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The majority of self-assembled fluorescent dyes suffer from aggregation-caused quenching (ACQ),
which detrimentally affects their diagnostic and therapeutic effectiveness. While aggregation-induced
emission (AIE) active dyes offer a promising solution to overcome this limitation, they may face
significant challenges as the intracellular environment often prevents aggregation, leading to disassembly
and posing challenges for AIE fluorogens. Recent progress in signal amplification through the
disassembly of ACQ dyes has opened new avenues for creating ultrasensitive optical sensors and
enhancing phototherapeutic outcomes. These advances are well-aligned with cutting-edge
technologies such as single-molecule microscopy and targeted molecular therapies. This work explores
the concept of disaggregation-induced emission (DIE), showcasing the revolutionary capabilities of DIE-
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1 Introduction

The self-assembly of synthetic molecular building blocks repre-
sents a powerful approach for fabricating materials with precise
properties and functions.'™ Guided by thermodynamic princi-
ples, supramolecular systems generally attain their lowest free-
energy state via self-assembly, with monomeric units initially in
a higher free-energy state." However, alternative systems invol-
ving kinetically controlled supramolecular polymerization®”
or out-of-equilibrium processes® ' may also be engineered.
The dynamic balance between the assembled and unassembled
states hinges on their free-energy difference, wherein the for-
mation rate of structured assemblies generally surpasses the rate
of disassembly. Such molecular aggregates arise via non-covalent
interactions, including n-m stacking, hydrogen bonding, and
dipole-dipole forces.">"® Specific molecular arrangements
can guide self-assembly into uniform structures, such as J-type
aggregates, while hydrophobic interactions in m-extended sys-
tems tend to produce heterogeneous nanoparticles of varying
sizes, known as H-type aggregates,'>'* ™%
significantly influence the optical properties of luminescent
materials and, in the context of biomedical research, their
translation into clinical applications.***°

Traditional fluorescent molecules are highly effective emitters
when isolated, but often experience aggregation-caused quench-
ing (ACQ) at the concentrations commonly used for sensing and
imaging.>' This phenomenon, which arises from intermolecular
n-stacking, reduces their effectiveness in biological applications,
although a handful of ACQ dyes have been reported to be suitable
for such uses, particularly in the contexts of drug delivery*>>* and
photothermal therapy (PTT).?® Conversely, the phenomenon of
aggregation-induced emission (AIE) signifies a paradigm shift,
where organic molecules emit light upon aggregation, offering a
counterpoint to ACQ by promoting luminescence through the
restriction of intramolecular motions.>"*’

These variations
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Despite advancements in understanding and applying AIE,
integrating it into biological systems remains challenging.”®>°
This difficulty arises, for instance, because cell media typically
contain serum supplements, and intracellular environments
tend to reduce aggregation, leading to the disassembly of the
probes.?® These limitations underscore the necessity for inno-
vative sensing mechanisms that can navigate the constraints of
both ACQ and AIE.

Enter disaggregation-induced emission (DIE), a mechanism
that harnesses signal amplification through the disassembly of
aggregated probes, offering a promising alternative for probe
development.** > DIE involves chemical compounds that exhibit
enhanced emissive properties upon interaction with specific
biomolecules or analytes, effectively transforming from a self-
quenched state to a highly luminescent form. Despite its
potential, DIE remains a relatively underexplored area with much
to offer in sensing, bioimaging, and therapeutic applications.

This review aims to summarize the advancements in the
field of DIE research, with a specific focus on the development
of DIE-active probes that target key macromolecules—namely
nucleic acids, proteins, and lipids. These biological targets are
specifically chosen as they constitute the primary focus of
existing DIE research, supported by well-established and
robust data.

While other elements such as macrocyclic cavitands,
signalling molecules (e.g., adenosine-5'-triphosphate,**™*> sul-
fur dioxide*® or gluthatione®’), metal ions,**>" and various
stimuli (e.g., surfactants,®>>* pH>*” or temperature®) also
play significant roles, either directly or indirectly, as disaggre-
gating triggers, they are excluded from this review to maintain a
concentrated exposition on the fundamental principles of DIE
and their translational potential in advanced clinical research.

This comprehensive overview of DIE mechanisms and cur-
rent research directions emphasizes the need for precise data
interpretation to prevent misconceptions, especially for those
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Fig. 1 Graphical illustration depicting the simplified mechanisms of molecular recognition mediated by self-assembled probes used in the design of
DIE-active dyes. (A) In an aqueous environment, only molecular aggregates are formed by an ACQ-active probe. When a targeted receptor (host) is
present, the aggregate state disassembles to form a complex if the free energy of the complex is lower than or similar to that governing the assembly
process. (B) An equilibrium is maintained between aggregated and monomeric species. The introduction of a target receptor initiates two binding
processes: initially, the monomers in solution bind to the receptor until saturation; subsequently, excess host triggers the disassembly of the aggregates.
(C) Molecular recognition mediated by an intramolecularly formed biological structure with a well-defined binding pocket triggers disassembly of the
optical probe, resulting in a precise binding event characterized by a specific stoichiometry. (D) Intermolecularly interacting biological matrices can form
hydrophobic cavities that coordinate with self-assembled probes, driving their molecular disassembly and resulting in poorly defined complexes that do
not adhere to conventional stoichiometry. (E) Various molecular arrangements of ACQ probes demonstrate DIE mechanisms through intermolecular,

intramolecular, and biologically templated self-assembly aggregates.

new to the field. The discussion will highlight the challenges,
limitations, and future prospects of DIE research, emphasizing
its transformative potential in advancing the design and opti-
mization of molecular probes across various applications.

2 Disaggregation-induced emission

Compounds exhibiting ACQ characteristics predominate pos-
ing significant limitations for sensor and drug development.

However, ACQ, despite its common perception as an unfa-
vourable occurrence, can be ingeniously utilized in the design
of activatable probes. This approach leverages the fact that
introducing a significant alteration in the environment of ACQ-
based probes can shift the equilibrium from aggregated states
to their monomeric forms. This transition, occurring under
specific conditions, can enhance and recover the readout
signal, thereby shifting from an “OFF” to an “ON” state.

The process of leveraging ACQ for probe development can
occur in at least two simplified scenarios.’® In the simplest

1392 | Nanoscale Horiz., 2024, 9,1390-1416

scenario, all molecules form molecular aggregates with ACQ
character, and the transition from aggregate to monomer
enhances the readout signal (Fig. 1(A)). Alternatively, an equili-
brium might exist between molecular aggregates with ACQ
character and monomeric species (Fig. 1(B)). In this equili-
brium, complexation occurs in two steps: initially, the for-
mation of a complex between the monomer and the host
molecule at low host concentrations; and following saturation
of this binding event, a second binding event at higher host
concentrations leads to the disassembly of the molecular
aggregates. In both scenarios, the parameters governing the
disassembly process require that the association constant of
the aggregated molecules (Kaggregation) De lower than or similar
to the association constant resulting from the complexation
with the host matrix (Kcomplex)- In other words, the Gibbs free
energy (AG) governing the aggregation process should be
higher than or similar to the AG value resulting from the
complexation event (AGaggregation > AGcomplex)-

Complexation between aggregated dyes and targeted bio-
molecules often leads to the formation of well-defined

This journal is © The Royal Society of Chemistry 2024
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32,33,60-62 Nonlinear fit-

complexes with specific stoichiometry.
ting models describing common binding stoichiometries (1:1,
1:2, or 2:1) usually represent experimental data accurately.
These quantitative binding parameters are often associated
with models such as Job’s plots or mole ratio methods, which
describe the system’s stoichiometry. Structural investigations
performed by nuclear magnetic resonance (NMR) spectroscopy
or molecular dynamics (MD) simulations provide valuable
insights into the molecular nature of these systems.

However, this scenario typically occurs when inter or intra-
molecular dye aggregates coordinate with intramolecularly
formed biomolecules possessing specific binding pockets
(Fig. 1(C)). The situation can become more complicated when
intermolecular processes at the biological level influence the
complexation process. For instance, intermolecularly interacting
biological structures may create hydrophobic domains that do not
selectively coordinate with molecular aggregates (Fig. 1(D)). As a
result, the disassembly of the probe might not follow the expected
aggregation-to-monomer transition, leading to unusual binding
events, with association curves that do not exhibit saturation even
in the presence of high concentrations of biological templates.

Understanding these complex interactions requires further
investigation, as the interplay between dye aggregates and
biological structures can significantly impact the efficiency
and accuracy of DIE dyes in practical applications.

To harness ACQ effectively for DIE, two main rational
design strategies have been proposed, focusing on either
intermolecular’*?>%"%* or intramolecular****** self-assembly
(Fig. 1(E)). Intermolecular aggregation typically leads to the
formation of supramolecular structures with loosely defined
arrangements. In contrast, intramolecular aggregation results
in well-defined systems, facilitating precise and controlled self-
assembly. Further, incorporating biological templates®>®® into
the supramolecular assembly process can optimize ACQ dyes
for optical performance in DIE-based sensing applications.

3 Biomolecules-mediated DIE

DIE-active dyes, either used independently or in conjunction
with various biomolecules, have led to the creation of ultra-
sensitive fluorogenic agents boasting exceptional recognition
and imaging properties. The subsequent sections delve into the
assembly and utilization of this category of materials, focusing
on their interaction with different biomolecules: nucleic acids,
proteins, and lipids.

3.1 DNA-mediated DIE

DNA is essential to the central dogma of molecular biology,
functioning not only as a repository for genetic information
but also playing a key role in various biological processes
with significant clinical implications.®”®® So far, only a limited
number of probes that interact directly with double-stranded
(ds) DNA have demonstrated DIE character.®®”® They function by
directly disassembling upon binding to dsDNA, either through
a single-step disassembly mechanism® or by undergoing a

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (A) Intermolecular aggregates exhibiting ACQ characteristics can

transform into highly emissive monomeric species bound to duplex DNA
through the DIE mechanism. (B) In the presence of low concentrations of
duplex DNA, the highly emissive monomeric state of a probe self-
assembles within the grooves, rather than at intercalation sites. At higher
duplex concentrations, a new competitive equilibrium forms between pre-
existing DNA-dye aggregates and monomer-like DNA complexes through
the DIE process. (C) and (D) Schematic diagrams of optical designs include:
(C) the single ATTO 655 dye attached to the 3’-end of the imager strand
(P1-ATTO 655), and (D) two ATTO 655 dyes at both the 5’- and 3’-ends of
the imager strand, forming a self-quenching H-type dimer (ATTO 655-P1-
ATTO 655). Upon introduction of the complementary docking strand, the
H-dimer disassembles, leading to a significant increase in fluorescence. (E)
and (F) STED microscopy images of U20S cells immunolabeled for
microtubules using either P1-ATTO 655 (E) or the dual-labelled ATTO
655-P1-ATTO 655 (F), demonstrating the effects of dye placement and
configuration on fluorescence enhancement. The scale bars represent 10
um for overviews and 1 um for detailed zoom-ins. Reproduced from ref. 66
with permission from the Wiley-VCH.

DNA-templated aggregation process first, followed by disassem-
bly at higher duplex concentrations” (Fig. 2(A) and (B)).

Heilemann and colleagues have proposed an intriguing
application of DNA-labelled DIE-active dyes to enhance super-
resolution imaging techniques.®® They developed a short-
distance H-type self-quenched fluorophore dimer, utilizing
the oxazine fluorophore ATTO 655 attached to both the 5'-
and 3’-ends of a 9 nucleotide-long DNA imager strand (P1)
(ATTO 655-P1-ATTO 655), and assessed its performance against
a version labelled with a single ATTO 655 dye at the 3’-end (P1-
ATTO 655) (Fig. 2(C) and (D)).*® Spectroscopic analysis revealed
that the dual-labelled strand ATTO 655-P1-ATTO 655 shifted from
a weakly emissive H-type dimer to a highly fluorescent monomeric
state upon forming the docking-imager duplex, markedly enhan-
cing fluorescence and stability. The use of the dual-labelled strand
in stimulated emission depletion (STED) imaging”" of immuno-
labeled a-tubulin in human osteosarcoma U20S cells resulted in a
significant improvement in image quality, achieving a five-fold
increase in signal-to-background ratio (SBR) compared to the
single-labelled strand (Fig. 2(E) and (F)).%®

Nanoscale Horiz., 2024, 9,1390-1416 | 1393
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(A) Visualization of G4 structures with top and side views of the X-ray crystallographic structure of parallel human telomeric DNA G-quadruplex

(PDB: 1KF1). (B) Depiction of G4 structures forming various topologies: parallel, hybrid, and antiparallel. White arrows indicate lateral and diagonal loops in
hybrid and antiparallel G4s, respectively. Created with BioRender.com. (C) Schematic of the DIE process facilitated by G4 structures. (D) Spectro-
photometric and fluorometric analyses of the CAS-C1 molecule with incremental additions of the c-MYC G4. (E) Graph showing the two-photon
molecular brightness (o, x ®¢) of the CAS-C1 complex with G4 structures from VEGF, VAV-1, and c-MYC. Reproduced from ref. 33 with permission from
the Royal Society of Chemistry. (F)—(H) Colocalization studies using CQ compound (F), MitoTracker Red CMXRos (G), and their merged imaging (H) in live
HepG2 cells. (I) and (J) Widefield (I) and reconstructed STORM images (J) of HepG2 cells stained with CQ and MitoTracker Red CMXRos, including
magnified views. Scale bar: 10 um. (K) Three-dimensional volume representation of STORM-based colocalization between CQ and MitoTracker Red
CMXRos. Reprinted with permission from ref. 81. Copyright 2021 American Chemical Society.

By applying the principles of hybridization and fluorogenic
dimers, the sensitivity of HIV RNA detection in reverse tran-
scription quantitative polymerase chain reaction (RT-qPCR) has
been enhanced.®® Beacon probes tagged with dyes such as R6G,
ROX, and Cy5 transitioned from dim aggregates to bright
monomers upon hybridization or heating. Notably, ROX exhib-
ited exceptional performance, surpassing even the Abbott Real-
Time HIV-1 kit.®> When tested in spiked human plasma and

1394 | Nanoscale Horiz., 2024, 9, 1390-1416

clinical samples from patients receiving highly active antire-
troviral therapy (HAART), this method improved the detection
of low-copy HIV RNA, thereby reducing the occurrence of false
negatives.®’

DNA and RNA can form various non-canonical structures, with
the G-quadruplex (G4) being particularly notable (Fig. 3(A)).”* This
alternative DNA structure is characterized by its guanine-rich
composition, stability, and polymorphism (Fig. 3(B)).” It plays a

This journal is © The Royal Society of Chemistry 2024
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significant role in cancer research due to its association with
genomic instability.”* Techniques like immunofluorescence,
using the G4-specific antibody BG4,” and chromatin immuno-
precipitation followed by sequencing (ChIP-Seq)’®’” have
enhanced our capacity to detect these structures within cells
and chromatin. However, these methods only identify a portion
of G4 sites. Imaging G4s in living cells remains challenging,”®”°
partially due to probe aggregation, which decreases the effective-
ness of tracking these structures dynamically. These probes often
employ hydrophobic chromophores to enhance selectivity for G4
over dsDNA, which may cause ACQ issues.® However, the inter-
action of these probes with G4 structures can lead to DIE, offering
a solution to some of the challenges in fluorescence imaging and
suggesting the possibility for real-time mapping of G4 structures
(Fig. 3(C)).

A broad array of DIE-active dyes has been identified for
detecting G4s in DNA or RNA, both in test tubes and within
cancer cells. Specifically, dyes that function through DIE pre-
dominantly form intermolecular aggregates and target parallel
G4 structures. This preference is due to the more accessible

This journal is © The Royal Society of Chemistry 2024
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external tetrads found in parallel G4s, in contrast to the less
accessible structures of hybrid and antiparallel G4 morphologies
that incorporate lateral or diagonal loops (Fig. 3(B)).*> Additionally,
parallel G4s may form intermolecular structures that facilitate the
disassembly of ACQ-based dyes. These dyes encompass various

molecular structures, including squaraines,®®° core-extended
89-91

naphthalene diimides,*>® coumarin®**"*®%. and cyanine
-based dyes, boron-dipyrromethene (BODIPY) analogues,®*°**

61,95 and more96—100

quinazoline-quinazolinone  derivatives,
(Scheme 1).

In this context, Wiirthner and colleagues developed two near-
infrared (NIR) fluorescent probes: amphiphilic dicyanovinyl-
substituted squaraine dyes named SQgI*® and CAS-C1.** These
dyes were functionalized with triethylene glycol chains to enhance
water solubility without altering the overall charge of the mole-
cules, thereby promoting self-assembly likely driven by hydropho-
bic effects and/or dipole-dipole interactions among the squaraine
scaffolds (Scheme 1)."®'°* In an aqueous environment, these
probes tended to form non-emissive molecular aggregates with
an H-type character (Fig. 3(D)). However, upon binding to biolo-
gically relevant parallel G4 structures, there was a notable increase
in their photoluminescence quantum yields (®r), with values
of 0.61 for SQgI and 0.74 for CAS-C1 (Fig. 3(D)).***° Additionally,
the interaction of CAS-C1 with parallel G4 structures increased the
dye’s two-photon absorption cross-section (o,), with values ran-
ging from 273 to 312 GM at 1275 nm, depending on the G4
structure it bound to (Fig. 3(E)).*® This property enabled the CAS-
C1:G4 complexes to function in a NIR-to-NIR mode, a highly
requested configuration feature in nonlinear microscopy.

Ultrabright coumarin-quinazolinone dyes (CQ,*" CQ4°* and
CTQ,*® Scheme 1) designed for DIE have been reported to
detect parallel G4 structures with high selectivity in both test-
tube experiments and within cancer cells. Some of these dyes
have proven to be effectively integrated not only in traditional
confocal laser scanning microscopy’>®! (CLSM, Fig. 3(F)-(H))
but also in advanced super-resolution bioimaging methods
such as two-photon imaging®' and stochastic optical recon-
struction microscopy (STORM)®" (Fig. 3(I)-(K)).

For this category of dyes, a carefully engineered design has
also been utilized to minimize the background fluorescence of
aggregates, aiming to develop absolute ACQ probes with a higher
activation ratio upon binding to G4 structures, thereby achieving
lower SBR. This has been demonstrated, for instance, by repla-
cing oxygen atoms with sulfur atoms (CTQ,*® Scheme 1), a
structural modification also widely used in photodynamic ther-
apy (PDT)'%>™% to enhance intersystem crossing.

Research has shown that fluorescence imaging in the NIR-II
range (900-1700 nm) offers significant advantages over ima-
ging in the NIR-I range (650-900 nm)."*>"*°” NIR-II imaging
exhibits minimal autofluorescence and reduced photon scatter-
ing in living tissue, allowing for deeper penetration, higher
resolution, and improved SBR. These benefits have garnered
considerable interest for in vivo biological studies. In this
context, Zhang and colleagues designed a cyanine derivative
functionalized with two molecular rotor groups (NIRG-2,
Scheme 1), demonstrating the capability to selectively detect

Nanoscale Horiz., 2024, 9,1390-1416 | 1395
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DNA G4s, providing a light-up response in the NIR-II
window.'?® The molecules exhibited self-assembly properties
in phosphate buffered saline (PBS), with an absorption band
that was hypsochromically shifted. Upon complexation with a
G4 structure, a potential disassembly occurred, reverting to a
monomer-like absorption band and activating the fluorescence
signal by halting the rotational movement of the rotor groups.
NIRG-2 had been effectively utilized to distinguish G4 struc-
tures in vivo, enabling the differentiation of tumours from
normal tissues based on G4 abundance. Additionally, NIRG-2
successfully tracked lymphatic metastasis in tumours through
G4 detection.*®

Diverging from the conventional intermolecular ACQ sys-
tems, DIE-active dyes that form excimer-emissive aggregates,
which disassemble into highly emissive monomeric forms in
the presence of parallel G4 structures, have also been developed
(Fig. 4(A)). Specifically, Kim’s group engineered a peptidyl
fluorogenic probe named CV2 (Scheme 1), combining a zwitter-
ionic dipeptide receptor with a cyanovinylene dye linked by a
tetramethylene linker.”® CLSM and fluorescence lifetime ima-
ging (FLIM) assessments confirmed CV2’s specificity for G4
structures, with its green monomeric fluorescence significantly
diminished by Deoxyribonuclease I (DNase I) or competitive
small-molecule G4 ligands. The probe’s potential for monitoring
G4 folding and unfolding dynamics was further demonstrated by
inhibiting native helicases in HeLa cells, resulting in enhanced
fluorescence (Fig. 4(B)-(D)). Furthermore, CV2 proved effective
in identifying mitochondrial DNA (mtDNA) damage, as cells
exposed to DNA-damaging agents showed reduced CV2 fluores-
cence, indicative of mtDNA depletion.”®

Besides forming intermolecular aggregated structures, dyes
active in DIE can also detect G4s through the disassembly of
intramolecular aggregates, as demonstrated by compound QIR-
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1 (Scheme 1).%° However, to date, dyes working in this configu-
ration for G4 detection are still limited,'® and further work is
needed to unlock their full potential.

Aiming to enhance the drug-like properties of DIE-active
probes, a quinazoline-quinazolinone derivative (QQ 4b,
Scheme 1) has been developed.®’ This molecule not only dis-
plays selective fluorogenic light-up responses towards G4s upon
disassembly but also shows sequence specificity. Furthermore,
this agent has been demonstrated to inhibit DNA polymerase
activity through the stabilization of G4 structures.

To date, the majority of dyes active in DIE are known to bind
and sense DNA G4s. An exception is the molecule NIC
(Scheme 1), which is capable of detecting and monitoring the
dynamics of RNA G4s within cells.”

The DIE principle has been leveraged to create a supra-
molecular platform for the discovery of new G4-ligands. This
technique departs from previous methods that rely on G4-
induced dye disaggregation, instead using the self-assembly
of the cyanine dye IR786 on the G4 template.""* IR786
forms bright monomers, but in the presence of G4 structures,
it transitions to dimly emissive aggregates, as illustrated in
Fig. 5.''° This change in optical properties upon interaction
with G4s has led to the development of a turn-on fluorescence
displacement assay, specifically designed to probe interactions
between G4s and potential ligands. Introduction of a G4-ligand
into the IR786:G4 mixture disrupts this aggregation, resulting
in increased fluorescence from IR786. This innovative method
offers a novel strategy for ligand screening and the identifi-
cation of compounds that engage with G4 structures.

Recently, a direct comparison of G4 recognition capabilities
was conducted between an AIE dye, PZ-1, and a DIE dye, PZ-2
(Scheme 1).°” These two molecules, which differ only in the size
of their aromatic regions, demonstrated marked contrasts in
performance. The DIE-active probe, PZ-2, significantly outper-
formed its AIE counterpart, PZ-1, which exhibited minimal
changes in emission properties. Specifically, the DIE probe
showed approximately 100-fold increase in fluorescence upon
binding to G4 structures. This stark difference highlights
the superior capability of the DIE-active probe in detecting
G4 structures, offering both lower background emission and a
more distinct switch-on fluorescence effect compared to its AIE
counterpart.

This journal is © The Royal Society of Chemistry 2024
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3.2 RNA aptamers-mediated DIE
RNA is essential in numerous biological processes, and to under-
stand its roles, scientists have devised various techniques for
visualizing RNA molecules within cells.""" Among these techni-
ques are the fusion of RNA-binding proteins with fluorescent
proteins,"'*'** and RNA-based fluorogenic modules'** where
bulky fluorescent proteins are replaced by smaller fluorogens.'*®
A cutting-edge approach involves a semi-synthetic strategy that
harnesses engineered RNA aptamers.'*®*'? These aptamers are
designed to specifically bind and activate the fluorescence of
certain dyes, which are otherwise non-emissive until they interact
with the aptamer. RNA aptamers are short, structured nucleotide
sequences that can be engineered through a process known as the
systematic evolution of ligands by exponential enrichment
(SELEX)."”>"! This method fine-tunes their ability to recognize
specific dyes with remarkable precision, enhancing their affinity
for fluorogenic dyes.

Despite advancements in this field, the practical application
of dye-aptamer systems has been limited by the dyes’ bright-
ness and stability under light.'*

This journal is © The Royal Society of Chemistry 2024

In response to this limitation, the Klymchenko group devel-
oped a novel dye known as Gemini-561 (G561), which utilizes
sulforhodamine B (SRB) linked dyes through an innovative
approach based on intramolecular dimerization-caused quench-
ing (DCQ) of fluorescence (Fig. 6(A) and (B)).** This method allows
for the use of lower concentrations of the probe while significantly
enhancing the SBR. Through a combination of genetic engineer-
ing and selective processes, RNA aptamers were specifically
designed to bind this dye, yielding a notable variant named
o0-Coral.** This binding interaction, with a dissociation constant
of 73 nM, disrupted the aggregated state of G561, triggering a 13-
fold increase in fluorescence (Fig. 6(C) and (D)).">* o-Coral was
capable of forming a bright complex with G561, distinguishing
itself by its ability to directly visualize specific RNA molecules in
mammalian cells without the need for multiple tagging.>*'** This
system represented a significant leap in RNA imaging, offering a
powerful tool for observing RNA molecules in their natural
cellular context with unprecedented clarity and specificity.

Further evaluations of chemical modifications and enhance-
ments to G561 resulted in the development of two dyes: the

Nanoscale Horiz., 2024, 9,1390-1416 | 1397
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non-biotinylated Gemini-561-alkyne (G561alk) and its closely
related analogue, Gemini-552-alkyne (G552alk) (Fig. 6(A))."*
The latter features a carboxylate group in place of a sulfonate and
dimethylamino groups instead of diethylamino. It demonstrated
a remarkable 111-fold enhancement in fluorescence and an
increased affinity constant of 7.5 nM for o-Coral (Fig. 6(C) and
(D))."** These refinements resulted in even greater sensitivity
and brightness in RNA imaging applications, enabling effective
detection of o-Coral-tagged RNAs in live cells (Fig. 6(E))."*®
Parallel to these developments, Xu and colleagues reported on a
naphthalimide-based fluorophore, Nap, which self-assembled into
nanoparticles for RNA imaging (Fig. 7(A))."** By binding with a
guaninerich RNA aptamer, NapRA, Nap’s fluorescence was
enhanced, enabling the visualization of mCherry mRNA in E. coli.

1398 | Nanoscale Horiz., 2024, 9, 1390-1416

Integrating NapRA into mCherry’s 3’-untranslated region did not
affect gene expression or protein functionality but allowed for the
selective illumination of cells expressing mCherry-NapRA (Fig. 7(B)-
(D))."** The study also utilized structured illumination microscopy
(SIM) for super-resolution imaging, pinpointing mRNA locations
within bacterial cells, particularly around the nucleoid area
(Fig. 7(E)~(H))."** This aligned with findings on mRNA distribution
and suggested that newly transcribed mRNA first appeared near the
nucleoid, potentially moving to the periphery later.

3.3 DNA-mediated disaggregation in the context of
phototherapeutics

DNA-driven molecular disassembly has been utilized to impart
stimuli-responsiveness to materials with phototherapeutic and

This journal is © The Royal Society of Chemistry 2024
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chemotherapeutic properties. Specifically, ACQ effects are
widely recognized for their significant limitations on activating
dyes, such as in PDT for the generation of reactive oxygen
species (ROS).">"'**

In this field, Yoon and colleagues showcased the sponta-
neous formation of complexes between the water-soluble

This journal is © The Royal Society of Chemistry 2024

photosensitizer (PS), zinc(i) phthalocyanine tetrasubstituted
with 6,8-disulfonate-2-naphthyloxy groups (PcS), and the
renowned anticancer drug, mitoxantrone (MA), leading to the
creation of uniform PcS-MA-based nanoparticles (Fig. 8(A))."*°

These nanoparticles formed H-type non-emissive aggre-
gates, which, while unable to generate singlet oxygen (*0,),

Nanoscale Horiz., 2024, 9,1390-1416 | 1399
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retained their intrinsic photothermal capabilities (PTT). The
introduction of duplex DNA into the binary system facilitated
the intercalation of MA, driving the disassembly of the PcS-MA
complex and restoring the fluorescence intensity and the
photosensitization efficiency of PcS. The absence of interfer-
ence from metal ions and proteins underscored the system’s
specificity for DNA recognition. In vivo and ex vivo studies
showed that PcS-MA nanoparticles accumulated efficiently in
tumour tissues of mice, and laser irradiation significantly
reduced tumour growth and induced apoptosis (Fig. 8(B)-(E)).

G4 DNA and RNA structures, characterized by their guanine-
rich regions, are particularly susceptible to oxidation due to the
electron-rich nature of guanine, which is the most oxidation-
prone of the DNA bases (Fig. 9(A)).">”~**° This susceptibility is
heightened in G4 structures, where the guanine bases are n-
stacked, effectively lowering their ionization potential and
rendering them more vulnerable to oxidative processes. As a
result, G4 structures are acutely responsive to ROS, making
them focal points for PSs."**"*** Recent studies have shown that
self-assembled inactive PSs, upon binding to G4 structures, can
disassemble and catalyse the production of ROS, potentially
causing DNA damage (Fig. 9(B))."*>"*°

For example, the interaction of DNA G4s with Hypericin
(Hyp), a polycyclic quinone extracted from Hypericum posses-
sing antiviral and anticancer activities, has been shown to
amplify its photosensitizing effects upon DIE (Fig. 9(C))."*
The efficiency of 'O, quantum yield (@,) in the complex formed
with the ¢-KIT G4 structure in water was notably high at 0.67,
underscoring the significance of these interactions in a biolo-
gically relevant medium.

Similarly, Pyropheophorbide a (Pyro-a), a derivative of chlor-
ophyll known for its efficacy as a PS, demonstrated increased
fluorescence and photosensitizing efficiency upon binding to
parallel G4 structures (Fig. 9(D))."*® These observations high-
light the critical role of preventing dye aggregation to boost the
biosensing capabilities and phototherapeutic applications of
ACQ dyes and other inactive materials.
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Although this research area is still in its infancy, the
strategic targeting of cancer-associated molecules with such
innovative approaches heralds promising developments in
phototherapy.

3.4 Serum proteins-mediated DIE

Human serum albumin (HSA) is an important thiol-containing
protein found in blood and urine, with plasma concentrations
typically ranging from 35 to 50 g L', and urine levels under
30 mg L™ '.137138 HSA is essential for regulating plasma colloi-
dal osmotic pressure and facilitating the transport of various
substances."*>'*° Notably, HSA plays a significant role in
tumour nutrition, possibly due to the overexpression of
albumin receptors and albumin-binding proteins on cancer
cells, which promotes albumin accumulation and degradation
in tumour tissues.'*' The rapid diagnosis of changes in
HSA concentrations in body fluids is thus of clinical
importance.'*>'** Researchers have explored the DIE concept,
leveraging albumin’s capacity to bind hydrophobic self-
assembled molecules and convert them into highly mono-
meric species. To date, compounds like squaraine,'*®'*>*4*
BODIPY,'*™*° coumarin,'**"*° chalcone,"®" and cyanine
have been used for both qualitative and quantitative biosensing
of serum albumin proteins (SAP) in vitro and in vivo.

Most studies apply the DIE concept directly to target SAP in
blood samples,"”* using noncovalent interactions between
ligand aggregates and albumin (Fig. 10(A)). This approach
utilizes molecules with enhanced hydrophobic surfaces to
improve aggregate stability in protic solvents through n-m and
C-H:--m interactions, enhancing their interaction with the
protein’s hydrophobic cavities."**"**> The molecules have been
specifically designed to exhibit selectivity towards HSA over
other biomolecules'>® like DNA, RNA, pepsin, and trypsin, with
detection limits typically ranging from 1 to 140 nM.'*%'%7
Furthermore, site-specific binding probes not only detect HSA
in bodily fluids but also monitor changes in the protein’s
conformation and enable fluorescence imaging of SAP in living
cells, demonstrating the versatility of HSA probes.'>*"*”

Yoon and colleagues demonstrated the specific binding of
an exogenous probe, composed of zinc(u) phthalocyanine
mono-a-substituted with 4-sulfonatophenoxyl (PcS), to albumin
in vivo (Fig. 10(A))."*® This was accomplished using a transgenic
mouse system, where albumin was tagged with yellow fluores-
cent protein (YFP) through intraperitoneal injections of tamox-
ifen. PcS aggregates were administered intravenously, and
plasma analysis one hour post-treatment showed that the
aggregates were trapped and disassembled by albumin. Con-
focal imaging of liver and lung sections from treated mice
revealed overlapping fluorescence between PcS and albumin-
YFP. This method provides a valuable technique for tracking
specific proteins in vivo systems.

Another strategy involves forming a covalent bond between
the squaraine-based probes (Sq'** or $QSS'*°) and the serum
protein (Fig. 10(B)). In this method, the probe is engineered
with a thiol-sensitive motif, enabling it to react with the
cysteine (Cys) residues of SAP. The interaction proceeds

152,153

This journal is © The Royal Society of Chemistry 2024
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mechanism, which is then followed by a selective covalent binding. This second step is driven by a thiol-sensitive motif and the Cys34 residue of HSA.

through a two-step mechanism: initially, compact probe assem-
blies loosen via noncovalent interactions, followed by gradual
disassembly driven by the presence of Cys34 in SA through
covalent binding. This results in a newly formed chromophore
that emits a strong fluorescent signal with high selectivity
towards SAP over other thiol-containing proteins, achieving
detection limits as low as 0.53 nM."° It is noteworthy that
the covalent binding to Cys34 may involve a base-catalysed
nucleophilic addition, which restricts its practical use to basic
conditions (pH ~ 8).'*?

Laboratory testing is generally required to detect HSA. However,
there is a critical need for point-of-care (POC) monitoring of
HSA, particularly for elderly or chronically ill patients, as low
levels of HSA—a condition known as hypoalbuminemia-—indi-
cate disease states such as hepatic impairment, chronic kidney
disease, protein-losing enteropathy, burns, and sepsis.'****° In
response, Liu and colleagues designed a 2’-hydroxychalcone
derivative named 4MC, capable of detecting HSA through the
DIE process (Fig. 11(A))."' 4MC formed excimer-emissive
aggregates that disassembled into highly emissive monomeric

This journal is © The Royal Society of Chemistry 2024

forms in the presence of HSA. The concentration of HSA was
determined by the emission ratio of aggregated to monomeric
probes, resulting in visually distinct red and green colour changes
(Fig. 11(B) and (C)). As a proof of concept, a microfluidic paper-
based analytical device (LPAD) was integrated with 4MC to create
a POC device for HSA detection in whole blood. This pPAD
featured an outer layer of plasma separation membrane and a
detection pad constructed from wax-patterned filter paper impreg-
nated with 4MC. Demonstrations showed that such a device could
be effectively used at home, with HSA levels assessable using a UV
lamp for excitation and a smartphone for detection (Fig. 11(D)-
(G)). The glowing spots on the paper device could be captured by
the smartphone’s camera and directly analysed using a dedicated
app to provide RGB values."”"

3.5 Membrane proteins-mediated DIE

Membrane proteins, which are associated with or attached to
cellular membranes or within cell compartments or organelles,
play pivotal roles in functions such as molecule transport, cell
signalling, cell adhesion, and pathogen recognition.’®'** In

Nanoscale Horiz., 2024, 9,1390-1416 | 1401
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this context, the development of protein-targeting probes that
enable real-time, highly selective imaging of protein dynamics
is of significant importance for diagnosing various diseases,
including cancer.'®>'%*

A variety of dyes sensitive to protein membranes have been
identified.’®>'%7'%” One of the pioneering efforts in this area
was led by Hamachi and colleagues, who developed a self-
assembled supramolecular ligand-tethered probe (1, Scheme 2)
to visualize folate receptors in KB cells, observing robust
fluorescence on the cell surface."®®

Subsequently, Tan and co-workers designed a near-IR
fluorogenic Cy5 probe with a benzenesulfonamide ligand
(Cy5-1, Scheme 2) targeting human carbonic anhydrase
(hCA)."®® In PBS buffer, the probe forms a self-assembled
aggregate with a @ of 0.019. The presence of hCAII protein
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Scheme 2 Chemical structures of compound 1 and Cy5-1.

triggers disassembly, resulting in an increased @ of approxi-
mately 0.28, with a LOD of 17 nM. Cy5-1 was used to image HeLa
cells known for overexpressing hCAIX on the extracellular surface
under hypoxic conditions. Live-cell imaging with CLSM revealed
intense surface fluorescence, illustrating Cy5-1’s capability to
detect changes in the hypoxic environment of cancer cells.

To enhance the drug-like properties of DIE-active probes,
Nesterov and colleagues developed phthalocyanine-based sen-
sors specific for the epidermal growth factor receptor (EGFR),
with exceptionally low LODs of 3 nM'® and 2 nM."®” These
probes selectively label EGFR tyrosine kinase inside cells,
making them suitable for selective fluorescent imaging of the
protein in both fixed and live cells."®’

Stimuli-responsive dyes have also been employed for ima-
ging protein membranes, using the DCQ mechanism."¢*¢417°
This strategy, pioneered by Klymchenko’s research team, was used
to image the oxytocin receptor,**' the biotin receptor,'®* and o, B;
integrin’® in both in vitro settings and live cells. The successful
cellular visualization of membrane proteins with specially designed
probes prompted Klymchenko and Bonnet to explore this approach
further for visualizing the naturally expressed oxytocin receptor in
living mice using a specially designed probe, Cy5.5 decorated with a
PEG linker and the peptidic carbetocin (CBT) ligand (dCy5.5-PEG-
CBT, Fig. 12(A) and (B)).** The probe was intravenously adminis-
tered to lactating Swiss mice, and imaging showed visualization of
the mammary glands and liver with specificity superior to that of
the monomeric probe mCy5.5-PEG-CBT (Fig. 12(C)-(F)).**

In light of these findings, Qian and colleagues implemented the
DCQ strategy for realtime imaging of the EGFR receptor with
antibody-based fluorogenic probes.'”* Cellular studies on A431
(EGFR") and HepG2 (EGFR™) cells showed intense fluorescence
on the former, indicating excellent selectivity. Live-cell imaging
demonstrated intracellular fluorescence signifying internalization
of the antibody-EGFR complex. Furthermore, fluorescence-
activated cell sorting allowed for quantitative analysis of endogen-
ous EGFR expression levels in A431 cells, revealing a linear relation-
ship between fluorescence intensity and probe concentration.'”*

3.6 Proteins-mediated disaggregation in the context of
phototherapeutics

Molecular probes that possess both DIE and photosensitizing
properties, and that target overexpressed or cancer-promoting
proteins, represent a novel approach in activatable PDT to
enhance treatment selectivity.'*®'*'7>17  This section

This journal is © The Royal Society of Chemistry 2024
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Fig. 12 (A) Chemical structure of dCy5.5-PEG-CBT. (B) Recognition

mechanism mediated by dCy5.5-PEG-CBT. (C)-(F) In vivo images of
lactating mice (C), (D), and (F) and a naive mouse (E) injected intravenously
via the tail with 7.5 nmol of dCy5.5-PEG-CBT (C) and (E), 7.5 nmol of
dCy5.5-PEG-CBT along with 450 nmol of CBT (D), or 7.5 nmol of mCy5.5-
PEG-CBT (F), taken 30 minutes prior to imaging. Reproduced from ref. 64
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The first strategy involves the direct disaggregation of the PS
in the presence of targeted proteins which leads to increased ®g
and @, (Fig. 13(A))."9>'®1737176 The structural modification of
PSs with specific anchor groups allows targeting of particular
proteins. For example, using the folate receptor enhances the
cellular uptake of folate-porphysome into cancer cells.'”* When
combined with laser treatment, this method partially inhibited
tumour growth.’”* Additionally, developed phthalocyanine
derivatives, modified with anchor groups such as biotin (Pc-
4TEG-B,"”? PC-VH'"®) to target the biotin receptor or sulfonate
derivatives (PcS,"® PcS-4'77) to target albumin, were adminis-
tered to tumour-bearing mice (Scheme 3). Light irradiation led
to approximately 40% tumor growth inhibition with Pc-4TEG-
B,'”® 55% or 85% with PcS-4,"”” PC-VH"" respectively, and even
complete inhibition and reduction in tumour volume with

with permission from the Royal Society of Chemistry. PcS'8 treatment.

The second strategy utilizes a drug carrier system to deliver
the ligand to specific sites (Fig. 13(B)). Yoon and colleagues
designed a system using mesenchymal stem cells (MSCs),

discusses three distinct strategies that have been employed so
far (Fig. 13).
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Fig. 13 Phototherapeutic strategies used by DIE-activated PSs coordinated with proteins. (A) In its monomeric form, typically found in organic solvents,
the PS is photoactive. However, transitioning to an aqueous environment leads to the formation of molecular aggregates, causing a loss of
photosensitization capability. Binding to a protein can restore the PS to a monomer-like state, reactivating its ROS production. (B) Similarly to (A), in
an aqueous solution, the PS forms molecular aggregates that inhibit its photosensitization properties. Encapsulating the PS in a biological matrix
containing proteins disperses the PS into a monomeric form, thereby restoring its ROS production capability. Once encapsulated within the matrix, the PS
can be utilized as a delivery system. (C) The PS is encapsulated within an artificial delivery platform that initially quenches its photosensitizing properties,
further secured by a protein-responsive motif, such as a DNA sequence. Interaction with specific triggers, in this case telomerase and HSA, leads to the
elongation of the DNA sequence and the opening of the delivery platform. This allows direct interaction with HSA, forming a well-defined complex with
the PS that restores its monomeric form and ROS production capability.
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Scheme 3 Molecular Structures of PSs employing various mechanisms:
Pc-4TEG-B, PcS-4, and PC-VG function through noncovalent interactions
(refer to Fig. 13(A)). PcS-2 is embedded within a cell-based drug carrier (see
Fig. 13(B)), and PcC4 is encapsulated in a drug delivery platform responsive
to two protein triggers (see Fig. 13(C)).

which naturally possess tumour tropism mediated by growth
factors,"”® combined with a phthalocyanine derivative (PeS-2,"”°
Scheme 3) that forms H-type aggregates in water. After inter-
nalization of PcS-2 by MSCs and subsequent spontaneous
disassembly of the aggregates in the presence of albumin, the
complex was intraperitoneally administered to HCT116
tumour-bearing mice.'”® This resulted in targeted accumula-
tion in the tumour compared to the broader distribution of PcS-
2 alone in the abdomen. Irradiation with a 655 nm laser
triggered the PDT mechanism, resulting in a 37% inhibition
of tumour growth in mice treated with MSC-PcS-2."7°

The third strategy aims to enhance tumour specificity and
minimize side effects by targeting two cancer-related proteins
(Fig. 13(C))."*° This approach involved a sequentially activated,
protein-responsive PS, based on a zinc(u) phthalocyanine
derivative (PcC4, Scheme 3) entrapped in mesoporous
silica nanoparticles (MSNs), with wrapping DNA (O1) serving
as a biogate."® The PcC4-MSN-O1 system exhibited self-
quenching photoactivity, which was dramatically activated in
sequence by telomerase and then albumin. Cellular studies
demonstrated selective phototoxicity towards cancer cells with
overexpressed telomerase.'®® Furthermore, the administration
of PcC4-MSN-O1 with light irradiation to HeLa tumour-bearing
mice led to the inhibition of tumour growth, without
showing any pathological changes in the mouse tissues,
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thereby demonstrating both the effectiveness and biocompat-
ibility of this approach.'®°

3.7 Lipids-mediated DIE

Lipids, encompassing fatty acids, glycerolipids, glyceropho-
spholipids, sphingolipids, and sterols, are vital for various
cellular functions and as disease indicators for conditions like
tumours and cardiovascular issues.'®' %" Fatty acids are essen-
tial for energy, cell structure, and signalling;'®® sphingolipids
and glycerophospholipids for membrane structure;'®*'°° and
steroids, such as progesterone and cortisol, for regulating
reproduction’®’ and immunity."®*> Despite their significance,
the efficient detection and imaging of lipids and steroids in
biological settings continue to be a challenge.'>® Up to now,
several DIE-active dyes sensitive to lipids have been reported,
with some examples highlighted in this and the following
SectionS.29,35,63,1947202

Jiang and colleagues developed a molecular probe, IR1061,
for in vivo imaging of lipids in fatty liver diseases,*** leveraging
the DIE process.'®® In organic solvents, IR1061 emitted brightly
in the NIR-II region but remained non-fluorescent in aqueous
environments due to ACQ (Fig. 14(A)). The probe’s fluorescence
was activated in PBS with DSPE-PEG2000 liposomes, indicating
disaggregation and maintaining stability and specificity under
various conditions.'®* In vivo experiments using atherosclerosis
(AS) models (apolipoprotein E knock-out, ApoE~'~ mice on a
high-fat diet) and healthy C57bl/6 controls showed that only AS
mice exhibited a significant, time-dependent increase in liver
fluorescence, unlike other organs or controls (Fig. 14(B) and
(C))."* A similar pattern was observed in an obesity (OB)
model, where IR1061 specifically highlighted lipid accumula-
tion in the livers of OB mice (Fig. 14(D) and (E)).'®* These
findings demonstrated IR1061’s potential as a DIE-based tool

A O rwer )
e
CARACARE

Liposome
—_

Fig. 14 (A) Schematic illustration depicting the use of lipid-activated
IR1061 for imaging in AS and OB mouse models. (B) Development of the
AS model. (C) Fluorescence imaging comparing the control and AS groups
before and after IR1061 injection. (D) Development of the OB model. (E)
Fluorescence imaging of the control and OB groups before and after
IR1061 injection. Reprinted with permission from ref. 194. Copyright 2024
American Chemical Society.
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Fig. 15 (A) Chemical structure and activation mechanism of the lipid-unlocked CTB-responsive probe (L-CRP): composed of a hydrophilic CTB-
responsive dipeptide, a lipophilic alkyl chain, and a caged hemicyanine unit, L-CRP aggregates in hydrophilic environments both before and after CTB
incubation. In lipophilic environments, CTB recognition triggers the release of HD-alkyl as a monomer. (B) Construction of M1-type macrophages and
foam cells: LPS induces M1-type macrophages with increased CTB expression. Ox-LDL causes foam cells to upregulate lipids and CTB, while the CTB
inhibitor CA-074-Me decreases CTB levels in foam cells. (C) and (D) Photoacoustic intensity of CRP and L-CRP after various treatments, with insets
showing PA images at 695 nm. (E) Bright field and PA imaging of a human lower extremity artery before and after L-CRP incubation in CTB buffer. The
yellow dotted curves outline the blood vessel; the black dotted line marks the boundary between atherosclerotic plaque (above) and normal vessel
(below). (F) Fluorescence imaging of the human lower extremity artery pre and post L-CRP incubation. (G) Quantitative analysis of PA and fluorescence
intensities from panels (E) and (F). (H) Hematoxylin and eosin (H&E) staining of normal and atherosclerotic areas of the blood vessel. Scale bar = 1000 um.

Reprinted with permission from ref. 195. Copyright 2023 American Chemical Society.

for the specific imaging of fatty liver conditions in AS and OB
mouse models.

AS is the leading cause of cardiovascular diseases
worldwide,***?% characterized by the buildup of lipid-rich
plaques in arteries that can lead to heart attacks and
strokes.”°® Cathepsin B (CTB), an enzyme present in macro-
phages, is crucial in plaque formation and acts as a key
biomarker for identifying vulnerable plaques and assessing
cardiovascular risk.>°”2'° However, the use of molecular ima-
ging to track CTB faced challenges in probe penetration and
specificity, limiting the identification of high-risk plaques.
Given that atherosclerotic plaques largely consist of foam cells
derived from macrophages,®'' targeting lipid levels could
improve the differentiation of atherosclerotic from normal
tissues.>’®>'* This highlighted the need for more accurate
and effective methods to measure CTB activity in plaques to
better manage cardiovascular risk.

Zhang and colleagues created a CTB-responsive, lipid-
sensitive probe, L-CRP, for precise imaging of CTB in athero-
sclerotic plaques.’® L-CRP featured a hydrophilic CTB-
responsive dipeptide, a lipophilic alkyl chain for nanoparticle

This journal is © The Royal Society of Chemistry 2024

formation, and a caged hemicyanine structure that prevented
charge transfer until CTB cleaved the dipeptide. This cleavage
triggered monomer formation in lipid-rich environments, enhan-
cing photoacoustic (PA) and fluorescence signals (Fig. 15(A))."*>
Unlike the control probe CRP, L-CRP specifically activated in the
presence of both CTB and lipids, avoiding false positives from
other molecules. Its design enabled L-CRP to target CTB activity
within foam cells rich in lipids, distinguishing them from other
cell types like M1 macrophages (Fig. 15(B)-(D)). In vivo experi-
ments with atherosclerosis-induced ApoE~'~ mice showed L-CRP
effectively highlighting atherosclerotic lesions, confirmed by var-
ious staining methods, and differentiated them from healthy
tissues.' This specificity, demonstrated in human artery tissues
(Fig. 15(E)-(H)), underscored L-CRP’s potential for clinical use
in identifying atherosclerotic enzymatic activity, offering a new
avenue for cardiovascular disease management.'®

3.8 Plasma membranes-mediated DIE

Effective plasma membrane (PM) staining is essential for
scientific studies like cell identification, translocation assays,
and exploring PM dynamics, given its vital role in processes

Nanoscale Horiz., 2024, 9,1390-1416 | 1405
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(A) Chemical structure of B-2AZ (MemBright-488), illustrating its propensity for intermolecular aggregation and lipid-vesicle-induced

disaggregation. (B) Chemical structures of various MemBright dyes. (C) Graphs of two-photon absorption cross-sections alongside images of KB cells
stained with MB-Cy3, MB-Cy3.5, MB-Cy5, and MB-Cy5.5. Reprinted with permission from ref. 35. Copyright 2019 Elsevier. (D) Chemical structures
of Cy3-based BTF1 and BTF2, and Cy5-based BTF3 probes, highlighting the concept of a switchable cyanine-based intramolecular dimeric probe
that becomes fluorescent upon reversible binding to biomembranes. (E)—(H) 3D-PAINT with BTF2 reveals the intricate 3D structures and dynamics of the
plasma membrane in living cells. (E) Presented is a vertical cross-sectional view of the 3D-PAINT data from a COS-7 cell, showcasing varying membrane
heights. (F) In-plane view of a different cell, emphasizing numerous nanoscale tubules. (G) and (H) Vertical cross-sectional views through the magenta
(G) and red (H) boxes in (F), displaying tubules extending from the cell surface (indicated by arrowheads). Note: in the vertical cross-sectional views in

(E), (G), and (H), the vertical dimension indicates depth into the sample. Reprinted with permission from ref. 63. Copyright 2022 American

Chemical Society.

like cell division, endocytosis, and signal transduction.**>>'®

The PM’s boundary function enables the development of DIE-
active probes that transition from non-fluorescent in cell media
to fluorescent upon membrane contact.>>*1967198:219 Thig
approach minimizes background noise and facilitates real-
time, selective imaging of the membrane bilayer.

The Klymchenko group had developed a BODIPY-based dye,
B-2AZ"° also referred as MemBright-488,'°° along with six
cyanine-based dyes under the MeMBright family,*® which

1406 | Nanoscale Horiz., 2024, 9, 1390-1416

emitted from green to near-infrared (Fig. 16(A) and (B)). These
intermolecularly self-assembled probes transition from non-
emissive in phosphate buffer (PBS) to bright upon interaction
with DOPC vesicles, mimicking the plasma membrane
(PM).>>'%¢ They demonstrated high PM specificity, aligning
with PM markers and highlighting intercellular nanotubes.
The MeMBright probes also excelled in two-photon microscopy,
confirming PM selectivity in live cells and ex vivo tissues
(Fig. 16(C)).>> MB-Cy3.5, tested for photostability, showed

This journal is © The Royal Society of Chemistry 2024
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exceptional resistance to photobleaching during extensive 3D liver
imaging and enhanced neuron identification in brain sections.*®
Super-resolution imaging with MB-Cy3.5 detailed dendritic spine
morphologies and visualized “en-passant” synapses, proving the
probes’ potential in sophisticated imaging applications.*®

The same group also focused on enhancing fluorescent probes
for single molecule localization microscopy (SMLM) of cell mem-
branes, addressing challenges in resolution, brightness, and photo-
stability. They introduced intramolecularly formed fluorogenic
dimers (BTF1 and BTF2), composed of Cy3 dyes linked by cada-
verine or lysine, and featuring membrane anchor sulfonate groups
(Fig. 16(D)).** These dimers were designed to enhance PAINT
imaging®° by reducing plasma membrane affinity and facilitating
on/off switching (Fig. 16(D)).%* Spectroscopy had shown that these
dimers self-quenched in PBS but brightened in organic solvents
and with DOPC, indicating effective disassembly for membrane
binding. BTF2, with a lower DOPC affinity due to its hydrophilic
lysine linker, and the far-red Cy5-based BTF3 variant, were tested in
live cell microscopy, demonstrating superior single-molecule
fluorescence switching, greater brightness, and enhanced localiza-
tion precision compared to commercially available PM stains.®
BTF2 also allowed 3D imaging of COS-7 fibroblast-like cell mem-
branes, unveiling dynamic membrane reshaping (Fig. 16(E)-(H)).
BTF3 further improved super-resolution imaging over monomeric
Cy5-based DiD dye, highlighting diverse nanoscopic membrane
structures with limited dye movement.®® This advancement intro-
duced dimer-based probes that significantly improved super-
resolution imaging of cell membranes by reducing dye diffusion
and enhancing imaging resolution and stability.

An alternative method based on DIE to stain the PM was
proposed by Xu and colleagues.'®® They had developed a series
of amide-containing receptors for Zn>*, incorporating a
naphthalimide fluorophore and a hydrophobic alkyl chain of
varying lengths, designated as ZTRS-alkyl, to anchor to
membranes.'*® Notably, the dodecyl-substituted probe, ZTRS-
Cj,, formed nanoaggregates in aqueous solution (Fig. 17). In
the presence of Zn>*, ZTRS-C,, displayed a 1.5-fold increase in
fluorescence. However, when dissolved in a mixed solution of
HEPES buffer and CH;CN, serving as a disaggregating solvent,
ZTRS-Cy, exhibited a significant 13-fold enhancement in
fluorescence, demonstrating its ability to sense Zn®" in its
monomeric form."® In the human colon cancer cell line
HT-29, ZTRS-C,,, while attached to the exterior of the cell
plasma membrane in a monomer-like state, initiated a fluores-
cence response upon complexing with Zn>". The fluorescence
signal was eliminated upon the addition of EDTA, which
displaces zinc from the probe complex. ZTRS-C,, demonstrated
exceptional selectivity for Zn** over other biologically relevant
heavy and transition metal ions."*®

3.9 Lipid droplets- and exosomes-mediated DIE

Lipid droplets (LDs), present in organisms from prokaryotes to
humans, contain a metabolic lipid core within a phospholipid
monolayer membrane.””"**> Beyond serving as lipid storage,”*®
LDs are integral to processes like membrane trafficking,”** protein
degradation,”® inflammation,”*® and are implicated in diseases

This journal is © The Royal Society of Chemistry 2024
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Fig. 17 Design of the fluorogenic probe ZTRS-C;, for imaging Zn?* at the
plasma membrane surface of living cells. In its self-assembled state, ZTRS-
C,, displayed minimal fluorescence changes when introduced to cells
alone or with Zn®" separately (top panel). However, the simultaneous
addition of ZTRS-Cy» and Zn?* to cells triggered its disassembly and
activated the fluorescence via complexation with Zn®* (bottom panel).

such as obesity and diabetes,"®® as well as cancer.””” Given their

varied number, size, and composition, imaging and analysing LD
dynamics are essential for unravelling their biological significance.

The Klymchenko group introduced StatoMerocyanines (SMCy)
fluorophores, based on indolenine and dioxaborine barbiturate
structures connected by polymethyne chains (Fig. 18(A)).”° These
lipophilic dyes, non-emissive in water due to aggregation, exhib-
ited up to 1700-fold fluorescence enhancement in oils (Fig. 18(B)-
(D)). When incubated with KB cells, SMCy selectively stained LDs
(Fig. 18(E) and (F)). Utilized in multicolor tissue imaging, SMCy
dyes effectively highlighted lipid structures in mouse adipose
tissue and liver, demonstrating their ability for 3D visualization
and tracking of lipid-rich vesicles and LD exchange between cells,
proving their suitability for advanced imaging techniques like
two-photon microscopy (Fig. 18(G)).>*

Zhou and team introduced CM2P, a two-photon lipophilic
coumarin-based probe for super-resolution imaging and dynamic
LD tracking (Fig. 19(A)).>® Exhibiting ACQ in PBS and forming
nanoparticles, CM2P’s fluorescence intensified in oil/water emul-
sions via a DIE process (Fig. 19(A)). It selectively stained LDs under
both one- and two-photon imaging (Fig. 19(B) and (C)). Employed
in STED microscopy, CM2P achieved higher resolution than
conventional CLSM, and enabled real-time LD observation with
two-photon microscopy (Fig. 19(D)).>

Exosomes are small vesicles (40-150 nm) released by
cells, carrying proteins, mRNA, DNA, and microRNAs crucial
for intercellular communication, inflammation, and tissue
repair.?*®?*! Serving as biomarkers, they provide a non-
invasive means for disease diagnosis and management, with
higher prevalence in tumor cells, influencing cancer develop-
ment and progression.>** 2?3
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Nishizawa’s team developed a novel exosome detection
method using an asymmetric cyanine dye, ApoC-TRC12, based on
Thiazole Red and modified with a hydrophobic unit and a
membrane-binding peptide from Apolipoprotein A-I (Fig. 20(A)).>%*
In PBS, ApoC-TRC12 forms H-type aggregates, showing broad
absorption and low fluorescence, which disaggregate in DMSO.
Fluorescence tests with synthetic vesicles showed that ApoC-TRC12
lights-up with 130 nm vesicles, suggesting potential selective exo-
some detection through a DIE process, yet demonstrates minimal
change with larger 440 nm vesicles. Tested on exosomes from K562
and A549 cells, ApoC-TRC12 achieved rapid detection with LODs of
3.5 x 10° and 2.1 x 10° particles per uL, respectively, outperforming
the commercial MemGlow 640 probe (Fig. 20(B) and (C)).>%>

4 Self-disassembly and partially
unknown processes-mediated DIE
In this section, we aim to highlight how disaggregation can lead

to misleading results. DIE is not solely caused by binding to
specific receptors that trigger probe disassembly. Instead, DIE

1408 | Nanoscale Horiz., 2024, 9, 1390-1416

may also result from inherent disassembly processes or poorly
understood effects (Fig. 21(A)). These inaccuracies are fre-
quently associated with the sample preparation method, which
can involve various solvents or their mixtures, the sample’s
duration of storage and conditions, experimental temperatures,
and the presence of impurities in the sample.

In their research on sugar-binding mechanisms, Anslyn and
colleagues explored the activation mechanism of a well-
established boronic acid-based saccharide sensor, referred to
as compound 3, and compared its fluorescence response to that
of a structurally analogous compound 4, which lacks the boronic
acid group, thereby inhibiting sugar binding (Fig. 21(B) and
(C)).>** Both compounds demonstrated fluorescence enhance-
ments in the absence of fructose, a phenomenon attributed to an
autocatalyzed disassembly process. Introducing fructose into a
solution pre-equilibrated with compounds 3 and 4 resulted in a
modest two-fold increase in the fluorescence intensity of com-
pound 3, while changes in compound 4 were minimal.*** These
results indicate that fructose may slightly boost the fluorescence
of compound 3, potentially due to a binding interaction or by
promoting further disaggregation of the probe, but this does not

This journal is © The Royal Society of Chemistry 2024
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entirely account for the sensor’s activation.*** This highlights
the necessity for caution in studies that involve DIE processes
with biological molecules, as autocatalyzed disaggregation may
produce misleading outcomes.

Similar behaviour has been found in an entirely different
sugar-binding study, in which Davis and colleagues discovered
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Fig. 20 (A) Schematic depiction of the self-assembly/disassembly

mechanism for fluorescence sensing by ApoC-TRC12, used in exosome
analysis. (B) Time-dependent fluorescence changes at 656 nm for ApoC-
TRC12 following the addition of exosomes derived from K562 cells (Exo-
K562). (C) Calibration curve for Exo-K562 based on the fluorescence
response of ApoC-TRC12. F and Fj represent the fluorescence intensities
at 656 nm with and without Exo-K562, respectively. Reprinted with
permission from ref. 202. Copyright 2023 American Chemical Society.
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that the UV-visible absorption of tetraphenylporphine tetrasulfo-
nate (TPPS), a porphyrin-based host, changed in the presence of
glucose.”®® These alterations were more accurately linked to
variations in the porphyrin’s aggregation state rather than to
direct glucose binding. The changes in TPPS’s UV-visible spectra
upon adding glucose appeared to stem from complex, kinetically
slow shifts in the porphyrin’s aggregation state. Such changes
could occur even without any additions to TPPS, and other
substances like glycerol could similarly trigger these effects.>*
Titration experiments might have suggested 1:1 binding, but
this was misleading. While these findings were specific to TPPS,
it was probable that other simple porphyrins would exhibit
similar behaviour. Consequently, claims of carbohydrate recog-
nition by porphyrins in aqueous solutions should have been
approached with caution, especially if changes in aggregation
state might explain the observed phenomena.

5 Conclusions and outlook

Initially overlooked, DIE has rapidly evolved into a vibrant and
expanding field of research, establishing itself as an indispensable
sensing technique through significant advancements over the
past decade. The shift from focusing on n-n complex packing
and intermolecular interactions***>'>*1°%19 o exploring sophis-
ticated intramolecular dimer models stabilized by covalent
bonds has markedly enhanced our comprehension of the fluores-
cence amplification mechanisms. Discoveries such as enhanced
ROS generation'®>"3>58173  and  ultrasensitive fluorescence
assays>®®%812% have paved the way for novel applications in
bioimaging, sensing, and therapeutic interventions.

Thanks to global scientific contributions, DIE research has
achieved remarkable progress, addressing clinical diagnosis
and pathology,"**'**> drug delivery,"**'"*'%° and precision
medicine.®>?>9%1% This review emphasizes the expansion of
DIE research from in vitro studies of biologically relevant
biomacromolecules and organelles to include tissues and live
animals, with DIE-active agents significantly advancing ima-
ging techniques beyond conventional methods.

Despite the global development of numerous DIE-active
materials, creating molecular aggregates with precise and con-
sistent optical properties remains a significant challenge. Most
DIE dyes exhibit H-type characteristics, leading to poorly defined
molecular architectures. In contrast, J-type aggregates typically
show well-defined packing behaviour, which can be controlled
by incorporating specific hydrogen bonding moieties.>*® J-type
structures also exhibit unique optical features, such as red-
shifted absorption bands and significantly enhanced radiative
decay rate (superradiance).”® This may allow their assembly and
disassembly to be finely controlled before and after binding
events with biological targets, resulting in notable optical
changes useful for sensing and imaging applications.

Many DIE-active molecules with superior self-assembly and
molecular recognition capabilities are yet to be discovered.
Interest in these molecules extends beyond their luminescent
properties to their pharmacological potential and applications

34,63,64
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in diagnostics and therapy. To improve the clarity of bioimaging
background signals, there is a push to develop DIE-active dyes
for NIR imaging, multiphoton fluorescence microscopy, and
super-resolution imaging. This development requires designing
fluorescent dyes that completely quench fluorescence when
aggregated and fully recover upon monomeric binding to targets,
necessitating further optimization of the chemical structures of
current DIE-active dyes. Artificial intelligence (AI) presents a
promising avenue to revolutionize DIE research by streamlining
the discovery process and cutting costs.

Numerous spectroscopic and microscopy methods, coupled
with MD simulations, have been employed to decipher the
disassembly mechanism of DIE-active dyes triggered by biolo-
gically relevant biomolecules. However, there remains a lack of
in-depth studies focusing on elucidating the complexation
processes at the atomic level using NMR spectroscopy or
X-ray crystallography. Obtaining such data would have a tre-
mendous impact on understanding the driving forces behind
dye disassembly, providing unprecedented opportunities to
design materials with custom-tailored recognition motifs.

Additional potential applications of DIE dyes include the
development of smart materials sensitive to specific external
stimuli. These dyes can be engineered to act as pH or tempera-
ture sensors, disaggregating at specific thresholds. This property
is particularly useful in drug delivery systems, where DIE dyes
can ensure the targeted and controlled release of drugs within

1410 | Nanoscale Horiz., 2024, 9,1390-1416

specific cellular organelles in response to pH or temperature
changes. Moreover, DIE dyes can be designed to respond to the
presence of specific ions or heavy metals, making them valuable
in medical diagnostics for monitoring electrolyte balance and in
environmental monitoring for detecting pollutants.

In summary, the past decade’s research into DIE-active
materials has already showcased their immense potential in
health and life sciences. Looking ahead, we anticipate that DIE
will continue to drive groundbreaking discoveries and intro-
duce innovative methods for understanding biological systems
and enhancing therapeutic and diagnostic outcomes.
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