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Abstract  The visualization of drugs in living systems has become key techniques in modern therapeu-
tics. Recent advancements in optical imaging technologies and molecular design strategies have revolu-
tionized drug visualization. At the subcellular level, super-resolution microscopy has allowed exploration
of the molecular landscape within individual cells and the cellular response to drugs. Moving beyond sub-
cellular imaging, researchers have integrated multiple modes, like optical near-infrared II imaging, to
study the complex spatiotemporal interactions between drugs and their surroundings. By combining these
visualization approaches, researchers gain supplementary information on physiological parameters, meta-
bolic activity, and tissue composition, leading to a comprehensive understanding of drug behavior. This
review focuses on cutting-edge technologies in drug visualization, particularly fluorescence imaging, and
the main types of fluorescent molecules used. Additionally, we discuss current challenges and prospects
in targeted drug research, emphasizing the importance of multidisciplinary cooperation in advancing drug
visualization. With the integration of advanced imaging technology and molecular design, drug visuali-
zation has the potential to redefine our understanding of pharmacology, enabling the analysis of drug
micro-dynamics in subcellular environments from new perspectives and deepening pharmacological
research to the levels of the cell and organelles.

© 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and Institute
of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Much progress has been made in the development of targeted
drugs that interact with specifical molecular or organellar targets.
Treatments based on these drugs benefit from high specificity and
lower side effects as compared with those using traditional cyto-
toxic drugs and drugs with multiple targets'>. While targeted
drugs facilitate precision therapies and come with important
clinical benefits, problems like the difficulty of drug discovery and
target verification, as well as the long development cycle need to
be addressed. Validating the mechanisms of drug—target interac-
tion directly is a key step in the targeted drug development pro-
cess’. Recently, surface plasmon resonance, drug affinity
responsive target stability, cellular thermal shift assay, and other
technologies have been used to investigate the target-engagement
mechanism of small-molecule drugs*’. However, it remains
difficult to measure the cellular distribution of the targeted drugs
and achieve real-time in situ detection and direct visualization
analyses in vivo. Therefore, monitoring drug—target interactions is
critical for determining the precise target of drugs and designing
new targeted therapies.

The visualization of drugs in situ and the tracking of their
movements throughout living systems thus have emerged as crit-
ical strategies in modern therapeutics, as these techniques offer
valuable insights into pharmacokinetics and pharmacodynamics,
especially in the realm of targeted drugs®®. Recent years have
witnessed remarkable advancements in the field of drug visuali-
zation, largely driven by breakthroughs in optical imaging tech-
nologies and innovative molecular design strategies.

In particular, fluorescence imaging has emerged as a powerful
tool, in forms including fluorescence confocal microscopy, fluo-
rescence lifetime imaging microscopy, two-photon imaging mi-
croscopy, super-resolution microscopy (SRM) and near-infrared 11
(NIR-II) live imaging systems. These tools allow for the real-time
monitoring of drug distribution and localization within biological
tissues”'". These techniques provide high sensitivity and spatial
resolution, making them indispensable techniques in drug visu-
alization studies. These optical imaging techniques are

particularly valuable for rapid and biocompatible observation of
intracellular molecular—target interaction events and for non-
invasively tracking living cells'*'*. Additionally, when imaging
probes are used in conjunction with SRM, the images can achieve
nanometer and subcellular resolution, which will contribute to the
further exploration of the mechanism of drug-target interac-
tion'>'®. For example, new organellar transport mechanisms
leading to resistance to platinum drugs have been revealed by
fluorescent labeling and SRM'’, and the time-dependent distri-
bution behavior of fluorescent dextran in areas of contact between
mitochondria and lysosomes has been identified in a similar
manner'®. Moreover, the development of near-infrared (NIR)
fluorescence imaging, particularly NIR-II fluorescence imaging,
has expanded the possibilities for non-invasive drug visualization,
capitalizing on the reduced photon absorption, decreased tissue
scattering and negligible tissue autofluorescence in this spectral
range'®. Compared with conventional fluorescence imaging ap-
proaches, fluorescent probes with longer emission wavelength
(1000—1700 nm) in the NIR-II window provide higher resolution
and achieve deeper penetration depths, which has shown broad
and excellent prospects for drug tracking in living tissues””'. For
instance, Yang et al. developed a theranostic nanomedicine
(AuNCs—Pt) possessing NIR-II imaging and glutathione-
scavenging abilities to monitor platinum transportation and to
achieve the effect of efficacy gains and reduced toxicity”>. More
recently, Wei et al. also designed a biodegradable NIR-II tandem
polymer for S6MESS delivering, which could monitor the endo-
cytosis of nanoparticles via NIR-II imaging in deep-tissue effec-
tively and provide feedback on anti-tumor targeted treatment via
apoptosis imaging®’.

In parallel with advances in optical imaging, molecular design
strategies have evolved to facilitate drug visualization®**. The
engineering of drug molecules with optical labels is a key
approach to enable their detection and quantification in complex
biological environments. Drugs can be rendered visible by fluo-
rophore labeling, allowing researchers to study their bio-
distribution and metabolism as well as their interactions with
target or off-target sites of action. Relative to other tracking
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techniques, such as the use of radiolabeled compounds or
immunofluorescence, fluorescent labeling holds multiple advan-
tages, including simpler operation, higher sensitivity, better
reproducibility, more consistent membrane permeability, and the
opportunity to perform real-time in situ detection, which has
proven to be particularly useful in the study of targeted drugs®®>*.
Still, unlike highly selective antibody-based biologics, fluorescent
molecules are prone to off-target effects, leading to side effects
and potentially serious toxicity”. Furthermore, some fluorescent
molecules themselves serve as targeted drugs that not only have
optical activity but also are specifically targeted to achieve phar-
macodynamic effects in vivo™" 2.,

This review aims to provide a comprehensive overview of the
cutting-edge techniques and approaches that have revolutionized
drug visualization in therapeutics. First, we introduce the progress
of fluorescence imaging techniques and their applications in drug
visualization. Second, we review the three main types of fluo-
rescent molecules in the field of drug visualization:
fluorophore—drug conjugates, natural fluorescent derivatives and
de novo-designed visual drugs. Finally, we conclude this paper by
discussing current challenges and prospects for the use of fluo-
rescent molecules in targeted drug research. In particular, we
highlight here the importance of multidisciplinary collaborations
among chemists, biologists, and imaging experts to overcome
these challenges and advance drug visualization in therapeutics.
The insights gained from these studies hold great promise for
facilitating the optimization of drug development, improving
treatment efficacy, and enhancing our understanding of the com-
plex interactions between drugs and living systems.

2. Advanced fluorescence imaging technologies and
analytical tools

The development of optical imaging techniques has allowed
research into targeted drugs to be performed at a high resolution
and to be monitored in vivo in real time®**°. In order to generate
useful data for these applications, it is necessary to generate high-
quality images at the subcellular, cellular, and animal scales and to
employ advanced image quantification tools to process complex
information.

2.1.  Optical imaging on subcellular and cellular scales

Multiple strategies have been developed to trace drugs on very
small scales. Here, we describe a variety of subcellular and
cellular imaging microscopes and illustrate their applications for
drug visualization (Fig. 1).

2.1.1.  Wide-field microscopy

Wide-field imaging is the most fundamental microscopic imaging
technology. During wide-field fluorescence imaging, the fluores-
cent light sources are incident on the objective lens via a falling
illumination light path through the beam-splitting prism, and then
specimens are excited to produce fluorescence, which is returned
to the objective lens subsequently. Then the fluorescence is filtered
by the dichroic mirrors to filter out fluorescence with target
wavelengths and reaches the detector. Based on the imaging
principle of this foundational technology, it features relatively
simple operation, fast imaging speeds, and intuitive evaluation of
cell distribution and morphology. This form of imaging has been
used in multiple ways. For example, Chen et al. developed an

automated high-content screening platform to collect time-lapse
images and thus quantify the multidimensional responses of
Schistosoma mansoni post-infective larvae to drug treatment’®.
However, in wide-field fluorescence imaging, the entire spec-
imen is illuminated so that fluorescence generated at different
focal plane locations is detected, resulting in a decrease in
contrast, which limits the maximum imaging resolution and im-
aging depth and prevents more detailed observations of
drug—molecule interactions at the subcellular level.

2.1.2.  Fluorescence confocal microscopy

Confocal microscopy is designed to obtain high-clarity images
with a horizontal resolution up to the diffraction limit by focusing
its laser beam inside the specimen and using a pinhole to effec-
tively block photons from out-of-focus regions from entering the
detector”’. The so-called confocal is that the emission light source
point, the object point on the focal plane and the detector imaging
point are focused together. In an optical system for confocal mi-
croscope, a continuous laser light source passes through a small
aperture and converges on the specimens by a spectroscope. The
irradiated sample excites fluorescence and converges to the de-
tector. In this way, the excitation fluorescence generated on or
under the objective imaging focal plane is not in confocal with the
detector imaging point, so there is no imaging interference.
Fluorescence confocal microscopes have been available for more
than 30 years, and the convenience of operation and widespread
availability of the technique ensures that it will continue to play a
prominent role in biological imaging, especially with recent
breakthroughs in the development of targeted drugs’®. As it allows
repeated imaging of the same area at different points in time, it is
an excellent way to monitor disease progression and post-
treatment response, and it is an effective way to explore the dy-
namics of targeted drugs in real time’.

Compared with wide-field imaging, confocal imaging requires
large image storage space and complex computer image pro-
cessing technology by reconstructing the image obtained from
multi-point scanning and then using the computer to complete the
image display™’. In addition, it is also limited by the diffraction
limit, making it difficult to achieve super-resolution imaging at the
subcellular level.

2.1.3.  Two-photon microscopy

Tissue-penetrating techniques provide the potential to allow real-
time observations of individual cells in intact living samples. In
this regard, the penetrating ability of the photons that simulta-
neously excite the fluorophore in two-photon microscopy has led
to the importance of this method in modern drug evaluation and
oncology research*'*?. Different from the direct irradiation of a
continuous short wavelength laser in common confocal micro-
scopy, two- or multi-photon microscopy excites specimens by
using long wavelength photons, which have lower energy than
short wavelength photons, that is, the sample needs to absorb two
or more photons to achieve the energy generated by an equivalent
short wavelength light source. This can reduce the damage to the
specimen, making two-photon imaging gradually become
powerful tools for the investigation of microspecies™ . The tech-
nique does not require fixation or staining of biological tissues,
which increases its capacity as a diagnostic tool. For instance, Li
et al. found that multiphoton imaging can distinguish slight, sig-
nificant, or complete tumor responses and can detect morpho-
logical alterations associated with the extracellular matrix during
the progression of breast cancer’”. In addition, because of its
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ability to visualize protein activity with high spatiotemporal res-
olution in living cells within tissues, two-photon microscopy has
been used to investigate signal transduction mechanisms, such as
actin polymerization in hippocampal neuron synapses™’, astrocytic
calcium signaling in the living murine brain*’, and multiplane
calcium imaging of over 1000 neurons in mice*’.

Although two-photon imaging currently defines the upper limit
of penetration depth in diffraction-limited microscopy, typical
two-photon setups usually achieve worse resolution than that of
confocal microscopes because the diffraction-limited focal spots
widen as the illumination wavelength increases. Meanwhile, two-
photon is also limited by the diffraction limit just like common

confocal microscopy.

2.1.4.  Super-resolution microscopy
The diffraction limit comes from the broadening of the imaging

target, which is caused by the fluorescence emitted at different
times being received and displayed by the detector. That is to say,
if the diameter of the imaging spot can be made infinitely small,
the diffraction limit will be broken*. All of the aforementioned
microscopic imaging techniques are constrained by the diffraction
limit, but recently developed SRM techniques, such as stimulated
emission depletion (STED)", structured illumination microscopy
(SIM)™, and stochastic optical reconstruction microscopy
(STORM)’!, change the imaging principle at the molecular level
to overcome the diffraction limit and provide new tools for
investigating interactions of drugs with organelles on the

Analysis

Principles underlying imaging-based technologies for drug visualization and screening.

subcellular level. Work by Chen et al. has demonstrated the
application of an innovative SIM approach to the study of bio-
logical activities of drugs, and in particular, they identified ther-
apeutic interactions with mitophagy'”. This work also revealed the
occurrence of mitochondrion—lysosome interactions in living
cells with improved accuracy. The application of SRM is also
popular in other biological fields, including neurosciences’>™,
pathology*, and cardiology™”.

However, the acquisition of high-resolution images takes a
long time and requires pre-screening using a low-resolution mi-
croscope usually’®. As its high resolution, SRM puts higher re-
quirements on samples, optical Settings, and data processing.
Therefore, these fluorescence imaging techniques should be
combined according to the specific purpose of drug visualization

. - 57
in practice’’.

2.2.  Optical imaging at the whole-animal scale

In contrast with in vitro and ex vivo imaging approaches, live
animal imaging techniques allow the non-destructive capture of
microstructural or functional images of biological tissues to
evaluate treatment efficacy and disease development at the level of
the whole animal®®®. Fluorescence imaging in the second near-
infrared window (NIR-II, 1000—1700 nm) enables precise visu-
alization of thick tissue features with a high signal-to-background
ratio and high resolution due to minimal tissue scattering and low

61-63 :
autofluorescence® “®’. The most common optical detectors are
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Application of NIR-II fluorescence microscopy. (A) Schematic illustration of the NIR-II fluorescence microscopic imaging system.

Reprinted with the permission from Ref. 64. Copyright © 2020 The Authors, some rights reserved. (B) NIR-II fluorescence microscopy images of
the cerebrovasculature through a thinned-skull window. (C) Distributions of 3D fluorescence intensity in brain blood vessels before and after
induction of prothrombic ischemic stroke. Reprinted with the permission from Ref. 65. Copyright © 2021 Wiley-VCH GmbH. (D) Schematic
diagram of the NIR-II endoscopy system. (E) Simultaneous white light and fluorescence images of representative tumors. Reprinted with the
permission from Ref. 66. Copyright © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

silicon charge-coupled devices, which have detection ranges of
400—900 nm. Recently, newly developed semiconductor alloys,
such as InGaAs, have overcome this limited range (Fig. 2A),
allowing NIR-II fluorescence imaging to reach even higher
sensitivity and resolution®. Techniques based on NIR-II have a
relatively high penetration depth of approximately 2 cm, enabling
it to allow researchers observe small blood vessels and identify
signals emitted by deeper organs.

In order to validate the feasibility of NIR-II fluorescence im-
aging quality in vivo, Feng et al. utilized NIR-II fluorescence
wide-field microscopy to investigate the cerebral vascular struc-
ture of marmosets®. The signals on each focal plane within nearly
800 pm below the thinned skull were almost completely captured
upon axially modification of the relative position of the sample
stage and the objective lens, and an ultrahigh spatial resolution of
2.4 um was reached (Fig. 2B). Moreover, functional imaging in
real time of the brain through the thinned skull was further con-
ducted, and cerebrovascular alterations after brain embolism were
observed (Fig. 2C).

Advanced NIR-II imaging also promises to provide doctors
with an unparalleled view into tissues for tumor detection at
greater depths and contrast®’. For example, Suo et al. constructed
a fluorescent endoscopic system that harnesses the power of the
NIR-II fluorescence imaging window (Fig. 2D), and when the
images from the fluorescent and visible channels were overlaid,
data from this advanced endoscope provided intuitive and accurate
delineation of colorectal tumor tissue in real time and permitted
a more comprehensive understanding of disease progression
(Fig. 2E)®.

2.3.  Advanced image quantification tools

The amount of data contained in high-resolution fluorescent im-
ages is becoming so large that tedious and subjective visual in-
spection is no longer sufficient. Instead, automated algorithms are
being developed for the reliable and objective extraction of bio-
logical information from images acquired at the level of the cell or
the organelle®®.

2.3.1. Cell-based quantitative analysis

CellProfiler software is the most notable tool for classifying and
recognizing diverse cells, including tumor cells, human cells and
Drosophila cells and for application to comet assays and other
visual techniques that require high precision analyses®”’". Further,
this software performs cell counting and scoring, yeast community
classification, light correction, colocalization analysis, cell
tracking, and more. For example, a novel method using
CellProfiler was developed for the quantitative assessment of
autophagy using images of cells expressing GFP-tagged WIPI1
acquired with confocal laser-scanning microscopy. As shown in
Fig. 3A, this workflow can be quickly and easily adapted for the
use of alternative autophagy markers or cell types, and it can also
be used for high-throughput purposes’’

2.3.2.  Organelle-based quantitative analyses

The M-value system, based on full width at half maxima, was
proposed in order to quantitatively analyze the crosstalk occurring
at sites of mitochondria and lysosome contact (MLC) at the
subcellular level’*”*. This M-value provides an efficient platform
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GmbH Germany.

to quantify the interaction of subcellular organelles (Fig. 3B).
Furthermore, a method of analysis of mitochondrial morphology
(L/W value) in a single cell has been developed for accurately
evaluating the mitochondrial response to drugs’”. This method can
quickly and accurately analyze the effects of small molecules and
nano-materials on the distribution of mitochondrial morphologies

in a single cell, enriching image analysis techniques for quanti-
tative evaluation of drug-induced organellar damage (Fig. 3C-E).

2.3.3.  Organism-based 3D image analysis
Currently, just a few analysis techniques have been developed for
high-throughput 3D images, and the majority of image analysis
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software is designed for 2D images’>. 3D image analysis requires
being flattened, i.e., maximal projection, otherwise researchers
need to develop particular programming to handle stereo structural
data. Some open-source image analysis platforms, notably ImageJ
and Fiji, are gaining popularity as they allow users to reconstruct
plugins with more flexibility. Fiji can be employable to reconstruct
three-dimensional images of C. elegans as well as to process long-
term time-lapse images °. Di et al. developed an imagel-based
program for computing properties from the Z-stack maximum
projection, that can efficiently analyze massive datasets to analyze
F-actin morphology and branching patterns of breast cancer cell
lines cultivated in spheroid culture’’. In addition, a few commer
cially available software packages include 3D-biological volu-
metric analysis platforms that are capable of evaluating enormous
images obtained by high-throughput screening’’’®. These soft-
ware packages, however, are too expensive for smaller labs and do
not allow for highly detailed images like 2D image analysis.

Because of these advances in imaging microscopy technology
and high-throughput image analysis techniques, the evaluation of
targeted drugs will move more quickly into the era of direct
visualization in vivo™>’*. Notably, this premise relies on the
development of reliable fluorescent molecules capable of inter-
acting with targets and providing information in the form of op-
tical intensity. Therefore, we will next focus on the classification
and design of fluorescent molecules for the assessment of targeted
therapies.

3. Drug labeling strategies

3.1.  Fluorophore—drug conjugates

Imaging-based quantitative molecular techniques are dependent
on the development of precise fluorescent labeling technologies;
in other words, both advanced imaging and labeling techniques
are essential for the accurate evaluation of targeted drugs.
Currently, visualization of small molecule drugs typically entails
attaching fluorescent molecules to drug candidates. We list some
recommended fluorophores, with excitation and emission wave-
lengths from the visible to the NIR-II window (Fig. 4)81784,

To date, in addition to small molecule probes, a variety of
strategies for drug label tracing have been reported, including
fluorescent quantum dots (QDs), upconversion luminescence, ag-
gregates induced by emission (AIE) probes and so on. Among
them, QDs are inorganic semiconductor nanocrystals, typically
composed of a cadmium selenide (CdSe) core and a zinc sulphide
(ZnS) shell and whose excitons (excited electron—hole pairs) are
confined in all three dimensions, which gives rise to characteristic
fluorescent properties®. As fluorescent probes, QDs are charac-
terized by broad absorption profiles, high extinction coefficients,
chemical stability and narrow and spectrally tunable emission
profiles, which make QDs broadly used for biolabeling and bio-
imaging®>*’. However, it is well known that QDs are excreted
slowly, even for months, through the reticuloendothelial system,
some of which become trapped for long periods, which may lead
to long-term toxicity problems®.

Upconversion luminescence is a kind of anti-Stokes shift
luminescence, which breaks the traditional Stokes optical law. Its
luminescence process refers to the luminescence process of
emitting high-energy light (short wavelength) through a variety of
conversion methods under the excitation of low-energy light (long
wavelength). This optical imaging mode well solves the problems

of biological spontaneous background light interference of fluo-
rescent substances, low light penetration depth, and poor signal-
to-noise ratio under Stokes law™. However, upconversion lumi-
nescence requires specific equipment, and the studied materials
are mainly rare earth ion doped materials, which, like QDs,
metabolize slowly, limiting its application in drug tracing”.

Moreover, AIE probes have a unique luminescence charac-
teristic. The molecular system does not emit fluorescence or weak
fluorescence in the solution condition due to the free rotation of
the chemical bonds. However, enhanced fluorescence is generated
in the aggregation state because the rotation is inhibited. This
phenomenon overcomes the aggregation-caused quenching effect
of traditional fluorescent materials’'. Researchers have designed
many drug tracing methods based on AIE, but the triggering of
AIE effect requires a high concentration of local molecules,
reducing cytotoxicity is an urgent design consideration. At the
same time, the ubiquitous conjugated phenolic rings in AIE probes
may lead to intracellular distribution and metabolic problems”>.

Concretely speaking, small-molecule fluorescent probes have
significant advantages in terms of the flexibility of fluorophores,
which allows for the connection of various drugs to the function of
image tracking. In addition, small molecules with good biode-
gradability, good biocompatibility and smaller size can be bene-
ficial for absorbance and metabolism. Furthermore, small organic
molecules are easy to synthesize, with good optical properties,
strong fluorescence emission ability, and low preparation cost, and
thus it is widely used in the imaging of small molecule drugs,
which fits well with our goal of simultaneously visualizing drug
distribution and studying the mechanism of action’**. Therefore,
we only focused on the small-molecule fluorescent probes for drug
tracing in this review.

3.1.1.  Critical components of fluorophore—drug conjugates
When conjugating drugs or biomolecules to fluorophores for
evaluating drug-target binding in cells, tissues, and organs, the
following factors need to be considered (Fig. 5).

3.1.1.1.  Fluorescence quantum yield. A high fluorescence
quantum Yyield is necessary for the visualization of a drug within a
complex biological milieu”®; therefore, the structure of the
fluorophore—drug complex must be carefully considered to opti-
mize fluorescence. In this regard, Fan et al. reported a fluorescent
probe with a high quantum yield when conjugated to cisplatin”’.
Due to its high fluorescence quantum yield and two-photon ab-
sorption properties, this probe was able to detect cisplatin in cells

and intact zebrafish, making this reagent a valuable tool.

3.1.1.2.  Pharmaceutical activity. While adding multiple fluo-
rophores would increase the sensitivity of live cell imaging, it is
necessary to ensure that the fluorescently labeled group is inactive
and that the activity of the drug molecule is not altered by the
conjugation. Otherwise, the introduction of additional fluo-
rophores may cause uncertainty about the pharmacological effect
and may lead to conclusions that do not accurately reflect the true
mechanism of action.

3.1.1.3.  Stability. False positives will result if the bond between
a fluorescent tag and a drug molecule is insufficiently stable’®.
Therefore, the reliable connection of fluorescent tags to the drug
molecule is an important factor to be considered while designing
fluorophore—drug  conjugates’. The majority of coupling
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techniques are based on ester amine or maleimide mercaptan
bonds'”. Wu et al. have investigated a mild coupling approach, the
copper-catalyzed azide—alkyne cycloaddition reaction (CuAAC),
and prepared a fluorescent glycoconjugate with good photophysical
properties and effective cellular uptake'"".

A linker is commonly utilized to connect a fluorophore to a
small bioactive moleculeloz’log, and the structure of this linker can

influence interactions between the two components. Ideally, the
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linker should be of moderate length and flexible enough to limit
the independent rotation of the fluorophore without interfering
with the binding of small active molecules to receptors. Moreover,
identifying an appropriate attachment site that does not interfere
with target binding is also critical. These factors are particularly
important when studying antibiotics, which are usually relatively
small molecules; the risk of chemical changes upon introduction

of fluorophores is thus more severe'*.
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3.1.2.
tracking
A targeted inhibitor of polyADP-ribose polymerase 1 (PARP-1)
inhibitor, which slows DNA damage repair in rapidly proliferating
cells, was the first anticancer drug approved for clinical applica-
tion in combination with other anticancer drugs'®”. Thurber et al.
described a strategy to visualize this inhibitor (PARPi) by conju-
gating it with small fluorophores to generate a drug that was both
active for imaging and therapeutically active®. They used robust
immobilization and cell tracking techniques in an in vivo inves-
tigation to perform intracellular pharmacokinetic imaging of
PARPi in real-time, allowing them to record important early
phases in the distribution of the drug.

More recently, Yue et al. designed a fluorescence-based strat-
egy to analyze the roles of human serum albumin (HSA) in
pharmacokinetics. They found that lysine-161 in HSA reacts
specifically with a coumarin fluorescent dye, and this fluorescence
was sensitive to interactions with HSA-binding drugs, including as
ibuprofen, warfarin and clopidogrel'®. The capability of the
linked fluorescence probe to detect concentrations of drugs in the
bloodstream was then demonstrated using ibuprofen as a model
medication. Compared with traditional pharmacokinetic blood
drug concentration monitoring methods, this non-invasive fluo-
rescence imaging method was found to be more sensitive and to
eliminate the need for continuous blood sample collection, which
alleviates the pain of laboratory animals'’. In addition to imaging
diagnostic and monitoring, Kwon et al. designed a multifunctional
fluorescent inhibitor to target prostate-specific membrane antigen
(PSMA) and tumor hypoxia, using lysine as a scaffold to connect
three different functional groups: a glutamate-urea-lysine (GUL)
compound for inhibiting PSMA, 2-nitroimidazole to act as the
hypoxia-sensitive moiety, and an NIR fluorophore for optical
imaging (Fig. 6A)'*®. Consistent with the synergistic effects of the
PSMA and hypoxic-targeting components, in vivo optical imaging
and in vitro biological distribution analyses showed the accumu-
lation of this multifunctional inhibitor at the tumor site (Fig. 6B).

At the subcellular targeting level, to realize the intracellular
visual tracking of dextran, Chen et al. applied structured illumi-
nation microscopy (SIM) to capture the distribution of Cy5-
labeled dextran (Fig. 6C). As shown in Fig. 6D, the intracellular
transport of dextran from lysosome to mitochondria at different
incubation times in living cells revealed the involvement of
apoptosis and autophagy in the anti-tumor bioactivity of dextran'®.
Furthermore, Liu et al. designed a dinuclear platinum complex,
Pt,L, for tracking the behavior and distribution of platinum drugs
in living cells'”. Due to its super-large Stokes shift and excellent
photophysical properties, they were able to track the photo-
activated escape of Pt,L from autolysosomes to the nucleus, where
it attacked the DNA to specifically kill tumor cells (Fig. 6E). Since
the autophagolysosome sequesters drugs, it provides additional
avenues for the photoactivation of platinum drugs delivered as
prodrugs to mitigate side effects.

Many additional fluorescently labeled small molecule drugs,
antibodies' """, peptides''?, nucleic acids' ' and other molecules
have been developed for the illumination and treatment of le-
sions''*. However, the current visualization strategies based on
fluorophore—molecule conjugates may lower drug efficacy, in-
crease off-target effects, influence molecular interactions, and lead
to other unpredictable effects, such as false positive results due to
premature release of the fluorophore from the compound. There-
fore, it is necessary to further improve fluorescence drug visual-
ization strategies so that drug tracers may be monitored at the

Application of the fluorophore—drug conjugates for drug

subcellular level and the mechanism of drug-target interactions
can be validated.

3.2.  Natural label-free fluorescent derivatives

Natural small molecules have a broad structural diversity, and
many have intrinsic optical properties, which make them poten-
tially superior to synthetic compounds with regard to biological
relevance''™''®. These natural compounds can be applied as op-
tical probes or semi-synthetic optical probes to monitor physio-
logical processes. Thus, fluorophores derived from plants, such as
coumarins, flavonoids, alkaloids and curcumin, have attracted
continuously increasing interest as an important source for the
discovery and development of fluorescent targeted drugs (Fig. 7).

3.2.1. Naturally derived visualization molecules

Curcumin, the major yellow-orange diarylheptanoid pigment of
Curcuma longa, possesses a great number of remarkable bio-
activities, such as antitumor and anti-neurodegenerative activ-
ities''”. Curcumin and its derivatives have been shown to decrease
amyloid deposits in vivo, and they have been suggested as possible
treatments for the neurodegenerative pathologies associated with
Alzheimer’s disease''®. Because these compounds are naturally
fluorescent, they are also being investigated as optical tracers of
human amyloid deposits. Similarly, hypericin is a natural fluo-
rescent photosensitizer (Aex: 570—590 nm, A.,: 600—650 nm)
found in some plants of the genus Hypericum. When this com-
pound is administered to cancer patients, it accumulates in tumor
tissues significantly more than it does in normal tissues, making it
useful for photodynamic diagnosis (PDD) as a fluorescent marker
for tumor detection and visualization' . As reviewed by Stone
et al., some antibiotics have inherent fluorescence properties. The
most widely investigated fluorescent antibiotics, such as mito-
mycin, chromomycin A3, and oligomycin, contain an anthraqui-
none core'>*'?!. Other fluorescent natural small molecules with
special pharmacological functions are shown in Table 1.

3.2.2.  Fluorophores targeting specific organelles

While natural fluorophores are relatively abundant, few of them
have specific intracellular targets or act as drugs that perform
biological functions; especially rare are natural fluorophores that
target specific organelles' ™.

Recently, Wei et al. discovered a fluorescent molecule, mag-
noflorine, in a library of natural medicinal compounds'**. Since
the strong fluorescence of magnoflorine is revealed in response to
hypochlorite (CIO™) in the mitochondria, its distribution in sub-
cellular organelles can be visualized by fluorescence imaging
without additional labeling (Fig. 8A). Such experiments can be
performed in parallel with classical experiments aimed at evalu-
ating and quantitatively analyzing mitochondrial morphology’”.
As shown in Fig. 8B-C, MF and CIO~ engage in ferroptosis-
specific reactions, suggesting that MF may be an interventional
drug for the treatment of ferroptosis-related diseases, and it will
also be an important tool for exploring the underlying mechanism
of such diseases.

Many mitochondrial probes are designed to contain triphe-
nylphosphonium (TPP), a lipophilic cation that can serve as a
mitochondria-targeting flag in a variety of molecular contexts. For
example, Denisov et al. designed a fluorescent probe containing a
TPP moiety that accumulates in mitochondria and induces un-
controlled mitochondrial respiration (Fig. 8D)'*>. The brilliant
fluorophore molecule also acts as a reporter of intracellular
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Figure 6

Autolysosome

Direct fluorescent labeling for the visualizing of small molecule drugs. (A) The structure of a novel multifunctional prostate cancer-

targeting fluorescent inhibitor. (B) In vivo targeting studies of novel multifunctional prostate-specific membrane antigen (PSMA) inhibitors.
Reprinted with the permission from Ref. 108. Copyright © 2019 American Chemical Society. (C) Structured illumination microscopy-captured
distribution of Cy5-labeled dextran. (D) Different angle images of the localization of Cy5-dextran to mitochondria. Reprinted with the permission
from Ref. 18. Copyright © 2022 Elsevier B.V. (E) The dynamics process of photoactivated Pt,L. escaping from the autolysosomes to the nucleus.
Reprinted with the permission from Ref. 109. Copyright © 2020 Wiley-VCH GmbH.

localization, and the targeted mitochondria uncoupler displays
neuroprotective and nephroprotective capabilities.

The specific fluorescent derivatives that target organelles can
be further modified to improve sensitivity and selectivity. How-
ever, the availability of fluorophores with specialized targeting or
biological activity is currently limited'*, and the targeting action
remains imprecise due to the complexity of the intracellular
environment.

3.3.  High-throughput screening of fluorophores for visual drugs

The specific targets of the majority of natural and synthetic flu-
orophores are uncertain'*’-'**, Importantly, even small modifica-

tions in the structure of a fluorophore can influence its targeting.

When the mechanism of recognition of a fluorophore for its target
is unknown, the first stage in research is usually compound se-
lection from a large pool of novel compounds'*.

3.3.1.  Process of fluorescent drug screening
The discovery of visual drug is a challenging and exciting process
that begins with the validation of biological targets and progresses
through screening to narrow down potential molecules to identify
prime candidates. Target confirmation of fluorescent drugs can be
roughly classified into the type of target complexity: molecular,
cellular, tissue slice, and live animals.

The initial screening of visual drugs is carried out by assessing
the interactions between molecules that focus on interactions be-
tween candidate drugs and predicted targets, such as molecular
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Figure 7  The types of natural label-free fluorescent derivatives for drug visualization.
docking'*’, surface plasmon resonance (SPR)'*', microscale In addition, Zhu et al. established a program for screening a

thermophoresis (MST)'**. In a procedure known as high-
throughput screening (HTS), these assays are designed to screen
out hundreds of thousands of beneficial molecules from targeted
libraries. As a next step, the selected compounds will next undergo
to further cell-based screening. Despite the fact that cell studies
were traditionally less suitable to HTS, technological advances in
high-content screening (HCS) and integration of flow cytometry
with plate readers have increased the use of high-throughput
cellular assays for drug discovery'*’. Finally, the drug screening
process was established by small mammals, which are highly
similar to humans genetically as well as serve as a bridging stage
between in vitro analysis and clinical studies. In vivo evaluation
methods, in addition to classical non-imaging techniques such as
LC-MS, due to advances in high-resolution imaging and image
analysis tools, image-dependent techniques are also commonly
applied to study biodistribution, pharmacokinetics, and biological
activity of potential therapeutic agents, as well as to optimize drug
delivery'*+'*.

3.3.2.  Screening library of fluorescent molecules

The diversity-oriented fluorescence library (DOFL), which is
composed of thousands of small fluorescent molecules, and can be
utilized to evaluate a wide variety of physiologically relevant
targets systematically and objectively'*®. Various fluorescence
imaging probes for drug discovery have been identified by
combining DOFL with high-throughput unbiased screening. Lee
et al. investigated the fluorescence response of a diversity-oriented
BODIPY library (BD) by this screening strategy'*’. Based on the
quantum yield changes in the presence of a variety of bio-
molecules, two novel fluorescent probes were discovered: BD-101
acted as a turn-on sensor for bovine serum albumin, while BD-187
demonstrated significant fluorescence quenching upon interaction
with dopamine'*®. This high-throughput screening approach
broadens the spectrum of targets available for drug visualization.

natural product database for the promising antimalarial drug target
falciparum-2 (FP—Z)MQ . Fluorometric tests were performed using
Z-Leu-Arg-AMC as a substrate to rapidly evaluate the inhibitory
activity of compounds in the natural product database against FP-
2, and they found a new antimalarial lead compound, NP1024, an
acylated flavonol oligosaccharide. Taking advantage of the fluo-
rescence of NP1024, they found that NP1024 accumulated mainly
in the food vacuole of the trophotrophoid parasite and bound to the
target protein FP-2. The natural compound NP1024, as an inhib-
itor and fluorescent probe targeting FP-2, thus will provide a
foundation for future research on integrating malaria diagnosis
with treatment.

In short, a rising number of fluorescent derivatives with
favorable target specificities and affinities have emerged, and
these tools allow direct insight into target-selectivity, kinetics
and pharmacological effects of drugs in vitro and in vivo.
Nonetheless, the scale and diversity of the fluorescence probe
library limit the success rate of this unbiased screening, and
the hit rate needs to be improved in order to accelerate this
work 597152 Moreover, due to the complicated structure and
difficult synthesis of natural compounds, it is difficult to
synthesize and construct enough fluorescent probes for
screening. The design and synthesis of fluorescent molecular
structures for specific targets will next be the focus of the
visualization of targeted drugs.

3.4.  De novo-designed drugs for visualization

Fluorescently labeled conjugates or fluorescent derivatives are
associated with a series of challenges, such as off-target or false-
positive fluorescence in cells and functional uncertainty of the
target. However, pharmacophore-based drug design in the realm of
precise treatments is even more demanding. Based on the strategy
of de novo design, a series of bioactive and traceable molecules
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Table 1

Fluorescent natural small molecules with pharmacological functions.

Fluorescent natural small molecule Source

Emission (nm) Pharmacological function

. 2
Camptothecin'**
. 3
Coumarins'**'**

Camptotheca David

Cinchona Rubiaceae
Turmeric

Quinine'*
. 2
Curcumin'*®

Cryptolepine'”’

. . 12!
Sanguinarine'** Papaveraceae

Fumariaceae
Quaternary benzo'>’

Hypericin'* Hyperforin perforatum

Fucoxanthin'*'

Siphonaxanthin'**

Rutaceae and Umbelliferae

Cryptolepis sanguinolenta

Ranunculaceae Rutuaceae

Brown algae and diatom

Green algae and dinoflagellate

420
430—460

Anti-tumor
Anti-leukemia
Anti-inflammation
Anti-platelet aggregation
Anti-tumor
Immunomodulation
Anti-malarial
Anti-inflammatory
Anti-oxidation
Anti-proliferation
Anti-angiogenesis
Anti-bacterial
Anti-parasitic
Antibacterial
Anti-inflammatory
Cytostatic
Anti-bacterial
Anti-fungal
Anti-viral
Anti-depressant
Anti-tumor
Anti-obesity
Anti-diabetes
Anti-neurodegenerative diseases
Anti-angiogenesis
Anti-tumor

450
530

540

568

560—600

600—650

660—700

750

have been designed by fragment assembly'>?, breaking through
the limitations of known compounds and offering a broad unex-
plored chemical space for innovative drug discovery.

For instance, Lim et al. developed BD-tau, a BODIPY-based

aggregates in live cells. Unlike other tau-selective probes, BD-tau
is able to label tau aggregation induced by forskolin in live hip-
pocampal neuronal cells'>*. As a cell-permeable imaging probe,
BD-tau also selectively stains the tau aggregates in live brain

fluorescent probe that specifically detects pathological tau tissues of tau transgenic mice, which will facilitate the
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Specific fluorophores targeting organelles. (A) Schematic diagram of the responsiveness of magnoflorine to mitochondrial C10™. (B)

Effect of MF on ferroptosis and the morphological distribution of mitochondria. (C) Quantitative analysis of mitochondrial morphology.
Reproduced with permission. Data as shown as mean + SD (n = 5). *P < 0.05, **P < 0.01, ***P < 0.001, all compared with untreated cells.
Reprinted with the permission from Ref. 134. Copyright © 2022 Elsevier B.V. (D) Schematic representation of mitoFluo accumulation and
uncoupling activity. Reprinted with the permission from Ref. 135. Copyright© 2014 Royal Society of Chemistry.
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De novo-designed near-infrared probes for imaging therapeutics. (A) Schematic representation of organelle-specific photodynamic

cancer therapy targeted to lipid droplets or mitochondria. (B) NIR AlEgens exhibit deeper tissue penetration than Mito-Tracker. Reprinted with
the permission from Ref. 155. Copyright © 2018 American Chemical Society. (C) Design of NIR-II probes for noninvasive in sifu detection of
acute kidney injury (AKI). (D) 3D-MSOT images of control and AKI model mice at 5 h post-injection of the probe. Reprinted with the permission
from Ref. 156. Copyright © 2023 American Chemical Society. (E) LET-1052 as a pH/viscosity-activatable molecule for acidic tumor micro-
environment turn-on photothermal therapy. Reprinted with the permission from Ref. 156. Copyright © 2022 Wiley-VCH GmbH. (F) Chemical
structure and surface electrostatic potential of TPy-Chpt and TTPy-Chpt. (G) Comparison images of tumors after PDT treatment. (H) Images of
PC-3 tumor-bearing nude mice intratumorally injected with TPy-Chpt or TTPy-Chpt at different times. Reprinted with the permission from

Ref. 157. Copyright © 2022 American Chemical Society.

investigation of tau pathology and the discovery of anti-tau-
aggregate drugs.

To realize the visualization of deeper tissue in sifu, a series of
novel NIR fluorescent probes for biomedical imaging and diag-
nosis have been de novo-designed. In addition to high spatio-
temporal resolution and deep tissue penetration, these probes can
also specifically target subcellular organelles such as lipid drop-
lets, mitochondria (Fig. 9A~B)'*. Zeng et al. developed a high-
performance NIR-II probe for noninvasive in situ detection and

imaging of acute kidney injury (Fig. 9C)'°°. This probe is not
designed to be therapeutic, but it was able to detect acute kidney
injury induced by diatrizoate meglumine/diatrizoate sodium
treatment of mice. This detection strategy utilizes real-time 3D-
MSOT imaging upon response of the fluorophore to increased
levels of H,O, in areas of renal damage (Fig. 9D).

In addition to the above diagnostic imaging, de novo-designed
probes, particularly those with specific targeting capacities, have
also led to significant gains in therapeutic applications. Li et al.
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designed LET-1052, a new molecule that is activatable by changes
to pH and viscosity. As shown in Fig. 9E, the acidic tumor
microenvironment can activate LET-1052, allowing it turn on
NIR-II tumor bioimaging and photothermal therapy (PTT) under
1064 nm laser irradiation. Meanwhile, the efficacy of PTT may be
monitored by instantaneous NIR-I tumor imaging of LET-1052
according to its viscosity-dependent response’".

Zhang et al. synthesized two mitochondrial-targeting biological
therapies, TPy-Chpt and TTPy-Chpt, through molecular functional
design based on the traditional pharmaceutical raw material 2-
chlorophenothiazine (Fig. 9F)'°”. Although they differ in mito-
chondrial targeting affinity, cellular imaging sensitivity, and cyto-
toxicity, they all have excellent in vivo and in vitro long-term NIR
imaging and photodynamic therapy prospects. As shown in
Fig. 9G-H, the NIR fluorescence signal is concentrated only on the
tumor and does not spread to normal tissues, indicating that TPy-
Chpt and TTPy-Chpt have some selectivity for tumor over healthy
tissues, so the location of a tumor can be determined according to the
position of fluorescence signal, facilitating tumor therapies.

The implementation of the de novo-designed strategy will
unfold a new field for designing and visualizing targeted drugs, as
well as a new direction for the identification of new targets and the
study of lead compounds based on new functions within organ-
elles. However, inadequate computational predictive power may
result in poor biological relevance of the predicted structures, and
synthesis methods are limited for the development of fluorophores
with desirable optical and physicochemical properties, so the de
novo-designed strategy needs to be enriched and modified for
improved targeted drug visualization.

4. Conclusions and outlooks

In conclusion, the combination of advanced optical imaging
techniques and innovative molecular design strategies has revo-
lutionized drug visualization in therapeutics. Visualizing and
monitoring drugs within living systems has great potential for
optimizing drug development, enhancing treatment efficacy, and
deepening our understanding of drug interactions within organ-
isms. The continuous exploration of various fluorescent molecules
and the development of multi-targeted and intelligent fluorescent
molecules will undoubtedly drive further advancements in visible

Schematic representation of the proposed design strategy for drug visualization.

. 59 . . . .
studies'>”'®’. This review aims to promote the widespread

application of fluorescent molecules and anticipates significant
progress in the design and development of visualized drugs
through the continuous advancement of optical imaging tech-
niques and drug design procedures.

Previous studies have primarily focused on the use of fluorescent
probes for tracing and detecting biomolecules, cells, and subcellular
structures'®''®?, Recent advancements in technology have led to the
design of various novel fluorescent molecules, including direct
fluorophore—drug conjugates, fluorescein derivatives, and custom-
designed molecules that combine fluorescence and pharmacody-
namics. In this comprehensive review, we discuss the current trends
in employing fluorescent-based probes for the development and
design of targeted drugs. The discovery of several fluorescent tar-
geted molecules has expanded the potential for precise disease
diagnosis and treatment'®*'°*, However, most targets identified for
fluorescence derivatives have been uncovered through blind
screening, resulting in a low success rate and unexpected outcomes.
To enhance signal-to-noise ratios and enable dynamic imaging,
reversible chemical selection and catalytic processes with signal
amplification offer promising solutions, in contrast to the prevailing
irreversible chemical connections'®~'®”. Nonetheless, challenges
such as off-target effects and false positives persist in the clinical
application of fluorescent drugs. Despite these limitations, fluores-
cent drugs hold promise for diagnostics and disease treatment due to
their direct visibility and real-time, high-resolution detection
capabilities.

Moving forward, future research in drug visualization should
focus on the following areas (Fig. 10):

(1) Proposing novel drug visualization design strategies, such
as the integration of therapeutic, subcellular localization,
and visualization capabilities into a single “drug beacon”
molecule. The molecule that acts as a drug beacon needs to
have the following three main functions, including (i) large
conjugated fluorescence luminescence for advanced mi-
croscopy and imaging techniques, such as structured illu-
mination microscopy (SIM); (ii) pharmacophore that is
essential for biological activity; (iii) target anchor used as
homing devices to guide drug beacons to specific organelles
for efficacy. The strategy of “drug beacon” is of great
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significance to trace the interactions between drugs and
targets, and to elucidate the mechanisms of action of
candidate drugs at the subcellular level.

(2) Encouraging the application of comprehensive technologies
such as computer-aided drug design and the combination of
various strategies including fluorescent drug design, super-
resolution in situ tracers, ultrastructural analyses, algorithm
development, and quantitative analyses.

(3) Fostering multi-disciplinary collaborations to address the
clinical translation of drug visualization and leverage the
expertise of experts from chemistry, biology, and molecular
imaging. Currently, visualization drugs based on optical
images of living organisms focus mainly on the aspects of
surgical diagnosis, targeted therapy and therapeutic effec-
tiveness assessment. Due to the complexity of the envi-
ronment within the living organism, targeted delivery is
often the most challenging. In order to the purpose of
precision treatment, it is also necessary to design high-
sensitivity, high-selectivity, diagnosis-synchronized “visual
drugs” based on targeting and pharmacophore to further
leverage in clinical applications.
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