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Abstract: Single-molecule localization microscopy (SMLM) has found extensive applications in various fields of biology
and chemistry. As a vital component of SMLM, fluorophores play an essential role in obtaining super-resolution
fluorescence images. Recent research on spontaneously blinking fluorophores has greatly simplified the experimental
setups and extended the imaging duration of SMLM. To support this crucial development, this review provides a
comprehensive overview of the development of spontaneously blinking rhodamines from 2014 to 2023, as well as the key
mechanistic aspects of intramolecular spirocyclization reactions. We hope that by offering insightful design guidelines,
this review will contribute to accelerating the advancement of super-resolution imaging technologies. )

~

1. Introduction

In 2014, the Nobel Prize in Chemistry was jointly awarded
to Eric Betzig, Stefan Hell, and William E. Moerner for
their groundbreaking work in “super-resolution fluorescence
microscopy.” Super-resolution fluorescence microscopy (or
nanoscopy) surpasses the diffraction limit of approximately
200 nm, providing a powerful imaging technique for directly
visualizing the dynamic changes in living cells with unprece-
dented resolution (at around 20 nm).[" One major approach
to achieve super-resolution imaging is through single-
molecule localization. Based on this approach, numerous
imaging techniques have been developed, such as photo-
activated localization microscopy (PALM), stochastic optical
reconstruction microscopy (STORM), and point accumula-
tion for imaging in nanoscale topography (PAINT). These
single-molecule localization microscopies (SMLM) have
been extensively applied in various frontier fields of biology
and medical research, including the study of cell-mediated
immune responses and tomographical analysis of cancer
cells. This, in turn, has greatly accelerated many research
areas, such as drug discovery.”

In SMLM, individual fluorophores are temporally sepa-
rated by continually switching between “dark” and “bright”
states, allowing a sparse set of emitters to be captured and
localized in each camera frame.’! Three main methods
have been developed to achieve “sparse emissions” and
“stochastic switching,” where most of the fluorophores are
converted to dark states, and only a small subset of these
dyes randomly switch to the fluorescent state. In the first
method, an intense visible laser or additives are used to
bleach most of the fluorophores into dark states, followed
by stochastic transitions to the bright states for imaging
(Figure 1a). In the second method, when (nearly) all
fluorophores are in a dark state, additional UV or blue
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photoactivation light is required to enable random and
sparse emissions before these bright fluorophores switch
back to the dark state (Figure 1b).") The third method,
currently achievable only with certain rhodamine deriva-
tives, involves a “spontaneous” thermal equilibrium between
a small population of the open form (the fluorescent state)
and a large population of the closed form (the dark state)
(Figure 1c). The fluorescent and dark states rapidly inter-
convert through a reversible intramolecular spirocyclization
reaction, resulting in a spontaneously blinking phenomenon
(Figure 1d).

The first two methods are often not ideal, as they require
intense high-power and/or short-wavelength laser irradiation
or additives, potentially causing phototoxicity issues and
affecting cellular physiology. Moreover, commonly used
organic dyes for SMLM, such as Cy5 and Alexa647, have
low membrane permeability and are not suitable for live-cell
imaging.” In contrast, the third method avoids these issues
as it does not necessitate high-power laser irradiation or
chemical additives, significantly simplifying experimental
setups. The spirocyclization reactions in spontaneously
blinking rhodamines also help to improve cellular
permeability.”®! Besides, spontaneously blinking rhodamines
offer the advantage of enabling long-lasting super-resolution
imaging. In this context, developing spontaneously blinking
rhodamines and analogs holds considerable potential for
super-resolution imaging.

In this review, we summarize recent advances in the
development of spontaneously blinking rhodamine dyes
(from 2014 to 2023). Our discussion focuses on the current
state-of-the-art molecular design strategies and potential
future directions for developing spontaneously blinking
rhodamines with enhanced photophysical properties. Ulti-
mately, we hope this review will effectively facilitate the
creation of multi-colored spontaneously blinking dyes and
significantly aid in advancing super-resolution dynamic
imaging in live cells.

2. Spontaneously blinking rhodamines
2.1. Discovery and applications of HMSIR derivatives

The first spontaneously blinking rhodamine dye was re-
ported by the Urano group in 2014.” In their work, pK g
was adopted as an important parameter to screen potential
candidates. pK,, refers to the pH value at which the
absorbance of rhodamine (in the first UV/Vis-NIR absorp-
tion band) decreases to half of its maximum. A large pK .
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value denotes a high population of rhodamine molecules in
the fluorescent open form under physiological conditions
(ie., pH7.4). For example, when the pK.,>8.5, most
fluorophores exist in the open form at pH 7.4. In contrast,
when the pK,;<6, a small number of fluorophores would
be in the open form, and most would exist in the non-
fluorescent closed form at pH 7.4.

After screening various compounds, HMSiR (Figure 2a)
was identified as the best candidate for SMLM, due to its
suitable pK.,q (5.8) and relatively long lifetime in the open
form (0.245 s). Additionally, the peak UV/Vis-NIR absorp-
tion and fluorescence wavelengths of HMSIR (4,,/Ac, =650/
671 nm in aqueous solution) are in the near-infrared region.
The molar absorption coefficient (¢) and fluorescence
quantum yield (¢) of HMSIR is 100000 M'cm ™" and 0.39 in
water, respectively, demonstrating good brightness (ex¢=
39000 M~'cm ™). However, the photon count per switching
event of HMSiR was ~2600, which is slightly lower than
those for conventional fluorophores (such as Alexa647 with
3500 photons).'”! Finally, Urano and co-workers demon-
strated that the spontaneously blinking rhodamine is favored
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for SMLM cellular imaging and can be used to track the
motion of organelles in living cells at a low illumination
power of only 40 Wem™. They demonstrated that the
motion of microtubules could be monitored with an
excellent spatial resolution during the 30—60 min observation
window with HMSiR (Figure 2b).

Following this work, three additional milestone works
extended the utility of HMSiR for cellular super-resolution
imaging. In 2017, Toomre and co-workers further shifted the
fluorescence ON/OFF ratio of HMSiR to ultra-low values
by placing HMSiR in a hydrophobic environment, such as
within organelle membranes.'! They designed and synthe-
sized an environment-sensitive membrane probe (HMSiR-
Tz, Figure 2c). When selectively tagged to the membrane
using biorthogonal tetrazine chemistry, the authors were
able to conduct a three-dimensional study of endoplasmic
reticulum dynamics in a live cell using SMLM (Figure 2d).
Their results demonstrated that super-resolution imaging
with a long time-lapse could be achieved by increasing the
labeling density and reducing the ON/OFF ratio of HMSiR
in a hydrophobic environment.
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Figure 1. a)—c) Three popular methods for achieving single-molecule localization imaging using various rhodamine dyes with different degrees of
ring-opening tendencies. d) Thermal equilibrium of spirocyclization reactions between the open form (fluorescent) and the closed form (non-
fluorescent). pK.,q is the equilibrium constant for the spirocyclization reaction and 7 is the lifetime of the open form. The inset in d) shows the
photographs of the dye solution under ambient light (top) and UV light (bottom) in the open form and the closed form, respectively. d) is adapted

from Reference [9].

Subsequently, in 2020, Wombacher’s group reported a
new spontaneously blinking HMSiR derivative, f~HMSiR
(Aabs/Aem = 654/670 nm; Figure 2e), created by directly cou-
pling the tetrazine group to HMSiR." The molar extinction
coefficient and fluorescence quantum yield of f~HMSIR is
45000 M~'cm ™" and 0.06 at pH 3.5, respectively, resulting in
low brightness (ex¢=2700 M~'cm™"). The low fluorescence
quantum yield is due to the attachment of the tetrazine
quencher.*" fHMSiR exhibited a low pK.,y of 4.0.
However, after bioorthogonal reactions at the tetrazine
moiety, the product molecule displayed the desired pK
(5.2). The A, (653 nm) and 4., wavelengths (669 nm) of the
product molecule are almost the same as those of f~HMSIR.

Importantly, the molar extinction -coefficient and
fluorescence quantum yield of the product increased to
185000 M 'cm™ and 0.26, respectively, resulting in high
brightness (ex¢=48100 M ‘cm™). Moreover, prolonged
SMLM imaging experiments were conducted, enabling a
detailed study of mitochondria dynamics at sub-diffraction
resolution (Figure 2f).

The third significant study is from Lukinavicius and co-
workers, who designed a spontaneously blinking cell-perme-
able rhodamine dye (HMSiR-tubulin; 2,,/2., =659/673 nm;
Figure 2g) by optimizing the ligand and linker.'"”) However,
HMSiR-tubulin showed a lower pK,, than HMSiR due to
the attachment of the large linker group and the correspond-
ing modification of the local environment. HMSiR-tubulin

Angew. Chem. Int. Ed. 2023, 202306061 (4 of 14)

also exhibited good biocompatibility and effective cell
staining, enabling the observation of microtubule dynamics
(growing and shrinking) over 4 minutes in SMLM (Fig-
ure 2h). Notably, by utilizing MINFLUX nanoscopy (which
employed a patterned laser excitation beam), Lukinavi¢ius
et al. achieved an impressive ~2.3 nm localization precision
of microtubules with HMSiR-tubulin.

Additionally, the Rivera-Fuentes group applied the
single-molecule blinking pattern of HMSIR in conjunction
with a deep-learning algorithm to identify peptides.'" The
advantage of this method is the ability to distinguish peptide
segments with different sequences.

In summary, SMLM imaging based on spontaneously
blinking rhodamines has attracted increasing attention from
various fields in recent years.

2.2. The development of spontaneously blinking hydroxyalkyl
rhodamines

Four years after the introduction of HMSiR, the Urano
group developed the first green-light-emitting spontaneously
blinking rhodamine (HEtetTFER; . /A.,,=507/530 nm) in
2018 (Figure 3a).l'"! They designed HEtetTFER by substitut-
ing the hydroxymethyl group with a more electron-donating
and bulkier hydroxyethyl group. HEtetTFER has a high ¢
and ¢ (80000 M 'cm™ and 0.76, respectively), resulting in

© 2023 Wiley-VCH GmbH
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Figure 2. a) Molecular structures and photophysical properties of HMSIR. b) Sequential acquisition of super-resolution images of microtubules at
0 min (white), 31 min (yellow), and 63 min (green). Excitation at 647 nm with a laser power density of 40 W cm™. Each super-resolution image was
reconstructed from 1000 images (30 ms/frame) corresponding to an acquisition time of 30 s. Scale bar: 2 yM. c) Molecular structure of HMSiR-Tz.
d) Super-resolution imaging of the endoplasmic reticulum in a live HeLa cell over 25 min; the image was reconstructed from 800 frames recorded
over 2 s and Kalman-filtered. (s): sheet-like ER, (f): fenestrated endoplasmic reticulum sheets, (t): tubular endoplasmic reticulum. Laser intensity:
9.9 kWcm™. Scale bar: 1 pm. e) Molecular structures and photophysical properties of fFHMSIR. f) FHMSIR reveals cellular dynamics in live Hela
cells with improved resolution; Hela cells transiently expressing H2 A-HaloTag were incubated with HTL-BCN (10 pM), washed, and labeled with f-
HMSIR (2 pM). g) Molecular structures and photophysical properties of HMSiR-tubulin. h) Imaging of microtubules in living and fixed U-2 OS
cells stained with HMSiR-tubulin; living cells were stained with 100 nM HMSiR-tubulin and imaged without washing at 100 Hz with a 640 nm laser
at 0.4 kW cm 2 excitation power. The image was reconstructed from 2500 frames. b), d), f), and h) are adapted from References [9,11,12] and [15],

respectively.

enhanced brightness (ex¢=60800 M 'cm™") compared to
HMSIR (ex¢=39000 M'em™"). With a pK. value of 5.5,
HEtetTFER exhibits spontaneously blinking ability. The
photon count per switching event is 1145.6+£968. Simulta-
neously using both HMSiR and HEtetTFER enabled a dual-
color SMLM image of microtubules and mitochondria in
fixed Vero cells in an additive-free buffer solution (Fig-
ure 3b).

In 2019, the Lavis group established a quantitative K ,
framework for developing fluorogenic and spontaneously
blinking rhodamines, leading to the identification of a yellow
spontaneously blinking fluorophore (HM-JFsy; Aupe/dem =
526/550 nm; Figure 3c).'¥! HM-JFs, labeling yielded 571
photons on average with a 25nm localization accuracy
during SMLM imaging of microtubules (Figure 3d). It also
demonstrated good compatibility with standard immunolab-
eling protocols.

In 2020, the Urano group rationally designed the first
spontaneously blinking carbon-rhodamine dye (HMCRS550;
Aabs/Aem = 559/582 nm; Figure 3e) using molecular
modeling.!"”) HMCRS550 has a quantum yield of 0.65 and
displays an ideal pK. value (5.4) with a sufficient open
form lifetime (40.9 ms). Urano and colleagues demonstrated
live-cell SMLM using HMCRS50 with a HaloTag ligand
(Figure 3f).

Angew. Chem. Int. Ed. 2023, 202306061 (5 of 14)

In 2020, Liu, Xu, and co-workers quantitatively designed
and synthesized two spontaneously blinking rhodamines:
HM-DS655 (A,p5/2ern =655/669 nm) and HM-DS531 (4,5/Acm =
531/555 nm; Figure 3¢).”"! The fluorescence brightness of
HM-DS655 (¢x¢=41280 M 'cm™') was measured to be
21% brighter than that of HMSIiR (ex¢=34100 M 'cm ™,
as per their in-house measurements). HM-DS531 also
displayed outstanding brightness (ex¢=65250 M 'cm™).
Both HM-DS655 and HM-DS531 had a pK,, value of 5.3.
Single-molecule fluorescent analysis showed open form
lifetimes of approximately 90 ms for HM-DS655 and 50 ms
for HM-DS531 in PMMA films. The average photon
number of a single HM-DS655 molecule per frame was
1387. Liu et al. demonstrated the use of HM-DS655 for both
in vitro and in vivo super-resolution imaging applications
(Figure 3h, i).

Schepartz and co-workers reported a near-infrared
(NIR) spontaneously blinking rhodamine dye, Yalegy, (Aups
Jem=676/694 nm; Figure 3j).”Y Yalegy,, exhibited a consid-
erable quantum yield (0.59) and had a pK value of 5.9
with an open form lifetime of 4.5 ms. The authors demon-
strated that live-cell SMLM imaging of the endoplasmic
reticulum could be performed with Yaleg,, (Figure 3k).
Due to the red-shifted spectra, Yalegs, can work with

© 2023 Wiley-VCH GmbH
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Figure 3. a) Molecular structure and photophysical properties of HEtetTFER. b) Dual-color SMLM of microtubules (HEtetTFER) and mitochondria
(HMSIR) in fixed Vero cells. Scale bar: 5 pm. c) Molecular structure and photophysical properties of HM-)Fs,. d) SMLM image of microtubules
with functionalized HM-JFs,. Scale bar: 5 pm. e) Molecular structures and photophysical properties of HMCR550. f) Live-cell SMLM of B-tubulin-
HaloTag in Vero cells with functionalized HMCR550. Super-resolution image was reconstructed from 1000 frames (15 ms per frame). Excitation at
561 nm (400 W cm™?). Scale bar: 3 pm. g) Molecular structures and photophysical properties of HM-DS655 and HM-DS531. h) 3D-STORM
imaging of mitochondria with functionalized HM-DS655 in fixed HelLa cells expressing SNAP-Cox8A. Inset: Wide-field imaging of mitochondria in
fixed Hela cells. i) 3D-STORM imaging of a nucleus with functionalized HM-DS655 in a live Hela cell expressing SNAP-H2B. Inset: Wide-field
imaging of the nucleus. Scale bar: 2 pm. j) Molecular structures and photophysical properties of Yalege. k) Super-resolution image of the ER in
U2-OS cells using Yalegs,. The average reconstructed signal as a function of position along the seven-line profiles indicated by yellow lines is
shown. Scale bars: 5 pm. b), d), f), h), i), k) is adapted from References [17-21].

HMSiR to achieve dual-color SMLM imaging of intra- neously blinking spirolactam rhodamine, FRD-B (1,,/4.,=

cellular organelles in live cells. 560/583 nm; Figure 4a).”? FRD-B had a lower pK, (~4.3)

and exhibited sparse emission at pH 7.4. The average open

form lifetime was 0.6 s. FRD-B was suitable for observing

2.3. The progress of spontaneously blinking spirolactam static or slow-moving structures using SMLM, such as
rhodamines immunostained fixed cells (Figure 4b).

In 2021, Xiao et al. reported a clickable spontaneously

In addition to hydroxymethyl rhodamines, spirolactam rhod-  blinking spirolactam rhodamine, Atto565-Tet (Figure 4c).”

amines have shown great potential as spontaneously blink-  Atto565-Tet had a slightly higher pK, (5.2) than FRD-B.

ing dyes. In 2018, Tetin etal. reported the first sponta-  After bioorthogonal reactions with bicyclo[6.1.0]non-4-yne,

Angew. Chem. Int. Ed. 2023, 202306061 (6 of 14) © 2023 Wiley-VCH GmbH
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Figure 4. a) Molecular structures and photophysical properties of FRD-B. b) STORM super-resolution imaging using FRD-B. Scale bar: 5 pm.

) Molecular structures and photophysical properties of Atto565-Tet. d) Atto565-Tet used for super-resolution imaging of lysosomes in live Hela
cells. Scale bar: 3 pm. e) Molecular structure of 500R-26. f) Super-resolution image of endogenously tagged Nup96-Halo in fixed U-2 OS cells
labeled with 500R-26. Scale bar: 10 pm. g) Molecular structures and photophysical properties of LysoSR-549. h) Long-term SMLM imaging of
whole-cell lysosomes with LysoSR-549 in live Hela cells. Scale bar: 5 pm. Inset: Wide-field imaging. b), d), f), and h) is adapted from

References [22-25].

the reaction product of Atto565-Tet exhibited a high
quantum yield of 0.46 at pH 4.2. Xiao et al. demonstrated
SMLM imaging of key mitochondrial structures using
Atto565-Tet without any UV irradiations or external thiol
additives. Atto565-Tet was also successfully deployed for
SMLM imaging of acidic organelles (e.g., lysosomes) with a
resolution of ~22 nm (Figure 4d).

Johnsson et al. reported a spontaneously blinking spiro-
lactam rhodamine, 500R-26 (Figure 4¢), by converting the
ortho-carboxy group of the rhodamine into alkylamides.?"
They investigated the blinking characteristics of S00R-26
and its performance in SMLM imaging via endogenously
Nup96-Halo tagging in fixed U-2 OS cells (Figure 4f). S00R-
26 showed excellent spontaneously blinking properties, with
an average photon count of 631 per localization and a peak
localization precision of 8.9 nm.

In 2022, Xu et al. introduced an ortho-methylpyridine
moiety into the spirolactam scaffold and designed LysoSR-
549 (Zaplem=549/582 nm; Figure 4g).”) With a low pK,q
value of 3.2, LysoSR-549 displayed spontaneous blinking in
acidic lysosomes, enabling super-resolution imaging with
high spatial and temporal resolution. The probe allowed for
simultaneous and dynamic quantification of pH values in all
lysosomes in the entire cell at the single lysosome level
(Figure 4h). Using LysoSR-549, Xu et al. resolved whole-cell
lysosome subpopulations based on lysosome distributions,
sizes, and luminal pH.

Angew. Chem. Int. Ed. 2023, 202306061 (7 of 14)

In 2023, Hell et al. designed six spontaneously blinking
rhodamine dyes, H1-H6 (Figure 5a).”" These dyes were
prepared from silicon rhodamines with modified meso-
aromatic rings, displaying spontaneously blinking behavior
with  NIR emissions (680-690nm) and moderate
fluorescence quantum yields (0.10-0.24). The results showed
that benzothiophene-derived dyes H1-H3 generally have
shorter open form (bright-state) lifetimes and longer dark
state lifetimes than thiophene derivatives H4-H6. Hell et al.
collected MINFLUX images of Megfp-Nup107 (Figure 5b)
and U20S-Nup96-Halo (Figure 5¢) fixed cells labeled with a
derivative of H4. They showed that spontaneously fast-
blinking fluorophores can accelerate the development of
MINFLUX nanoscopy.

2.4. The development of spontaneously blinking sulfonamide
rhodamines

In 2023, Xiao et al. designed and synthesized four sponta-
neously blinking sulfonamide rhodamine dyes, namely
STMR, SRhB, PySRh, and PiSRh (Figure 6a-d).?"*! The
UV/Vis absorption peaks of these rhodamine dyes range
from 537 to 561 nm, with emission peaks between 580 and
596 nm. These dyes displayed moderate fluorescence quan-
tum yields (0.12-0.15). Interestingly, although STMR,
SRhB, and PySRh exhibited larger pK,, values (6.91-7.34)
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Figure 5. a) Molecular structures and photophysical properties of H1—-
H6. b) MINFLUX images of fixed Megfp-Nup107 cells labeled with the
derivative of H4. c) MINFLUX images of fixed U20S-Nup96-Halo cells
labeled with the derivative of H4. Scale bar: 200 nm. b), c) is adapted
from Reference [26].

compared to PiSRh (pK,,,=5.05), they possess spontane-
ously blinking properties with suitable lifetimes (25-112 ms).
They achieved super-resolution imaging of living cells
labeled with STMR (Figure 6e), SRhB (Figure 6f), PySRh
(Figure 6g), and PiSRh (Figure 6h) through HaloTags.
Importantly, they proposed a new parameter (recruiting
rate) to reveal the natural switching frequency of spirocyclic
equilibrium.

To this end, Liu et al. highlighted that the pK,, window
for spontaneous blinking is not rigid. The exact require-
ments of pK., depend on various factors, such as local
polarity, labeling density, and the environment’s acidity.
Additionally, changing the ring-locking group will shift the
spontaneously blinking window due to distinct pH titration
curves with different slopes.”!

Both pK,, and recruiting rate are important parameters
for assessing spontaneously blinking dyes. pK, (a thermo-
dynamic parameter) reflects the proportion of fluorescent

Angew. Chem. Int. Ed. 2023, 202306061 (8 of 14)
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species in the open form, while the recruiting rate captures
the switching dynamics between fluorescent and dark
species. Considering both parameters provides valuable
insights for selecting dyes with desired blinking behavior.

3. Factors controlling the intramolecular
spirocyclization equilibrium

Managing the intramolecular spirocyclization equilibrium
and kinetics of rhodamines is crucial for achieving optimal
spontaneous blinking (Figure 7a). For successful super-
resolution imaging, only a small proportion of rhodamines
should remain in the fluorescent open form to ensure sparse
emissions; these rhodamines must also display suitable open
form lifetimes to synchronize with image acquisition and
gather enough photons during the switching cycles.” These
spirocyclization properties, combined with high quantum
yields, excellent photostability, and biocompatibility, make
rhodamine derivatives highly favored for super-resolution
imaging applications.

Recently, Liu et al. proposed a unified push-pull model
to explain the intramolecular spirocyclization reactions of
rhodamines.® They systematically examined both intrinsic
and external factors’ effects on altering the spirocyclization
reactions of 17 rhodamine dyes (Figure 7b). They demon-
strated that intrinsic factors, such as increasing the electron-
donating strength (or decreasing the vertical ionization
potential) of R; or changing R, from silicon to carbon/
oxygen, can significantly lower the energy barriers and shift
the spirocyclization equilibrium towards the open form
(Figure 7c, d), resulting in a higher population of open form
species. Enhancing the electron-withdrawing strength of R;
and R, also strengthens the push-pull effect, stabilizing and
populating the open forms of rhodamines (Figure 7e).

Besides these intrinsic factors, external factors also
significantly influence the spirocyclization equilibrium. A
high-polarity solvent can boost the push-pull effect and
stabilize the charge-separated open form rhodamines
through potent dipole-dipole interactions. For instance, the
relative Gibbs free energy of the open form of compound 1
(compared to the closed form) in DMSO is lower than in
diethyl ether and tetrahydrofuran (Figure 7f).

Furthermore, the solvent’s hydrogen-donating ability ()
has a more substantial impact on promoting the ring-
opening reaction than solvent polarity (n*). Liu et al
discovered a strong linear relationship (Figure 7g) between
the difference in Gibbs free energy of the closed and open
forms of compound 1 and the solvent polarity scale (n*) and
the solvent hydrogen-donating ability (e). The absolute
coefficient of a (0.48) is 12 times larger than that of n*
(0.04), highlighting the importance of hydrogen-donating
ability in facilitating ring-opening reactions.

To investigate the impact of hydrogen bonds on
spirocyclization reactions, explicit water molecules were
positioned near a rhodamine dye during computational
modeling. The findings revealed that hydrogen bond inter-
actions significantly lowered the transition state energy
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barriers of the forward ring-opening reaction and stabilized
the open form of rhodamines (Figure 7h).

Moreover, Lin and colleagues demonstrated that an R,
group with substantial steric hindrance could facilitate the
conversion from the closed form to the open form.”" This
conclusion is also supported by Harbron’s study.”” These
outcomes are not unexpected, as the ring-opening reaction
minimizes steric repulsion, and increasing steric hindrance
promotes ring-opening reactions.

These computational and experimental investigations
highlight the significance of both intrinsic molecular designs
and external environmental factors in adjusting the spirocyc-
lization equilibrium of rhodamines. This understanding
offers valuable insights into the rational design of rhod-
amines with tailored spirocyclization properties.

4. Experimental and theoretical methods for
predicting the blinking properties of rhodamines

4.1. Methods for characterizing the spirocyclization equilibrium

Two experimental methods have been proposed to quantify
the spirocyclization equilibrium. The first method, proposed
by the Urano group, is based on pK,,."" According to their
findings, a pKy of less than 6 represents a suitable thresh-
old value to ensure sparse emissions of rhodamines in most
cellular environments (Figure 8a).

Angew. Chem. Int. Ed. 2023, 202306061 (9 of 14)

5—78000M1cm1;(p=0.15;

abs’ abs’
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(Xiao, 2023)
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(Xiao, 2023)

Figure 6. a)-d) Molecular structures and photophysical properties of STMR, SRhB, PySRh, and PiSRh. e)—
labeled with STMR, SRhB, PySRh, and PiSRh through HaloTags, respectively. Scale bars: 1 pm (e, g) and 2 pm (f, h).

f) Super-resolution imaging of living cells
e), f), g), and h) is adapted

Another method for describing the spirocyclization
equilibrium is the lactone-zwitterion equilibrium constant
(K. z), used by Lavis and many other groups [Eq. (1)].5'¥ A
low K; , value indicates that most rhodamines are in the
closed form.

KL-Z = (de/gmax)/(lfgdw/gmax) (1)

where &, is the absorption coefficient of the rhodamine, i.e.,
in a 1:1 (v/v) dioxane: water binary mixture containing
0.01 % (v/v) of triethylamine. The e,,, value represents the
maximum absorption coefficient (i.e., when all rhodamines
are in the open form).

pK.,. tends to be more reliable than K ; in screening
spontaneously blinking rhodamines. This is because sparse
open form rhodamines have a very low absorbance, which
often cannot be measured accurately using a standard UV/
Vis spectrometer.

In addition to experimental methods, two theoretical
methods have been proposed to predict the spirocyclization
equilibrium. Urano demonstrated that the intramolecular
equilibrium of hydroxymethyl (HM rhodamine) and
aminomethyl (AM rhodamine) rhodamine derivatives in-
volves an acid-base equilibrium (Figure 8b).”*! They as-
sumed that only four species participate in the equilibrium,
including the open forms under acidic and basic conditions
(O, and Og) and closed forms under acidic and basic
conditions (C, and Cg).

The pK, can be interpreted as the pH at which the
concentration of open forms (O, + Opg) is equal to that of
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e) Relative Gibbs free energy of the closed and open forms of 6 and 17 in water, as a function of R,. The inset displays the electron affinity (EA) of
HCOO* and HCONH? radicals in vacuo to quantify the electron-withdrawing strength of R,. f) Relative Gibbs free energy of the closed and open
forms of 1 in three solvents with different polarities (7*). g) Correlations between calculated and fitted relative Gibbs free energy values between
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closed forms (C,+Cg). The pK.y values can then be

represented by Equations (2)—(4):
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K, = exp(f#) 3)

AG = G(0,) — G(Cy) 4)

In Equation (2), the K,vg and K,oy values are deter-
mined from experimental data. K, is calculated using
Equation (3), in which AG is the difference in Gibbs free
energy between the open form and the closed form of
rhodamine under acidic conditions (O, and C,, respec-
tively).

As hydrogen bonding between rhodamines and water
plays a critical role in the spirocyclization reactions, Urano
et al. included explicit water molecules in their quantum
chemical calculations to obtain reliable AG values. Their
calculations showed that when three explicit water mole-
cules are added to the model, calculated pK,, values can
match experimental results. This method shows great
potential for predicting the pK , values of unknown rhod-
amines. However, this methodology is not a “pure” theoret-
ical predictor because two parameters, namely K,y and
K,on, are extracted from experimental data.

Angew. Chem. Int. Ed. 2023, 202306061 (11 of 14)

Another approach is based on a quantitative structure—
property relationship (QSPR), as reported by Liu and Xu
etal? They collected experimental pK. values for 28
existing hydroxymethyl rhodamine dyes and calculated the
AG values of these rhodamines. Here, AG refers to the
difference in Gibbs free energy between the open and closed
forms of rhodamines. They considered three different open
forms: (1) zwitterion, (2) cation (upon protonation), and (3)
zwitterion and water complex (to consider hydrogen bond-
ing effects). When modeling zwitterions, they discovered an
excellent linear correlation (r*=0.965) between the calcu-
lated AG and experimental pK_ values (Figure 8c). Consid-
ering other open forms also leads to excellent correlations
with pK,,, values (Figure 8d, €). Furthermore, Liu and Xu
suggested that a pK, range of [5.3, 6.0] (experimental) is a
good indication of spontaneously blinking properties with
sparse (but not too few) emissions and a reasonable open
form lifetime in (nearly) neutral cellular environments.
Considering the prediction error (&0.3), they relaxed the
permissible pK,, range to [5.0, 6.3] (calculated) in their in-
silico design of spontaneously blinking rhodamines. Guided
by these AG threshold values and the discovered pK,o-AG
correlation, Liu and Xu et al. designed five spontaneously
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blinking hydroxymethyl rhodamines. Two of them have
been synthesized and characterized, and the experimental
results validated the accuracy of their prediction method.

Liu and Xu’s modeling is simpler than Urano’s method,
but it comes with several approximations. First, the open
forms of rhodamines could be in different protonation states
(i.e., zwitterions and cations) as a function of pK.
However, in Liu and Xu’s modeling, the open forms are
consistently treated as zwitterions (or cations). This consis-
tent theoretical treatment ensures that the calculated AG
values of various rhodamines are directly comparable to
each other. The resulting excellent AG—pK,, correlations
reflect a simple causal relationship: a large AG shifts the
spirocyclization equilibrium towards the closed form, thus
affording a low pK_,, value. However, it does not reflect the
true status of the open forms, which could be either
zwitterions, cations, or a mixture of both. Second, using only
zwitterions in the model does not sufficiently account for
hydrogen bonding effects. Liu etal. suggest that these
approximations could cause a systematic drift in calculated
AG values, but it does not affect the accuracy of their
prediction method (as reflected by the large * values of
AG-pKy correlations). Nevertheless, they also pointed out
that this relationship is only applicable to hydroxymethyl
rhodamines, as other ring-locking groups may encounter
different environmental interactions and afford differential
offsets between the calculated and experimental AG.

Despite these shortcomings, the computational methods
presented by the Urano group and Liu group could greatly
facilitate the further development of spontaneously blinking
rhodamine dyes.

4.2. Methods to predict fluorescence lifetime

The open form lifetime () is another critical parameter in
the design of spontaneously blinking dyes. A 7 value of
several to hundreds of milliseconds would match the image
acquisition speed and allow for sufficient detection of
photons. Urano etal. proposed a theoretical method to
determine 7 values by calculating the transition state energy
barrier (AGY) with consideration of explicit water
molecules."”

They considered two reaction processes to calculate AG*:
a pH-independent process (A) and a pH-dependent process
(B; Figure 8b). Their calculations revealed that the most
stable transition state structure was obtained when a water
molecule bridges the hydroxymethyl group and the amino
group in Reaction A. The free energy barrier of Reaction B
can be determined as the ring-closing reaction from Og to
Cg. Based on this model, © can be expressed using the
following Equations (5)—(7):

AG:‘F\(B) = G(TSA<B)> - G(OA(B)) (%)
AGE
Kam) = exp(— R'}(B)) (6)
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1
L K, + Kg10PH—rHon (7)

where AG®,p) denotes the activation free energy of
Reactions A and B from open to closed forms, K,g,
represents the rate of ring-closing reaction. Using these
equations, Urano et al. calculated and predicted 7 values of
existing rhodamines. The calculated results are in good
agreement with experimental data, highlighting the robust
predictive power of their methodology.

Incorporating explicit solvent molecules and determining
the necessary number of solvent molecules in theoretical
calculations is challenging. Careful consideration, validation,
and cross-checking between predictions and experimental
measurements are crucial for extending the success of this
method to other dye families.

5. Summary and Outlook

Fluorescent dyes are critical components of SMLM. Sponta-
neously blinking rhodamines simplify both the optical setup
and imaging process, enabling long-lasting super-resolution
imaging of live cells without the need for intense laser
irradiation or chemical additives. Since Urano’s pioneering
work in 2014, several spontaneously blinking rhodamine
dyes have been reported, but overall research progress
remains in its early stages. Addressing several challenges
could expedite the development of this important research
area.

Firstly, spontaneously blinking rhodamines in the NIR
region of >700 nm are still lacking. Long-wavelength dyes
could reduce phototoxicity, minimize autofluorescence in-
terference, increase penetration depths, and provide addi-
tional possibilities for multicolor imaging. Recently, substan-
tial research efforts have focused on this area by engineering
the “bridging” heteroatoms in the xanthene scaffold (using a
sulfone group by the Guo group® and a phosphine oxide
group by the Yamaguchi group®) or expanding the -
conjugation (as done by the Yang group®”). These resulting
rhodamines exhibited significant bathochromic shifts, with
Zem €xceeding 700 or even 800 nm. However, most existing
NIR rhodamine derivatives lack a spiro-ring locking group
to activate switching between dark and bright states. Further
molecular engineering could transform them into sponta-
neously blinking NIR dyes. This strategy of incorporating a
ring-locking group could also be applied to other fluoro-
phore families, such as cyanine dyes. Notably, the Rivera-
Fuentes group has successfully developed spontaneously
blinking polymethine dyes (Figure 9).5"

Secondly, researchers should explore new mechanisms
beyond spirocyclization to enable spontaneous blinking. The
Urano group demonstrated that spontaneous blinking can
be achieved through a reversible nucleophilic reaction
between intracellular glutathione and a xanthene-based
fluorophore in the ground state (Figure 9).¥ Similarly,
Yang and colleagues revealed that glutathione could also
reduce a Si-rhodamine, resulting in spontaneous blinking
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Figure 9. Molecular structures and schematic illustration of the novel
blinking mechanisms of fluorophores based on reversible chemical
reactions.

(Figure 9).) It is also worth noting that the Tang group
discovered spontaneous blinking in o-TPE-ON+, but the
blinking mechanism remains unclear.*”! Investigating these
mechanisms (i.e., reversible chemical reactions, aggregation-
disaggregation equilibrium, binding-unbinding to biomole-
cules) could open new avenues for developing a diverse
array of spontaneously blinking fluorophores.

Thirdly, theoretical prediction methods for blinking
properties (such as spirocyclization equilibrium and open
form lifetime) should be further refined. Theoretical calcu-
lations play a crucial role in developing spontaneously
blinking rhodamine dyes by avoiding trial and error and
minimizing experimental costs. Despite the success of
reported theoretical methods, these predictions are only
applicable to a specific class of rhodamine dyes
(hydroxymethyl rhodamines). Substantial effort is needed to
develop a more efficient and generalizable method that can
encompass a wide range of compounds. In this regard,
machine learning has shown significant potential for predict-
ing the thermodynamics and kinetics of organic
reactions.*"*! Combining machine learning with quantum
chemical calculations and molecular dynamics simulations,
based on extensive experimental data, could greatly assist in
calculating switching equilibrium and kinetics for various
spontaneously blinking dyes.

In conclusion, this review highlights the recent progress
in spontaneously blinking rhodamine research, focusing on
the thermodynamics, kinetics of spirocyclization mecha-
nisms, and the photophysical properties of these dyes. We
discussed various molecular design strategies and computa-
tional methods for screening potential blinking dyes. The
advancement of spontaneously blinking dyes necessitates
cross-disciplinary research efforts encompassing chemistry,
biology, and physics. Through such transdisciplinary collab-
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orations, the development and implementation of sponta-
neously blinking fluorophores will undoubtedly accelerate
the progress and application of super-resolution imaging
technologies in numerous exciting fields.
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Spontaneously blinking fluorophores
have the potential to significantly sim-
plify experimental setups and extend the
imaging duration of single-molecule
localization microscopy. This review of-
fers an overview of the development of
spontaneously blinking rhodamines
from 2014 to 2023, as well as an in-
depth analysis of the mechanistic as-
pects of spontaneous blinking.
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