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Polarity, as an indicator of the cellular microenvironment, regulates cell functions in conjunction with bio-
active molecules including proteins, ROS, RNS, RSS, etc. Their synergistic effect is closely linked to the
emergence and advancement of atherosclerosis, diabetes, cancer and neurodegenerative diseases.
Accordingly, monitoring the collaborative changes to polarity and related biomolecules in real time is
important and illustrates their biological and pathological roles. Fluorescence imaging revealed substantial
benefits and prospects for the identification of the micro-environment and analytes in organisms due to
its high resolution, non-invasiveness, and real-time monitoring features. In this review, we summarized
progress made in research on multifunctional fluorescent probes for the simultaneous tracking of polarity
and analytes in the past five years. Our focus centered on the design approaches, spectral properties and

Received 4th March 2025, biological utilization of current multifunctional fluorescent probes for detecting polarity and analytes, and

Accepted 31st May 2025
DOI: 10.1039/d5an00243e

we analyzed their limitations and prospects. We anticipate that this review will inspire a panoramic under-
standing of the relationship between polarity and various biologically active molecules, and promote the
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Introduction

Polarity is an essential microenvironment-related parameter,
and it has been proved to be involved in numerous physiologi-
cal processes, including enzyme conformation regulation,
membrane fusion, the sensitization of proteins and the com-
position of lipids."™ Anomalous polarity variations were
linked to cellular malfunction and the occurrence of many
diseases.® " Firstly, many studies have shown that cancer cells
have a higher metabolism for lipid synthesis and more diverse
lipid signaling, resulting in cancer cells displaying lower
polarity than normal cells."*™*® Secondly, in protein confor-
mation diseases such as neurodegenerative diseases, protein
misfolding or precipitation due to abnormal aggregation can
occur under aging or other harmful stresses, resulting in
polarity changes during this process.'”'® Likewise, inter-
actions between proteins are also capable of influencing the
polarity of the interfacial region as well.”' In addition, the
asymmetric distribution of membrane lipids is disrupted, and
stressors such as oxidation can lead to polarity changes among
organelles.>>>* Overall, the development of chemical probes
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further design of new probes for a deeper illustration of invisible biomechanisms.

to address these polarity issues has pathological and physio-
logical significance for disease diagnosis and research into
mechanisms.>*>®

Polarity and most small biomolecules in living organisms
cannot be analyzed in vitro; it can only be achieved by exploit-
ing the in situ analysis capability of fluorescent probes.>* ! In
recent years, with the rapid development of fluorescence
imaging technology, small molecule fluorescent probes have
been widely applied owing to their potential advantages such
as simple operation, high sensitivity, non-invasive detection,
real-time monitoring, and low cost.***° Furthermore, by using
advanced instruments and techniques such as fluorescence
confocal microscopy (FCM), fluorescence lifetime imaging
microscopy (FLIM), and two-photon imaging microscopy
(TPE), fluorescent probes could be better used for performing
non-invasive determination of pertinent analytes, providing
technical support for further pathological and physiological
research.*®™*? In vital processes, multiple parameters may fluc-
tuate simultaneously.*® For example, variations in cell polarity
and analyte contents can emerge concurrently.**** In this
case, although the concurrent application of two selective
probes for the detection of dual indicators remains concep-
tually feasible, even the slightest disparities in the take up,
localization, and retention of the two probes will undermine
the interpretation of data.*® This fundamental limitation
underscores the critical advantages (such as enhancing the
sensitivity and specificity of imaging, more accurate diagnosis
of related diseases) of integrating dual sensing modalities
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within a single molecular architecture.*” Therefore, it is extremely
necessary to develop multi-functional fluorescent probes.***°

The recognition and sensing mechanisms of most existing
multi-functional fluorescent probes mainly involve ICT (intra-
molecular charge transfer),’®”" TICT (twisted intramolecular
charge transfer),”® PET (photoinduced electron transfer),>*>*
and ESIPT (excited-state intramolecular proton transfer).
The correct understanding of these fluorescence mechanisms
will be a prerequisite for the construction and utilization of
versatile fluorescent probes. Probes based on the ICT mecha-
nism typically comprise a n-conjugated system connecting an
electron donor (D) and electron acceptor (A), with a typical
D-n-A structure. When this type of probe interacts with the
analyte, the density of electrons in the molecule changes,
resulting in variations in the interactions between the mole-
cule and solvent dipole, which are presented by changes to the
fluorescence emission intensity and wavelength. TICT rep-
resents a common photophysical occurrence in the D-n-A
system, where the electron-donating and electron-accepting
parts of these molecules are usually connected by a rotating
bond. When the rotation of the rotor within the molecule is
inhibited by environmental factors, TICT is obstructed and the
probe exhibits enhanced fluorescence. Probes based on the
PET mechanism also have three parts: electron donor, accep-
tor, and linker. PET probes can be categorized into two types:
(1) excited fluorophores act as A, and electrons shift from the
donor component to the fluorophores, that is, an acceptor-
excited PET (a-PET); and (2) electrons undergo transfer from
the excited fluorophore as a donor to the electron acceptor, i.e.
donor-excited PET (d-PET). PET probes themselves exhibit
quenching of the excited state fluorescence. However, when
the recognition group binds to the analyte, the PET process is
inhibited and the fluorescence of the probe is enhanced. This
type of probe is usually “off-on” with low biological back-
ground and high sensitivity. ESIPT refers to the process in
which protons within the molecule are excited, and then trans-
ferred to adjacent atoms through intramolecular hydrogen
bonds, resulting in the formation of tautomers. ESIPT mole-
cules undergo instantaneous electron arrangement and relax-
ation, resulting in a large Stokes shift between the absorption
spectrum and fluorescence emission spectrum, which can
effectively eliminate fluorescence quenching caused by self-
absorption and greatly improve detection accuracy.

To date, a series of reviews have reported on single fluo-
rescent probes applied for the detection of polarity or
analytes.’”® Nevertheless, few reviews concentrated on the
progress made in creating versatile fluorescent probes for the
concurrent identification of polarity and other analytes. In
view of this observation, we firstly summarize progress made
in the last 5 years for fluorescent probes used to concurrently
detect polarity and analytes. The design approaches for versa-
tile fluorescent probes with respect to polarity and analytes
can be mainly classified into three categories (Fig. 1): (1) a
probe with a long D-n-A conjugation system emits bright fluo-
rescence in the long wavelength channel, the fluorescence
emission is red-shifted with increasing polarity, and when it
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Fig. 1 Design approaches for multifunctional fluorescent detectors
with respect to polarity and analytes.

combines with analytes, their conjugation structure is dis-
rupted/altered, exhibiting enhanced fluorescence in the short
wavelength channel. (2) Probes react with analytes, the gener-
ated product shows significantly enhanced fluorescence only
in the low polarity environment, and through this sequential
cascade reaction, the detection of the analyte is achieved. (3)
The probe responds to polarity and the analyte through
different mechanisms in different emission channels; during
the response process, neither environmental polarity nor inter-
actions with other analytes compromise the structural integrity
of the probe molecule. Herein, the review focuses on three
aspects, namely, the design concept, spectral properties, and
biological application of multifunctional fluorescent probes,
and further summarizes and gives an outlook on them
(Scheme 1). We anticipate that it will contribute to research on
linkages and crosstalk between polarity and analytes in inter-
related pathophysiological processes.

Polarity and analyte detection with
versatile fluorescent probes
Polarity and ROS

Singlet oxygen (*0,), hydroxyl radicals ("OH), superoxide rad-
icals (0,™7), hydrogen peroxide (H,0,), and hypochlorous acid
(HCIO) are the main components of reactive oxygen species
(ROS).**” ROS, as a messenger molecule, is crucial for main-
taining the redox balance during physiological processes.®® In
some physiological and pathological processes, such as oxi-

Scheme 1 Overview of fluorescent probes for detecting polarity and
analytes.

This journal is © The Royal Society of Chemistry 2025
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dative stress and inflammation, in which ROS and polarity are
involved concurrently, their abnormal levels will lead to neuro-
degenerative diseases, cancer, kidney disease, diabetes and
other diseases.®® Therefore, it is necessary to develop an
effective platform to simultaneously monitor the fluctuations
in polarity and ROS in the biological environment.

In 2021, Yan et al’® reported the dual functional fluo-
rescent probe CTPA, with ICT and AIE characteristics, for the
determination of HCIO and polarity at different emission
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channels. As depicted in Fig. 2(a), in the molecular structure
of the CTPA probe, 7-hydroxycoumarin was selected as the
fluorophore, and N,N-dimethylthiocarbamate was used as the
recognition group for ClO~. Meanwhile, the introduction of
the triphenylamine (TPA) group made the probe sensitive to
polarity. Specifically, when ClO~ was introduced, the CTPA
probe exhibited significant fluorescence enhancement at
456 nm and reached a plateau within 30 s, showing high
selectivity and sensitivity (LOD = 11.9 nM). In addition, there
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was a reduction in the fluorescence intensity as the level of
polarity rose, and the maximum emission of the CTPA probe
presented a redshift from 549 to 604 nm, realizing a response
to polarity variation. In addition, given the minimal toxicity
and excellent membrane passing ability of CTPA, it was suc-
cessfully used for the imaging of CIO™ and polarity in HeLa
cells and HIN-3T3 cells, and identified these two types of cells
via ClO™ and polarity. Therefore, the CTPA probe will be a
promising tool for studying the relationship between ClIO™ and
polarity in the complex physiological system.

In 2022, another probe, C-TPA (Fig. 2(b)), capable of detect-
ing CIO™ and polarity was constructed by Zuo’s group.”! This
probe had a similar molecular framework to that of CTPA, fea-
turing coumarin and triphenylamine (TPA) as core structural
components. In contrast to CTPA, C-TPA innovatively used the
classic sulfurization reagent, Laveson reagent, which converted
carbonyl groups into thiocarbonyl groups, to mediate a
dynamic ClO sulfurization strategy. Regarding the detection
performance, compared to CTPA with stronger electron with-
drawing thiocarbamate groups, the sensitivity of C-TPA was
inferior to that of CTPA, with a LOD of 0.12 pM. However, C-
TPA demonstrated diagnostic advantages by distinguishing
tumor tissues via LDs polarity gradients. Notably, neither
probe addressed reversibility — a critical gap for monitoring
transient oxidative bursts. Future designs could hybridize the
AIE scaffold of CTPA with the thiation chemistry of C-TPA to
engineer stimuli-responsive probes for real-time redox
dynamics monitoring.

Ferroptosis (FPT) is a regulated cell self-destruction
pathway dependent on iron, and it has received widespread
attention due to its association with diverse illnesses such as
cancer, Parkinson’s disease, Alzheimer’s disease (AD), and
cardiovascular disease.”>””* ROS and lipid peroxidation levels
are key markers of FPT.”” In 2023, Xu and his colleagues”®
came up with an innovative NIR fluorescent probe, BA-PTZ
(Fig. 2(c)), which contained barbituric acid as the hydrophilic
moiety and phenothiazine acted as the lipophilic component.
The biphasic framework of BA-PTZ enabled it to specifically
target LDs. Also, phenothiazine was specifically subjected to
oxidation by HCIO, resulting in it being changed into a sulfox-
ide. When HCIO was present, it could induce fluorescence
enhancement of BA-PTZ by about 100 times within 20 s, with
a LOD as low as 37 nM. In addition, co-localization imaging
experiments showed that BA-PTZ had excellent LD staining
specificity (Pearson correlation coefficient (PCC = 0.90)), and it
was capable of responding to changes in cell polarity in the
NIR emission region. In the case where HeLa cells were
exposed to HCIO and oleic acid, respectively, the polarity
change of LDs and HCIO in HeLa cells could be easily
detected. In addition, by introducing a cell model of FPT, the
probe successfully detected changes in HCIO and polarity
during FPT, which was beneficial for determining the occur-
rence of FPT and related biological processes.

Recently, He et al.”” also developed a series of dual ratio
fluorescent probes using the phenothiazine group to simul-
taneously monitor the dynamic changes in ClIO™ and polarity
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during FPT. These probes all had a donor-acceptor (D-A)
structure in which the phenothiazine moiety was used as an
electron-donating substance and reactive site toward ClO™~ oxi-
dation. Among them, the PTZ-QL probe (Fig. 2(d)) with NIR
fluorescence emission displayed a unique fluorescence
response to ClO™ and polarity change: when ClO™ was added,
the fluorescence shifted from 712 nm to 508 nm. As the
polarity decreased, the fluorescence changed from 661 nm in
DMSO to 554 nm in 1,4-dioxane. The probe could image the
response to ClO™ and polarity in living cells using laser con-
focal imaging. Furthermore, using erastin to induce FPT, the
probe was cleverly utilized to observe the increase in CIO™ con-
centration and polarity in ratio imaging during the FPT
process.

Based on the above discussion, we could summarize that
these two phenothiazine (PTZ)-based probes detected microen-
vironmental changes through polarity-responsive mechanisms
(ICT/TICT) and monitored CIO™/HCIO via oxidation reactions.
The difference lay in PTZ-QL exhibiting dual-ratiometric
signals, while BA-PTZ showed only NIR enhancement.
Additionally, BA-PTZ had the advantage of LD targeting, pro-
viding a novel tool for in vivo microenvironment monitoring.
In terms of applications, both probes focused on ferroptosis
research. Moving forward, researchers can develop next-gene-
ration probes with high sensitivity, precise targeting, and
in vivo compatibility through structural optimization and
multi-modal integration, thereby advancing research on the
ferroptosis mechanism and its clinical translation.

A NIR fluorescent probe, NCN (Fig. 2(e)), with dimethyl-
aniline as the fluorophore was designed based on the n-bridge
connection strategy by Yang et al.”® The probe could target LDs
and simultaneously monitor HCIO and viscosity/polarity vari-
ation in live cells. When the viscosity increased or the polarity
decreased, NCN exhibited a sharp fluorescence enhancement
in the region of 640-670 nm. Meanwhile, as the amount of
HCIO increased, the fluorescence emitted at 550 nm became
significantly enhanced by 151 times and reached a plateau
within 12 min (LOD = 11.84 nM). In cell imaging, the upregula-
tion of HCIO and the increase in viscosity (decrease in polarity)
were detected through dual channel emission during FPT.
Additionally, the use of NCN dual channel imaging success-
fully achieved the visualization of inflammation, non-alcoholic
fatty liver disease (NAFLD), and cancerous tissues/organs in
living mice. These findings revealed that NCN was an effective
tool for the early diagnosis of the above-mentioned related
diseases.

Yan’s group developed the dual site fluorescent probe
NATPA for concurrent imaging of intracellular H,O, and
polarity.”” As shown in Fig. 2(f), NATPA utilized ethylenedia-
mine to connect naphthalimide and TPA to avoid crosstalk
between them. The borate group attached to naphthalimide
served as the recognition site for H,O,, and its response to
polarity was based on the ICT effect existing in the typical
D-n-A skeleton of NATPA. NATPA exhibited excellent spectral
performance in response to H,0,, including high sensitivity
(LOD = 44 nM), selectivity, and a rapid response (15 min).

This journal is © The Royal Society of Chemistry 2025
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Simultaneously, it showed sensitive response behavior to
polarity, independent of pH and viscosity. In addition, the
probe could target LDs, and successfully distinguished
between the HepG2 and LO2 cells based on the higher concen-
tration of H,O, and lower polarity in cancer cells. NATPA also
provides an idea for the construction of dual site fluorescent
probes for the simultaneous detection of active molecules and
polarity. Recently, Tian et al.’® constructed a highly sensitive
dual channel TPA-based fluorescent probe, NBO (Fig. 2(g)),
with an AIE effect for the detection of H,O, and polarity.
Compared to NATPA, this probe extended the fluorescence
emission to the NIR region, which was beneficial for deeper
tissue imaging and low biological background interference.
NBO had the characteristics of a large Stokes shift (180 nm),
good photostability, and low cytotoxicity. In addition, NBO
successfully achieved the recognition of cancer cells by
imaging intracellular H,0, and polarity. Importantly, imaging
experiments on cells and mice indicated that NBO could visu-
alize abnormalities in H,O, and polarity in inflammation and
FPT models.

Polarity and RSS

Reactive sulfur species (RSS), including hydrogen sulfide
(H,S), sulfur dioxide (SO,), cysteine (Cys), homocysteine (Hcy),
and reduced glutathione (GSH), play a crucial role in modulat-
ing the environment and sustaining the dynamic equilibrium
of redox reactions.*’® The pathophysiological progression,
including FPT and inflammation, has been shown to involve
dynamic interplay between polarity and RSS levels.®"*> To elu-
cidate the spatiotemporal correlation of two biomarkers, there
is an urgent need for probes capable of simultaneous dual-
parameter quantification of polarity and RSS.

Intracellular H,S and viscosity/polarity are closely related to
various physiological/pathological processes, making them
possible markers for numerous diseases. In 2023, Mu et al.®®
reasonably developed a multifunctional fluorescent probe,
HNA (Fig. 3(a)), targeting mitochondria for the cascade detec-
tion of H,S and polarity, as well as the detection of mitochon-
drial DNA (mtDNA). HNA was a linear molecule with the D-n-
A structure. When tightly bound to DNA grooves, its TICT
effect was limited, and significant enhancement of red fluo-
rescence (668 nm) was observed, achieving the determination
of mtDNA. In addition, when H,S reduced the azide group to
-NH,, HNA released the product HNAP, exhibiting orange-red
fluorescence emission (604 nm). More interestingly, due to the
ICT effect of HNAP, it exhibited high sensitivity to polarity,
and the fluorescence emission of HNAP was blue-shifted
towards the green region with decreasing polarity. HNA has
successfully achieved the monitoring of polarity, H,S, and
mtDNA in live cells through fluorescence imaging. In addition,
HNA could recognize the release of mtDNA in damaged mito-
chondria, confirming that H,S could protect mtDNA integrity
and alleviate inflammation. Therefore, this report provides
new insights into the study of mitochondrial polarity and DNA
dynamics.

This journal is © The Royal Society of Chemistry 2025
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Fan’s group® reported a NIR fluorescent probe, MQA-DNP,
for the simultaneous detection of H,S and viscosity/polarity in
mitochondria at different emission channels. As depicted in
Fig. 3(b), MQA-DNP had a typical D-n-A structure, introducing
N,N-dimethylamine as the electron donor, the quinoline
cation unit as the electron acceptor and mitochondrial target-
ing group. 2,4-Dinitrophenyl (DNP) ether functioned as the
specific site for recognizing H,S, releasing the intermediate
MQA, exhibiting enhanced green fluorescence emission. In
addition, due to its distorted TICT state and ESICT property,
the probe demonstrated a considerable degree of sensitivity
towards polarity and viscosity fluctuation, which manifested as
fluorescence enhancement at 714 nm in a high viscosity
environment and emission at 786 nm in low polarity media. In
view of its excellent spectral properties, MQA-DNP was further
used to reveal the changes in H,S, viscosity, and polarity
within inflammatory cells, in the context of NAFLD, and tumor
tissues. In addition, MQA-DNP has successfully detected the
production of H,S in raw meat through strip experiments; this
was expected to become a prospective tool for testing H,S in a
complex environmental system.

This group®” further designed a novel probe, PDQHS
(Fig. 3(c)), based on the molecular skeleton of MQA-DNP for
simultaneously tracking changes in viscosity/polarity and H,S
concentration in mitochondria. The difference was that the
4-azidobenzyl group in PDQHS was selected as the recognition
group for H,S. Spectral performance testing showed that the
probe was highly selective for H,S with fluorescence emission
at 632 nm and an excellent response to viscosity/polarity
beyond 706 nm. PDQHS also exhibited good biocompatibility,
using PDQHS; the differentiation between cancer cells and
normal cells was achieved through dual channel detection of
H,S and viscosity/polarity. More importantly, PDQHS was suc-
cessfully applied to visualize H,S in live cells and tumor
tissues, which provided more sensitive and reliable imaging
tools for cancer prediction.

Regarding the three probes mentioned above, we could see
from Fig. 3 that the final product after the reaction between
the probes and H,S was the same. The earliest reported HNA
achieved the three-parameter detection of mitochondrial H,S,
polarity, and mtDNA for the first time. Its multi-parameter
detection ability was the most comprehensive among the
three. Subsequently reported MQA-DNP realized the specific
recognition of H,S through the ether bond of DNP and syn-
chronously monitored the viscosity/polarity through the TICT/
ESICT mechanism, which broadened its applicability to patho-
logical models (such as NAFLD). Based on MQA-DNP, the
recognition group for H,S in PDQHS has been optimized to
4-azidobenzyl, which successfully differentiated cancer/normal
cells through dual-channel imaging. Unfortunately, the three
probes for detecting H,S were based on irreversible chemical
reactions and could not track the dynamic fluctuations of H,S
in real time. In the future, researchers can further develop
reversible H,S probes targeting mitochondria, and achieve
spatiotemporal-resolved dynamic monitoring by combining
them with photoresponsive release technology.
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Fig. 3 Fluorescent probes for detecting polarity and RSS.

In 2022, Xie et al.®® synthesized a fluorescent probe, TPA-
SO, (Fig. 3(d)), based on TPA for detecting and imaging the
polarity of LDs and the presence of SO, during FPT at two
different channels. In TPA-SO,, the TPA unit was selected as
the fluorophore and the targeting group of LDs. Due to the
ICT effect, it was sensitive to polarity and exhibited an acti-
vated fluorescence signal at 610 nm. The TPA-SO, probe
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responded to SO, through the Michael addition reaction of the
C=C bond. When SO, was present, it exhibited a significant
fluorescence emission at 437 nm, with a low LOD (11.9 nM)
and fast response (3 min). In addition, the probe successfully
achieved the visual monitoring of LD polarity and SO, in the
constructed FPT cell model, providing a reliable means for the
diagnosis and investigation of diseases associated with FPT.

This journal is © The Royal Society of Chemistry 2025
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In 2023, Zhang et al.’® synthesized a dual-functional NIR
fluorescent probe, BTHP-OH (Fig. 3(e)), based on benzopyran
derivatives for the simultaneous detection of SO, and polarity.
The emission of BTHP-OH changed from 677 nm to 818 nm as
the polarity of the medium increased. After adding SO,, the
fluorescence changed from red to green, and the fluorescence
intensity of Is,,7/I;6s nm increased by about 33.6 times, reach-
ing steady state within 1 min. Cell imaging showed that
BTHP-OH could specifically target mitochondria and monitor
exogenous SO, in A549 cells. More importantly, BTHP-OH has
been successfully used for the dual channel monitoring of SO,
and polarity in inflammatory cells and mouse models. This
provides a favorable tool for pathological research on SO, and
polarity related diseases.

In 2024, Wang et al.’ created a dual-responsive fluorescent
probe, BDMOB (Fig. 3(f)), to achieve the concurrent measure-
ment of polarity and SO, by assembling the SO,-responsive
site based on a benzopyran derivative with a push-pull elec-
tron group. As a responsive probe for SO,, BDMOB exhibited
enhanced orange fluorescence emission accompanied by extre-
mely high sensitivity (LOD = 0.239 pM), selectivity, and a wide
suitable pH range (5-10). Meanwhile, the ICT effect of the
molecular structure made it sensitive to polarity changes; with
increasing polarity, it exhibited significant fluorescence
enhancement in the NIR region. Given the excellent spectral
performance of BDMOB, it has been used for imaging SO, in
living cells, successfully distinguishing cancer cells from
normal cells by tracking the fluctuation of SO,. Furthermore,
using LPS and RSL3 as inducers of inflammation and FPT
models, BDMOB successfully monitored changes in SO, and
polarity during these two pathological processes, which pro-
vided new insights into the field of chemical biology and
related disease diagnosis.

Zhang et al.’® designed and synthesized two fluorescent
probes, DEA-OH and DEA-AC (Fig. 3(g)), for detecting Cys
based on the coumarin-aurone skeleton. DEA-OH and DEA-AC
showed good sensitivity for Cys detection through copper dis-
placement and an acrylic ester hydrolysis mechanism with the
LOD values of 7.25 pM and 1.65 pM, respectively. Among
them, the DEA-AC probe had the merits of a fast response
time (kinetic reaction rate constant: 0.00747 s ') and red
emission for detecting Cys, and it effectively carried out the
dynamic observation of Cys levels in living cells, thereby sup-
plying a worthwhile tool for the exact sensing and tracing the
fluctuation of Cys levels. In addition, the fluorescence emis-
sion of the two probes exhibited a linear correlation with the
polarity of the solvent within an ET (30) range spanning
from 30 to 65 kcal mol™". This manifestation suggested their
capability to detect and monitor fluctuations in the polarity of
the surrounding environment. Unfortunately, no biological
applications for polarity monitoring were developed for the
probes.

Polarity and ONOO™

Peroxynitrite (ONOO™), which is produced by the reaction of
highly active nitric oxide (NO) and the superoxide anion (0,™),

This journal is © The Royal Society of Chemistry 2025
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belongs to the category of reactive nitrogen species (RNS).”"%
It has strong oxidative and nucleophilic properties and can
participate in various biochemical reactions in organisms.”?
ONOO™ plays an important role in cellular oxidative stress,
inflammation and immune response.”> A high concentration
of ONOO™can trigger damage to DNA and organelles, and even
apoptosis, through various signaling pathways. These changes
can further trigger the onset of diseases such as tumors, dia-
betes, cardiovascular diseases, and neurodegenerative dis-
eases. Therefore, quantitative monitoring of ONOO™ in living
organisms is essential. The design mechanism of the probes
for polarity and ONOO™ response described below belongs to
the type illustrated in Fig. 4.

Liu et al® designed and assembled a super-resolution
imaging probe, CPC (Fig. 5(a)), suitable for subcellular com-
ponent detection based on the coumarin-phenylhydrazine-
carboxyl group. This probe could simultaneously monitor the
distribution of ONOO™ and polarity in mitochondria and LDs,
and the response of CPC to polarity was characterized by a
“turn-on” fluorescence signal, while the response to ONOO™
was the opposite. CPC exhibited excellent imaging capability
under structured illumination microscopy; by using CPC, it
was observed that the polarity of LDs increased and their mor-
phology became more contracted during FPT, indicating the
physical transition of intracellular LDs from heterogeneity to
homogeneity. In addition, the accumulation of ONOO™ in
mitochondria led to mitochondrial oxidative stress, triggering
LDs’ dysfunction and decoupling between mitochondria and
LDs. In summary, this toolkit will become a powerful tool for
examining subtle changes in multiple organelle interactions.

The aberrant mitochondrial microenvironment is strongly
correlated with mitochondrial and cellular dysfunction. To
this end, in 2023, Huang et al.®® synthesized a multifunctional
fluorescent probe, DPB (Fig. 5(b)), targeting mitochondria that
reacted to polarity, viscosity, and ONOO™ by integrating several
response moieties with a single fluorophore. The probe had a
classic D-n-A structure; the pyridine group bearing a positive
charge played the role of specifically targeting mitochondria.
Its TICT property enabled it to show a response towards
polarity and viscosity, and phenylboronic acid ester served as a
recognition group for ONOO™. Specifically, as the polarity
underwent an upward trend, the fluorescence intensity of DPB
at 470 nm sharply declined. In contrast, the fluorescence emis-
sion of DPB at 658 nm rose as the viscosity increased, yet it
diminished as the concentration of ONOO™ increased.
Subsequently, the DPB probe was used for imaging in the
living cells, successfully monitoring fluctuation in mitochon-
drial polarity, viscosity, and endogenous/exogenous ONOO™.

D Ol O I
=5

Fig. 4 The fluorescence detection mechanism of probes for polarity
and ONOO™.
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Fig. 5 Fluorescent probes for detecting polarity and ONOO™.

DPB exhibited pronounced fluorescence intensity within
cancer cells that featured low polarity and elevated viscosity,
enabling the precise identification of cancer cells at the level
of multiple biomarkers. This holds significant promise for the
investigation of the mitochondrial microenvironment and the
diagnosis of cancer. The same year, Fan’s group’® proposed an
NIR fluorescent probe, MQA-P (Fig. 5(c)), for the simultaneous
detection of ONOO™, viscosity, and polarity within mitochon-
dria. The typical D-n-A structure of the probe gave it active
ESICT characteristics, exhibiting a significant optical change
with changes in polarity. In addition, the TICT property made
MQA-P sensitive to viscosity changes. The diphenylphospho-
nic acid ester unit acted as a recognition group for ONOO™,
and upon interaction with ONOOT, it released the intermedi-
ate MQA, thereby weakening the ICT effect and causing a blue-
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shift in fluorescence emission. Specifically, the probe exhibited
a significant turn-on response at 645 nm to ONOO™, and
exhibited a high level of sensitivity towards viscosity and
polarity within the NIR channel, in which the emission wave-
length (Aem) exceeded 704 nm. Using MQA-P, this work
revealed that FPT induced by erastin was accompanied by a
significant upregulation of ONOO™ and an increase in viscosity
(or a decrease in polarity). In addition, the simultaneous use
of ONOO™, viscosity, and polarity for cancer diagnosis has
been successfully achieved at the cellular/tissue level and in a
tumor mouse model, which has great potential for preclinical
research, medical diagnosis, and image-guided surgery.

In 2024, Li et al.”” managed to synthesize the XBL probe
(Fig. 5(d)), targeting mitochondria based on TICT and ICT
mechanisms, which was used to monitor the dynamic changes
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in viscosity, polarity, and ONOO™. Similar to the MQA-P struc-
ture, cationic pyridine was used as the targeting unit for mito-
chondria, and the diphenyl phosphate group served as the
recognition unit for ONOO™. In addition, compared with DPB,
in the structural design of XBL, a coumarin derivative was also
used as the fluorophore, achieving dual-channel emission, and
they adopted the D-n-A architecture and utilized the ICT and
TICT mechanisms to respond to polarity and viscosity. The
findings of a specific experiment indicated that, as the vis-
cosity diminished or the concentration of ONOO™ increased
within 2 min, there was an increase in the fluorescence inten-
sity at 660 nm, showing a fast response to ONOO™ while the
fluorescence intensity around 480-500 nm declined as the
polarity increased. Based on the timely monitoring of cellular
viscosity, polarity, and ONOO™, the probe successfully distin-
guished normal cells from cancer cells using fluorescence
imaging. In addition, imaging results also indicated that the
FPT process was accompanied by changes in polarity and vis-
cosity, and in the mouse inflammation model, viscosity
increased. Therefore, this probe could provide a chemical
means for understanding the physiological alterations and
pathological modifications in diseases.

Based on the above discussion, it was obvious that the
probes DPB, MQA-P, and XBL formed a “toolbox” with comp-
lementary functions through differentiated detection mecha-
nisms (TICT/ESICT/NIR), wavelength coverage (visible light/
NIR), and application scenarios (cancer, ferroptosis, inflam-
mation). Their coordinated use can comprehensively analyze
the complex interaction network of polarity, viscosity, and oxi-
dative stress in the mitochondrial microenvironment, provid-
ing multi-dimensional solutions for research on disease
mechanisms and precise diagnosis and treatment. In the
future, the design of probes can draw on their complementary
advantages, further integrate dynamic responses, multimodal
imaging, and intelligent analysis technologies, and promote
the leap of chemical biology towards systems medicine.

Polarity and pH

Intracellular pH and polarity, as two important microenviron-
ments, are closely related to the development of many
diseases.’®*® For example, the tumor microenvironment (pH
6.5-7.0) and abnormal membrane polarity synergistically
promote drug resistance and metabolic reprogramming.'®*%*
In AD, the generation of AP aggregates is strongly correlated
with a decrease in local pH and polarity.'°>'°® In addition, pH
and polarity jointly regulate enzyme activity, membrane
protein conformation, nutrient transport, and signal transduc-
tion." Therefore, the development of probes that can simul-
taneously detect polarity and pH is of great significance for
revealing the dynamic coupling mechanism of the microenvi-
ronment and promoting innovation in precision diagnosis and
treatment technology.

In 2021, based on the mitochondrial microenvironment (high
pH value (>7.0) and low polarity) as an input, a mitochondrial
membrane potential (MMP) responsive AND logic gate fluo-
rescent probe, A, was designed by Liang’s group.'®* As displayed
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in Fig. 6(a), probe A used coumarin as the molecular skeleton,
which was hydrolyzed under alkaline conditions to generate a
coumarin acid derivative with an ICT effect and sensitivity to
polarity changes. Specifically, probe A exhibited bright fluo-
rescence emission under low polarity and high pH conditions. In
addition, the pyridine moiety carrying a positive charge provided
targeted selectivity for cancer cells with high MMP. Fluorescence
imaging results indicated that the fluorescence intensity of probe
A in cancer cells and tumor tissues was indeed 51.9-fold higher
than that of the normal control group, which would provide a
certain technical basis for early cancer diagnosis.

In 2021, Thomas et al.'® exploited a novel membrane
probe, ND6 (Fig. 6(b)), utilizing the 1,8-naphthalimide fluoro-
phore. In terms of the molecular structure, protonation of the
ND6 head group was closely related to pH changes and further
affected fluorescence emission. When the pH dropped from
7.4 to 6 or below, the fluorescence of ND6 almost doubled.
The photophysical performance measurements and quantum
chemical theory calculations further verified the sensitivity of
ND6 to polarity and pH changes. In addition, ND6 had a
higher membrane affinity, and molecular dynamics simulation
also confirmed its incorporation and interaction behavior with
membrane lipids. Through fluorescence imaging, the probe
exhibited membrane-bound properties in cancer cell lines
(MCF7), cancer spheroids (MDA-MB-468), and hippocampal
neurons. The use of ND6 to label nerve endings during the
transport of synaptic vesicles revealed the role of cholesterol in
recombinant synaptic vesicles. Overall, this probe holds sig-
nificant promise for investigating membrane dynamics and
synaptic function not only in neurons but also in various other
secretory cells and tissues. In 2022, a fluorescent probe with
phenothiazine quinoline (PTZ-Q) (Fig. 6(c)) as the molecular
skeleton was designed by Zahrani.'®® Due to its typical D-A
structure, the probe exhibited an ICT effect and sensing property
for polarity and pH changes. UV and fluorescence spectra indi-
cated that as the solvent polarity increased, the Stokes shift of
the probe increased, and the fluorescence emission shifted
towards longer wavelength; when the solvent pH changed,
PTZ-Q exhibited reversible colorimetric and fluorescence
changes. PTZ-Q has been successfully used to create colorimetric
and fluorescent test strips for detecting changes in the pH of a
medium. Regrettably, the probe has not been used further to
explore biological applications related to polarity and pH.

In 2022, a group of fluorescent oxazolidine derivatives con-
taining hydroxyl and naphthalene functional groups were syn-
thesized by Razavi et al.'®” and used for pH and polarity moni-
toring (Fig. 6(d)). UV and fluorescence spectroscopy detection
showed that the color and fluorescence intensity of the probes
varied depending on the hydroxyl and naphthalene functional
groups substituted on the conjugated oxazolidine. Therefore,
this work developed colorimetric and fluorescent chemical
sensors based on these probes for monitoring the pH and
polarity of the medium.

In 2023, a series of fluorescent probes based on benzothia-
zole derivatives (HTBs) (Fig. 6(e)) were prepared by Hong
et al.'®® Spectral testing showed that the probes exhibited
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Fig. 6 Fluorescent probes for detecting polarity and pH.

bright green or orange emission due to deprotonation of the
hydroxyl group under high pH conditions. In addition, due to
the ESIPT and ICT effects in the molecular structure, all HTB
derivatives displayed bright fluorescence emission in low
polarity solvent. Cell imaging experiments showed that HTBA
could selectively stain alkaline mitochondria. On the other

3054 | Analyst, 2025, 150, 3045-3070

hand, HTBB-CO,Et was successfully used to stain LDs in
living cells. Overall, the results of this study indicated that
changes in substituents in HTB molecules led to significant
changes in their intracellular localization and imaging capa-
bility, providing new ideas for further expanding fluorescent
probes targeting various organelles.
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The main feature of early atherosclerosis (AS) is the for-
mation of foam cells (FCs), which are characterized by abnor-
mal accumulation of LDs and lysosomal dysfunction.'®%!°
Therefore, in order to study the pathological processes related
to AS, in 2024, a fluorescent probe, BSJD (Fig. 6(f)), was engin-
eered by Li et al."'" Leveraging its sensitivity to both polarity
and pH levels, BSJD was intended to realize the dual-color
imaging of LDs and lysosomes. The spiropyran in the BSJD
structure could undergo isomerization between open and
closed ring forms, which was reversibly regulated by fluctu-
ations in pH and polarity. Specifically, under acidic or strongly
polar conditions, the BSJD probe was in the positively charged
open ring form with an extended n-conjugated system, result-
ing in redshifted absorption and fluorescence spectra. In
addition, the presence of -NH, in BSJD enabled it to locate the
lysosome. However, under converse conditions, BSJD existed
in a closed loop configuration, the ICT process was inhibited,
fluorescence emission underwent a blueshift, and BSJD
tended to target neutral and low polar LDs. The photophysical
property at different pH values and in polar solvents validated
the above design concept. The cell imaging results indicated
that BSJD could be used to observe in real-time early activation
and later inhibition of lipophagy during FC formation, and
also demonstrated the important role of lipophagy in regulat-
ing lipid metabolism and alleviating FC formation. In
addition, BSJD successfully achieved the visualization of FC
plaques in AS mice with rapid pharmacokinetics. BSJD was
anticipated to become a beneficial method for early discern-
ment and monitoring of AS diseases.

In 2024, based on ICT and PET mechanisms, Chao et al.'!
designed a fluorescent probe, CCT (Fig. 6(g)), that responded
to pH and polarity. Due to the PET effect between morpholine
and naphthalimide in the molecular skeleton, the CCT probe
was sensitive to pH. Specifically, the protonation of the nitro-
gen atom in the morpholine moiety could block the PET
process, resulting in the bright fluorescence emission of CCT
at 530 nm. In contrast, deprotonation under alkaline con-
ditions led to the PET effect and fluorescence reduction. In
addition, the presence of polarity sensitive units (coumarin
and naphthalimide) caused CCT to emit strong and long
wavelength fluorescence in low polarity media. And when the
probe was under low pH and polarity conditions, the fluo-
rescence intensity was stronger than that under any single
condition. In addition, the photostability and anti-inter-
ference experiments showed that the probe had excellent
photostability and high selectivity for polarity and pH. Based
on the above features, the probe was further used in cell
imaging. Due to the low pH and polarity environment of
cancer cells, the probe successfully distinguished between
cancer cells and normal cells, indicating its potential for
early cancer diagnosis.

Polarity and viscosity

Intracellular polarity and viscosity are critical for the establish-
ment of cellular homeostasis, and are important indicators of
emerging pathology in the cellular environment.® Viscosity
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has a significant effect on many cellular motions, including
biomolecule interactions, cellular metabolism, signal trans-
duction, energy transport etc.'*>""* Polarity shows a dynamic
trend during cellular movements such as membrane fusion,
protein folding, and peptide aggregation. Abnormalities in vis-
cosity and/or polarity cause an imbalance in the stable internal
environment of cells, metabolic disorder, and even diseases
such as inflammation, cancer, and cardiovascular
diseases.''*"''® Therefore, the development of methods to sim-
ultaneously monitor changes in viscosity and polarity is impor-
tant for understanding the etiology of related diseases and
their treatment. The design mechanism of the probes for
polarity and viscosity responses described below belongs to
the type illustrated in Fig. 7.

The change in the microenvironment within LDs can affect
various physiological processes such as lipid metabolism,
protein degradation, and signal transduction.'’”'*° In 2022,
Han et al."° synthesized two ICT-based fluorescent probes tar-
geting LDs, LDP-1 and LDP-2 (Fig. 8(a)). The results of photo-
physical performance testing showed that these two probes
were sensitive to both medium polarity and viscosity, and their
emission wavelengths were longer than 600 nm in different
environments. They had good selectivity and excellent biocom-
patibility. The PCC for LDs in HeLa cells was 0.97 and 0.89,
indicating that the two probes could specifically track LDs in
HelLa cells.

Wang et al."*' constructed a fluorescent probe, Couoxo-LD
(Fig. 8(b)), which was designed on the basis of a coumarin
fluorophore, which responded to polarity and viscosity. The
introduction of coumarin into Couoxo-LD increased its lipo-
philicity, and the typical D-n-A structure gave it TICT charac-
teristics, which showed bright fluorescence emission in low
polarity and high viscosity media. Therefore, the probe suc-
cessfully lit up intracellular LDs (PCC = 0.93). By altering the
external environment, Couoxo-LD could be used to dis-
tinguish changes in LD polarity in live and dead HeLa cells. In
addition, the excellent selectivity and good biocompatibility of
Couoxo-LD further enabled its successful application in
imaging LDs in zebrafish.

Duangkamol et al.'** crafted a collection of fluorescent
probes that were developed on the basis of the coumarin skel-
eton, in which LD-PYR (Fig. 8(c)) exhibited high sensitivity to
polarity and viscosity due to the TICT effect, specifically, a red-
shift of LD-PYR was displayed from 556 nm to 585 nm with
increasing polarity from hexane to EtOH. It exhibited high
fluorescence intensity at 480-490 nm in viscous media. In
addition, LD-PYR had a specific targeting ability for low
polarity and high viscosity LDs, and achieved success in separ-
ating cancer cells from non-cancer cells.

1 Polarity _
' B0 (o)

~——

Fig. 7 The fluorescence detection mechanism of probes for polarity
and viscosity.
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Fig. 8 The fluorescent probes employed to detect polarity and viscosity.

Overall, both Couoxo-LD and LD-PYR were fluorescent
probes based on TICT/ICT mechanisms for detecting polarity
and viscosity, with coumarin as the fluorophore. However, LD-
PYR achieved a higher selectivity and the AIE enhancement
effect through the introduction of the pyrene unit, while
Couoxo-LD was characterized by its simple synthesis and

3056 | Analyst, 2025, 150, 3045-3070

N

broad-spectrum response. In the future, researchers can
further optimize the structure of probes: (1) probes with high
sensitivity and targeting ability can be developed by combining
the broad-spectrum response of Couoxo-LD with the AIE pro-
perties of LD-PYR; (2) the penetration depth of in vivo imaging
can be increased by replacing the pyrene unit of LD-PYR with
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a near-infrared (NIR) fluorophore, thus promoting the clinical
transformation of the monitoring tools for the LD
microenvironment.

In 2023, Wang et al.'>® developed a polarity and viscosity
dual responsive fluorescent probe, PPBI (Fig. 8(d)), that could
target mitochondria and LDs. PPBI used TPA as a fluorophore
and exhibited TICT and AIE effects, which displayed excellent
specificity in response to polarity and viscosity. In addition,
the probe achieved the recognition of cancer cells through
fluorescence imaging in red and green fluorescence channels,
and successfully visualized changes in the cell microenvi-
ronment in inflammation and FPT models. More importantly,
in the alcohol induced acute liver injury mice model, the
probe could effectively detect the therapeutic effect of drugs by
responding to changes in polarity and viscosity. This report
provided a promising strategy for biological imaging and
medical diagnosis.

Wang’s group'>* constructed a TICT probe, LDCN, with a
D-A-D structure using malononitrile as the electron acceptor,
and diethylamino and dimethylamino groups as the donor, as
depicted in Fig. 8(e). LDCN exhibited sensitivity to polarity and
viscosity, and could target LDs. Spectral testing showed that
LDCN possessed outstanding selectivity, favorable photostabil-
ity, and a substantial Stokes shift (114 nm) in response to
polarity and viscosity. In addition, LDCN displayed outstand-
ing targeting ability towards LDs in HeLa cells and tobacco
seedling leaf cells, with PCC as high as 0.91 and 0.85, respect-
ively. The findings suggested that the probe was capable of
selectively detecting LDs within living cells. In addition, based
on the response of LDCN to viscosity during beverage spoilage,
LDCN achieved the detection of freshness of beverages.

In 2024, a fluorescent probe, EDOT-LDs, based on the ICT
effect for viscosity and polarity responses was reasonably
designed by Chao et al.">> As shown in Fig. 8(f), this probe
used dimethylamino as an electron donor and also served as
a targeting unit for LDs. The excellent photostability and low
cytotoxicity enabled EDOT-LDs to be further used in cell
imaging. In cells maintained under starvation conditions or
stimulated by oleic acid, the number of bright fluorescent
LDs decreased or increased dynamically, signifying that the
probe had the capacity to monitor dynamic changes to LDs in
cells. Furthermore, the probe also achieved the visualization
of viscosity changes in cells and zebrafish, providing a new
perspective for studying polarity and viscosity changes in
organisms.

Bian et al.'*® also developed a fluorescent probe, DHBP
(Fig. 8(g)), that was sensitive to polarity and viscosity in dual
channels through a similar strategy. The probe exhibited excel-
lent selectivity towards viscosity and polarity in vitro and
in vivo. As the polarity decreased, the green fluorescence signal
was significantly enhanced, and the synergistic effect of vis-
cosity and polarity made the red fluorescence signal more sen-
sitive. The fluorescence imaging results showed that the probe
successfully detected polarity and viscosity changes in LPS
induced inflammatory cells and mice. In addition, DHBP rea-
lized the visualization of viscosity and polarity changes in
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mice with liver injury caused by diabetes, and it was further
utilized to evaluate the therapeutic effect of drugs.

Zhang et al.'*’ devised a novel dual-channel fluorescent
probe (L) (Fig. 8(h)) with the intention of detecting polarity
and viscosity. The typical D-n-A structure of the probe enabled
it to exhibit the TICT effect. When it was in a high viscosity
environment, TICT was blocked and the probe emitted bright
NIR fluorescence at 780 nm. Meanwhile, due to the presence
of the polar-sensitive coumarin unit, the probe exhibited
polarity-dependent fluorescence emission at 460 nm. In
addition, the good biocompatibility of probe L allowed it to be
further used for cells and in vivo imaging. The successful reco-
gnition of cancer cells in dual channels and in vivo imaging of
rheumatoid arthritis (RA) in mice was achieved through fluo-
rescence imaging of polarity and viscosity changes using the
probe.

Zhu et al.'*® created three fluorescent probes with the D-A
configuration, M1-M3 (Fig. 8(i)), based on imidazopyridine, all
of which exhibited sensitivity to polarity and viscosity. The
polarity or viscosity dependent behavior of M1-M3 was
adjusted based on the different conjugated lengths of the
molecules. In addition, due to the PET mechanism being acti-
vated when 2,6-dichloro-4-nitroaniline (DCN) was bonded to
M1-M3 in THEF, the fluorescence of the probes was quenched,
thereby achieving highly sensitive detection of DCN with LODs
of 189 ppb, 62 ppb, and 54 ppb, respectively. This not only pro-
vided new tools for the detection of DCN pesticide, but also
offered new ideas for studying biological processes related to
viscosity and polarity.

Polarity and Af

AD is a frequently occurring neurodegenerative illness.'*
Senile plaques (SPs) and neurofibrillary tangles (NFTs) are the
two main pathological features of AD, composed of § amyloid
(Ap) aggregates and hyper-phosphorylated tau protein,
respectively."**"*" The design mechanism of the probes for
polarity and AP response described below belongs to the type
illustrated in Fig. 9. The selective differentiation between AP
and tau protein was crucial for the study of the AD pathologi-
cal process."! For this purpose, Kim’s research group'®” devel-
oped three polar-sensitive probes based on a benzimidazole
derivative for the detection and differentiation of Ap and tau
protein. These probes possessed an ICT effect and exhibited
multi-color fluorescence emission influenced by changes in
solvent polarity. Due to the difference in the microenvi-
ronment of Ap and tau aggregates, BZ2 and BZ3 (Fig. 10(a))
exhibited selective binding to two proteins at different emis-
sion wavelengths in vitro. Unfortunately, this work did not

Fig. 9 TThe fluorescence detection mechanism of probes for polarity
and Ap.
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Fig. 10 Fluorescent probes for detecting polarity and Ap.

investigate the selective differentiation of Ap and tau protein
in vivo.

Herranz et al."*® created a range of quinolimide-based fluo-
rescent probes for detecting amyloid protein aggregation.
These probes had a classic D-A electronic structure, were
remarkably sensitive towards polarity, and had long fluo-
rescence lifetimes in a hydrophobic environment, indicating
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Aex=445 nm
Aem=600 nm

In high polarity/Ac Tau content

their excellent properties for the detection of amyloid protein
fibrotic aggregation. The fluorescence emission of probe 6
(Fig. 10(b)) was enhanced by 11 times in the presence of Af
aggregates, and with prolongation of the aggregation time, the
maximum emission was blue-shifted by 63 nm. When Ap
aggregates were present, FLIM and ratio imaging were per-
formed on probe 6 using one-photon excitation or TPE, suc-
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cessfully identifying different types of aggregates and their
changes over time. In addition, in the neurotoxin MPTP
(1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine)-induced  zebra-
fish model with neuronal injury, the probe successfully visual-
ized amyloid protein aggregates.

The initial stage of AP oligomerization in AD is crucial for
tracing the origin of the disease. Hence, in 2022, Espinar-
Barranco et al.'** proposed a polarity sensitive fluorescent dye,
2-Me-4-OMe-TM (Fig. 10(c)) (a silicon modified xanthene
derivative), for the real-time detection of polarity fluctuations
during the initial phase of Ap aggregation. The dye exhibited a
dual emission property, and the ratio of the average fluo-
rescence lifetimes between two channels was used as a scale of
polarity changes. Through steady-state, time-resolved fluo-
rescence spectroscopy, and FLIM techniques, the dye success-
fully detected early polarity changes in the formation process
of AP aggregates and established a method for discriminating
different types of aggregates. The advantage of this method
was non-invasive and independent of the concentration of the
dye.

In 2023, Miao et al."*® reported a series of NIR-II fluorescent
probes for responding to AP plaques. This series of probes all
used carbazole with a positive charge as an electron acceptor
and had a typical D-n-A structure. Photophysical analysis
showed that DMP2 (Fig. 10(d)) had an excellent spectral per-
formance and was further used in research related to AP
plaques. After binding to Ap plaques, the NIR-II fluorescence
of DMP2 increased by 48 times due to its suppressed TICT
effect. In addition, DMP2, with its small molecular weight and
lipophilicity, could achieve ideal deep-tissue penetration
through the blood-brain barrier (BBB) and in the NIR-II
region, and its response to Ap plaques could still be detected
even in 1.5 cm thick chicken tissue. Even more interestingly,
DMP2 successfully achieved specific imaging of AP plaques in
AD mice.

Protein homeostasis is of great significance in the normal
operation of many physiological processes,"*® and disruption
of the protein balance caused by external environmental
factors can lead to protein misfolding or aggregation."’
Therefore, Yang et al.'*® developed a chalcone-based probe
(Fig. 10(e)) that was sensitive to both polarity and viscosity to
monitor the protein aggregation process. When the probe
bound to the target protein, it exhibited a “gradual turn-on”
fluorescence performance, and the emission wavelength varied
for different aggregation periods of the protein, thus enabling
the study of microenvironmental changes throughout the
protein aggregation process. Finally, through fluorescence
imaging, the probe achieved success in visualizing the protein
aggregates that were triggered by proteasome inhibitors within
living cells. This work initiated a new avenue for studying the
physiological and pathological processes related to protein
aggregation.

In 2024, Gamez’s group'*® reported a polarity sensitive
probe, DMN-BocK (Fig. 10(f)), based on a DMN functionalized
lysine residue for detecting the amyloid protein aggregation
process in diseases such as AD/PD. The probe was connected
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to lysine protected by water-soluble tert-butyloxycarbonyl (Boc)
and 4-N,N-dimethylaminonaphthalimide (4-DMN), where the
presence of lysine increased the water solubility of DMN-BocK
and allowed it to be incorporated into the peptide sequence,
thereby yielding more conformational information on the
amyloid protein. A polarity-sensitive unit (DMN) made the
emission of DMN-BocK solvatochromic; by using this prop-
erty, the probe could detect subtle polarity changes within a
range of different amyloid protein binding sites, such as Ap
and tau, alpha synuclein, and non-mammalian/mammalian
prions. Meanwhile, DMN-BocK successfully monitored the
aggregation process of amyloid protein in vitro and bacteria
through fluorescence imaging.

Recently, a polarity sensitive ratiometric fluorescent probe,
Cy7-K (Fig. 10(g)), based on cyanine was developed by Wang’s
research group.'*® Unlike molecules with typical ICT effects,
this probe was a neutral molecule and exhibited higher fluo-
rescence efficiency in high polarity solvents than in low
polarity solvents. Using ratiometric fluorescence imaging of
the probe, it was clearly observed that Af could increase the
content of acetylated tau protein (AC Tau) by inhibiting the
expression of histone deacetylase 6, and the polarity was
highly correlated with AC Tau, ultimately leading to enhanced
cell polarity. In addition, the Cy7-K probe was able to success-
fully penetrate the BBB, imaging polarity differences in
different brain regions, and it was used to distinguish APP/
PS1 mice from wild-type mice, indicating the potential appli-
cation of this probe for real-time tracking of AD occurrence
and development.

Polarity and HSA

Human serum albumin (HSA) is one of the most abundant
proteins containing thiol in the blood, involved in maintain-
ing blood osmotic pressure and transporting fatty acid,
metabolites, and various drugs.’**'** It plays an important
role in many physiological processes. The design mecha-
nism of the probes for polarity and HSA responses described
below belongs to the type illustrated in Fig. 11. Besides, the
probes for HSA and polarity discussed below are shown in
Table 1.

In 2020, a TPA-based NIR probe L with the TICT effect was
designed by Yang’s group.'® Probe L could selectively bind to
HSA/BSA and emit bright fluorescence at 668 nm. At the same
time, the probe was sensitive to polarity and emitted bright
green fluorescence in low polarity media, which could specifi-
cally target LDs in the green channel. By binding L with
albumin protein, the location of sentinel lymph nodes in the
mouse model could be determined. In addition, probe L suc-

Fig. 11 The mechanism of detecting polarity and HSA fluorescent
probes for detecting HSA.
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Table 1 Fluorescent probes for detecting polarity and HSA
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cessfully distinguished cancer cells from normal cells in the
green fluorescence channel.

In 2021, Zhang’s group'** also developed a TPA-based HSA
fluorescent probe, TPA-CPO. This probe featured a character-
istic D-n-A structure and demonstrated sensitivity towards
polarity. The maximum emission wavelength underwent a
“redshift” with increasing solvent polarity. When it bound to
HSA, the TICT effect was suppressed, and the probe exhibited
bright fluorescence enhancement at 610 nm. The probe had a
large Stokes shift (134 nm), low LOD (13.65 mg mL™"), and a
wide linear range (0.30-3.65 mg mL™") for detecting HSA. In
addition, TPA-CPO successfully achieved the imaging of HSA
in HeLa cells.

In 2022, the research group reported a fluorescent probe,
DPAR,'* for the quantitative detection of HSA by altering the
receptor structure of TPA-CPO. Compared with TPA-CPO,

3060 | Analyst, 2025, 150, 3045-3070

DPAR had higher sensitivity for detecting HSA (LOD = 0.98 mg
mL™"), and it was also successfully used for the visual monitor-
ing of HSA in live cells. Furthermore, it achieved the detection
of HSA in actual urine samples. In addition, DPAR was also
sensitive to polarity, and through the targeting of low polarity
LDs, DPAR achieved the recognition of cancer cells. In the
same year, the group also designed a polarity sensitive fluo-
rescent probe, TPA-TRDN"*° (Table 1), with a similar structure
by extending the conjugation system of DPAR. This probe was
extremely sensitive for detecting HSA (LOD = 0.34 pg mL™},
60-fold fluorescence response), and was also used to detect
HSA in actual urine samples and recognize cancer cells. This
indicated that the probe had potential for application in bio-
medical research related to microenvironments.

In 2024, Deng and his co-authors'*’ created a TPA-based
polarity sensitive NIR fluorescent probe, BTPA, for the detec-
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tion of HSA. The probe had a typical D-n-A structure and
exhibited the ICT effect. Photophysical analysis showed that as
the solvent polarity increased, the maximum emission wave-
length of BTPA shifted from 654 nm to 757 nm. In addition,
when BTPA bound to HSA, the fluorescence intensity increased
sharply by 50 times and displayed a large Stokes shift
(~190 nm). BTPA had excellent selectivity and anti-interference
ability for detecting HSA, and it has been successfully used for
the detection of HSA in human urine samples, demonstrating
a fast response (<30 s) and low LOD (0.12 pM).

At present, most of the fluorescent probes used for HSA
detection exhibit “off-on” fluorescent responses, and few ratio-
metric fluorescent probes could achieve timely detection of
HSA with the assistance of portable devices such as smart-
phones. Accordingly, Chen et al."*® used a flavonoid probe
(DMAF) with the D-A structure as a control to adjust the TICT
and ICT effects of the molecular skeleton by changing the
receptor structure. Combined with photophysical testing, they
successfully screened out a fluorescent probe, STF, which
showed high sensitivity to polarity changes. Binding to HSA
placed the probe in a lower polarity environment, resulting in
a ratiometric fluorescence response to HSA and a colorimetric
change from blue to green. The probe had high sensitivity
(LOD = 54 nM), excellent selectivity, and a fast response (<10 s)
for detecting HSA. More interestingly, with the help of inte-
grated detection equipment and a smartphone, the probe
could achieve the timely detection of HSA in serum samples,
and the detection results for HSA could also be recorded and
analyzed through paper or 3D printed devices. This work not
only provided a promising analytical tool for the timely detec-
tion of HSA, but also provided an effective strategy for regulat-
ing the fluorescence response mode of D-A probes.

Xu’s research group'*® designed a fluorescent probe, C1,
based on ESIPT for the specific detection of HSA. C1 exhibited
dual emissions at 466 nm and 600 nm in water, which were
attributed to the open-loop and closed-loop isomers of C1,
respectively. As the polarity of the medium decreased, the fluo-
rescence intensity of C1 increased at 466 nm, while the opposite
change was observed at 600 nm, indicating the polarity depen-
dence of the fluorescence emission of C1. When probe C1
bound to HSA, the low polarity environment inside the hydro-
phobic cavity of HSA promoted the transformation of C1 from
an open-loop to a closed-loop isomer, resulting in a significant
enhancement of the fluorescence at 446 nm; the interaction
with BSA was manifested by a fluorescence enhancement at
512 nm. After C1 bound with HSA and BSA, the fluorescence
color of C1 was also different, indicating that C1 could dis-
tinguish between these two proteins through differences in fluo-
rescence signals. More impressively, C1 could measure HSA in
human blood based on the change in fluorescence color on the
test strip. This probe provided a new strategy for the develop-
ment of more specific HSA fluorescent probes.

Polarity and others

Carboxyesterase (CE) belongs to the a/p-hydrolase folding
family and is commonly found in various living systems."*® CE

This journal is © The Royal Society of Chemistry 2025

View Article Online

Critical Review

plays a crucial role in catalyzing the hydrolysis of endogenous
esters and foreign compounds.”'** In addition, CE has a
close connection with metabolic diseases and is considered to
be a unique indicator for hepatocellular carcinoma (HCC).*"*?
Recently, Rong et al.'>® reported the use of the fluorescent
probe LD-TCE (Fig. 12(a)) for monitoring CE and LD polarity
in liver cancer cells. The probe used carbamate as the reco-
gnition receptor for CE and had a favorable linear relationship
with CE between 0 and 6 U mL™". Due to the presence of the
polarity sensitive unit TPA, the probe emitted significantly
enhanced fluorescence in low polarity media. When the probe
entered liver cancer cells, it first interacted with over-expressed
CE and released weak green fluorescence. Subsequently, it was
further influenced by internal low polarity LDs, and the green
fluorescence was further enhanced. Based on this cascade
reaction, specific imaging of liver cancer cells was successfully
achieved. In addition, the probe also achieved the localization
of liver cancer in living mice. This probe not only provided a
potential tool for the diagnosis of early liver cancer, but
offered a new idea for the sequential detection of multiple
analytes.

Based on OR logic gates, Zhu’s group'®® developed a NIR
fluorescent probe, VPCPP (Fig. 12(b)), that could track vis-
cosity, polarity, and CE in the blue and red channels, respect-
ively. This probe was successfully used for the identification of
cancer cells. Owing to the elevated degree of CE in liver cell
lines, the probe could also visualize liver cell lines in the blue
channel. More interestingly, based on high-content analysis
and VPCPP, a high-throughput screening (HTS) platform was
first constructed to investigate the effect of anticancer drugs
on the three parameters. Besides, the elevation of the CE level
induced by aristolochic acid (AA) and the changes in these
three parameters in the inflammatory model were successfully
confirmed by intracellular imaging of dual emission channels.
Finally, the probe also achieved the dual channel ex vivo
imaging of tumors, liver, and kidneys, as well as single emis-
sion fluorescence imaging of tumors in vivo. This probe has
potential for applications in clinical research and medical
diagnosis.

Nitroreductase (NTR) is closely related to the level of
hypoxia and regarded as a symbolic hallmark for
tumors.">®'*” In the same year, the research group designed a
fluorescent probe, VPHPP'® (Fig. 12(c)), based on a structure
similar to that of VPCPP, which could simultaneously detect
polarity, viscosity, and NTR in dual channels. The p-nitro-
benzene unit in the VPHPP structure relied on the PET mecha-
nism to act as a recognition group for NTR. When NTR was
present, the nitro group was reduced, resulting in the for-
mation of an amino group, and the fluorescence was emitted
at 540 nm owing to the end of the PET process. When VPHPP
was in a low polarity, high viscosity environment, it emitted
bright fluorescence in the NIR channel (747-810 nm). Using
VPHPP, changes in viscosity, polarity, and NTR in live cells
were observed simultaneously under hypoxic conditions. In
MCF-7 cells, based on dual channel imaging of VPHPP, it was
successfully observed that dicoumarin-induced down-regu-
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Fig. 12 Fluorescent probes for detecting polarity and other analytes.

lation of NTR was accompanied by a decrease in polarity and
increase in viscosity. In addition, this multifunctional fluo-
rescent probe enabled the diagnosis of cancer at the cellular
level and in vivo through two channels. VPHPP’s long retention
time (20 h) and red light emission in tumors might become a
potential contrast agent for imaging-guided surgical
treatment.
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Autophagy is an endocellular degradation pathway that
relies on the lysosome and is crucial for preserving cellular
homeostasis."”* %> Changes in lysosome polarity and ATP are
important markers of this process.'®® For this purpose, Jiang
et al."® designed a bifunctional probe, Lyso-NRB, as depicted
in Fig. 12(d), that could monitor lysosome polarity and ATP.
The morpholine group in the Lyso-NRB structure served as the
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targeting unit for the lysosome. The probe had a typical ICT
effect. When it was in a low-polarity environment, Lyso-NRB
emitted bright green fluorescence. In addition, after ATP was
added, the spiro ring of rhodamine in Lyso-NRB was opened,
releasing strong red fluorescence. The probe had excellent sen-
sitivity and specificity for detecting polarity and ATP, and the
LOD for ATP was as low as 33.3 pM. Using H,0, or starvation
to induce cellular autophagy, changes in lysosome polarity and
ATP during this process were successfully observed through
fluorescence imaging. More importantly, the probe was also
successfully used to visualize the polarity and ATP fluctuations
caused by oxidative stress-induced autophagy in zebrafish.
This probe provided a favorable tool for further research on
the autophagy process.

It is well known that cyanide (CN7) is an extremely toxic
substance to humans.'®® A dual functional fluorescent probe
(TPABT) (Fig. 12(e)) for the simultaneous detection of polarity
and CN~ was designed by Peng et al."®® The probe also used
TPA as a fluorophore and polarity sensitive unit. With the
solvent polarity decreasing from water to 1,4-dioxane, the fluo-
rescence emission of TPABT increased by 71-fold and shifted
to the NIR region (766 nm). Based on this, the probe achieved
the recognition of cancer cells and visualization of polarity
changes in 4TI cells. Meanwhile, the presence of a vinyl bond
enabled TPABT to detect CN~ under far-red light (640 nm)
with a LOD as low as 22 nM. In addition, the probe was suc-
cessfully used for the detection of CN™ in actual water samples
and live cells.

Leucine aminopeptidase (LAP) is an enzyme that catalyzes
the hydrolysis of leucine residues.'®”'®® Abnormal expression
or the catalytic function of LAP is associated with various dis-
eases, such as significantly elevated levels in inflammation
and cancer cells."®®'° Li et al.'”* proposed a probe, VLAP
(Fig. 12(f)), for the multi-color imaging of viscosity, polarity,
and LAP simultaneously. VLAP had a typical D-n-A system,
and the presence of a quinoline quaternary ammonium salt
enabled it to target mitochondria. When VLAP was in a high
viscosity environment, TICT was inhibited and produced a
bright fluorescence signal at 700 nm. The leucine unit specifi-
cally combined with LAP, generating VLAPF. As a result, the
ICT effect was weakened, and the fluorescence spectrum
shifted to 600 nm.

Abnormal copper contents in organisms can cause diseases
such as cirrhosis and Wilson’s disease.'”>'”® Excess copper in
the environment poses a notable problem to the stability of an
ecosystem."”* Therefore, the development of an effective detec-
tion method for Cu** is urgently needed. Deng et al.'”® syn-
thesized a coumarin-based fluorescent probe (SZ) (Fig. 12(g))
for the detection of Cu®" and water in organic solvents. SZ was
sensitive to polarity and displayed solvent-dependent fluo-
rescence emission, and it had a low LOD (0.0035% (v/v)) for
detecting water in ethanol. SZ showed a fast response (30 s)
and high sensitivity (LOD = 9.6 x 10~® mol L") for Cu®". Given
the excellent spectral performance of SZ, it was further utilized
for the determination of Cu** in soil and environmental water
samples. In addition, SZ was also successfully used for the
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determination of alcohol contents in white wine and moisture
contents in sugar and salt samples.

Wan and Zeng et al.'’® reported a crystallization-induced
emission (CIE) fluorescent probe, P1 (Fig. 12(h)), for determin-
ing the polarity of protein aggregates. Due to the ICT and TICT
effects within the molecule, the maximum fluorescence emis-
sion of P1 was influenced by polarity and viscosity. In a crystal-
line solid, the ordered n—r stacking inhibited its rotation,
resulting in fluorescence activation. However, in non-crystal-
line precipitate, P1 showed no emission, indicating that it
exhibited CIE. The polarity heterogeneity between different
aggregated proteins was revealed through P1 and matched
with the resistance to protein hydrolysis. In addition, by moni-
toring the polarity dynamics of different proteins during mis-
folding and aggregation using P1, the outcomes revealed that
the decrease in polarity was primarily focused on the for-
mation process of soluble aggregates, while insoluble aggre-
gates remained almost unchanged. More importantly, P1 suc-
cessfully quantified the polarity of target protein aggregates in
cells, further revealing the polarity heterogeneity of protein
aggregates.

Conclusions

In recent years, the rapid development of fluorescence techno-
logy and the need for the precise identification and therapy of
illnesses have jointly promoted the exploration of fluorescent
probes in the bioimaging of pathophysiological microenviron-
ments. In this review, we summarized the design concept,
spectral properties and the bioimaging applications of versa-
tile fluorescent probes for the concurrent determination of
polarity and analytes over the past five years. At present, the
reported multifunctional probes can not only successfully
achieve the visualization and monitoring of polarity and ana-
Iytes within physiological processes, including autophagy, FPT,
and oxidative stress, but be applied to a variety of pathological
processes including neurodegenerative disorders, cancer,
inflammatory conditions, and fatty liver, which provide impor-
tant visual evidence for the exploration of related processes
underlying physiological and pathological states. Despite the
fact that significant progress has been achieved in the develop-
ment of versatile fluorescent probes targeting polarity and ana-
Iytes, several problems still remain to be resolved. In the first
place, a large number of the fluorescent probes currently men-
tioned for detecting polarity still suffer from photobleaching
and are influenced by other microenvironmental parameters
within the cells, such as pH and viscosity. Secondly, probes
modified with a single fluorophore are prone to interference
through spectral overlap in the sensing of polarity and relevant
analytes. Thirdly, currently developed versatile fluorescent
probes are rarely used in the NIR-II region (1000-1700 nm),
which has significant advantages for deep tissue or biological
imaging in vivo. To address these challenges in current multi-
functional fluorescent probes, we believe that the design of
probe structures can be approached from the following
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aspects: (1) two or more fluorescent groups should be selected,
as far as possible, within a single probe; this type of probe has
the advantages of high quantum yield, adjustable targeting,
and greatly reduced spectral overlap; (2) by enhancing the
rigidity of fluorescent groups, photoisomerization can be
reduced and the photobleaching rate can be lowered; (3)
fluorophores that emit red light, or extending the conjugated
system of the probe structure, enable the probe to respond to
analytes in the long wavelength region; (4) integration with
multimodal imaging (such as SRM, PAI, TPE, FLIM), as
needed, yields richer and more accurate information.

In summary, the use of these multifunctional fluorescent
probes for detecting polarity and analytes is expected to yield
outstanding results for the investigation of various physiologi-
cal and pathological mechanisms. This will provide insights
into biological advances in drug discovery and diagnostic
imaging.
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