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Monitoring physiological changes within cells is crucial for understanding their biological aspects and
pathological activities. Fluorescent probes serve as powerful tools for this purpose, offering
advantageous characteristics over genetically encoded probes. While numerous organelle-selective
probes have been developed in the past decades, several challenges persist. This review explores the
strategies and key factors contributing to the successful rationale design of these probes. We

systematically discuss the typical mode of cellular uptake generally adopted by fluorescent probes and

iii:;i% 1125ttr;1 l\\}l::j;nr;ezrozzgﬂ provide a detailed examination of the key factors to consider in design rationale from two perspectives:
the properties of the target organelle and the physicochemical properties of the probe itself. Additionally,

DOI: 10.1039/d4ra080329 recent examples of organelle-targeted probes are presented, along with a discussion of the current
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1. Introduction

One of the most popular techniques in bioimaging is
fluorescence-based imaging with the use of small fluorescent
probes. This technique has revolutionized the study of molec-
ular structures and subcellular dynamics in living cells, offering
valuable insights into the mechanisms governing cellular
processes, potential therapeutic targets, and other interventions
on biological systems.

Fluorescent probes offer several advantages for imaging
cellular systems: they are relatively small, exhibit high speci-
ficity and sensitivity, and cause minimal disruption and negli-
gible perturbation to the native functions of cells. Importantly,
they can enable real-time imaging and multiplexing, which is
particularly valuable for subcellular applications within organ-
elles. To achieve this, the probes must be meticulously designed
not only for specific targeting of organelles but also to possess
the capability of penetrating cell membranes. These probes are
commonly designed on the basis of having: a fluorophore,
linker, and recognition moiety.* This recognition moiety allows
the probes to bind to and track specific organelles or other
biological targets within cells.

Intracellular organelles, such as nucleus, mitochondria, endo-
plasmic reticulum (ER), and lysosomes, are critical for maintain-
ing the proper functioning of cells. Mitochondria are responsible
for producing cellular energy; nucleus for the storage and pro-
cessing of genetic information; ER and Golgi apparatus for
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challenges faced by fluorescent probes in the field.

transporting proteins and other molecules within cells; and lyso-
some for breaking down and digesting cellular waste. Probing
these specific organelles could further provide insights into the
dynamic behavior of organelles inside the cellular complex
system, their interactions with other cellular components, and
their role in cellular functions and diseases. For instance, the
contact of mitochondria and ER plays an important role in intra-
cellular calcium homeostasis and other metabolic processes.>*

Despite challenges, a good number of organelle-selective
fluorescent probes have been successfully developed and have
shown excellent selectivity and sensitivity in living cells and
even to the level of nanoscale imaging.* Some comprehensive
reviews on this subject have been published elsewhere
recently.’® These reviews highlight the recent progress and
summarize the reported fluorescent probes targeting intracel-
lular organelles in the last decade. However, a systematic review
that outlines a step-by-step design rationale and key factors
contributing to the successful development of small fluorescent
probes for intracellular organelle imaging is currently still
lacking. Therefore, this review aims to address this knowledge
gap by presenting an overview of the important factors that
should be considered in the design of such probes.

We hope that this review could serve as a stepping stone for
researchers working on the development of such probes,
providing insights that would contribute to the advancement of
design strategies for the successful development of cell-
permeable probes tailored for intracellular organelle imaging.

2. Targeting subcellular organelles

Organelles are membrane-bound structures with unique func-
tions that are essential for the overall function of cells. To
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highlight the complexity and organization of cells, they have
been likened to a ‘microscopic city,” where organelles perform
specialized functions that collectively contribute to maintaining
cell health and functionality.

The development of fluorescent probes targeting specific
organelles is important for several reasons. First, it allows
researchers to study the function and behavior of specific
organelles in living cells in real-time, providing important
insights into the role of organelles in cellular processes and
disease.'* Second, it enables the monitoring of changes in
organelle function in response to various stimuli or interven-
tions. For instance, hypoxia and ROS can trigger mitophagy, the
targeted degradation of mitochondria through autophagy,
which is linked to tumor progression.'** Third, it holds
promise for various applications in both diagnostics and ther-
apeutics. An example of this is the development of
mitochondria-targeting photosensitizer agents, such as MitDt,
for photodynamic therapy in cancer treatment.**

Given their specialized functions, organelles need to
maintain an optimum chemical environment, including
factors such as oxidation state, pH, and cation concentrations,
as well as require the transport of enzymes and metabolites to
their appropriate locations. Any alteration in the chemical
composition inside the organelle, whether due to abnormality
or disease, can adversely affect its function, leading to
a disruption in overall cell health.*® Therefore, it is essential to
also take into account the microenvironments of organelles
while designing probes and studying their physiology and
pathology.

Schematic representation of a typical fluorescent probe
design for targeting organelles is depicted in Fig. 1.
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Fig. 1 (A) Schematic representation of a typical fluorescent probe

design for targeting organelles. (B) Illustrative depiction of fluorescent
probe targeting and visualizing specific intracellular organelles. Some
organelles, along with their structures and roles, are depicted.
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3. Cellular uptake of the fluorescent
probes

The initial stage of directing fluorescent probes to intracellular
organelles involves the uptake of these probes by the cells. This
process is mainly determined firstly by the interactions between
the probe and the plasma membrane. The membrane, which is
the outer boundary of cells, is composed of multiple lipid
species and membrane proteins that are also often conjugated
to polysaccharides. In general, lipids form a negatively charged
bilayer, providing a morphological role to the membrane, while
proteins regulate the exchange of substances and provide
cellular signaling, serving a functional role. The membrane is
not a static bodyj; it is continuously in motion, creating a highly
dynamic structure.'® Typically, the transport mechanism of
probe molecules can be divided into two main groups: passive
or equilibrative diffusion and carrier-mediated transport.

3.1 Passive or equilibrative diffusion

Passive or also called equilibrative diffusion is a mechanism
where molecules move across the cell membrane. This process
is driven by a concentration or electric potential gradient and
does not require energy or intermediary protein transporters.*®
Polarity and size of the crossing molecules are key factors
influencing this transmembrane diffusion. Small nonpolar
gases like O,, CO,, and N,, as well as small polar molecules such
as ethanol, can easily pass through lipid membranes.

While small size and adequate lipophilicity are usually
required for this type of diffusion, interesting exceptions have
been observed with certain exogenous natural products, such as
the cyclic peptide drug Cyclosporin A (CsA)."” CsA is an outlier
phenomenon. Despite its relatively large size (MW = 1200 Da),
CsA can passively cross the plasma membrane. This is attrib-
uted to its reversible formation of intramolecular hydrogen
bonds and the shielding of polarity through lipophilic side
chains.*® Similar logic design may accordingly be applicable for
other “oversized” fluorescent probes (MW >1000 Da) that exceed
the size limit suggested by Lipinski's Rule of Five, which prefers
molecules with good absorption to be under 500 Da.*

Generally, molecules with a negative charge have low cellular
uptake efficiency due to the inside of the cell being more
negatively charged relative to the outside.”® This creates an
electric potential gradient that hinders the movement of nega-
tively charged molecules against it.

3.2 Carrier-mediated transport

Cells utilize membrane carrier or transporter proteins to assist
in the entry or export of molecules that are not sufficiently
permeable. These transporters are embedded in the cell
membrane and have specific binding sites that can recognize
and bind to particular molecules. The expression of these
transporters may also vary depending on the cell type.
Carrier-mediated transport can be classified into two main
types: facilitated diffusion and active transport.* Facilitated
diffusion involves the passive movement of molecules along

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Transport mechanisms of probes into cell: passive or equili-
brative diffusion, facilitated diffusion, and active transport.

their concentration gradient. In this process, carrier proteins
facilitate the transport of molecules that would otherwise have
difficulty crossing the membrane due to their size, charge, or
hydrophobicity. On the other hand, active transport requires
the expenditure of energy in the form of ATP. It enables the
transport of molecules against their concentration gradient,
moving from an area of lower concentration to an area of higher
concentration. This process is crucial for maintaining concen-
tration gradient across cellular membranes and for the selective
uptake or extrusion of specific molecules or ions.

In the cellular transport system, the uptake of molecules by
cells is usually facilitated by solute carriers (SLCs) transporters,
while the efflux of molecules from the cell is mediated by ATP-
binding cassette (ABC) family transporters.>** Fluorescent
probes are typically trapped inside cells either by binding to
target molecules or by being retained by transporter gates. A
recent study by Chang group investigated whether the staining
and high permeability property of probe CO-1 (MW = ~494
Da),* a cyclooctyne-containing BODIPY probe, is mediated by
protein transporters. Through ABC-CRISPRi-based screening
and inhibitor tests in mammalian cells, they found that CO-1
can freely penetrate cells, while its efflux out of the cell
membrane is facilitated by ABCB1 and DIRC2 transporters.”
This type of staining or entry mechanism that relies on trans-
porters has also recently introduced as to gating-oriented live
cell distinction (GOLD).>*

An illustration of the transport mechanisms of fluorescent
probes in cells can be seen in Fig. 2.

4. Design rationale for organelle-
targeting fluorescent probes

Designing fluorescent probes typically begins by identifying
a target analyte, which is then combined with a known recog-
nition motif and a fluorophore using common strategies.””
Probes targeting intracellular organelles are designed to not
only specifically and selectively bind to the target but also to be
compatible with the cellular environment, enabling detection
and analysis in living cells. However, the plasma membrane is
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highly selective and impermeable to most molecules, posing
a significant challenge in developing probes that can efficiently
penetrate the membrane.

The design rationale for these probes is based on several
factors: (i) properties of the target organelle and (ii) physico-
chemical properties of the probe.

4.1 Properties of target organelles

The structure and physicochemical properties of organelles play
a crucial role, as each organelle possesses unique molecular
constituents that can be selectively targeted by specific probes.
For example, lysosomes possess an acidic vesicular structure
that allows the accumulation of weakly basic substances, while
negative mitochondrial membrane potential attracts cationic
amphipathic molecules to accumulate in the mitochondria. In
this section, we will explore the diverse properties of organelles,
highlighting their significance in ensuring the efficacy and
success of probe design.

4.1.1 Morphology. The entry and accumulation of a probe
in the target organelle can be influenced by the size and shape
of the organelle itself, and these factors can also impact the
diffusion and distribution of the probe once it enters the
organelle. Organelles with more complex and convoluted
shapes may present challenges for probes to reach all regions of
the organelle.

For instance, mitochondria have highly convoluted inner
membranes called cristae, which typically adopt tubular or
lamellar shapes and extend into the matrix space. The cristae
architecture adapts to different cellular conditions and
undergoes changes in response to various stimuli.”® Addition-
ally, studying cristae dynamics is challenging due to the small
size of mitochondria: the size of mitochondrial tubules ranges
between 200 to 700 nm, while the distance from one crista to
another can be below 100 nm. A recent study reported an
orthogonal labeling strategy where a benzo-fused cyanine dye
was conjugated to cyclooctatetraene (COT) for live-cell stimu-
lated emission depletion (STED) microscopy of mitochondria.
The dye, PK Mito Orange (PKMO), serves as a mitochondrial
inner membrane (IM) fluorescent marker, enabling prolonged
super-resolution imaging of IM dynamics in mammalian cell
lines and primary cells (Fig. 3).>>°

Cell nuclei are enclosed by a double layer nuclear envelope,
with numerous nuclear pores distributed across its surface. The
pores establish a connection between the interior of the nucleus
and the cytoplasm and are part of large protein structures
known as nuclear pore complexes (NPCs). The nuclear pores
serve as selective hydrophilic channels, posing a challenge for
molecular probes attempting to enter the nucleus through
them.** Although small molecules, such as ions and metabo-
lites, can diffuse through the pores via passive diffusion, larger
macromolecules require active transport facilitated by nuclear
translocation signals and transport carriers. Hence, when
designing a nucleus-selective probe, careful consideration must
be given to the hydrophilicity, lipophilicity, and charge density
of the probe to ensure it can penetrate the nuclear envelope
effectively.
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2D-STED Overview

inset (i)

Fig. 3 (A) Chemical structure of PKMO, a cyclooctatetraene-conju-
gated Cy3.5 with Abs/Em of 591/608 nm. (B) 2D-STED nanoscopic
recording of mitochondrial cristae of a COS-7 cell labeled with PKMO
(scale bar, 10 um). Inset (i) and (ii) are magnified image.

4.1.2 Specific biomolecule. Each organelle contains unique
biomolecules, such as enzymes, receptors, and transporters,
that can be targeted by a probe. For instance, lysosomes contain
a variety of hydrolases that enable the degradation of different
types of macromolecular substances, both of exogenous and
endogenous origin. To specifically target lysosomes, fluorescent
probes can be designed with weakly basic amines and lipophilic
moieties, which could passively diffuse as neutral species across
the membrane and accumulate in acidic environments. Once
inside the lysosome's acidic milieu, the weak base becomes
protonated, hence effectively blocking its diffusion back across
the membrane.*

Mitochondria have a unique own phospholipid, the car-
diolipin (CL), that is located exclusively in mitochondrial IM.
CL-specific fluorescent probe, which is sensitive to lipid perox-
idation, hence can be developed to accumulate in mitochon-
dria. Probe MitoCLox was recently developed for not only
targeting mitochondria, but also for tracing CL oxidation.*® This
probe incorporates a BODIPY (581/591) fluorophore conjugated
with a triphenylphosphonium (TPP) residue using a long and
flexible linker. The linker, containing two peptide bonds,
mimics the SS-20 peptide and serves as a scaffold for intro-
ducing additional positive charges. MitoCLox reported a lipid-
mediated response to oxidative stress by exogenous proox-
idants or by internal redox changes.*

The nucleus houses the genetic material DNA, and currently,
the primary focus in the design of nucleus-targeting probes is
centered around the abundant presence of negatively charged
DNA molecules within this organelle. This strategy is done by
incorporating hydrophilic cations into the structure of the
probes and then exploiting the capability of hydrophilic cations
in the probes to strongly interact with negatively charged DNA
through electrostatic interactions.*® These probes feature short
hydrophobic chains and planar aromatic cationic structures.
These features are later extensively adopted by the widely used
nucleus commercial probes, such as Hoechst, DAPI, and SYBR
Green 1, which selectively bind to double-stranded DNA
(dsDNA) at the minor groove.*®

Galactosyltransferase and protein kinase D have the ability
to localize to the Golgi apparatus by utilizing cysteine residues
or cysteine-rich domains for anchoring. This observation has
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led to the demonstration that fluorescent molecules can
specifically target the Golgi when modified with r-cysteine. As
a result, several probes have been developed using this
strategy.*”®

4.1.3 pH. pH or acid-base homeostasis is vital for many
cellular processes such as proliferation, apoptosis, and endo-
cytosis. Organelles have distinct pH ranges that can be exploited
to develop probes that specifically target a particular organelle
based on its pH environment. For instance, lysosomes in
mammalian cells exhibit an acidic pH of approximately 4.5-5.5,
while the mitochondrial pH is around 8.0. Understanding the
pH characteristics of organelles is essential for successful probe
design and accurate detection of specific cellular compart-
ments. One approach is to incorporate pH-responsive moieties
that undergo changes in fluorescence properties in response to
pH variations.

Popularly used lysosomal probes, like LysoTracker or Lyso-
Sensor, are designed based on a fluorophore linked to a weak
base, which remains uncharged in neutral pH but becomes
protonated in the acidic interior of lysosomes, leading to
enhanced fluorescence upon entry to the lysosome.*

Generally, fluorescent probes for detecting lysosomal pH rely
on rhodamine, morpholine, pyridine, and quinoline deriva-
tives.” Rhodamine-based probes with a spirocyclic structure are
well-suited as fluorophores for “off-on” applications. These
molecules do not exhibit fluorescence in basic and neutral
environments because the spirocyclic structure remains in the
“closed” state (Fig. 4). However, the ring opens under acidic
conditions, resulting in a significant increase in fluorescence
intensity. Some reported examples are probe RS1-3 and probe
A_B.40,41

4.1.4 Membrane potential. Membrane potential refers to
the voltage difference across the organelle's membrane,
primarily maintained by the active transport of ions. The pres-
ence of specific ion channels and transporters in the organelle
membrane contributes to establishing and regulating the
membrane potential. By exploiting these potential differences,
fluorescent probes can be designed to selectively target
organelles.

Mitochondria are known to have a highly negative
membrane potential. Lipophilic and positively charged mole-
cules can exploit the membrane potential of mitochondria,
leading to their accumulation within the organelle.*»* For
instance, TPP, cyanine, rhodamine, pyridinium, and quinoline
derivatives are popular scaffolds for designing mitochondria
selective ~ probes.**  One  widely-used example is
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Fig. 4 The recognition mechanism of probe RSl for lysosomal pH
changes involves a strategy, indicated by the orange circle, where the
ring remains closed in a neutral/basic environment but opens under
acidic conditions.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra08032g

Open Access Article. Published on 22 January 2025. Downloaded on 10/16/2025 4:37:54 AM.

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

(cc)

Review

tetramethylrhodamine ethyl ester (TMRE) or MitoTracker Red,
which contains lipophilic cations and has a large multi-
aromatic structure with positively charged nitrogen atoms,
accumulating specifically in the mitochondria of viable cells
due to their affinity for the negatively charged mitochondrial
membrane potential.*

4.1.5 Redox potential. Redox potential refers to the
tendency of a molecule or system to undergo oxidation or
reduction reactions. In the context of organelles like mito-
chondria and endoplasmic reticulum (ER), their redox potential
reflects the presence of specific redox-active molecules and
enzymatic activity within these compartments.

Mitochondria are involved in various redox reactions,
particularly in energy production through oxidative phosphor-
ylation. This is influenced by the activity of the mitochondrial
electron transport chain and the generation of reactive oxygen
species (ROS), and may vary based on the cell's metabolic state
and the equilibrium between oxidized and reduced species. The
mitochondria-targeting probe MitoSOX, which has a dihy-
droethidium-based scaffold with a targeting moiety TPP, inter-
acts with various reactive oxygen species (ROS).* Selective
excitation of the 2-hydroxylethidium product allows for differ-
entiation between the product generated from superoxide
oxidation and other potentially formed oxidized products.

Mitochondrial glutathione (mGSH) plays a crucial role in
antioxidant defense systems by protecting against oxidative
damage resulting from normal aerobic metabolism. The fluo-
rescent probe MitoRT was reported to effectively track the
dynamics of mitochondrial glutathione (mGSH) in live cells
(Fig. 5A)." The probe demonstrates selective targeting of
mitochondria through the mitochondrial membrane potential
(MMP). Using structured illumination microscopy (SIM)
imaging, MitoRT unveiled the cells' tendency to maintain
higher levels of mitochondrial glutathione (mGSH) compared to
cytosolic levels across various physiological conditions.

The endoplasmic reticulum is another organelle with
a significant redox potential. It is involved in protein folding,
modification, and quality control processes. The ER contains
enzymes such as protein disulfide isomerases (PDIs) and
glutathione, which play crucial roles in maintaining the redox
balance and facilitating protein folding through the formation
and reduction of disulfide bonds.” Probe ER-F exhibits
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Fig. 5 (A) Reversible Michael addition reaction between MitoRT and
GSH. TPP is used as mitochondria-directing moiety. (B) Proposed
mechanism of reaction between probe ER-F and cysteine (Cys).
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specificity towards cysteine (Cys), which serves as the precursor
for glutathione biosynthesis (Fig. 5B).*® ER-F demonstrates the
capability to detect Cys specifically localized in the ER region of
HCT116 cells. It is designed based on a BODIPY scaffold,
employing the nucleophilic addition of both thiol and amino
groups, followed by a cyclization reaction, to achieve targeted
recognition of Cys.*

4.1.6 Ion selectivity. The concentration of specific ions can
vary within different organelles. Factors such as membrane
transporters, channels, membrane potential, ion concentration
gradients, as well as organelle-specific proteins and ligands
influence the ion selectivity of target organelles. When
designing fluorescent probes for detection of organelle-specific
ions, it is crucial to consider these factors to ensure selective
targeting within the organelles.

For example, in the case of lysosomes, there is a high
concentration of hydrogen ions (H') maintained by the action of
proton pumps located in the lysosomal membrane. This high
H' concentration serves as a target for probes that are sensitive
to pH changes. In another case, the lumen of the endoplasmic/
sarcoplasmic reticulum (ER/SR), which makes up less than 10%
of the cell volume, is responsible for storing over 90% of the
intracellular Ca** and plays a crucial role in regulating Ca**
signaling.*®

4.1.7 Lipophilicity. Organelle lipophilicity refers to the
affinity of an organelle for lipids or lipid-like substances, which
is influenced by the composition and characteristics of its
membrane.

Each organelle possesses a unique lipid composition,
leading to variations in their lipophilic properties. For example,
the plasma membrane mainly consists of phospholipids, while
the mitochondrial inner membrane (IM) contains a high
proportion of cardiolipin (CL).** These differences in lipid
composition contribute to variations in the lipophilicity of
organelles. Lipophilic probes have a higher tendency to enter
and accumulate in organelles with greater lipophilicity. Modi-
fying the probe's structure by incorporating lipophilic compo-
nents or adjusting the balance between hydrophobicity and
hydrophilicity can then enhance its ability to target specific
organelles.

4.2 Physicochemical properties of the probe

The physicochemical properties of a probe, such as its size,
charge, and lipophilicity, are crucial for its ability to penetrate
cell membranes and selectively target specific organelles. In
many cases, modifications to the probe's chemical structure or
the utilization of specialized delivery techniques are often
necessary to achieve optimal penetration and targeting effi-
ciency. Furthermore, it is crucial for the probe to exhibit non-
toxic characteristics, maintain stability under physiological
conditions, and resist degradation by intracellular enzymes or
other cellular components.

Fine-tuning these characteristics facilitates effective cellular
uptake and intracellular delivery. For example, a relatively small
probe size is desired for sufficient cellular permeability, and
careful evaluation of the probe's charge is important to avoid
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repulsion by the negatively charged cell membrane. Moreover,
an appropriate level of lipophilicity aids in navigating the
hydrophobic cell membrane environment.

In this section, we will explore the physicochemical charac-
teristics of fluorescent probes to gain insights into their
significance in the effective design of organelle-targeting
probes.

4.2.1 Size and shape. Lipinski's Rule of Five, a quantitative
model that offers a measure for predicting ADME (absorption,
distribution, metabolism, and excretion) properties of drug
molecules, suggests that compounds with a molecular weight of
approximately 500 Da or less are desirable for optimal cell
penetration.” Smaller probes, in general, are more advanta-
geous for intracellular imaging due to their enhanced mobility
and ability to readily diffuse through cells. However, certain
situations may necessitate slightly larger probes for specific
organelle targeting, such as the nucleus or Golgi.

This principle aligns with a study conducted by Sung et al.
involving the development of mitochondria-targeting near-
infrared (NIR) probes based on silicon-rthodamine. In the
study, it was found that the optimized library design, which is
based on lipophilic cationic fluorochrome, exhibited a molec-
ular weight range from 470 to 555 Da.>

Passive entry into cells becomes more challenging for larger
probes. Pye et al. observed that cyclic peptide-based probes with
molecular weights ranging from approximately 800 Da to
1200 Da exhibit a notable decrease in passive cell permeability
as their size increases (Fig. 6A).°® This decline in permeability,
especially beyond a molecular weight of 1000 Da, aligns with
previous research highlighting the scarcity of orally adminis-
tered drugs and clinical candidates with higher molecular
weights.” These findings indicate that the observations made
by Pye et al.>® extend beyond the specific cyclic peptides studied
and are applicable to various types of cell-permeable molecules.

It is worth noting that the analysis of cell permeability in
traditional small-molecule drugs reveals an interesting trend:
larger molecules tend to encounter enhanced efflux mediated
by transporters. This effect is observed in macrocyclic
compounds within the size range of 400-800 Da, where
increasing molecular size leads to an escalation in efflux. ATP-
binding cassette transporters, such as P-glycoprotein (e.g,
ABCB1), breast cancer resistance protein (ABCG2), and other
multidrug resistance-associated proteins, are responsible for
this phenomenon.*

Organelles may exhibit specific binding sites or accumula-
tion sites that are more effectively recognized by certain shapes
or structures. It is essential to customize the shape of the probe
according to the specific organelle being targeted. In the context
of DNA targeting in the nucleus, it is commonly preferred to use
probes with a planar structure, as this planar shape enables
efficient intercalation between the base pairs of the DNA helix.
One notable example is Hoechst and its derivatives, such as
hoeBDP and hoeTMR for application as turn-on probes®® and
SiR-Hoechst for use in super-resolution microscopy (Fig. 6B).”

4.2.2 Water solubility. Water constitutes the primary
component of the cytoplasm, and most cellular compartments
are aqueous environments. Probes exhibiting water solubility
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Fig. 6 (A) Membrane diffusion vs. molecular volume. Small molecules
conforming to the Ro5 rule (green dots) approximately follow an
exponential trend, while larger molecules beyond the Ro5 rule (bRo5,
blue dots) experience steep decline in permeability. To ensure the
generality of these trends, a variety of unrelated synthetic and natural
products were subjected to the same analysis (orange dots). Repro-
duced with permission from ref. 53, Copyright 2017 American
Chemical Society. (B) Structure of nucleus-targeting probe Hoechst
and its derivatives. Typical nucleus-targeting probe features hydro-
philic cations, hydrophobic chains, and planar aromatic structure, to
bind to minor groove of dsDNA and/or intercalate between the base
pairs of DNA helix.

possess a higher capability to permeate cell membranes and
efficiently access their targeted organelles compared to hydro-
phobic probes. Such water-soluble probes can readily dissolve
in the cytoplasm and effectively navigate through the cellular
environment, facilitating their transport to the intended
organelles. In contrast, fluorescent probes with poor aqueous
solubility may fail to dissolve in the intracellular environment,
leading to suboptimal imaging outcomes.

Probes with favorable water solubility offer several advan-
tages. They can minimize nonspecific interactions with other
cellular components, thereby reducing off-target effects.”®
Additionally, these water-soluble probes demonstrate higher
biocompatibility and are less susceptible to aggregation or
precipitation, ensuring prolonged stability and functionality
within the cell. These characteristics make them more reliable
as sensors or imaging tools in various cellular applications.

To modulate the water solubility, one approach is to incor-
porate hydrophilic functional groups, such as hydroxyl (-OH),
amino (-NH,), carboxyl (-COOH), and others, into the probes’
chemical structure. This would promote the rapid dissolution of
probes in aqueous environments due to the strong affinity
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between the hydrophilic groups and water molecules. Ji et al
reported that the addition of a sulfonated alkyl chain not only
can increase the water solubility of probes but also lead to
reduced fluorescence background, enhanced signal-to-noise
ratio, and improved sensitivity.”> Covalently attaching water-
soluble polymers, like the commonly used polyethylene glycol
(PEG), to the probe can create a hydrophilic coating, enhancing
its solubility and stability in aqueous solutions. This strategy
has been employed, e.g., with coumarin and rhodamine scaf-
folds, as previously reported.®**

4.2.3 Lipophilicity. The lipophilicity of a fluorescent probe
plays a pivotal role in its interaction with lipid bilayers, such as
cell membranes and organelle membranes. Lipid membranes
enclose various organelles, acting as selective barriers that
control molecular entry. The lipophilic nature of a probe
determines its affinity for lipid bilayers and its capacity to
penetrate them, which becomes particularly advantageous
when targeting specific organelles.

Lipophilic probes have an advantage in crossing these lipid
membranes due to their affinity for the hydrophobic environ-
ment, eventually gaining access to the interior of cells. Lipo-
philic characteristics are purposefully incorporated into the
structure of mitochondria targeting probe, allowing the probes
to be selectively enriched in the inner mitochondrial
membrane, known for its higher lipid content.®* An example of
such a probe is Rhodamine 123 (RH123). RH123 has the ability
to diffuse across the mitochondrial membrane driven by the
potential and concentration gradients.

However, RH123 is less lipophilic than other lipophilic
cation dyes,*® resulting in minimal impact on the membrane
surface potential and exhibiting similar kinetic constants for
both influx and efflux from the mitochondrial matrix. This
feature makes RH123 a suitable candidate for measuring the
mitochondrial membrane potential more accurately.®

(Horobin et al.,** 2013; Horobin & Rashid-Doubell,** 2013) In
quantitative structure-activity relationship (QSAR) studies, one
major property used is log P, which measures lipophilicity or
hydrophilicity. By comparing the properties of a historical
training set of probes, structure-property relationships can be
established to assist in designing probes with desirable char-
acteristics. One approach is to utilize the amphiphilic index
(A1), developed by Horobin,* which calculates the impact of
amphiphilicity using the log P of the lipophilic domain to
predict the cellular localization of fluorescent probes. This can
also be a basis for the prediction of the probe’s cellular locali-
zation (Fig. 7A).4%

To achieve suitable lipophilicity of a probe, commonly used
approaches include incorporating hydrophobic functional
groups (e.g., alkyl chains, aromatic rings, or long fatty acid
chains) or attaching lipid tails or lipid-like structures to the
probe's chemical structure. It is important to find the right
balance in terms of lipophilicity to achieve optimal cell
permeability and aqueous solubility, particularly for larger
molecules. As the molecular weight increases, the acceptable
range of lipophilicity becomes narrower, imposing a maximum
limit on the size of molecules that can effectively penetrate cell
membranes.*
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Fig. 7 (A) QSAR model: mapping probe physicochemical properties
onto preferred probe’s intracellular localization. (B) 3D scatter plot of
QSAR analysis for three properties: lipophilicy (SlogP), molecular
charge (Q_VSA_FNEG) and solubility (log S). Blue and red dots repre-
sent probes that are cell permeable. Reproduced with permission from
ref. 58, copyright 2016 Nature Publishing.

4.2.4 Molecular charge. The charge of the probe can greatly
influence its ability to penetrate the cell membrane and access
the target organelle. Generally, fluorescent probes with a slight
positive charge are more effective at penetrating cell
membranes and reaching intracellular targets.

A recent study highlighted the importance of molecular
charge in determining cell permeability and non-specific
intracellular retention of small fluorescent probes.*® By
employing cheminformatics and cellular high-throughput
screening (HTS) of a probe library and through QSAR analysis,
it was discovered that desirable probes should possess a slight
positive charged (preferred fractional negative van der Waals
surface area, Q_VSA_FNEG, is 0.15-0.35) to facilitate efficient
penetration into cells. This study yielded a predictive model that
aids in designing highly permeable background-free probes for
intracellular imaging applications (Fig. 7B).*®

The choice of probe charge depends on the target organelle.
Positively charged probes are often needed to target organelles
with membrane potential, such as lipophilic cations for tar-
geting mitochondria** or hydrophilic cations for the nucleus.*
Conversely, negatively charged probes may be employed to
target positively charged organelles, such as lysosomes.

5. Recent examples of fluorescent
probes for intracellular organelles

Recent advancements in fluorescence imaging techniques have
significantly broadened the utility of fluorescent probes in
investigating diverse cellular processes at the molecular level.
Notably, probes targeted toward intracellular organelles have
emerged as prominent tools for the precise detection of cellular
metabolites and transient chemical messengers, thereby facili-
tating the study of biochemical pathways. Furthermore, recent
literature has highlighted various imaging strategies and
innovative chemical frameworks aimed at improving target
intracellular organelle specificity. Mitochondria and lysosomes
are key organelles that play pivotal roles in various organisms,
with their functions closely linked to the onset of numerous
diseases (Fig. 8A).°*7° Turn-on or ratiometric fluorescent probes
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Fig. 8 Fluorescent probes targeted toward lysosome and mitochondria. (A) Association of mitochondrial and lysosomal dysfunction and the
onset of numerous diseases. (B) The typical structure of turn-on or ratiometric fluorescent probes, as a general example of organelle probes,
consists of fluorophore (F), recognition unit (R), organelle targeting moiety (O), and target molecule (T). (C) Lysosome-targeted probes (LP). (D)

Mitochondria-targeted probes (MP).

are generally preferred over turn-off types due to their superior
sensitivity.” Organelle-targeting ratiometric fluorescent probes
typically consist of a fluorophore, recognition units, and
organelle-targeting moieties (Fig. 8B). In this section, we
provide representative examples of recently developed fluores-
cent probes for intracellular organelles.

2122 | RSC Adv,, 2025, 15, 2115-2131

5.1 Lysosome-targeted fluorescent probe development

Lysosomes play a crucial role as weakly acidic vesicles housing
numerous housekeeping proteins and enzymes responsible for
the degradation of cellular proteins, lipids, and nucleic acids.
The intricate process of lysosomal processing involves multiple
endocytic pathways and autophagy regulated by lysosomal
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signaling mechanisms.” Lysosomal biological species, such as
reactive oxygen species (ROS), including hypochlorite (ClO™),
peroxynitrite (ONOO™), and hydrogen peroxide (H,O,), and
reactive sulfur species (RSS), such as sulfur dioxide (SO,), hold
pivotal importance in physiological processes, particularly in
the regulation of lysosomal functions, and are implicated in
various diseases.”®”® Therefore, there has been a pressing need
to develop highly sensitive and selective molecular tools for
detecting biological species within lysosomes.

The predominant approach for enhancing the delivery of
fluorescent probes into lysosomes involves modifying them
with lipophilic amines. This strategy capitalizes on the selective
entrapment of probes within lysosomes due to the membrane
impermeability of protonated amines found in these organelles.
Among the various groups utilized for constructing lysosome-
targeted fluorescent probes, 4-(2-hydroxyethyl) morpholine
and N,N-dimethylethylenediamine stand out as particularly
popular structures with a fluorophore due to its alkalinity.”

Hydrogen peroxide (H,O,) stands as one of the foremost
ROS, playing a pivotal role in redox signaling and oxidative
stress within lysosomes. Nonetheless, dysregulated H,O, levels
are implicated in the onset of various diseases, including
neurodegenerative disorders and cancer.”>”® Consequently, the
detection and imaging of physiological H,0, within lysosomes
have garnered significant interest. A boronate ester has been
incorporated as a typical sensing moiety of H,O, for lysosome-
targeted fluorescent H,O, probes. Notably, Lin et al. recently
introduced a two-photon probe, LP1, designed for detecting
H,0, in lysosomes (Fig. 8C).”” LP1 boasts an “acceptor-m-
acceptor” electronic structure, initially displaying weak fluo-
rescence. Upon encountering H,0,, the boronate ester group
within P1 undergoes oxidation, converting it into an electron-
rich hydroxyl group. This transformation triggers a substantial
fluorescence enhancement around 550 nm owing to intra-
molecular charge transfer (ICT) from the hydroxyl group donor
to the naphthalimide acceptor. Crucially, LP1 exhibits remark-
able selectivity for H,0,, remaining unaffected in the presence
of other analytes. It has been effectively utilized for visualizing
lysosomal H,0, in both cellular and tissue samples via two-
photon fluorescence imaging techniques.

Liu and colleagues synthesized LP2 by combining pheno-
thiazine coumarin with a morpholine unit for detecting lyso-
somal ClO™ (Fig. 8C).”® The fluorescence titration of LP2 with
ClO™ revealed a blue shift in emission, shifting from 610 to
535 nm. In contrast to the aforementioned example, this shift
indicated that the ICT process was inhibited owing to the
oxidation of the phenothiazine moiety. Fluorescence imaging
experiments successfully demonstrated the effectiveness of LP2
in detecting ClO™~ within living cells and zebrafish.

SO, is a crucial indicator of lysosomal function and oxidative
stress,” prompting the development of numerous probes for
detecting these redox-active species. Zhang et al. presented
a fluorescent probe, LP3, by developing a strategy for light-
controlled detection of lysosomal SO,.** The LP3 features
a morpholine moiety that is easily protonated, facilitating its
accumulation in lysosomes. However, its ability to respond to
SO, is initially inactive due to the UV-controlled sensing
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mechanism. Upon UV irradiation, the spiropyran (SP) structure
converts to the merocyanine (MR) state, resulting in a signifi-
cant “red-shift” in fluorescence—from green to red—through
a Forster resonance energy transfer (FRET) process from the
naphthalimide donor to the MR acceptor. The MR state, acti-
vated by UV, includes a distinctive C=C double bond, serving as
a specific recognition site for SO,. This UV-activated approach
allows for precise ratiometric monitoring of SO, in lysosomes,
significantly reducing the risk of false positive signals during
probe transit within cells. Additionally, this method revealed for
the first time that lysosomal SO, levels increase with rising
temperatures. Tissue imaging further indicated that SO, may
play a protective role against small intestinal injury caused by
heat shock, offering potential insights into the pathological
mechanisms and mortality associated with heatstroke. This
combined light-controlled detection method and lysosome-
specific targeting strategies are valuable for exploring poten-
tial disease markers and pathologies.

While lysosomotropic amine has been dominated as a lyso-
some targeting core, it is worth noting that fluorescent probes
lacking lysosomotropic groups also exhibit efficacy in detecting
species within lysosomes, albeit through a different mecha-
nism. These probes typically function as logic molecules,
emitting fluorescence signals exclusively in lysosomes due to
the presence of recognition elements, which appear predomi-
nantly in lysosomes, without the recognition unit on the probe.

LP4, which Zhang and colleagues presented, is a represen-
tative example recently developed as a novel class of rhodamine
derivatives, featuring the dibenzo[1,4]oxazepine core, which
selectively reacts with ONOO™, yielding oxazines with signifi-
cantly longer analytical wavelengths.®! Notably, LP4 releases the
oxazine moiety emitting in the near-infrared wavelength region
upon reaction with ONOO™. The innovative chemistry involved
in dibenzo[1,4] oxazepine ring formation, coupled with its
specific reactivity toward ONOO~, presented a promising
approach for developing rhodamine-based bioimaging probes
with NIR wavelengths.

Enzymes, specifically or mainly produced in lysosomes,
could be targeted to develop lysosome-specific fluorescent
probes. B-Galactosidase (B-gal) is predominantly produced and
presented in lysosomes and is notably associated with senes-
cence. The abnormal accumulation of B-gal activity, which is
referred to as senescence-associated (SA) B-gal, has been widely
recognized as a key biomarker in the study of cellular senes-
cence.®*® Liu and colleagues recently introduced a novel
ratiometric fluorescent probe, LP5, which utilizes benzothia-
zolyl acetonitrile dye as its fluorophore.* LP5 exhibited
a pronounced blue-shifted emission, serving as a sensitive
indicator of B-galactosidase (B-gal) activity. Upon interaction
with B-gal, the excimer emission of P1 at 620 nm decreased,
while the emission at 533 nm significantly increased, resulting
in a highly sensitive ratiometric probe with a low detection
limit. LP5 also demonstrated precise lysosomal localization,
allowing for real-time monitoring of senescent cell emergence.
The probe produced strong green fluorescence in senescent
cells and red fluorescence in normal cells, enabling the detec-
tion of endogenous SA B-gal in living cells. Additionally, in an in
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vivo model of drug-induced senescence, LP5 showed significant
fluorescence enhancement corresponding to pB-gal activity. This
allowed for the detection of senescence in specific organs and
skin tissues, revealing that drug-induced senescence was most
pronounced in the brain, skin, and muscle tissues. These
findings underscored the significant potential of LP5 in
advancing biomedical research related to senescence.

5.2 Mitochondria-targeted fluorescent probe development

Mitochondria, termed the “powerhouse” of cells, are vital
organelles responsible for generating adenosine triphosphate
(ATP), the primary energy source for various biological
processes. Beyond energy production, mitochondria regulate
the homeostasis of cellular small molecules such as ROS, active
nitrogen, metal cations, protons, and anions and participate in
cellular processes like autophagy and protein degradation.
Additionally, mitochondria play crucial roles in programmed
cell death mechanisms such as apoptosis.®*®*® Given their
multifaceted functions, it is not surprising that mitochondria
are implicated in various diseases.®”” Consequently, fluorescent
probes designed to target mitochondria offer a valuable means
of facilitating the detection of their dynamic localization and
morphological alterations, as well as the observation of their
physiological processes.

Notably, mitochondria consist of a double lipid bilayer
structure comprising the outer membrane, inner membrane,
matrix, and intermembrane space (IMS). Within the matrix,
oxidative phosphorylation and the tricarboxylic acid cycle occur,
facilitated by proteins in the matrix and inner mitochondrial
membrane (IMM). Proton transfer during these processes leads
to a membrane potential across the IMM.* Leveraging this
potential difference enables the accumulation of positively
charged molecules, such as membrane-permeable or lipophilic
cationic compounds, on the matrix side of the IMM, which is
crucial for designing specific probes targeting mitochondria.
One widely used commercial probe for targeting mitochondria
is MitoTracker Green, which possesses a positive charge,
ensuring selective mitochondrial targeting.®®

Detecting mitochondrial contents can also develop
mitochondrial-targeting fluorescent probes. Research has
shown the presence of several reactive small molecules within
mitochondria. Consequently, various researchers have endeav-
ored to visualize the distribution and elucidate the action
mechanisms of these small molecules within mitochondria
through the design and synthesis of prominent fluorescent
probes targeting specific mitochondrial contents.

Metal ions play crucial roles in various aspects of mito-
chondrial physiology. Among these, zinc ion (Zn>") is particu-
larly involved in key biological processes such as DNA synthesis,
enzyme catalysis, and gene transcription, where fluctuations in
Zn** levels play a significant role.*® Consequently, the detection
of Zn** levels has emerged as a prominent focus in the devel-
opment of mitochondrial fluorescent probes. To understand
the role of Zn>" in biological processes, especially autophagy
and signal transduction, Ning et al. developed a two-photon
ratio probe, MP1, specifically targeting mitochondria to detect
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Zn*" levels.”® By utilizing triphenylphosphine as the targeting
group, the probe was successfully localized within the mito-
chondria, enhancing the sensitivity of two-photon signal
detection for Zn>".

While the investigation of cations within mitochondria has
been extensively explored, the role of anions remains equally
crucial. Fluoride ions (F), in particular, can lead to metabolic
disorders upon their mitochondrial accumulation. Zhang et al.
synthesized the mitochondrial fluorescent probe MP2 for
detecting fluorine in mitochondria.”* Fluoride ions triggered
the removal of the silyl-protecting group, enabling the phen-
oxide to react with the -CN group, transforming non-
fluorescence into highly fluorescent MP2. Consequently, MP2
proved effective in detecting and imaging fluorine within
mitochondria, garnering significant attention in the realms of
cell biology and medical science.

Mitochondrial reactive oxygen species (ROS) play a critical
role in regulating redox homeostasis within mitochondria and
are also involved in various physiological and pathological
processes, particularly in cancer. Increased ROS levels have
been observed in several types of cancer, where they contribute
to the activation of multiple tumorigenic signaling path-
ways.”>** Clearly, assessing these mitochondrial bioactive
species levels is pivotal for elucidating the underlying mecha-
nisms of tumor development and progression. Consequently,
researchers have endeavored to develop probes specifically
designed to monitor ROS levels within mitochondria.

Hypochlorous acid (HCIO) is one of the ROS generated as
metabolic by-products within the mitochondria. To expand the
repertoire of available HCIO probes and broaden their biolog-
ical applications, numerous “turn-on” fluorescence probes
relying on hydrolysis reactions have been developed. Examples
include MP3, which utilized N,N-dimethylcarbamate as the
recognition group.®* Initially, MP3 exhibited minimal fluores-
cence signals. However, upon encountering HCIO, the thio-
carbamate moiety undergoes hydrolysis, leading to the
liberation of the probes. Consequently, the fluorescence of the
resultant fluorophores is restored, facilitated by the enhanced
ICT process. These probes boast high selectivity, rapid
response, and low detection limits.

Mitochondria are semi-autonomous organelles that contain
their own genetic system, comprising mitochondrial DNA
(mtDNA) and the associated transcription enzymes. Human
mtDNA, comprising 16 569 base pairs, encodes RNAs and
peptides crucial for mitochondrial function. Emerging research
suggests associations between mtDNA and various physiolog-
ical processes such as neurodegenerative diseases, aging, and
cancer,” sparking interest in mtDNA imaging. However, dis-
tinguishing mtDNA from more abundant nuclear DNA
remained the first challenge. Tan's group introduced MP4,
building on their experience with isaindigotone derivatives,****
which exhibit excellent selectivity for DNA G-quadruplexes (G4),
which are secondary structures of DNA by guanine-rich
sequences. Utilizing TPP as a mitochondrial targeting moiety,
MP4 selectively responds to the GQ structure in mtDNA, shed-
ding light on its impact on cellular energy metabolism. Using
MP1 to investigate the previously elusive dynamics of mtDNA G-
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quadruplexes (G4s), the researchers unexpectedly found that
these structures primarily form in cancer and endothelial cells
that depend on glycolysis for their energy production.

Enzymes highly expressed in mitochondria are potential
target molecules for the development of mitochondria-targeted
fluorescent probes. Alkaline phosphatase (ALP) is an enzyme
that plays a crucial role in various metabolic processes by
transferring phosphate groups to proteins, nucleic acids, and
other molecules. It is exclusively active within mitochondria,
where it serves as a catalyst for dephosphorylation reactions.*
Perturbations in ALP levels have been associated with various
diseases, including various cancers.'®'** Consequently, ALP
serves as a crucial biomarker in medical diagnostics. Exploiting
the ability of ALP to remove phosphate groups from chemical
structures provides an effective strategy for constructing fluo-
rescent probes capable of detecting ALP levels within living
tissue. Tang's group recently developed an ALP-responsive
fluorescent probe, MP5, specifically designed for imaging and
photodynamic therapy (PDT) in cancer cells.'®> MP5 utilizes
a phosphate group as its recognition site, paired with the
photosensitizer TPAPy, which demonstrates aggregation-
induced emission properties. The elevated ALP expression in
cancer cells promotes the enzymatic hydrolysis of MP5's phos-
phate group, releasing the hydroxyproline residue TPAPy. This
process enhances the fluorescence response through aggrega-
tion, allowing for effective differentiation between cancerous
and normal cells. Structures of these mitochondria-targeted
probes can be seen in Fig. 8D.

5.3 Other organelles-targeted fluorescent probe
development

Recent advancements in the development of intracellular fluo-
rescent probes have significantly contributed to the better study
of organelles’ functions and dynamics in living cells.******
Dysfunctions in other organelles, including Golgi apparatus
and nucleus as well as the plasma membrane, have also been
implicated in a wide range of pathological conditions.'**"
The Golgi apparatus, cell membrane, and nucleus are critical
organelles, and their dysfunctions have been implicated in
a wide range of pathological conditions. The Golgi apparatus, in
particular, serves as a central station for protein processing and
trafficking within cells, playing an essential role in maintaining
cellular function. Its involvement in various physiological
processes and diseases has made it a prominent target for the
development of fluorescent probes aimed at visualizing and
understanding its dynamics. Recent advancements in Golgi-
targeted fluorescent probe design have focused on improving
specificity, photostability, and functionality. These probes
generally consist of a fluorophore conjugated to a Golgi-
targeting moiety, ensuring precise localization and minimal
interference with Golgi function. For instance, researchers have
developed probes that utilize specific enzymes localized to the
Golgi apparatus. Such targeting moieties guide the attached
fluorophores to the Golgi, enabling real-time imaging of their
structure and function. Additionally, modifications to fluo-
rophore structures have been implemented to enhance
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photostability and brightness, facilitating long-term imaging
studies.'®

Cyclooxygenase-2 (COX-2), an enzyme localized in the Golgi
apparatus, plays a pivotal role in converting arachidonic acid
into prostaglandins. Given its elevated expression in inflam-
matory conditions and various cancers, COX-2 serves as a valu-
able biomarker for these diseases. Consequently, several COX-2-
specific fluorescent probes have been developed based on COX-
2 inhibitors. In 2013, X. Peng and colleagues introduced an
innovative “off-on” two-photon (TP) fluorescent probe, GP1, for
Golgi apparatus localization in cancer cells. This probe
combines acenaphtho[1,2-b]quinoxaline (ANQ) as the fluo-
rophore with indomethacin (IMC) as the COX-2 recognition
moiety. In aqueous buffer, GP1 adopts a folded configuration,
resulting in weak fluorescence due to a photoinduced electron
transfer (PET) effect between ANQ and IMC. Upon interaction
with COX-2, IMC binds to the enzyme, triggering a significant
fluorescence enhancement. Notably, the probe's maximum
emission wavelength shifts from 457 nm to 547 nm upon COX-2
binding. GP1 demonstrates exceptional Golgi localization in
cancer cells, achieving a Pearson's co-localization coefficient of
0.97. Its high specificity makes it a powerful tool for investi-
gating morphological changes in the Golgi apparatus during
cancer cell apoptosis.'®

Building on this work, X. Peng's team developed a near-
infrared (NIR) Golgi-localized fluorescent probe, GP2, replac-
ing the ANQ fluorophore with a NIR-emitting Nile blue dye to
achieve longer excitation and emission wavelengths (630 nm
and 670 nm, respectively). Compared to GP1, GP2 offers
reduced photodamage to biological samples, an improved
signal-to-noise ratio, and deeper tissue penetration. These
features make it particularly suitable for in vivo bioimaging
applications."*®

Recognizing the superior COX-2 targeting ability of celecoxib
(CCB) derivatives, X. Peng's group in 2021 developed a probe
named GP3. This probe conjugates a Nile blue unit to CCB via
a six-carbon linker. The mechanism of action mirrors that of
GP2, exhibiting selective binding to COX-2. Subcellular locali-
zation studies reveal that GP3 preferentially accumulates in the
Golgi apparatus, leading to increased fluorescence intensity
upon COX-2 binding. GP3 has been successfully applied to
distinguish cancer cells from normal cells, demonstrating its
potential as a diagnostic tool for identifying COX-2-expressing
cancer cells. These probes exemplify the strategic design of
COX-2-specific fluorescent markers for targeted imaging of the
Golgi apparatus in cancer cells, facilitating the study of Golgi
dynamics and COX-2-related pathological processes."*

The plasma membrane, while not an intracellular organelle,
plays a crucial role in various cellular processes. Recent studies
have highlighted the significance of membrane microdomains,
or lipid rafts, in human diseases, such as cancer progression
and their potential contribution to amyloid formation in
neurodegenerative diseases.'*>'** This underscores the impor-
tance of investigating cell membrane dynamics and
morphology.

Fluorescent probes targeting the plasma membrane have
been instrumental in these investigations. Traditionally, these
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probes consist of an environment-sensitive fluorophore conju-
gated with a membrane-anchoring moiety, ensuring membrane
specificity and minimizing diffusion. Recent advancements
have introduced probes with additional functionalities, such as
multiple fluorescence signals for high-resolution imaging or the
capability to detect intracellular signaling molecules. For
instance, Xu and colleagues developed a plasma membrane
probe, PP1, designed to self-assemble in the plasma membrane
upon activation by GPI-anchored ectophosphatase.'* The probe
comprises three components: an environmentally sensitive 4-
nitro-2,1,3-benzoxadiazole (NBD) fluorophore, a membrane-
anchoring cholesterol unit, and a phospho-p-tyrosine group
that triggers self-assembly. Upon dephosphorylation by ecto-
phosphatases, the probe self-assembles within the plasma
membrane, allowing visualization of lipid raft distribution.
Notably, this probe has been used to observe changes in
membrane dynamics of cancer cells following treatment with
an anticancer drug candidate, demonstrating its potential
application in drug screening.

In another study, researchers developed a series of N-BPM-
Cn probes, with PP2 being a notable example."** These probes
are designed for high-contrast imaging of the plasma
membrane in live cells. N-PP2 consists of a benzothiazole-based
fluorophore-conjugated with a C10 alkyl chain, facilitating its
integration into the lipid bilayer. This design enables the probe
to provide bright and stable fluorescence specific to the plasma
membrane, enhancing imaging capabilities. Additionally, the
development of a PP2 has been reported for imaging the plasma
membrane in live cells. This probe features a benzothiazole-
based fluorophore linked to a C10 alkyl chain, allowing it to
anchor effectively to the plasma membrane. N-BPM-C10
exhibits high fluorescence intensity and photostability,
making it suitable for long-term imaging applications. These
advancements in plasma membrane-targeted fluorescent
probes have significantly enhanced our ability to study
membrane dynamics, organization, and associated cellular
processes, providing valuable tools for biomedical research.

With respect to nucleus-targeting probes, those targeting
DNA with a planar structure are commonly preferred, as their
shape allows for efficient intercalation between the base pairs of
the DNA helix. Noteworthy examples include Hoechst probes
and their derivatives (e.g., hoeBDP and hoeTMR), as well as SiR-
Hoechst, the latter of which is specifically designed for appli-
cations in super-resolution microscopy.’®*” Recent advance-
ments in the development of these probes have significantly
contributed to the study of nuclear functions and dynamics in
living cells. New probes have been designed to achieve more
targeted functionalities, including those that can distinguish
between different chromatin states or track nuclear processes.
For instance, SYTO probes can be excited by Vis-NIR radiation,
which reduces cell damage during prolonged imaging, unlike
Hoechst probes that require UV light for excitation. Addition-
ally, a number of probes based on cyanine scaffolds have been
developed for nuclear targeting. In 2020, Kurutos et al. designed
a series of CI-TO probes that exhibit lower cytotoxicity and
stronger fluorescence enhancement compared to commercially
available thiazole orange."® In 2021, the same group developed

2126 | RSC Adv, 2025, 15, 2115-2131

View Article Online

Review

monomethyl cyanine probes (AK-C1, AK-C2, and AK-C3), which
are capable of staining nucleoli with high sensitivity to AU-rich
RNA, showing a 379-fold increase in emission signal.™” In 2022,
Aristova and colleagues reported T-4, a symmetric trime-
thylcyanine probe suitable for nucleolar imaging due to its
strong sensitivity to nucleic acids, along with good biocompat-
ibility and photostability, making it well-suited for long-term
cell imaging."*®

6. Summary and outlook

Organelle-targeting fluorescent probes have gained increasing
attention in the past decade due to their proven potential in
monitoring diverse physiological and pathological activities
and unraveling the molecular mechanisms of biological events.
These probes, designed with various fluorophores, recognition
moieties, and targeting ligands, have been meticulously
prepared and have now successfully been applied in monitoring
cancer, photodynamic therapy (PDT), diabetes, drug-induced
oxidative/nitrative stress, inflammation, and others, making
them powerful tools for bioanalysis.

This review provides an overview of strategies and factors to
consider in designing organelle-targeting probes. The mode of
cellular uptake adopted by the fluorescent probes and key
factors contributing to the successful design of such probes,
including properties of the target organelle and physicochem-
ical properties of the probes themselves, are carefully discussed.
While a number of well-performing organelle-targeting fluo-
rescent probes have been developed in recent years, some
aspects in the field still face some challenges, including the
following:

(1) Fluorescent probes are often prone to photobleaching,
posing challenges in meeting the requirement for prolonged
and dynamic observation, such as in STED imaging, of specific
biotarget within organelles. Therefore, developing probes with
excellent light stability and minimal phototoxicity is essential to
improve probes’ photostability and reduce photodamage to
living cells.

(2) Some available probes still face poor targeting efficiency.
For instance, efficient targeting strategies for important
organelles like the Golgi apparatus and lipid droplets are still
scarce, hindering the investigation of crucial biological
processes in these subcellular structures. Therefore, exploration
on expanding chemical toolbox for novel targeting and/or
recognition ligands towards these organelles is especially
required.

(3) Efficient cellular uptake and membrane permeability
remain important hurdles to tackle, as probes need to penetrate
cell membranes to reach their intracellular target organelles. As
cellular uptake is influenced by the probe's physicochemical
properties, it is crucial to optimize these parameters.

(4) Though QSAR analysis could help in ‘simplifying’ the
journey in discovering desirable probes, it has some challenges
on its own. QSAR models rely on large datasets of fluorescent
probes with known properties and cellular localizations.
Obtaining comprehensive and diverse datasets for various
organelles is a challenge due to limited experimental data

© 2025 The Author(s). Published by the Royal Society of Chemistry
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availability. Developing robust QSAR models that accurately
predict the localization of fluorescent probes requires handling
the complexity of multiple physicochemical properties and
their interdependencies.

We hope that this review helps in better understanding of
some key properties, facilitates the rational design of the
probes, and enables the development of probes that can
specifically and selectively target organelles for detection and
analysis in living cells. Future research in this area may focus on
further refining probe design, optimizing delivery mechanisms,
and exploring new imaging techniques to push the boundaries
of bioimaging and its applications in biomedical research and
clinical settings.

We hope that insights from this review helps in better
understanding some key properties, facilitates the rational
design of the probes, and enables the development of probes
that can specifically and selectively target organelles for detec-
tion and analysis in living cells. Future research in this area may
focus on further refining probe design, optimizing delivery
mechanisms, and exploring new imaging techniques to push
the boundaries of bioimaging and its applications in biomed-
ical research and clinical settings.
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