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Squaraines, a celebrated class of organic dyes known for their remarkable photophysical properties,
particularly fluorescence behaviour in the near infrared (NIR) region, have emerged as versatile molecular
tools in the domain of biophotonics. They offer unparalleled opportunities for molecular sensing,
bioimaging and theranostics. This review delves into the unique capabilities of these dyes, spotlighting
advances in design and functionalization that enable their application across diverse biological systems.
The sensitivity of squaraine dyes in biomolecular recognition is highlighted for detecting proteins such as
bovine serum albumin (BSA) and enzymes like chymotrypsin. The fluorescence changes in squaraine dyes
that signal binding events facilitate quantitative biomarker detection with superior detection limits. These
signal responses enhance the utility of squaraines in DNA labeling, viscosity sensing, real time optical
probing and cellular bioimaging. Beyond proteins and nucleic acids, the reactivity of squaraine dyes
towards nucleophiles enables their use as both colorimetric and fluorimetric probes for the detection of
thiol-containing biomolecules, lipids and metabolites. The dynamic optical responses of squaraine
derivatives towards molecular interactions, such as reversible metal-ion binding, thiol-mediated

interactions leading to fluorescence turn-on, etc., provide key insights into biochemical pathways.

Innovative functionalization strategies and engineering of supramolecular assembly formation in

squaraine derivatives further enhance their selectivity and signal modulations in complex biological

systems. This review also highlights the emerging theranostic potential of squaraine dyes specifically for
Received 18th November 2025 targeted therapeutic interventions and their chemical robustness for long-term bioimaging and

DOI: 10.1039/d5¢s01375¢e diagnostics. The growing applications of squaraine-based functional materials in molecular sensing,

bioimaging and theranostics pave the way for innovative advancements in diagnostics, personalized

rsc.li/chem-soc-rev medicine and biomedical research.

Introduction

Squaraines (5Qs), a class of organic dyes distinguished by their
intense absorption and emission properties in the near-infrared
(NIR) region, have garnered significant attention for various
applications.' These compounds are uniquely characterized by
the presence of a central zwitterionic squaric acid core,” which is
substituted by electron-rich aromatic groups at opposite corners
of the four-membered ring.>” This distinctive structural configu-
ration imparts exceptional photophysical properties to SQs,
including high molar absorptivity, photostability and substantial
fluorescence quantum yields.*® Such chemical and physical
attributes of SQs are exceptionally suitable for applications in
organic electronics,'® optical data storage, molecular sensing,**
optical probes for bioimaging,'*® diagnostics,"””*° catalysis,
drug delivery,® etc.”*">
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The absorption and emission features of SQs can be fine-
tuned by altering their chemical structures.”>** This structural
tunability allows for the customization of the properties of SQs
for specific applications, ensuring optimal performance in
various specialized tasks. For example, SQs exhibit narrow
absorption in the NIR region of the spectrum with remarkable
stability and relatively higher quantum yield under prolonged
light exposure.>®*” In 2008, we have reviewed the significant
advancements in the chemistry of squaraine dyes, emphasizing
their strong photophysical properties and potential applica-
tions in electronic and photonic devices.>*® This review under-
scored the importance of structural variations in squaraine
dyes and how to tailor photophysical properties suitable for
various technological applications.’

Fast forward to 2026, squaraine dye chemistry has continued
to achieve substantial progress in addressing earlier limitations
such as chemical instability and self-aggregation, especially
under biological conditions.?*™" Several studies have focused
on enhancing the biocompatibility and photostability of these
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dyes, expanding their applications in bioimaging and ther-
anostics.>*>* As the field of biophotonics rapidly evolves, it

becomes imperative to consolidate and evaluate the progress
made especially with a focus on squaraine dyes that have shown
immense potential in various biomedical applications.” Given the
increasing demand for non-invasive diagnostic tools and targeted
therapy agents, it is crucial to understand the underlying mecha-
nism, advantages, and limitations of these dyes in biological
contexts.
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In this review, we not only provide a critical analysis of the
advancements in the design and applications of squaraine dyes
but also identify emerging trends and future research direc-
tions. By customizing the composition of electron-donating or
electron-withdrawing groups attached to the squaraine core,
the photophysical properties of these dyes can be fine-tuned to
respond specifically to molecular targets.”® This approach
makes them ideal NIR probes for biosensing applications.
Similarly, due to their strong and narrow NIR absorption and
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Fig.1 Summary of biophotonic applications of squaraine derivatives
across three main domains.

emission properties, several approaches have been explored,
including encapsulation of the dyes inside nanoparticles and
micelles,*® conjugating them with biomolecules, etc. These strate-
gies make squaraine dyes highly suitable as contrast agents for
NIR-fluorescence imaging,*” multi-photon imaging***° and photo-
acoustic imaging.’>*" Additionally, the dual-purpose capability of
squaraines allows precise diagnosis through high-resolution
imaging®® and targeted therapeutic interventions.**

Our aim is to present a critical overview of the squaraine dye
chemistry, emphasizing selected probes to illustrate recent
advances at the frontiers of biophotonics applications. By
bridging the gap between fundamental understanding and
recent advancements, this review deep dives into the potential
of squaraine dyes in biophotonics and inspires further explora-
tion in this exciting research area (Fig. 1).

Structural chemistry and synthesis of
squaraines
Core structure and functional groups

The core structure of squaraine dyes is based on squaric acid,
specifically the 3,4-dihydroxycyclobut-3-ene-1,2-dione framework,
which serves as a versatile platform for the synthesis of extended
derivatives.*>** This structure allows the incorporation of diverse
substituents that can significantly influence the photophysical
properties of the resulting dyes.*® The addition of electron-
donating or electron withdrawing groups changes the n-electron
distribution within the molecule, which in turn influences its
absorption and emission properties.*” In the dye structure, the
central squaraine core acts as an acceptor unit, where 1,3 posi-
tions are occupied by electron rich aromatic units or heterocyclic
rings. This feature facilitates strong intramolecular charge trans-
fer (ICT) upon excitation, leading to stabilized charge-separated
excited states.’®* Additionally, the m-conjugation between the
electron rich and electron-deficient units enhances the ICT,
resulting in sharp and intense absorption bands in the NIR
region with high molar absorption coefficients (¢ =~ 10> M "
em 1).*®* However, squaraine chromophores are prone to
solvent-induced aggregation, particularly in polar solvents and
under biological conditions.”® Such aggregation can significantly
impact the favourable electronic transitions essential for biopho-
tonics applications,”" including intense near-IR and short-wave
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Scheme 1 Schematic representation of electronic transitions and the
resulting spectral shifts in various molecular aggregates formed by squar-
aine derivatives.>>>°

absorption and emission properties.” For instance, molecular
packing within nearby chromophores can lead to the formation of
H-aggregates®” and J-aggregates,”® resulting in blue-shift and red-
shift in the absorption peaks, respectively (Scheme 1).>*” In
squaraines, these electronic coupling processes are intense, caus-
ing delocalization of excited states over several units. These
specific interactions result in large spectral shifts in the photo-
physical properties, with varying radiative and non-radiative
characteristics. Various strategies have been implemented to
prevent aggregation in squaraines, such as encapsulation in a
macrocycle,”®* micelle inclusion of dyes,°*®* nanomaterial
loading,® etc., for fluorescence bioimaging studies. Similarly,
self-assembly of squaraine dyes®® is found to be a promising
approach for the design of photosensitizers for various therapeu-
tic applications.®*

Synthetic strategies

The synthesis of squaraine dyes involves a condensation reac-
tion between squaric acid and various electron-rich aromatic
compounds (Scheme 2).” This reaction is typically conducted by
azeotropic condensation of aromatic hydrocarbons in high boil-
ing alcohols.” The dye generally forms as a condensation
product, with water being the only byproduct, which is removed
in situ. The use of economical reaction conditions, less expensive
reagents, easy separation and purification processes, and by
product removal by distillation are some of the key advantages
of squaraine synthesis. A straightforward synthetic approach with
a 1:2 mole ratio can be adopted for the synthesis of 1,3-
symmetrically substituted squaraine dyes. However, an alterna-
tive pathway for substitution, following an unsymmetrical route,
involves a two-step synthetic process:°® first, condensation reac-
tion with an electron rich unit and squaric acid to form a semi-
squaraine, which then can be reacted with another nucleophile to
yield unsymmetrical dye analogues.®” This unsymmetrical option

Chem. Soc. Rev.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cs01375e

Open Access Article. Published on 27 March 2026. Downloaded on 4/17/2026 11:27:35 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review Article

o)\;fo Toluene, n-BuOH
+ D S
Reflux

HO OH
D = Donor
Q, O
x( +D, Base
X Reflux

X = Halide, O-R (R = Alkyl chain)
D, D, = Donor
NC. CN

OR (¢}

R = Alkyl chain NHEt,

Q, O Q, O
Acid/Base Toluene, n-BuOH
R +D, St
D{ X o, H Reflux

Semi-squaraine

>
n-BuOH, Reflux

(9}
NG _CN |
O OR —> O: OR
Benzene, NEt;

View Article Online

Chem Soc Rev

+

D

=g
o o
Symmetrical SQ

+
o\ D

Unsymmetrical SQ

NC_-CN
L |
D: D
o}

Core-substituted SQ

D, Toluene

Scheme 2 Synthetic strategies for the preparation of squaraine (SQ) derivatives.®®

of substitution in squaraine derivatives offers flexibility in dye
design and tuning of photophysical properties suitable for bio-
logical conditions.®”

Interestingly, by modifying the squaraine core with electron
withdrawing substituents the optical properties of these dyes
can be further tuned. Thus, the core substitution with a
dicyanovinyl group via replacement of oxygen in the squaraine
core generates another series of squaraine derivatives with
impressive properties.”® Synthesis of dicyano-functionalized
squaraine derivatives could be achieved through a condensa-
tion reaction with malononitrile, followed by reactions with
different electron rich moieties.®® Such synthetic strategies
enable the fine-tuning of the dyes’ absorption and emission
properties, which are critical for their performance in biopho-
tonic applications. Variations in synthetic approaches, such as
altering reaction conditions or employing different electron-
rich partners, can lead to significant changes in the resulting
squaraine dyes’ properties.”®

One of the significant challenges of using squaraine dyes for
biological applications is their lack of solubility under aqueous
conditions.”"”? For instance, the introduction of specific func-
tional groups on the electron rich segment of the dye can
enhance solubility in aqueous environments, which is particu-
larly important for biological applications.”® Strategies to
improve their water solubility and reduce cytotoxicity include
incorporating hydrophilic groups and using carrier systems. For
example, the attachment of polyethylene glycol (PEG) chains®®
or the formation of nanoparticles can significantly increase the
solubility of squaraine dyes in aqueous media, making them
more suitable for biological applications. Additionally, modifi-
cations aimed at targeting specific cellular components can
enhance the therapeutic efficacy of squaraine dyes as well.

Photophysical and photochemical
properties
Absorption and emission in the NIR region

Squaraine dyes are distinguished by their unique ability to
absorb and emit light in the NIR region, typically between
700 nm and 900 nm (first biological window 680-950 nm).”*”>
This spectral range is particularly advantageous for various

Chem. Soc. Rev.

applications, especially in biomedical imaging and photother-
apy, due to the reduced scattering and absorption by biological
tissues at these wavelengths.”>”” The mechanisms underlying
NIR absorption and emission in squaraine dyes primarily
involve intramolecular charge transfer (ICT) processes, where
the electronic excitation occurs from a donor moiety (D) to an
acceptor moiety (A) within the dye structure itself.”® The advan-
tages of NIR absorption include deeper tissue penetration,
which is crucial for in vivo imaging applications.'® For instance,
squaraine dyes have been shown to exhibit high molar absorp-
tivity, making them effective for low-concentration applications
in biological systems.”® Additionally, the narrow and intense
absorption bands of squaraine dyes allow for specific targeting
and imaging of biological markers, enhancing the sensitivity
and specificity of fluorescence-based detection methods.** By
engineering the strength of donor and acceptor moieties, recent
studies have demonstrated the development of NIR-II active
probes (Fig. 2)." The NIR-II region (1000-1700 nm) can reduce
light scattering significantly and thus improve spatio-temporal
resolution and deep tissue penetration for in vivo applications.®
Moreover, the photochemical stability of squaraine dyes in the
NIR region is noteworthy.®* These dyes exhibit minimal photo-
bleaching compared to traditional fluorescent dyes, which is
essential for long-term imaging applications.®® The ability to
maintain fluorescence over extended periods allows for dynamic
studies of biological processes without the interference of dye
degradation.®* By overcoming the limitations of light scattering
and photobleaching, squaraine dyes have established signifi-
cant milestones in biological applications (Fig. 2).*'*>°
Another favourable property of squaraine dyes for bioima-
ging applications is their high molar absorptivity, which often
exceeds 10° M™" em™". This characteristic allows for effective
excitation of the dye with minimal light intensity, reducing
potential photodamage to biological samples.®® The intense
absorption in the NIR region (Fig. 3) enables the use of lower
concentrations of the dye, which is particularly beneficial in
minimizing background fluorescence and improving signal-to-
noise ratios in imaging studies.®> In addition to high molar
absorptivity, squaraine dyes exhibit remarkable photostability,
which is vital for long-term bioimaging.®® Studies have demon-
strated that squaraine dyes can retain their fluorescence intensity
over extended periods, even when exposed to high-energy light

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Evolution of tunable optical properties in SQ derivatives from NIR-I to NIR-II and further. References for SQs with absorption maximum at:
628 nm (ref. 3), 672 nm (ref. 10), 739 nm (ref. 3), 883 nm (ref. 3), 878 nm (ref. 42), 934 nm (ref. 42), 1014 nm (ref. 28) and 1142 nm (ref. 28).

sources. This photostability is attributed to the structural charac-
teristics of squaraines, which include a cyclic framework that
enhances their resistance to photodegradation. The combination
of high molar absorptivity and photostability makes squaraine
dyes particularly advantageous for applications in advanced optical
imaging techniques such as photoacoustic imaging.®”"%®

Excited-state properties of squaraines

Detailed understanding of the excited-state properties of squar-
aine dyes is essential for their use in theranostic applications.
Key parameters include fluorescence quantum yield, singlet
oxygen generation,* and excited-state lifetime.® Squaraine dyes
typically exhibit high fluorescence quantum yields, often
exceeding 0.5, which indicates efficient radiative decay of the
excited state. This high quantum yield is advantageous for
applications requiring bright fluorescence, such as bioimaging

This journal is © The Royal Society of Chemistry 2026

and sensing. More importantly, squaraine dyes are known for
their ability to generate singlet oxygen upon excitation, a property
that is particularly relevant in photodynamic therapy (PDT).>**
The generation of singlet oxygen can lead to oxidative stress in
targeted cells,”*> making squaraine dyes effective agents for cancer
treatment.”® The efficiency of singlet oxygen production is
influenced by the dye’s structure and the surrounding environ-
ment, with modifications to the dye, such as introducing
electron withdrawing heavy atoms in the backbone, often
enhancing its photodynamic efficacy.”* The excited-state life-
time of squaraine dyes is another critical property, typically
ranging from nanoseconds to microseconds, depending on
the specific dye and its environment. Longer excited-state life-
times can facilitate energy transfer processes and improve the
efficiency of applications such as two-photon fluorescence
imaging.”” Understanding these excited-state dynamics is

Chem. Soc. Rev.
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crucial for optimizing the design of squaraine dyes for specific
biphotonic applications.”®

Chemical response mechanisms

The photophysical properties of squaraine dyes can be altered
by external agents through changes induced in the intra-
molecular charge transfer (ICT) within the dye framework.””
Factors such as solvent polarity, pH, and biomolecular interac-
tions can influence the absorption and emission characteristics
of these dyes.”® The intense ICT within the donor-acceptor-
donor (D-A-D) framework is highly dependent on the dipole
moment of the dye in its ground and excited states. For
instance, the introduction of N,N-dialkylaniline substituents
enhances the sensitivity to solvent polarity. In polar environ-
ments the stabilization of the excited state leads to a pro-
nounced spectral shift in both absorption and emission of the
dyes.”>'° This property can be exploited for sensing applica-
tions, where the dye’s response to specific environmental
changes can provide valuable information. Similarly, pH sensi-
tivity is another important aspect of squaraine dyes.'®"'?
Structural modifications such as incorporation of phenolic
hydroxyl groups or tertiary amines on the aryl rings induce
pH dependent changes. Protonation or deprotonation of these
auxo chromic groups alters the electron donating strength of
the D-groups, leading to changes in ground state and excited
state properties of the dyes. The pH sensitivity can be utilized in
biosensing applications, where the detection of pH changes in
cellular environments is crucial for monitoring physiological
processes.'®® Squaraine dyes often interact with proteins or
nucleic acid through non-covalent interactions, including n-n
stacking and hydrophobic interactions. Binding to the hydro-
phobic pockets of proteins such as albumin induces rotational
restrictions and local microenvironmental polarity dependent
changes in the photophysical properties of the dyes.'**'*
These interactions can be harnessed for developing biosensors
and imaging probes that respond to specific biological targets.

Why choose squaraine dyes for biophotonic applications?

Squaraine dyes possess distinct advantages over traditional
organic dyes and fluorescent proteins especially in biological
applications, owing to their unique structural and photophysi-
cal properties.

(i) Higher photostability: one of the most notable advantages
of squaraine dyes is their exceptional photostability compared to
traditional organic dyes.'® Many organic dyes are prone to rapid
photobleaching, limiting their use in long-term imaging and
sensing applications.'®” In contrast, squaraine dyes demonstrate
remarkable resistance to photodegradation, enabling extended
observation periods without significant signal loss.'®® This prop-
erty is particularly beneficial for live-cell imaging and real-time
sensing applications.

(ii) Narrow and intense absorption bands: squaraine dyes
possess narrow and intense absorption bands in the near-
infrared region, which is advantageous for minimizing back-
ground fluorescence and enhancing signal-to-noise ratios in
sensing applications.®® This feature allows for the detection of

Chem. Soc. Rev.
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analytes at low concentrations, making squaraine dyes suitable
for applications requiring high sensitivity.

(iii) Versatility in functionalization: the chemical structure of
squaraine dyes allows for versatile functionalization, enabling the
incorporation of specific recognition elements for target
analytes.” This flexibility facilitates the design of highly selective
sensors tailored to detect a wide range of analytes, including ions,
small molecules, and biomolecules.” In contrast, traditional
fluorescent proteins often have limited modification capabilities,
restricting their application scope.

(iv) Reduced interference in biological systems: the photo-
physical properties of squaraine dyes in the NIR-I and NIR-II
windows minimize interference from biological components,
making them ideal for in vivo applications.'® This feature
ensures vivid imaging and sensing, resulting in complex biolo-
gical environments,''® where other dyes may suffer from auto-
fluorescence or scattering.''"'*>

Consequently, squaraine derivatives are emerging as a pro-
mising alternative for traditional biophotonic probes. The
excellent blend of photophysical behaviour and structural
adaptability of squaraine dyes distinguishes them from other
dyes such as indocyanine green (ICG),"**'** cyanine (Cy5),"*>"*°
phthalocyanine,'*”"*® BODIPY,"**"*° curcumin,"?""** IR-1061-
PEG nanoparticles,"*® SPN1,'** SCH1100,'*° FD-1080,'%°
CH1055,'*” IR-E1,'*® IR-FEP,'*° IR-FEPC,"*° IR-FG,”' and
IR-FTAP"** dyes. A table comparing the photophysical proper-
ties of squaraine dyes with those of other dyes for biophotonics
applications is given in Table S1. Furthermore, the inherent
chemical versatility of the squaraine dyes facilitates precise
modifications to enhance aqueous solubility and enables tar-
geted functionalization for diverse biophotonic applications.

Molecular sensing using squaraines
Mechanistic overview of biosensing and detection

In squaraine dyes, ICT plays a key role in modulating the photo-
physical characteristics, efficiently leading to intriguing near-IR
properties.”*>"** The changes in the electronic charge distribution
can affect the reactivities of these dyes towards various analytes.
The D-n-A zwitterionic backbone of squaraines’® undergoes
changes in ground state and excited state properties with respect
to the substituent effects and their electron donating or with-
drawing strength. Biosensing and detection using squaraine dyes
proceed through two major pathways: analytes may bind either to
the electron withdrawing cyclobutene ring or to the binding site
embedded aromatic system in conjugation. This will induce
significant changes in the photophysical as well as electrochemical
properties of the dye systems.

The interaction of squaraines with analytes could be signalled
by monitoring the extent of fluorescence quenching.'*® The
photoinduced electron transfer (PET)"*” process occurs when
the electron acceptor molecule interacts with excited state of
squaraine dyes (donor), facilitating the transfer of an electron."*®
This electron transfer disrupts the radiative decay pathway,
leading to a significant reduction in fluorescence intensity.

This journal is © The Royal Society of Chemistry 2026
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For example, in the presence of specific metal ions, PET can be
facilitated leading to quenching of fluorescence.'*® This mecha-
nism is advantageous for the detection of ions and small
molecules as it allows a rapid and sensitive measurement of
target analytes."*®

Forster Resonance Energy Transfer (FRET) is a crucial pro-
cess in squaraine-based probes, enabling efficient energy trans-
fer between molecules.**>*** In this process, an excited donor
molecule, such as a squaraine dye, transfers energy to an
acceptor molecule through dipole-dipole interactions.'** Far-
red-squaraine dyes not only enhance sensitivity by reducing
biological autofluorescence but also offer depth penetration
and effective signalling of binding events in biosystems."**
FRET based probes are particularly valuable in biosensing
applications, where squaraines are paired with complementary
fluorescent probes.'*® Similarly, synergistic combination of
aggregation induced quenching (AIQ) of fluorescence and the
FRET process in squaraines could be another approach to
facilitate biosensing applications.'*

Squaraine dyes play a significant role in the sensitive and
selective detection of small biomolecules through fluorescence
turn-on/off mechanisms. The self-assembly approach also
enables the recognition of large biomolecules and biorelevant
metal ions via aggregation-disaggregation processes and tar-
geted interactions, widening its applications in live cell ima-
ging and in vivo imaging. Furthermore, squaraine derivatives
have reached a milestone in bioimaging, through multiphoton
deep-tissue visualization, photoacoustic imaging, and multi-
modal approaches for enhanced resolution and tumor map-
ping. As theranostic agents, these dyes facilitate photodynamic
therapy by generating reactive oxygen species to induce cancer
cell death, photothermal therapy through efficient light-to-heat
conversion for tumor ablation, and targeted drug delivery using
nanoparticles and hydrogels for controlled release, thus show-
ing potential in advancing medical diagnostics and imaging
modalities in medical applications.
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Fig. 4 Chemical structures of SQ1, 3, 4, and 7-12.
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Sensing of small biomolecules

Squaraine dyes have been widely used for the detection of
biorelevant molecules such as phosphates, thiols, etc.**® Selective
detection of adenosine triphosphate (ATP) is made possible by a
self-assembled ternary system via a signal turn-on approach. A
cationic surfactant (cetyl trimethyl ammonium bromide (CTAB))
with ATP and squaraine dye SQ1 acts as the ternary system for
recognition of ATP.'*”'*® CTAB interacts with the negatively
charged ATP and with SQ1, resulting in fluorescence turn-on
(Fig. 4). Upon electrostatic interaction with ATP, the H-aggregate
of SQ1 changes to the j-aggregate (head-to-tail arrangement),
resulting in a red shift. The electrostatic interaction and m-n
stacking of the aromatic segment of ATP and SQ1 facilitates the
selective detection of ATP."*® Dicyanovinyl squaraine SQ2 with a
boronic acid group is a suitable probe for the fluorescence
imaging of ATP in the NIR window. The phenylboronic acid
group and an electron withdrawing cyano group improve the
photostability of the dye. SQ2 undergoes supramolecular self-
assembly, upon addition of CTAB. Multiple electrostatic interac-
tions between SQ2, ATP and CTAB molecules take place, causing
fluorescence “turn-on” of SQ2 with the maximum emission at
700 nm (Fig. 5). The probe showed excellent sensitivity and
selectivity towards intracellular ATP in MCF-7 cells.'*’

An interesting set of self-assemblies based on DPA-Zn(u)
derivatives (DPA-12@Zn(un) and DPA-16@Zn(u)) with a hydro-
phobic squaraine dye SQ1 facilitate sensing of ATP with high
selectivity in the NIR region."*® DPA-Zn(u) derivatives serve as
micelles to encapsulate the hydrophobic SQ1. In the presence
of ATP, the phosphate anion is attracted by DPA-Zn(u) of the
SQ1-embedded micelles via the metal-anion coordination
interaction. At the same time, ATP can also undergo interaction
with SQ located on the surface of micelles through electrostatic
and n-r interactions. This self-assembly enables various biolo-
gical applications such as ATP imaging in the gastric cancer cell
line SGC-7901, selective detection of ATP in living cells and for
monitoring its level fluctuation during the mitotic period.™*®
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Fig. 5 (a) Illustration of self-assembly of SQ2 in aqueous media and the
detection mechanism. (b) Fluorescence images of MCF-7 cells incubated
with SQ2 for 2 h. (c) Emission changes of SQ1 with the addition of ATP in
PBS solution. (d) Changes in the absorption spectra of SQ2 in PBS solution
with increase in concentration of CTAB. Reproduced from ref. 147 with
permission from Elsevier, Copyright 2019.

An unsymmetrical squaraine dye SQ3, which undergoes com-
plexation with Zn>* to form the SQ3-Zn** composite, distin-
guishes cyclic and linear phosphates.">® $Q3-Zn** shows a blue
shift compared to SQ3, due to quenching of the intramolecular
charge transfer (ICT) band of the dye. The recovery of fluores-
cence from the complex occurs when another competing ligand
attacks the Zn>" centre. Zn>" can bind well with ligands having
nitrogen and oxygen, making it suitable for the detection of
phosphates, particularly in nucleotides. Cyclic phosphates,
such as cyclic adenosine monophosphate (c-AMP) and cyclic
guanosine monophosphate (c-GMP), upon interaction with
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SQ3-Zn** showed a distinct absorption change, when com-
pared to their linear counterparts. The linear phosphates,
including pyrophosphate (PPi), caused a fluorescence turn-on
at 659 nm that matches with the emission maximum of the
parent dye (SQ3). Whereas, addition of cyclic analogues also
caused a fluorescence turn on, however, with a 15 nm blue-shift
of the maximum at 644 nm, which can be observed by the
“naked eye”. Thus, accessibility of the Zn>" centre to monitor
the fluorescence responses with the various nucleotides in
biological systems is established."*°

Similarly, another newly introduced squaraine system (SQ4)
proved its ability to detect pyrophosphate (PPi) and alkaline
phosphatase (ALP) by modulating the fluorescence of the
dye.®* The interaction of Cu®** with SQ4 forms a Cu**-SQ4
system with significant quenching of fluorescence intensity. In
the presence of PPi, the binding strength of Cu®>* towards PPi
will be greater than that of Cu®>" towards SQ4. Consequently,
the enhanced fluorescence intensity of the reaction system,
comprising probe $Q4 and Cu®" facilitates the detection of PPi.
The attack of ALP on the PPi-Cu®>" complex hydrolyses PPi,
releases Cu®" from the complex, and then Cu®" reacts with SQ4,
resulting in fluorescence quenching. Based on this “off-on-
off” fluorescence response, the detection of PPi and ALP is
made possible.'”’

In 2008, a weakly fluorescent NIR squaraine dye (SQ5) was
reported by us for the estimation of low molecular weight
amino thiols in human blood plasma (HBP). Thiol-containing
amino acids such as cysteine (Cys) and homocysteine (Hcy)
could be estimated using the SQ5 probe.’®® SQ5 is a weak
fluorophore in its initial state, exhibiting weak NIR emission at
750 nm. SQ5 having an extended m-conjugation results in
notable absorption and emission changes in the presence of
aliphatic thiols (Fig. 6). The nucleophilic attack by a thiol leads

08 Ay =
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I 440 nm 4 :
A \

Alnm ———>

d 592 nm
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(a) Mechanism of chemical activation of a weak fluorophore in SQ5 using nucleophilic thiol attack. (b) Microwell test assay demonstrating

detection of thiol containing aminothiols using SQ5 (well Al), C1 L-cysteine (C1) and (glutathione) (C3), and different aliquots of human blood plasma
samples after reduction (D5-D8). (c) UV-vis spectra of SQ5 before and after addition of cysteine. (d) Emission spectrum of SQ5-thiol adducts and a
photograph showing the corresponding fluorescence. Reproduced from ref. 152 with permission from Wiley VCH, Copyright 2008.
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to the breaking of the m-conjugation, thereby modulating the
fluorescence of SQ5. Therefore, upon addition of cysteine, a
new strongly fluorescent species, the SQ5-cysteine adduct, is
formed, with a new emission band at 420 nm when excited at
410 nm. This observation indicates that the fluorescence of SQ5
is quenched in its dormant state, and thiol conjugation acti-
vates strong fluorescence. This system has been used to esti-
mate the aminothiol concentration in blood before and after
breakfast, and after smoking, to study the effect of food intake
and smoking on the variation of blood aminothiols. The probe
can have further applications in the fluorescence labelling and
imaging of thiol containing proteins in biological fluids."?
An unsymmetrical NIR active squaraine probe SQ6 was reported
for aminothiol detection, using NIR fluorescence and multispectral
optoacoustic tomography (MSOT) signal responses.*® Dye SQ6
displayed a narrow and intense absorption-emission peak in the
range of 680 to 705 nm.®* SQ6 upon reacting with aminothiols
(glutathione, GSH) formed the SQ6-GSH adduct with a decreased
absorption maximum at 670 nm, accompanied by the formation of
a new band at 380 nm (Fig. 7). Simultaneously, quenching of the
700 nm emission occurred and displayed a new band at 520 nm,
resulting in the activation of strong fluorescence. The response of
SQ6 to biological thiols was evaluated in the human hepatoma cell
line (Huh-7 cell line). Fluorescence microscopy under 405 nm
excitation showed strong green fluorescence, confirming SQ6
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Fig. 7 (a) Schematic representation of fluorescence and photoacoustic
bimodal signaling for in vivo detection of aminothiol content using SQ6. (b)
UV/vis-absorption (blue curve) and emission spectra (red curve) of SQ6. (c)
Fluorescence intensity changes at 520 nm (lex = 380 nm) and 700 nm
(Aex = 640 nm) produced by the reaction of SQ6, monitored at 1 s intervals.
(d) Fluorescence microscopy images of Huh-7 cells incubated with SQ6
for 12 h (scale bar = 1.5 mm). (e) In vivo fluorescence reflectance images
obtained after injecting with SQ6 in fasting mouse (i—iii) and post-food
mouse (iv—vi). Reproduced from ref. 153 with permission from The Royal
Society of Chemistry, Copyright 2016.
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internalization and conjugation with cellular thiols, while
620 nm excitation produced weak red fluorescence.'

An in vivo imaging study on seven-week-old female severe
combined immune deficiency (SCID) mice was performed to
evaluate the performance of SQ6 in detecting aminothiols
using fluorescence and photoacoustic imaging techniques (a
bimodal approach). Fluorescence imaging was performed on
fasting mice, followed by photoacoustic imaging after admin-
istering SQ6 (2 mM, 200 pL). Strong red fluorescence appeared
at 15- and 40-minutes post-injection, indicating SQ6 distribu-
tion in the bloodstream and abdominal region. After feeding,
fluorescence signals weakened, suggesting increased concen-
tration of thiol, which reacts with SQ6. Photoacoustic imaging
confirmed abdominal accumulation and revealed higher ami-
nothiol levels post-feeding through a spectral unmixing
approach. This dual imaging strategy shows promise for non-
invasive detection of aminothiols, potentially aiding early diag-
nosis of diseases such as coronary heart disease.’®® In a related
study involving SQ6 (Fig. 8), the dye was found to undergo self-
assembly to form a nonfluorescent nanoparticle (NP).** Remark-
ably, this NP exhibited a selective response to human serum
albumin (HSA), generating a distinct green emission even in the
presence of other thiol-containing molecules and proteins. This
selective actuation enables reliable detection of HSA in blood
serum. Moreover, SQ6 alone showed non-selectivity and failed to
respond to any thiol-containing proteins and small molecules,
underscoring the functional advantage of its nanoparticle form.**

Another approach was to use aggregation-induced emission
(AIE)"** of squaraines as a tool for the detection of thiol-
containing biomolecules, such as cysteine (Cys) and glutathione
(GSH)." For this purpose, AlE-active triphenylethylenyl and
tetraphenylethylene (TPE) moieties functionalized at the 2- and
N-positions of the pyrrole unit, respectively, were condensed with
squaraines to get dye SQ7 (Fig. 4). Upon the interaction of a
nucleophile with the squaraine core, N-TPE exhibited AIE proper-
ties. Selectivity studies confirmed that AIE active dyes selectively
respond to biologically active thiols, Cys and GSH.'*

Recently, the detection of carbonic anhydrases (CAs) in
whole blood is made possible by a disassembly-driven squaraine
based fluorescent nanoprobe (SQ8)."*® Carbonic anhydrases
(CAs) are zinc-containing metalloenzymes and are critical bio-
markers in cancer diagnosis and therapy. The nanoprobe exhibits
small-molecule self-assembly, forming stable and well-ordered
aggregates with minimal background fluorescence. Since the
absorption spectrum of the probe (around 600 nm) overlaps with
blood autofluorescence, it suppresses autofluorescence of the
blood through an inner filter effect. CAs upon binding to the
probe facilitate disassembly of the probe and eliminate aggrega-
tion caused quenching (ACQ), thereby restoring fluorescence.
These synergistic mechanisms result in a fluorescence enhance-
ment of approximately 45-fold upon interaction with 3 uM CA IX,
significantly improving the detection sensitivity and specificity.
Nanoprobe SQ8 enables quantification of endogenous CAs in
human blood and detection of elevated CA levels in untreated
lung cancer patients and tracked therapeutic response, under-
scoring its diagnostic utility.">®
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(a) Schematic representation of SQ6 dye nanoparticles designed for the specific sensing of serum albumin proteins. (b) UV-vis absorption

spectrum of SQ6; (c) fluorescence intensity changes upon addition of BSA; (d) and (e) fluorescence response of SQ nanoparticles at 480 nm monitored
against 1 equivalent of HSA and BSA and 10 equivalents of various other proteins and small molecules. Reproduced from ref. 63 with permission from

American Chemical Society, Copyright 2014.

Large biomolecule detection

G-quadruplexes'® are four-stranded nucleic acid structures

formed by guanine-rich sequences that play key roles in geno-
mic stability, gene regulation, and potential therapeutic target-
ing. The development of squaraine probes for G-quadruplex
(G4) recognition in biological samples requires precise struc-
tural design of the dyes.’*® Squaraine dye SQ9 (Fig. 4) exhibits
strong interaction with the parallel G4s, but no interaction with
other DNA forms. Upon addition of parallel G4s (EAD, Pu22,
c-kit2, and c-kit87up), the absorption spectra of SQ9 showed an
increase in monomer band and decrease in H-aggregate band
with increasing concentration of EAD. SQ9 was present as H-
aggregates in aqueous medium, whereas SQ10 (Fig. 4) was
present as both H-aggregates and monomers. The addition of
parallel G4s caused the transformation of SQ9 from aggregates
to monomers, but did not cause significant transformation of
SQ9. The fluorescent spectra indicated that parallel G4s could
enhance the fluorescence of both SQ10 and SQ9, but the
fluorescence enhancement of SQ9 was higher than that of
SQ10, indicating the higher affinity of SQ9 to parallel G4s.
The dicyanomethylene substitution in SQ9 gives it a cisoid
conformation; this V-shaped conformation was considered to
contribute to the high selectivity of SQ9 to parallel G4s. The
excellent selectivity to parallel G4s and the favourable optical
properties of squaraine dye allow SQ9 to serve as a “light-up”
fluorescent probe to distinguish parallel G4s from other DNA
forms in biological samples."®

The squaraine derivative SQ11 was designed for the detec-
tion of human serum albumin (HSA) in blood. In aqueous
environments, it forms nano-aggregates driven by hydrophobic
interactions exhibiting a weak absorption band at 660 nm."°
Due to the induced aggregation of SQ11, the fluorescence

Chem. Soc. Rev.

signal undergoes a “turn-off” process and the subsequent
“turn-on” response upon interaction with HSA facilitates effec-
tive protein-ligand recognition. The fluorescence intensity of
SQ11 at 675 nm increased dramatically with 20-fold enhance-
ment with increasing concentration of HSA to 25 uM due to the
disaggregation of SQ11 nanoparticles. This disaggregation-
based mechanism is particularly promising for cell imaging.
In vitro fluorescence imaging studies were performed using the
SQ11-HSA complex in HeLa cancer cells. Furthermore, HeLa
cells treated with the SQ11-HSA complex for 1 h emit bright red
fluorescence, with distribution inside the cytoplasm as well as
on the cell surface. Due to the high selectivity and low detection
limit of HSA, this sensing mechanism could be applied widely
in near infrared fluorescence detection of biological proteins.">*

Owing to its high structural similarity with HSA, bovine
serum albumin (BSA) has been investigated as a model protein
in different fields. A squaraine-based fluorescent molecule,
SQ12 (Fig. 4), was designed for the selective detection of
BSA.'®® SQ12 is non-fluorescent in aqueous solution due to
the aggregation caused quenching (ACQ) effect. Upon addition
of BSA, the fluorescence intensity at 664 nm was gradually
increased, indicating a “turn-on” response due to disaggrega-
tion upon binding. When 0.3 mM BSA was added, about a 10-
fold increase in fluorescence intensity was observed. The
fluorescence response of SQ12 to other proteins and enzymes,
amino acids, ATP, and DNA revealed that interaction between
BSA and SQ12 results in a significant increase of fluorescence,
whereas others did not show any change. This effective and
selective interaction with BSA opened a pathway for the in vitro
fluorescence imaging studies. In vitro studies in HeLa cells
confirm its potential for bioimaging, positioning it as a versa-
tile platform for biological and diagnostic applications."®

This journal is © The Royal Society of Chemistry 2026
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Highlighting the application of squaraine dyes for labelling
of oligonucleotides, a dye with fluorinated benzothiazole rings
(SQ13) (Fig. 9) was designed.’® The selective detection of
specific DNA and RNA sequences can be achieved by using
oligonucleotide probes complementary to the target sequence
and containing a reporter group and by using fluorescence
spectroscopy for monitoring. For labelling oligonucleotides
with SQ13 a post-synthetic coupling strategy is used. One of
the benzothiazole rings is methylated and the other is alkylated
with a diiodohexyl linker in order to react the squaraines with a
thiophosphate group incorporated at the 5'-position of the
oligonucleotides, forming a phosphor thiol diester linkage.
The oligonucleotides labelled with the squaraines exhibited
high fluorescence emission. It was observed that fluorination of
the benzothiazole moiety of the squaraine led to an improve-
ment in photostability and chemical stability. Thus, fluorinated
squaraine dyes are considered as promising tools for the
labelling of oligonucleotides."®

Similarly, an oligo (ethylene glycol)-functionalized squaraine
fluorophore (SQ14-Leu) has been reported as a NIR-fluorescent
probe to detect and image the activities of a diagnostic enzyme,
leucine aminopeptidase (LAP), both in vitro and in vivo.'®>
SQ14-Leu showed near-infrared absorption and emission with
a low detection limit (0.61 ng mL™ "), good aqueous solubility,
low toxicity, high selectivity and sensitivity toward LAP. In vitro
imaging of HepG2 cells, LO2 cells, and L929 cells was per-
formed by incubating them with the SQ14-Leu solution under
controlled conditions before and after the addition of the dye.
The SQ14-Leu probe enabled fluorescence sensing of LAP in
cells, which confirmed that the probe could serve as a detection
system for tracking LAP in vitro. The probe could be used for
in vivo imaging of HepG2 xenograft tumours in a mouse
model.'*
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Neutrophil extracellular traps (NETs) are web-like structures
released by neutrophils, a type of white blood cell, to capture
and destroy pathogens like bacteria, fungi, and parasites.'®* NETs
are composed of condensed DNA, histones, neutrophil elastase
(NE), cathepsin G, myeloperoxidase (MPO), etc.'®* Squaraine dye-
peptide conjugates (SQ15-NETP) enable the detection of NETs.
SQ15-NETP, a NIR fluorescent probe, undergoes self-quenching,
leveraging the protease activity of neutrophil elastase (NE), for the
real-time detection and imaging of NETs. The probe covalently
binds to NE, resulting in high resolution imaging and stability in
ex vivo samples (Fig. 10). The air pouch model was used to
investigate NET formation induced by monosodium urate (MSU)
crystals in mice, using in vivo imaging. Injection of MSU triggers
an inflammatory response characterized by neutrophil infiltra-
tion into the air pouch leading to the formation of NETs. This
model also facilitates the pouch fluid to be collected for the
subsequent NET analysis. Moreover, high specificity and biocom-
patibility of the probes make them promising tools for diagnostic
and therapeutic strategies in managing inflammatory diseases
and cancers."®

Sensing of biorelevant metal ions

A careful design approach by the introduction of metal ion
chelating moieties in the donor-acceptor backbone of squar-
aines results in a class of sensors specific for different metal
cations. Modulation of aggregation behaviour of squaraines in
the presence of metal ions results in probes capable of sensitive
and selective detection of ions, often visible by the naked eye.
Notably, Ca** sensors gained attention, as they exploit the
principle of a metal-ion induced conformational folding of a
rigid-flexible-rigid bichromophore to form an “H” foldamer,
leading to significant variation in optical properties due to the
exciton interaction.'®>"®° A rigid-flexible-rigid bichromophore
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Fig. 9 Molecular structures of SQs reported for oligonucleotide labelling (SQ13), detection of LAP (SQ14), detection of NETs (SQ15), and biorelevant

metal ions (SQ16, 19-22).
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(a) Schematic representation of the mechanism behind the reactivation of fluorescence of SQ15 in the presence of neutrophil elastase (NE). (b)

Evaluation of SQ15-NETP localization in human neutrophil extracellular traps (NETs) from a mucosal surface using (i) fluorescence microscopy and (ii)
fluorescence imaging integrated with optical sectioning techniques. (c) Fluorescence imaging of human coronary thrombi; (i) wide field scan showing
NETs within thrombi treated with 800 nM SQ15-NETP; (ii) magnified view of the selected region from (i) with enhanced depth of field; (iii) confocal scan
of the same area confirming that the previously blurred signals correspond to specific NE-positive granules of DNA fibers. (d) Absorption (black) and
emission (red) spectra of SQ15 (10 uM) in CHCls. (e) In vivo comparison of FRET-based probes in the air pouch with MSU-induced NETs. Reproduced
from ref. 163 with permission from American Chemical Society, Copyright 2025.

system composed of a squaraine core (SQ16) (Fig. 9) serves as
the signalling unit and an oxyethylene chain serves as the
flexible recognition moiety. The interaction of metal ions such
as K', Na*, and Mg>" with a rigid-flexible-rigid bichromophore
did not alter its absorption and emission properties. Whereas,
upon binding with Ca®", it showed a visible colour change from
intense blue to intense purple-blue, due to the hypsochromic
shift of the absorption maximum from 630 nm to 552 nm. This
observation indicates the selectivity of the rigid—flexible-rigid
bichromophore toward Ca**."*>'® However, the lack of water
solubility of foldamer systems and formation of aggregates
under aqueous conditions limit their applications in biological
systems.

Cu”" plays a pivotal role in many fundamental physiological
processes. For example, Cu®" in the cells will affect the enzyme
activity and inhibit normal metabolism of cells and an excess
amount could cause serious diseases, like gastrointestinal
disturbance and liver or kidney damage.'®”'®® The soft transi-
tion metal ion (Cu®") specific recognition'®® was achieved using
squaraine based chemosensors SQ17 and SQ18 that are func-
tionalized with 2-picolyl units*”® (Fig. 11). Cu®>" quenches nearly
85 percent of the fluorescence intensity of SQ17 in the presence

Chem. Soc. Rev.

of the same amount of various metal ions. Similarly, upon
addition of 1.0 equivalent of Cu®*" to a solution of SQ18, the
bright purple color turns blue-black. Therefore, these two
probes can enable “naked-eye” detection of Cu®* in the visible
wavelength region. The high selectivity of SQ18 to Cu®" clearly
established that SQ18 had the potential application of serving
as a fluorescent probe for live-cell imaging, thus revealing the
role of Cu®" in biological systems under either in vitro or in vivo
conditions."”’

Similarly, H-aggregates of a squaraine dye (SQ19) can be
utilized to detect Cu®* in solvents. Addition of 5 mmol L™" Ca**
to SQ19 forms H-aggregates of $Q19.>> Further addition of Cu®*
leads to disassembly of H-aggregates into their monomers,
leading to a color change from pink to blue, allowing the
“naked-eye” detection of Cu>*. H-aggregates did not dissociate
to monomers with other metal ions, indicating the selectivity of
the probe towards Cu®". Moreover, water solubility and biocom-
patibility of the probe make it a suitable tool to detect exogenous
Ca”/Cu*" in living cells.>® $Q20 is a polyether bridged squaraine
dye (Fig. 9) having absorption in the near-infrared (NIR) region
(642-650 nm) and was developed for the selective detection of
Pb*>".""" This probe showed a specific “turn on” fluorescence

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cs01375e

Open Access Article. Published on 27 March 2026. Downloaded on 4/17/2026 11:27:35 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chem Soc Rev

C

2]

2 0.4 2+ Cu2++mixed
0.3 metal cations
02]

0411
0.0
400 500 600 700 800

wavelength (nm)
Fig. 11

(a) Chemical structures of squaraine dyes SQ17 and SQ18. (b) and (c
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) UV-vis absorption changes of SQ17 and SQ18, respectively, upon addition

of 1 equivalent of various chloride salts. (d) Brightfield and fluorescence images of LL/2 (i—iv) and HepG2 (v—-viii) cells. Brightfield and fluorescence images
of LL/2 (i-iv) and HepG2 cells (v-viii); (i, v) bright field images of LL/2 and HepG2 cells; (i, vi) fluorescence images following staining with 20 mM SQ18 at
37 °C for 1 h (LL/2) and 0.5 h (HepG2), respectively; (iii, vii) fluorescence response after supplementation with CuCl, (100 mM); (iv, viii) restoration of

fluorescence after addition of EDTA. Reproduced with permission from ref.

response to Pb*>* with a detection limit of 1.70 x 10~® M, which
allowed identification of Pb** in the presence of other compet-
ing ions. Upon addition of Pb*" to $Q20, a complex between
Pb** and SQ20 was formed, leading to the disaggregation
of SQ20 aggregates, resulting in the restoration of the emission
of the $Q20 monomer. '"H NMR titration experiments and
infrared spectroscopy proved chelation of Pb** with the ethy-
lene oxide chain of $Q20. This novel fluorescent probe was used
for the fast detection of Pb>" in urine and dried shrimp
samples.'”*

Maintaining optimal levels of Al°" in the human body is
crucial, as excess accumulation can lead to bone softening,
bladder cancer, Parkinson’s disease and Alzheimer’s disease,
and so on."”>""* The fluorescent dye SQ21 (Fig. 9) is an excellent
probe for the selective and sensitive detection of AI*.'”> The
benzylhydrazine moiety leverages the squaraine scaffold’s strong
absorption around 500 nm, along with oxygen and nitrogen
donor sites favourable for Al*“coordination. Upon AI** interaction
with the probe, a “turn-on” mechanism occurs due to the
photoinduced electron transfer (PET), enhanced intramolecular
charge transfer (ICT), and chelation-enhanced fluorescence
(CHEF). Biocompatibility of SQ21 was confirmed via MTT assay
on HUVEC cells, showing 102% cell viability at 10 uM after 24 h.
In cell imaging, HUVEC cells incubated with 10 pM SQ21
exhibited weak fluorescence, which significantly increased upon
addition of 30 pM Al(NOj;);, with signals localized in the peri-
nuclear region, indicating cell membrane permeability and suit-
ability for intracellular AI** detection.'”

Hg™" ions have a high chance of bioaccumulation in living
organisms, leading to severe health problems including central
nervous system defects and erythrism as well as arrhythmias,

13+

This journal is © The Royal Society of Chemistry 2026
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cardiomyopathies, and kidney damage."”®'”” The monothios-

quaraine dye (SQ22) (Fig. 9) exhibits near-infrared fluorescence,
ultrahigh brightness, fast response, high sensitivity and excel-
lent selectivity. Hence the dye is found to be suitable as a probe
for the detection of Hg”* ions as well.’”®'7® §Q22 has excellent
selectivity and specificity for Hg>" over other thiophilic metal
ions such as Ag®, Pb>*, and Cd>". High sensitivity, an optimal
pH range of 3-7, low detection limit, good water-solubility and
low cytotoxicity of $Q22 make it suitable for imaging Hg>" in
live cells and zebrafish. HeLa cells were treated with different
concentrations (1-100 pM) of SQ22 for 24 h. A weak fluores-
cence was observed when HeLa cells were treated only with
$Q22, while ultrabright intracellular fluorescence from HeLa
cells stained with Hg”" was clearly observed. In vivo fluores-
cence imaging was done on five-year-old zebrafish, incubated
for 20 min at 21 £ 1 °C in 4.0 pM SQ22, which revealed that the
zebrafish showed negligible luminescence, but upon treatment
with Hg>*, an enhancement in luminescence was observed.
Thus, the Hg”* probe exhibited high selectivity against metal
ions in biological systems."”®

Bioimaging using squaraine derivatives

Several innovative bioimaging techniques have contributed to
the advancement of biomedical research by providing a non-
invasive approach to visualize specific biological activities with
minimal interference with physiological processes.'®® Squaraine
derived NIR dyes exhibit structural rigidity, tunable absorption
wavelength, strong NIR absorption characteristics, and excellent
photothermal stability under ambient conditions.’®" These
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properties make them highly versatile for bioimaging applica-
tions, including fluorescence imaging, multiphoton imaging,
and photoacoustic imaging.’®* The absorption and emission
wavelengths of squaraines can be tuned across the visible to
infrared spectrum, which enables their effective use in deep-
tissue imaging applications. Moreover, they exhibit minimum
autofluorescence, reduced light scattering, and enhanced
signal-to-noise ratios.'®® Functionalization strategies, such as
the incorporation of hydrophilic groups and encapsulation in
nanoparticles or micelles, address challenges like aqueous
solubility and aggregation, enhancing their biocompatibility
and performance in complex biological environments.'®*

Near-infrared fluorescence imaging (NIRF)

Intense NIR emission of squaraine dyes enables visualization of
cellular and tissue-level processes by NIR-fluorescence imaging,
with high sensitivity and specificity.'®> The narrow absorption
bands and high fluorescence quantum yields of these dyes
facilitate detection at low concentrations, thereby reducing cyto-
toxicity and background fluorescence, which is critical for effec-
tive live-cell imaging.'®® Their photostability and low cytotoxicity
make them suitable for in vitro and in vivo bioimaging.'®’
Chemical structures of a selection of dyes with interesting proper-
ties are given in Fig. 12.

The ultrabright squaraine fluorophore SQ23, designed for
near-infrared (NIR) fluorescence-guided surgery (FGS)'**'°° in
epithelial ovarian cancer, addresses the crucial issue of identi-
fying residual tumour post-surgery, which significantly influ-
ences the treatment outcome.'®® SQ23 has favourable
pharmacokinetic properties, featuring low serum binding and
rapid tumor localization through organic cation transporters
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(OCTs), while its lysosomal retention enhances imaging stabi-
lity for up to 24 h during operations. This innovative technique,
along with the use of renal-clearable ZW800-PEG for imaging
tumours and ureters, marks a noteworthy advancement in
surgical oncology, potentially improving surgical resection,
allowing real-time visualization of metastatic nodules."®"

Similarly, squaraine based symmetrical and unsymmetrical
probes have also been explored as the bioimaging materials. A
water-soluble NIR-absorbing derivative, SQ24, was synthesized,
using the indolizine derivatives as end groups. SQ24 showed a
very high @p; oy of 58% with absorption and emission >700 nm
in foetal bovine serum.'®® Upon comparison with the indocya-
nine green (ICG) dye, SQ24 exhibited higher molecular bright-
ness, prolonged photostability and low cytotoxicity, making it a
suitable probe for NIR biological imaging.'>

Consequently, squaraine-based conjugated polymers play a
significant role in bioimaging, due to larger Stokes shifts and
higher PLQYs in the NIR region."”® A series of SQ-based, pH
responsive NIR emitters with high photostability have been
developed by covalently incorporating a squaraine into the poly-
fluorene backbone, namely SQ25 (Fig. 12). When the concen-
tration of the dye is less than 5% in the squaraine-based
polymers, the fluorescence self-quenching was suppressed. SQ25
can be used to detect even minute intracellular pH changes
effectively in living MCF7 cells."”

As mentioned previously, the major drawback of squaraines
includes their inherent reactivity with nucleophiles, leading to loss
of the photophysical properties, and they have a high tendency to
form nonfluorescent aggregates in aqueous medium.’** Smith
et al. have developed molecular systems by encapsulating the
dye inside an amide-containing macrocycle.”>'*® Such rotaxanes

Fig. 12 Molecular structures of different SQ dyes reported for NIR imaging.
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consist of one or more macrocyclic rings mechanically interlocked
onto a stoppered axle.”*'®” A squaraine rotaxane was synthesized
by a clipping approach, wherein a dumbbell-shaped squaraine
moiety was used as a template to direct the formation of a Leigh-
type amide-containing macrocycle, resulting in enhanced chemical
stability of the squaraine dye.*®'®® Since it is straightforward to
synthesize squaraines with unsymmetrical structures and as oli-
gomers, it should be possible to prepare a wide range of squaraine-
derived rotaxanes.'>'®® The squaraine-rotaxane macrostructures
demonstrate exceptional resistance to both chemical and photo-
chemical degradation and are useful as versatile fluorescent scaf-
folds for constructing various types of highly stable, near-IR
imaging probes.**** These NIR fluorescent probes hold signifi-
cant biological relevance, particularly in applications such as
in vivo imaging and theranostics.

Interestingly, the water-soluble dye SQ26 (Fig. 12) is a
deep-red fluorescent dye, having self-threaded molecular archi-
tecture that provides structural rigidity while simultaneously
encapsulating and protecting the emissive fluorochrome. SQ26
exhibits high stability, mainly due to the presence of the
surrounding macrocyclic component, which sterically shields
the encapsulated squaraine backbone and effectively prevents
nucleophile attack. In addition to this, the constrained peptidyl
loops resist the degradation of the dye by protease enzymes.
While the polyanionic nature of SQ26 limits cellular perme-
ability, the presence of tetra-aspartate loops promotes selective
binding to the mineral matrix within bone tissue. Thus, tar-
geted fluorescence imaging of the bone in the complex biolo-
gical environments, including histological sections and living
animal models, is made possible.”®* In addition to these
examples, a similar class of squaraine rotaxanes such as SQ27
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have also demonstrated therapeutic efficacy, which is discussed
later in this paper.

The development of a new class of biologically relevant tetra
lactam macrocycles capable of forming self-assembled com-
plexes with squaraines in weakly polar solvents is an interesting
progress in this direction. The dye encapsulation remains
effective in highly competitive media such as mixed aqueous/
organic solutions, vesicle membranes, and intracellular orga-
nelles. NIR imaging of live Chinese hamster ovary (CHO) cells
was demonstrated using squaraine-rotaxane dye systems.>%> In
a similar study, an unsymmetrical squaraine-rotaxane SQ28Rot
dye was reported with mitochondrial localization capability,
maintaining high stability and imaging performance within the
organelle®® (Fig. 13).

A new organic inorganic hybrid using SQ29 was developed
by loading the dye into mesoporous silica nanoparticles
(MSNPs) and then wrapping the nanoparticle surfaces with
ultrathin graphene oxide (GO) sheets by electrostatic interac-
tions, resulting in the formation of GO-MSNPs*** (Fig. 14). This
process enables us to overcome the major limitations of squar-
aine dyes such as formation of aggregates in aqueous environ-
ments and vulnerability to nucleophilic attack. GO-MSNP1
shows remarkable stability, protecting the dye from degradation
by thiols such as cysteine and glutathione while maintaining
red-shifted absorption (595 nm) and emission (607 nm) in water
with a quantum yield of 0.21. The hybrid showed low cytotoxi-
city in HeLa cells and enabled effective in vitro fluorescence
imaging, with red emission observed in the cytoplasm and on
cell surfaces. Therefore, the GO-wrapped system provides a
biocompatible platform for protecting squaraine dyes, with
biological applications such as targeted cellular imaging.?**
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(a) Chemical structure of a squaraine-rotaxane, SQ28Rot. (b) UV-vis absorption spectra of SQ28Rot in CHCls. (c) Fluorescence emission spectra

of SQ28Rot in CHCls. (d) Confocal fluorescence images showing colocalization of SQ28 with MitoTracker Green (MTG) in Hela cells. (e) Confocal
images of SQ28Rot colocalized with MTG in Hela cells. Colocalization scatter plot indicates a Pearson coefficient of 0.89. Reproduced with permission

from ref. 203, American Chemical Society, Copyright 2020.
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Fig. 14 (a) Structure of SQ29 and its encapsulation within 3-

aminopropyltriethoxysilane APTES-modified MSNPs followed by electro-
static wrapping of GO sheets onto the surfaces of SQ29-loaded MSNPs. (b)
UV-vis absorption and (c) emission (lex = 580 nm) spectra of
GO—-MSNPSQ29 (black) and GO—MSNP (red). (d) Epifluorescence micro-
scopy images of Hela cancer cells labeled with GO—MSNPSQ29, (i) image
of nuclei. (i) Fluorescencefluorescence of GO—MSNPSQ29 (dark-field). (iii)
Overlay of (i) and (ii). (iv) Overlay of (iii) with the phase contrast image.
Reproduced with permission from ref. 204, American Chemical Society,
Copyright 2012.

In vivo imaging

Molecular probes for in vivo imaging applications are designed
to visualize biological processes within living organisms with
high specificity, minimal toxicity and strong signal to noise
ratios. High photostability, deep tissue penetration capability,
low background autofluorescence and compatibility with bio-
logical systems are the key requirements of a successful

R= NC/\CN
SQ31

R=0

SQ30
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system.
of squaraine-based probes in visualizing tumor progression and
response to therapy in live animal models.?°® Furthermore, the
combination of NIRF imaging with other modalities, such as
positron emission tomography (PET),>”” enhances the overall
diagnostic capabilities by providing both anatomical and func-
tional information. The multimodal signal generation capability
allows the use of squaraine based systems for a comprehensive
understanding of tumor behaviour and treatment response,
facilitating personalized medicine strategies.

SQ30-PSMA (prostate-specific membrane antigen) and SQ31-
CN-PSMA (Fig. 15) are suitable candidates as pre-clinical in vivo
bioimaging probes for prostate cancer.>*® The design structure and
lack of aggregate formation improve the solubility in aqueous
environments. The biocompatibility and emission at the NIR
region enable the SQ30-PSMA and SQ31-CN-PSMA probes for deep
tissue penetration, making them suitable agents for in vivo bio-
imaging. The optimized molecular design and absence of aggre-
gate formation significantly enhance the solubility of the probes
under aqueous conditions. The favourable biocompatibility and
strong NIR emission of SQ30-PSMA and SQ31-CN-PSMA make
them promising probes for in vivo applications.>*®

A nanocomplex (NC), namely, SQ32@BSA (Fig. 15), shows
excellent biocompatibility upon dye-protein complex formation
along with significant fluorescence enhancement, making it a
suitable probe for high-resolution in vivo vascular imaging.**’
The acceptor-substituted SQ32 undergoes co-assembly with BSA
to form a dye-protein complex, which was dispersible in aqueous
media. SQ32@BSA exhibits distinct absorption and emission
peaks at 1070 and 1270 nm, respectively, indicative of its photo-
physical potential in the NIR-II window. These properties enable
strong signal detection with minimal attenuation deep within
biological tissues. Moreover, the nanoconjugates demonstrated

%
Ho—5=°

Fig. 15 Molecular structures of squaraine dyes reported for in vivo imaging studies.
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biocompatibility and minimal toxicity, which makes them suitable
probes for whole-body NIR-II imaging.>*

Moreover, self-assembled nanoparticles (NPs) of a water
soluble squaraine dye SQ33 and the H-aggregates of dye SQ34
(Fig. 16) were designed for the identification of tumor and
lymph nodes via in vivo bioimaging.*” Since SQ33 does not
form J-aggregates in aqueous solution, it exhibits strong fluores-
cence in both NIR-I and NIR-II regions under 660 nm excitation
but not under 808 nm excitation. Whereas, SQ34 did not
respond to 660 nm excitation and emitted strong NIR-II fluores-
cence when excited at 808 nm, due to the H-aggregate formation
through intermolecular n-rn stacking. Due to this drastic absorp-
tion difference, the tumor and lymph node can be identified
and distinguished by different excitation wavelengths.**

A novel quinoline-based squaraine dye SQ35 (Fig. 16) was
developed for near-infrared (NIR) fluorescence and photoacous-
tic imaging.®® A dicyanomethylene modified center of the
squarate bridge in SQ35 leads to an improved photolumines-
cence quantum yield (PLQY) with a redshift in both absorption
and emission wavelengths. SQ35 was then encapsulated with
the biocompatible surfactant Pluronic F-127, and as a result,
micelle encapsulated SQ35 with low cytotoxicity was formed.
This micelle encapsulated SQ35 exhibited characteristic NIR
fluorescence intensity in Huh-7 cells and produced a strong
signal in the thoracic and abdominal regions of mice, as
illustrated in Fig. 16. Furthermore, the photoacoustic imaging
capabilities of SQ35 micelles were investigated, revealing a high
signal intensity at 840 nm. Thus, the fluorescence and photo-
acoustic bimodal imaging capability of the new system under-
scores its promising potential for effective in vivo imaging.®°
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Furthermore, amphiphilic squaraine nanoprobes SQ36 devel-
oped by encapsulating dyes within poly(maleic anhydride-alt-
octadec-1-ene) (PMAO) nanoparticles displayed enhanced near-
infrared (NIR) fluorescence stability in biological environments.*?
The dual lipophilization of dye SQ36 and the polymer matrix
boosts dye stability and emission efficiency, producing fine
nanoprobes with adjustable surface properties for targeted cel-
lular imaging. These nanoprobes have shown efficacy in sentinel
lymph node mapping, representing a significant leap forward in
in vivo diagnostics. Functionalization with amine groups provides
additional options for customized applications in biomedicine,
ranging from imaging to drug delivery.*”

An organic-inorganic multifunctional nanocomposite, UC-I0/
polymer-SQ, was reported by integrating upconversion nano-
particles (UCNPs), iron oxide nanoparticles (IONPs), and the
squaraine dye for in vivo bioimaging and targeted drug
delivery.”® The dye exhibits distinct UV-vis absorption and fluores-
cence emission peaks around ~690 and 710 nm, respectively,
which reflects its strong NIR signature. Through efficient reso-
nance energy transfer with UCNPs, the composite shows multi-
modal imaging capabilities. This integrated imaging potential
enhances both spatial resolution and diagnostic versatility in
biological systems. Later, in vivo imaging was performed in mouse
models by injecting 4T1 cells labelled with UC-IO/polymer-SQ, and
then the multimodal imaging capability was tested. Strong UCL
and PL signals were observed in tumors after 5 and 10 days of
injection. The nanocomposite demonstrated excellent stability and
biocompatibility, with predominant accumulation in the liver,
spleen, and lungs, as confirmed by biodistribution studies. The
UC-I0/polymer-SQ composite is a highly effective, biocompatible

(a) Structure of squaraine dye SQ35. (b) UV/vis absorption spectrum and (c) emission spectrum (ex. 840 nm) of SQ35 in DMSO. (d) False-color

pixel intensity of SQ35 in (i) a 90% H,O/DMSO mixture and (ii) in pure DMSO. (e) UV/vis absorption and (f) fluorescence emission spectra of SQ35micele iN
PBS. (g) and (h) False-color pixel intensity images showing the stability of SQ35 and SQ35icele respectively. (i) Tracking of SQ35icee distribution in a live
mouse before and after intravenous injection using the IVIS imaging system. Fluorescence reflectance images from the dorsal side of a female mouse
were measured (i) before and (ii) after 2 min of intravenous injection with SQ35ccie- (j) Individual anatomy sections recorded after 35 min post-
intravenous injection of SQ35icele- Reproduced with permission from ref. 60, American Chemical Society, Copyright 2015.
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platform for multimodal in vivo imaging and targeted drug
delivery, offering significant potential for cancer theranostics.*

Cancer imaging and tumor assessment in live mouse models
were performed using a preassembled squaraine molecular
probe SQ37Rot (Fig. 18). Initially evaluations were conducted
using single agent imaging (SAI), where separate cohorts of mice
were administered either a targeted or non-targeting probe to
compare imaging performance. To enhance robustness and
reduce animal usage, a paired agent imaging (PAI) method
was employed, where each mouse received a combination of
two fluorescent probes with distinct emission wavelengths. This
dual-probe approach offers simultaneous visualization of probe
accumulation within the same tumor, thus improving data
reliability and minimizing measurement errors. In addition,
PAI was used to determine a targeted probe’s binding potential
(BP), which is a quantitative measure of its in vivo targeting
effectiveness. The bioimaging analysis quantified the heteroge-
neous spatial distribution of integrin receptors within an indi-
vidual tumor.>*’

Squaraine dyes for multiphoton bioimaging

Multiphoton bioimaging has revolutionized deep-tissue visua-
lization by enabling high-resolution, 3D imaging with minimal
photodamage and low background fluorescence.>'*** Multi-
photon excitation requires the quasi-simultaneous absorption
of multiple photons, usually two or three, to fulfil the energy
requirement for dye excitation.>'®> However, the success of
multiphoton imaging lies in the availability of fluorophores
with high two-photon cross-sections, strong NIR emission and
good photostability. The two-photon fluorescence microscopic
technique (2PFM) offers unique advantages such as enhanced
image contrast, image brightness and superior spatial resolu-
tion over conventional one-photon microscopy. Additionally, a
significant reduction in light scattering and photodamage

HaCn(H,C) (CHz)n CHy.

SQ40a: R, = Br, R, = n-hexyl
SQ40b: R, =H, R, =Phenyl

N-
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while imaging thick biological specimens such as tissue sec-
tions or organs makes it well-suited for bioimaging. Recent
studies have identified several cyanine and squaraine deriva-
tives with high two-photon absorption (2PA) cross-sections.'*
Among these, a few derivatives also exhibited liquid crystalline
behaviour, which may further enhance their optical properties
and facilitate ordered molecular arrangement in imaging
systems. >4

Squaraines such as SQ36 have been developed to exhibit 2PA
properties, making them suitable for 2PFM (Fig. 17). Here, an
optical parametric generator is used to produce ultrafast pulses
(~20 femtoseconds), enabling simultaneous excitation of the
dye molecules by two NIR photons. The dye possesses an
intense absorption at 688 to 706 nm; however, the non-linear
excitation occurs at 840-1140 nm. This nonlinear excitation
allows deep tissue penetration, reduced phototoxicity and
enhanced 3D resolution compared to one-photon imaging."*
Upon encapsulation of SQ38 (Fig. 17) in PF-127 micelles, the
hybrid shows enhanced photostability with minimal cytotoxi-
city favourable for bioapplications.*"?

The multiphoton imaging capabilities of a short squaraine
dye (SQ39) (Fig. 17), having a symmetric structure with an
indolenine end group as a donor moiety connected to squaric
acid, have been investigated. Although SQ39 exhibits weak two-
photon excited fluorescence (TPEF) in aqueous media, a sig-
nificant fluorescence enhancement (~17.7 fold) was observed
upon complexation with bovine serum albumin (BSA) for
signals at 850 nm and 1190 nm, respectively. Multiphoton
imaging studies demonstrated effectiveness of the dye in both
in vitro imaging of OVCAR-3 cells and in vivo imaging of mouse
ear vasculature, leading to clear TPEF signals at tissue depths
up to 100 um. The dye exhibited excellent photostability at
1200 nm and low cytotoxicity, making it suitable for in vivo
imaging studies. Therefore, combination of different synthetic

Fig. 17 Chemical structures of SQ dyes designed for in vivo imaging and multi-photon imaging applications.
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approaches, enhanced TPEF performance with BSA, and robust
photostability make it a highly promising probe for long-term,
deep-tissue multiphoton bioimaging in the NIR-II region.>'

Indolic squaraine dyes (SQ40) represent a class of small
organic dyes with large (TPA) cross-sections (6). The multi-
photon imaging potential of (SQ40s) was examined, focusing
on SQ40a and SQ40b, having alkyl and phenyl substitutions,
respectively, enhancing their two-photon absorption (TPA)
cross-sections.”” These dyes exhibit large TPA cross-sections,
among which SQ40a shows a remarkable TPA value of approxi-
mately 1200 GM, attributed to its conjugated structure and
favourable energy gaps. Multiphoton imaging was demon-
strated using SQ40b for two-photon excited fluorescence (TPEF)
in TPC/SM tracing of blood flow in mouse brain vessels; a
confocal microscope with a femtosecond laser gives high-
resolution imaging in one stem and two branch vessels. The
dyes’ strong TPEF and their molecular design allow effective
visualization of dynamic biological processes.>"”

ermore, a study conducted on squaraine SQ41 and a charged
benzothiazole-based squaraine derivative SQ42 revealed multi-
photon imaging capabilities (Fig. 17). Both dyes showed large
two-photon absorption (2PA) cross-sections due to their conju-
gated structures and electronic symmetry.>'® These dyes exhib-
ited strong fluorescence and photochemical stability, with SQ42
displaying brightness in two-photon excited fluorescence (TPEF)
imaging. Multiphoton imaging was performed using a femtose-
cond laser system, enabling high-resolution visualization of HeLa
cells incubated with SQ42. These findings suggest that both
squaraines, particularly SQ42, are promising candidates for
two-photon fluorescence bioimaging owing to their enhanced
2PA properties and bright fluorescence, offering potential for
advanced biological imaging applications.>*®
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Squaraine for photoacoustic imaging

Photoacoustic tomography (PAT) is a non-invasive imaging
modality that offers higher resolution and significantly greater
penetration depth compared to other optical imaging
techniques.'>?' This technique involves the local absorption
of radiation within tissues, leading to transient thermoelastic
expansion.””° This expansion generates pressure waves that can
be detected with an ultrasound transducer. Photo-acoustic
imaging provides a powerful complement to conventional ima-
ging methods by integrating the high spatial resolution of
optical imaging with the deep tissue penetration capabilities of
ultrasound.”*"***> The combination of these modalities enables
researchers to gain a more comprehensive understanding of
biological processes, particularly in complex tissues such as
tumours.>**

In this context, squaraine dyes have emerged as promising
photoacoustic (PA) chromophores due to their tunable photophy-
sical properties in the NIR window (Scheme 3a). Based on the
absorption characteristics and excited-state lifetime () relative to
the laser pulse (tj,ser) duration, these dyes can be categorized into
three distinct types. Type 1 chromophores exhibit linear-
absorption with rapid S; — S, decay (T <« Tjaser), resulting in
minimal excited-state absorption and enhanced PA efficiency
(Scheme 3b). Type 2 chromophores display saturable-absorption
(t > Taser) With negligible excited-state absorption, leading to
reduced PA signals with higher photobleaching risk (Scheme 3b).
Type 3 chromophores undergo nonlinear-absorption with long-
lived excited states (T > Tjuser) characterized by significant excited-
state absorption that enables nonlinear PA signal amplification
under increasing laser energy.

The favourable intense NIR absorption of squaraines com-
bined with their good photostability underscores their potential
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as contrast agents for photoacoustic imaging. A NIR-absorbing
nanocomplex composed of a squaraine dye (SQ43) (Fig. 17) and
albumin exhibited enhanced photoacoustic tomography (PAT)
performance in vivo." The SQ43 dye exhibits aggregation-
induced NIR absorption, with a red-shift from 632 nm to the
700-900 nm tissue-transparent window, making it an effective
PAT contrast agent due to its strong light absorption and
stability (Scheme 3b). However, SQ43 aggregates exhibit poor
solubility under aqueous conditions; therefore, albumin was
introduced as a protective carrier (Fig. 17). The SQ43-albumin
nanocomplex not only preserves the red-shifted NIR absorption
of the SQ43 aggregates but also forms stable dispersion in
aqueous solutions. For PAT imaging, the SQ43-albumin nano-
complex was injected into Balb/c mice. Upon irradiation with a
pulsed laser (710-800 nm), thermoacoustic signals were gener-
ated, which were detected by an ultrasound transducer,
enabling high-resolution imaging of the liver and tumors with
minimal background noise from vasculature."®

Multimodal bioimaging using squaraine dyes

Multimodal imaging of metastatic breast cancer has been
achieved by the use of squaraine dye SQ44. Interestingly, this
probe enables NIR-II imaging, photoacoustic (PA) imaging, and
photothermal therapy within a single platform. The SQ44
nanoprobe exhibits photostability, deep tissue penetration,
and efficient photothermal properties, making it a promising
theranostic tool for metastatic breast cancer. SQ44 displayed a
red-shifted absorption peak at 940 nm and a fluorescence peak
at 980 nm, positioning it well within the NIR-II region (Fig. 19).
For photoacoustic imaging, excitation of the nanoprobe at
915 nm using NIR laser generates acoustic signals to produce
high-resolution images, with PA intensity linearly correlating
with molar absorptivity of the nanoprobe. The integration of

Chem. Soc. Rev.

NIR-II fluorescence and PA imaging enhances the precision of
tumor visualization, facilitating accurate detection of both
primary breast tumors and lung metastases in murine models
(Fig. 20).%°

A benzindole-based squaraine dye (SQ45-RGD) was devel-
oped for bimodal photoacoustic (PA) and near-infrared (NIR)
fluorescence imaging of avp3 integrin-overexpressing tumors
(Fig. 17). SQ45-RGD, conjugated with cyclic arginine-glycine-
aspartic acid (cRGD) peptides to enable targeted delivery,
exhibits strong NIR absorption above 600 nm and enhanced
PA signal generation.”* For in vivo imaging, SQ45-RGD was
administered to M21 tumor-bearing mice followed by NIR laser
irradiation to induce acoustic signals, which were then subse-
quently detected to produce high-resolution tumor images.
SQ45-RGD shows higher tumour accumulation compared to
non-targeted SQ45. The combined PA and NIR fluorescence
imaging capabilities in murine xenograft models underscore
the potential of SQ45-RGD as an advanced diagnostic tool for
cancer imaging.*!

Yet another innovative approach was experimented using
SQ46Rot integrated with superparamagnetic Fe;O, nano-
particles (SQ46RotNPs), representing an advanced strategy for
multimodal imaging (Fig. 17). The complementary strengths of
NIR fluorescence from SQ46Rot and magnetic resonance ima-
ging (MRI) were achieved using this method. The system
incorporates sugar-functionalized mechanically interlocked
molecules (MIMs) that boost the NIR fluorescence efficiency
and durability of an asymmetrical squaraine dye.*** Dual-
functional stoppers promote targeted accumulation in the
mitochondria via a lipophilic cationic triphenyl phosphonium
(TPP") group and a dopamine anchor. Furthermore, the use of
click chemistry modification improved the water solubility of
the conjugates, allowing real-time imaging in living cells.

This journal is © The Royal Society of Chemistry 2026
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Copyright 2020.

Beyond diagnostics, this platform holds promise for therapeutic
applications through hyperthermia, highlighting the versatility
and clinical potential in biomedical imaging and therapy.***

As mentioned earlier, an in vivo bimodal imaging study on
seven-week-old female severe combined immune deficiency
(SCID) mice was performed to evaluate the performance of
SQ6 in detecting aminothiols using fluorescence and photo-
acoustic imaging techniques. Fluorescence imaging was per-
formed on fasting mice, followed by photoacoustic imaging
after administering SQ6 (2 mM, 200 pL). Strong red fluores-
cence appeared at 15- and 40-minutes post-injection, indicating
SQ6 distribution in the bloodstream and abdominal region.
After feeding, fluorescence signal intensity was found to be
decreased, suggesting increased concentration of thiol, which
reacts with SQ6. Photoacoustic imaging confirmed abdominal
accumulation and revealed higher aminothiol levels post-
feeding through a spectral unmixing approach. This dual
imaging strategy shows promise for non-invasive detection of
aminothiols, potentially aiding early diagnosis of diseases such
as coronary heart disease.'

Theranostic and therapeutic applications of squaraine dyes

The dual-functionality approach that integrates diagnostics
and therapy into a single platform referred to as ‘theranostics’
has undergone rapid advancement in recent years. The ther-
anostic approach is particularly valuable in oncology, where
precise imaging and targeted treatment are essential for effec-
tive disease management.>*>*?¢ A wide collection of molecular

This journal is © The Royal Society of Chemistry 2026

materials have been tested for theranostic applications, including
organic dyes, small molecules, polymeric materials, nanomater-
ials, carbon-based materials, and hybrid as well as multifunctional
systems.?*”**® These platforms offer diverse capabilities for simul-
taneous disease detection, monitoring and treatment.

In a recent study, squaraine dyes SQ33 and SQ34 were
reported for multiplexed in vivo imaging and photothermal
therapy (PTT) within NIR-I and II windows (Fig. 15). In the PTT
experiments, the dyes were administered to tumor-bearing
mice and irradiated with an 808 nm laser, causing the dyes to
absorb NIR light and convert it into heat. The process elevated
the tumor temperatures from 18 to 34 °C, inducing localized
hyperthermia and effective cancer cell ablation. The study
highlighted the ability of the dye to form H-aggregates, which
enhanced their photothermal effects, and demonstrated their
low cytotoxicity and high biocompatibility. SQ33 and SQ34
nanoparticles exhibited strong efficacy in both PTT and multi-
plexed imaging, indicating their potential as precise and tar-
geted agents for advanced cancer therapy.*?

Similarly, SQ45 exhibits strong absorption and fluorescence
in the range of 650-750 nm. High molar extinction coefficients
and enhanced photostability make it suitable for PDT despite its
poor water solubility. In PDT, SQ45 is delivered to HT-29 color-
ectal adenocarcinoma cells often using bovine serum albumin
(BSA) as a carrier to enhance tumor targeting for the enhanced
permeability and retention (EPR) effect. Upon 671 nm laser
irradiation, SQ45 generates reactive oxygen species (ROS)
through Type I (radical species) and Type II (singlet oxygen)
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mechanisms, inducing significant cancer cell death via apopto-
sis and necrosis. However, the SQ45’s fluorescence signal
decreases post-irradiation due to photodegradation, indicating
the need for improved tumor detection. SQ45 combined with
laser irradiation is a highly effective photosensitizer for PDT,
offering promising potential for targeted cancer therapy with
enhanced tumor suppression.>*°

Notably, squaraine-based semiconducting polymer nano-
particles (SQ47-DBCO) were developed as a high-performance
theranostic platform. Featuring a donor-acceptor structure
with extended n-conjugation, these nanoparticles enable
1064 nm excitation for dual NIR-II fluorescence imaging (FI)
and NIR-II photothermal therapy (PTT). SQ47-DBCO allows
deep-tissue penetration by exhibiting absorption at 882 nm
and significantly redshifted emission at 1290 nm within the
low-autofluorescence NIR-II window. The theranostic activity of
SQ47-DBCO is elevated through bioorthogonal click chemistry,
where surface dibenzocyclooctyne (DBCO) moieties covalently
bind azido groups pre-installed on tumor cells with Ac,Man-
NAz. This targeted approach yields a 2.5-fold enhancement in
the tumor signal-to-background ratio (up to 7.06), and therefore
SQ47-DBCO enables real-time NIR-II FI and PTT in colorectal
tumor-bearing mice. The high photothermal conversion effi-
ciency of 33.4% by maintaining excellent photostability, bio-
compatibility and a near-complete tumor suppression make
this dye a promising tool in the field of theranostics.

Photodynamic therapy

Squaraine dyes can generate reactive oxygen species (ROS) upon
NIR excitation due to their unique photophysical characteristics.”*°
Upon excitation, n-conjugated squaraine molecules act as photo-
sensitizers, which undergo intersystem crossing from the excited

Chem. Soc. Rev.

singlet state to the triplet state.”*>**' The excited species in the

triplet state possess longer lifetime and allows energy transfer to
molecular oxygen (O,), abundant in malignant cells. This transfer
of energy generates extremely reactive singlet oxygen ('O,)
(Scheme 4), which upon interaction with biological cells/tissues
induces oxidative damage and ultimately cellular apoptosis.>*>23*
The ability of squaraine derivatives to produce ROS under
NIR excitation makes them particularly valuable for photo-
dynamic therapy (PDT) of deep-seated tumours with minimal
invasiveness.”*®

Halogenated squaraine dyes, specifically bromo substituted
SQ48 and its iodine appended analogue SQ49 (Fig. 21), were
developed to investigate their efficacy in PDT for inducing cyto-
toxicity and DNA damage in the presence of light (>600 nm).>*®
Both dyes efficiently generate single-strand breaks (SSBs). Oxida-
tive DNA base modifications in PM2 DNA and ASS3 Chinese
hamster ovary cells with SQ48 produce higher levels of 8-oxo-2'-
deoxyguanosine (8-0xoG) compared to SQ49. The underlying
mechanism involves Type III sensitized reactions, in which singlet
oxygen and radical intermediates play key roles, as evidenced by
enhanced SSB formation in the presence of H,0O, and D,0. Owing
to their favourable photophysical and photobiological properties
SQ48 and SQ49 show promise as PDT agents for treating super-
ficial tumors and vascular abnormalities. However, the therapeutic
potential of these derivatives is constrained by issues related to
aggregation and photodecomposition, which demand further
structural optimization.>*®

Similarly, a brominated squaraine derivative (SQ50) (Fig. 22)
was integrated into cholesterol-stearalkonium quatsomes (QS)
as a photosensitizer for photodynamic therapy (PDT).>*” When
loaded into QS, SQ50 overcomes its poor water solubility and
aggregation-induced quenching to show a high molar extinction

This journal is © The Royal Society of Chemistry 2026
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Reproduced with permission from ref. 76, Elsevier, Copyright 2020.

coefficient and absorption at 644 nm in aqueous media. 660 nm
light activates SQ50-loaded QS, producing reactive oxygen species
(ROS) through Type I and II reactions that cause MCF-7
cancer cells to undergo necrosis and apoptosis. Effective PDT is
achieved at 10-1000 times lower dye concentrations than the free
dye (0.1-1 pM) with minimal dark toxicity, thanks to the QS
system, which also improves cellular uptake and phototoxicity.>*”

SQ51 exhibits a high singlet oxygen quantum yield and
strong absorption in the 600-700 nm range (Fig. 21). When
adsorbed onto chitosan (a linear polysaccharide derived from
chitin), the stability of the dye is enhanced and the fluorescence
quantum yields and lifetimes (3.75-3.99 ns) of the dye
improved, indicating the minimization of the nonradiative
decay pathways.”*® Upon 640 nm excitation, SQ51 generates
reactive oxygen species that induce necrosis and apoptosis in
HeLa cells. The dye exhibits low dark toxicity and high

This journal is © The Royal Society of Chemistry 2026

phototoxicity; therefore, SQ51/chitosan demonstrated its
potential as a potent PDT agent. Furthermore, the favourable
photophysical properties of the hybrid support targeted cancer
treatment with minimal side effects, offering low dark toxicity,
potent light-induced cytotoxicity, and potential for targeted can-
cer therapy due to its favourable photophysical properties.>**

In another study, the indolenine-based amino-squaraine dyes
(SQ52), evaluated across multiple tumor cell lines, revealed sig-
nificant photodynamic activity and singlet oxygen generation
capability.*® Similarly, unsymmetrical squaraines derived from
quinoline and benzoselenazole exhibited selective cytotoxicity and
enhanced ROS production, highlighting their potential for PDT
applications. Studies investigating the interaction of squaraine
dyes with DNA and their ability to bind externally and displace
groove binders paved the way for future PDT probe development.
Squaraine dyes have also been utilized for dual functionalities,

Chem. Soc. Rev.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cs01375e

Open Access Article. Published on 27 March 2026. Downloaded on 4/17/2026 11:27:35 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review Article

OH OH HQ,

OH O HO

o Cirallzs

Br

b,

SQ50

12Has

[} Hex
\
— N.
// =<
N+ €
\
Hex

(R = — NH,, — NHCH;)
SQ52

Fig. 22 Molecular structures of SQs designed for theranostic applications.

such as photoacoustic imaging and photothermal therapy.
Azulene-containing squaraines displayed efficient NIR absorption
and photothermal conversion, enabling simultaneous tumor ima-
ging and therapy. These multifunctional systems underscore the
versatility of squaraine dyes in theranostic platforms.>*

Squaraine-rotaxane dyes have immense potential in photo-
dynamic therapy (PDT). They are sterically protected dyes that
maintain or enhance the photophysical properties of the parent
squaraines and are much more stable, especially in biological
fluids.**® Halogenated squaraine-rotaxane systems exhibit
enhanced resistance to photooxidation and function as more
efficient triplet photosensitizers. Therefore, the iodinated squar-
aine rotaxane SQ27 (Fig. 12) has been used as a photosensitizer
to generate singlet oxygen without much degradation. Studies
on iodinated squaraine dyes revealed that they do not exhibit
the expected absorption broadening upon aggregation in aqu-
eous solutions. The efficiency of generation of singlet oxygen
was measured by trapping with 1,3-diphenylisobenzofuran,
which indicated that squaraine-rotaxanes have more potential
as singlet oxygen generators for PDT compared to conventional
halogenated squaraines.**°

Photothermal therapy (PTT)

Photothermal therapy (PTT) is another promising approach in
cancer treatment that utilizes light energy to generate localized
hyperthermia for the destruction of diseased tissues, com-
monly cancerous tumors.”*"**> The process involves applying
photothermal agents capable of absorbing light and converting
to thermal energy. By making use of the intrinsic properties of
the materials, PTT agents raise the temperature of the sur-
rounding tissues, which further induces cellular damage
through mechanisms such as protein denaturation, membrane
disruption and apoptosis.**>*** Nanoparticles, such as gold
nanoshells and magnetite nanoparticles, have been extensively
studied for their ability to generate heat upon NIR irradiation,

Chem. Soc. Rev.

View Article Online

Chem Soc Rev

making them ideal candidates for PTT applications.>*>>*® The
effectiveness of PTT is significantly influenced by the design of
the nanoparticles used. For instance, gold nanoshells can be
tailored to specific sizes and shapes to optimize their optical
properties for efficient heat generation.”*”**® Additionally, the
combination of PTT with imaging modalities allows for real-
time monitoring of treatment responses, enhancing the overall
therapeutic strategy. The integration of PTT with other treat-
ment modalities, such as PDT, has shown synergistic effects,
leading to improved therapeutic outcomes in preclinical
models.”*’

On the other hand, excitation of squaraine derivatives,
especially in aggregated or nanoparticle-encapsulated forms,
results in a non-radiative decay process that generates localized
heat suitable to generate hyperthermia-induced cell death. The
low fluorescence quantum yield in aggregated states implies
non-radiative thermal conversion over radiative emission. In
addition, squaraines can be chemically modified or incorpo-
rated into nanocarriers to improve water solubility, biocompat-
ibility and tumor targeting capabilities as discussed in previous
sections. For example, squaraine dye SQ53 nanoparticles (NPs)
exhibit strong near-infrared (NIR-II) absorption at 1000 nm, a
high photothermal conversion efficiency (PCE) of 86.3%, and
excellent photothermal stability, making them ideal for PTT
(Fig. 23). During PTT, SQ53 NPs were administered to tumor-
bearing mice, where they accumulate in tumors via the
enhanced permeability and retention effect (EPR). Upon activa-
tion by 1064 nm laser irradiation, the NPs generate heat, raising
tumor temperatures to 58.8 °C, sufficient for effective tumor
ablation. In vivo experiments conducted on melanoma cells and
tumor-xenografted mice demonstrate significant tumor rapture
without recurrence, as confirmed by TUNEL staining, with no
notable toxicity in major organs. SQ53 NPs proved to be highly
effective and safe for NIR-II PTT, offering a promising approach
for targeted cancer therapy.®!

This journal is © The Royal Society of Chemistry 2026
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In another study, nanoparticles that utilize squaraine dye
SQ54 for enhanced photothermal therapy (PTT) applications
were developed.””® The therapy involves irradiating the

Table 1 Comparison of photophysical properties of SQ with other organic dyes

nanoparticles with NIR light (830 nm), which they absorb and
convert into heat, effectively ablating cancer cells through
localized hyperthermia. It was demonstrated that these

Quantum
Probes Excitation/emission yield (%) Applications Ref.
Squaraine (SQ) 630-1142 nm/1290 nm 0.47 Bioimaging, biosensing, photodynamic therapy, 1, 12,17, 20
photothermal therapy, and drug delivery and 28
Indocyanine 787 nm/819 nm 0.09-0.14 Medical imaging (angiography) and fluorescence-guided 113 and 114
green (ICG) surgery
Cyanine (Cy5) 650 nm/670 nm 0.27 Fluorescence labeling, microscopy, DNA staining, and in vivo 115 and 116
imaging
Phthalocyanine 600-700 nm/690-720 nm 0.6 PDT, dye-sensitized solar cells, and gas sensors 117 and 118
BODIPY 420-520 nm/40-580 nm 0.7-0.9 Fluorescent sensors, lasers, bioimaging, theranostics, and 119 and 120
super-resolution microscopy
Curcumin 430 nm/500-550 nm — Food coloring, antioxidant sensors, and phototherapy 121 and 122
IR-1061-PEG 808 or 980 nm/ 1.8 Inner organs and blood vessels 123
nanoparticles 1000-1400 nm
SPN1 808 nm/1050-1350 nm 1.7 Cancer cells and arterial blood flow 124
SCH1100 808 nm/1100 nm 0.2 Prostate cancers 125
FD-1080 1064 nm/1080 nm 0.31 Hindlimb vasculature, brain vessel, and respiratory cranio- 126
caudal motion of liver
CH1055 808 nm/1055 nm 0.3 SLN, orthotopic glioblastoma brain tumor, brain vasculature 127
and imaging guided tumor surgery
IR-E1 808 nm/1071 nm 0.7 TBI-induced hemodynamic abnormalities and cere- 128
brovascular damage
IR-FEP 808 nm/910 and 1100 nm 2.0 Blood flow in hindlimb and tumors 129
IR-FEPC 808 nm/1100 nm 2.6 Adult female ovary in living mice 130
IR-FG 808 nm/1050 nm 1.9 Histological tissue staining 131
IR-FTAP 808 nm/1048 nm 5.3 Blood vessels of a mouse hindlimb 132

This journal is © The Royal Society of Chemistry 2026
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nanoparticles achieve high photothermal conversion efficiency,
enhancing their therapeutic efficacy. The tailored design of
SQ54 was found to offer significant potential for precise and
effective PTT, paving the way for advanced cancer treatment

strategies.

Azulene-containing squaraine dyes, particularly SQ55 and SQ56,
show significant PTT capability (Fig. 22). These dyes feature a

View Article Online

Chem Soc Rev

zwitterionic structure with a conjugated m-system in a “D-A-D”
configuration, which enhances NIR absorption and photothermal
conversion efficiency due to intramolecular charge transfer. For
PTT applications, SQ55 and SQ56 nanoparticles were administered

to 4T1 tumor-bearing mice and irradiated with an 808 nm laser at

Table 2 Summary of squaraine dyes and their applications

1 W em™? for 5 minutes, converting absorbed NIR light into heat to
induce localized hyperthermia, effectively ablating cancer cells.

Absorption/emission

Dye Applications (nm) Ref.
SQ1 Sensing of adenosine triphosphate 547-627/650 148
SQ2 Sensing of adenosine triphosphate 670/700 147
SQ3 Sensing of cyclic phosphate X625/~ 675 150
SQ4 Sensing of pyrophosphate and alkaline phosphatase 590-640/650 151
SQ5 Sensing of amino thiols in human blood plasma 440/592 152
SQ6 NIR imaging for the detection of amino thiols, photoacoustic imaging, 680/705 63 and 153

and in vivo imaging in mice
$SQ7 Sensing of cysteine (Cys) and glutathione (GSH) 631/662 155
SQ8 Detection of carbonic anhydrase 620-636/~ 640 156
SQ9 Detection of G-quadruplexes 685/710 158
SQ10 Detection of G-quadruplexes 650/675 158
SQ11 Detection of human serum albumin (HSA) in blood 660/675 159
SQ12 Detection of bovine serum albumin (BSA) in blood 630/660 160
SQ13 Labelling of oligonucleotides 654-665/668-671 161
SQ14 Detection and imaging of the activities of leucine aminopeptidase 650/710 162
SQ15 Detection of neutrophil extracellular traps 680/720 163
SQ16 Detection of Ca?" ions 630/652 165 and 166
SQ17 Detection of Cu”* ions 514/— 170
SQ18 Detection of Cu®" ions 554/— 170
SQ19 Detection of Cu** ions 675/— 52
SQ20 Detection of Pb*" ions 642-660/658-680 171
SQ21 Detection of AI*" jons ~420/505 175
SQ22 Detection of Hg>" ions 630/660 178 and 179
$Q23 Near-infrared (NIR) fluorescence-guided surgery (FGS) in epithelial ovarian cancer — 191
SQ24 Near-infrared fluorescence imaging of foetal bovine serum 720/734 192
SQ25 Near-infrared fluorescence imaging and detection of intracellular pH changes 681/702 193
SQ26 Targeted fluorescence imaging of the bone 660/667 201
SQ27 Photodynamic therapy 642/673 240
S$Q28 Rot Near-infrared fluorescence imaging of live Chinese hamster ovary (CHO) cells 652/670 203
SQ29 Near-infrared fluorescence imaging of HeLa cells and targeted drug delivery 569/596 204
$SQ30, SQ31 In vivo imaging of prostate cancer 642/650 and 678/706 208
SQ32 In vivo vascular imaging 1270/— 209
SQ33 In vivo imaging of tumour and lymph nodes 725/907 42
SQ34 In vivo imaging of tumour and lymph nodes 858/905 42
SQ35 Bimodal imaging of tumour and lymph nodes 867/907 60
SQ36 In vivo imaging and cellular imaging 688-706/840-1140 32
SQ37 Rot In vivo imaging of tumors 665/694 210
SQ38 Multiphoton bioimaging 699/713 15
SQ39 In vitro imaging of OVCAR-3 cells and in vivo imaging of mouse ear vasculature 621/630 216
SQ40 Multiphoton bioimaging of blood flow in mouse brain vessels 560-575/580-600 217
SQ41 High-resolution visualization of HeLa 641/658 218
SQ42 High-resolution visualization of HeLa 679/690 218
SQ43 High-resolution imaging of the liver and tumors 632/700 15
SQ44 Multimodal imaging 940/980 69
SQ45 Multimodal imaging of tumor in mice and photodynamic therapy 665/680 41
SQ46 Multimodal imaging and photothermal therapy 659/673 224
SQ47 NIR imaging and photothermal therapy 882/1290 76
SQ48 Photodynamic therapy (PDT) agent for treating superficial tumors and — 236

vascular abnormalities.
SQ49 PDT agent for treating superficial tumors and vascular abnormalities — 236
SQ50 Photodynamic therapy agent to treat MCF-7 cancer cells 644/655 237
SQ51 Photodynamic therapy for treatment of HeLa cells 676/699 238
SQ52 Tumour imaging and photodynamic therapy 679/690 239
SQ53 Photothermal therapy on melanoma cells and tumor-xenografted mice 965-1045/1031-1116 81
SQ54 Photothermal therapy — 223
SQ55 Photothermal therapy in 4T1 tumor-bearing mice 765/800 250
SQ56 Photothermal therapy in 4T1 tumor-bearing mice 780/800 250
SQ57 Targeted drug delivery — 254
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These dyes exhibited high biocompatibility and low cytotoxicity,
making them suitable for biomedical applications. Therefore, SQ55
and SQ56 are promising PTT agents, offering significant potential
for precise and effective cancer treatment through PTT.>*°

Targeted drug delivery

The design of squaraine-based conjugates and nanoparticles
for targeted drug delivery is a critical aspect of theranostic
applications. These systems are engineered to enhance the speci-
ficity and efficacy of drug delivery to tumor sites while minimizing
systemic toxicity. Various strategies have been employed to achieve
targeted delivery, including the use of ligands that bind specifically
to overexpressed receptors on cancer cells.>*

In a study, it was noted that squaraine encapsulated in
mesoporous silica nanoparticles (SQ29-MSPN) has applications
in targeted drug delivery. SQ29-MSPN can be used for con-
trolled intracellular drug/gene co-delivery. It works by functio-
nalizing disulfide bond linked amine groups on SQ29-MSPN,
thereby an electrostatic interaction takes place between
negatively charged sSQNA (model gene) and positively charged
ammonium-functionalized SQ29-MSPN. Finally, sSQNA-coated
nanoparticles (SQ29-MSPN -SS-NH3 + + sSQNA) are obtained
and the drug will be blocked inside the mesopores. Addition of
a reducing agent will cleave the disulphide bond and then the
SSQNA and drug were triggered to release from the SQ29-MSPN.
After the cell uptake, the drug and sSQNA would be released
inside the cells, which populate intracellular (glutathione) GSH
in the cells, realizing drug/sSQNA co-delivery.>**

When squaraine dye SQ57 (Fig. 22) is incorporated into the
PAAm hydrogel as a covalent cross-linker, an SQ57@PAAm
hydrogel gel is obtained, which acts a photothermal therapy
agent. It was noted that when methotrexate (MTX) was loaded
into the hydrogel as a model drug, MTX release was made
possible by irradiating the SQ57 @PAAm hydrogel.>** Similarly,
SQ57 @poly(HEMA-co-AA) hydrogels have found applications in
photodynamic therapy by producing reactive oxygen species
under red light and in photothermal therapy by producing
hyperthermia under near-infrared light. Notably, SQ57@poly(-
HEMA-co-AA) hydrogels were used as flexible materials for
controlled release of drugs, especially in the treatment of skin
cancer. The structure of hydrogels enables the loading of
rhodamine B inside, which under 808 nm laser irradiation
facilitates controlled release of the drug (Table 1).>>*

Conclusions

Squaraine dyes, with their favourable photophysical and photo-
chemical properties, have been proven to be versatile molecular
tools in the field of biophotonics (Table 2). The strong and
tunable absorption and emission in the NIR region, high
fluorescence quantum yields, photostability, and biocompat-
ibility of squaraine dyes enabled their application in various
fields ranging from molecular sensing and bioimaging to
advanced theranostics. Innovations in structural design, mole-
cular assemblies, nanomaterial conjugation, and encapsulation

This journal is © The Royal Society of Chemistry 2026
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have eliminated several inherent limitations of squaraine dyes,
particularly aggregation in aqueous media and chemical
instability, thereby widening their scope for application in
biological environments.

In this review, we have discussed how squaraine-based
probes have helped in advancing selective and sensitive detec-
tion of biorelevant molecules, ions, proteins, and nucleic acids.
Squaraine dyes have played an important role in developing
advanced multimodal imaging strategies such as NIR fluores-
cence, multiphoton, and photoacoustic imaging. Furthermore,
the dual role of squaraines as diagnostic and therapeutic agents
has been discussed, emphasising photodynamic therapy,
photothermal therapy, and targeted drug delivery.

Despite many of their favourable features, squaraine dyes
still possess several drawbacks such as solubility, long-term
biocompatibility, targeted in vivo delivery, and large-scale trans-
lation into clinical practice. Future research needs to be
focused on molecular design to enhance the aqueous solubility
and stability of squaraine dyes, their integration with multi-
functional nanocarriers, and systematic in vivo validation to
connect the gap between laboratory discoveries and real-world
biomedical applications.

In conclusion, over the years squaraine dyes have evolved
from normal fluorescent molecules to multifunctional plat-
forms that played a significant role in diagnostics and ther-
apeutics. Therefore, further developments in squaraine
chemistry should focus on shaping the next generation of
biophotonic materials and technologies, paving the way for
breakthroughs in non-invasive imaging, disease monitoring,
and personalized treatment modalities.
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