bond energies,
such as BH4

� , exhibited long dark-state lifetimes, whereas
those with weak bond energies, such as thiols (MEA, DTT),
exhibited short dark-state lifetimes. Therefore, photoswitch-
ing reagent candidates interacting with the dye molecule
with high binding energies tend to remain in the off-state
longer, making recovery to the fluorescent state difficult.
This suggests that the energy for dissociation of the bond
between the dye and photoswitching reagent molecule
determines the lifetime of the dark state in the dye recovery
process, which is consistent with the proposed mechanism.

Figure 1. Proposed two-photon-induced off-to-on photoswitching mechanism in single-molecule localization imaging. (a) Photoswitching
mechanism and associated rates and lifetimes. (b) Dependence of kon on excitation laser (647 nm) power. Red and blue: kon measured under
simultaneous illumination with 647 nm excitation laser at a power of 0.15–1.7 kW/cm2 and 405 nm activation laser at a power of 17–51 W/cm2.
(n=5, mean�SD) (c) Profiles of the relaxed potential energy surface (PES) of AF647-thiol adduct along the bond length coordinates showing the
dissociative curve for the first excited state. PES for the ground state was calculated by DFT at the B3LYP/6-31+G(d,p) level and those for the
excited states by TD-DFT at the same level. (d) Measured τoff depending on the calculated dissociation energy for the bond between dye and
photoswitching agent. (n=40, mean�SD) MEA: 2-mercaptoethylamine, DTT: dithiothreitol, PPNO: 4-phenylpyridine N-oxide, CB: chlorobenzene,
IB: iodobenzene. (e) Number of photoswitching cycles of photoswitching reagents depending on the calculated dissociation energy for the bond
between dye and photoswitching agent. (n=40, mean�SD)
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Based on the assumption that the activation energy for dye
recovery is approximately equal to the energy for dissocia-
tion of the bond between the dye and photoswitching
reagent, a linear relationship between the bond dissociation
and ln(τoff) is expected (Figure S3b). We observed that the
plot of ln(τoff) versus the bond dissociation energy was linear
(Figure 1d), again confirming that the bond dissociation
process is the main factor influencing the fluorescence
recovery.

Given the significant role of the binding energy between
the dye and photoswitching reagent molecule in the
fluorescence recovery process (i.e., the off-to-on process),
we proposed that the binding energy could affect the
number of photoswitching cycles. To investigate this effect,
the number of switching cycles was measured for various
photoswitching reagent candidates that bind to the dye
molecules with different energies (Figure 1e). As the binding
energy between the dye and photoswitching reagent in-
creases, it becomes more challenging to induce a reversal
from the dark state to the fluorescent state by laser
illumination, reducing the number of photoswitching cycles.
For example, in the presence of BH4

� , the dye undergoes a
few photoswitching cycles (average of ~2.5), plausibly due to
the strong bonding between H� and the dye molecule. Such
strong bonding between H� and the dye molecule can also
be observed even when the hydride ion is added to the
indolenine carbon, not to the polymethine bridge, which has
been observed in previous study.[27] Although the second
carbon on the polymethine bridge has been known to be the
most plausible position for addition of reducing
molecule,[16,20,21] a hydride ion is expected to be added to the
sterically hindered indolenine carbons because of their small
sizes. We also observed the predominant formation of
hydrocyanine by the addition of a hydride ion to the
indolenine carbon rather than the formation of hydro-
cyanine by the addition of a hydride ion to the second
carbon on the polymethine bridge based on its relatively
red-shifted absorption peak compared to other dye-photo-
switching reagent adducts in the simulated and experimental

UV/Vis absorption spectra (Figure S1). The bond dissocia-
tion energy of the hydrocyanine formed by the addition of
hydride ion to the indolenine carbon was calculated as
425 kJ/mol, which is the strongest bond dissociation energy
among all of the tested photoswitching reagents, still
explaining the longest τoff and smallest number of photo-
switching cycles in our observation. Interestingly, this small
number of photoswitching cycles could be increased by
additional activation with UV light (405 nm), implying
enhanced reversibility under high-energy laser illumination.

Overall, the results indicate that the fluorescent off-to-
on process and the reversibility of photoswitching are mainly
determined by the energy of the bond between the dye and
photoswitching reagent molecules.

Switching-Off Mechanism Determined by Nucleophilicity of
Photoswitching Reagent

The changes in the on-to-off kinetics of the dye were
systematically investigated for various photoswitching re-
agents that have not been previously assessed. Based on a
previously suggested mechanism for thiol addition to the
dye molecule,[20] we proposed that the steric hindrance of
the photoswitching reagent could affect the on-to-off photo-
switching process because it is the main factor determining
nucleophilicity. Therefore, the effect of steric hindrance of
the photoswitching reagent (in the dye-reagent adduct) on
the lifetime (τon) of the fluorescence on-state was evaluated
(Figure 2).

As a well-known metric of the steric hindrance, the cone
angle was determined from theoretical calculations.[28] As
expected, in the presence of a photoswitching reagent with a
high cone angle, the dye tended to remain in the fluorescent
state longer, resulting in a longer “τon” because the bulky
photoswitching reagent may not be effectively attached to
the conjugated bond in the dye molecule. For example,
photoswitching reagents with bulky functional groups, such
as chlorobenzene, 4-phenylpyridine N-oxide, and iodoben-

Figure 2. Effect of the nucleophilicity of photoswitching agent on the on-to-off photoswitching mechanism in single-molecule localization imaging.
(a) Effect of steric hindrance (in terms of cone angle) on τon. The measurement of the cone angle is also shown on the left. (n=40, mean�SD)
MEA: 2-mercaptoethylamine, DTT: dithiothreitol, PPNO: 4-phenylpyridine N-oxide, CB: chlorobenzene, IB: iodobenzene. (b) Measured lifetime of
fluorescence-on state (τon) in the presence of various amine molecules with different substituents. (n=40, mean�SD)
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zene, tend to remain in the fluorescent-on state longer
because of poor interaction with the dye molecules. By
contrast, the photoswitching reagents with a low cone angle,
such as BH4

� , exhibit a shorter “τon” as the addition of such
a light photoswitching reagent to the dye molecule is facile.
Therefore, the bulkiness of the photoswitching reagent is
one of the main factors determining the on/off photo-
switching mechanism through control of the accessibility to
the dye molecule.

In addition to the steric hindrance effect, substituents on
the nucleophile can affect the nucleophilicity. For example,
molecules with benzene groups, such as 4-phenylpyridine N-
oxide, chlorobenzene, and iodobenzene, are less nucleo-
philic because of delocalization of the nucleophilic lone pair
by resonance. The effect of the nucleophilicity on the dye
could be observed in the presence of these benzene
molecules, where the lifetime (τon) of the fluorescence on-
state was longer, suggesting low nucleophilicity. Because a
longer fluorescence-on lifetime could result in a high
probability of point spread function (PSF) overlapping with
long lifetimes, a photoswitching reagent with a nucleophilic
lone pair electron in the resonance group would not be
preferable for single-molecule imaging. In addition, the
nucleophilicity of the amine group is known to decrease in
the presence of electron-withdrawing groups, such as
carboxylic groups. Such an effect was also observed from
the measurement of the fluorescence-on lifetime (τon) for
photoswitching reagents with amine groups. In the presence
of photoswitching reagents with carboxylic groups, such as
alanine and glycine, the fluorescence-on lifetime (τon) of the
dye increases, compared to the lifetime in the presence of
other photoswitching reagents having a similar cone angle,
as shown in Figure 2a. To confirm this, the fluorescence-on
lifetime (τon) of the dye in the presence of methylamine or
dimethylamine, having one or two electron-donating methyl
groups was also measured. In the presence of these reagents
(Figure 2b), the lifetime (τon) of the fluorescence-on state
was shorter, suggesting the high nucleophilicity of these
reagents compared to that of the amine molecules with
electron-withdrawing groups, such as glycine and alanine.
This suggests that the nucleophilicity of the photoswitching
reagent plays a significant role in determining the
fluorescence on-to-off process. Meanwhile, no clear relation
between pKa and τon was observed, suggesting that the
basicity of the photoswitching reagent does not directly
affect the fluorescence-on lifetime. (Figure S4). Collectively,
the data indicate that the nucleophilicity of the photo-
switching reagent, rather than the basicity, is the main factor
determining the fluorescence-on lifetime (τon) during the
photoswitching process.

STORM Image Quality of Biological Samples Depending on
Type of Photoswitching Agent

We investigated the STORM image quality of biological
samples based on systematic quantification of the photo-
switching process for various photoswitching agents. The
tested photoswitching reagents were roughly divided into

four categories depending on their binding energy to the dye
molecule and nucleophilicity: (Type 1) photoswitching re-
agents with weak binding energy and good nucleophilicity
(i.e., MEA and DTT). (Type 2) Photoswitching reagents
with intermediate binding energy and poor nucleophilicity
(i.e., glycine and alanine). (Type 3) Photoswitching reagents
with strong binding energy and good nucleophilicity (i.e.,
BH4

� ). (Type 4) Photoswitching reagents with strong bind-
ing energy and poor nucleophilicity (i.e., chlorobenzene and
iodobenzene). The photoswitching properties of each type
of photoswitching reagent are summarized in Table S1,
facilitating the comparison of various photoswitching re-
agents. Given the measured photoswitching rates, photon
numbers, and localization precision for each type of photo-
switching reagent, it is expected that Type 1 would induce
the best photoswitching properties in the AF647 dye, where-
as Type 4 would exhibit the poorest photoswitching proper-
ties. To assess the STORM image quality, we performed
STORM imaging of AF647-labeled microtubules in the
presence of each type of photoswitching agent and measured
the width and one-dimensional localization density of the
microtubule filaments from the STORM images (Figure 3).

As expected, Type 1 photoswitching reagent, having
weak binding energy and good nucleophilicity, generated
the best STORM image quality by showing the hollow
structure of the microtubules with narrow width and high
localization density. The high-resolution STORM image of
the hollow and narrow microtubule filaments results from
the fast photoswitching process (high kon and koff), which is
consistent with the single-molecule measurements. In addi-
tion, the high localization density resulting from the high
number of photoswitching cycles contributes to the high
resolution of the STORM images when Type 1 photoswitch-
ing reagents are used, consistent with the previously
described our single-molecule measurement. The observa-
tion of such hollow microtubule filaments was compromised
when Type 2 photoswitching reagents, which have inter-
mediate binding energy and poor nucleophilicity, were used.
Because both photoswitching-on and photoswitching-off
processes of the dye in the presence of Type 2 reagents are
relatively slower than those in the presence of Type 1
reagents, the localization density of the microtubules in the
STORM images taken with the Type 2 photoswitching agent
was lower than that of the image acquired with the Type 1
reagent. Type 2 reagents often show overlapping PSFs
during STORM imaging, probably because of slower kon and
koff, resulting in thick microtubule filaments. Such over-
lapped PSFs were rarely observed in the presence of the
Type 3 reagent, which has a strong binding energy and good
nucleophilicity, owing to the short lifetime of the
fluorescence-on state (τon). However, the low number of
photoswitching cycles resulting from the strong binding
energy to the dye results in a low localization density of the
microtubule filaments, which limits the quality of the
STORM images. Finally, Type 4 photoswitching reagents
with strong binding energy and poor nucleophilicity gener-
ated the worst STORM image quality because they con-
tributed to the slowest kon and koff among the reagent types.
Because of the long lifetime of the fluorescence-on state,
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many PSFs overlapped, resulting in incorrect puncta local-
ization in the microtubule filament, as shown in Figure 3c.
In addition, the long lifetime of the fluorescence-off state of
the dye in the presence of the Type 4 reagent contributes to

reducing the number of photoswitching cycles, deteriorating
the STORM image quality. The variation in resolution
observed in STORM images depending on the type of
photoswitching reagent was also confirmed through Fourier

Figure 3. Effect of the binding strength to dye molecule and nucleophilicity of photoswitching agent on STORM image quality. (Type 1)
Photoswitching agent with weak binding energy and good nucleophilicity (MEA, DTT). (Type 2) Photoswitching agent with intermediate binding
energy and mild nucleophilicity (glycine, alanine). (Type 3) Photoswitching agent with strong binding energy and good nucleophilicity (BH4

� ).
(Type 4) Photoswitching agent with a strong binding energy and poor nucleophilicity (chlorobenzene, iodobenzene). (a) Expected STORM image
quality of an example structure using different types of photoswitching reagents (hollow tubule objects such as dye-labeled microtubules). (b)
Representative single-molecule fluorescence-time traces for Alexa Fluor 647 in the presence of different types of photoswitching reagents. (c)
Representative STORM images of microtubules labeled with Alexa Fluor 647 in the presence of different types of photoswitching reagents.
Magnified images of red, dashed boxes are shown on the bottom left. Bottom right: Cross-sectional profile of the yellow boxed region and the
measured full-width-at-half-maximum (FWHM). (d) Measured width (FWHM) from the localization density distributions and one-dimensional
localization density derived from the composite STORM images for ten 1 μm microtubules labeled with Alexa Fluor 647 in the presence of different
types of photoswitching reagents. (n=10, mean�SD) (e) Resolution measurement of STORM images in the presence of various photoswitching
reagents: Fourier ring correlation (FRC) (left) and decorrelation analysis (right). (n=10, mean�SD) (f) (Top) Representative STORM images of
mitochondria (left) and clathrin-coated pit (CCP, right) labeled with Alexa Fluor 647 in the presence of different types of photoswitching reagents.
(Bottom) Cross-sectional profile of mitochondria and radial distribution of CCP from each STORM image, showing the hollowness of each
structure. (g) Representative STORM images of microtubules (left), mitochondria (middle), and CCP (right) labeled with Alexa Fluor 647 in the
presence of 50 mM NaN3. Magnified images of red, dashed boxes are shown on the top right. Bottom right: Cross-sectional (for microtubule and
mitochondria) or radial distribution profile (for CCP) of the yellow boxed region and the measured FWHM. White dashed line in CCP image: cell
membrane boundary. (h) Resolution measurement of STORM images in the presence of NaN3 as a photoswitching reagent: FRC (left) and
decorrelation analysis (right). (n=10, mean�SD) Scale bar: 5 μm in (c) and (g) and 500 nm in (f) and the red boxed region in (c) and (g).
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ring correlation (FRC)[29] and decorrelation analyses,[30] both
of which are well-established methods for measuring the
resolution of super-resolved images. As shown in Figure 3e,
we obtained 21 and 25 (Type 1), 25 and 32 (Type 2), 23 and
28 (Type 3), and 65 and 80 nm (Type 4) as resolutions from
the FRC and decorrelation analyses, respectively. These
results suggest that Type 1 exhibits the best STORM image
quality, in contrast to Type 4. We also performed STORM
imaging with different types of photoswitching reagents for
various biological structures, including mitochondria and
CCPs. As shown in Figure 3f and Figure S5, the Type 1
reagent revealed a clear hollow structure of mitochondria
and CCPs owing to its faster photoswitching rates with short
τon and τoff, whereas this hollow structure was not signifi-
cantly visualized, particularly when the Type 4 reagent was
used, owing to its longest τon and τoff among the reagent
types. This implies that Type 1 has good photoswitching
properties and Type 4 has the worst photoswitching proper-
ties for super-resolution imaging in general. Therefore, we
observed the effect of the photoswitching reagents on the
STORM image quality of biological samples in a manner
consistent with our single-molecule measurements.

Finally, the optimal photoswitching reagent was deter-
mined based on the systematic investigation of the effect on
the STORM image quality. Although thiols have been
widely used as photoswitching reagents, it is important to
find other suitable photoswitching reagents for cases where
alternatives to thiols are needed. Therefore, we attempted
to identify another photoswitching reagent based on the
systematic investigation of various photoswitching reagents.
The results indicate that a photoswitching reagent with weak
binding energy to the dye molecule and good nucleophilicity
can induce fast photoswitching of the dye, resulting in high-
resolution STORM images. In this regard, NaN3 was
expected to be a good photoswitching reagent because the
azide ion (N3

� ) has good nucleophilicity and binds weakly to
the dye molecule (191 kJ/mol). By varying the imaging
buffer conditions, including the pH and concentration, the
photoswitching of the dye in the presence of NaN3 was
optimized to obtain fast kon and koff for the dye molecule. As
shown in Figure 3g, each microtubule filament imaged with
NaN3 was well-resolved, revealing a narrow width and
hollow structure. Such a good super-resolution imaging
capability of NaN3 was also successfully demonstrated for
STORM imaging of mitochondria and CCPs (Figure 3g). In
contrast to Type 2–4, STORM images obtained with NaN3

revealed the clear hollowness of mitochondria and CCPs,
suggesting that NaN3 can be broadly applied to biological
targets. We also conducted FRC and decorrelation analyses
for the STORM images of microtubules, mitochondria, and
CCPs. As shown in Figure 3h, the resolution of the STORM
images obtained with NaN3 was comparable to that obtained
with Type 1, suggesting that NaN3 serves as an efficient
photoswitching reagent. Therefore, we could confirm the
super-resolution imaging capability of NaN3 as a good
photoswitching reagent, similar to thiols. In such a way, the
present study of the photoswitching mechanism provides
guidelines for finding suitable alternative photoswitching
reagents to thiols.

Conclusion

In this study, the photoswitching dynamics of fluorophores
were investigated in the presence of various photoswitching
reagents. The main factors determining each rate were
investigated by quantifying the rates of the on-to-off and
off-to-on photoswitching processes for AF647 aided by
various photoswitching reagents. For example, the nucleo-
philicity of the photoswitching reagents, which is mainly
determined by steric hindrance and substituents, plays an
important role in determining the fluorescence on-to-off
rate because this process occurs via the nucleophilic addition
of a photoswitching reagent to a conjugated bond in the dye
molecule. The laser power dependence of the switching-off
rate suggests two-photon-induced dissociation of the fluo-
rophore-photoswitching reagent pair, suggesting that the
bond dissociation energy of this pair is the main factor
determining the fluorescence recovery rate and number of
switching cycles. Theoretical calculations indicate that the
excited energy level exhibits a dissociative curve, which has
not been previously reported. Therefore, the dye-photo-
switching reagent pair can be easily dissociated once it is
excited to this dissociative energy level by two red photons
or one blue photon. Collectively, these results suggest that
the fast switching on and off phenomena required to obtain
high-quality STORM images can be achieved using a photo-
switching reagent with good nucleophilicity and weak bind-
ing energy to the dye molecule. However, it should be noted
that such an our photoswitching mechanism lies on the
assumption that photoswitching reagent is added to the
conjugated bond in the polymethine bridge, forming a non-
emissive photoproduct. Therefore, our claim may not be
applicable to dye molecules that cannot form a photo-
switching reagent adduct, such as Cy3 with a shorter
polymethine bridge and Cy3B with a rigid structure, as
previously reported,[20,21] requiring further investigation of
different types of dyes using different approaches.

Based on this systematic investigation of various photo-
switching reagents, NaN3 was tested as a new photoswitching
reagent because the azide ion (N3

� ) has good nucleophilicity
and a weak binding energy to the dye molecule. As
expected, fast photoswitching on and off dynamics were
observed when NaN3 was used as the photoswitching
reagent, resulting in well-resolved PSFs of single molecules
without overlapping and generating high STORM image
quality. We expect that the photoswitching properties can
be further improved by optimizing the composition of the
imaging buffer, such as the pH and concentration, and the
illumination conditions, such as the laser power and wave-
length. While previous SMLM studies have considered only
thiol as a photoswitching agent, this study not only enables
expansion to more classes of photoswitching agents but also
improves the SMLM image quality by providing guidelines
for the optimal design of new photoswitching agents and
imaging conditions.
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