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Photoswitchable imaging contrast agents as an
emerging frontier in precision bioimaging
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Photoswitchable molecules exhibit reversible photoisomerization between distinct isomeric states under
alternating light irradiation, possessing unique photophysical properties. Derived from these molecules,
photoswitchable imaging contrast agents (PICAs) offer significant advantages over conventional agents:
(1) background suppression through state-switching algorithms; (2) continuous imaging capability
enabled by high fatigue resistance; (3) rapid signal modulation minimizing acquisition time. A compre-
hensive analysis of PICA advancements and persistent challenges across bioimaging applications is
imperative. This review systematically evaluates several representative photoswitchable molecules as
PICAs and proposes innovative molecular design and assembly strategies to address the limitations
hindering the widespread implementation of PICAs in bioimaging, such as hydrophobicity, short-
wavelength excitation, and suboptimal emission performance. Additionally, recent advances in PICAs
for fluorescence, phosphorescence, photoacoustic, magnetic resonance and Raman imaging are
summarized, highlighting their significant contributions to improving bioimaging quality and precision.
Finally, an outlook is provided on the intersection of PICA design and property optimization for
propelling both preclinical physiological research and clinical diagnostic and monitoring technologies.
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1. Introduction

As a bridge connecting molecular mechanisms and macro-
scopic physiological properties, bioimaging provides an indis-
pensable tool in preclinical physiological research, medical
diagnosis, and drug development. The core challenge in bio-
imaging technology is achieving a balance among molecular
specificity, spatiotemporal resolution, and biocompatibility
in complex biological systems. Imaging contrast agents (ICAs)
have made considerable strides in bioimaging, driven by
advances in synthetic and assembly techniques that enhance
their capabilities for biological analysis and disease diagnosis.
Photoswitchable molecules, which undergo reversible structural
transition between ¢rans and cis forms or between ring-opened and
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ring-closed configurations resulting in significant changes in
fluorescence or absorption spectra upon irradiation at two distinct
wavelengths, serve as the foundation for developing photoswitch-
able ICAs (PICAs).' Owing to their distinctive photoactive and
photo-controllable physical properties, PICAs outperform conven-
tional ICAs in several key ways, offering a revolutionary solution to
overcome current limitations in bioimaging.”™ First, the switch-
able states of PICAs can effectively enhance imaging contrast and
eliminate imaging background noise through specific algorithms,
while most conventional ICAs emit a single and ‘“always on”
signal.*® Second, the high fatigue resistance of PICAs facilitates
continuous and stable imaging,”"° contrasting with some conven-
tional dyes, such as indocyanine green (ICG), which experi-
ence rapid photobleaching even under short irradiation times.
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Third, the fast photo-response of PICAs promotes instantaneous
switching between two different signals, drastically shortening
imaging time.""™* Additionally, rational molecular design, such
as group modification, structural adjustment, and chemical con-
jugation, along with advanced assembly strategies, has further
expanded the bioimaging applications of PICAs.'*™'® Further
advancements could aim at improving their stability, hydrophili-
city, biocompatibility, targeted delivery, deep penetration capabil-
ity under long-wavelength excitation, emission performance and
photoisomerization efficiency.'*>

To date, an increasing number of studies have demonstrated
the utility of PICAs across diverse imaging modalities, including
fluorescence imaging (FI), phosphorescence imaging (PI), photo-
acoustic imaging (PAI), magnetic resonance imaging (MRI), and
Raman imaging (RI) (Fig. 1). Despite these developments, a com-
prehensive review summarizing the role of PICAs in various
bioimaging techniques is still lacking. Therefore, a systematical
evaluation of recent progress in PICA-based bioimaging is both
timely and necessary.

This review systematically evaluates several representative photo-
switchable molecules functioning as PICAs and elucidates their
underlying photoisomerization mechanisms. It also describes
diverse optimization strategies focused on addressing current chal-
lenges that hinder the broader applications of PICAs across different
bioimaging modalities. Finally, an outlook on this emerging field at
the intersection of PICA design and performance optimization is
presented. By consolidating these advancements, this review aims to
support both preclinical physiological research and clinical diag-
nostic and monitoring technologies for various diseases.

2. Photoswitchable molecules as
photoswitchable imaging contrast agents

The photoswitchable (photochromic) phenomenon was first
described by Y. Hirshberg in the 1950s, who proposed that
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Fig. 1 Schematic illustration of photoisomerization of PICAs and their
applications across multiple imaging modalities, including fluorescence,
phosphorescence, photoacoustic, magnetic resonance, and Raman ima-
ging. Created with BioRender.com.

the reversible structural transformation of dianthrone under
ultraviolet (UV) irradiation was related to photo-responsive
switching behavior.>#*® Photochromism is now typically defined
as the photo-induced reversible switching between two isomers,
each displaying distinct physical properties when exposed to
specific wavelengths of electromagnetic radiation, such as UV,
visible (Vis), or infrared light.”® Consequently, these molecules are
designated as photoswitchable or photochromic molecules.

The reversible transition of photoswitchable molecules is
driven by various mechanisms, including ring-opening/closing
reaction, trans-to-cis or cis-to-trans isomerization, intramole-
cular proton transfer, intramolecular electron transfer, and
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Common photoswitchable molecules
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Fig. 2 Common photoswitchable molecules concluding (A) azobenzene,
(B) spiropyran, (C) Diarylethene and their photoisomerization behavior.

cycloaddition.>”*® Photoswitchable molecules have been exten-
sively studied for preclinical physiological research, disease
diagnosis and monitoring. These photoswitchable molecules
and their derivatives function as PICAs themselves or as
switches that regulate the photophysical properties of addi-
tional contrast agents. This section discusses several represen-
tative photoswitchable molecules either served directly as
PICAs or used to construct PICAs, including azobenzene (Azo),
spiropyran (SP), diarylethene (DAE), and photoswitchable pro-
teins, with particular elucidation on their photoswitching pro-
cesses and mechanisms (Fig. 2).

2.1. Azobenzene

Azo is the most prominent photoswitchable molecule and has
been studied extensively. Azo exists as the thermodynamically
stable trans configuration at room temperature. It undergoes
trans-to-cis isomerization upon UV irradiation and can reversi-
bly return to the trans isomer through Vis light irradiation, slow
thermal relaxation, or heating (Fig. 2A).>° This trans-to-cis
photoisomerization proceeds by torsion around N=—N bond
or torsion accompanied with in-plane inversion (Fig. 34).°%%!
The photoswitching behavior of Azo results in distinct light
absorption profiles: the ¢rans isomer absorbs light irradiation
below 400 nm, while the cis isomer exhibits a red-shifted absorp-
tion above 440 nm, attributable to the occurrence of a n-m*
transition (Fig. 3B).>> Considering these unique optical properties,
combined with its structural tunability and inherent stability, Azo
holds great potential for developing advanced PICAs.****
Because of its intrinsic non-fluorescent nature, Azo is typi-
cally employed as a building block to develop Azo-based PICAs,
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Fig. 3 (A) The trans-to-cis photoisomerization of Azo proceeds by tor-
sion around N=N bond or torsion accompanied with in-plane inversion.
(B) Absorption spectral changes of Azo between the trans and cis states.
(C) Fluorescence modulation of the dye by the conjugated Azo moiety
upon UV and Vis light irradiation. (D) Fluorescence intensity of the Azo-
modified dye derivative decreases upon trans-to-cis isomerization and
recovers following cis-to-trans conversion.

through covalent conjugation or non-covalent interaction with
fluorescent dyes or other imaging contrast agents. In general,
photoisomerization of Azo regulates the fluorescence intensity
or wavelength of adjacent dyes through altering their electronic
environment and rigidity constraints (Fig. 3C). In its trans state,
Azo functions as an energy acceptor, quenching dye fluores-
cence through Forster resonance energy transfer (FRET) effect
(Fig. 3D).>>*° When Azo transforms to the cis state under UV
light irradiation, the conjugated system is disrupted, thus
enhancing the molecular dipole moment and polarity. This
change eliminates the absorption-emission spectral overlap
between Azo and dye, restoring the dye’s emission. Conversely,
Vis light irradiation reverts Azo to its t¢rans isomer, re-
establishing the conjugated system to recover the non-fluores-
cence state. Moreover, the trans-to-cis isomerization increases
molecular steric hindrance, disrupting the planar, conjugated
structure of trans-Azo dye. This alleviates its aggregation-
caused quenching (ACQ) effect and promotes aggregation-
induced emission (AIE) behavior. Due to the distinct spatial
conformation change, trans-cis isomerization of Azo has been
widely employed to reversibly modulate macromolecular or
supramolecular assembly structures for precise control over
their emission properties.’”>°

However, the broader application of Azo-based PICAs in
bioimaging is still hindered by their intrinsic hydrophobicity,
short-wavelength excitation, and fast thermal relaxation. The
second section will elaborate on the optimization strategies
through structural engineering and functional modification to
address these challenges.

2.2. Spiropyran

SP represents another promising candidate for photoswitchable
bioimaging, featuring a distinct photoisomerization mechanism

This journal is © The Royal Society of Chemistry 2026
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from Azo. SP maintains a thermal-stable ring-closed form in its
native state, with UV absorption (<400 nm). Upon appropriate
light irradiation, SP undergoes reversible photochemical cleavage
of the C-O bond to open the pyran ring, transforming into
the merocyanine (MC) isomer (Fig. 2B).*® Moreover, MC exhibits
cis-trans (Z/E) isomerism at its C—C bond, with the trans (E)
configuration typically being thermodynamically favored arising
from decreased steric strain (Fig. 4A). Notably, the SP — MC
isomerization generates an extended m-conjugated system with
charge separation, resulting in a large electric dipole moment.*!
This unique structural rearrangement red-shifts the absorption
spectral to the 500-600 nm region (Fig. 4B) and dramatically
enhances fluorescence enhancement from a weakly emissive state
(low intensity at <450 nm) to a strong fluorescent one (high
intensity at >600 nm) (Fig. 4C). Conversely, the MC — SP
isomerization occurs through spontaneous thermal relaxation in
the dark, heating, or Vis light exposure, with reduced absorption
and fluorescence.*”** The reversible photoisomerization of SP
enables precise control over the on/off state of fluorescence, or
facilitates switching between multiple emission wavelengths for
monochromatic or multicolor FL.***** In addition to serving as a
direct photoswitchable fluorophore, SP provides three common
modification sites for covalent dye conjugation, thereby allowing
modulation of the fluorescence of adjacent dyes via FRET (Fig. 4D).

As an important photoswitchable molecule developed after
SP, spirooxazine (SO) has emerged as a research hotspot in the
frontier fields such as super-resolution imaging, target label-
ing, and in vivo tracking, due to its unique photophysical
properties and excellent stability. Sharing similar structure with
SP, SO also exhibits reversible photoisomerization where UV
light irradiation cleaves the C-O bond to open the oxazine ring,
and Vis light irradiation triggers reversible ring closing through
an electrocyclization reaction that reforms the C-O bond
(Fig. 5A).*° Unlike SP, which contains only oxygen atom in

Absorbance

300 400 500 600
Wavelength (nm)

R MC (E)

l

MC

SP

400 500 600 700
Wavelength (nm)

Fluorescence Intensity

Fig. 4 (A) Photoisomerization from SP to MC (Z/E conformation) occurs
through ring-opening with or without C—C bond torsion. (B) Absorption
spectral changes of SP and MC upon different light irradiation. (C) The
fluorescence changes of SP and MC upon different light irradiation. Spot
size is positively correlated with fluorescence intensity; color indicates
emission state (black = non-fluorescent, red = fluorescent). (D) Three
common modified sites on SP for covalent tethering to dye molecules.
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Fig. 5 (A) The ring-opening/ring-closing reactions of SO. (B) Responsive-
ness of SP and SO to metal ions.

the pyran ring, SO contains both oxygen and nitrogen atoms in
the heterocycle, along with an extended m-conjugated system.
As a result, SO has longer half-life and higher photostability
compared to SP. The thermal stability of SO in its ring-opened
form lays the foundation for its application in time-resolved
imaging.**™*° Furthermore, SO exhibits excellent fatigue resis-
tance, withstanding over 10" switching cycles without signifi-
cant photodegradation, far surpassing SP that typically achieves
fewer than 10> cycles.’®" This superior performance primarily
stems from the electronic effect and steric hindrance effect
of its oxazine ring, which together effectively suppress photo-
bleaching.*

Apart from functioning as photoswitchable fluorescent
probes, both SP and SO perform superior potential for biosen-
sing. This depends on the distinct responsiveness of their
molecular structures: the oxygen atom in the pyran/oxazine
ring enables sensitive detection of metal ions, while the reactive
C—C bond allows for the recognition of various analytes
(e.g., CN™, H,S, SO,).>>”* Metal ion binding promotes the UV
light-induced ring-opening, stabilizes the resultant ring-opened
isomer and acts as an auxochrome with unique absorption and
fluorescence signals (Fig. 5B). The coordination affinity of the
oxygen and nitrogen atoms in SP or SO varies considerably
among different metal ions, such as Li*, Na*, K, Mg**, Cu*",
Ca>", Fe*", Fe’", Zn>", and Ag". The coordination of metal ions
alters the geometry and n-conjugation extent of SO, leading
to distinct fluorescence signals upon external stimulation.

Chem. Soc. Rev.
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This property positions SO as a promising probe for detecting
diverse metal ions in living organisms.>*>°

Despite ongoing molecular optimization of SP and SO, its
applications in bioimaging remain underexplored, primarily
due to several persistent challenges: (1) excitation wavelengths are
largely confined to the UV-Vis region (<600 nm); (2) enhanced
thermal stability may paradoxically limit the photoisomerization
efficiency; (3) suboptimal biocompatibility hinders effective cellu-
lar uptake; and (4) low fluorescence quantum yield. In the second
section, the corresponding solutions strategies will be discussed.

2.3. Diarylethene

DAE has a core structure consisting of two aromatic rings
(typically thiophene or benzothiophene units) bridged by the
ethylene bond in cyclopentene. Upon irradiation with altering
lights, DAE undergoes reversible photocyclization, transform-
ing from an unconjugated, ring-opened isomer to a conjugated,
ring-closed isomer (Fig. 2C).>” The ring-opened DAE isomer
exists in two conformational states: parallel and anti-parallel
(Fig. 6A). Notably, photoisomerization occurs exclusively in the
anti-parallel conformation, whereas the parallel conformation
remains photochemically inactive.’”*® This conformational
dependence is a critical consideration in the molecular design
and application of DAE.

UV light exposure dynamically rearranges the m-electron
cloud of the vinyl double bond and the n-n conjugated system
in the DAE skeleton. According to the Woodward-Hoffmann
rules, the photocyclization of the ring-opened DAE proceeds by
the photochemical conrotatory electrocyclization of its central
6n-electron 1,3,5-hexatriene system to form a new C-C bond.*®

Open-ring

P
e gl
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| Closed-ring
s ¥ s R i

Absorbance

R
<~ A K
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J
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s” O 0O

N

Fig. 6 (A) Parallel and anti-parallel configurations of DAE. (B) Absorption
spectra of DAE in ring-opened and ring-closed states. (C) Symmetric and
asymmetric DAE conformations with identical or distinct aryl ring types.
(D) Diverse DAE derivatives based on novel vinyl bridge types, including
perfluorocyclopentenes, dithiazolopyrazine, benzothiophene sulfone, and
cyclopentenone. (E) Three common modified sites on DAE enabling
covalent attachment to dye molecules.
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This process results in the isomerization from the ring-opened
state to the ring-closed state to augment intramolecular con-
jugation, consequently red-shifting the absorption spectrum
(Amax from ~300 nm to ~550 nm) along with visible color
change (Fig. 6B). Conversely, irradiation with Vis light or near-
infrared (NIR) light triggers the ring-opening reaction of DAE,
cleaving the newly formed C-C bond and reverting the mole-
cule to its initial ring-opened state.

Diverse molecular design strategies have been proposed to
precisely tune the photoswitching properties of DAE. The reversible
photocyclization activity is governed by the core architecture of
DAE, where the two core aryl groups offer the foundation for
electron conjugation. Their electronic properties and steric hin-
drance determine the overall stability and reaction activity of the
molecule. DAE derivatives exist in either symmetric configuration
(with identical aryl ring type) or asymmetric configuration (with
distinct aryl ring type) (Fig. 6C). Typical aryl ring units include
thiophene, benzothiophene, sulfonyl-substituted thiophene,
thiazole, and oxazole. Asymmetric DAE commonly improves
photoisomerization efficiency and photostability, yet their syn-
thetic complexity is a challenge. Furthermore, the structure of
the vinyl bridge plays a crucial role in modulating the photo-
switching performance of DAE, such as photoisomerization
efficiency, chemical stability, fatigue resistance, and thermal
half-life (Fig. 6D).

In addition, DAE derivatives display high value in bioimaging
because of their exceptional thermal stability (both isomers are
indefinitely stable at room temperature in the darkness) and
fatigue resistance (allowing hundreds to thousands of switching
cycles without pronounced degradation). These properties render
DAE particularly suitable for long-term FI, where they support
repeated on/off toggling and diverse imaging modalities.?***°

As a molecular switch, DAE regulates the fluorescence
emission of conjugated dyes via a FRET process.®” Fluoro-
phores are typically attached to one or both terminal thiophene
units of the DAE core, which allows effective fluorescence
modulation through a photocyclization-induced quenching
mechanism (Fig. 6E). Moreover, DAE can be co-encapsulated
with fluorophores into nanoparticles via supramolecular inter-
actions, thereby achieving FRET-based reversible fluorescence
switching for bioimaging.'> However, similar to other photo-
switchable molecules, DAE faces inherent challenges in bioi-
maging applications, such as short-wavelength activation,
hydrophobicity, and weak emission. The main strategy for
optimizing the properties of DAE is molecular engineering
through the introduction of functional groups, such as: (1)
heterocyclic aryl groups to red-shift absorption; (2) fluoro-
phores to improve emission; and (3) hydrophilic moieties to
increase solubility in biological media."®"*%37

2.4. Other photoswitchable molecules

In addition to the development based on classical molecule
scaffolds, other photoswitchable molecules, such as rhod-
amine, dihydropyrene (DHP), hexaarylbiimidazole (HABI), and
donor-acceptor Stenhouse adduct (DASA), have been explored
as PICAs for photoswitchable bioimaging.

This journal is © The Royal Society of Chemistry 2026
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The photoswitchable reaction of rhodamine amides was first
proposed by Knauer and Gleiter in the 1970s, a discovery that
has since spurred the development of numerous photoswitch-
able rhodamine derivatives.®”"®®* The photoswitching mecha-
nism of rhodamine depends on the reversible cleavage and
reformation of the spirocyclic bond, which interconverts
between a fluorescent zwitterionic (ring-opened) state and a
non-fluorescent spirolactone (ring-closed) state. Rhodamine
offers advantages over conventional fluorescent probes in super-
resolution imaging, including high fluorescence quantum yield
and excellent photochemical stability.” However, the short life-
time of its fluorescent ON-state and inherent switching stochas-
ticity fundamentally constrain the extension of temporal imaging
windows and precise spatiotemporal coordination, necessitating a
trade-off between spatiotemporal super-resolution performance.
A novel rhodamine derivative, Rh-Gly, was developed with remark-
able fluorescence brightness and prolonged ON-state stability
under UV light irradiation.®® The presence of a carboxyl group
in Rh-Gly stabilizes its zwitterionic ring-opened conformation via
intramolecular hydrogen bonding. This yields a prolonged ON-
state lifetime (68.5 ms) and enhanced fluorescence brightness
(3.57 x 10" photons per s), enabling simultaneous high spatial
resolution (~50 nm) and temporal resolution (10 s) in live-cell
super-resolution imaging.

HABI is another class of photoswitchable molecule character-
ized by the reversible dimerization of 2,4,5-triphenylimidazolyl
radical (TPIR).”>”* Upon 365 nm light irradiation, HABI dissoci-
ates into TPIR radicals, which can subsequently revert to HAPI
through thermal transformation.”* HABI has attracted increasing
attention due to its rapid photo-responsive behavior and robust
fatigue resistance. Owing to this reversible dimerization involving
bond cleavage and reformation, HABI has been covalently
attached to BODIPY dye to modulate their fluorescence.”

Compared to conventional UV-triggered photoswitchable
molecules, negative photoswitchable molecules such as DHP
and DASA undergo photoisomerization upon Vis/NIR light
irradiation. This reduces the phototoxicity to cells or living
organisms, rendering them more suitable for prolonged
imaging. Owing to the rigid planar structure and extended
n-system, DHP absorbs at longer wavelength (> 600 nm) than
conventional photoswitchable molecules.”®”” Its negative photo-
switching behavior involves a 6n-electrocyclic rearrangement that
disrupts the n-conjugation, yielding a decolorized cyclopentadiene
upon Vis/NIR light irradiation. However, photoisomerization
under illumination exceeding 750 nm remains challenging. One
viable synthetic strategy is to introduce donor and acceptor groups
at the 2,7- or 4,9-substituted positions of DHP, which red-shift the
absorption spectrum into the NIR region reaching 900 nm.”®
In addition, DASA represents a new class of negative photoswitch-
able molecules with a D-n-A architecture. This structure allows
reversible photoisomerization between a colored (open) form and
a colorless (closed) form upon Vis-NIR light (490-700 nm)
irradiation.”®

Despite the development of numerous novel photoswitch-
able molecules, their applications in bioimaging remain limited
and require further exploration.

This journal is © The Royal Society of Chemistry 2026
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2.5. Photoswitchable proteins

The advent of reversibly photoswitchable fluorescent proteins
(RSFPs) has revolutionized bioimaging, particularly by super-
resolution microscopy to visualize subcellular dynamics at the
nanoscale in living systems.®*"®* The first RSFP, Dronpa, was
discovered by Ando et al. in bacterial studies.®? Since then, a
wide variety of RSFPs have been rapidly developed to meet the
specific demands of advanced bioimaging modes. Under alter-
nating light irradiation at two distinct wavelengths (typically
UV light and Vis light), RSFPs undergo reversible positive or
negative photoswitching between fluorescent and non-fluores-
cent states (Fig. 7A).** This is primarily driven by light-induced
conformational change of the chromophore in RSFPs, though it
may also involve protonation or other complex photophysical
processes.®> Fig. 7B illustrates the photoswitching mechanisms
of three classical RSFPs (Dronpa, Padron, and Dreiklang) based
on distinct structural changes of chromophores: cis-trans iso-
merization, trans—cis isomerization, and hydration/dehydration
reaction, respectively. The chromophore of Dronpa follows
by a negative photoswitching mechanism: Vis light irradiation
(e.g., 488 nm) transforms it from a fluorescent deprotonated cis-
state to a non-fluorescent protonated trans-state, whereas UV or
blue light irradiation (e.g., 405 nm) reverses this process to
restore the fluorescence.®® Padron, a Dronpa variant, maintains
the same chromophore structure but displays positive photo-
switching process: UV or blue light irradiation (e.g., 405 nm)
triggers trans-to-cis isomerization and deprotonation, conse-
quently activating bright green fluorescence at 522 nm.%”
Conversely, Vis light (e.g., 488 nm) returns the chromophore
to a non-fluorescent protonated trans-state. Dreiklang is
another RSFP that holds a distinctive photoswitching mecha-
nism. Unlike the cis-trans isomerization typical of many RSFPs,
Dreiklang relies on a reversible hydration/dehydration reaction
occurring at a specific carbon atom in the imidazolidinone
ring.®® Specifically, 405 nm light irradiation triggers a hydration
reaction that converts the chromophore from a fluorescent
state to a non-fluorescent state, while 365 nm light irradiation
drives a dehydration reaction to restore the fluorescence. How-
ever, most RSFPs are limited by intrinsic photophysical proper-
ties, including finite switching cycles, low photon output, and
short-wavelength-light activation, which collectively compro-
mise their applications in live-cell super-resolution imaging
and in vivo imaging.

Over the past decade, considerable efforts have been direc-
ted toward engineering improved RSFPs for super-resolution
and in vivo imaging. The Padron-derived mutant, Konihoor,
exhibited rapid switching kinetics, enhanced photostability,
and high quantum yields, enabling successful super-resolution
imaging in living cells via reversible saturable optical fluorescence
transition (RESOLFT).” Moreover, Kohinoor showed high photo-
stability with minimal fluorescence decay per switching cycle
(~0.1%, compared to Padron’s 2.5%). It also achieved 17-fold
more cycles than Padron (340 cycles versus 20 cycles) before
50% intensity loss, demonstrating accelerated switching kinetics.
Kohinoor exhibited substantially higher quantum yield than
Padron in both states: the open state (&, = 0.02) and closed
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Fig. 7 (A) Light-induced positive or negative photoswitching of RSFPs
between their non-fluorescent and fluorescent states. (B) Three photo-
switching mechanisms involving cis—trans isomerization, trans—cis iso-
merization, and hydration/dehydration reactions. The color of molecular
structure indicates emission state (black = non-fluorescent, green =
fluorescent).

state (g = 0.15) exceeded Padron’s corresponding values (®on =~
0.003, @ ~ 0.04) by 6.7-fold and 3.75-fold, respectively. These
improvements enabled biocompatible live-cell imaging at ultralow
laser intensity (0.004 J cm™?).

Most RSFPs are activated by UV light, raising concerns over
phototoxicity and scattering effect. Therefore, there is a
demand for the development of RSFPs excited by longer wave-
length. Several red RSFPs, including rsCherry, rsCherryRev, and
rsTagRFP, have been used as PICAs for super-resolution FI
under Vis light.*> More recently, three novel RSFPs derived
from FusionRed (a red-emitting RSFP) enable reversible switch-
ing upon the irradiation of green light (510 nm) and orange
light (590 nm).”® These rsFusionReds exhibited outstanding
fatigue resistance (>1000 photoswitching cycles) and a rapid
photoswitching rate (58.3 &+ 0.4 ms), facilitating nanoscale live-
cell imaging. Their operation at wavelengths beyond 500 nm
also enabled the RESOLFT implementation with mitigated
DNA damage and photodamage. Furthermore, the advantages
of NIR light have directed increasing attention toward NIR
fluorescence proteins for light-controlled cellular and in vivo
imaging.”’ Advancements in the photoacoustic properties of
NIR-induced photoswitchable proteins have also motivated
studies exploring NIR RSFPs for high-resolution PAL°>%*

Despite progress in developing biologically safe and geneti-
cally encodable NIR RSFPs, their broad bioimaging adoption
remains constrained by some shortcomings, such as low bright-
ness, poor photostability, insufficient fatigue resistance, and
complex genetic circuitry.*®*® Future efforts should address
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these challenges to enhance the overall photoswitching perfor-
mance of NIR RSFPs.

In brief, these representative classical photoswitchable
molecules, including Azo, SP, DAE, and RSFPs, have demon-
strated superior potential for development into PICAs. None-
theless, their widespread adoption in bioimaging confronts
considerable challenges. The photoisomerization of most
photoswitches is driven by short-wavelength light, which falls
outside the optical window of biological tissues. To overcome
this limitation, further molecular modifications are necessary
to red-shift their absorption toward longer wavelength. Strate-
gies for elongating the m-conjugated structure or introducing
appropriate fluorophores are viable. Alternatively, integrating
photoswitchable molecules with upconversion materials
enables excitation by NIR light. Since most photoswitchable
molecules are inherently hydrophobic, incorporating hydro-
philic moieties can improve biocompatibility.”®** Additionally,
coupling photoswitchable molecules with other functional
materials is a promising route to tailor specific physicochem-
ical properties.”>*°

3. Optimization strategies on
photoswitchable imaging contrast
agents

Despite considerable improvements in photoswitchable mole-
cule design, some challenges continue to impede the practical
application of PICAs in bioimaging, particularly for in vivo use.
These include: (1) poor stability in complex biological environ-
ments hinders prolonged imaging; (2) hydrophobicity-induced
aggregation impairs photoswitching sensitivity and raises
safety concerns; (3) dependence on short-wavelength excitation
limits their effectiveness in whole-organism and deep-tissue
imaging; (4) inadequate emission performance; and (5) low
photoisomerization efficiency diminishes imaging resolution.
Molecular design strategies, such as functional group modifi-
cation, structural adjustment, and chemical conjugation, have
been employed to improve the stability, water solubility, and
optical performance of photoswitchable molecules. Alterna-
tively, intermolecular assembly via hydrophilic-hydrophobic
interactions, electrostatic forces, host-guest complexes, or n-n
stacking provides a complementary method to address these
challenges.

In this section, the challenges are categorized, and an explora-
tion of how molecular design and assembly strategies can address
them to optimize the properties of PICAs for bioimaging applica-
tions is provided (Fig. 8).

3.1. Strengthening the stability

The stability of PICAs, encompassing chemical stability, ther-
mal stability, photostability, and fatigue resistance, is essential
for their application in bioimaging. However, these properties
are often compromised under harsh external conditions. First,
the chemical stability of PICAs is particularly challenged by
complex biological milieus. For example, enzyme-mediated

This journal is © The Royal Society of Chemistry 2026
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Fig. 8 Schematic illustration of optimization strategies on PICAs aimed at
improving stability, water solubility, Vis/NIR excitation, emission properties,
and photoisomerization efficiency.

modification or reduction can occur in Azo molecules, which
deactivates their photoswitching ability.””°® Rapid thermal
relaxation also favors the transition of PICAs back to the ground
state, while photobleaching resulting from continuous irradia-
tion hampers long-term stable imaging. Furthermore, repeated
photoswitching cycles necessitates PICAs with robust fatigue
resistance.

Significant progress has been made in improving the
chemical stability, photostability, and thermal half-life of PICAs
to facilitate high-quality photoswitching imaging via structural
modification.?® Chemical modification with certain groups on
photoswitchable molecule itself is a viable strategy.®'° First,
the introduction of hydrogen bonds with specific functional
groups (e.g. hydroxyl, carboxyl, and nitrogen heterocycle) can
markedly enhance the thermal/photo-stability. For example, a
series of Azo derivatives with phenyl rings substituted by
pyrazole rings at different positions, significantly extends the
thermal half-life from hours to years (Fig. 9A)."°" These Azo
derivatives containing pyrazole rings produce intramolecular
C-H- - N hydrogen bonds between the pyrazole rings further
stabilizes the cis form. Second, introducing strong electron-
withdrawing groups lowers the molecular oxidation potential
and inhibits the photo-oxidation reaction, leading to the
improved chemical stability of photoswitching molecules.
Taking DAE derivatives as an example, the use of perfluorocy-
clopentenes as a vinyl bridge moiety with strong electron-
withdrawing and steric characteristics markedly enhances their
thermal stability and photobleaching resistance. While non-
fluorinated DAEs only have 20-30 photoswitching cycles, fluori-
nated DAEs possess high fatigue resistance with hundreds to
thousands of photoswitching cycles.'®® In addition, perfluoro-
cyclopentene-contained DAEs exhibit thermal half-lives of their
ring-closed isomers reaching several years.'

This journal is © The Royal Society of Chemistry 2026
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two pyrazole rings. Reproduced with permission.’®® Copyright 2021,
Wiley-VCH. (B) Enhanced fatigue resistance of DHP confined within a
Pd"sL, coordination cage. Reproduced with permission.’® Copyright 2020,
American Chemical Society.

Supramolecular assembly between photoswitchable mole-
cules and biomaterials or synthetic materials offers a straight-
forward approach to improve their chemical stability and
fatigue resistance while preserving their intrinsic photophysical
properties. For example, peptide/protein-based assemblies can
provide a confined environment that protects Azo compounds
from enzymatic damage and inhibit cis-trans thermal relaxa-
tion, thereby enhancing fluorescence emission.*”'** Assembly
strategies have been demonstrated to confine photoswitchable
molecules within a limited space, which prevents molecular
aggregation and improves fatigue resistance.”” Furthermore,
molecular confinement successfully avoids the quenching of
photoswitchable molecules. For example, DHP was encapsu-
lated within a Pd"L, coordination cage, significantly improv-
ing its fatigue resistance (Fig. 9B)."> When exposed to Vis light
irradiation, DHP underwent isomerization to form the CPD
isomer, which was stabilized in a conformation similar to its
initial state due to the molecular confinement effect. After UV
light irradiation or thermal relaxation in the dark, the CPD
isomer converted back to DHP, suggesting reversible photo-
switching within the coordination cage. Following encapsula-
tion in the cage, DHP maintained a rapid photoswitching
response after 10 switching cycles, with its attenuation rate
decreasing from 28% to 8%, indicating enhanced fatigue
resistance.

3.2. Improving the water solubility

The inherent hydrophobicity of many photoswitchable mole-
cules restricts their applications in imaging within cells and
organisms. Hydrophobicity-induced molecular aggregation can
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impair the photoswitching properties and increase potential
safety risks. A common countermeasure is to functionalize photo-
switchable molecules with hydrophilic groups, such as sulfonate
groups, carboxylic acid groups, quaternary amine groups, poly-
ethylene glycol, and water-soluble cavitands.*'%*®°>"1* In one
study, DAE was modified with a short tetra(ethylene glycol)
methyl ether (mTEG) group.'® The incorporation of the neutral
mTEG group significantly improved the water solubility of the
PICAs, facilitating cellular uptake and biosafety. Additionally,
this modification increased the on-off contrast in FI under
reversible photoswitching conditions. The introduction of qua-
ternary ammonium salts onto the DAE structure also increases
its hydrophilicity.*"">™"* Naren et al. synthesized a water-
soluble DAE derivative with two quaternary amine substituents
for cellular FI (Fig. 10A).* Separately, Hell et al. engineered two
novel hydrophilic PICAs by functionalizing DAE derivatives
with either four or eight carboxylic acid groups (Fig. 10B).>°
Both PICAs exhibited high aqueous solubility, robust photo-
stability, and reversible photoswitching behavior, rendering
them effective for labeling cellular structures. While hydrophi-
lic modification can reduce the hydrophobicity of photoswitch-
able molecules, entirely inhibiting molecular aggregation in
aqueous media remains difficult. To overcome this limitation,
Kim et al. designed a water-soluble DAE-based dendritic
nanocluster covalently linked to Cy5.5.'° The dendritic archi-
tecture effectively mitigated molecular aggregation while show-
ing reversibly photoswitchable NIR fluorescence (Fig. 10C).
Using confocal microscopy, NIR fluorescence signal was detected
in living HeLa cells and zebrafish following the internalization of
dendritic nanocluster. Irradiation with 365 nm UV light reverted
DAE to the ring-closed state (absorption band within 450-
750 nm), leading to efficient FRET quenching of the Cy5.5 NIR
fluorescence at 700 nm (excitation at 630 nm). Subsequent
exposure to 532 nm visible light restored the NIR fluorescent
signal to its initial level.

However, even with hydrophilic functionalization, some
photoswitchable molecules still show poor aqueous solubility,
thereby impeding their applications in bioimaging. This limita-
tion can be addressed by assembling photoswitches with
amphiphilic molecules through non-covalent interactions.'*%*
Qi et al. used a nanoprecipitation method to develop a photo-
switchable nanomicelle based on amphiphilic lipid-PEG2000
(Fig. 10D).%® During assembly process, DAE was loaded into the
lipid layer through hydrophobic interactions to form the core,
while the hydrophilic PEG in the outer layer supported colloidal
stability. This photoswitchable nanomicelle allowed dual-mode
FI and PAI to guide tumor resection in mice. In addition to
lipid-based systems, amphiphilic macrocycles have been used
to assemble hydrophobic photoswitchable molecules."*>™"”
Notably, supramolecular host-guest assembly with amphiphilic
macrocyclic compounds (having hydrophilic surface and hydro-
phobic cavity), including cucurbit[7]uril, sulfonatocalix[4]-
arene, and cyclodextrin, or with large-cavity coordination cages,
can markedly improve the hydrophilicity of photoswitchable
molecules."®*"?° For instance, hydrophobic SP 6, which is
poorly soluble in aqueous media, became highly water-soluble
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upon forming the host-guest complex 6 = 4 with flexible coor-
dination cage 4 (Fig. 10E)."*

3.3. Extending the activation wavelength to the visible/
near-infrared region

Currently, most photoswitchable molecules require UV light
irradiation for photoisomerization. This short-wavelength-
dependent activation imposes some critical challenges for
bioimaging: (1) limited tissue penetration - UV light is exten-
sively absorbed by biological tissues as a result of the high
extinction coefficient of biomolecules (such as nucleic acids
and proteins) within the UV spectrum region. Therefore, activa-
tion is confined to superficial cells or tissues, accompanied
by rapid energy dissipation over micrometer-scale depth.
(2) Phototoxicity — long-term UV light exposure induces oxida-
tive stress via reactive oxygen species (ROS) production, along
with direct DNA damage (e.g., thymine dimer formation). These
side effects compromise cell viability during live imaging,
generally manifesting as reduced proliferation or apoptosis
of target cells. (3) High autofluorescence background - UV
excitation triggers intrinsic autofluorescence from endoge-
nous components, such as NADH (450-500 nm) and collagen
(305-450 nm). This interference degrades the signal-to-noise
ratio (SNR), necessitating higher excitation intensities or
complex spectral filtering to distinguish target signals. There-
fore, it is crucial to develop photoswitchable molecules respon-
sive to Vis/NIR light for in vivo bioimaging. Current approaches
to red-shift the activation wavelength of PICAs can be categor-
ized into four main aspects: chemical modification of electron-
donating or electron-accepting groups; design of negatively
photoswitchable molecules; integration with upconversion
nanoparticles (UCNPs); and utilization of two-photon excitation
technology.'**™'**

Constructing a donor-acceptor (D-A) structure by chemical
modification of electron-donating or electron-accepting groups
on the skeleton of photoswitchable molecules offers a promis-
ing approach to red-shift the absorption wavelength.%®'26712°
Electron-donating moieties (such as aromatic groups,'®" het-
erocyclic groups,”%'*' and ammonium ions>""***) can extend
the m-conjugation system of photoswitchable molecules and
lower the HOMO-LUMO energy gap. Woolley et al. is dedicated
to modifying Azo derivatives with electron-donating moieties
to red-shift absorption wavelength.'**7'* After substitution
with ortho or meta-methoxy groups, p-amino-substituted Azo
derivatives were converted to azonium ions, resulting in a
pronounced red shift in absorption toward the NIR and far-red
spectral regions (>700 nm) for trans-cis photoisomerization
(Fig. 11A).>' Moreover, the formation of intramolecular H-bond
between the ortho-methoxy groups and the azonium protons
further stabilized the azonium ions. Upon red light irradiation,
trans—cis photoisomerization disrupted intramolecular H-bonds,
which generated neutral cis isomer and slowed thermal relaxation.
This azonium ion-based PICA provides a promising alternative for
NIR-excited photoswitchable imaging in vivo.

Negatively photoswitchable molecules differ fundamentally from
conventional photoswitches: they undergo photoisomerization

This journal is © The Royal Society of Chemistry 2026
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Fig. 10 (A) Structure of a DAE derivative functionalized with two qua-

ternary amine substituents. Reproduced with permission.* Copyright
2008, American Chemical Society. (B) Structure and photoisomerization
of a hydrophilic DAE derivative engineered with eight carboxylic acid
groups. Reproduced with permission.2° Copyright 2016, Wiley-VCH.
(C) Structure of a water-soluble DAE-based dendritic nanocluster. Repro-
duced with permission.1® Copyright 2022, Wiley-VCH. (D) Assembly of hydro-
philic DAE-based nanoparticles that exhibit photoswitchable fluorescence
emission and photoacoustic signal. Reproduced with permission.® Copyright
2018, Springer Nature. (E) Enhanced solubility of hydrophobic SP (6) via host-
guest assembly in a flexible coordination cage (4). Reproduced with
permission.*** Copyright 2018, Springer Nature.

upon Vis/NIR light irradiation and return to the ground state
through thermal relaxation in the dark or upon short-wavelength
light irradiation.*>'**'*” DASA is a prominent class of such
negative photochromic molecules."**'** The initial DASA adopts
an elongated triene structure with strong color and hydrophobi-
city, while Vis light (550 nm) irradiation converts it back to a
colorless, hydrophilic, cyclized cyclopentenone isomer. Based on
the characteristics of DASA, Senthilkumar et al. developed a
negative photoswitchable polymer nanoparticle as a delivery
vehicle by conjugating DASA to the terminal ends of a poly(p-
phenylene vinylene) structure (Fig. 11B)."** Upon Vis light irra-
diation, DASA converted to a ring-closed cyclopentenone isomer,
inducing the disassembly of the nanoparticles and facilitating
drug release. Structural modification of traditional photoswitch-
able molecules represents a general approach for generating
negatively photoswitchable variants."*"'** Trie et al. introduced
an oxidized thiophene ring at the 2-position of the thiophene
ring in DAE to extend the m-conjugation length of the ring-
opened DAE.'* The resultant negatively photoswitchable DAE
derivative underwent photocyclization upon irradiation with Vis
light (4 > 430 nm) and then a ring-opening reaction under UV
light irradiation, with a red-shifted absorption profile.

Another strategy is integrating UCNPs capable of converting
Vis/NIR light into shorter-wavelength emission, which spec-
trally overlaps with the absorption required for photoswitch-
able molecules."** UCNPs are primarily composed of inorganic
materials represented by rare-earth fluorides and oxides.

This journal is © The Royal Society of Chemistry 2026
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Fig. 11 (A) Structure of Azo derivatives (azonium ions) bearing ortho or

meta-methoxy and para-amino substituents on the phenyl rings. Repro-
duced with permission.?® Copyright 2015, Royal Society of Chemistry.
(B) Construction of a DASA-conjugated polymer and its photoswitching
behavior upon irradiation (1 = 550 nm). Reproduced with permission.}4°
Copyright 2018, Wiley-VCH. (C) Schematic illustration of NIR laser-regulated
assembly and disassembly of a NIR-II Azo-based nanoprobe. Reproduced
with permission.**® Copyright 2018, Wiley-VCH. (D) Two-photon-induced
SP — MC photoswitching behavior and fluorescence emission. Reproduced
with permission.’>* Copyright 2011, American Chemical Society.

Characterized by a large Stokes shift, UCNPs absorb NIR light
(typically at 808 nm and 980 nm) and upconvert this energy into
UV or Vis emission."*>*® To broaden the window of PICAs for
in vivo bioimaging, it is desirable to further red-shift the
excitation wavelength into the second NIR region (NIR-I,
1000-1700 nm), because NIR-II light provides deeper tissue
penetration capacity and reduced background interference.
Zhang et al. designed a novel photoswitchable UCPN (ps-
UCNP) system for NIR-II-excited photoisomerization of Azo
(Fig. 11C)."*° Specifically, trans-Azo-modified UCNPs were
assembled with cyclodextrin-modified nanoparticles through
host-guest interactions. Upon 980 nm light irradiation, the
UCNPs emitted UV light to drive the isomerization of the trans-
Azo to its cis-isomer, leading to nanoparticle disassembly.

In addition to chemical modification or structural adjustment
that red-shifts the absorption of photoswitchable molecules into
the Vis/NIR region, two-photo excitation offers an efficient route
to operate photoswitching with NIR light."*® Two-photon excita-
tion is a nonlinear process in which molecules simultaneously
absorb two photons to reach an excited state with higher
energy."”" Generally, two-photon excitation occurs in the NIR
range, while emission falls in the Vis range.'”> There is growing
interest in developing PICAs that can be activated using two-
photon Vis/NIR light irradiation."*™*® Zhu et al. proposed that
two-photon excitation using NIR light facilitated the photo-
isomerization of the SP to the MC isomer, accompanied by red
fluorescence emission, comparable to that achieved through
single-photon excitation with UV light (Fig. 11D)."** In another
study, Azo was covalently attached to a two-photon-absorbing
unit, specifically a triarylamine antenna, which enabled NIR
light-driven (750 nm) isomerization from the cis isomer to the
trans form."®
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3.4. Enhancing the emission performance

High emission intensity at long-wavelength region of PICAs is
crucial for effective bioimaging. PICAs can benefit from flexible
molecular design strategies based on structure-property rela-
tionships or host-gust assembly.

Introducing electron-donating groups to extend the m-conju-
gation system has been shown to red-shift the absorption, while
enhancing emission intensity or broadening emission wave-
length range. Irie et al. synthesized a series of DAE derivatives
and found that, the ring-closed derivatives with phenyl or
thiophene substituents displayed high fluorescence emission
(Fig. 12A).">” These substituents function as strong electron
donor, while the central benzobis(thiadiazole) bridge acts as
efficient electron acceptor, resulting in the formation of a
D-n-A structure along with an intramolecular charge transfer
(ICT) process. During ICT process, electron transfers from the
donor (D) to the acceptor (A) to activate a polarized excited state
and suppress non-radiative decay. The nonradiative decay rate
constant (k,,) of substituted DAE in the ring-closed state drama-
tically reduced from 6.5 x 10® s~' for the non-substituted
structure to 4.3 x 10”7 s ', Eventually, the substitution strategy
significantly improved the fluorescence quantum yield (@g) of
ring-closed DAE from ~0.2 to ~0.9. In addition to improved
fluorescence quantum yield, extending the n-conjugation
system has been demonstrated to endow photoswitchable
molecules with dual-color FI capability.'>®

Most small-molecule photoswitches are hydrophobic, thereby
tending to aggregate in aqueous media to cause ACQ that
diminishes both photoswitching and emission capacities.
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Fig. 12 (A) Structures of DAE derivatives functionalized with various
aromatic groups. Reproduced with permission.*> Copyright 2011, Amer-
ican Chemical Society. (B) Schematic illustration of a sterically hindered
DAE derivative that exhibits AIE behavior by preventing n—m stacking in the
aggregated state. Reproduced with permission.*®® Copyright 2020, Wiley-
VCH. (C) Enhanced emission of DAE@QCB?7 through host-guest assembly
strategy. Reproduced with permission.2? Copyright 2022, American
Chemical Society.
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Introducing hydrophilic groups® and regulating steric hin-
drance (e.g, rigid planar structures and AIE motifs) are effective
approaches to prevent aggregation.*** % Zhu et al. synthesized a
novel DAE derivative through functionalizing it with two bulky
benzothiophene groups, which showed characteristic AIE beha-
vior, including restriction of intramolecular vibration (RIV) and
rotation (RIR), as well as intermolecular stacking (Fig. 12B)."*
The steric effect generated a rigid aggregation structure, decreas-
ing the nonradiative decay rate to enhance the fluorescence
emission of ring-opened DAE. Upon UV light irradiation, the
AIE-type DAE underwent a cyclization reaction to cause fluores-
cent quenching owing to reduced steric hindrance and increased
n-n stacking, which eventually resulted in negligible emission
intensity caused by ACQ. Therefore, modulating the nonradiative
decay rate and aggregation state of PICAs provides a promising
tool for improving the fluorescence emission performance.

Host-guest supramolecular assembly is capable to modulate
the spatial confinement, environmental polarity, energy trans-
fer, and dynamic reversibility of photoswitchable molecules,
leading to an enhanced emission performance.?*'®%1% For
example, encapsulation by CB7 reduced the interaction between
DAE and water molecules, inhibited non-radiative transitions,
increased the @ from 0.40 to 0.63, and prolonged the fluorescence
lifetime (Fig. 12C).** The nonradiative decay rate constants of DAE
and DAE@CB?7 were calculated to be k. = 3.3 x 10° s and 1.6 x
10% s, respectively, indicating the enhanced emission property.

In photoswitching imaging, FRET not only turns the on/off state
of fluorescence,”* but also manipulates fluorescence properties
through two distinct interaction pathways between the photo-
switchable molecule and the fluorophore: (1) enhancing the emis-
sion intensity of photoswitchable molecule via energy trans-
formation from fluorophore; (2) red-shifting the emission wave-
length of photoswitchable molecule by activating the fluorescence
of fluorophore (Fig. 13). FRET is a non-radiative energy transfer
process that needs spatial coupling between the donor and
acceptor.'®®'®” As shown in Fig. 13A, FRET proceeds from fluor-
ophore (as a donor, D) to photoswitchable molecule (photoswitch,
as an acceptor, A) when the emission spectra of the fluorophore
overlaps with the absorption spectra of the isomerized photoswitch
at off-state.’®® In this way, the fluorescence of donor is quenched
while the emission of photoswitch is activated, generating dual
color fluorescence signals. On the contrary, when the emission
spectra of the photoswitch at on-state overlaps with the absorption
spectra of fluorophore, FRET occurs from the photoswitch (now as
donor) to the fluorophore (now as acceptor) (Fig. 13B). The second
FRET process enables fluorophore activation through energy trans-
fer from the photoswitch, thereby both enhancing the overall
fluorescence intensity'® and red-shifting the emission from the
Vis region to the NIR region for improved bioimaging.

3.5. Improving the photoisomerization efficiency

Photoisomerization is a defining characteristic of PICAs dis-
tinctive from conventional contrast agents. Photoisomerization
efficiency serves as a critical criterion for assessing the potential
of PICAs in photoswitchable bioimaging. Photoswitchable
molecules proceed a reversible isomerization process wherein

This journal is © The Royal Society of Chemistry 2026
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Fig. 13 Two FRET pathways within a photoswitch-fluorophore pair
enabling fluorescence manipulation through: (A) energy transfer from
the dye (donor) to the on-state photoswitch (acceptor), and (B) the reverse
transfer from the on-state photoswitch (donor) to the dye (acceptor).

they populate an excited singlet state upon light irradiation and
subsequently return to the ground state. However, during this
sequence, competing pathways, such as non-radiative decay
and intermolecular energy/charge transfer, inevitably dampen
photoisomerization efficiency. In addition, poor thermal stabi-
lity of the two ground-state isomers further attenuates the
apparent quantum yield. Molecular design optimization and
supramolecular assembly have been shown to overcome these
limitations, thereby strengthening the practical viability of
photoswitching molecules as PICAs for bioimaging.

A promising method is introducing electron-donating
groups (such as amino and methoxy) or electron-accepting
groups (such as nitro and cyano), to promote the D-A character
of photoswitchable molecules and reduce excitation energy
required for photoisomerization. Conventional Azo compounds
typically display insufficient trans — cis photoisomerization
efficiency, with a low quantum yield of approximately 10-
30%.*' Modifying a pair of D-A substituents (such as meth-
oxy/cyano and amino/nitro) on both sides of the Azo markedly
decreased the excitation energy and raised the photoisomeriza-
tion quantum yield to 35% (Fig. 14A).>* In addition, extending
the m-conjugated system with electron-rich groups enlarges
the n-electron delocalization range, which can also reduce the
excitation energy to improve the photoisomerization efficiency.'”
For example, replacing one phenyl ring with thiophene generated
a lone-pair (S atom)- - -7 (Azo) interaction between the S atom and
the Azo system, strengthening ICT from the thiophene donor to

This journal is © The Royal Society of Chemistry 2026
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Fig. 14 (A) Excitation energy of Azo derivatives functionalized with var-
ious electron donor groups. Reproduced with permission.® Copyright
2020, American Chemical Society. (B) Photoswitching behavior of anti-
parallel DAE functionalized with two benzothiophene substituents. Repro-
duced with permission.’®® Copyright 2020, Wiley-VCH. (C) Stable host-
guest interaction between CD and SP/MC. Reproduced with permission.1”®
Copyright 2015, American Chemical Society.

the phenyl acceptor. This change raised the quantum yield to 40%
for trans — cis and 65% for cis — trans photoisomerization.'”*

Incorporating steric groups into the skeleton of photo-
switchable molecules possess a twist conformation and
increases steric hindrance, thereby enhancing photoisomeriza-
tion efficiency.'”> For instance, DAE generally has a photoi-
somerization (ring-opened — ring-closed) quantum yield below
50%, owing to the coexistence of parallel (photoinactive) and
antiparallel (photoactive) conformations. After introducing
large steric-hindrance groups (e.g., benzothiophene) on both
sides of the DAE skeleton, the obtained twisted structure
constrained non-radiative pathways such as intramolecular
rotation and vibration, which in turn compelled the molecule to
preferentially adopt the anti-parallel conformation (Fig. 14B).'®*
This symmetric benzothiophene-based DAE promoted cyclization
reaction, raising the photoisomerization quantum yield to 88%
for ring-closed state and 90% for ring-opened state.

Supramolecular assembly strategy via non-covalent interac-
tions (including hydrophobicity, hydrogen bonding, n—r stacking,
and host-guest recognition) between photoswitchable molecules
and large-cavity host molecules, tailors the aggregation state of
photoswitchable molecules, thus leading to enhanced photoi-
somerization efficiency.’”*™”® For example, hydrophobic SP could
insert into the cavity of cyclodextrin (CD) by host-guest inter-
action, resulting in a stable assembly complex (Fig. 14C)."”® Due to
the stabilization of MC state by CD, the half-life of MC state
prolonged and the emission intensity was enhanced.

4. PICAs for bioimaging systems

Bioimaging technologies are crucial for the early diagnosis
and treatment of diseases because they enable sensitive and
precise detection of changes in biological and pathological
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signals."”””"'”® Bioimaging also contribute fundamentally to
understanding the structure of living organisms and elucidat-
ing their underlying physiological functions.'®® However,
achieving high accuracy and resolution in biological imaging
remains challenging owing to the complexity of environment.
PICAs, with their dynamic signal modulation and controllable
performance, can reduce background interference and improve
the quality of photo-controllable bioimaging. Recent advances
in fluorescence microscopy have driven the widespread use
of PICAs in fluorescence sensing and imaging, particularly
in super-resolution imaging.®"'%*'®" Additionally, PICAs have
expanded into other imaging modalities, such as PI,*** PAI°®
MRI,'®* and RI (Table 1)."*

4.1. Fluorescence imaging

FI is the most widely used imaging modality owing to its non-
invasive nature, high spatiotemporal resolution, operational
simplicity, and capacity for real-time monitoring. FI has
demonstrated a remarkable success in diverse domains, includ-
ing the elucidation of cellular pathophysiological processes,
early-stage disease diagnosis, and real-time intraoperative ima-
ging guidance.'® % Compared to conventional fluorescent
probes, PICAs offer several key advantages: (1) reversible on-
off switching enables enhanced imaging resolution by breaking
the optical diffraction limit; (2) multiple switching cycles
statistically eliminate random noise for improved SNR; (3) selec-
tive illumination of regions of interest minimizes nonspecific
background signals; and (4) on-demand light activation
mitigates photobleaching and phototoxicity, permitting long-
term and dynamic tracking. Consequently, PICAs have been
employed as effective alternatives to conventional fluorescent
probes in super-resolution imaging, biosensing, dual/multiple-
color imaging, and multiplexed imaging.

4.1.1. Super-resolution imaging. Super-resolution FI sur-
passes the diffraction-limited resolution of conventional micro-
scopy, allowing precise delineation of subcellular structures.'®¢*5®
Nonlinear fluorescence response to the intensity of excitation light
is the primary technique for super-resolution imaging, typically
originating from the on- and off-transitions of fluorescence or the
saturation of fluorescence.'® Accordingly, photoswitchable mole-
cules with high on-off contrast and fatigue resistance are the
optimal candidate for super-resolution imaging.'**'*' To date,
small molecule-based PICAs and RSFPs have been widely utilized
in single-molecule localization microscopy (SMLM) and RESOLFT
nanoscopy. In SMLM, precise control of illumination conditions
enables sparse activation of photoswitchable molecules within the
sample, ensuring spatially isolated emission spots for super-
resolution image reconstruction. Meanwhile, the temporally
sequential activation of photoswitchable molecules circumvents
signal overlap between adjacent emitters, thereby decoding unre-
solvable information within the diffraction-limited region. In
contrast, RESOLFT relies on high-intensity depletion light to
saturate photoswitchable molecules, restricting fluorescence
emission to a nanoscale central region. Photoswitchable materials
functioning as PICAs in super-resolution fluorescence microscopy
require high photostability, fluorescence quantum yields (&),
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on/off ratios and rapid switching speeds.>'®"*'"'®* To date, PICAs
used in super-resolution FI can be classified into three categories:
RSFPs, organic small molecules, and photoswitchable molecule-
based assemblies.>®%9>71%°

RSFPs are suitable for RESOLFT-based dynamic imaging
owing to their superior live-cell compatibility and switching
cyclability, as well as lower light dose requirement for satura-
tion transition. Testa’s group developed a multi-sheet RESOLFT
microscope to overcome the limitations of conventional light-
sheet fluorescence microscopy (LSFM) in subcellular imaging."*®
The technology employes wide-field illumination to activate all
RSFPs, followed by sinusoidal interference-patterned depletion
light pulse to confine on-state RSFPs to a tightly defined sheet.
This allows emission sheets with a thickness far below the
diffraction limit (<100 nm)—10 times thinner than conventional
excitation sheets. By parallelizing the imprinting of multiple
sheets and rapid readout, the technique achieved fast volumetric
imaging at 1-2 Hz with a spatial resolution below 250 nm.
It required only 10-20 switching cycles and is compatible with a
wide range of RSFPs. Using a classical RSFP, rsEGFP (N205S),
multi-sheet RESOLFT succeeded in high-resolution live-cell 3D
tracking of subcellular dynamics, including actin dynamics, cell
division, and virus-like particle movement. Future research can
focus on incorporating other modulation patterns and image
rotators to further improve spatial resolution and expanding its
applications to 3D culture and multicellular organisms.

The performance of RESOLFT nanoscopy relies on multiple
properties of RSFPs, including switching rate, photostability,
brightness, and residual fluorescence in their off state. It is
challenging to achieve optimal performance due to inherent
trade-offs between these properties. For instance, enhanced
brightness often compromises switching rate, and a lower off-
switching rate increases the signal-to-background ratio (SBR).
To reach a balance, Sun et al. developed a novel monomeric
RSFP, namely GMars-Q, for long-term RESOLFT imaging in
living cells (Fig. 15A)."”” GMars-Q was activated by 405 nm light
and switched off by 488 nm light, respectively. Significantly, the
off-state residual fluorescence of GMars-Q was 6-9-fold lower
than that of rsEGFP2 and N205S, two classical reversibly
photochromic fluorescent proteins, enabling significantly redu-
ced SNR and improved imaging contrast. Moreover, GMars-Q
exhibited higher fatigue resistance and SBR compared with
N205S. These improvements may stem from an unusual bipha-
sic photobleaching feature. When tagged with the KDEL target-
ing sequence, GMars-Q achieved stable live-cell observation of
endoplasmic reticulum tubulation for 2 minutes, which was an
order of magnitude longer than that achieved by rsEGFP
(N2058S) at equivalent resolution. This study provides a metho-
dological advancement for long-term super-resolution imaging
in living cells. Nevertheless, green-emitting RSFPs generally
need violet-blue light for photoswitching, which potentially
causes scattering effect and phototoxicity. Red-shifted RSFPs
with strong fatigue resistance and rapid switching rate are
needed. Testa et al. engineered three green photo-activated red-
emitting rsFusionRed variants (rsFusionRed1, rsFusionRed?2,
and rsFusionRed3) via site-specific amino acid mutagenesis.”

This journal is © The Royal Society of Chemistry 2026
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Compared to switching under short light irradiation (405 or
488 nm), all variants could be efficiently switched on through
510 nm green light irradiation, exhibiting slightly slower on-
switching kinetics but lower fatigue. Upon 590 nm orange light
irradiation, rsFusionRed3 showed substantially faster off-
switching kinetics—30-fold faster than rsTagRFP (487 + 2 ms),
and 6-fold faster than rsCherryRev1.4. Importantly, the improved
off-switching kinetics of rsFusionRed3 did not compromise their
fatigue resistance (>1000 consecutive switching cycles) and ther-
mostability (half-life, >20-40 min). Using RESOLFT nanoscopy,
rsFusionRed3 tagged with either F-Tractin or vimentin enabled
live-cell visualization of actin networks or vimentin filaments
with full width at half-maximum (fwhm) of ~80 nm under low
intensity irradiation (~1 kW cm ?). This demonstrates the
excellent potential of rsFusionRed variants in ref-shifted non-
invasive imaging in vivo by RESOLFT nanoscopy.

In addition to RSFPs, small-molecule photoswitches also
display superior capacity for super-resolution imaging owing to
their chemical tunability and photophysical diversity, which
can be tailored through precise synthesis and modification
based on structure-property relationships. However, as men-
tioned above, most small-molecule photoswitches tend to
aggregate in aqueous solutions as a result of molecular stacking
and hydrophobicity, causing ACQ effect to diminish their
photoswitching behavior. To address this issue, Qi et al
coupled two SP units with an AIE moiety, 9,10-distyryl-
anthrance (DSA), to develop a photoswitchable SP derivative
(DSA-2SP)."*> To improve its water solubility, DSA-2SP was
loaded into a nanomicelle assembled from amphiphilic poly-
mer, polystryrene-block-poly(ethylene oxide). The nonplanar
molecular structure of DSA offers large free space to prevent
molecular stacking, which together with intramolecular hydro-
gen bonds, support reversible photoisomerization between
DSA-2SP and DSA-2MC upon altering irradiation with 302 nm
UV light and 561 nm Vis light. Notably, intramolecular energy
transfer from the DSA donor to the MC acceptor resulted in a
bright red fluorescence at 670 nm with a fwhm of ~49.5 nm for
efficient photoswitchable super-resolution imaging (Fig. 15B).
Zhu et al. coupled a single perylenemonoimide (PMI) molecule
with three DAE units via covalent oxygen bridge to develop a
trident photoswitchable probe (PMI-3DTE). (Fig. 15C).” In this
design, PMI offers high fluorescence quantum yield and photo-
stability, while DAE functions as an efficient switch with excellent
photoisomerization behavior. The three-dimensional structure of
this trident photoswitchable probe efficiently prevents the ACQ
effect. Upon 2-5 s of 302 nm UV light irradiation, >95% of PMI-
3DTE isomerized to its ring-closed state. This isomerization, com-
bined with energy transfer from PMI to the ring-closed DAE,
triggered rapid fluorescence quenching, with an efficiency close
to 100% and a photoswitchable fluorescence quenching ratio in the
photostationary state exceeding 10 000. In addition, under alternat-
ing irradiation with UV light and Vis light, the probe showed
superior fatigue resistance over 10000 switching cycles, holding
great potential for super-resolution bioimaging.

Assembly strategies have been demonstrated to improve the
performance of small-molecule photoswitches for super-resolution

This journal is © The Royal Society of Chemistry 2026
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Fig. 15 (A) Reversible photoswitching behavior and super-resolution
image of GMars-Q. Reproduced with permission.'®” Copyright 2016,
American Chemical Society. (B) Intramolecular energy transfer in DSA-
2MC and super-resolution imaging via photoswitching between DSA-2MC
and DSA-2SP. Reproduced with permission.’®® Copyright 2017, American
Chemical Society. (C) Photoswitching mechanism and super-resolution
fluorescence images of PMI-3DTE. Reproduced with permission.> Copy-
right 2014, Springer Nature.

imaging, such as photostability, water solubility, and photoisome-
rization capacity. Hell et al. developed a supramolecular assembly
probe (DAE@CB7), in which DAE was encapsulated in cucurbit-
[7]uril (CB7) via the host-guest interactions, for super-resolution
RESOLFT imaging.”> DAE@CB?7 exhibited rapid, reversible photo-
isomerization upon altering irradiation of 355 nm light and 485 nm
light, and increased fluorescence quantum yield of 0.63 compared
to 0.40 for unimolecular DAE. Possibly ascribing to reduced
aggregation in aqueous solution, DAE@CB7 demonstrated robust
fatigue resistance that endured over 2560 switching cycles before
half-bleaching, whereas unimolecular DAE persisted only 8 switch-
ing cycles. After conjugation with targeting antibodies, the probe
succeeded in labelling cellular microtubules and photo-controllable
super-resolution imaging by RESOLFT, with a 70-90 nm resolution.
Dual-color fluorescence switching of PICAs offers another approach
to achieve super-resolution. In addition to photoswitchable perfor-
mance, the aqueous biocompatibility of assembles is crucial for
their use in bioimaging. Liu et al designed a biodegradable
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nanoparticle probe (SP-PCL) for super-resolution FI through the
assembly of poly(e-caprolactone) terminated with a SP unit via ring-
opening polymerization.’*® Upon altering irradiation of 365 nm
UV light and > 420 nm Vis light, the nanoparticle probe underwent
reversible photoisomerization between the SP-PCL state and the
MC state, thereby achieving fluorescence switching between green
emission at 530 nm and red emission at 650 nm. Owing to
the lipophilic nature of PCL, the probe was readily internalized
into HeLa cells, resolving cellular structures with sub-50 nm
resolution by FI.

4.1.2. Biosensing. Biosensing offers a vital strategy to
visualize and analyze dynamic chemical composition, biochemical
reactions, and physiological processes in cells and organisms, as
well as their surroundings."****° However, conventional fluores-
cence biosensors lack temporal control over their sensing activity,
resulting in unintended binding to encountered targets during
transport process.”®’ In contrast, biosensors based on photo-
switchable molecules allow photo-controllable selective and rapid
activation once they reach the desired regions, thereby improving
detection accuracy. Furthermore, their photochromic behavior
can help discriminate target signals from autofluorescence back-
ground or noise interference, while alleviating potential photo-
toxicity caused by continuous light exposure.

The utilization of PICAs for detecting biomarkers such as
metal ions, specific gases, and proteins, has gained growing
interest in exploring cellular processes and disease mecha-
2027208 gp has been widely used to detect metal ions,
particularly alkali metal ions, owing to the chelating ability of
its colored MC isomer. In one study, SP was functionalized with
aza-12-crown-4 to constructed a red-emitting probe (SP-CE) for
Li* detection (Fig. 16A)."°® Once encountering Li", the crown
ether of SP-CE rapidly chelated with it, resulting in the photo-
isomerization of SP to the colored MC state without the
requirement for light irradiation. The resultant phenolate ion
in MC also chelated with Li* to further stabilize the complex,
which significantly enhanced the red fluorescence emission to
achieve accurate Li" sensing (Fig. 16B). Following exposure to
Vis light, MC reverted to SP and released Li*. This photoswitch-
able sensor subsequently succeeded in Li" imaging in living
HelLa cells and zebrafish (Fig. 16C), indicating the potential of
SP for metal ion biosensing in vivo.

Beyond chelating with metal ions, the MC isomer contains a
polarized unsaturated C—C bond that serves as a nucleophilic
sites, enabling Michael addition reactions with nucleophiles
such as sulfur dioxide (SO,), hydrogen sulfide (H,S), and sulfite
ion (S05>7).>°**'* Yin et al. synthesized a SP-based fluorescent
probe, Ly-NT-SP, for detecting SO, in lysosomes (Fig. 16D).>'°
Ly-NT-SP consisted of a lysosome-targeted group, a fluorophore
(naphthalimide with green fluorescence), and a SP moiety. After
UV light irradiation, Ly-NT-SP isomerized to the Ly-NT-MC with
a weak red-shifted emission at 630 nm. The C—C-C—=N"
fragment of MC could react with SO, to generate a adduct that
emitted strong green fluorescence at 535 nm. Using this sensor,
the overproduced SO, in lysosomes (induced by heat shock)
was successfully visualized with a detection limit of 0.47 pM.
Notably, tissue imaging showed that increased SO, alleviated

nisms.
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Fig. 16 (A) The isomerization of SP-CE is triggered by Li* binding and is
reversed by Vis light irradiation. Reproduced with permission.1°¢ Copyright
2021, Elsevier. (B) Absorption spectra and fluorescence intensity of SP-CE
in Li* solution. Reproduced with permission.1°® Copyright 2021, Elsevier.
(C) Red fluorescence images of SP-CE in zebrafish. Reproduced with
permission.'°®  Copyright 2021, Elsevier. (D) A lysosome-targeted,
SP-derived PICA (Ly-NT-SP) for SO, sensing. Reproduced with permis-
sion.?1° Copyright 2020, American Chemical Society. (E) A SP-based PICA
(NpG@HSA) enabling super-resolution detection of -Gal in cells. Repro-
duced with permission.*® Copyright 2020, American Chemical Society.

small intestine injury caused by heat shock via modulating
oxidative stress. Additionally, Tian’s group reported an amphi-
philic photoswitchable molecule through modifying the naph-
thalimide-SP conjugate with a hydrophilic bp-galactose
(Fig. 16E)."® This molecule could assemble into a nanomicelle
sensor for SO;>~ detection in living cells. Subsequently, the
group functionalized the similar naphthalimide-MC conjugate
with a p-galactosidase (B-Gal)-responsive galactose unit to
quench the red fluorescence emission (620 nm) of MC. The
resulting molecule was bound to human serum albumin (HSA)
through host-guest interactions, for increased green fluores-
cence emission at 520 nm as well as better biocompatibility.
In the presence of B-Gal, the shielding unit was cleaved to
expose the free phenol motif, thereby restoring the red fluores-
cence emission and photoisomerization function of the system.
The reversible photoswitchable behavior of the sensor enabled
on/off photoblinking for STORM imaging, which precisely
visualized the subcellular localization of -Gal in different cell
lines. Collectively, these studies demonstrate the significance
of small-molecule photoswitchable biosensors for detecting
biomarkers related to physiological homeostasis or patho-
logical processes, such as metal ions, small molecules, and
enzymes.>* "7

In addition to small-molecule photoswitches, RSFPs have
been used as genetically encoded indicators (GEIs) for photo-
controllable sensing of specific metabolites and ions. This
mechanism depends on photoisomerization-induced signal
changes in the readout moiety of GEIs following target binding.
Stiel’s team constructed a prototype photoswitchable GEI
(rsGCaMP) based on a common Ca®" indicator GCaMP5G,
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which enables reversible cis/trans photoisomerization in its
Ca”*-bound form upon altering irradiation with 405 nm and
488 nm light.* The key sensing function stems from inter-
action between the B-barrel structure of rsGCaMP and its
calcium receptor moiety. rsGCaMP exhibited a fluorescent
quantum yield of 9.2% and robust fatigue resistance at various
pH values. It achieved super-resolution imaging of Ca**
tration in cultured cells and visualization of Ca** distribution
in the endoplasmic reticulum, as well as photoacoustic Ca**
imaging in HeLa cells implanted in mice. Notably, the univers-
ality of this photoswitchable molecular sensor concept was
validated by successful construction of RSFP-based maltose
sensor and dopamine sensor, offering a new approach for
mapping analytes at the nanoscale and in live animal tissues.
Subsequently, Dedecker’s team engineered a series of GCaMP
variants for cellular activity sensing, by retaining a Ca**-sensi-
tive moiety (CaM) domain and a CaM-binding peptide (RS20)
while introducing photochromic mutations.”*® GCaMP6s-Q was
selected as the best variant with higher molecular brightness
and Ca®" response. Since Ca** concentration affects the overall
fluorescence intensity and photochromic properties of the
sensor, the team proposed a photochromism-enabled absolute
quantification (PEAQ) method for Ca** detection. PEAQ corre-
lated the fluorescence intensity changes before and after light
irradiation with Ca** concentration and established a calibra-
tion correlation curve, enabling accurate determination of
absolute Ca>* concentration by simply measuring the fluores-
cence intensity. This strategy addressed the limitation of con-
ventional photoswitchable probes that rely on complete
switching cycles, thereby significantly lowering the required
light dosage and shortening imaging acquisition time.

4.1.3. Dual/multiple-color imaging. Dual/multiple-color
imaging enables simultaneous observation of different bio-
molecules or cellular events, substantially improving experi-
mental throughput and data richness. PICAs have been used
for photoswitchable dual/multiple-color bioimaging, especially
in the field of super-resolution microscopy.'*>'*>*® Unlike
monochromatic PICAs that cease signal emitting immediately
once switching to their off state, dual/multiple-color PICAs
allow continuous target tracking by cycling between distinct
fluorescence colors, while maintaining spatial alignment with
dynamic biological targets (e.g., migrating cells). Dual/multiple-
color imaging is generally proceeded by combining a photo-
switchable fluorescent molecule with a spectrally distinct fluor-
escent dye. This permits simultaneous acquisition in which the
fluorescent dye emits continuously while the photoswitchable
signal undergoes optical modulation (on/off cycling), conse-
quently facilitating reversible toggling between single- and
dual-channel imaging.

However, the key challenge is that spectral overlap between
photoswitchable molecules and fluorescent dyes often induces
FRET process, resulting in selective fluorescence quenching of
the donor molecules. Therefore, fluorescent dyes featuring
large Stokes shifts minimize spectral overlap with photoswitch-
able molecules by significantly separating their excitation and
emission bands. A dual-color photoswitchable nanoparticle was

concen-
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engineered by integrating a blue-emitted (Aey, = 498 nm, @ =
0.55) DAE (DBTEO) at closed state and a large Stokes shift dye
(3-(1-phenyl-1H-phenanthro[9,10-d]Jimidazol-2-yl)naphthalen-2-
ol, HPNIC) with absorption at337 nm and emission at 590 nm
(@ = 0.11) (Fig. 17A)."* This design achieved 100% switching
on/off of blue emission from DBTEO upon alternating irradia-
tion at 365 nm (on state) and >420 nm (off state). The
persistent orange emission of HPNIC enabled long-term nano-
carrier trafficking analysis in living cells, while the photoswitch-
able blue fluorescence of DBTEO provided spatiotemporally
precise target localization via UV/vis light control (Fig. 17B).

Conversely, an alternative strategy for dual-color PICAs
exploits the FRET effect between a photoswitchable molecule
and spectrally coupled fluorescent dye.**87:138:2217223 fiano et g,
synthesized a photoswitchable amphiphilic polymer nanopar-
ticle that contains conjugated SP and BODIPY for FRET-
mediated dual-color FI with high contrast in living cells
(Fig. 17C).>** Upon exposure to Vis light, BODIPY emitted green
fluorescence during cell imaging, while SP remained nonfluor-
escent. When UV light was applied, the green fluorescence
disappeared, and red fluorescence emerged owing to the FRET
process from BODIPY to the MC isomer.

Compared to multi-component PICA systems, multicolor
imaging that employs a single photoswitchable molecule can
efficiently suppress intermolecular energy transfer (e.g., FRET)
or electron transfer through confining all optical transitions
within one molecule skeleton. In one study, SP was covalently
with a fluorophore (distyryl anthracene, BOSA) via a flexible
ester chain to develop a single-component probe for photo-
switchable three-color FI (Fig. 17D).**® This probe displayed
wavelength-dependent color modulation through the synergis-
tic interaction between SP/MC photoisomerization and energy
acceptor (BOSA). Upon 405 nm light irradiation, SP underwent
ring-opening reaction to form MC, activating FRET effect from
the BOSA to MC. This change red-shifted the emission from
520 nm (green) to 620 nm (red). Reversal to the SP state was
achieved by 532 nm light irradiation, which terminated the
FRET effect to recover green fluorescence. Notably, 800 nm two-
photon excitation can directly trigger a yellow fluorescence (at
570 nm) of BOSA. To enhance aqueous solubility, BOSA-SP was
encapsulated within amphiphilic F127 polymer-based nano-
particles to achieve efficient cellular uptake. This nanosystem
programmed triple-fluorescence switching (green/yellow/red)
in confocal microscopy, allowing significant suppression of
cellular autofluorescence interference and high-contrast live-
cell imaging with improved spatial resolution (fwhm = 31 nm).

However, realizing multiple-color fluorescence switching via
a single photoswitchable molecule faces persistent challenges,
such as inefficient switching, poor photostability, and low
fluorescence quantum yield. Innovative strategies on molecular
design hold promise to overcome these challenges, such as
developing integrated chromophore systems combining com-
plementary photoswitching mechanisms, devising stable cova-
lent immobilization schemes, and refining energy transfer
networks to suppress non-radiative decay. Progress in this field
will provide improved spatiotemporal precision for multicolor
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super-resolution imaging, thereby achieving real-time visuali-
zation of intricate biomolecular interactions and cellular
dynamics with minimal background noise.

4.1.4. Multiplexed imaging. Multiplexed FI is constrained
by the limited discrimination capacity among fluorophores.**®
The absorption-emission cycle of fluorophores provides two
spectral dimensions (absorption and emission spectra) along
with an additional fluorescence lifetime parameter for label
differentiation.>?” However, broad excitation/emission bands
tend to cause spectrum overlap, while fluorescence lifetime
imaging microscopy (FLIM) based on excited state lifetime
faces challenges due to narrow lifetime dispersion.”*® Although
deconvolution or subtraction algorithms offer feasible solu-
tions, they inevitably compromise photon efficiency and
increase computational complexity.?*® Recent advances have
leveraged the distinct photoisomerization kinetics of photo-
switchable fluorophores (e.g., photoactivated-state lifetimes
and relaxation dynamics of photochemical responses) to dis-
criminate spectrally overlapping probes.® This principle has
promoted the development of novel imaging techniques,
including optical lock-in detection (OLID), synchronously
amplified fluorescence image recovery (SAFIRe), and out-of-
phase imaging after optical modulation (OPIOM).>**>*?

Marriott et al. firstly employed OLID technology to isolate
the characteristic fluorescence signal of photoswitchable
probes (such as nitrospirobenzopyran and Dronpa) from back-
ground or overall fluorescence.?”® By modulating the fluores-
cent and non-fluorescent states of photoswitchable probes and
performing cross-correlation analysis with the switching wave-
form, OLID generates correlation images that can discriminate
these probes from conventional fluorophores. This approach
achieved high-contrast imaging, as evidenced in zebrafish
neurons labeled with Dronpa, where the SBR was improved
approximately 5-fold. In contrast, SAFIRe relies on the ampli-
tude of fluorescence modulation induced by a secondary light
source, which depopulates the dark state of the photoswitch-
able probe.**?

Jullien et al. developed OPIOM, a technique using periodi-
cally modulated monochromatic illumination to drive oscilla-
tions in photoswitchable fluorophores between their two
states.>®’ Through phase-sensitive detection and resonance
matching of illumination parameters and photoswitching
kinetics, OPIOM isolates the specific fluorescence signal from
overall out-of-phase fluorescence. In HEK293 cells
expressing membrane-localized EGFP and nuclear-localized
Dronpa-3, OPIOM rapidly removed EGFP interference to extract
the Dronpa-3 signal. Similarly, in Dronpa-3-labeled zebrafish
embryos, OPIOM also filtered out yolk autofluorescence and
proved compatibility with light sheet fluorescence microscopy
for 3D image reconstruction of the Dronpa-3 signal. OPIOM
provides an effective approach for selective imaging of photo-
switchable fluorescent probes. However, a key issue is its
suboptimal photoswitching rate and extent. Jullien et al. devel-
oped speed OPIOM by optimizing RSFP switching using two
antiphase-modulated light sources (Fig. 18A).>** This approach
doubled the signal intensity of OPIOM while reducing the
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Fig. 17 (A) Construction of a DBTEO-based nanoparticle and its corres-
ponding normalized absorption/emission spectra, as well as structure of
DBTEO and HPNIC. Reproduced with permission.*? Copyright 2019,
Springer Nature. (B) Dual-color photoswitchable Fl in living cells by using
F127-encapsulated nanoparticles containing DBTEO-based nanoparticles,
featuring emission at 498 nm (closed DBTEO) and 590 nm (HPNIC).
Reproduced with permission.*> Copyright 2019, Springer Nature. (C)
Photoswitchable dual-color FI using SP-based nanoparticles in living cells.
Reproduced with permission.??* Copyright 2015, American Chemical
Society. (D) Schematic illustration of three-color fluorescence switching
(green/red/yellow) of BOSA-SP and corresponding photoswitchable Fl in
Hela cells. Reproduced with permission.?2> Copyright 2022, Wiley-VCH.

imaging time to the millisecond level that is compatible with
image acquisition rate of up to 50 Hz. Additionally, speed
OPIOM effectively suppressed autofluorescence and scattered
light, enhancing the contrast between photoswitchable fluor-
ophores and spectrally overlapping non-photoactivatable fluor-
ophores or ambient light by a factor of 10°>-10°. The technique
also enabled discrimination of spectrally similar RSFPs
(Dronpa, Dronpa-2, Dronpa, Kohinoor, and Padron) through
modulated resonant illumination. In HeLa cells, speed OPIOM
achieved real-time monitoring of Kohinoor-tagged ERK2
nuclear translocation in response to epidermal growth factor
stimulation. Notably, speed OPIOM clearly distinguished
Dronpa-2 (nucleus), EGFP (cell membrane), Padron (mito‘-
chondria), and Dronpa (Golgi) in U20S cells, overcoming the
spectral limitations of multiplexed imaging (Fig. 18B). This
technology was subsequently implemented in macroscale
fluorescence and fiber-optic epifluorescence imaging.**>>3¢
Further improvements in temporal resolution and multiplexing
capabilities could be achieved by developing brighter and
faster-switching fluorescent probes.

The aforementioned methods demand the photoswitching
response rate to match the temporal resolution of instruments,
which is intrinsically constrained by the camera’s exposure and
readout time in widefield imaging. To address this constraint,
Dedecker’s team proposed a novel intra-exposure excitation
modulation (NEEMO) technique to distinguish spectrally
overlapping fluorophores.?*” Through rapid modulation of
excitation light, NEEMO induced photoisomerization in photo-
switchable fluorophores while acquiring time-integrated
fluorescence (Fig. 18C).>*® Using merely 2-4 captured images,
the technique successfully differentiated bacteria individually
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Fig. 18 (A) Schematic illustration of the speed OPIOM method. Repro-
duced with permission.?** Copyright 2017, Springer Nature. (B) Indepen-
dent speed OPIOM images showing the distribution of four spectrally
similar fluorescent proteins in Hela cells. Localization: H2B-Dronpa-2
(nucleus), Mito-Padron (mitochondria), GTS-Dronpa (Golgi), and Lynl1-
EGFP (cell membrane). Reproduced with permission.>** Copyright 2017,
Springer Nature. (C) Schematic illustration of the NEEMO approach.
Reproduced with permission.?*® Copyright 2024, Elsevier. (D) NEEMO
image showing the distribution of four differently targeted fluorescent
proteins expressed in Hela cells. Reproduced with permission.?*® Copyright
2024, Elsevier.
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labeled with distinct fluorescent proteins (EGFP, ffDronpa,
ffDronpaF, and ffDronpa2F). Afterwards, the team developed
an extended NEEMO approach to discriminate these four
differently targeted fluorescent proteins expressed in HeLa
cells, achieving fluorophore assignment accuracy of 80-95%
(Fig. 18D).>*® Unlike conventional methods, NEEMO bypasses
direct kinetic analysis and instead leverages solely the modula-
tion rate of the light source, allowing multiplexed imaging
based on broad temporal dynamics.

Current dynamic-contrast FI generally employs a single
temporal dimension, necessitating prolonged acquisition time
and characteristic time span to distinguish multiple photo-
switchable fluorophores. Jullien’s team developed light-tunable
time-gated reading-out of photocycles for multiplexed FI
(LIGHTNING), a technique that substantially increases the
number of distinguishable and identifiable RSFPs.>*° LIGHT-
NING capitalizes on the primary light- and thermally-driven
reactions of RSFPs, exploiting the dependence of photochemical
reaction rate on light intensity to extract rich, RSFP-specific kinetic
information. By applying multi-color illumination sequences at
varying intensities, multiple characteristic times of RSFPs are
collected, parameterizing the evolution of their fluorescence
signals into a LIGHTNING kinetic fingerprint for each RSFP.
LIGHTNING successfully distinguished 20 out of 22 spectrally
similar green RSFPs in solution. Moreover, when tested on 16
Escherichia coli (E. coli) strains, each expressing a distinct RSFP,
it accurately identified 9 strains with 93% accuracy. These results
suggest that LIGHTNING can reliably discriminate fluorescent
labels in complex samples, underscoring its potential for chro-
matic-aberration-free, multiplexed FI without the requirement for
special optics or extensive data processing.

This journal is © The Royal Society of Chemistry 2026
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FRET offers an effective tool for understanding molecular
interaction mechanisms, but its use in multiplexed imaging is
limited by the difficult establishment of multiple donor-accep-
tor FRET pairs due to spectral overlap. Dedecker et al. proposed
a strategy to distinguish spectrally similar FRET pairs by
harnessing the photochromic parameters of the donor.”*° This
technique relies on cyclically switching the donor between
fluorescent and non-fluorescent states by cyclic light irradia-
tion, followed by calculating the photoswitching ratio from
fluorescence changes of the donor. By constructing a photo-
chromic FRET biosensor for cAMP-dependent protein kinase
(PKA) activity (rsAKARev) and a spectrally overlapping but non-
photochromic FRET biosensor for extracellular signal-regulated
kinase (ERK) activity (EKARev), simultaneous detection of both
kinases in the same cell was achieved. Additionally, combining
this separation strategy with a red-shifted calcium sensor
(RCaMP) enabled triple measurement of PKA, ERK, and cal-
cium dynamics, demonstrating the efficacy of this method for
FRET-based multiplexed imaging.

4.2. Phosphorescence imaging

PI is achieved by detecting the release of stored photons from
phosphors after illumination ceases. The emission lifetime of
phosphorescence (milliseconds to seconds) is significantly
longer than that of fluorescence (nanoseconds), effectively
suppressing autofluorescence interference with improved
SNR.>*'"**> Currently, PI often suffers from weak signal inten-
sity and environmental quenching under biological environ-
ments. Moreover, most phosphors emit at short wavelengths,
limiting their applications in deep-tissue imaging.**® Although
photoswitchable molecules lack intrinsic PI ability, they can
spatiotemporally modulate phosphor performance by reversi-
ble on-off switching.

Recent progress has centered on developing photoswitch-
able phosphorescent probes with red-shifted emission via
phosphorescence resonance energy transfer (PRET). Unlike
FRET, PRET enable energy transfer from a triplet state to a
singlet state, thus extending the lifetime of conventional phos-
phors. Leveraging this mechanism, Liu’s team constructed a
series of DAE-derived supramolecular assemblies for NIR
PL'7:164247250 Bor instance, a DAE derivative (DTE-C3) mod-
ified with binary phenylpyridinium units was assembled with
cucurbit[8]uril (CB[8]) to generate a photoswitchable phosphor-
escent probe (DTE-C3 < CB[8]) (Fig. 19A)." In this system, the
host-guest complex between CB[8] and DTE, described as a
“single molecular dual-fold”, exhibited strong room-temperature
phosphorescence. Additionally, the FRET interaction between
ring-opened DTE and co-encapsulated Cy5 extended the phos-
phorescence peak from 600 to 673 nm, improving penetration
depth. Upon UV or Vis light irradiation, the phosphorescence
signal was switched off/on owing to the isomerization between the
non-luminescent ring-closed DTE and luminescent ring-opened
DTE, which was further tested for photoswitchable PI in cells
(Fig. 19B). On the basis, DTE-C3 was functionalized through
substituting the terminal bromine atoms with 5-methyl thio-
phene moieties, followed by assembly with CB[8] (Fig. 19C)."**
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Fig. 19 (A) Structure of DAE-C3 and its supramolecular assembly exhibit-
ing photoswitchable phosphorescence at 673 nm. Reproduced with
permission.*®> Copyright 2022, Wiley-VCH. (B) Photoswitchable Pl in living
cells under UV/Vis irradiation. Reproduced with permission.'> Copyright
2022, Wiley-VCH. (C) Photoswitchable phosphorescence of DAE-TP-
based supramolecular assembly (DTE-TP/CBI8]) at 700 nm. Reproduced
with permission.'®* Copyright 2022, Wiley-VCH. (D) Phosphorescence
spectra of DTE-TP/CBI8]. Reproduced with permission.®* Copyright
2022, Wiley-VCH.

The optimized probe demonstrated extended phosphorescence
emission at 700 nm, achieving photo-controllable NIR PI of
lysosomes in living cells. The NIR dye IR780 was incorporated
to further extended the emission wavelength to 817 nm through
the PRET effect (Fig. 19D). Collectively, photoswitchable phos-
phorescent probes offer a potential alternative for deep-tissue
imaging with spatiotemporal precision.

4.3. Photoacoustic imaging

PAI combines the high sensitivity and contrast of optical
imaging with the superior spatial resolution of ultrasound,
circumventing the depth limitation typical of optical imaging
(~1 mm).>*"*%* In PAJ, biological samples are typically illumi-
nated with a nanosecond-pulsed laser. The molecules within
the samples absorb the light energy and convert it into thermal
energy, causing a localized temperature increase that generates
a photoacoustic signal.>>® However, endogenous chromophores
in blood, such as hemoglobin and melanin, introduce back-
ground interference, which severely undermine detection
sensitivity and resolution. This highlights the necessity for
developing high-contrast PAI probes.”>* Benefiting from the
photoswitching behavior, PICAs can effectively eliminate back-
ground signals by subtracting the PAI signals respectively
acquired in the on and off states.”>**® Furthermore, the con-
trollable switching between these two distinct isomeric states
considerably improves detection sensitivity and the robustness
of image reconstruction.

Genetically encoded photochromic chromoproteins, notably
bacterial phytochromes (BphPs), offer advantages due to their
high photostability, harmless non-invasiveness, and ability to
be expressed by tissue-specific promoters. BphPs consist of a
photosensory core module (PCM) and various effector domains.
BphPs bind to biliverdin IXa chromophore, enabling differen-
tial PAI because of its two isomeric states, Pfr (ground state)
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Fig. 20 RSFP-based PICAs for PAI. (A) Structure of RpBphP1 and photo-
isomerization behavior of the photoswitchable moiety (BV chromophore)
between Pfr and Pr states. Reproduced with permission.®? Copyright 2016,
Springer Nature. (B) Deep-tissue PAI of RpBphP1 in the kidney region of
nude mouse. Reproduced with permission.’? Copyright 2016, Springer
Nature. (C) Structure and PAI signals of the small-size RSFP, DrBphP-PCM.
Reproduced with permission.®®> Copyright 2018, Springer Nature. (D)
Schematic illustration of tumor-homing bacteria engineered with RSFPs

for photoswitchable PAI on tumor. Reproduced with permission.2>® Copy-
right 2022, The National Academy of Sciences.
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and Pr. Reversible switching between these two states is
mediated by cis-trans isomerization of the D-ring around the
C15=—C16 double bond. Wang’s group developed a NIR photo-
chromic BphP from Rhodopseudomonas palustris (referred to
as RpBphP1).”> The ground-state RpBphP1 (on state) transited
to the Pr isomer (off state) upon illumination with 780 nm light,
and reversed back upon illumination with 630 nm light or
through natural relaxation with a half-life of ~210 s (Fig. 20A).
The robust and repeatable photoswitching could be maintained
over many cycles without photobleaching. In scattering media,
the PAI signal amplitude of RpBphP1 at a depth of 10 mm was
10 times higher than that of rsTagRF, a convention RSFP that
can be toggled between 440 nm and 570 nm light illumination.
This enhancement is attributed to the ~200-nm red-shifted
absorption and twofold higher extinction -coefficient of
RpBphP1. Differential PAI of RpBphP1 showed 21-fold increase
in contrast-to-noise ratio (CNR) compared with on-state ima-
ging alone. U87 human glioblastoma cells were engineered to
express RpBphP1 for monitoring tumor growth in mice. After
20 switching cycles, differential PAI could clearly indicate
kidney tumors at depths of up to 8 mm and brain tumors
at ~2 mm depth, with an average CNR of 20. Furthermore, PAI
provided accurate longitudinal tracking of both primary hepa-
tic tumor progression and tumor metastases over a one-month
period (Fig. 20B). This study provides groundbreaking guidance
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for noninvasive multi-contrast deep-seated PAI. Subsequently,
the same group developed another NIR photochromic BphP
from Deinococcus radiodurans (referred to as DrBphP-PCM).”?
DrBphP-PCM exclusively preserved the 55-kDa PCM region,
resulting in improved folding efficiency and a 2.3-fold higher
expression level in U87 cells than RpBphP1 (Fig. 20C). Along
with significantly increased NIR absorption and photoswitch-
ing contrast, DrBphP-PCM demonstrated a 10-fold enhance-
ment in CNR compared to RpBphP1. Through single-impulse
panoramic photoacoustic computed tomography, brain, kid-
ney, and liver tumors expressing DrBphP-PCM were success-
fully detected in vivo with a resolution of 125 pm. Therefore,
reducing the size of protein-based probes offers a potential
pathway to resolution enhancement.

The heterogeneous distribution in endogenous biliverdin
poses a challenge for BphP-mediated PAI of specific tissues or
organs. Kasatkina et al. employed a Cre recombinase-depen-
dent method to express BphP1 with temporal and spatial
targeting.?>®> In BphP1-Cre transgenic mice, differential PAI of
BphP1 efficiently eliminated blood background noise, and
indicated distinct BphP1 expression patterns across organs,
such as higher signals in liver and spleen compared to sto-
mach. The intracellular BphP1 concentration within these
organs was estimated at ~100 nM. This system was also
successfully applied for non-invasive imaging of developing
embryos and longitudinal tracking of viral-mediated gene
expression in the kidney and liver. These results demonstrate
the high sensitivity and deep penetration of PAI achieved by
Cre-dependent BphP1 expression. In this study, beyond its PAI
role, BphP1 also functioned as an optogenetic promoter to
activate target gene expression.

Targeted delivery of exogenous BphPs or their encoding
genes represents an alternative strategy. Chen et al. engineered
a protein assembly, DrBphP-CBD, by fusing the photosensory
module of DrBphP with a collagen-binding domain (CBD).>>***”
DrBphP-CBD exhibited high affinity for type I and III collagen,
and preferentially accumulated and retained in collagen-rich
tumors following intravenous administration. This construct
maintained superior reversible photoswitching properties,
including high photoswitching contrast, photobleaching resis-
tance, and an absorption coefficient ratio (Pfr/Pr) of 11 at
760 nm. In aqueous media, it achieved a 20-fold increase
in the SNR of differential PAI compared to the on-state Pfr.
Ten hours after administration, DrBphP-CBD demonstrated approxi-
mately 7-, 10.6-, and 2.5-fold higher differential PAI signals than
DrBphP in MDA-MB-231, MC38, and 4T1 solid tumor models,
respectively. The differential accumulation of DrBphP-CBD
across tumor models is attributed to higher collagen expression
in MDA-MB-231 and MC38 than 4T1. Compared to non-photo-
switchable IR780 nanoparticles, DrBphP-CBD significantly
enhanced imaging contrast and background discrimination
for real-time dynamic monitoring and accurate quantitative
analysis. This study advances photoswitchable phytochrome-
based PAI imaging and provides a novel strategy for precision
tumor diagnosis. Notably, although the endogenous blood
protein-derived CBD may reduce immunogenicity, the tissue
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toxicity of DrBphP-CBD still needs more comprehensive evalua-
tion. In a study, tumor-homing Escherichia coli (E. coli,
MG1655) was reprogrammed to express a genetically encoded
BphP, mDrBphP-PCMm/F469W (Fig. 20D).**® mDrBphP-
PCMm/F469W maintained most of the superior photoswitch-
ing properties of BphPs, while exhibiting 1.75-fold and 4.2-fold
higher photoswitching contrast compared to DrBphP-PCM and
RpBphP1, respectively. After being intravenously administrated
to 4T1 tumor-bearing mice, E. coli preferentially migrated toward
the solid tumor and stated to proliferate. The tumor-tropic
accumulation of E. coli enabled differential PAI of deep-seated
tumor tissues with significantly enhanced imaging contrast. In
contrast, only negligible PAI signals were observed in normal
tissues or organs, demonstrating the remarkable tumor-targeting
ability of E. coli for PAI probe delivery. Collectively, spatiotempo-
rally selective PAI of BphPs is expected to benefit early tumor
detection and tumor progression monitoring.

PAI probes based on organic photoswitchable molecules
surpass BphPs in chemical tunability and diversity, while
offering simpler screening and preparation advantages.
In one study, two (1-(4-(1,2,2-triphenylvinyl)phenyl)ethylidene)-
malononitrile units were attached to the terminal positions of a
DTE core (DTE-TPECM).®® In its ring-closed form, the planar
conjugated structure formed by the two thiophene rings pro-
moted intramolecular energy transfer and interactions, redir-
ecting energy dissipation toward thermal relaxation for efficient
PALI. To boost biocompatibility in vivo, DTE-TPECM was assembled
with an amphiphilic lipid-PEG2000 into nanoparticles (DTE-
TPECM NPs). These nanoparticles showed photoacoustic intensity
2.0fold and 1.8-fold higher than that of methylene blue and
polymer nanoparticles, respectively, and markedly enhanced resis-
tance to reactive oxygen and nitrogen species compared to ICG.
Following conjugation with the targeting peptide YSAYPDSVPMMS,
DTE-TPECM NPs preferentially enriched in tumors that overexpress
the EphA2 protein. In 4T1-tumor-bearing mice, intravenous injec-
tion of the peptide-modified DTE-TPECM NPs successfully
achieved precise PAI of deep-seated tumors to guide tumor
resection. On the other hand, upon 610 nm light irradiation for
5 minutes, these nanoparticles underwent photoisomerization
to the ring-opened state, thereby restoring fluorescence to
indicate postoperative tumor residues.

However, most organic photoswitchable molecules require
high-energy light (e.g., UV light) for isomerization, restricting
their applicability in deep-tissue differential PAI. To overcome
this issue, UCNPs have been utilized to convert low-energy NIR
light into UV energy for the reversible photoisomerization of
small-molecule photoswitches. One study designed a photo-
switchable hybrid nanoprobe by integrating a dithienylethene-
containing PB-diketone (3ThacacH, exhibiting strong photoa-
coustic signal under the ring-closed state) and a core-shell
structured UCNP.*** The UCNP consisted of a non-doped
NaYF, shell, and a NaYF, nanocrystal core co-doped with
ytterbium (Yb) for NIR light harvesting and thulium (Tm) for
UV emission. The UCNP surface was coated with an amphiphi-
lic polymer (PSMA-M2070) to form a hydrophobic matrix layer
for loading 3ThacacH. Upon 980 nm light irradiation, the
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UCNP efficiently converted NIR light to 365 nm UV emission,
which spectrally overlaps with the absorption of the ring-
opened 3ThacacH, thus driving its photocyclization to the
closed state. This mechanism enabled reversible photoacoustic
signal switching: 980 nm light switched the signal on, while
640 nm light returned the system to the ring-opened state to
turn it off. The nanoprobe showed a photoacoustic on/off signal
ratio of ~10, and maintained a CNR over 3 in hemoglobin
solution even at a low concentration of 0.05 nM, indicating its
superior ability to suppress background interference by differ-
ential imaging. When used to HeLa cell labeling, nanoprobe-
based differential imaging by 20 switching cycles achieved a
detection sensitivity of 5 x 10 cells in vitro and 10" subcuta-
neously implanted cells in vivo, a two-order-of-magnitude
increase over conventional photoacoustic contrast agents such
as ICG. Notably, employing low-energy 980 nm light irradiation
to switch on PAI minimized phototoxicity and extended ima-
ging depth to ~1.8 cm. In another study, analogous NaYF,
UCNPs were functionalized with a photoswitchable Azo-grafted
polymer (PAA-Azo) via ligand exchange method (Fig. 21A).>¢°
Upon 808 nm light irradiation, UCNPs simultaneously emitted
365 nm UV light and 475 nm blue light. This dual-wavelength
output not only triggered reversible trans—cis-trans isomeriza-
tion of PAA-Azo to produce vibrational energy and heat, but also
transformed it into a liquid state with a higher thermal expan-
sion coefficient. These effects synergistically amplified photo-
acoustic signal by sixfold compared to uncoated UCNPs
(Fig. 21B). The probe allowed high-resolution PAI of mouse
femora artery and rapid lymph node detection, clearly visualiz-
ing tissue structure and function. Moreover, by combining
the benefits of PAI and NIR-II imaging, the probe supported
real-time, precise guidance during lymph node resection.

In addition, molecular switches have been integrated with
existing organic photoacoustic contrast agents to address
their limitations in PAI, such as photostability and nonlinear

Fig. 21 Photoswitchable molecule-based PICAs for PAI. (A) Principal
concept for photoacoustic signal enhancement through the construction
of Azo-UCNP-based polymer nanoparticles. Reproduced with permis-
sion.?% Copyright 2019, Wiley-VCH. (B) Dual photoacoustic and NIR-II
imaging of lymph nodes in mice using Azo-UCNP-based polymer nano-
particles. Reproduced with permission.?®® Copyright 2019, Wiley-VCH.
(C) Structures of Azo-cyanine dyes. Reproduced with permission.’” Copy-
right 2024, Wiley-VCH. (D) In vivo PAI showing the biodistribution of wsT-
AzHCy in nude mice. Reproduced with permission.” Copyright 2024,
Wiley-VCH.
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responses to excitation intensity caused by slow S1 — SO
electronic relaxation. Azo, with its non-fluorescent emission
and picosecond S1 — SO relaxation halftime, serves as an
excellent energy acceptor for nonradiative heat dissipa-
tion.>®"*°? Furthermore, Gambhir’s work demonstrated the
complex Azo BHQ3 as a strong photoacoustic emitter.>** How-
ever, no water-soluble Azo derivatives have been available in the
ideal NIR window for PAI. Therefore, Thorn-Seshold et al
developed a series of azohemicyanines by grafting the Azo
switch onto the middle or terminal position of the NIR cyanine
dyes (strong absorption to enter S1 state) for enhanced photo-
switchable PAI (Fig. 21C)."” Benefiting from ultrafast vibra-
tional relaxation (<10 ps, >100-fold faster than ICG), most
synthetic azohemicyanines with NIR absorption demonstrated
> 10-fold higher photostability compared to ICG. Furthermore,
the ultrafast vibrational relaxation enabled multiple S1 —
S0 — S1 excitation cycles within a single laser pulse, signifi-
cantly enhancing the photoacoustic signal generation efficacy
of these probes to over 3 times that of ICG. The improved signal
longevity and loudness effectively addressed the nonlinear
response of cyanine photoacoustic dyes to illumination inten-
sity, thus achieving higher photoacoustic signal output for
improved resolution and lower background. Among all azohe-
micyanin, the hydrophilic thiophenylazo-bridged probe (desig-
nated as wsT-AzHCy, absorption peak at 729 nm) showed the
optimal potential for in vivo PAI, with >1900-fold enhanced
photostability and 3.2-fold signal intensity. Two hours after intra-
venous administration of wsT-AzHCy, PAI successfully separated
the probe signal from endogenous background signal, suggesting
the sufficient survival time of wsT-AzHCy for practical applications
(Fig. 21D). Furthermore, the photoacoustic signal was predomi-
nantly observed in the liver, spleen, and gut, but absent in the
kidneys—a promising indication for future molecular imaging.
This work proposes a novel chemical concept that leverages
molecular switches to accelerate the S1 — S0 relaxation of photo-
acoustic contrast agents for improved PAL

4.4. Magnetic resonance imaging

Magnetic resonance imaging (MRI) is a noninvasive, non-
ionizing radiation, and multi-dimensional imaging moda-
lity.** The signal amplification of MRI contrast agents stems
from paramagnetic centers that perturb proton relaxation
kinetics. Specifically, hydration-shell "H nuclei under an exter-
nal applied field experience magnetic field distortion, which
enhances signal amplitude via modulating T,/T, (longitudinal/
transverse) relaxation time.*®® In T;-weighted imaging, short
T; contrast agents (e.g. Gad-type) produce bright signals; con-
versely, in T,-weighted imaging, long T, contrast agents (e.g.
Iron-type) enhances MRI intensity. Since the initial clinical
approval of gadopentetate dimeglumine (Gd-DTPA) in 1988,
over 200 million doses of MRI contrast agents have been
administered globally.’*® However, the suboptimal relaxivity
of current MRI contrast agents often requires high doses for
adequate image differentiation.

Over the past decades, photo-activated MRI contrast agents
have enabled spatiotemporally precise signal modulation and
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enhanced proton relaxivity.>*”**® Unlike unidirectional photoc-
age agents that are limited to single-use contrast release, PICAs
support repeatable signal switching, thereby facilitating long-
itudinal MRI tracking and higher SNR. Upon light irradiation,
photoisomerization modulates proton relaxivity by two primary
mechanisms: (1) photoisomerization of photoswitchable
moiety changes the symmetry of the primary hydration shell
around paramagnetic centers (e.g. Gd** and Ni**), which
directly governs proton relaxivity; (2) light-triggered conversion
of the metal coordination geometry (when photoswitchable
molecule as a ligand) induces the switching from a diamagnetic
state to a paramagnetic state, thereby amplifying proton
relaxivity.

Photoswitchable MRI probes primarily employs SP or Azo as
photoswitching moieties, leveraging their pronounced confor-
mation changes to dynamically modulate MRI signals. Since
2007, Louie et al. have systematically studied SP-based PICAs
for MRL.>**?”® The photoisomerization between the SP state
and the MC state perturbs the molecular microenvironment to
modulate water-proton relaxivity. In their initial study, they
designed a photoswitchable MRI contrast agent (Gd-SPDO3A)
through coordinating SP with Gd-DO3A, enabling reversible
photoswitching of MRI signals (Fig. 22A).>*° Under dark-adapted
equilibration, coordination between Gd*" and the phenolate
oxygen promoted the SP — MC isomerization and stabilized

4
) o A

—  Dark 090 9 0 i
o N LN — i ~
© O'E'@*}oe Visible light {fr«\ - C,L A Q —= ’.‘.T“W—’”

N ‘NJ\O (DN O = nmsm; %’"

’ : ttrans tcis
) R=CgFs.

ows; high-spin
oot paramagnetic

R=H 1

low-spin (S = 0)
diamagnetic F
MR silent OMe 3

high-spin (S = 1)
paramagnetic
MRI active

D) . W TaYaany

T2W MR image
ooc KMR-AZn

= CLADIO-NH-! SP
No o)
e\ gf L

UVldar

8 fast
T~
low number of surfactant

e

%:% slow

high number of surfactant

Fig. 22 (A) Photoisomerization of Gd-SPDO3A (left) and Gd-MCDO3A
(right). Reproduced with permission.2%® Copyright 2007, Royal Society of
Chemistry. (B) Light-induced coordination and de-coordination between
azopyridine and Ni%* for magnetic signal switching between diamagnetism
and paramagnetism via trans—cis isomerization of azopyridine. Repro-
duced with permission.’® Copyright 2011, American Association for the
Advancement of Science. (C) Schematic illustration of the photoisome-
rization of azoimidazole-based PICAs and time-dependent thermal MRI
mapping. Reproduced with permission.’® Copyright 2021, American
Chemical Society. (D) Structure of amphiphilic Azo derivatives (KMR-
AZn) and KMR-AZn-based micelles. Reproduced with permission.?’®
Copyright 2012, Wiley-VCH. (E) Photo-induced aggregation of CLADIO-
NH-SP with reduced T, MRI signal. Reproduced with permission.2”° Copy-
right 2010, American Chemical Society.
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the metastable MC form in Gd-MCDO3A, thereby generating an
absorption peak at 486 nm. Upon Vis light irradiation, the MC —
SP photoisomerization increased the relaxivity (r;) of Gd-MCDO3A
by 21.2% (from 3.72 to 2.93 mM ' s !). This increase resulted
from the shortened distance between the indoline unit of SP and
Gd*" through enhanced electrostatic interaction, which restricted
water access to the paramagnetic center—Gd®" ion.

Currently, the in vivo application of photoswitchable MRI
agents is limited by potential phototoxicity under high-intensity
illumination. Louie’s group developed a SP-based MRI contrast
agent that undergoes MC — SP isomerization upon irradiation
with low-intensity Vis light.””* Specifically, just 1 min of expo-
sure to blue LED light (1 = 465 nm, <2.37 x 10> photons s~ )
converted MC-DO3A-Gd into SP-DO3A-Gd, decreasing its r;
relaxivity from 2.93 to 2.63 mM ' s . Notably, this light
intensity matches the emission level of luciferase-luciferin
systems, indicating the feasibility of bioluminescence-driven
photoisomerization. Although luciferase emission alone failed
to trigger the MC — SP isomerization, this approach retains
potential for future endogenously activated MRI.

Unlike SP-based MRI agents that attenuate MRI signals by
disrupting the interaction between water and paramagnetic
center, Azo-based MRI agents exhibit enhanced paramagnet-
ism. Their trans — cis photoisomerization enables switching
between diamagnetic state and paramagnetic state via light-
driven coordination-induced spin-state switching (LD-CISSS).
Herges’ group has been dedicated to developing Azo-based
photoswitchable MRI probes and utilizing ¢trans-cis isomeriza-
tion to modulate the spin state of coordinated transition
metals.>*827427® For instance, they designed an Azo-based
PICA (1-trans) in which trans-to-cis isomerization of the pheny-
lazopyridine (PAP) modulates axial coordination between the
pyridyl nitrogen at the Azo terminal and the square-planar Ni-
porphyrin, thereby driving the spin transition from low-spin
(S = 0) to high-spin (S = 1) (Fig. 22B)."® Irradiation with 500 nm
light converted the diamagnetic 1-trans isomer to the paramag-
netic 1-cis isomer with a yield of ~65%. Conversely, exposure to
435 nm light reversed the isomerization process with a yield of
~90%. This reversible photoswitching persisted for >10000
cycles, indicating the outstanding fatigue resistance of PAP-
based PICAs. Notably, the magnetic moment of the 1-cis isomer
was 2.989 + 0.084 B.M., consistent with paramagnetic Ni*"
complexes (expected range: 2.8 to 3.4 B.M.), while the resultant
1-trans isomer upon blue light irradiation exhibited diamagnet-
ism behavior with a negligible magnetic moment (u ~ 0 B.M.).
To improve clinical translation potential, the group further
presented an optimized design of a molecular spin-state switch
that is water-soluble and switchable in the far-red and NIR
regions.””” By engineering porphyrins into substituted dihy-
droporphyrin (chlorin) or tetrahydroporphyrin (bacterio-
chlorin), the newly synthesized PICAs demonstrated enhanced
photoswitching performance: cis « trans (also diamagnetic <
paramagnetic) switching efficiency reached 72-78%, while spin-
state switching efficiency in aqueous systems raised from 19% to
41%. Moreover, both chlorin and bacteriochlorin probes exhib-
ited a blue-shift absorption and reversible photoisomerization
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upon long-wavelength illumination: 505 nm light irradiation
triggered cis-to-trans conversion, whereas 620/720 nm light irra-
diation induced trans-to-cis switching. Such NIR-activatable
switching offers an attractive translational prospect for deep-
tissue MRI diagnosis.

MRI signals depend on multiple interdependent parameters
(e.g., contrast agent concentration, temperature sensitivity, and
relaxation time). Body temperature is a critical biomarker in
clinical diagnosis for tissue inflammation, metabolic disorders,
and tumors. It is important to separating temperature contri-
bution to the generated MRI signals through independent
quantification of these parameters. However, current methods
impose technical barriers to hinder clinical translation. Herges
et al. designed a series of azoimidazole-based photoswitchable
MRI probes to assess time-dependent thermal MRI mapping,
superseding conventional static relaxation time measurement
(Fig. 22C).””® Upon 365 nm light irradiation, cis-PICAs (~60%
yield) showed accelerated thermal relaxation, reverting com-
pletely to the trans configuration within seconds to minutes at
room temperature. The thermo-driven cis-trans isomerization
of the azoimidazole triggered dissociation of the imidazole
ligand from Ni**, resulting in a spin-state switching in the Ni-
porphyrin from paramagnetic (MRI-detectable) to diamagnetic
(MRI-silent). This succeeded in the acquirement of MRI signals
with standard clinical sequences by exploiting the intrinsic
correlation between temperature and kinetic parameters (reac-
tion rate and t,), which is independent of probe concen-
tration. These thermo-responsive MRI PICAs enabled high-
resolution temperature mapping (130 x 130 pum) with +
0.22 °C accuracy in vitro through monitoring the thermal
relaxation kinetics of cis-Azo.

In addition, photoswitchable molecules enable dual-level
MRI signal modulation: (1) molecular-level signal control by
photoswitchable metal-ligand coordination; and (2) nanoscale
regulation between aggregated state and dispersed state by
photoisomerization. Compared with free molecular agents,
nanoscale contrast agents demonstrate significantly higher
MRI signal intensity due to increased local concentration of
paramagnetic centers and restricted molecular motion upon
molecular aggregation. To improve photoswitchable MRI con-
trast, a series of nanomicelle probes (KMR-AZn) were developed
through the self-assembly of an engineered amphiphilic mole-
cule that couples a hydrophobic Azo derivative with hydrophilic
Gd-DTPA, while also encapsulating a hydrophobic drug sub-
stitute, Nile Red (Fig. 22D).%”® Upon 365 nm UV irradiation, the
Azo derivative underwent t¢rans-to-cis photoisomerization, evi-
denced by attenuation of the 350 nm absorption peak. This
conversion triggered Nile Red release, indicating photo-
controllable disassembly of the aggregated architecture. KMR-
AZn exhibited high longitudinal relaxivity (14.5-16.5 mM " s~ ),
surpassing clinical Gd-DTPA (4.1 mM ' s~ ") by 3-4-fold. Follow-
ing UV irradiation, r; value decreased from 15.3 to 12.9 mM ' s *
for KMR-AZ6 and from 16.5 to 14.7 mM ' s™' for KMR-AZS,
demonstrating reversible MRI signal photoswitching.

Similar to T;-weighed MRI, the MC — SP isomerization also
decreases the signal intensity of T,-weighed MRI. Louie et al.
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designed a photoswitchable MRI probe based on SP-modified
iron oxide nanoparticles (CLADIO-NH-SP) to modulate the T,
relaxation time (Fig. 22E).>”> CLADIO-NH-SP was initially incu-
bated in the darkness for >1 h to ensure complete SP - MC
photoisomerization. Upon Vis light irradiation, the absorption
at 563 nm decreased concomitant with the nanoparticle hydro-
dynamic diameter transiting from 200 nm in the dispersed
state (CLADIO-NH-MC) to 520 nm in the aggregated state
(CLADIO-NH-SP). After 2-hour dark incubation, CLADIO-NH-
SP gradually depolymerized, accompanied by increased absorp-
tion at 563 nm and restoration of the CLADIO-NH-MC with
dispersed size distribution, indicating reversible SP < MC
photoisomerization. CLADIO-NH-MC exhibited a T, relaxation
time of 37.09 + 3.09 ms in the darkness, while CLADIO-NH-SP
upon Vis light irradiation showed a shortened T, relaxation
time of 24.55 £ 1.86 ms. This change in magnetic response
stems from enhanced interparticle magnetic coupling by nano-
particle aggregation. In T,-weighted imaging, Vis light exposure
induced a 15% signal decline from 249 + 5 to 211 + 3 arbitrary
units, correlating with reduced T, relaxation time. This photo-
switchable probe holds promise as an MRI gene reporter for
deep-tissue luciferase expression system.

4.5. Raman imaging

Raman scattering is an inelastic scattering phenomenon where
photons interact with molecules, resulting in energy exchange
that reveals molecular vibrational information.””**”* RI
acquires high-resolution maps of the chemical composition
and molecular structure of a sample by spatially tracking its
Raman scattering signals. This technique supports both label-
free and targeted small-molecule imaging, and exhibits super-
ior multiplexing capability because Raman spectral linewidths
are ~50 times narrower than those of FL>*>**' Stimulated
Raman scattering (SRS) overcomes the low sensitivity limitation
of spontaneous RI, while electronic pre-resonance SRS (epr-
SRS) further improves sensitivity to 250 nM and multiplexity of
up to 24 colors.”***%> Nevertheless, conventional Raman probes
suffer from static signals and are susceptibility to photodegra-
dation during prolonged illumination, which undermines ima-
ging stability. By contrast, photoswitchable Raman probes can
dynamically alter their vibrational signatures via photoisome-
rization, generating spectral shift that improves imaging con-
trast and multiplexing capability. Additionally, the reversible
on/off switching of Raman signals allows spatiotemporally
controlled dynamic imaging.

Small-molecule Raman probes offer distinct advantages
such as single-wavelength excitation for analyzing multiple
vibrational modes, exceptional photostability, and reaction
specificity, but suffer from relatively low sensitivity. Gao’s team
designed LysoAzo-pH, an Azo-based resonance Raman pH
probe for lysosomal pH sensing (Fig. 23A).>** The intrinsic
Raman signal of LysoAzo-pH was 10" times greater than that
of a conventional alkyne-based Raman reporter molecule, 5-
ethynyl-2’-deoxyuridine. By substituting electron-donating and
-withdrawing groups on the Azo moiety, simultaneous fluores-
cence quenching and resonance-enhanced Raman scattering
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PICA (LysoAzo-pH) in lysosomes. Reproduced with permission.2” Copy-
right 2021, American Chemical Society. (B) Spontaneous and stimulated
Raman signal response in the photoisomerization of DTE-alkyne deriva-
tives (DTE-TMS and DTE-Ph). Reproduced with permission.** Copyright
2021, Springer Nature. (C) Live-cell painting and erasing with SRS micro-
scopy using DTE-Ph-Mito. Reproduced with permission.** Copyright 2021,
Springer Nature. (D) Principle and design of RESORT microscopy. Repro-
duced with permission.?8> Copyright 2023, American Association for the
Advancement of Science. (E) Normal SRS imaging and RESORT imaging of
live Hela cells at 1503 cm™ (Raman on-resonance). Reproduced with
permission.?®> Copyright 2023, American Association for the Advance-
ment of Science. (F) Chemical structure of 8 DAE derivatives with their
normalized SRS spectra in both the open and closed forms. Reproduced
with permission.?8¢ Copyright 2024, Springer Nature.

was achieved, with an enhancement factor reaching approxi-
mately 10°. The protonation/deprotonation-induced vibrational
fingerprint shift of the Azo group enabled precise visualization
of proton distribution dynamics in autophagic cells, achieving
a sensitivity of <0.2 pH units. In addition, Ji et al. constructed
photochromic vibrational probes for SRS imaging by modifying
both ends of a DTE scaffold with strong Raman-tag acetylene
groups (Fig. 23B)." For the representative probe (DTE-Ph), UV
light irradiation (365 nm) induced ring-closing photoisomeri-
zation of the conjugated DTE moiety, resulting in a 20 cm™ "' red
shift of the narrow acetylene Raman peak. Subsequent visible
light irradiation (633 nm) completely converted DTE-pH to the
ring-opened isomer, restoring the origin sharp Raman peak at
2214 cm~'. The reversible photoisomerization of DTE-Ph
enabled high-contrast SRS imaging with a switching ratio of
50%. When used for targeting mitochondria, DTE-Ph achieved
light-controlled “drawing” and “erasing” of cells, as well as
dual-label multiplexed imaging (Fig. 23C). Furthermore, DTE-
Ph exhibited excellent fatigue resistance (>100 switching
cycles), promoting long-term tracking of mitochondrial
dynamics. However, SRS beam-caused photobleaching of this
probe, likely due to two-photon excited -cycloreversion,
remained a limitation in bioimaging. Further optimization of
molecular design should focus on enhance photostability and
imaging sensitivity.

Wei’s team proposed a general design strategy for EPR-SRS
probes that exploits molecular electronic and vibrational cou-
pling to switch the molecular electronic state among four

This journal is © The Royal Society of Chemistry 2026
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different configurations, thereby enabling photoswitchable
control of ground-state EPR-SRS signal.*®** Unlike small mole-
cules, photoswitchable proteins possess intrinsic biocompat-
ibility and markedly higher fatigue resistance. For example, the
NIR photoswitchable DrBphP-PCM could shift its electronic
resonance toward or away from the pump photon energy. After
switching to the on state (Pfr state) under 690 nm light,
DrBphP-PCM generated a Raman signal 200-fold stronger than
that of 5-ethynyl-2’-deoxyuridine. In addition, it displayed out-
standing stability (>40 switching cycles) and detection sensi-
tivity below 1 uM, demonstrating its suitability for bioimaging
based on this universal EPR-SRS strategy.

Traditional vibrational microscopy techniques possess cer-
tain limitations, such as requiring cell fixation and high-power
illumination. Ozeki’s team combined photoswitchable SRS
with RESOLFT technology to develop reversible saturable opti-
cal Raman transitions (RESORT) microscopy, an approach that
enabled super-resolution vibrational imaging (Fig. 23D).%%°
RESORT exploits a low-power (microwatt level) continuous-
wave laser to modulate the SRS detection of photoswitchable
Raman probes (under competitive conditions, only the photo-
switchable probes at the center of the donut-shaped beam
focus remain activating). The team designed a photoswitchable
DAE derivative (DAE620) that reversibly toggles between on/off
states by alternating irradiation with 375 nm light and 640 nm
light, thereby activating or depleting Raman signals. Its ring-
closed isomer displayed a strong SRS peak at 1503 cm ™, with
an intensity 25 times higher than that of its ring-opened
isomer. Significantly, DAE620 showed excellent fatigue resis-
tance (>20 switching cycles) and ultrafast photoswitching
kinetics (time constant, T < 1 ps), providing critical foundation
for RESORT imaging. In DAE620-labeled HeLa cells, RESORT
reached a spatial resolution of 151 nm, approximately double
that of conventional SRS imaging, surpassing the optical dif-
fraction limit and revealing nanoscale organelle details in living
cells (Fig. 23E). Moreover, RESORT demonstrated high con-
trast, chemical specificity, and minimal phototoxicity ascribing
to its low-power irradiation. With the expanded library of
photoswitchable Raman probes, RESORT is expected to propel
highly multiplexed super-resolution bioimaging.

At present, research on reversible photo-controllable multi-
plexed SRS imaging remains limited. Hu’s group developed a
super-multiplexed Carbow palette (Carbow-switch) consisting
of 16 photoswitchable polyyne-based Raman probes. These
probes were built on an asymmetric DAE backbone and incor-
porated molecular design strategies such as polyyne conjuga-
tion, heterocyclic incorporation, and terminal functionalization
(Fig. 23F).>®° Their absorption peaks lied within a favorable
range (560-720 nm), allowing efficient SRS excitation and
signal amplification. Particularly, DAE derivatives based on
the 1-methylindole skeleton displayed outstanding perfor-
mance, including rapid photoswitching kinetics under low-
power irradiation (microwatt level), high light-to-signal conver-
sion yield (>70%, up to 93%), and robust fatigue resistance
(>95% after 100 switching cycles). Reversible photoisomeriza-
tion of these probes (triggered by alternating illumination with

This journal is © The Royal Society of Chemistry 2026
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405 nm light and 640 nm light) resulted in a significant Raman
shift between 12-24 cm ™" and SRS signal enhancement up to
90-fold. With negligible spectral crosstalk and high signal
resolution, Carbow-switch showed great potential for high-
resolution multiplexed imaging. By targeted modifications,
the team achieved photo-controllable 6-color and 9-color SRS
imaging of specific organelles in living cells, and successfully
observed dynamic changes of mitochondria under oxidative
stress, lysosomal changes during stress granule formation, and
intercellular organelle transport. Carbow-switch opens up a
new avenue for studying subcellular dynamics and interactions
in living cells with high spatiotemporal precision and multi-
plexing ability.

5. Conclusions

Photoswitchable molecules undergo reversible photoisomeriza-
tion upon light irradiation at two distinct wavelengths, allowing
precision bioimaging through tunable photophysical proper-
ties. These molecules serve as intrinsic PICAs or modulators for
conventional ICAs, offering unique advantages: (1) background
suppression via state-switching algorithms; (2) high fatigue
resistance for stable long-term imaging; and (3) instantaneous
signal control shortening acquisition time.

Small-molecule photoswitches occupy a larger share in PICA
market. They exhibit superior chemical tunability, enabling
precise control over physicochemical parameters such as
absorption/emission wavelengths, photoswitching rates, hydro-
philicity, and targeting property through synthesis and mod-
ification. Concurrently, their high stability and diverse
photoswitching mechanisms allow adaptation to multiple ima-
ging modalities. Azo exhibits rapid ¢rans—cis isomerization for
dynamic imaging, but suffer from thermal instability and UV
light-dependent photoisomerization. Strategies such as intro-
ducing steric hindrance groups and metal coordination can
stabilize the cis isomer. The thermal relaxation of Azo plays a
dual role: although it impedes fluorescence switching for super-
resolution imaging, it contributes to photoacoustic signal
generation.”®® Moreover, light-controlled coordination of Azo
to Ni** enables reversible switching between paramagnetic and
diamagnetic MRI signals."® The temperature-responsive relaxa-
tion of cis-Azo has been leveraged for 3D temperature MRL>"®
Concurrently, the inherent molecular vibrational energy of Azo
scaffold enhances RI signals.>$%2%°

SP exhibits bright fluorescence in its MC state, which under-
pins super-resolution and dual-color imaging.'*>*** Its multi-
ple stimuli-responsive (ions/pH/temperature) ability expands
biosensing applications,>®® and reversible metal coordination
allows MRI signal modulation. However, the slow switching
kinetics and susceptibility to photodegradation require further
electronic and steric optimization.***2>

DAE offers exceptional thermal stability and fatigue resis-
tance, rendering it suitable for super-resolution and P1.>>%716*
The NIR absorption of its closed form supports PAL®*®® while
alkyne-functionalized derivatives enable photoswitchable RI.*
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However, the relatively low cyclization quantum yield and
limited magnetic moment variation impede its utility in MRI,
necessitating further molecular design optimization.

In contrast, RSFPs are expressed in specific organelles or
proteins via gene transfection, offering high biocompatibility
and suitability for long-term dynamic imaging. They have been
extensively utilized in precise single-molecule and cellular
tracking, as well as protein-protein interaction research by
super-resolution imaging.>**%> Recent studies has focused
on improving photoswitching efficiency, photostability, and
fluorescence quantum yield of RSFPs.>?®*” RSFPs with NIR
absorption demonstrate superior photoacoustic conversion
capacity, enabling high-contrast PAI at tissue depth up to 8
cm.’>?*® However, the instability and complex structure of
RSFPs hinder their combination with exogenous contrast
agents (e.g., inorganic nanoparticles, organic dyes, and metal
chelates). Therefore, their broad implementation in PI, MRI,
and RI still faces technical obstacles.

Recent progress has yielded numerous photoswitchable
molecules that surpass classical counterparts mentioned
above, greatly enriching the molecular repertoire for super-
resolution imaging.*?**°° However, photoswitchable imaging is
still predominantly constrained to fluorescent technique.
Advancing this field forward requires the development of
next-generation PICAs capable of supporting multimodal appli-
cations. In clinic, accurate disease diagnosis and assessment
often necessitates the integration of multiple imaging modal-
ities, which can be achieved by the spatiotemporally program-
mable signal control via PICAs. For example, certain PICAs
combine NIR absorption and fluorescence switching, enabling
simultaneous photoswitchable PAI and FI.°*°? Similarly, cou-
pling fluorescent photoswitchable molecules with magnetic
metals facilitates dual-mode MRI and FI, where the on/off
states of fluorescence and MRI signals are controlled indepen-
dently.>”"*”* Notably, PICAs supporting concurrent imaging
modes can benefit patients by reducing the requirement for
separate administration of single-function contrast agents.
Beyond imaging, rationally designed PICAs can also modulate
cellular metabolism, enabling simultaneous disease diagnosis
and therapeutic intervention. For instance, some PICAs serve
as activatable photosensitizers for controlled generation of
ROS—a key mediator in cellular damage, aging, and tumor
progression.”” Furthermore, photoswitchable molecules can
function as optogenetic actuators to reversibly regulate ion-
channel gating, thereby precisely manipulating cellular
behavior.>®* Future efforts should prioritize the development
of photoswitchable systems that combine multimodal imaging
with diagnostics and therapeutic ability.

Critical limitations still persist in the design of photoswitch-
able molecules, including structural instability, hydrophobicity,
short-wavelength excitation, and suboptimal photophysical prop-
erties. While functional group modification and structural adjust-
ment offer partial solutions, they often trade off other essential
properties, owing to the inherent spatial constraint of small
molecule frameworks. Self-assembly strategies present a facile
and scalable alternative to tackle these issues, albeit at the cost
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of losing precise molecular-level switching control, which poten-
tially compromising imaging accuracy.

Another challenge is the application of PICAs in living
systems. Developing PICAs with red-shifted excitation is pro-
mising to address phototoxicity and poor tissue penetration.
Equally important is controlling their in vivo distribution.
Modification with targeting groups and employing nano-
material-based delivery systems can enhance the accumulation
of PICAs at interested sites, thereby improving imaging accuracy
while mitigating off-target side effects to healthy tissues. However,
the potential toxicity from the introduced targeting groups or
carriers should be thoroughly evaluated to promote the clinical
translation of PICAs.

In summary, PICAs are rapidly evolving. With ongoing
optimization and deep learning-directed predictive design,
next-generation PICAs hold promise to revolutionize precision
bioimaging across diverse modalities.
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