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Conceptual expansion of photomedicine for
spatiotemporal treatment methods

P. K. Hashim, †*ab Ashwin T. Shaji,†ac

Ammathnadu S. Amruthaab and Shifa Ahmadab

Photomedicine has evolved from basic phototherapy to a broad range of light-based technologies to achieve

precise and minimally invasive therapeutic outcomes. Recent advances in light sources, photochemical

reactions, and photoswitches have facilitated the development of light-activated methodologies for

modulating biological processes. This review discusses the history of light therapy that leads to the

emergence of a new field known as photopharmacology, mode of actions in photopharmacology such as

photodynamic, photo-uncaging and photoswitchable methods, a few representative examples in

photopharmacology, and a brief overview of its associated challenges. The current developments in

photopharmacology hold great promise for the treatment of diseases such as cancer, with enhanced

therapeutic precision, and minimal side effects. We foresee further expansion of photomedicine for novel

approaches in precision medicine and healthcare, and unprecedented treatment methods.

1. Introduction

Over 85% of small-molecule drugs in clinical development
are discarded due to their poor drug selectivity, despite
having potential to treat currently untreatable diseases.1

Poor drug selectivity arises when a drug binds to
unintended targets, reducing its therapeutic efficacy and
increasing the likelihood of side effects. A typical example
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of poor drug selectivity is the severe side effects, such as
hair loss, seen with chemotherapy for cancer. Additionally,
drug resistance, particularly with antibiotics, arises from
overuse and accumulation in the body, leading to the
selection of resistant bacterial strains and reduced
treatment effectiveness.2 The core issue of poor selectivity
and side-effect is the uncontrolled activity of drugs in
time and space, when and where the therapeutic effect is
not beneficial. This demands the need for innovative
molecular approaches that allow dynamic control over
drug activity, enabling selective action only when and
where it is beneficial. Light presents unique advantages as
a non-invasive tool for regulating biological systems.
Unlike chemical agents, which can interfere with
biological processes, photons are orthogonal to most
chemical and biochemical components, ensuring low
toxicity. Additionally, light can be delivered with
exceptional spatial and temporal accuracy, which is
required for fine-tuning biological responses.

Photomedicine is a branch of medicine that uses light
to diagnose, treat, and monitor diseases. This field mainly
encompasses light therapy and light-based technologies to
achieve precise and minimally invasive therapeutic
outcomes.3a Photomedicine has undergone significant
advancements over the years, evolving from basic
phototherapy techniques to a broad spectrum of
innovative methods. A notable progress is the birth of a
new subfield known as photopharmacology, in which a
molecular system having photosensitive and biologically
active segments produces distinguishable biological
response before or after light irradiation. In this review,
we categorize photopharmacology as a specialized branch
within photomedicine focusing on photoswitchable
bioactive compounds. We discuss the history of light
therapy and the emergence of photopharmacology, mode

of actions and working principles, developments in the
field of photopharmacology, a few representative examples,
and associated challenges.

1.1 Brief history of photomedicine

In a broad sense, the history of photomedicine dates back to
ancient Egyptian medical practices. For instance,
heliotherapy (sunlight treatment) has been used for centuries
to treat skin diseases (e.g., vitiligo) by using a boiled extract
of the Ammi majus plant followed by sun exposure. The
Atharva-Veda in India was also described using Psoralea
corylifolia seeds and sunlight for treating “leucoderma”.3b

The main idea behind phototherapy is that chromophores in
the skin (such as DNA, amino acids, pigments, and small
molecules) absorb light, triggering photochemical reactions
that lead to photobiological responses. For effective therapy,
focused light is preferred over scattered sunlight, and many
specialized light sources were developed. Modern
phototherapy began with Niels Ryberg Finsen, who is
considered the father of ultraviolet therapy. In 1896, Finsen
developed a “chemical rays” lamp to treat “lupus vulgaris”,
successfully curing his friend's disease. He later created the
“Finsen Lamp”, a focusable carbon-arc torch, with which he
treated over 800 lupus patients with 80% cure rate. At a time
when antibiotics and anti-inflammatory drugs were
unavailable, Finsen's work was groundbreaking. In 1903, he
was awarded the Nobel Prize in Medicine for his
contributions to treating “lupus vulgaris” with concentrated
light rays, the only Nobel Prize ever given for dermatology or
photomedicine.3c With the discovery of broadband ultraviolet
B (UVB) in 1925 and Osram Ultravitalux lamps in 1960, the
phototherapy method has gained much attention for treating
several diseases.4 One of the earliest uses of phototherapy
was for treating neonatal jaundice in 1958. In this treatment,
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light energy alters the structure of bilirubin, converting it
into molecules that can be more easily excreted from the
body, helping to reduce jaundice in newborns.5,6 In an effort
to formalize the field of photomedicine, key international
meetings were also held in Tokyo (1972) and other countries,
as well as the establishment of the American Society for
Photobiology (1972) (Fig. 1).7,8

Another important study was reported in 1972 that used
proflavine in combination with light from a 150 watt
incandescent lamp to treat “herpes keratitis” in rabbits.9

Although the herpetic keratitis could be rapidly treated by
the proflavine-light combination, concerns were raised over
potential carcinogenic effects, as tumor formation was
observed by detailed investigations.10,11 Around the same
time, researchers also started to focus on the isolation of
plant compounds for using it in therapeutic application in
combination with light. A notable method was developed in
1974 known as psoralen and ultraviolet A (PUVA) therapy,
which combined the 8-methoxypsoralen (8-MOP) isolated
from Ammi majus with UVA radiation to treat psoriasis.12,13

The effectiveness of PUVA therapy was confirmed by clinical
trials involving thousands of patients.14 A variation of this
treatment, known as bath PUVA, involves psoralen baths
followed by UVA exposure and is still in use today because it
helps minimize the side effects of 8-MOP, such as nausea
and dizziness.15 To increase the efficacy of PUVA therapy,
new high-intensity ultraviolet light sources such as
narrowband UVB (311–313 nm) and later UVA1 (340–400 nm)
and UVA2 (320–340 nm) were also developed.16,17

The use of chemical dyes as photosensitizers, basic
principles behind the discovery of “photodynamic therapy”,
began in the early 19th century, following a serendipitous
discovery by Raab et al. They observed that irradiation of
paramecia (single-celled organisms) with visible light, in the

presence of a dye, resulted in the death of the organisms.18,19

It took several decades to show the clinical use of the
photosensitization method until important clinical research
in which malignant tumors were significantly reduced by the
combined action of a hematoporphyrin derivative and red
light.20 Continued work revealed the basis for the oxygen-
and light-dependent photodynamic reaction which is now
known as photodynamic therapy (PDT).21,22 In 1994, PDT
using porfimer sodium and an excimer dye laser (P-PDT) was
approved by the Japan Ministry of Health and Welfare for
early-stage lung, esophageal, gastric, and cervical cancers.
Nowadays, PDT is a treatment method on the commercial
scale for esophageal cell carcinoma.23

Another type of photomedicine is the structural change of
inactive molecule by light irradiation to an active form for
certain biological response. There was an early report of this
type in 1969 by the groups of Erlanger and Nachmansohn,
who showed the reversible photoregulation of azobenzene-
based inhibitors of acetylcholinesterase.24,25 In 1977, J. J.
Voorhees and W. Wierenga patented an approach, where the
methotrexate drug was inactivated by photochemically labile
blocking groups and activated therapeutic effects only upon
light exposure at the target site (U.S. Patent Serial No.
787320). Another related category was a “caged ATP”
developed by Hoffman et al. in 1978, where the photolabile
group attached to adenosine 5′-triphosphate can be cleaved
by light irradiation.26 These early studies paved the way for
today's advanced light-activated methods, generally known as
“photopharmacology”, which use light stimuli and innovative
photo-active molecular designs to precisely control the
biological activity in space and time. Unlike conventional
drugs, photopharmacological drugs remain inactive until
exposed to a specific wavelength of light, allowing for exact
spatial and temporal regulation of drug activation (Fig. 2).

Fig. 1 Timeline showing the sequence of events that led from the onset of photomedicine to modern-day photopharmacology.
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This light-dependent activation significantly reduces systemic
side effects, as drugs can be triggered only at targeted sites,
enhancing treatment precision, and minimizing unintended
damage to healthy tissues.

2. The biological window

In photomedicine, the selection of light is crucial, as it
determines both the safety and effectiveness of treatment.
Light of different wavelengths interacts uniquely with
biological tissues. High-energy UV light is limited by low
tissue penetration and toxic to the biological cells.27–29 The
visible (400–700 nm) and near-infrared (NIR, 700–900 nm)
light region arguably known as the ‘biological window’, as
the light can penetrate tissues efficiently and hence is the
best choice for biological applications (Fig. 3). Although
visible light is generally safe, shorter-wavelength visible light

has limited penetration in blood-rich tissues due to
absorption by biomolecules like hemoglobin. However, recent
advances in engineering and materials science lead to the
development of wireless subdermal electronics, multimodal
fiber optics, and light-conversion materials, which can deliver
light directly to the target site.30–33 By positioning the
irradiation source near the tissue of interest, it is now
possible to partly overcome the light penetration issues in
photomedicine applications.

3. Modes of action

Photopharmacology encompasses three major modes of
action: photodynamic therapy (PDT), photo-uncaging, and
photoswitching. PDT is at a commercial level whereas
photocaging and photoswitching are still at the academic
research level and are not yet translated to the clinic.
Optogenetics is another method that relies on light for
dynamically controlling biological functions especially brain
and neural.34 Optogenetics was recognized as “Method of the
Year 2010” by ‘Nature’ for its capability to control neuronal
activity using genetically encoded, light-sensitive proteins.
Readers may find excellent review articles related to the field
of optogenetics.35,36

3.1 Photodynamic therapy (PDT)

In this mode of action, a light-activated drug (also known as
photosensitizers in PDT) administered to a patient remains
inactive up until exposure to a specific wavelength of light.
The activation of the photosensitizer by light leads to the
generation of reactive oxygen species (ROS), which causes
cellular damage by disrupting cellular components such as
cell membranes, and ultimately leading to cell death
(Fig. 4a). The mechanism of PDT was reviewed previously.37

Briefly, it involves two main pathways: type I and type II. In
the type I mechanism, the excited photosensitizer produces
reactive radicals and ions (hydroxyl radicals, superoxide
anions), which cause cellular damage by interacting with
lipids, proteins, and DNA. The type II mechanism primarily
generates singlet oxygen, a highly reactive species that
induces lipid peroxidation and damage to cellular
components. While the type I mechanism leads to a variety
of reactive species, the type II pathway focuses on the
destructive power of singlet oxygen. Both mechanisms
contribute to the therapeutic effects of PDT, and their
balance depends on factors like the photosensitizer, tissue
type, and light conditions. The photosensitizers are of various
types and the first family discovered was hematoporphyrin
(Hp) derivatives, which are now available as commercial
products (e.g., Photofrin®, Photosan, Photocan).38,39

Chlorines, a chlorophyll like substance and purins,
degradation products of chlorophyll, and phthalocyanine
dyes also showed excellent photosensitizing properties
including some success in the clinical trials.40 Readers may
refer to several excellent reviews for recent progress in the
development of photosensitizers.41 Following the earlier

Fig. 2 Simplified scheme highlighting the key features of
photopharmacology such as (a) reduced drug toxicity, (b) reduced
drug resistance and (c) enhanced precision by limiting the drug
activation at target sites.

Fig. 3 Scheme showing the range of light wavelengths used in
photomedicine, highlighting the ideal biological window across the
visible and near-infrared (NIR) regions.
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studies reported for skin cancer treatment by PDT,42 various
types of cancers, and infections, are also investigated in
clinical PDT.43–46

3.2 Photo-uncaging

In this mode of action, therapeutic activity of the original
drug is masked by photolabile protecting groups (PPGs)
forming caged drugs. When irradiated with light of a suitable
wavelength, these caged drugs undergo a photocleavage
reaction, releasing the active drug (Fig. 4b). For instance,
anticancer drugs such as imatinib and vemurafenib can be
conjugated with PPGs (e.g., 4,5-dimethoxy-2-nitrobenzyl or
o-nitrobenzylic) to create caged drugs, which undergo a
cleavage reaction by 365 nm-UV light.47,48 The PPGs based on
the nitrobenzyl platform is not ideal for clinical use due to
potential tissue damage and limited penetration depth
associated with UV exposure. Alternate caging groups that are
responsive to longer wavelengths in the visible or near-
infrared (NIR) range are also reported. One such approach
utilized a cyanine dye nanocage carrying gabapentin, a
therapeutic agent for traumatic brain injury (TBI). When
exposed to NIR light, the cyanine nanocage triggered the
selective release of gabapentin at the TBI-affected site.49

Another strategy to shift the photoactivation wavelength into
the longer visible or NIR ranges is the use of bulky aromatic
groups, such as xanthenium, coumarin, BODIPY and
cyanine.50–53 However, the release of bulky leaving groups by
photoreaction can lead to undesirable side-effects. In

contrast, a caging technique recently developed by Tamaoki
et al. introduced a less-bulky dimethylamino leaving group at
the core imidazole structure of a triarylimidazole-based
anticancer drug. This caged system showed visible-light-
triggered photo-uncaging, and subsequent release of the
active drug for the biological effect demonstrated in a
wound-healing assay.54

A related category of photo-uncaging is by using an
inorganic complex, which relies on the photochemical bond
cleavage of either a metal–ligand coordination bond or a
carbon–oxygen bond.55,56 As most of the studies in this
category have focused on cancers, this subfield of photo-
uncaging is also known as photoactivated chemotherapy
(PACT). In PACT treatment of cancer, the prodrug is poorly
toxic in its photocaged form, while very toxic to cancer cells
after light activation. Many metal centers, especially
ruthenium metal (Ru), have been reported as efficient
photocaged compounds that are activated with visible or
NIR light.57,58 Though many clinical trials are attempted,
Ru-based PACT is still in its infancy as it is not yet applied
in patients.

3.3 Photoswitching

This mode of action includes a photoswitch segment that
can reversibly change its conformation upon light exposure,
switching the drug between active and inactive forms
(Fig. 4c).59–63 Photoswitches are isomerized by light
irradiation resulting in two structurally different forms i.e.

Fig. 4 Scheme illustrating the three modes of action in photopharmacology: a) photodynamic therapy, b) photo-uncaging, and c) photoswitching.
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the trans and cis isomers whose properties (polarity and
stability) are different. Azobenzene is a traditional
photoswitch that undergo trans–cis isomerization by UV
light.64 Examples of other photoswitches which undergo
photoisomerization include diarylethenes, spiropyrans,
indigoids, fulgides, etc.65,66 Despite the limitation of UV
irradiation, initial studies were conducted using azobenzene
as the most commonly used chromophore for controlling
the photoswitch-incorporated biological action.64 Then,
researchers developed visible light/NIR active azobenzene
derivatives by structural modifications through ortho and
para substitution to the azobenzene core.67 Another category
of photoswitches is based on “azoheteroarenes”, which have
attracted significant interest due to their distinct
photophysical properties originating from the five-
membered heteroaryl groups.68 Examples of commonly used
five-membered heteroaryl motifs in photoswitch design
include pyrrole, pyrazole, imidazole, isoxazole, triazole,
thiazole and thiophene. These types of photoswitches
showed very different optical properties, steric
arrangements, and molecular shapes than the azobenzene
derivatives.69–71 Since many drugs contain the five-
membered heteroaryl groups, their photoswitchable
derivatives can be effectively utilized in photopharmacology,
provided they undergo isomerization by longer wavelength
visible light.72–74

As the majority of the examples in photopharmacology
use photoswitches, their design criteria are important to
discuss. Readers may refer to an excellent review focusing on
the rational design in photopharmacology with molecular
photoswitches.75 Briefly, there are three approaches for the
design of photoswitches, traditional molecular design
strategies, quantum calculations, and machine learning (ML).
Each of these methods has advantages and disadvantages
and one can select the design optimization methods based
on the specific need. Traditional molecular design is based
on principles from organic chemistry, photophysics, and
molecular engineering, which select a molecular core (e.g.,
aryl azo) that undergoes reversible photoisomerization upon
light absorption.76 To achieve light absorption in the visible
light spectrum (400–700 nm), the molecular core is modified
by altering its conjugation length or introducing electron-
donating (e.g., OMe, NH2, NMe2) or electron-withdrawing
(e.g., halogens, CN, NO2) groups. However, to validate the
expected photophysical properties, organic synthesis is the
only method that sometimes causes tedious experimental
work. Quantum calculations provide near accurate
information of photophysical properties by taking the
electronic structure and quantum energy levels of the
photoswitch molecules.77 Density functional theory (DFT)
and time-dependent DFT (TD-DFT) are the commonly used
methods to calculate absorption spectra, geometry
optimization of different isomeric states (e.g., cis and trans),
activation energy barriers, relaxation pathways from excited
states, and thermal reversion kinetics from less stable
isomers. Though quantum calculations provide detailed

insights into the photoswitch design, they are very time
consuming and require specialized expertise in
computational chemistry.

The ML method is relatively new in the field of designing
photoswitches and only a handful of outcomes are reported.
For the prediction of photoswitch properties such as
absorption spectra, and thermal half-life, ML models (e.g.,
random forests, support vector machines, and neural
networks) can be trained on large datasets of known
photoswitchable molecules. In the reported case, the trained
models successfully predicted the absorption maxima of new
molecules based on their chemical structures.78 In terms of
structure optimization of new molecules with desired
properties, generative models (e.g., variational autoencoders
and generative adversarial networks) can be applied. One
great advantage of ML is the significantly reduced time
required for photoswitch optimization compared to other
methods. For instance, the development of adiabatic artificial
neural networks (DANN) has accelerated the virtual screening
of azobenzene derivatives with remarkable speed and
accuracy, six orders of magnitude faster than conventional
quantum chemistry methods.79 Another approach utilizing a
multi output Gaussian process trained on multiple
photoswitch absorption wavelengths outperforms TD-DFT in
terms of computational efficiency.80 Another approach
integrates DFT calculations with ML models that allow the
mechanistic study of photoisomerization and new thermal
pathways in donor–acceptor Stenhouse adduct
photoswitches.81 A recent study has shown the combination
of ML and DFT methods for the prediction of the thermal
half-lives of azobenzene derivatives and their trade-offs with
maximum absorption wavelengths.82 Although ML methods
show significant potential for photoswitch design, reliable
ML model construction requires raw datasets with
photoswitch properties under identical conditions. However,
such datasets are currently limited, as experimental studies
often measure photophysical properties under varying
conditions, including different temperatures and solvents.
This variability complicates the creation of consistent and
robust datasets needed for accurate ML model training.

4. Bio-applications of
photopharmacology

The field of photopharmacology is still in its infancy but
rapidly progressing with many unprecedented targets that
show precise control of biological action in cell-free assay,
cultured cells, or animal models. We highlight a few
representative examples that show irreversible (photo-
uncaging) or reversible (photoswitch) changes in biological
responses by light irradiation.83

4.1 Photoswitchable antibiotics

One way to address bacterial resistance is via novel molecular
strategies that use externally triggered antibiotic activation,
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along with auto-inactivation mechanisms. Photoswitchable
antibiotics allow reversible isomerization between two
isomers using light and/or heat. If the light-activated isomer
is active, it will auto-deactivate through sunlight or heat after
being excreted from the body. This reduces the
environmental accumulation of toxic antibiotics, helping to
combat drug-resistant pathogens.84 The first report of this
category was by Feringa et al. where they developed light-
activated broad-spectrum antibiotics using a modified
quinolone containing photoactive azobenzene moiety in
quinolone sensitive Escherichia coli.85 The photoresponsive
antibiotics inhibited bacterial growth in the cis form obtained
after light irradiation while showed normal growth in the
trans form. As the cis form of photoswitchable antibiotics
reverts thermally to the inactive trans form, this system is an
example of auto-inactivation. However, the study on the
photocontrol of antimicrobial activity relied on cytotoxic UV
light. To address this issue, the same group developed a new
series of photoswitchable antibiotics based on a
diaminopyrimidine core modified with an azobenzene
photoswitch whose activity can be controlled by visible light,
within a therapeutic window (Fig. 5a).86 Notably, one of the
diaminopyrimidines exhibited an over 8-fold increase in
antimicrobial activity after red light (652 nm) irradiation. In
another recent study, photoswitchable arylazopyrazole based
norfloxacin antibiotics showed a high degree of bidirectional
photoisomerization by UV/visible light, relatively high cis
half-life, and good fatigue resistance.87 The cis isomers
exhibited greater antibacterial activity than norfloxacin
against Gram-positive bacteria.

4.2 Cell signaling

G-protein coupled inwardly rectifying potassium channels
(GIRKs) are vital for the body's inhibitory signaling pathways.
When Gβγ subunits from GPCRs bind to the GIRK channel,
they open, allowing potassium ions to flow out and making the

inside of the cell more negative, and decrease the likelihood of
action potentials. This system is also crucial for regulating
cardiac output, movement coordination, and cognitive
functions. However, precision control of GIRK channels is
challenging. Trauner et al., a pioneer in the field of optical
control of cell signaling, reported a photoswitchable system
named light operated GIRK-channel opener (LOGO), where a
light-responsive agonist activates GIRK channels in the dark
but deactivates by UV light irradiation (Fig. 5b).88 LOGO is the
first light-controlled potassium channel opener specifically
targeting the GIRK1 subunit. They also controlled neuronal
firing in hippocampal neurons in the animal model, where the
zebrafish larvae moved in a light-dependent fashion. They also
developed a visible light switchable version of LOGO that
activates GIRK channels in the dark but deactivates by green
light (400–540 nm) irradiation.89 Protein kinases are one other
category that regulate many cellular processes and signaling
pathways. Szymanski and Feringa et al. reported a
photoswitchable inhibitor for casein kinase 1δ (CK1δ), by
conjugating an azobenzene moiety with an existing inhibitor
(LH846) and showed reversible modulation of inhibitory action
in an assay system.90

4.3 Tubulin inhibitor

Tubulin-microtubule dynamics play an important role in
cellular processes such as transportation, motility, and
proliferation. In cancer therapeutics, small molecules that
can interfere with the microtubule dynamics are one of the
most clinically relevant categories of drugs. However, their

Fig. 5 Scheme illustrating the concept of photoswitchable antibiotics
(a) and signalling (b) along with the structural change of the
azobenzene derivatives.

Fig. 6 Scheme illustrating the concept of the photoswitchable tubulin
inhibitor (a) and CENP inhibitor (b) along with the structural change of
the azobenzene derivatives.
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inability to target specific cells leads to adverse side-effects.
To address this issue, Borowiak, Trauner and Thorn-Seshold
et al. developed photoswitchable tubulin inhibitors based on
a combrestatin A-4 (CA4) core structure (named as
photostatins), which can be switched on and off using visible
light.91 In the cis form, the photostatins inhibit microtubule
formation causing cytotoxicity, which was about 250 times
higher as compared to the dark adopted trans form (Fig. 6a).
They also showed modulation of microtubule dynamics in
single live cells with sub-second response time and high
spatial precision. Recently, to expand the scope of the photo-
structure–activity-relationship, new azobenzene analogues of
combrestatin were developed with tunable photoresponse
wavelengths and lipophilicity.92 Other variants include
photoswitchable paclitaxel-based microtubule stabilizers,
wherein binding to the microtubule was induced by
photoisomerization. They showed photo-control of
microtubule dynamics with biological responses occurring on
the order of seconds and spatial resolution at the single-cell
level as well as individual neurites of primary neurons.93

Other categories for precise photomodulation of microtubule
dynamics include pyrrole hemithioindigo- and colchicine-
based inhibitors.94,95

4.4 Kinase inhibitors

Kinase inhibitors are an attractive class of compounds as some
kinases are more active in cancer cells and blocking them may
help to prevent cancer progression.96 However, the challenge is
to achieve precise control over cell growth suppression avoiding
severe side-effects. Centromere-associated protein E (CENP-E)
facilitates the transport of chromosomes along spindle
microtubules from the spindle poles toward the equatorial
plate, a process essential for chromosome congression. Small
molecule inhibitors of CENP-E, which can disrupt the mitosis
during cell division, are reported as anticancer drugs. For
instance, GSK923295 is a CENP-E inhibitor currently
undergoing clinical trials, which works by locking CENP-E
bound to microtubules, preventing the release of inorganic
phosphate during its ATPase cycle. Tamaoki et al. developed a
photoswitchable inhibitor based on azopyrazole that targets
CENP-E and showed reversible control of CENP-E activity in
cancer cells by UV light exposure with a 10-fold difference in
inhibition activity between trans and cis isomers (Fig. 6b).97

This study highlights the potential of a photochemical
approach for precisely controlling mitotic interference and
uncovering specific molecular functions in dynamic cellular
processes. By slightly changing the molecular structure, they
recently showed that the photocontrol of CENP-E inhibition is
possible by using only visible light making them better suitable
for clinical applications.98 Another category of photoswitchable
kinase inhibitors reported by the same group includes rho-
associated coiled-coil-containing protein kinase (ROCK) that
plays a crucial role in regulating the actomyosin essential for
cell movement and shape.99 The inhibitor design was based on
a phenylazothiazole scaffold, which allows them to use visible

light for switching inhibitory behavior between its active (trans)
and inactive (cis) forms in living cells. The photocontrol of
these kinase inhibitors is particularly useful for studying
cellular processes and may lead to the development of new
therapeutic strategies.

4.5 Histone deacetylase inhibitor

Zhang et al. demonstrated photo-uncaging by longer
wavelength green light irradiation by introducing a BODIPY
group to the valproic acid (VPA) drug via a light-cleavable
N–O linkage.100 VPA has shown potential as an anticancer
agent due to its ability to inhibit histone deacetylase (HDAC)
and induce apoptosis; however, its direct administration is
associated with severe side effects.101 In their case, the caged
VPA was efficiently taken up by tumor cells as observed from
microscopy images and remained inactive in the dark. Upon
exposure to green light (∼500 nm), the active form of VPA
was released within tumor cells and inhibited HDAC leading
to apoptosis and cell death (Fig. 7). Importantly, the IC50
value for VPA inhibition in HeLa cells obtained by the photo-
uncaging method was about 100 times lower than the IC50

value of VPA alone without any photocontrol, demonstrating
the therapeutic benefit of photo-uncaging in drug action.

4.6 TGF-β inhibitor

Tamaoki et al. developed a versatile photocaging strategy
targeting the triarylimidazole moiety, an essential structural
component of many small-molecule kinase inhibitors used in
anticancer therapies.54,102 This method involved modifying
SB431542, a well-established triarylimidazole-based inhibitor
of TGF-β receptor 1, which effectively suppresses tumor-
promoting processes such as cell migration and invasion. By
introducing a dimethylamino group at the carbon atom of
the imidazole ring, the originally planar structure of
SB431542 was transformed into a tetrahedral configuration,
resulting in significant differences in receptor affinities
between the caged and uncaged forms. Photo-uncaging was

Fig. 7 Scheme illustrating the visible light-triggered uncaging of the
BODIPY-photocage conjugated to VPA along with photocontrol of
apoptosis in tumor cells.
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achieved using 405 nm light, enabling precise spatiotemporal
control over drug activation in a cellular environment. The
utility of this method was demonstrated in a wound-healing
assay, where light-mediated activation of the caged
compound selectively inhibited wound recovery in
illuminated regions by releasing the active inhibitor, while
unilluminated regions exhibited normal wound healing due
to the presence of the inactive, caged form (Fig. 8). These
findings highlight the potential of this approach for
achieving targeted regulation of pharmacological activity in
complex biological systems.

4.7 Photoactivable neurons

Light controlled methods for site-selective drug action in the
brain are very limited.103 Banghart et al. developed
photoactivatable derivatives of oxymorphone and naloxone,
an agonist and antagonist, respectively, of the mu-opioid
receptor (MOR).104 They incorporated
dimethoxynitrophenethyl (DMNPE) as the caging group,
administered to mice via intravenous injection and then
activated locally in the brain using UV light through an
optical fiber. They found that photoactivation resulted in
significant MOR occupancy only at the site of light
irradiation. The use of DMNPE caging groups ensured
compatibility with green and red fluorescent probes
commonly used in in vivo imaging, as DMNPE does not
absorb visible light. They also showed the simultaneous
optical recording and drug photoactivation through the same
optical fiber, enhancing the utility of photopharmacology for
studying neural behavior.

5. Challenges in the field of
photomedicine

As a conceptual expansion in the field of photomedicine, the
current focus is photopharmacology that includes PDT.
Unlike phototherapy that uses UV light as a source of
therapeutic effect, photopharmacology works based on the
interaction with light and the photoactive molecular drug.

Hence the challenges associated with photopharmacology
include the localized delivery of both the pro-drug and light
at the target site, concerns related to the adverse effect of
both the pro-drug and light, and undesired photochemical
reactions in the bioenvironment. Accordingly, to achieve
control over drug activity through photopharmacology, a
detailed understanding of various factors, particularly the
structural design of photopharmacological agents is
necessary.75 Upon light-induced activation, such as uncaging
or isomerization, these agents must undergo significant
structural changes, yielding a marked difference in receptor
affinity between their inactive and active states. This change
in affinity is essential for precise control, as it ensures that
only the active form of the drug binds with its target receptor.
Some of the studies reported so far in the field of
photopharmacology attempted to understand the basic
difference in biological response with or without light in
cellular level experiments and exceptionally in animal
models.75 Hence the nature of light (UV or visible) was not a
priority to consider but rather the incorporation of the photo-
active segment in the molecular design. However, as the field
advances, the choice of light also started to attract much
attention and many new molecular designs that can show a
difference in biological response by visible light irradiation
were reported. For instance, by incorporating the bulky
aromatic substituents in the photocaging compounds, it is
now possible to uncage the compound for target biological
response by longer visible and NIR wavelengths of light.50–53

In the case of photoswitches, substitutions at the phenyl
segment by halogens or electron donating groups made the
switching light shift to longer wavelengths, but with a
compromise in the thermal stability of the cis isomer.105

Another aspect is the mode of light delivery to ensure the
light reachability to the target site. External delivery of light
is the most common in terms of accessibility; however
penetration depth through the skin layers is still very limited.
New photonic technologies such as optical fibers can
overcome this challenge and deliver light into deep tissues
with spatial precision.106 Recent reports showed effective
methods of photomedicine using an optical fiber.107

Importantly, fiber-optic PDT endoscopy is now available in
clinical practice demonstrating the potential of optical fibers
in photomedicine.108 Photopharmacological agents,
especially photoswitches and photocaging groups, typically
rely on single-photon excitation (1PE), where all molecules
within the irradiated area absorb light and undergo
isomerization or uncaging, potentially limiting spatial
control. Indirect isomerisation with low-energy photons is an
alternative method for photoisomerisation by longer
wavelengths.109 This includes two-photon excitation, triplet
sensitization, photon upconversion, photoinduced electron
transfer, and indirect thermal methods.110,111 Gorostiza et al.
showed the use of two-photon excitation for the
photoactivation of neurons and astrocytes with subcellular
resolution in azobenzene-based protein switches.112 They
recently demonstrated the regulation of neuronal activity in

Fig. 8 Scheme illustrating the visible light-triggered uncaging of
caged SB431542 along with photocontrol of cell migration in the
wound healing assay.
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zebrafish larvae using three-photon excitation (3PE) of a
photoswitchable muscarinic agonist at a very low
concentration of 50 pM.113 Importantly, this was achieved
using mid-infrared light at 1560 nm, the longest wavelength
ever reported for photoswitching. However, light is also
strongly absorbed by water at this wavelength and hence may
not be the ideal spectral range for clinical application of 3PE.

Incomplete isomerization is another significant limitation
in the use of photoswitches for photopharmacology, as it
leads to an incomplete transition between the active and
inactive forms of the drug. At photostationary states, both
isomeric forms (cis and trans) coexist, resulting in only partial
activation or deactivation of the photoswitchable molecule.
This incomplete switching can reduce the contrast in
biological activity between the two states, which can decrease
the efficacy of the treatment. Another important
consideration is the stability of photoactive compounds
under light exposure, especially in biological environments
rich in reducing agents such as glutathione (GSH).114 For
instance, GSH can react with an azobenzene chromophore,
one of the most investigated motifs for photopharmacology
studies, converting it to non-photoswitchable hydrazine
derivatives. Another challenge is the diffusion of active
species generated by light irradiation that may rapidly diffuse
through the cellular environment, spreading beyond the
target area and reducing spatial resolution. The rate of
diffusion, relative to the timescale of the biological process
and the lifetime of the active species, determines the
specificity of the drug's action. Furthermore, certain azo
compounds have been associated with mutagenic and
carcinogenic risks.115

6. Conclusions

In this review we have discussed the brief history of light
therapy and photomedicine, and the emergence of a new
field nowadays known as photopharmacology. We focused
the discussion based on the mode of actions in
photopharmacology such as photodynamic, photo-uncaging
and photoswitchable therapeutical methods, along with a few
representative examples that showed a difference in
biological response under dark and light conditions. We also
briefly discussed the “biological window” of light, which is
most important for achieving therapeutic benefits. As the
recent focus in the field was about photoswitch-based
photopharmacology, we included a section about its design
principles especially for developing longer wavelength
responsive systems. Although photomedicine has undergone
significant advancements over the years, only light therapy
and PDT have progressed to clinical applications and others
are still in the level of fundamental research. At this end, we
have briefly mentioned the challenges including light
properties (1D and multi-photon), molecular design (photo-
uncaging and photoswitching) and clinical translations.
Overcoming these challenges could enable
photopharmacology to fulfill its potential in precision

medicine, offering new approaches for treating diseases
effectively without any troublesome side effects.
Photopharmacology goes beyond simply combining light with
pharmacologically active drugs; it involves modifying drugs
to be photo-activatable. As a result, it will likely take time for
these innovations to reach the public market. We foresee the
bright future of photomedicine in cancer chemotherapy with
enhanced antitumor effect precisely at the target site.116

Data availability

No primary research results, software or code have been
included and no new data were generated or analysed as part
of this review. The discussed articles were cited properly in
the review manuscript.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

S. H. acknowledges the Hokkaido University EXEX Doctoral
Fellowship Program. This work was partially supported by
“Crossover Alliance to Create the Future with People,
Intelligence and Materials” from MEXT, Japan to P. K. H.

Notes and references

1 (a) D. J. Huggins, W. Sherman and B. Tidor, J. Med. Chem.,
2012, 55, 1424–1444; (b) Y. Kawasaki and E. Freire, Drug
Discovery Today, 2011, 16, 985–990.

2 G. Annunziato, Int. J. Mol. Sci., 2019, 20, 5844.
3 (a) X. Li, F. Zhou and Y. Gu, Technol. Cancer Res. Treat.,

2019, 18, 1533033819852971; (b) H. Hönigsmann,
Photochem. Photobiol. Sci., 2012, 12, 16–21; (c) R. Roelandts,
Photodermatol. Photoimmunol. Photomed., 2005, 21, 115–117.

4 (a) J. T. Ingram, BMJ, 1953, 2, 591–594; (b) H. Hönigsmann,
Photochem. Photobiol. Sci., 2013, 12, 16–21.

5 R. J. Cremer, P. W. Perryman and D. H. Richards, Lancet,
1958, 271, 1094–1097.

6 M. J. Maisels and A. F. McDonagh, N. Engl. J. Med.,
2008, 358, 920–928.

7 K. C. Smith, J. Invest. Dermatol., 1981, 77, 2–7.
8 T. B. Fitzpatrick and M. A. Pathak, Proceedings of the

International Conference on Photosensitization and
Photoprotection, University of Tokyo Press, Shiseidō, Tokyo,
Japan, November 6–8, 1972.

9 C. Moore, C. Wallis, J. L. Melnick and M. D. Kuns, Infect.
Immun., 1972, 5, 169–171.

10 T. Ito, Photochem. Photobiol., 1978, 28, 493–506.
11 W. Snipes, G. Keller, J. Woog, T. Vickroy, R. Deering and A.

Keith, Photochem. Photobiol., 1979, 29, 785–790.
12 J. A. Parrish, T. B. Fitzpatrick, L. Tanenbaum and M. A.

Pathak, N. Engl. J. Med., 1974, 291, 1207–1211.
13 (a) R. S. Stern, L. A. Thibodeau, R. A. Kleinerman, J. A.

Parrish and T. B. Fitzpatrick, et al., N. Engl. J. Med.,

RSC Medicinal Chemistry Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
M

är
z 

20
25

. D
ow

nl
oa

de
d 

on
 0

4.
04

.2
02

6 
02

:3
3:

50
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4md01005a


2370 | RSC Med. Chem., 2025, 16, 2360–2372 This journal is © The Royal Society of Chemistry 2025

1979, 300, 809–813; (b) R. S. Stern, J. Am. Acad. Dermatol.,
2012, 66, 553–562.

14 K. W. Wolff, T. B. Fitzpatrick, J. A. Parrish, F. Gschnait, B.
Gilchrest, H. Hönigsmann, M. A. Pathak and L.
Tannenbaum, Arch. Dermatol., 1976, 112, 943–950.

15 T. Fischer and J. Alsins, Acta Derm.-Venereol., 1976, 56,
383–390.

16 C. Green, J. Ferguson, T. Lakshmipathi and B. E. Johnson,
Br. J. Dermatol., 1988, 119, 691–696.

17 J. Krutmann, W. Czech, T. Diepgen, R. Niedner, A. Kapp
and E. Schöpf, J. Am. Acad. Dermatol., 1992, 26, 225–230.

18 O. Raab, Z. Biol., 1904, 39, 524–546.
19 H. von Tappeiner and A. Jodlbauer, Dtsch. Arch. Klin. Med.,

1904, 80, 427–487.
20 T. J. Dougherty, J. E. Kaufman, A. Goldfarb, K. R.

Weishaupt, D. Boyle and A. Mittleman, Cancer Res.,
1978, 38, 2628–2635.

21 J. Moan and Q. Peng, in Photodynamic Therapy, ed. T.
Patrice, The Royal Society of Chemistry, 2003, pp. 1–18.

22 R. R. Allison, G. H. Downie, R. Cuenca, X.-H. Hu, C. J.
Childs and C. H. Sibata, Photodiagn. Photodyn. Ther.,
2004, 1, 27–42.

23 T. Inoue and R. Ishihara, Clin. Endosc., 2021, 54, 494–498.
24 J. Bieth, S. M. Vratsanos, N. Wassermann and B. F.

Erlanger, Proc. Natl. Acad. Sci. U. S. A., 1969, 64, 1103–1106.
25 W. J. Deal, B. F. Erlanger and D. Nachmansohn, Proc. Natl.

Acad. Sci. U. S. A., 1969, 64, 1230–1234.
26 J. H. Kaplan, B. Forbush and J. F. Hoffman, Biochemistry,

1978, 17, 1929–1935.
27 W. F. Cheong, S. A. Prahl and A. J. Welch, IEEE J. Quantum

Electron., 1990, 26, 2166–2185.
28 M. M. Becker and Z. Wang, J. Mol. Biol., 1989, 210, 429–438.
29 G. Banerjee, N. Gupta, A. Kapoor and G. Raman, Cancer

Lett., 2005, 223, 275–284.
30 G. Shin, A. M. Gomez, R. Al-Hasani, Y. R. Jeong, J. Kim, Z.

Xie, A. Banks, S. M. Lee, S. Y. Han, C. J. Yoo, J.-L. Lee, S. H.
Lee, J. Kurniawan, J. Tureb, Z. Guo, J. Yoon, S.-I. Park, S. Y.
Bang, Y. Nam, M. C. Walicki, V. K. Samineni, A. D. Mickle, K.
Lee, S. Y. Heo, J. G. McCall, T. Pan, L. Wang, X. Feng, T. Kim,
J. K. Kim, Y. Li, Y. Huang, R. W. Gereau, J. S. Ha, M. R.
Bruchas and J. A. Rogers, Neuron, 2017, 93, 509–521.e3.

31 O. Karatum, M.-J. Gwak, J. Hyun, A. Onal, G. R. Koirala, T.
Kim and S. Nizamoglu, Chem. Soc. Rev., 2023, 52,
3326–3352.

32 X. Ma, D. A. Johnson, X. J. He, A. E. Layden, S. P. McClain,
J. C. Yung, A. Rizzo, J. Bonaventura and M. R. Banghart,
Nat. Methods, 2023, 20, 682–685.

33 B. Sun, J. Y. Teo, J. Wu and Y. Zhang, Acc. Chem. Res.,
2023, 56, 1143–1155.

34 (a) K. Deisseroth, Optogenetics, Nat. Methods, 2011, 8,
26–29; (b) C. P. O'Banion and D. S. Lawrence,
ChemBioChem, 2018, 19, 1201–1216.

35 V. Emiliani, E. Entcheva, R. Hedrich, P. Hegemann,
K. R. Konrad, C. Lüscher, M. Mahn, Z.-H. Pan, R. R.
Sims, J. Vierock and O. Yizhar, Nat. Rev. Methods
Primers, 2022, 2, 55.

36 K. Deisseroth, Nat. Neurosci., 2015, 18, 1213–1225.
37 (a) D. E. J. G. J. Dolmans, D. Fukumura and R. K. Jain, Nat.

Rev. Cancer, 2003, 3, 380–387; (b) J. H. Correia, J. A.
Rodrigues, S. Pimenta, T. Dong and Z. Yang, Pharmaceutics,
2021, 13, 1332; (c) J. F. Algorri, M. Ochoa, P. Roldán-Varona,
L. Rodríguez-Cobo and J. M. López-Higuera, Cancers,
2021, 13, 4447.

38 R. Bonnett and M. C. Berenbaum, Adv. Exp. Med. Biol.,
1983, 160, 241–250.

39 R. Bonnett, R. D. White, U. J. Winfield and M. C.
Berenbaum, Biochem. J., 1989, 261, 277–280.

40 R. Bonnett, Chem. Soc. Rev., 1995, 24, 19.
41 (a) T. C. Pham, V.-N. Nguyen, Y. Choi, S. Lee and J. Yoon,

Chem. Rev., 2021, 121, 13454–13619; (b) M. Lan, S. Zhao, W.
Liu, C. Lee, W. Zhang and P. Wang, Adv. Healthcare Mater.,
2019, 8, 1900132; (c) X. Zhao, J. Liu, J. Fan, H. Chao and X.
Peng, Chem. Soc. Rev., 2021, 50, 4185–4219.

42 T. J. Dougherty, J. E. Kaufman, A. Goldfarb, K. R.
Weishaupt, D. Boyle and A. Mittleman, Cancer Res.,
1978, 38, 2628–2635.

43 S. Kwiatkowski, B. Knap, D. Przystupski, J. Saczko, E.
Kędzierska, K. Knap-Czop, J. Kotlińska, O. Michel, K.
Kotowski and J. Kulbacka, Biomed. Pharmacother.,
2018, 106, 1098–1107.

44 A. M. Rkein and D. M. Ozog, Dermatol. Clin., 2014, 32,
415–425.

45 U. Chilakamarthi and L. Giribabu, Chem. Rec., 2017, 17,
775–802.

46 F. Reeßing and W. Szymanski, Curr. Med. Chem., 2017, 24,
4905–4950.

47 J. Le Bescont, L. Mouawad, T. Boddaert, S. Bombard and S.
Piguel, ChemPhotoChem, 2021, 5, 989–994.

48 R. Horbert, B. Pinchuk, P. Davies, D. Alessi and C. Peifer,
ACS Chem. Biol., 2015, 10, 2099–2107.

49 C. E. Black, E. Zhou, C. DeAngelo, I. Asante, R. Yang, N. A.
Petasis, S. G. Louie and M. Humayun, Mol. Pharmaceutics,
2020, 17, 4499–4509.

50 A. Egyed, K. Németh, T. Á. Molnár, M. Kállay, P. Kele and
M. Bojtár, J. Am. Chem. Soc., 2023, 145, 4026–4034.

51 M. Bojtár, A. Kormos, K. Kis-Petik, M. Kellermayer and P.
Kele, Org. Lett., 2019, 21, 9410–9414.

52 P. Shrestha, D. Kand, R. Weinstain and A. H. Winter, J. Am.
Chem. Soc., 2023, 145, 17497–17514.

53 H. Janeková, M. Russo, U. Ziegler and P. Štacko, Angew.
Chem., Int. Ed., 2022, 61, e202204391.

54 J. Qi, A. S. Amrutha, S. Ishida-Ishihara, H. M. Dokainish,
P. K. Hashim, R. Miyazaki, M. Tsuda, S. Tanaka and N.
Tamaoki, J. Am. Chem. Soc., 2024, 146, 18002–18010.

55 V. Balzani, G. Bergamini, S. Campagna and F. Puntoriero, in
Photochemistry and Photophysics of Coordination Compounds
I, ed. V. Balzani and S. Campagna, Springer Berlin
Heidelberg, Berlin, Heidelberg, 2007, vol. 280, pp. 1–36.

56 T. Joshi, V. Pierroz, C. Mari, L. Gemperle, S. Ferrari and G.
Gasser, Angew. Chem., Int. Ed., 2014, 53, 2960–2963.

57 D. Havrylyuk, K. Stevens, S. Parkin and E. C. Glazer, Inorg.
Chem., 2020, 59, 1006–1013.

RSC Medicinal ChemistryReview

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
M

är
z 

20
25

. D
ow

nl
oa

de
d 

on
 0

4.
04

.2
02

6 
02

:3
3:

50
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4md01005a


RSC Med. Chem., 2025, 16, 2360–2372 | 2371This journal is © The Royal Society of Chemistry 2025

58 S. Bonnet, J. Am. Chem. Soc., 2023, 145, 23397–23415.
59 J. Volarić, W. Szymanski, N. A. Simeth and B. L. Feringa,

Chem. Soc. Rev., 2021, 50, 12377–12449.
60 S. Thayyil, Y. Nishigami, M. J. Islam, P. K. Hashim, K.

Furuta, K. Oiwa, J. Yu, M. Yao, T. Nakagaki and N.
Tamaoki, Chem. – Eur. J., 2022, 28, e202200807.

61 S. Jia, W.-K. Fong, B. Graham and B. J. Boyd, Chem. Mater.,
2018, 30, 2873–2887.

62 D. Bléger and S. Hecht, Angew. Chem., Int. Ed., 2015, 54,
11338–11349.

63 M. Dong, A. Babalhavaeji, S. Samanta, A. A. Beharry and
G. A. Woolley, Acc. Chem. Res., 2015, 48, 2662–2670.

64 A. A. Beharry and G. A. Woolley, Chem. Soc. Rev., 2011, 40,
4422.

65 C. Petermayer and H. Dube, Acc. Chem. Res., 2018, 51,
1153–1163.

66 J. Sheng, W. Danowski, S. Crespi, A. Guinart, X. Chen,
C. Stähler and B. L. Feringa, Chem. Sci., 2023, 14,
4328–4336.

67 D. Wang and S. Wu, Langmuir, 2016, 32, 632–636.
68 S. Crespi, N. A. Simeth and B. König, Nat. Rev. Chem.,

2019, 3, 133–146.
69 C. Schütt, G. Heitmann, T. Wendler, B. Krahwinkel and R.

Herges, J. Org. Chem., 2016, 81, 1206–1215.
70 S. Devi, M. Saraswat, S. Grewal and S. Venkataramani,

J. Org. Chem., 2018, 83, 4307–4322.
71 A. H. Heindl and H. A. Wegner, Chem. – Eur. J., 2020, 26,

13730–13737.
72 R. Lin, P. K. Hashim, S. Sahu, A. S. Amrutha, N. M.

Cheruthu, S. Thazhathethil, K. Takahashi, T. Nakamura, H.
Mitomo, K. Ijiro and N. Tamaoki, J. Am. Chem. Soc.,
2023, 145, 9072.

73 N. M. Cheruthu, P. K. Hashim, S. Sahu, K. Takahashi, T.
Nakamura, T. Kikukawa and N. Tamaoki, Org. Biomol.
Chem., 2024, 207–212.

74 S. Bhunia, A. Dolai and S. Samanta, Chem. Commun.,
2020, 56, 10247–10250.

75 P. Kobauri, F. J. Dekker, W. Szymanski and B. L. Feringa,
Angew. Chem., Int. Ed., 2023, 62, e202300681.

76 T. Dang, Z.-Y. Zhang and T. Li, J. Am. Chem. Soc., 2024, 146,
19609–19620.

77 F. Mukadum, Q. Nguyen, D. M. Adrion, G. Appleby, R.
Chen, H. Dang, R. Chang, R. Garnett and S. A. Lopez,
J. Chem. Inf. Model., 2021, 61, 5524–5534.

78 J. Mai, T. Lu, P. Xu, Z. Lian, M. Li and W. Lu, Dyes Pigm.,
2022, 206, 110647.

79 S. Axelrod, E. Shakhnovich and R. Gómez-Bombarelli, Nat.
Commun., 2022, 13, 3440.

80 R.-R. Griffiths, J. L. Greenfield, A. R. Thawani, A. R. Jamasb,
H. B. Moss, A. Bourached, P. Jones, W. McCorkindale, A. A.
Aldrick, M. J. Fuchter and A. A. Lee, Chem. Sci., 2022, 13,
13541–13551.

81 U. Raucci, D. M. Sanchez, T. J. Martínez and M. Parrinello,
J. Am. Chem. Soc., 2022, 144, 19265–19271.

82 S. Axelrod, E. Shakhnovich and R. Gómez-Bombarelli, ACS
Cent. Sci., 2023, 9, 166–176.

83 K. Hüll, J. Morstein and D. Trauner, Chem. Rev., 2018, 118,
10710–10747.

84 S. Bhunia, S. M. Box, S. Bera, A. Dolai and S. Samanta,
ChemMedChem, 2025, 20, e202400613.

85 W. A. Velema, J. P. van der Berg, M. J. Hansen, W.
Szymanski, A. J. Driessen and B. L. Feringa, Nat. Chem.,
2013, 5, 924–928.

86 M. Wegener, M. J. Hansen, A. J. M. Driessen, W. Szymanski
and B. L. Feringa, J. Am. Chem. Soc., 2017, 139,
17979–17986.

87 S. Bhunia, S. K. Jana, S. Sarkar, A. Das, S. Mandal and S.
Samanta, Chemistry, 2024, 30, e202303685.

88 D. M. Barber, M. Schönberger, J. Burgstaller, J. Levitz, C. D.
Weaver, E. Y. Isacoff, H. Baier and D. Trauner, Chem. Sci.,
2016, 7, 2347–2352.

89 J. B. Trads, J. Burgstaller, L. Laprell, D. B. Konrad,
L. D. L. O. De La Rosa, C. D. Weaver, H. Baier, D. Trauner
and D. M. Barber, Org. Biomol. Chem., 2017, 15, 76–81.

90 A. M. Schulte, D. Kolarski, V. Sundaram, A. Srivastava, F.
Tama, B. L. Feringa and W. Szymanski, Int. J. Mol. Sci.,
2022, 23, 5326.

91 M. Borowiak, D. Trauner and O. Thorn-Seshold, et al., Cell,
2015, 162, 403–411.

92 M. Reynders, M. Garścia, A. Müller-Deku, M. Wranik, K.
Krauskopf, L. D. L. O. De La Rosa, K. Schaffer, A. Jötten, A.
Rode, V. Stierle, Y. Kraus, B. Baumgartner, A. Ali, A.
Bubeneck, T. Seal, M. O. Steinmetz, P. Paulitschke and O.
Thorn-Seshold, Chem. Sci., 2024, 15, 12301–12309.

93 A. Müller-Deku, J. C. M. Meiring, K. Loy, Y. Kraus, C. Heise,
R. Bingham, K. I. Jansen, X. Qu, F. Bartolini, L. C. Kapitein,
A. Akhmanova, J. Ahlfeld, D. Trauner and O. Thorn-
Seshold, Nat. Commun., 2020, 11, 4640.

94 A. Sailer, J. C. M. Meiring, C. Heise, L. N. Pettersson, A.
Akhmanova, J. Thorn-Seshold and O. Thorn-Seshold,
Angew. Chem., Int. Ed., 2021, 60, 23695–23704.

95 F. Borys, P. Tobiasz, H. Fabczak, E. Joachimiak and H.
Krawczyk, Cell, 1866, 2023, 12.

96 (a) A. M. Schulte, D. Kolarski, V. Sundaram, A. Srivastava, F.
Tama, B. L. Feringa and W. Szymanski, Int. J. Mol. Sci.,
2022, 23, 5326; (b) Y. Xu, C. Gao, L. Håversen, T. Lundbäck,
J. Andréasson and M. Grøtli, Chem. Commun., 2021, 57,
10043–10046.

97 N. N. Mafy, K. Matsuo, S. Hiruma, R. Uehara and N.
Tamaoki, J. Am. Chem. Soc., 2020, 142, 1763–1767.

98 K. Matsuo, T. Kikukawa, T. Waku, A. Kobori and N.
Tamaoki, RSC Med. Chem., 2024, 15, 3795–3799.

99 K. Matsuo, S. Thayyil, M. Kawaguchi, H. Nakagawa and N.
Tamaoki, Chem. Commun., 2021, 57, 12500–12503.

100 K. Sambath, T. Zhao, Z. Wan and Y. Zhang, Chem.
Commun., 2019, 55, 14162–14165.

101 T. Tomson, D. Battino and E. Perucca, Lancet Neurol.,
2016, 15, 210–218.

102 B. S. Hoffelner, S. Andreev, N. Plank and P. Koch,
Pharmaceuticals, 2023, 16, 264.

103 (a) A. C. E. Shibata, H. H. Ueda, K. Eto, M. Onda, A. Sato, T.
Ohba, J. Nabekura and H. Murakoshi, Nat. Commun.,

RSC Medicinal Chemistry Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
M

är
z 

20
25

. D
ow

nl
oa

de
d 

on
 0

4.
04

.2
02

6 
02

:3
3:

50
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4md01005a


2372 | RSC Med. Chem., 2025, 16, 2360–2372 This journal is © The Royal Society of Chemistry 2025

2021, 12, 751; (b) N. Asad, D. E. McLain, A. F. Condon, S.
Gore, S. E. Hampton, S. Vijay, J. T. Williams and T. M.
Dore, ACS Chem. Neurosci., 2020, 11, 939–951; (c) A.
Farrukh, W. Fan, S. Zhao, M. Salierno, J. I. Paez and A. del
Campo, ChemBioChem, 2018, 19, 1271–1279.

104 S. P. McClain, X. Ma, D. A. Johnson, C. A. Johnson, A. E.
Layden, J. C. Yung, S. T. Lubejko, G. Livrizzi, X. J. He, J.
Zhou, J. Chang-Weinberg, E. Ventriglia, A. Rizzo, M.
Levinstein, J. L. Gomez, J. Bonaventura, M. Michaelides and
M. R. Banghart, Neuron, 2023, 111, 3926–3940.e10.

105 J. Volarić, W. Szymanski, N. A. Simeth and B. L. Feringa,
Chem. Soc. Rev., 2021, 50, 12377–12449.

106 Y. Hu, P. Minzioni, J. Hui, S. Yun and A. K. Yetisen, Adv.
Opt. Mater., 2024, 12, 2400478.

107 (a) S. P. McClain, X. Ma, D. A. Johnson, C. A. Johnson, A. E.
Layden, J. C. Yung, S. T. Lubejko, G. Livrizzi, X. J. He, J.
Zhou, J. Chang-Weinberg, E. Ventriglia, A. Rizzo, M.
Levinstein, J. L. Gomez, J. Bonaventura, M. Michaelides and
M. R. Banghart, Neuron, 2023, 111, 3926–3940.e10; (b) K. A.
Palasis, N. A. Lokman, B. C. Quirk, A. Adwal, L. Scolaro, W.
Huang, C. Ricciardelli, M. K. Oehler, R. A. McLaughlin and
A. D. Abell, Int. J. Mol. Sci, 2021, 22, 10844; (c) J. M. DeWitt,
K. Sandrasegaran, B. O'Neil, M. G. House, N. J. Zyromski, A.
Sehdev, S. M. Perkins, J. Flynn, L. McCranor and S. Shahda,
Gastrointest. Endosc., 2019, 89, 390–398; (d) Y. Hanada, S. P.
Pereira, B. Pogue, E. V. Maytin, T. Hasan, B. Linn, T.
Mangels-Dick and K. K. Wang, Gastrointest. Endosc.,
2021, 94, 179–186.

108 B. F. Overholt, M. Panjehpour and J. M. Haydek,
Gastrointest. Endosc., 1999, 49, 1–7.

109 (a) A. Menéndez-Velázquez and A. B. García-Delgado, Int. J.
Mol. Sci, 2023, 24, 9404; (b) K. Mori, Y. Ishibashi, H.
Matsuda, S. Ito, Y. Nagasawa, H. Nakagawa, K. Uchida, S.
Yokojima, S. Nakamura, M. Irie and H. Miyasaka, J. Am.
Chem. Soc., 2011, 133, 2621–2625; (c) P. A. Shaw, E. Forsyth,

F. Haseeb, S. Yang, M. Bradley and M. Klausen, Front.
Chem., 2022, 10, 921354.

110 K. Kuntze, J. Isokuortti, J. J. Van Der Wal, T. Laaksonen, S.
Crespi, N. A. Durandin and A. Priimagi, Chem. Sci.,
2024, 15, 11684–11698.

111 (a) N. M. Idris, M. K. Gnanasammandhan, J. Zhang, P. C.
Ho, R. Mahendran and Y. Zhang, Nat. Med., 2012, 18,
1580–1585; (b) P. Thanasekaran, C.-H. Chu, S.-B. Wang, K.-Y.
Chen, H.-D. Gao, M. M. Lee, S.-S. Sun, J.-P. Li, J.-Y. Chen,
J.-K. Chen, Y.-H. Chang and H.-M. Lee, ACS Appl. Mater.
Interfaces, 2019, 11, 84–95; (c) K. Long, W. Lv, Z. Wang, Y.
Zhang, K. Chen, N. Fan, F. Li, Y. Zhang and W. Wang, Nat.
Commun., 2023, 14, 8112; (d) A. Menéndez-Velázquez and
A. B. García-Delgado, Int. J. Mol. Sci., 2023, 24, 9404.

112 (a) M. Izquierdo-Serra, M. Gascón-Moya, J. J. Hirtz, S.
Pittolo, K. E. Poskanzer, È. Ferrer, R. Alibés, F. Busqué, R.
Yuste, J. Hernando and P. Gorostiza, J. Am. Chem. Soc.,
2014, 136, 8693–8701; (b) G. Cabré, A. Garrido-Charles, M.
Moreno, M. Bosch, M. Porta-de-la-Riva, M. Krieg, M.
Gascón-Moya, N. Camarero, R. Gelabert, J. M. Lluch, F.
Busqué, J. Hernando, P. Gorostiza and R. Alibés, Nat.
Commun., 2019, 10, 907.

113 R. Sortino, M. Cunquero, G. Castro-Olvera, R. Gelabert, M.
Moreno, F. Riefolo, C. Matera, N. Fernàndez-Castillo, L.
Agnetta, M. Decker, J. M. Lluch, J. Hernando, P. Loza-
Alvarez and P. Gorostiza, Angew. Chem., 2023, 135,
e202311181.

114 H. Lei, M. Mo, Y. He, Y. Wu, W. Zhu and L. Wu, Bioorg.
Chem., 2019, 91, 103106.

115 K. Golka, S. Kopps and Z. W. Myslak, Toxicol. Lett.,
2004, 151, 203–210.

116 (a) P. Dunkel and J. Ilaš, Cancers, 2021, 13, 3237; (b) J.
Coene, S. Wilms and S. H. L. Verhelst, Chem. – Eur. J.,
2024, 30, e202303999; (c) W. Kang, Y. Liu and W. Wang,
Acta Pharm. Sin. B, 2023, 13, 2346–2368.

RSC Medicinal ChemistryReview

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
M

är
z 

20
25

. D
ow

nl
oa

de
d 

on
 0

4.
04

.2
02

6 
02

:3
3:

50
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4md01005a

	crossmark: 


